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FOREWORD

The evolution and emergence of new biomaterials, medical devices, and prostheses is 
continuously marked by disruptive technology and innovation; however, success or 
failure in the clinical setting is ultimately dependent upon the host response following 
in vivo placement. Therefore, an understanding of the host response to biomaterials is 
both timely and necessary. This text provides an understanding of our current knowl-
edge of the host response and identifies areas of ongoing research that will play a signifi-
cant role in not only our further understanding of the response to biomaterials but also 
provide design criteria for new biomaterials. The respective chapters in this text target 
specific types of responses, but overall the text provides a basis for current and future 
understanding of the following: factors that promote implant success; rates, patterns, and 
mechanisms of implant failure; effects of patient and medical device factors on perfor-
mance; the determination of dynamics, temporal variations, and mechanisms of tissue–
material interactions; future design criteria for medical devices; and the determination of 
the adequacy and appropriateness of animal models.

Many factors may play a role in the failure or success of medical devices, e.g., 
blood/material interactions or mechanical property mismatch, but the host response 
will continue to be the most significant factor in determining downstream clinical 
efficacy.

While many implant failures can be characterized as implant- or material-dependent 
or clinically or biologically dependent, many modes and mechanisms of failure are 
dependent on both implant and biological factors. This text focuses on biological factors 
in the context of the host responses and provides not only an understanding of our cur-
rent knowledge of this response but also relevant information for the safety (biocompat-
ibility), efficacy (function), and the future design and development of next generation 
biomaterials, medical devices, and prostheses.

Dr. James Anderson
Department of Pathology and Biomedical Engineering,  
Case Western Reserve University, Cleveland, OH, USA
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PREFACE

This textbook is intended to be a resource and guide for biomaterial scientists, tissue 
engineers, biomedical engineering instructors and students, and importantly, for clini-
cians and surgeons with an interest in understanding the factors that influence the host 
(patient) response to biomaterials. There are many textbooks and journals that describe 
and characterize the physical, mechanical, and material properties of biomaterials, and 
great effort is expended in customizing the properties of biomaterials for specific clini-
cal applications. Although these characteristics are certainly important, they are typi-
cally relevant only at the time of implantation since the host begins an immediate and 
relentless response to the presence of any foreign material. The integrity of these bio-
material properties at 6 months, 1 year, 10 years and beyond will ultimately determine 
clinical success. The host response to the biomaterials following implantation is clearly 
the driving factor in determining eventual success (or failure).

The host response is dependent upon a combination of factors including surgi-
cal technique, biomaterial properties, host factors, and an understanding of the innate 
and acquired immune systems when designing biomaterials. This textbook provides 
the perspective of experts within each of these disciplines. Exposure to different view-
points regarding host response is important, and attempts have been made to iden-
tify where differences in opinion exist. The chapter by David Grainger describes the 
effects of age-related factors upon the host response. The concept of biocompatibility 
is addressed in Chapters 2 and 3 by Drs. James Anderson and Buddy Ratner, respec-
tively, but is also discussed in numerous other chapters since it is such a fundamental 
concept and in some ways synonymous with the host response. The role of dendritic 
cells, the innate immune system, and the acquired immune system are covered by Drs. 
Keselowsky, Mantovani, and Wood, respectively. The surgical perspective of the clini-
cal disciplines within orthopedics and urogynecologic surgery is provided by Drs. 
Goodman and Moalli in Chapters  12 and 13, respectively. Drs. Kyriakides and Tang 
discuss the important concepts of protein deposition on the surface of biomaterials and 
methods for evaluating various aspects of the host response.

This textbook is certainly not exhaustive since the breadth of disciplines involved 
in the host response is great. However, it is hoped that the contents of this book pro-
vide a useful guide and stimulate further investigation and discussion of the host 
response to biomaterials.

Stephen F. Badylak
Department of Surgery, McGowan Institute for Regenerative Medicine, 

University of Pittsburgh, PA, USA
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INTRODUCTION

The ability of a biomaterial to perform its intended in vivo function is dependent on 
many factors including its composition, mechanical and material properties, surface 
topography and molecular landscape, ability to resist infection, and proper surgical 
placement, among others. However, the ultimate determinant of success or failure is 
the host response to the biomaterial.

The host response begins immediately upon implantation and consists of both the 
response to the inevitable iatrogenic tissue injury during device placement and the 
response to the material itself. In most cases, the implantation-induced component 
resolves quickly as part of the normal wound healing process. However, the response 
to the material will last for the length of time the material is present in the host. 
Materials which elicit a persistent proinflammatory response are likely to be associated 
with abundant fibrous connective tissue deposition and the downstream consequences 
of the effector molecules secreted by recruited inflammatory cells. Materials which 
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either rapidly degrade or reach a steady state of tolerance with adjacent host tissue (see 
Chapter  3) are typically associated with minimal scarring, a quiescent population of 
resident inflammatory cells, and tissue types appropriate for the anatomic location.

The host response to an implanted material includes factors that relate to the bio-
material itself and factors that relate to the host (Table 1.1). Biomaterial-related factors 
have been the focus of studies for many years. Such factors include the base composi-
tion of the material (e.g., polypropylene versus polytetrafluoroethylene versus extracel-
lular matrix), surface texture, surface ligand landscape, degradability, and device design 
parameters such as pore and fiber size, among others. Host-related factors, on the other 
hand, have been underappreciated as a determinant of the response. These factors 
include age, nutritional status, body mass index, comorbidities such as diabetes, previ-
ous interventions at the treatment site, and medications being taken by the patient, 
among others. No biomaterial is inert and the interplay between material and host-
related factors should be considered in the design and manufacture of all biomaterials.

BIOMATERIAL–HOST INTERACTION

Although the physical and mechanical properties of a material at the time of implan-
tation are important for obvious reasons, these properties are equally important at 
1 month, 1 year, 5 years, and beyond, especially for those materials intended to remain 
in situ for the life span of the patient. The host response can degrade, destroy, encap-
sulate, or otherwise alter the composition of the biomaterial over time resulting 
in changes to the form and mechanical properties of the material itself (Figure 1.1) 
(Badylak, 2014). Hence, it is not the degree to which the physical characteristics of the 
material resemble the targeted anatomic location before implantation that determines 
the performance of a biomaterial, but rather the host response over time.

The host response is initiated with the activation of the innate immune system as a 
result of cell and tissue damage during biomaterial implantation (see Chapters 2, 3, 4). 
Upon contact with the host tissues, the surface of the biomaterial is coated with blood 
and plasma proteins through a process known as the Vroman effect (Slack et al., 1987). 

Table 1.1 Host-related and biomaterial-related factors which affect the host response and chapters 
in which they are discussed
Factors that affect the host response to biomaterials

Biomaterial-related factors Chapters Host-related factors Chapters

Composition (material) 2, 3 Age 11
Degradability 3 Anatomic location 12, 13,14
Mechanical properties Previous interventions 14
Sterility Comorbidities
Antigenicity 4, 5, 8, 10 Immune response 2, 6, 7, 8, 9
Active ingredients (drugs) Medications
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Depending on the type of biomaterial and surface topography (i.e., type I collagen vs. 
polytetrafluoroethylene vs. titanium), the type and amount of adsorbed molecules will 
vary, and consequently, so will the composition and arrangement of the interface mol-
ecules that exist between the host tissues and the implant.

As a result of the Vroman effect, host cells typically do not interact directly with 
the surface of the biomaterial but rather with the adsorbed protein layer. This protein 
layer—sometimes in conjunction with clot formation during hemostasis—forms 
a temporary matrix that bridges and mediates the interaction between the host tis-
sues and the biomaterial. With degradable materials (e.g., non-cross-linked biologic 
scaffolds, poly(lactic-co-glycolic acid), polyglactin), this temporary matrix serves as a 
bridge that facilitates cellular access and promotes infiltration toward or into the mate-
rial. With nondegradable biomaterials (e.g., permanent titanium alloy implants, poly-
propylene), the adsorbed protein layer serves as an interface that provides sites for cell 
attachment and mediates the interaction between the host and the implanted construct.

Within minutes of implantation, the cellular response becomes predominated by 
neutrophils at the host–biomaterial interface. The neutrophil response peaks within 
48–72 h after implantation and is the hallmark of the acute innate immune response. In 
addition to eliminating pathogens that may be present at the treatment site, neutrophils 

Figure 1.1 Host response to biomaterial implantation. The host response to implanted biomaterials 
depends upon many factors. Although the initial stages of the biomaterial–host interaction are shared 
among all materials and include tissue damage during implantation and protein adsorption to the 
surface of the material, the host response quickly transitions into complex phases that depend directly 
upon the type of material being implanted and other factors. These phases involve cellular and mole-
cular components of the innate immune system and the wound healing response, and will ultimately 
determine the clinical outcome (i.e., encapsulation vs. scar formation vs. constructive remodeling).
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play important roles in the immune response such as establishment of signaling gradi-
ents that attract and activate other components of the innate immune system (Wang 
and Arase, 2014), initiation of granulation tissue formation, and in the case of degrad-
able biomaterials, secretion of enzymes such as collagenases and serine proteases 
(Nauseef and Borregaard, 2014) that initiate the process of biomaterial degradation and 
remodeling of the treatment site (Londono and Badylak, 2014).

As a result of signaling gradients established by neutrophils, the innate immune 
response transitions to a macrophage dominant infiltrate that slowly replaces the accu-
mulated neutrophils at the host–biomaterial interface. The type and magnitude of the 
macrophage response will depend primarily on the material and host factors identi-
fied in Table 1.1. Degradable biologic materials placed in anatomic locations within 
healthy, vascularized tissue can degrade within weeks (Carey et al., 2014; Record et al., 
2001) and promote a pro-remodeling M2 macrophage-associated response that leads to 
functional, site-appropriate tissue deposition (Badylak et al., 2011; Sicari et al., 2014). 
Alternatively, certain types of synthetic biomaterials can promote pro-inflammatory 
processes that will lead to the foreign body reaction, scar tissue formation, and chronic 
inflammatory processes associated with an M1 macrophage phenotype (Anderson 
et al., 2008; Klinge et al., 1999; Leber et al., 1998). Permanent, nondegradable bioma-
terials, such as metallic plates or screws, typically lead to a foreign body reaction as a 
result of “frustrated phagocytosis” and can promote inflammation, seroma formation, 
and eventually encapsulation. The degree to which each type of response is deemed 
acceptable will depend upon the type and specific performance expectations of the 
biomaterial in each given anatomic location (e.g., temporary orthopedic support vs. 
functional organ replacement vs. tissue fillers in reconstructive applications).

HOST FACTORS

Host factors that affect the biomaterial–host interaction are typically underappreciated, and 
as a result, have not been thoroughly evaluated in the context of patient outcomes. As stated 
previously, the initial host response to implanted biomaterials is primarily orchestrated by 
plasma proteins and the innate immune system. As such, any factors or underlying condi-
tions that may affect these variables will inevitably alter the biomaterial–host interaction.

AGE

The aging process affects every organ system and associated functions including immu-
nocompetence. In fact, immunosenescence is thought to be one of the major predis-
posing factors to increased incidence of infection in older individuals (Hazeldine and 
Lord, 2014). Some of the most important age-related changes in the cellular compo-
nent of the innate immune system are summarized in Table 1.2.
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The cellular component of the innate immune system and its role in responding to 
the presence of foreign materials is closely examined in Chapters 2, 3, and 6. Although 
absolute numbers of neutrophils and macrophages are not typically affected by aging, 
important functional changes including the ability to mobilize, establish chemical gra-
dients, and phagocytize pathogens and foreign elements are usually observed with 
advanced age. These changes can affect the process of biomaterial-associated tissue 
repair by affecting material degradation, cell migration and proliferation, angiogenesis, 
neo-matrix deposition, and tissue remodeling.

In addition to affecting the immune system, the aging process alters adult stem cell 
function and behavior (Ludke et  al., 2014; Oh et  al., 2014). Stem cells are necessary 
for homeostasis and the wound healing response. These precursor cells maintain organ 
function and are necessary for tissue repair. In turn, therapeutic approaches that rely on 

Table 1.2 Age-related changes of innate immunity
Effect of age in cellular component of innate immunity

Cell type Changes in composition Changes in function References

Monocytes/ 
macrophages

No change in  
absolute number

Decreased  
phagocytosis

Hearps et al. (2012), 
McLachlan et al. 
(1995)

No change in  
circulating frequency

Decreased ROS 
production

Nguyen et al. (2005), 
Qian et al. (2012)

Increased percentage  
of CD14+ 16++  
nonclassical monocytes

Increased TNF-α  
production via  
TLR-4

Seidler et al. (2010), 
van Duin et al. 
(2007)

Reduced percentage  
of CD14+ 16−  
classical monocytes

Decreased IL-6 and  
TNF-α production  
via TLR1/2

Neutrophils No change in  
circulating numbers

Reduced  
chemotaxis in vitro

Born et al. (1995), 
Butcher et al. 
(2001)

No change in CD11a,  
CD11b expression

Reduced  
phagocytosis

Fulop et al. (2004), 
Tseng et al. (2012)

Impaired NET  
formation

Wenisch et al. (2000)

Increased/decreased  
ROS formation

Impaired receptor  
recruitment into  
lipid rafts

Source: Adapted from Hazeldine and Lord (2014).
Although the absolute and circulating numbers of neutrophils and monocytes/macrophages in the immune system are 
not typically affected by age, important changes including decrease phagocytosis, decreased chemotaxis, and decreased 
signaling molecule production are observed with age. In turn, these changes have the potential to negatively affect the 
host response to implanted biomaterials.
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native stem cell populations (Sicari et al., 2014) for the organization of newly formed 
tissue will inevitably be affected by the aging process. Similar to changes associated 
with the innate immune system, aging does not appear to decrease the absolute num-
ber of stem cells, but instead, it impairs their capacity to produce and to differentiate 
into progenitor cells (Sharpless and DePinho, 2007). The effects of age on the host 
response to biomaterials is discussed more thoroughly in Chapter 11.

NUTRITIONAL STATUS

Malnutrition is a global problem with implications for the host–biomaterial interac-
tion. Malnutrition can result in increased susceptibility to infections and comorbidities, 
impaired healing ability, altered metabolic state, and changes to the innate immune sys-
tem that directly affect the interaction between the host and an implanted biomaterial 
(Table 1.3).

Table 1.3 Nutritional status-related changes to innate immune system
Effect of malnutrition in innate immunity

Parameter References

Similar or elevated number of leukocytes Hughes et al. (2009)
Schopfer and Douglas (1976)

Elevated number of granulocytes Najera et al. (2004)
Schopfer and Douglas (1976)

Reduced granulocyte chemotaxis Vasquez-Garibay et al. (2002)
Vasquez-Garibay et al. (2004)

Reduced granulocyte adherence to foreign material Goyal et al. (1981)
Reduced granulocyte microbicidal activity Douglas and Schopfer (1974)

Chhangani et al. (1985)
Keusch et al. (1987)

Reduce leukocyte phagocytosis Carvalho Neves Forte et al. 
(1984)
Shousha and Kamel (1972)
Schopfer and Douglas (1976)

Increased markers of apoptosis in leukocytes Nassar et al. (2007)
Increased signs of DNA damage in leukocytes Gonzalez et al. (2002)
Reduced levels or activity of complement system components McFarlane (1971)

Ozkan et al. (1993)
Sakamoto et al. (1992)
Kumar et al. (1984)
Sirisinha et al. (1973)

Although malnutrition can increase the number of leukocytes and granulocytes, this phenomenon is attributed to 
an underlying chronic pro-inflammatory state due in part to increased susceptibility to infections. As with aging, 
malnutrition causes a decrease in functionality in the cells of the immune system. These changes affect the host–
biomaterial interaction and include decreased chemotaxis, phagocytosis, and adherence among others.
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ANATOMIC FACTORS

Biomaterials are used in virtually every anatomic location for a wide variety of clini-
cal applications. Each anatomic site (e.g., vascular, musculotendinous, central nervous 
system, skin, GI tract, respiratory, pelvic floor reconstruction, bone and cartilage, and 
total joints) is associated with distinctive microenvironmental conditions such as an air 
interface, blood contact, and mechanical loading (Figure 1.2). In addition, tissue-specific 
physiologic requirements such as electrical conductivity, biosensing (e.g., glucose sen-
sors, implantable cardioverter defibrillators), and load bearing will exist depending on 
the specific application. These environmental conditions affect the host response by pro-
viding stimuli (e.g., cyclic stretching, load bearing, laminar flow, presence of an inter-
face, etc.) that directly affect cellular processes such as gene transcription, migration, 
and differentiation. These conditions necessarily dictate design parameters. For example, 
joint replacement implants must be strong enough to bear weight without breaking 
or deforming, vascular constructs should have luminal surfaces that prevent thrombus 
formation and improve blood flow, synthetic meshes used in hernia repair must possess 

Figure 1.2 Anatomic placement. Distinctive microenvironmental conditions such as an air interface 
(esophagus), blood contact (vascular grafts), and mechanical loading (orthopedic and hernia repair 
applications) will dictate design parameters and play a role in the host response.
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sufficient tensile strength to withstand the biomechanical forces exerted by and on the 
abdominal wall, and semipermeable membranes in dialysis and extra corporeal mem-
brane oxygenation (ECMO) machines must selectively facilitate molecule traffic.

In addition to the different microenvironmental conditions, anatomic placement 
requirements include the state of the adjacent tissue (i.e., healthy and vascularized 
vs. contaminated and necrotic). Vascularized healthy tissue facilitates nutrient traffic 
and immune system access into the treatment site. Granulation tissue formation and 
angiogenesis are both important phases of the host response to biomaterials, and both 
processes depend on the state of the surrounding tissue and the microenvironment. 
Furthermore, contaminated biomaterials can often lead to a number of complications 
including abscess formation, sepsis, need for subsequent revisions, and ultimately failure 
of the application.

COMORBIDITIES

The host response is affected by a number of underlying pathologic conditions, partic-
ularly those which affect the immune system, wound healing ability, stem cell viability, 
and/or the state of the tissues adjacent to the treatment site.

Obesity
Data from the National Health and Nutrition Examination Survey, 2009–2010 (Flegal 
et al., 2012; Ogden et al., 2012) indicates that more than two in three adults are con-
sidered overweight or obese in the United States. Obesity is a risk factor for type 2 
diabetes and cardiovascular disease, and both obesity and diabetes are now recognized 
as pro-inflammatory diseases (Osborn and Olefsky, 2012). Although the inflammatory 
state present in these conditions is distinct from that of acute inflammation (Kraakman 
et al., 2014), there are a number of implications for the field of biomaterial-mediated 
tissue repair that have been often ignored in preclinical and clinical studies.

Inflammation is a fundamental component of the host response to implanted bio-
materials. The innate immune system modulates the wound healing response and is 
a key mediator and determinant of the clinical outcome of biomaterial implantation 
(Figure 1.1). Immune cells, particularly neutrophils and macrophages are the main 
effectors in most biomaterial applications. As first responders, neutrophils clear patho-
gens and establish chemical gradients that affect later stages of biomaterial–host inter-
action. Macrophages, on the other hand, display phenotypic heterogeneity and are 
responsible for both positive and negative events during biomaterial-mediated tissue 
repair. Macrophage phenotype has been shown to be predictive of clinical outcome 
in the context of biologically derived biomaterials. While the presence of M1 mac-
rophages is associated with pro-inflammatory processes including foreign body reac-
tion, cytotoxicity, and biomaterial encapsulation, M2 macrophages are associated with 
constructive tissue remodeling and site-appropriate tissue deposition. Obesity has 
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been tightly associated with M1 macrophage accumulation within adipose tissue and 
other organs (Kraakman et al., 2014; Weisberg et al., 2003; Xu et al., 2003). In addi-
tion, obesity has also been shown to increase pro-inflammatory molecule production 
(Hotamisligil et  al., 1993). Hence, obesity and other underlying conditions that may 
promote proinflammatory environments should be taken into account when consid-
ering biomaterials as possible treatment options. A thorough discussion of the role of 
inflammation in the host response can be found in Chapters 2, 3, 6, 7, and 8.

Diabetes
Diabetes mellitus, a condition that affects an estimated 29 million patients in the 
United States and an additional 86 million prediabetic patients (Centers for Disease 
Control and Prevention, 2014), is among the most overlooked factors that can affect 
the host–biomaterial interaction. Diabetes mellitus is considered a pro-inflammatory 
disease (Kraakman et al., 2014) that increases susceptibility to infections and bacteremia 
in the acute setting and can cause vascular deterioration and diabetic ulcers chronically.

Increased susceptibility to infections and bacteremia are risk factors for bacterial 
engraftment on artificial heart valves and in synthetic vascular grafts, and both con-
ditions are independent risk factors for infective endocarditis (Chirouze et  al., 2014; 
Klein and Wang, 2014). Once engrafted, bacteria can cause artificial heart valve dys-
function, abscess formation, and sepsis. In the case of degradable materials, bacterial 
contamination can affect degradation rates and compromise the biomechanical prop-
erties of the biomaterial. In fact, when the surgical field is contaminated, biomaterials 
derived from biologic sources are indicated for use over synthetic biomaterials due in 
part to their antimicrobial properties. If contamination persists, further interventions 
including revisions and abscess drainage are required. The clinical performance of bio-
materials has consistently been suboptimal once these events have occurred.

CHEMOTHERAPY AND RADIATION THERAPY
Tissue defects resulting from neoplastic tissue resection are one of the indications for 
biomaterial use in tissue repair. A number of these applications rely on either endog-
enous or exogenous cell proliferation for the purposes of tissue repair and/or organ 
function restoration. However, due to the nature of neoplastic disease, both chemo-
therapy and radiation therapy target rapidly dividing cells populations at systemic and 
local levels, respectively. Thus, biomaterial-based therapies that rely on cell prolifera-
tion will inevitably be affected when used in conjunction with chemotherapy and/or 
radiation therapy. In addition to affecting rapidly dividing cell populations, there are a 
number of consequences that can result from these therapies that also affect the bio-
material–host interaction. While patients subjected to chemotherapy often present 
with anorexia and immune system dysfunction, localized radiation therapy affects the 
integrity of adjacent tissues and the microenvironment causing necrosis and scar tissue 
formation.
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DESIGN CONSIDERATIONS

The distinctive microenvironmental conditions in the host and the clinical per-
formance expectations of each application must be taken into consideration during 
biomaterial design. No biomaterial is biologically inert, and while it might be accept-
able for constructs intended for temporary use to be merely biotolerable, biomaterials 
intended for use in more complex applications—including those requiring functional 
tissue/organ replacement and/or constructive tissue remodeling—will inevitably have 
to adhere to more stringent criteria.

The host response is the primary determinant of clinical success in all applications. 
Hence, the safety and efficacy of these technologies will be better served by placing 
emphasis upon understanding the host response and the dynamic interaction between 
biomaterial- and host-related factors that affect clinical outcomes.
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INTRODUCTION

The host response to biomaterials, medical devices, and prostheses ultimately deter-
mines the success or failure and the downstream efficacy of the respective implant in 
the clinical setting. Table 2.1 provides a global perspective of in vivo complications of 
medical devices and provides both material-dependent and biologically dependent (i.e., 
host response-dependent) modes and mechanisms of failure, many of which are inter-
active and synergistic. Inflammation, healing, and foreign body reactions (FBRs) are the 
earliest host responses following implantation and provide the basis for determining 
host–device compatibility.

The most commonly used term to describe an appropriate host response to bioma-
terials in the form of a medical device is biocompatibility. A simplistic definition of bio-
compatibility is those materials which do not induce an adverse tissue reaction. A more 
helpful definition of biocompatibility is the ability of a material to perform with an 
appropriate host response in a specific application (Williams, 1987, 2008). This definition 
is helpful in that it links material properties or characteristics with performance 
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(i.e., biological requirements, specific applications, specific medical device, or biomate-
rial used as a medical device). The “appropriate host response” implies identification and 
characterization of tissue reactions and responses that could prove harmful to the host 
and/or lead to ultimate failure of the biomaterial, medical device, or prosthesis through 
biological mechanisms. Viewed from the opposite perspective, the “appropriate host 
response” implies identification and characterization of the tissue reactions and responses 
critical for the successful use of the biomaterial or medical device. Biocompatibility 
assessment is considered to be a measure of the magnitude and duration of the adverse 
alterations in homeostatic mechanisms that determine the host response (Anderson, 
2001). Safety assessment or biocompatibility assessment of a biomaterial or medical 
device is generally considered to be synonymous.

Table 2.1 In vivo complications of medical devices
Heart valve 
prostheses

Vascular grafts/
stents

Cardiac assist/
replacement 
devices

Orthopedic 
devices

Dental implants

Thrombosis Thrombosis Thrombosis Bone 
resorption

Adverse FBR

Embolism Embolism Embolism Corrosion Biocorrosion
Paravalvular leak Infection Endocarditis Fatigue Electrochemical 

galvanic coupling
Anticoagulation-

related 
hemorrhage

Perigraft erosion Extraluminal 
infection

Fixation 
failure

Fatigue

Infective 
endocarditis

Perigraft seroma Component 
fracture

Fracture Fixation failure

Extrinsic 
dysfunction

False aneurysm Hemolysis Incomplete 
osseous 
integration

Fracture

Incomplete valve 
closure

Anastomotic 
hyperplasia

Calcification Infection Infection

Cloth wear Disintegration or 
degradation

Interface 
separation

Interface Separation

Hemolytic anemia Proliferative 
restenosis

Loosening Loss of mechanical 
force transfer

Component fracture Strut-related 
inflammation

Mechanical 
mismatch

Loosening

Tissue valves FBR Motion and 
pain

FBR

Cusp tearing Incomplete 
expansion

Particulate 
formation

Corrosion

Cusp calcification Overexpansion Surface wear Particulate 
formation

Malposition Stress riser Wear
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Inflammation, wound healing, and the FBR are generally considered part of 
the tissue or cellular host response to injury (Kumar et  al., 2005). Table 2.2 lists the 
sequence/continuum of these events following injury. Overlap and simultaneous 
occurrence of these events should be considered (e.g., the FBR at the implant inter-
face may be initiated with the onset of acute and chronic inflammation). From a bio-
materials perspective, placing a biomaterial in an in vivo environment requires injection, 
insertion, or surgical implantation, all of which injure the tissue or organ involved.

The placement procedure initiates a response to injury by the tissue, organ, or body, 
and mechanisms are activated to maintain homeostasis. Obviously, the extent of injury 
varies with the implantation procedure. A more detailed description of the innate 
immune-response contribution to these initial events is provided in Chapters 6 and 7. The 
degrees to which the homeostatic mechanisms are perturbed, and the extent to which 
pathophysiologic conditions are created and undergo resolution, are a measure of the host 
response to the biomaterial and may ultimately determine its biocompatibility. Although 
it is conceptually convenient to separate homeostatic mechanisms into blood–material 
or tissue–material interactions, it must be remembered that the various components or 
mechanisms involved in homeostasis are present in both blood and tissue, are inextricably 
linked, and are a part of the physiologic continuum. Furthermore, it must be noted that 
the host response is tissue-dependent, organ-dependent, and species-dependent.

BLOOD–MATERIAL INTERACTIONS/PROVISIONAL  
MATRIX FORMATION

Immediately following injury, changes in vascular flow, caliber, and permeability occur. 
Fluid, proteins, and blood cells escape from the vascular system into the injured tissue 
in a process called exudation. The changes in the vascular system, which also include 
the hematologic alterations associated with acute inflammation, are followed by cellu-
lar events that characterize the inflammatory response. The chemical factors that medi-
ate many of the vascular and cellular responses of inflammation and the initial host 
response are described in detail in numerous reviews and in Chapter 5.

Table 2.2 Sequence/continuum of host reactions following 
implantation of medical devices
Injury
Blood–material interactions
Provisional matrix formation
Acute inflammation
Chronic inflammation
Granulation tissue
FBR
Fibrosis/fibrous capsule development
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Blood–material interactions and the inflammatory response are intimately linked; in 
fact, early responses to injury involve mainly blood and vasculature. Regardless of the 
implantation site, the initial inflammatory response is activated by injury to vascular-
ized connective tissue (Table 2.3). Inflammation serves to contain, neutralize, dilute, 
or wall-off the injurious agent or process (Inflammation: Basic Principles and Clinical 
Correlates, 1999) In addition, the inflammatory response initiates a series of events 
that may heal and reconstitute the implant site through replacement of the injured 
tissue with native parenchymal cells, fibroblastic scar tissue, or a combination of the 
two. Since blood and its components are involved in the initial inflammatory response, 
blood clot formation and/or thrombosis also occur. Blood coagulation and throm-
bosis are generally considered humoral responses and are influenced by homeostatic 
mechanisms such as the extrinsic and intrinsic coagulation systems, the complement 
system, the fibrinolytic system, the kinin-generating system, and platelets. Thrombus 
or blood clot formation on the surface of a biomaterial is related to the well-known 
Vroman effect in which a hierarchical and dynamic series of collision, adsorption, and 
exchange processes, determined by protein mobility and concentration, regulate early 
time-dependent changes in blood protein adsorption. From a wound-healing per-
spective, blood protein deposition on a biomaterial surface is described as provisional 
matrix formation. Blood interactions with biomaterials are generally considered under 
the category of hematocompatibility. The complexity and interaction between blood/
material interactions and tissue/material interactions are illustrated in Figure 2.1 which 
demonstrates the responses at the anastomosis of a vascular graft with an artery.

Injury to vascularized tissue during the implantation procedure leads to immedi-
ate development of the provisional matrix at the implant site. This provisional matrix 
consists of fibrin and inflammatory mediators produced by activation of the coagulation 
and thrombosis and complement systems, respectively, activated platelets, inflammatory 
cells, and endothelial cells. These events occur early, within minutes to hours following 
implantation of a medical device, and initiate the resolution, reorganization, and repair 
processes such as fibroblast recruitment. The provisional matrix provides both structural 

Table 2.3 Cells and components of vascularized connective tissue
Intravascular (blood) cells Connective tissue cells ECM components

Neutrophils (PMNs) Mast cells Collagens
Monocytes Fibroblasts Elastin
Eosinophils Macrophages Proteoglycans
Lymphocytes Lymphocytes Fibronectin

Laminin
Plasma cells
Basophils
Platelets
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and biochemical components to the process of wound healing. The complex three-
dimensional structure of the fibrin network with attached adhesive proteins provides 
a substrate for cell adhesion and migration. The presence of cytokines, chemokines, 
and growth factors within the provisional matrix provides a rich milieu of activating 
and inhibiting substances for cellular proliferative and synthetic processes, mitogene-
sis, and chemoattraction. The provisional matrix may be viewed as a naturally derived, 
biodegradable, sustained release system in which these various bioactive molecules are 
released to orchestrate subsequent wound-healing processes. Although our understand-
ing of the provisional matrix and its capabilities has improved, our knowledge of the key 
molecular regulators of the formation of the provisional matrix and subsequent wound-
healing events is poor. In part, this lack of knowledge is due to the fact that most studies 
have been conducted in vitro, and there is a paucity of in vivo studies that provide a more 
complex perspective. However, attractive hypotheses have been presented regarding the 
presumed ability of adsorbed materials to modulate cellular behavior.

The predominant cell type present in the inflammatory response varies with time 
as seen in Figure 2.2. In general, neutrophils predominate during the first several days 
following injury and exposure to a biomaterial and then are replaced by monocytes. 
Three factors account for this change in cell type: neutrophils are short-lived and 
disintegrate and disappear after 24–48 h, neutrophil emigration from the vasculature to 
the tissues is of short duration, and chemotactic factors for neutrophil migration are 

Platelet activation,
Release and aggregation
Complement activation

Neointima formation

Neovascularization

FBRPeriadventitial
Inflammatory cell infiltration
Granulation tissue development
Neovascularization
Fibroblast infiltration
Collagen deposition

Artery
Intima
Media
Periadventitia

Granulation tissue development
Endothelial cell proliferation
Smooth muscle cell proliferation
Fibroblast proliferation

Vascular graft

Protein adsorption
White cell deposition
Monocyte deposition

Pseudointima formation

Figure 2.1 Blood and tissue interactions at the anastomosis of a vascular graft and artery. Provisional 
matrix forms at the periadventitial (tissue) interface and at the anastomosis (focal thrombosis) pro-
viding for inflammation and healing. Healing of the focal thrombus (organization) on the luminal side 
of the anastomosis is facilitated by both blood and artery components.
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activated early in the inflammatory response. Following emigration from the vascula-
ture, monocytes differentiate into macrophages and these cells are very long-lived (up 
to months). Monocyte emigration may continue for days to weeks, depending on the 
extent of injury and type of implanted biomaterial. In addition, chemotactic factors 
for monocytes are produced over longer periods of time. In short-term (24 h) implants 
in humans, administration of both H1 and H2 histamine receptor antagonists greatly 
reduced the recruitment of macrophages/monocytes and neutrophils on polyethyl-
ene terephthalate surfaces (Zdolsek et  al., 2007). These studies also demonstrated that 
plasma-coated implants accumulated significantly more phagocytes than did serum-
coated implants.

The temporal sequence of events following implantation of a biomaterial is illustrated 
in Figure 2.2. The size, shape, and chemical and physical properties of the biomaterial 
may be responsible for variations in the intensity and duration of the inflammatory or 
wound-healing process, and thus the host response to a biomaterial.

ACUTE INFLAMMATION

While injury initiates the inflammatory response, the chemicals released from plasma, 
cells, or injured tissues mediate the inflammatory response. Important chemical 
mediators of inflammation are presented in Table 2.4. Several points must be noted 
to understand the inflammatory response and its relationship to biomaterials. First, 
although chemical mediators are classified on a structural or functional basis, complex 

Acute Chronic

Macrophages

Neovascularization

FBGCs

Fibroblasts

Fibrosis

Mononuclear

Time

(Minutes, Hours, Days, Weeks)

Leukocytes

Inflammation Granulation tissue Fibrous capsule

Neutrophils

In
te

ns
ity

Figure 2.2 The temporal variation in the acute inflammatory response, chronic inflammatory 
response, granulation tissue development, and FBR to implanted biomaterials. The intensity and time 
variables are dependent upon the extent of injury created in the implantation and the size, shape, 
topography, and chemical and physical properties of the biomaterial.
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interactions provide a system of checks and balances regarding their respective activities 
and functions. Second, chemical mediators are quickly inactivated or destroyed, sug-
gesting that their action is predominantly local (i.e., at the implant site). Third, gen-
erally the lysosomal proteases and the oxygen-derived free radicals produce the most 
significant damage or injury. These chemical mediators are also important in the degra-
dation of certain biomaterials (Wiggins et al., 2001; Christenson et al., 2004a,b, 2007).

Acute inflammation is of relatively short duration, lasting for minutes to hours to 
days depending on the extent of injury and the type of implanted biomaterial. Its main 
characteristics are the exudation of fluid and plasma proteins (edema) and the emi-
gration of leukocytes (predominantly neutrophils). Neutrophils (polymorphonuclear 
leukocytes, PMNs) and other motile white cells emigrate or move from the blood ves-
sels into the perivascular tissues and the injury (implant) site. Leukocyte emigration 
is assisted by “adhesion molecules” present on leukocyte and endothelial surfaces. The 
surface expression of these adhesion molecules can be induced, enhanced, or altered by 
inflammatory agents and chemical mediators. White cell emigration is controlled, in 
part, by chemotaxis which is the unidirectional migration of cells along a chemical gra-
dient. A wide variety of exogenous and endogenous substances have been identified as 
chemotactic stimuli. Specific receptors for chemotactic agents on the cell membranes 
of leukocytes are important in the emigration of leukocytes. These and other recep-
tors also play a role in the transmigration of white cells across the endothelial lining of 
vessels and activation of leukocytes. Following localization of leukocytes at the injury 
(implant) site, phagocytosis and the release of proteolytic enzymes occur following 
activation of neutrophils and macrophages. The major role of the neutrophil in acute 
inflammation is to phagocytose microorganisms and foreign materials. Phagocytosis 

Table 2.4 Important chemical mediators of inflammation derived from plasma, cells, or injured tissue
Mediators Examples

Vasoactive agents Histamines, serotonin, adenosine, endothelial-derived relaxing 
factor (EDRF), prostacyclin, endothelin, thromboxane α2

Plasma proteases
Kinin system Bradykinin, kallikrein
Complement system C3a, C5a, C3b, C5b–C9
Coagulation/fibrinolytic  

system
Fibrin degradation products, activated Hageman factor 

(FXIIA), tissue plasminogen activator (tPA)
Leukotrienes Leukotriene B4 (LTB4), hydroxyeicosatetranoic acid (HETE)
Lysosomal proteases Collagenase, elastase
Oxygen-derived free radicals H2O2, superoxide anion
Platelet activating factors Cell membrane lipids
Cytokines IL-1, TNF
Growth factors PDGF, fibroblast growth

Factor (FGF), TGF-α or TGF-β, EGF
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is seen as a three-step process in which the stimulus (e.g., damaged tissue, infectious 
agent, biomaterial) undergoes recognition and neutrophil attachment, engulfment, and 
killing or degradation. In regard to biomaterials, engulfment and degradation may or 
may not occur, depending on the properties of the biomaterial.

Although biomaterials are not generally phagocytosed by neutrophils or macro-
phages because of the disparity in size (i.e., the surface of the biomaterial is greater 
than the size of the cell), certain events in phagocytosis may occur. The process of rec-
ognition and attachment is expedited when the injurious agent is coated by naturally 
occurring serum factors called “opsonins.” Two major opsonins are immunoglobulin G 
and the complement-activated fragment, C3b. Both of these plasma-derived proteins 
are known to adsorb to biomaterials, and neutrophils and macrophages have corre-
sponding cell membrane receptors for these opsonins. These receptors may also play a 
role in the activation of the attached neutrophil or macrophage. Other blood proteins 
such as fibrinogen, fibronectin, and vitronectin may also facilitate cell adhesion to bio-
material surfaces. Owing to the disparity in size between the biomaterial surface and 
the attached cell, frustrated phagocytosis may occur—a process that does not involve 
engulfment of the biomaterial but does cause the extracellular release of leukocyte 
products in an attempt to degrade the biomaterial.

Henson has shown that neutrophils adherent to complement-coated and immuno-
globulin-coated nonphagocytosable surfaces may release enzymes by direct extrusion 
or exocytosis from the cell (Henson, 1971). The amount of enzyme released during this 
process depends on the size of the polymer particle, with larger particles inducing greater 
amounts of enzyme release. This disparity suggests that the specific mode of cell activa-
tion depends, at least in part, upon the size of the implant and whether or not a material 
in a phagocytosable form. For example, a powder, particulate, or nanomaterial may pro-
voke a different degree of inflammatory response than the same material in a nonphago-
cytosable form such as film. In general, materials greater than 5 µm are not phagocytosed, 
while materials less than 5 µm can be phagocytosed by inflammatory cells.

Acute inflammation normally resolves quickly, usually less than 1 week, depend-
ing on the extent of injury at the implant site. The presence of acute inflammation 
(i.e., PMNs) at the tissue/implant interface at time periods beyond 1 week (i.e., weeks, 
months, or years) suggests the presence of infection (Figure 2.3A).

CHRONIC INFLAMMATION

Chronic inflammation has a more heterogeneous histological appearance than acute 
inflammation. In general, chronic inflammation is characterized by the presence of 
macrophages, monocytes, and lymphocytes, with the proliferation of blood vessels and 
connective tissue. Many factors can modify the course and histologic appearance of 
chronic inflammation.
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Clinically, surgical pathologists commonly use the term chronic inflammation to 
describe the FBR. Caution is recommended in the use of this term as it demonstrates 
the breadth of histological findings that lead to the clinical diagnosis of chronic inflam-
mation. Chronic inflammation predominantly composed of monocytes, macrophages, 
and lymphocytes is most commonly associated with toxicity or infection, whereas 
the FBR is most commonly composed of macrophages and foreign body giant cells 
(FBGCs).

Figure 2.3 (A). Acute and chronic inflammation of an infected ePTFE vascular graft. Inflammatory 
cells are observed within the graft lumen, at the luminal graft surface, and infiltrating the porous 
graft interstices. H&E Stain, 16× original magnification. (B). Granulation tissue with extensive neo-
vascularization in a healing, previously infected, total hip prosthesis. H&E Stain, 8.0× original mag-
nification. (C). Fibrous FBR and fibrous encapsulation of polypropylene mesh fibers from a ventral 
hernia repair. H&E Stain, 8.0× original magnification. (D). Wear products from a total hip prosthesis. 
Polyethylene shards are seen as white materials with partial polarized light microscopy and metal-
losis (metal particles) are seen as black aggregates. An extensive FBR is also observed. H&E Stain, 8.0× 
original magnification.
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Persistent inflammatory stimuli lead to chronic inflammation. While the chemical 
and physical properties of the biomaterial themselves may lead to chronic inflamma-
tion, in situ motion of the implant or infection may also produce chronic inflamma-
tion. The chronic inflammatory response to biomaterials is usually of short duration 
and is confined to the implant site. The presence of mononuclear cells, including FBR 
with the development of granulation tissue, is considered the normal wound-healing 
response to implanted biomaterials (i.e., the normal FBR). Chronic inflammation with 
the presence of collections of lymphocytes and monocytes at extended implant times 
(weeks, months, years) also may suggest the presence of a long-standing infection. The 
prolonged presence of acute and/or chronic inflammation also may be due to toxic 
leachables from a biomaterial (Marchant et al., 1986).

The following example illustrates this point. In vivo subcutaneous implantation 
studies were conducted in rats and rabbits with naltrexone sustained release prepara-
tions that included placebo (polymer-only) beads and naltrexone containing beads 
(Yamaguchi, 1992). Histopathological tissue reactions were determined at days 3, 7, 14, 
21, and 28. The only significant histological finding in both rats and rabbits at any time 
period was the persistent chronic inflammation that occurred focally around the nal-
trexone containing beads. The focal inflammatory cell density in both rats and rabbits 
was higher for the naltrexone beads than for the placebo beads at days 14, 21, and 28, 
respectively. This difference in inflammatory response between naltrexone beads and 
placebo beads increased with increasing time of implantation. Considering the resolu-
tion of the inflammatory response for the placebo beads with implantation time in 
both rats and rabbits is the more severe inflammatory reaction suggested that the nal-
trexone drug itself was the causative agent of the focal chronic inflammation present 
surrounding the naltrexone beads in the implant sites.

This case study displays the importance of using an appropriate control material 
in experiments. If no negative control (i.e., placebo polymer-only material) had been 
used, the polymer in the naltrexone containing beads also would have been considered 
as a causative agent of the extended chronic inflammatory response. Similar chronic 
inflammatory responses have been identified with drugs, polymer plasticizers and other 
additives, fabrication and manufacturing aids, and sterilization residuals. Each case 
presents its own unique factors in a risk assessment process necessary for determining 
safety (biocompatibility) and benefit versus risk in clinical application.

Lymphocytes and plasma cells are involved principally in immune reactions and are 
key mediators of antibody production and delayed hypersensitivity responses. Although 
these cells may be present in nonimmunologic injuries and inflammation, their roles in 
such circumstances are largely unknown (Brodbeck et al., 2005; MacEwan et al., 2005). 
Little is known regarding humoral (or acquired) immune responses and cell-mediated 
immunity to synthetic biomaterials. The role of the acquired immune response to 
biomaterials is discussed in Chapter 8. The role of macrophages (cells of the innate 
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humoral response) must be considered in the possible development of acquired 
immune responses to synthetic biomaterials. Macrophages and dendritic cells (DCs) 
process and present the antigen to immunocompetent cells and thus are key mediators 
in the development of immune reactions. Chapters 6 and 7 discuss this topic at length.

Monocytes and macrophages belong to the mononuclear phagocytic system (MPS), 
also known as the reticuloendothelial system (RES). These systems consist of cells in 
the bone marrow, peripheral blood, and specialized tissues. Table 2.5 lists the tissues 
that contain cells belonging to the MPS or RES. The specialized cells in these tissues 
may be responsible for systemic effects in organs or tissues secondary to the release 
of components or products from implants through various tissue–material interac-
tions (e.g., corrosion products, wear debris, degradation products) or the presence of 
implants (e.g., microcapsule or nanoparticle drug-delivery systems).

Over the past decade, increasing numbers of studies have identified significant dif-
ferences in macrophage phenotypic expression. This difference in macrophage func-
tion or activation, dictated by different environmental cues, has been classified in 
various ways. Following on the T-cell literature, macrophages have been classified as 
M1 macrophages defined as classically activated or pro-inflammatory macrophages 
and M2 macrophages described as alternatively activated macrophages or anti-inflam-
matory/pro-wound-healing macrophages (Gordon, 2003; Gordon and Pluddemann, 
2013; Mooney et  al., 2010). Others have attempted to identify three different mac-
rophage classifications: classically activated macrophages, wound-healing macrophages, 
and regulatory macrophages (Mosser and Edwards, 2008). In this classification, it is 
the regulatory macrophage that has anti-inflammatory activity whereas the wound-
healing macrophage facilitates tissue repair. Attempts to classify macrophage activity 
are artificial and can be misleading given the wide variety of environmental cues that 
may activate macrophages and result in a wide variety of different forms of macro-
phage polarization (i.e., phenotypic expression). Mantovani best describes macrophage 

Table 2.5 Tissues and cells of MPS and RES
Tissues Cells

Implant sites Inflammatory macrophages
Liver Kupffer cells
Lung Alveolar macrophages
Connective tissue Histiocytes
Bone marrow Macrophages
Spleen and lymph nodes Fixed and free macrophages
Serous cavities Pleural and peritoneal macrophages
Nervous system Microglial cells
Bone Osteoclasts
Skin Langerhans’ cells
Lymphoid tissue DCs
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polarization, activity, or phenotypic expression as being a continuum ranging from 
M1 to M2 (Mantovani et  al., 2002, 2004), and Chapter 6 describes the macrophage 
response to biomaterials in detail.

The macrophage is arguably the most important cell in chronic inflammation 
because of the great number of biologically active products it can produce. Important 
classes of products produced and secreted by macrophages include neutral proteases, 
chemotactic factors, arachidonic acid metabolites, reactive oxygen metabolites, comple-
ment components, coagulation factors, growth-promoting factors, cytokines, and acid. 
Phagolysosomes in macrophages can be very acidic with a pH as low as 4 and direct 
microelectrode studies of this acid environment have measured pH levels as low as 
3.5. Moreover, only several hours are necessary to achieve these acidic levels following 
adhesion of macrophages (Haas, 2007; Jankowski et  al., 2002; Klebanoff, 2005; Segal, 
2005; Silver et al., 1988).

Growth factors such as platelet-derived growth factor (PDGF), fibroblast growth 
factor (FGF), transforming growth factor-β (TGF-β), TGF-α/epidermal growth factor 
(EGF), and interleukin-1 (IL-1) or tumor necrosis factor (TNF-α) are important to the 
growth of fibroblasts and blood vessels and the regeneration of epithelial cells. Effector 
molecules released by activated macrophages can initiate cell migration, differentiation, 
and tissue remodeling, and are involved in various stages of wound healing.

GRANULATION TISSUE

Within 1 day following implantation of a biomaterial (i.e., injury), the healing response 
is initiated by monocytes and macrophages. Fibroblasts and vascular endothelial cells in 
the implant site proliferate and begin to form granulation tissue, which is a specialized 
type of tissue that is the hallmark of healing inflammation. Granulation tissue derives 
its name from the pink, soft, granular appearance on the surface of healing wounds and 
its characteristic histological feature includes the proliferation of new small blood ves-
sels and fibroblasts. Depending on the extent of injury, granulation tissue may be seen 
as early as 3–5 days following implantation of a biomaterial.

New small blood vessels are formed by the budding or sprouting of preexisting 
vessels in a process known as neovascularization or angiogenesis (Browder et  al., 
2000; Nguyen and D’Amore, 2001) (Figure 2.3B). This process involves proliferation, 
maturation, and organization of endothelial cells into capillary vessels. Fibroblasts also 
proliferate in developing granulation tissue and are active in synthesizing collagen 
and proteoglycans. In the early stages of granulation tissue development, proteogly-
cans predominate but later collagen, especially type III collagen, predominates and 
forms the fibrous capsule seen with most biomaterials. Some fibroblasts in developing 
granulation tissue may have the features of smooth muscle cells (e.g., actin microfila-
ments). These cells are called myofibroblasts and are considered to be responsible for 
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the wound contraction seen during the development of granulation tissue. In addi-
tion to contraction, myofibroblasts can invade and repair injured tissues by secreting 
an organizing extracellular matrix (ECM) (Hinz et al., 2001). Recent studies indicate 
that myofibroblasts can originate from different precursor cells, the major contribu-
tion being from local recruitment of connective tissue fibroblasts; however, local mes-
enchymal stem cells, bone-marrow-derived mesenchymal stem cells (fibrocytes), and 
cells derived from the epithelial–mesenchymal transition process may be an alterna-
tive source of myofibroblasts (Micallef et  al., 2012). Macrophages are almost always 
present in granulation tissue. Other cells may also be present if chemotactic stimuli are 
generated.

The wound-healing response is generally dependent on the extent or degree of 
injury or defect created by the implantation procedure (Broughton et al., 2006; Mustoe 
et  al., 1987; Pierce, 2001; Clark, 1996; Hunt et al., 1984). Wound healing by primary 
union or first intention is the healing of clean, surgical incisions in which the wound 
edges have been approximated by surgical sutures. This term does not apply in the con-
text of host response to biomaterials. Healing under these conditions occurs without 
significant bacterial contamination and with a minimal loss of tissue. Wound healing by 
secondary union or second intention occurs when there is a large tissue defect that 
must be filled or there is extensive loss of cells and tissue. In wound healing by sec-
ondary intention, regeneration of parenchymal cells cannot completely reconstitute 
the original architecture and much larger amounts of granulation tissue are formed 
that result in larger areas of fibrosis or scar formation. Under these conditions, different 
regions of tissue may show different stages of the wound-healing process simultaneously. 
Wound healing by second intention is commonly seen with biomaterials and is related 
to the extent of provisional matrix formed between the implant and tissue.

Granulation tissue is distinctly different from granulomas, which are small collec-
tions of modified macrophages called epithelioid cells. Langhans cells or FBGCs may 
surround nonphagocytosable particulate materials in granulomas. FBGCs are formed by 
the fusion of monocytes and macrophages in an attempt to phagocytose the material.

FOREIGN BODY REACTION

The FBR to biomaterials is composed of FBGCs and the components of granula-
tion tissue (e.g., macrophages, fibroblasts, and capillaries, in varying amounts) depend 
upon the form and topography of the implanted material (Anderson, 2001; Anderson 
et al., 2008). Relatively flat and smooth surfaces such as that found on silicone breast 
prostheses have an FBR composed of a layer of macrophages and FBGCs one to two 
cells in thickness. Relatively rough surfaces such as those found on the outer surfaces 
of expanded polytetrafluoroethylene (ePTFE) or Dacron vascular prostheses have an 
FBR composed of macrophages and FBGCs at the surface. Fabric materials generally 
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have a surface response composed of macrophages and FBGCs, with varying degrees 
of granulation tissue subjacent to the surface response (Figure 2.3C).

As previously discussed, the form and topography of the surface of the biomaterial 
determines the composition of the FBR (Bota et al., 2010). With biocompatible mate-
rials, the composition of the FBR in the implant site may be controlled by the surface 
properties of the biomaterial, the form of the implant, and the relationship between 
the surface area of the biomaterial and the volume of the implant. For example, high 
surface-to-volume implants such as fabrics, porous materials, particulate (Figure 2.3D), 
or microspheres will have higher ratios of macrophages and FBGCs in the implant site 
than smooth surface implants, which will have fibrosis as a significant component of 
the implant site (Charnley, 1970; Revell, 2008; Ney et al., 2006; Revell, 2008).

The FBR may persist at the tissue–implant interface for the lifetime of the implant 
(Figure 2.2). Generally, fibrosis (i.e., fibrous encapsulation) surrounds the biomaterial or 
implant with its interfacial FBR, isolating the implant and FBR from the local tissue 
environment. Early in the inflammatory and wound-healing response, macrophages are 
activated upon adherence to the material surface (Purdue, 2008).

Although it is generally felt that the chemical and physical properties of the bio-
material are responsible for macrophage activation, the subsequent events regarding the 
activity of macrophages at the surface are unclear. Tissue macrophages, derived from 
circulating blood monocytes, may coalesce to form multinucleated FBGC. It is not 
uncommon to see very large FBGC containing large numbers of nuclei on the surface 
of biomaterials. While these FBGC may persist for the lifetime of the implant, it is not 
known if they remain activated, releasing their lysosomal constituents, or become qui-
escent (Brodbeck and Anderson, 2009).

Figure 2.4 demonstrates the progression from circulating blood monocyte to tissue 
macrophage to FBGC development that is most commonly observed. Indicated in the 
figure are important biological responses that are considered to play an important role 

Blood Tissue Tissue/biomaterial Biomaterial

Monocyte

Chemotaxis
migration

Chemotaxis
migration
adhesion
differentiation

Adhesion
differentiation
signal transduction
activation

Activity
phenotypic
expression

Macrophage FBGC

Figure 2.4 In vivo transition from blood-borne monocyte, to biomaterial adherent monocyte/macro-
phage, to FBGC at the tissue–biomaterial interface.
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in FBGC development. Material surface chemistry may control adherent macrophage 
apoptosis (i.e., programmed cell death) which renders potentially harmful macrophages 
nonfunctional, while the surrounding environment of the implant remains unaffected. 
The level of adherent macrophage apoptosis appears to be inversely related to the abil-
ity of the surface to promote fusion of macrophages into FBGCs, suggesting a mecha-
nism for macrophages to escape apoptosis.

Figure 2.5 demonstrates the sequence of events involved in inflammation and 
wound healing when medical devices (i.e., biomaterials) are implanted. In general, 
the PMN predominant acute inflammatory response and the lymphocyte/monocyte 
predominant chronic inflammatory response resolve quickly (i.e., within 2 weeks) 
depending on the type and location of the implant. Studies using IL-4 or IL-13, 
respectively, demonstrate the role for Th2 helper lymphocytes and/or mast cells in 
the development of the FBR at the tissue/material interface (McNally and Anderson, 
1994; McNally et  al., 1996). Integrin receptors of IL-4-induced FBGC are charac-
terized by the early constitutive expression of αVβ1 and the later induced expression 
of α5β1 and αXβ2, which indicate potential interactions with adsorbed comple-
ment C3, fibrin(ogen), fibronectin, Factor X, and vitronectin (McNally and Anderson, 
1994, 2002; McNally et  al., 1996, 2007, 2008; Hynes and Zhao, 2000; Nilsson et  al., 
2007; Jenney and Anderson, 2000). Interactions through indirect (paracrine) cytokine 
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Th2: IL-4, IL-13
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Receptor up-regulation
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Figure 2.5 Sequence of events involved in inflammatory and wound-healing responses leading to 
FBGC formation. This shows the potential importance of mast cells in the acute inflammatory phase 
and Th2 lymphocytes in the transient chronic inflammatory phase with the production of IL-4 and 
IL-13, which can induce monocytes/macrophage fusion to form GBGCs.
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and chemokine signaling have shown a significant effect in enhancing adherent mac-
rophage/FBGC activation at early times, whereas interactions via direct (juxtacrine) 
cell-to-cell mechanisms dominate at later times (Chang et al., 2009; Jones et al., 2004, 
2007; Anderson and Jones, 2007). Th2 helper lymphocytes have been described as 
“anti-inflammatory” based on their cytokine profile, of which IL-4 is a significant 
component.

FIBROSIS/FIBROUS ENCAPSULATION

Generally, the end-stage healing response to biomaterials is fibrosis or fibrous encapsu-
lation; however, there may be exceptions to this general statement (e.g., porous mate-
rials inoculated with parenchymal cells or porous materials implanted into tissue or 
bone). As previously stated, the tissue response to biomaterials is in part dependent 
upon the extent of injury or defect created in the implantation procedure and the 
amount of provisional matrix.

The ultimate goal of tissue engineering and regenerative medicine is the replace-
ment of injured tissue by cells that reconstitute normal tissue and organ structures. 
Numerous approaches, including stem cells, scaffolds, and growth factors, are currently 
being investigated. The relatively rapid responses of inflammation, wound healing, and 
the FBR, as well as other significant factors in tissue regeneration, present major chal-
lenges to the successful achievement of this goal. This is especially significant with the 
use of scaffold materials where migration and integration of the scaffold porosity is 
necessary in tissue engineering approaches.

Repair of biomaterial implant sites can involve two distinct processes: construc-
tive remodeling, which is the replacement of injured tissue by parenchymal cells of 
the same type, and replacement by connective tissue that constitutes the fibrous cap-
sule. These processes are generally controlled by either (Williams, 1987) the prolifera-
tive capacity of the cells in the tissue or organ receiving the implant and the extent 
of injury as it relates to the destruction, or (Williams, 2008) persistence of the tissue 
framework (i.e., ECM) of the implant site.

The regenerative capacity of cells allows them to be classified into three groups: 
labile, stable (or expanding), and permanent (or static) cells. Labile cells continue to pro-
liferate throughout life, stable cells retain this capacity but do not continuously repli-
cate, and permanent cells cannot reproduce after birth. Perfect repair with restitution 
of normal structure can theoretically occur only in tissues consisting of stable and labile 
cells, whereas all injuries to tissues composed of permanent cells may give rise to fibrosis 
and fibrous capsule formation with very little restitution of the normal tissue or organ 
structure. Tissues composed of permanent cells (e.g., nerve cells and cardiac muscle 
cells) most commonly undergo an organization of the inflammatory exudate, leading to 
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fibrosis. Tissues of stable cells (e.g., parenchymal cells of the liver, kidney, and pancreas), 
mesenchymal cells (e.g., fibroblasts, smooth muscle cells, osteoblasts, and chondroblasts), 
and vascular endothelial and labile cells (e.g., epithelial cells and lymphoid and hemato-
poietic cells) may also follow this pathway to fibrosis or may undergo resolution of the 
inflammatory exudate, leading to restitution of the normal tissue structure.

The condition of the underlying framework or supporting ECM of the parenchy-
mal cells following an injury plays an important role in the restoration of normal tissue 
structure. Retention of the framework ECM with injury may lead to restitution of the 
normal tissue structure, whereas destruction of the framework most commonly leads 
to fibrosis. It is important to consider the species-dependent nature of the regenerative 
capacity of cells. For example, cells from the same organ or tissue but from different 
species may exhibit different regenerative capacities and/or connective tissue repair, as 
with endothelialization with vascular grafts and stents.

Local and systemic factors play a role in the wound-healing response to biomateri-
als or implants. Local factors include the anatomic site (tissue or organ) of implanta-
tion, the adequacy of blood supply, and the potential for infection. Systemic factors 
include nutrition, hematologic derangements, glucocorticoid administration, and pre-
existing diseases such as atherosclerosis, diabetes, and infection.

The end stage of wound-healing/tissue repair with implanted medical devices is 
the fibrous capsule. Initially believed to be produced by infiltrating fibroblasts, it is now 
known that myofibroblasts and fibrocytes (resident and circulating mesenchymal pro-
genitor cells) play a significant role in producing collagenous fibrosis, the main con-
stituent of the fibrous capsule (Hinz et al., 2001; Bucala, 2012; Wynn, 2008; Wynn and 
Ramalingam, 2012; Hinz, 2007).

The implantation of biomaterials or medical devices may be best viewed from 
the perspective that the implant provides an impediment or hindrance to appropri-
ate (normal) tissue or organ regeneration and healing. The fibrous capsule surround-
ing drug-delivery devices has also been suggested to be a barrier to drug diffusion 
and inhibition of the function of drug-delivery systems and biosensors (e.g., glucose 
sensors). That view may be short-sighted, however, as recent studies with a wireless 
controlled drug-delivery microchip for the delivery of an osteoporosis inhibitor of 
approximately 4000 molecular weight has been shown to produce clinically relevant 
blood levels for inhibition of osteoporosis (Farra et al., 2012). Given the limited ability 
to control the sequence of events following injury in the implantation procedure, resti-
tution of normal tissue structures with function is rare. Current studies directed toward 
developing a better understanding of the modification of the inflammatory response, 
stimuli providing for appropriate proliferation of permanent and stable cells, and the 
appropriate application of growth factors may provide keys to the control of inflamma-
tion, wound healing, and fibrous encapsulation of biomaterials.
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INNATE AND ADAPTIVE IMMUNE RESPONSES

With the advent of tissue engineering, the importance of immune response and immu-
notoxicity evaluation has increased significantly (Jones et  al., 2008; Sefton et al., 2008). 
Evaluation of the immune response is especially challenging given the unique nature of 
the respective medical devices and the delayed presentation of a response. Differences in 
animal versus human immune responses provide additional complexity to this issue. The 
following presents an overview and guidance to immune-response evaluation.

The inflammatory (innate) and immune (adaptive) responses have common com-
ponents. It is possible to have inflammatory responses only with no adaptive immune 
response. In this situation, both humoral and cellular components that are shared by 
both types of responses may only participate in the inflammatory response. Table 2.6 
indicates the common components to the inflammatory and immune responses. 
Macrophages and DCs are known as professional antigen-presenting cells responsible 
for the initiation of the adaptive immune response.

DISCUSSION AND PERSPECTIVES

In spite of the significant advances that have been made in mechanistic understanding 
of the inflammatory, healing, and FBRs to biomaterials and medical devices over the 
past two decades, numerous challenges which limit projection to clinical application 
still exist. The purpose of this section is to identify several of these problems that offer 
challenges/opportunities for the future.

Differences in the responses to the implantation of a biomaterial or medical device 
still exist between species. This is a significant concern given that animal studies are 
a required precursor to clinical application. Current thought regarding the source 
of macrophages and their fused entity (i.e., FBGCs) suggest that differentiated mac-
rophages may be present due to self-renewal (Sieweke and Allen, 2013). That is, resi-
dent macrophages are capable of proliferation. Studies that support this hypothesis have 
been conducted in nonhuman mammals and many major macrophage populations 
have been found to be derived from embryonic progenitors and are capable of renewal 
independent of hematopoietic stem cells. From a clinical applications perspective, this 
is a significant question as implant retrieval studies have identified macrophages and 

Table 2.6 Common components in the inflammatory (innate) and adaptive immune responses
Components Cellular components

Complement cascade components Macrophages
Immunoglobulins NK (natural killer) cells

DCs
Cells with dual phagocytic and antigen-

presenting capabilities
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FBGCs in the FBR to biomaterials and medical devices to be present at the tissue/
material interface for approximately 30 years. As there is no compelling evidence that 
the macrophages in the FBR to implanted biomaterials and medical devices are capa-
ble of self-renewal (i.e., proliferation), the turnover rate of these cells at the interface 
and the precursor cells that continue to populate the surface of the biomaterial or 
medical device (Sieweke and Allen, 2013; Jenkins et al., 2011; Hashimoto et al., 2013) 
remain unanswered questions. An example of significant interspecies differences is the 
fact that human vascular grafts do not endothelialize their luminal surface whereas 
higher vertebrates, including chimpanzees and baboons, do provide an endothelial lin-
ing in the healing response of vascular grafts. While putative evidence focuses on circu-
lating stem cells in the blood to provide an endothelial lining, no evidence exists today 
to support this hypothesis.

The lack of a host response to an implanted biomaterial may be desirable in some 
applications; however, the holy grail of a biomaterial surface that does not allow adher-
ence of proteins or cells remains elusive. As noted earlier, almost immediately upon 
implantation, the humoral and cellular components of blood come in contact with 
implanted biomaterials or medical devices resulting in a provisional matrix. Recent 
studies have focused on inhibition of biomaterial-induced complement activation 
to reduce the protein adhesion phenomenon on the surface (Kourtzelis et  al., 2013; 
Ekdahl et  al., 2011; Morais et  al., 2010). Inhibition of biomaterial-induced comple-
ment activation would be expected to lead to a reduction in monocyte/macrophage 
adhesion to the biomaterial (McNally and Anderson, 1994, 2002). However, the 
adhesion of monocytes/macrophages to biomaterial surfaces is far more complex as 
monocytes/macrophages express protein adhesion receptors (integrins) with at least 
three different types of beta chains (β1, β2, β3) that in turn can bind to a wide vari-
ety of proteins present in the provisional matrix. These blood-derived proteins include 
complement C3b fragments, fibrin, fibrinogen, fibronectin, factor X, and vitronectin. 
Moreover, integrin expression by monocytes/macrophages is time-dependent and β1 
integrins are not initially detected on adherent monocytes but begin to appear dur-
ing macrophage development and are strongly expressed on fusing macrophages that 
form FBGCs (McNally and Anderson, 2002). Thus, monocyte/macrophage adhesion 
with subsequent macrophage fusion to form FBGCs at the interface is far more com-
plex given the relatively large number of adhesion proteins, their respective mono-
cyte/macrophage receptors, and the time-dependent nature of receptor up-regulation 
on adherent macrophages and FBGCs. Other mechanisms such as apoptosis or anoikis 
of adherent cells may be considered to reduce the adherent monocyte/macrophage/
FBGC adhesion to biomaterial surfaces. Apoptosis is a programmed cell death while 
anoikis is a term for apoptosis induced by cell detachment from its supportive matrix. 
Various biomaterial surface chemistries have identified apoptosis of adherent macro-
phages both in vitro and in vivo (Jones et al., 2004; Brodbeck et al., 2001, 2003; Shive 
et  al., 2002). These potential mechanisms for reducing cellular adhesion have been 
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poorly studied and offer an opportunity for controlled and down-regulation of mono-
cyte/macrophage/FBGCs adhesion to biomaterial surfaces.

Regarding development of the fibrous capsule surrounding implants, fibrocytes, 
a subpopulation of circulating mesenchymal progenitor cells, have been identified as 
augmenting wound repair as well as producing different fibrosing disorders in humans 
(Bucala, 2012). Blood circulating fibrocytes can be recruited to sites of tissue or 
implant injury and differentiate into fibroblasts and myofibroblasts. Myofibroblasts are 
now considered to be a major contributor to fibrosis and may be responsible for the 
remodeling of granulation tissue collagen to fibrosis-dependent collagen (i.e., collagen 
type I). Recent studies have suggested that the mechanical properties of the biomate-
rial substrate can influence the contractile nature of myofibroblasts (Hinz, 2007; Hinz 
et al., 2012; Hinz and Gabbiani, 2010; Klingberg et al., 2013).

A successful approach to the inhibition of inflammatory adhesion and activation has 
been the modification of biomaterial surfaces with CD47, a transmembrane molecular 
marker of “self.” As inflammatory cells do not recognize these surfaces as being foreign, 
inflammatory cell adhesion is reduced with a down-regulation of expressed cytokines, 
an up-regulation of matrix metalloproteinases, and involvement of JAK/STAT signaling 
mechanisms (Stachelek et al., 2011; Finley et al., 2013). These findings suggest that both 
biomaterial degradation and fibrous capsule formation can be reduced with CD47 mod-
ification of biomaterial surfaces. Strict control of biomedical polymer morphology and 
porosity has also provided a means to down-regulate FBGC and fibrous capsule forma-
tion (Bota et al., 2010; Madden et al., 2010; Fukano et al., 2010). These approaches can 
be expected to be useful in the development of scaffolds for clinical use.

Ultimately, the success or failure of a medical device and implant is modulated 
by the interaction between the characteristics of the biomaterial or medical device, 
patient conditions or factors, and surgical technique. Table 2.7 identifies patient 

Table 2.7 Patient conditions and other factors influencing implant failure
Orthopedic Cardiovascular

Polyarthritis syndromes Atherosclerosis
Connective tissue disorders Diabetes
Osteoarthritis Infection
Trauma Ventricular hypertrophy
Infection Hypertension
Metabolic disease Arrhythmias
Endocrine disease Coagulation abnormalities
Tumor Cardiac function
Primary joint disease Recipient activity level
Osteonecrosis
Recipient activity level
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conditions that can influence the success or failure of orthopedic and cardiovascular 
devices. These conditions may modulate the inflammatory, healing, and FBRs result-
ing in the eventual failure of the biomaterials or medical device. Infection remains 
a significant factor leading to implant failure. Recent studies suggest that individual 
patient genomic factors may predispose the patient to implant failure. Other chapters 
in this text discuss the role of age (Chapter 11) and body system location (Chapters 12 
and 13) upon the host response to implanted materials.
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INTRODUCTION

The term “biocompatibility” is used so widely and so casually in so many fields that 
the meaning and significance of the word have been obscured and diluted. But, there 
is no question that biocompatibility is central to all medical implants, synthetic or 
natural. Evolving concepts in biology are shifting the thinking related to biocompat-
ibility, and this chapter will consider biocompatible biomaterials in this new light.

The focus here will be on implanted materials for medical applications. The chap-
ter will provide an overview of “biocompatibility” (i.e., what does biocompatibility 
mean?), a historical perspective on biocompatibility, and the central role of biocom-
patibility in the clinical outcome of implantable materials. The chapter will address 
how the body responds to various classes of biomaterials including synthetic, naturally 
occurring and biodegradable, and the significance of structural (morphological) and 
compositional aspects of a biomaterial in the host response.
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THE MEANING OF BIOCOMPATIBILITY

When we say a biomaterial is biocompatible, several questions come to mind:
● Is biocompatibility “yes” or “no,” or is there a continuum of biocompatibilities 

ranging from “good” to “bad?”
● How can we measure biocompatibility? Can we quantify biocompatibility?
● Are toxicology and biocompatibility the same thing?
● How can we improve or enhance the biocompatibility of a biomaterial?

To address these questions, a historical perspective will be presented. Then, biocom-
patibility today, i.e., biocompatibility as viewed by regulatory agencies and researchers, 
will be introduced. Finally, new concepts that will change our thinking on biocompat-
ibility and our definition of the word will be presented and discussed.

BIOCOMPATIBILITY: HISTORICAL THINKING

Some examples of “biocompatibility” have been observed through much of history. 
Although early examples were not scientifically based, empirical observation and func-
tional performance suggest that materials whose in vivo performance would today qualify 
as biocompatible have been seen and used since the earliest days of human civilization.

In the state of Washington (United States), near the town of Kennewick, the 
remains of a male human dated to over 8000 years ago were found. Embedded within 
the pelvis was a spear point, apparently well healed into the bone. One speculation was 
that he went through a good portion of his life with that spear point in his body. It is 
likely that the spear point was healed in a collagenous capsule (the foreign body reac-
tion, FBR) and thus isolated from the individual’s body in a manner similar to the way 
a contemporary medical implant might heal.

Two examples from the first 600 years of the modern era of humanity also illus-
trate early “successes” with biocompatibility. In 1931, during an archeological exca-
vation in Honduras, the skull of a Mayan woman dated to about ad 600 was found 
with three seashell dental implants (Vukovic et al., 2009). Later radiological examina-
tion revealed that these implants were bonded to the bone of the jaw (osseointegrated). 
Around 1998, a wrought iron dental implant of an upper premolar was found in a skull 
in a Gallo–Roman necropolis at Chantambre, France, dated in the period ad 100–200 
(Crubezy et al., 1998). Radiological evidence also demonstrated that osseointegration 
is consistent with modern criteria for a well-placed dental implant. Both examples 
demonstrate evidence of ancient attempts to replace anatomical structures with pros-
thetic substitutes and suggest there was some level of success, even without a scientific 
basis for the materials or an understanding of biocompatibility.

As early as 1891, German surgeon Themistocles Glück fashioned a hip prosthesis 
from ivory and nickel-plated hardware. Also around this time, Czech surgeon Vitezlav 
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Chlumsky experimented with hip joint interpositional materials including celluloid, sil-
ver, rubber, magnesium, zinc, glass, and celluloid. Many other material experiments from 
this era can be cited, particularly in the areas of orthopedics, cardiovascular medicine, and 
ophthalmology. The probability is low that these early material implantation experiments 
could have succeeded as there was no understanding of toxicology or biocompatibility.

An important observation was made during World War II by British ophthalmo-
logic surgeon, Harold Ridley. Dr. Ridley examined aviators who, due to machine 
gunfire shattering the aircraft windshield, had unintentional implantations of shards 
of windshield in their eyes (Apple and Sims, 1996). The windshield was made of 
poly(methyl methacrylate) (PMMA) and Dr. Ridley noted that the shards resided in 
the globe of eye for years with little reaction. Although Ridley never used the term 
“biocompatibility,” his observation of inertness and lack of reaction were consistent 
with modern ideas of biocompatibility. Thus, he decided to make the first human 
intraocular lens (IOL) out of PMMA. The first implantation was in 1949 and today 
about 10,000,000 IOLs are implanted each year although PMMA has, since the 1990s, 
been supplanted by softer acrylic polymers.

The term “biocompatibility” evolved around 1970, possibly in a seminal paper by 
C.A. Homsy. Therein, the concepts of toxicology and its relationship to biocompat-
ibility were clarified (Homsy, 1970). Homsy demonstrated that organic leachables, as 
measured by infrared spectroscopy, could be correlated with the impact of these leach-
ables on cells in culture. In a paper published in 1971, Homsy’s ideas were integrated 
into a series of tests to assess the suitability of materials for a National Institutes of 
Health (NIH)-sponsored artificial heart program (Homsy et  al., 1971). Since these 
early explorations around the ideas of biocompatibility, thousands of papers have been 
published using the term “biocompatibility.” In fact, GOOGLE Scholar lists more than 
17,000 papers using this term in 2014 alone. There is much variability in how the term 
is used and what it means. The next section of this chapter will bring biocompatibility 
ideas to a modern context.

BIOCOMPATIBILITY TODAY

In an effort to harmonize the terminology that was evolving in the nascent biomateri-
als/medical device field, a consensus conference was held in Chester, UK, in 1985. In 
1987, a book was published offering a definition of biocompatibility that was arrived at 
by consensus of the participants, including many leading figures in the field at that time:

“the ability of a material to perform with an appropriate host response in a specific application 
(Williams, 1987)”

This definition, though accurate and historically important in the design, develop-
ment, and application of biomaterials in medicine, nevertheless offers no insights into 
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the mechanisms of biocompatibility, how to test the biocompatibility of a material, or 
how to optimize or enhance the biocompatibility of a material. Nor does it attempt to 
integrate new discoveries in cell and molecular biology that impact the biological reac-
tion to implanted materials. The following text will expand the definition and explore 
the philosophical and scientific ideas surrounding biocompatibility.

There are many biological, medical, and engineering background concepts that 
impact biocompatibility. It would be impossible to review all this material in detail in 
this chapter. A reference volume that provides extensive background reading on this 
subject is the textbook, Biomaterials Science: An introduction to Materials in Medicine, 3rd 
edition (Ratner et al., 2013). Particular subjects found in this textbook and important 
to understanding modern ideas about biocompatibility include inflammation, wound 
healing, the foreign body response, in vitro assessment of tissue compatibility, in vivo 
assessment of tissue compatibility, regulatory issues associated with medical device 
development, and standards organizations and their thinking on this subject. Some of 
these subjects will be briefly reviewed here in overviewing biocompatibility and addi-
tional discussion of biocompatibility can be found in Chapters 2 and 14.

Biocompatibility can be assessed using in vitro and in vivo assays. First, in vitro assays 
will be discussed and further elaborated upon in the toxicology section of this chapter. 
Although a variety of direct chemical and physical interactions may also be important 
in in vitro assessment, e.g., mechanical “interrogation” of a surface by cells (Mammoto 
et al., 2013) or bioreceptor “lock-and-key” interactions driving specific biological pro-
cesses (Lutolf and Hubbell, 2005), measurement of the consequences of leachable or 
secreted substances from biomaterials to cells in culture is a key starting point in in 
vitro biocompatibility assays. For example, inhibition of cell proliferation or cell death 
induced by substances leaching from a solid biomaterial are negative outcomes in such 
assays and would be characteristic of materials that are not biocompatible. No material 
can be “biocompatible” if it leaches cytotoxic substances (except perhaps a drug deliv-
ery system intended to deliver cytotoxic substances specifically to cancerous cells).

The in vivo (implantation) response to synthetic biomaterials that have no toxic 
leachables measured in vitro and are virtually free of endotoxin is generally described 
as a mild inflammatory reaction. After approximately 2–3 weeks, this reaction resolves 
into a thin fibrous capsule surrounding the implant with macrophages and giant cells 
present at the implant surface that persist for the life of the implant (Figure 3.1). 
Overall, however, after about 3 weeks, the reaction site is relatively quiescent and 
there is otherwise no indication of an active or progressive adverse local or systemic 
response. The composite reaction is termed the FBR. An uncomplicated FBR with a 
thin, nonadherent capsule surrounding the implant is considered today to be the hall-
mark of a “biocompatible” biomaterial. Many details of the biology associated with the 
FBR are described in review papers (Anderson et al., 2008; Luttikhuizen et al., 2006) 
and in Chapters 2, 5, and 9.
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The primary reaction observed with most implanted synthetic materials is the 
FBR. Materials and implants that show behavior upon implantation different from  
the FBR will be discussed toward the end of this chapter. Five factors that impact the 
FBR are:
1. Toxicology (the measurement and study of the effects of material leaching from 

biomaterials).
2. Reactions related to products from extrinsic microbiologic organisms colonizing 

the biomaterial (e.g., endotoxin contamination).
3. Mechanical effects such as rubbing, irritation, compression, and modulus mismatch.
4. Size of the implant impacts the FBR including its size comparable to the organism 

receiving the implant and relative to the size of macrophages.
5. A broad range of biospecific interactions with surrounding proteins and cells that 

might direct long-term in vivo bioreaction.
Points 1–4 above are well understood and often applied in the design of biocom-

patible biomaterials—we understand the principles and have the ability to measure 
their impact. Importantly, we can design devices using clearly defined principles to 
achieve appropriate outcomes. Point 5 is less well developed and considerations are 
discussed below.

Toxicology
Polymeric materials often contain extractable (leachable) components such as unre-
acted monomer, oligomers, initiator fragments, stabilizers, and other processing 
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additives. Metals, glasses, and ceramics can release ions and other processing compo-
nents. If these substances negatively impact cells (in vitro), adjacent tissues (in vivo), 
or affect an organism systemically, these are toxicology considerations. Biomaterials 
researchers, standards organizations, and government regulatory agencies have devel-
oped reliable methods to measure and identify leachates. There are sensitive and stan-
dardized methods to characterize the reaction of tissues and cells to these leached 
substances. The ISO (International Organization for Standardization) 10993 standards 
provide many specific, defined tests for toxicity associated with leachables.

Organisms colonizing biomaterials and their impact on bioreaction
Bacteria and their cell wall components are intense inflammatory activators. Fungi 
such as Candida are also inflammatory activators (Kojic and Darouiche, 2004). In the 
case of implants contaminated with fungi, bacteria, or bacterial cell wall endotoxin 
(lipopolysaccharide), an intense and usually long-term biological reaction is seen, char-
acterized by large numbers of leukocytes (mostly neutrophils and macrophages, collec-
tively called “pus”) in the vicinity of the implant. Pain, redness and heat are associated 
with this response and can often lead to an exceptionally thick foreign body capsules. 
High concentrations of extravascular white blood cells and thick, dense foreign body 
capsules are characteristics of poor biocompatibility. Surface endotoxin can convert a 
“biocompatible” biomaterial to one that is not biocompatible. Extreme reactions to 
devices with contaminating organisms have been documented with breast implants 
(Pajkos et al., 2003) and with other implant devices. This response is distinct from infec-
tion with live microbiologic organisms, such as bacteria or fungi, in which the organ-
isms may proliferate and cause ongoing local tissue destruction and potentially systemic 
effects. Though infection with live organisms shares some observed characteristics with 
“poor biocompatibility” and can occasionally look like “poor biocompatibility,” we 
generally refer to this not as a biocompatibility issue, but rather a sterilization issue. 
Endotoxin, on the other hand, can lead to “poor biocompatibility.” Endotoxin can be 
measured on biomaterials using a limulus amoebocyte lysate (LAL) assay (Young et al., 
1972; Gorbet and Sefton, 2005). Although there may be a low level of endotoxin on 
most all biomaterials, if levels are sufficiently low, the endotoxin may not impact the 
reaction to implanted biomaterials (Gorbet and Sefton, 2005). Water supplies can con-
taminate biomaterials with endotoxin and water, even from a high-quality water puri-
fication system and should be routinely assayed for endotoxin.

Mechanical effects
If an implant is rubbing, abrading or moving in contact with tissue, or has sharp 
edges, undesirable reactions that may appear as “nonbiocompatible” will be observed. 
Mechanical mismatch between a hard biomaterial and a soft tissue can lead to damage 
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or irritation to the soft tissue. Cell responses to mechanical forces are well known and 
usually quite significant (Stamenović and Ingber, 2009). An excellent example of the 
mechanical effect on in vivo bioreaction was seen in 1976 when scientists implanted 
in rat muscle medical grade “biocompatible” materials having circular, triangular, and 
pentagonal shapes (Matlaga et al., 1976). The degree of reaction increased in the order: 
circle (lowest reaction), pentagon, and triangle. The effect was attributed to micromo-
tion associated with the acute angle of the triangle leading to the greatest tissue irrita-
tion. Mechanical effects on implants and the biological reaction to implants have been 
reviewed (Helton et al., 2011a,b). Interestingly, when implant dimensions are less than 
a few microns, the FBR may disappear (Sanders et al., 2000). In general, it is the role 
of the implant designer to ensure that the device does not excessively rub or irritate 
tissue (rounded edges are better than sharp edges, for example). It is the role of the 
surgeon to appropriately place and anchor the device in the implant site to minimize 
such rubbing and irritation.

Cell–biomaterials interactions
Hundreds of articles are published each year on cell–biomaterial interactions, a theme 
prominent in biomaterials scientific literature. For 100 years or more, it has been clear 
that living cells interact with and attach to different materials in different ways. The 
nature of that interaction profoundly influences cell attachment, spreading, prolif-
eration, differentiation, activation, secretion, detachment, and apoptosis. It is also well 
established that the protein adsorption event preceding cell interaction with surfaces 
directs and modulates the cellular response. Since inflammatory cells such as neutro-
phils and macrophages “interrogate” implanted materials shortly after implantation, and 
since different surfaces interact in different ways with proteins, we would expect the 
nature (i.e., surface chemistry) of the biomaterial immersed in proteinaceous medium 
(e.g., serum, plasma) to impact the cell-driven in vivo reaction. However, let us exam-
ine this expectation. In vitro, profound differences are seen in cell interactions between 
different materials. For example, a poly(2-hydroyxethyl methacrylate) (polyHEMA) 
hydrogel will not permit macrophages to adhere in cell culture, while a tissue cul-
ture polystyrene (TCPS) surface readily adheres those same cells. Yet, if the polyHEMA 
and the TCPS are implanted in vivo, both will heal similarly with an avascular, collag-
enous foreign body capsule. In fact, all “biocompatible” materials, whether hydrophilic, 
hydrophobic, metallic, polymeric, or ceramic, will heal similarly with a classic (and 
largely quiescent) FBR if there are (1) no leachables, (2) no contaminating products 
from extrinsic organisms, and (3) minimal mechanical irritation. Biodegradable poly-
mers such as poly(lactic acid) (PLA) can produce an FBR, but when they degrade to 
small, metabolizable molecules, the foreign body capsule may eventually be remodeled 
(resorbed) by the body. This striking difference between in vitro response and in vivo 
response has yet to be explained, but it does highlight the multifactorial complexity 
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of the in vivo environment in comparison to the relatively simple in vitro environment 
where just one cell type at a time is studied.

The phenomena of “frustrated phagocytosis” and cytokine release are important. 
Macrophages have evolved to be efficient at engulfing and digesting foreign, aberrant 
and nonliving material. Examples include bacteria, dead cells, fragments of dead tissue, 
and synthetic particles with dimensions in the nano and macro ranges. Phagocytosis 
occurs when the foreign body has surface molecules that trigger receptors on the sur-
face of the macrophage. Such trigger molecules include mannose sugar moieties, com-
plement molecules, the Fc portion of antibodies, and denatured proteins (Hespanhol 
and Mantovani, 2002). The macrophage then engulfs the foreign body. Once inside this 
phagocyte, the foreign particle is trapped in a lipid–membrane compartment called a 
lysosome in which a battery of chemicals attempts to degrade the foreign material.

“Frustrated phagocytosis” occurs when the macrophage is incapable of engulfing 
and consuming some mass of material considerably larger than its size (certainly true 
for a macroscopic medical device implant). The macrophage is spread thin on the sur-
face of the implant as it tries to engulf it and, in the process, the macrophage may 
release the contents of lysosomes or other vacuoles into the adjacent tissues. The dif-
fusible components released may cause local tissue damage and inflammation. In 
trying to spread over this large surface (i.e., the implant), a macrophage might fuse 
with other adjacent macrophages and form multinucleated foreign body giant cells 
(FBGCs), often considered a marker of the FBR. Such FBGC can be a millimeter 
in size or larger. Macrophages also release cytokines (diffusible signaling proteins) in 
response to biomaterials (Bonfield et al., 1992). Cytokines can be considered as pro-
inflammatory (e.g., IL-1, tissue necrosis factor alpha (TNF-α)) or anti-inflammatory 
(e.g., IL-4, IL-10). Measurements of the enzymatic release and cytokine shower from 
an implanted biomaterial may offer insights to biocompatibility (Marchant et al., 1983; 
Rodriguez et al., 2009).

A summary of some key ideas about biocompatibility from the preceding discus-
sion is provided below:
1. Leachable chemical substances, products of extrinsic organism surface contamina-

tion (particularly endotoxin), and/or micromotion can lead to undesirable out-
comes upon implantation (i.e., the implant does not appear to be biocompatible).

2. If leachables, extrinsic organism surface contamination, and micromotion are not 
impacting the reaction, most all materials will exhibit a similar bioreaction in vivo. 
This bioreaction is referred to as the FBR and is composed of a thin fibrous cap-
sule with mild but persistent inflammation.

3. When the foreign body capsule is thin and the reaction site, after approximately 
1 month, is relatively quiescent, this is an acceptable FBR and the implant can be 
considered “biocompatible.”
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4. The commonly observed interface between a long-term implanted medical device 
and the surrounding tissues is a thin, dense, collagenous capsule that isolates the 
implant from the body. Regulatory agencies consider this capsule, and a relatively 
quiescent reaction around the implant, as an acceptable reaction to an implant.

CHANGING THE PARADIGM OF BIOCOMPATIBILITY

Millions of devices made of biocompatible biomaterials are implanted in humans every 
year, largely with success. However, there are concerns with the way implants heal (the 
FBR). A new generation of biomaterials is needed to achieve integrated, vascularized, 
nonfibrotic healing. Such implant healing would reduce complications and make pos-
sible new applications for long-term implants.

For example, a dense fibrous capsule can inhibit diffusion of analytes to implanted 
sensors, interfere with release of drugs from implanted controlled drug release devices, 
and raise the resistance of an electrical interface with the body, thereby inhibiting com-
munication with tissues for implanted electrodes. Capsular contraction is a problem for 
some devices such as breast implants, where the scar contraction distorts the mitigate 
implant. Moreover, the lack of vascularity near the implant–tissue interface can slow 
the body’s response to bacterial invasion and related biofilm formation. Also, the capsule 
associated with the FBR can create surgical problems for device removal and revision. 
In many cases, a vascularized, integrated tissue reconstruction (more resembling normal 
tissue reconstruction) would be preferable to the avascular, dense capsule.

The potential for vascularized, nonfibrotic healing is now being realized. Such 
reconstructive healing can be achieved with extracellular matrix (ECM) components, 
with inert biomaterials that have engineered porosity, with materials that are excep-
tionally nonfouling and materials decorated with biomimetic receptors that “fool” the 
body into thinking the implant is “self.”

ECMs derived from a number of tissues (e.g., small intestinal submucosa (SIS) and 
urinary bladder matrix (UBM)), have been found to remodel within the body with 
little or no fibrosis, appropriate vascularity, and general tissue reconstruction (Badylak, 
2007). SIS and other ECMs have been used in millions of human surgeries largely 
with good results. Many review articles elaborate on these decellularized tissues as 
biomaterials (Badylak et  al., 2011; Hoshiba et  al., 2010; Arenas-Herrera et  al., 2013; 
Andrée et al., 2013; Teodori et al., 2014). If the decellularized tissue is chemically cross-
linked, it will heal in a more pro-inflammatory manner with a foreign body capsule 
and a classical FBR (Badylak et al., 2008; Brown et al., 2009). The excellent healing of 
these decellularized matrices is attributed to the ability of macrophages to degrade the 
ECM to bioactive peptides that actively promote healing (Vorotnikova et  al., 2010). 
Chemical cross-linking slows degradation and inhibits this small molecule release. 
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Importantly, the ECM structure is heavily infused with macrophages in the early stage 
of healing and those macrophages have been shown to express a phenotype (frequently 
referred to as a polarization) conducive to healing (M2), in contrast to the pro-
inflammatory, pro-fibrotic M1 phenotype (Mantovani, 2006; Badylak et al., 2008) (see 
Chapters 4 and 6). Note that these decellularized tissues (i.e., ECM scaffolds), often in 
sheet form, induce or guide a pro-reconstructive healing and then degrade. There are 
also suggestions that soluble ECMs derived from neonatal cell culture might be used as 
coating for implants to aid in healing and integration (Naughton and Kellar, 2008).

The second example presented here of materials that generate an implant reaction 
that is different from the classic FBR involves porous polymers. Certain porous synthetic 
biomaterials will also heal in a minimally fibrotic, angiogenic fashion. Observations on 
the special characteristics of the healing of porous structures in body were first noted in 
the 1970s (Karp et al., 1973; Klawitter et al., 1976). Many studies observed this poros-
ity effect, and an article published in 1995 focused on the importance of pore size to 
healing (Brauker et al., 1995). The concern with all these studies was that the implant 
materials used had a broad distribution of pore sizes making it difficult to ascertain the 
effect of a specific pore size on healing. A method was developed to make materials with 
a single, consistent pore size based on using solvent-soluble microspheres as templates to 
create uniform, interconnected pores (Figure 3.2). When such materials were implanted 
subcutaneously, it was noted that when pores were in the size range 30–40 µm, vascular-
ized healing and reconstruction with little fibrosis was observed (Marshall et al., 2004; 
Madden et  al., 2010). These materials were heavily infused with macrophages during 
healing and more of the macrophages were in the M2 phenotype (Madden et al., 2010; 
Sussman et  al., 2014). These same materials with 30–40 µm pores healed well in skin 
percutaneous sites (with dermal and epidermal reconstruction) (Fukano et  al., 2010), 
heart muscle (Madden et al., 2010), and other tissues.

Another example of a new class of materials that heal in a manner differently 
from the classic FBR considers nonfouling materials (i.e., materials that resist protein 
adsorption and cellular interaction) (Ratner and Hoffman, 2013; Blaszykowski et  al., 
2012). Though many protein-resistant (nonfouling) surfaces have been developed, 
largely hydrogels and hydrophilic coatings, upon implantation, these materials usually 
show the classic FBR. In fact, it has been demonstrated that upon exposure to high 
protein concentrations (as are found in body fluids), surfaces that showed resistance 
to protein adsorption with low protein solution concentrations became adsorptive 
to proteins (Zhang et  al., 2008). If adsorbed proteins are the first step in triggering 
the FBR (as is suggested in Figure 3.1), then perhaps by completely eliminating the 
adsorbed proteins a material that is not recognized by the body can be made? This 
hypothesis was tested with implants of an exceptionally protein-resistant hydrogel bio-
material, poly(carboxybetaine methacrylate) (Zhang et  al., 2013). After 3 months of 
subcutaneous implantation, no measurable FBR was noted. In this study, M2 macro-
phages were again seen to be present at the implant site.
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A fourth strategy to inhibit the FBR involves immobilizing to biomaterial surfaces 
the cell surface receptors found on many body cells that indicate “self ” and prevent 
the body from attacking the cells. The extracellular domain of a recombinant form of 
receptor protein CD47 (found on red blood cells) was immobilized to polyurethane 
and poly(vinyl chloride) (Stachelek et al., 2011). Upon implantation, reduced inflam-
matory cell interaction with the surfaces was noted.

RELEVANCE TO BIOCOMPATIBILITY

With relevance to biocompatibility, consider this example. A synthetic hydrogel is fab-
ricated as a solid slab, or as a porous structure with 30–40 µm interconnected pores. The 
chemical compositions of both are identical. Also, they have similar mechanical prop-
erties, no leachables, and no endotoxin or bacteria. Yet one heals in a capsule with the 
classic FBR while the other heals in a vascularized, reconstructed manner with little 
fibrosis. It seems challenging to use the word “biocompatible” for both given the sharp 
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Figure 3.2 A schematic illustration of the sphere-templating process for preparing porous biomateri-
als with uniform-sized pores. The scanning electron microscopic image shows the uniformity of the 
material and the interconnect “throats” between pores.
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differences in in vivo biological reaction despite identical chemistries. This dichotomy has 
led the author of this chapter to propose two new definitions relating to biocompatibility.

For the biocompatibility observed in the four examples presented here where we 
observe an integrated, vascularized reconstructive outcome, this definition is proposed:

BIOCOMPATIBILITY: the ability of materials to locally trigger and guide normal 
wound healing, reconstruction and tissue integration.

For the “biocompatibility” associated with today’s commercialized implants that are 
approved by regulatory agencies and work satisfactorily in many applications in medi-
cine, the term “biocompatibility” is replaced by “biotolerability.”

BIOTOLERABILITY: the ability of materials to reside in the body for long periods of 
time with only low degrees of inflammatory reaction.

CONCLUSIONS

Biomaterials as we know them today were first introduced to medical practice in the 
late 1940s and early 1950s. Since then there has been an evolution in sophistication 
and functionality of biomaterials (Williams, 2008). First generation biomaterials were 
considered to be “inert” (e.g., silicones, titanium, Teflon, polyethylene) although the tis-
sue response to the same biomaterials today is considered anything but inert. Second 
generation biomaterials (1970s, 1980s) interacted with and changed, in a controlled 
manner, the biological environment. For example, the biodegradability of PLA, the 
bone integration, and bone formation as seen with bioactive glasses, the induction of 
a controlled thrombotic deposit, such as occurs with a textured polymer on the inter-
nal surface of a left ventricular assist device. Third generation biomaterials (1990+) 
biospecifically orchestrate biological processes and can direct regeneration and restore 
functionality, and/or respond to the environment in a proactive manner to favorably 
influence a tissue reaction. Examples include engineered ECMs (Lutolf and Hubbell, 
2005), sphere templated biomaterials (Madden et  al., 2010), decellularized ECMs 
(Badylak, 2007), and “smart” biomaterials (Reyes et al., 2007). Also, consider the pub-
lished debate on the effectiveness of biomaterials guided by specific peptide signals 
(Williams, 2011). As biomaterials evolve, so, too must the definition of biocompatibility. 
This chapter traced biocompatibility ideas from early history, discussed the roots of 
today’s accepted biocompatibility ideas, and illustrated how new developments have 
made the existing definition of biocompatibility unwieldy and inaccurate.

The way we define biocompatibility will evolve over the next few years. Examples 
that challenge the present paradigm of biocompatibility are published and materi-
als that show unique healing are being applied in clinical medicine (Pourjavan et al., 
2014; Badylak et  al., 2011). Recent discoveries on the diversity of macrophage phe-
notypes and understanding of resident tissue stem cell pools in the body may permit 
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engineered “biocompatibility” with control of the extent and rate of biointegration. 
These new developments strengthen the science of biocompatibility and bring bioma-
terials and tissue engineering closer together. Precision control of biocompatibility can 
lead to new biomaterials-based therapies with profound advantages for the patient.

To answer the questions posed at the beginning of this chapter:
● Is biocompatibility “yes” or “no,” or is there a continuum of biocompatibilities 

ranging from “good” to “bad?”
Answer: The extremes, good biocompatibility and bad biocompatibility, can be 
easily defined by histological appearance of the implant site. Intermediate levels 
of biocompatibility may be defined in the future by a ratio of M1/M2 macro-
phages, by cytokine profiles or by quantification of vascularity and angiogenesis.

● How can we measure biocompatibility? Can we quantify biocompatibility?
Answer: At the present time, we can quantify toxicology by measuring leachables. In 
the future we may quantify M1/M2 ratio, vascularity, cytokines, and other factors 
to arrive at a quantitative assessment, perhaps to be called “the biocompatibility 
parameter.”

● Are toxicology and biocompatibility the same thing?
Answer: Toxicology is routine and accurately defined. Biocompatibility, by the 
new definition presented here, is distinct from toxicology and certainly more 
complex to qualitatively and quantitatively express.

● How can we improve or enhance the biocompatibility of a biomaterial?
Answer: Four examples have been presented here for improving biocompatibility 
(based on the new definition). Other paths to improved biocompatibility will, no 
doubt, be described in the future.

For now, the medical device regulatory agencies subscribe almost exclusively to defi-
nition of biocompatibility that we have been using, a definition that traces its roots to 
the first functionally successful implants in the 1950s. In reality, it is important to appre-
ciate the accepted standards for biomaterials (ISO 10993). These standards are used by 
the $300B+ worldwide medical device industry and these standards impact millions of 
patients. Still, there is a shift in thinking about this subject in the biomaterials and tis-
sue engineering research communities. Driven by discoveries in basic cell and molecular 
biology and embraced by biomaterials and tissue engineering researchers, newer ideas are 
being generated and these ideas shift the way we think about the word “biocompatibility.”
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INTRODUCTION

The use of naturally derived materials in clinical and preclinical settings offers a num-
ber of advantages over the use of synthetic materials. First and foremost is the native 
ligand landscape and inherent bioactivity present within naturally derived materials. 
These ligands are often highly conserved when naturally derived materials are sourced 
from mammalian tissues; however, it should be noted that certain other natural materi-
als derived from plant, insect, or crustacean sources have chemical compositions which 
are similar to mammalian proteins and are reported to offer similar advantages. Second 
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is the ability of the host to degrade and process the material efficiently, avoiding aspects 
of the foreign body response observed with many synthetic polymers. However, a 
number of disadvantages are also associated with the use of naturally derived materi-
als. These disadvantages include potential immunogenicity, biologic variability among 
source tissues, and significant complexity with respect to the mechanisms associated 
with either success or failure of the material in medical applications.

The history of the use of naturally derived biomaterials in medical applications is 
long. The use of xenogeneic skin grafts was mentioned in the Papyrus of Ebers from 
the fifteenth century bc. Later, Egyptians reported using animal sinew as suture mate-
rial. While these materials were acceptable more than two millennia ago, the success 
of xenogeneic and allogeneic tissue-derived materials was limited due to the immune 
response following implantation (Watson and Dark, 2012). Poor outcomes, and other 
practical considerations, provided the impetus for further development and refinement 
of biomaterials, both synthetic and natural in origin, for use in surgical reconstructive 
applications as well as in engineered tissues and organs intended to replace transplants 
with laboratory grown tissues.

Commonly, the naturally derived materials used in current medical applications are 
derived from the extracellular matrix (ECM) of mammalian tissue. However, others 
are sourced from the exoskeletons of crustaceans or from bacterial sources. Table 4.1 
lists a variety of naturally derived materials which are currently in clinical use, though 
many of the materials listed are intended for temporary or topical use as opposed to 
implantation.

The present chapter focuses upon the host response to naturally derived materials, 
both in common clinical applications and in more recent and novel tissue engineer-
ing and regenerative medicine applications. It is now increasingly clear that, regardless 
of the application in which naturally derived biomaterials are used, the host response 
elicited following implantation is an integral part of the remodeling process and a criti-
cal determinant of success. Though beyond the scope of this chapter to provide a full 
discussion of the differences between the host response to multiple classes of metallic, 
polymeric, and naturally derived materials and the implications of such responses for 
clinical outcomes, this chapter will outline the distinct aspects of the host response 
which are associated with the success of naturally derived materials. It is important 
to note that the host response to each naturally derived material is unique and based 
upon the composition, ligand landscape, and processing methods inherent to the 
source material used for production. Thus, though biomaterials have been derived from 
multiple natural sources including mammalian tissues as well as insect, crustacean, and 
plant sources we focus upon one class of natural biomaterial—those derived through 
the decellularization of mammalian tissues and organs. These materials have now been 
used in millions of human patients to date, with both positive and poor outcomes hav-
ing been reported. Therefore, tissue-derived materials represent an effective case study.
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The focus upon decellularized tissue-derived biomaterials presented in this chapter 
is not intended to imply that other sources are inferior or less successful, but rather to 
provide a focused discussion of the many factors which affect the host response to a 
single class of naturally derived material as well as provide a contrast to other chapters 
describing the host response to multiple types of synthetic material. Many of the con-
cepts which are described herein are easily applied to other natural biomaterial sources.

Table 4.1 Examples of medical products composed of naturally derived materials
Material Source Properties Use/example

Alginate Algae (Kelp) Anionic polysaccharide, limited 
degradation unless modified, 
forms hydrogels

Wound dressing 
(Phytacare®)

Chitosan Crustacean 
exoskeletons

Positively charged, enzymatic 
degradation, can form  
hydrogels

Hemostat/
wound dressing 
(HemCon®)

Silk Synthesized by 
spider or silk 
worms

Physiologic function is as a 
protective cocoon, strong  
and can be woven, slow, or 
minimal degradation

Suture (Perma- 
Hand®)

Collagen Animal tissues/cell 
culture/bacterial 
fermentation

Abundant ECM protein,  
triple helix structure, provide 
cell attachment sites

Injectable 
dermal filler 
(CosmoDerm®)

Gelatin Denatured  
collagen

Inexpensive, used for  
cell attachment in  
cell culture

Sterile absorbable 
sponge 
(Gelfoam®)

Fibrin/ 
fibrinogen

Animal tissues or 
plasma

Fibrin results from  
polymerization of  
fibrinogen with thrombin, 
crucial for clot formation

Fibrin sealant 
(Evicel®)

Hyaluronic  
acid

Animal tissues/
bacterial 
fermentation

Lubricating polymer, only 
nonsulfated GAG,  
negatively charged, can  
form hydrogels

Dermal filler 
(Restylane®)

Heparin Animal tissues/
plasma

Strongly negatively charged  
GAG, binds to numerous 
growth factors, anticoagulant 
activity, used to coat stents

Stent and catheter 
coating (TyCo®)

Decellularized 
tissue

Animal tissues Complex mixture of proteins 
and GAGs in tissue-specific 
composition and architecture

Surgical mesh 
(see Table 4.2 
for multiple 
examples)

Source: Distinctive properties and an example of a currently available, FDA-approved product are listed. Adapted from 
Ratner (2013).
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THE USE OF DECELLULARIZED TISSUE AS A BIOMATERIAL FOR 
SURGICAL RECONSTRUCTION AND CONSTRUCTIVE REMODELING

Mesh materials derived through the decellularization of human or animal tissue 
sources are commonly used in surgical repair and reconstruction. There are more than 
30 commercially available, FDA-approved products with indications commonly includ-
ing wound care, soft tissue reconstruction, and orthopedic applications, among oth-
ers. These materials vary in their source tissue, methods of processing, and methods of 
sterilization (Badylak, 2004; Brown and Badylak, 2014). Table 4.2 provides examples of 
currently available decellularized scaffold materials available for clinical use, their tissue 
source, and clinical indications.

These materials have been used for more than a decade and in millions of human 
patients to date. Their success in promoting positive remodeling outcomes following 
placement, however, has been reported to be variable depending upon the source of 
the material, methods of preparation, and application. As an example, a rodent abdom-
inal defect model was used to evaluate the host remodeling response following the 
implantation of five commonly used materials for orthopedic applications. The results 
demonstrated that those materials which were effectively decellularized and exhib-
ited more rapid degradation were associated with increased cellular infiltration at early 
time points and improved histologic appearance downstream (Valentin et  al., 2006). 
These reports appear to be consistent with those observed in multiple human clinical 
applications.

Positive outcomes with tissue-derived biomaterials can be described as a process 
of “constructive” or “inductive” remodeling, particularly when applied to tissue engi-
neering and regenerative medicine applications wherein desired outcomes include the 
formation of new, site-appropriate, functional host tissue in addition to surgical repair 
(Badylak et al., 2011a). These constructive and inductive outcomes are in contrast to 
surgical “repair” in that they result in new, functional tissue formation. For example, 
multiple recent animal and human clinical studies have demonstrated that placement 
of an acellular tissue-derived scaffold can result in the formation of functional skeletal 
muscle (Daly et al., 2011; Valentin et al., 2010; Sicari et al., 2012a, 2014a; Turner and 
Badylak, 2012; Mase et  al., 2010). Briefly, though the full set of mechanisms which 
lead to this type of constructive remodeling are not known, the early response to 
scaffold placement includes a robust infiltration by immune cells followed by mate-
rial degradation, recruitment of local and circulating progenitor cells, and eventual 
formation of new tissue (Badylak et  al., 2011a; Badylak, 2014). Constructive remod-
eling has now been observed following the placement of acellular tissue-derived 
biomaterials in musculoskeletal tissue, esophagus, cartilage, and cardiovascular appli-
cations among numerous others (Sicari et  al., 2014a; Badylak et  al., 2011b; Brown 
et  al., 2011b, 2012a; Wainwright et  al., 2012; Remlinger et  al., 2010). Whether used 



Table 4.2 Examples of currently available decellularized tissue-based products
Product Company Material Cross-linking Form Use

AlloDerm® LifeCell Human skin Natural Dry sheet Abdominal wall, breast, ENT/
head and neck reconstruction, 
grafting

AlloPatch HD® Musculoskeletal 
Transplant  
Foundation

Human dermis Cross-linked Dry sheet Orthopedic applications

Axis™ Coloplast Human dermis Natural Dry sheet Pelvic organ prolapse
Biodesign® Cook Biotech Porcine SIS Natural Dry sheet Repair of cranial or spinal dura
CollaMend™ FM CR Bard Porcine dermis Cross-linked Dry sheet Soft tissue repair
Durepair® Medtronic Fetal bovine skin Natural Dry sheet Repair of cranial or spinal dura
Graft Jacket® Wright Medical  

Tech
Human skin Cross-linked Dry sheet Foot ulcers

MatriStem® ACell Porcine urinary  
bladder

Natural Dry sheet Soft tissue repair and 
reinforcement, burns, 
gynecologic

Oasis® Healthpoint 
Biotherapeutics

Porcine SIS Natural Dry sheet Partial and full thickness wounds; 
superficial and second-degree 
burns

Peri-Guard® Baxter Bovine pericardium Cross-linked Hydrated sheet Pericardial and soft tissue repair
Permacol™ Covidien Porcine skin Cross-linked Hydrated sheet Soft connective tissue repair
Restore® DePuy Porcine SIS Natural Sheet Reinforcement of soft tissues
SurgiMend® TEI Biosciences Fetal bovine skin Natural Dry sheet Surgical repair of damaged or 

ruptured soft tissue membranes
Suspen® Coloplast Human fascia lata Natural Dry sheet Urethral sling
TissueMend® Stryker Fetal bovine skin Natural Dry sheet Surgical repair and reinforcement 

of soft tissue in rotator cuff
Vascu-Guard® Baxter Bovine pericardium Cross-linked Hydrated sheet Reconstruction of blood vessels 

in neck, legs, and arms

Source: Adapted from Ratner (2013).
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in surgical reconstruction or as an inductive template for constructive remodeling, the 
host response to such materials is now known to be a clear determinant of successful 
outcomes (Brown and Badylak, 2013, 2014; Badylak et al., 2008, 2011a; Brown et al., 
2012b; Badylak and Gilbert, 2008). The factors which affect the host response and sub-
sequent ability to promote constructive remodeling following the placement of tissue-
derived materials are discussed in more detail below.

IMMUNE REJECTION

Discussion of the host immune response to tissue-derived biomaterials would be 
incomplete without first discussing briefly the mechanisms of immune rejection to 
viable tissues and organs. Using xenogeneic or allogeneic tissues as materials for tissue 
repair or transplantation without any processing of the material or immunosuppres-
sion of the patient will uniformly lead to immune rejection by the adaptive immune 
response. T- and B-lymphocytes will be activated in response to non-self-antigenic 
epitopes on cells in these tissues with a subsequent activation of an antibody-medi-
ated response resulting in rejection (Vadori and Cozzi, 2014; Fox et  al., 2001). Early 
attempts to solve this problem revolved around immunosuppressive therapies and were 
partially successful (Sachs et al., 2001). Improvements in the number and combination 
of immunosuppressive therapies and human leukocyte antigen (HLA) matching have 
helped to inhibit rejection (Susal and Opelz, 2013; Opelz et  al., 1999). Xenogeneic 
tissue and organ transplants are currently unavailable due to ineffective immunosup-
pressive therapy (Scalea et  al., 2012). However, there are efforts utilizing both phar-
macological and genetic approaches to create xenogeneic organs suitable for human 
transplantation.

While immunosuppressive drugs can inhibit the immune rejection of xenoge-
neic and allogeneic tissues, this therapeutic approach leaves the patient susceptible 
to infection and other diseases. An effective approach to the use of xenogeneic and 
allogeneic tissues is decellularization. Such an approach removes the cellular content 
from these tissues and, thereby, many of the epitopes recognized by the host as for-
eign. Decellularization leaves behind the ECM of these tissues, many components of 
which are highly conserved across mammalian species (van der Rest and Garrone, 
1991). Due to this genetic preservation, xenogeneic and allogeneic materials can be 
safely implanted into patients without an adverse adaptive immune reaction if properly 
decellularized (Gilbert et al., 2006).

DECELLULARIZATION PROCESSES

As stated above, decellularization is necessary to remove the cellular components of 
tissues that elicit an adverse host response. Decellularization is the process of using 
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various methods, physical, enzymatic, or chemical, to lyse cells and remove the intra-
cellular components from a tissue while preserving the native extracellular compo-
nents (Freytes et  al., 2004; Lin et  al., 2004; Dahl et  al., 2003; Vyavahare et  al., 1997; 
De Filippo et  al., 2002; Falke et  al., 2003). In theory, the goal of an effective decel-
lularization process is to remove the cellular epitopes and antigens that elicit poten-
tially destructive immune responses resulting in implant failure while preserving the 
composition and configuration of ECM macromolecules. As discussed in the follow-
ing sections, preservation of the native microenvironment by maintaining the integrity 
of ECM proteins and related molecules is important in triggering a beneficial host 
response resulting in constructive remodeling.

Each tissue has a unique composition and organization of cells and ECM. As a 
result, the decellularization protocol must be optimized for each tissue to maximize 
cellular content removal while preserving the beneficial ECM proteins, glycosamino-
glycans, and growth factors in their native state. Table 4.3 details briefly different meth-
ods of decellularization and their mechanism for removal of specific tissue constituents.

While optimized decellularization strategies remove most of the molecules that 
elicit an adaptive immune response to xenogeneic or allogeneic materials, it is logical 
that some cell-derived components will remain due to the decellularization processes 
which generally promote lysis and uncontrolled release of cellular components. There 
have been few studies which determine the consequences of these remnant molecules 
upon the host response and tissue remodeling process; however, paradoxically, those 
studies which have investigated their presence have clearly demonstrated the potential 
for both positive and negative effects of cellular remnants. In the following section, 
three cellular constituents known to affect the host response and subsequent remodel-
ing of tissue-derived biomaterials are described.

α-GAL EPITOPE

A major consideration of deriving biomaterials from xenogeneic sources is the α-Gal 
epitope. As described in detail in Chapter 10, this carbohydrate moiety consisting of 
Galα1-3Galβ1-4GlcNAc-R or Galα1-3Galβ1-3GlcNAc-R is found in nonpri-
mate mammals, as well as New World monkeys, and is produced by the glycosylation 
enzyme α1,3galactosyltransferase. This enzyme is absent in humans; therefore, the sugar 
moiety is also absent in human tissues. Instead, humans produce large amounts of anti-
bodies to the α-Gal epitope following exposure which is common shortly after birth 
as part of the normal gut flora (Galili, 2005). A full review of the α-Gal epitope and 
its effects upon the host response and tissue remodeling can be found in Chapter 10 
and is therefore only mentioned briefly here in the context of tissue-derived bioma-
terials. Analysis of decellularized porcine tissues including heart valve, anterior cruciate 
ligament, and small intestinal submucosa has shown the α-Gal epitope to be present 



Table 4.3 Overview of strategies used in tissue decellularization
Method Mode of action Effects on ECM References

Physical

Snap freezing Intracellular ice crystals disrupt 
cell membrane

ECM can be disrupted or fractured 
during rapid freezing

Jackson et al. (1987a,b, 1988, 1991, 1990), 
Roberts et al. (1991), Gulati (1988)

Mechanical force Pressure can burst cells and  
tissue removal eliminates cells

Mechanical force can cause damage  
to ECM

Freytes et al. (2004), Lin et al. (2004)

Mechanical 
agitation

Can cause cell lysis, but more 
commonly used to facilitate 
chemical exposure and  
cellular material removal

Aggressive agitation or sonication  
can disrupt ECM as the cellular 
material is removed

Freytes et al. (2004), Lin et al. (2004), 
Dahl et al. (2003), Schenke-Layland 
et al. (2003)

Chemical

Alkaline; acid Solubilizes cytoplasmic 
components of cells; disrupts 
nucleic acids

Removes GAGs Freytes et al. (2004), De Filippo et al. 
(2002), Falke et al. (2003), Probst et al. 
(1997), Yoo et al. (1998)

Nonionic detergents

Triton X-100 Disrupts lipid–lipid and lipid–
protein interactions, while 
leaving protein–protein 
interactions intact

Mixed results; efficiency dependent  
on tissue, removes GAGs

Lin et al. (2004), Dahl et al. (2003), De 
Filippo et al. (2002), Chen et al. (2000), 
Cartmell and Dunn (2000), Woods and 
Gratzer (2005), Grauss et al. (2003)

Ionic detergents

Sodium dodecyl 
sulfate (SDS)

Solubilize cytoplasmic and 
nuclear cellular membranes; 
tend to denature proteins

Removes nuclear remnants and 
cytoplasmic proteins; tends to  
disrupt native tissue structure,  
remove GAGs and damage collagen

Lin et al. (2004), Woods and Gratzer 
(2005), Rieder et al. (2004), Chen et al. 
(2004), Hudson et al. (2004a,b)

Sodium 
deoxycholate

More disruptive to tissue structure  
than SDS

Lin et al. (2004), Woods and Gratzer 
(2005), Rieder et al. (2004), Chen et al. 
(2004), Hudson et al. (2004a,b)



Table 4.3 Overview of strategies used in tissue decellularization
Method Mode of action Effects on ECM References

Triton X-200 Yielded efficient cell removal when 
used with zwitterionic detergents

Lin et al. (2004), Woods and Gratzer 
(2005), Rieder et al. (2004), Chen et al. 
(2004) Hudson et al. (2004a,b)

Zwitterionic detergents

CHAPS Exhibit properties of nonionic 
and ionic detergents

Efficient cell removal with ECM 
disruption similar to that of  
Triton X-100

Dahl et al. (2003)

Sulfobetaine-10 
and -16 (SB-10, 
SB-16)

Yielded cell removal and mild  
ECM disruption with Triton  
X-200

Lin et al. (2004), Woods and Gratzer 
(2005), Rieder et al. (2004), Chen et al. 
(2004), Hudson et al. (2004a,b)

Tri(n-butyl)
phosphate

Organic solvent that disrupts 
protein–protein interactions

Variable cell removal; loss of collagen 
content, although effect on 
mechanical properties was minimal

Dahl et al. (2003), Woods and Gratzer 
(2005)

Hypotonic and 
hypertonic 
solutions

Cell lysis by osmotic shock Efficient for cell lysis, but does not 
effectively remove the cellular 
remnants

Dahl et al. (2003) Vyavahare et al. (1997), 
Woods and Gratzer (2005) Goissis et al. 
(2000)

EDTA, EGTA Chelating agents that bind 
divalent metallic ions, thereby 
disrupting cell adhesion to 
ECM

No isolated exposure, typically  
used with enzymatic methods  
(e.g., trypsin)

Bader et al. (1998) Gamba et al. (2002), 
McFetridge et al. (2004), Teebken et al. 
(2000)

Enzymatic

Trypsin Cleaves peptide bonds on the 
C-side of Arg and Lys

Prolonged exposure can disrupt 
ECM structure, removes laminin, 
fibronectin, elastin, and GAGs

Bader et al. (1998), Gamba et al. (2002), 
McFetridge et al. (2004), Teebken et al. 
(2000)

Endonucleases Catalyze the hydrolysis 
of the interior bonds 
of ribonucleotide and 
deoxyribonucleotide chains

Difficult to remove from the tissue and 
could invoke an immune response

Dahl et al. (2003), Woods and  
Gratzer (2005), Rieder et al. (2004), 
Courtman et al. (1994)

Exonucleases Catalyze the hydrolysis 
of the terminal bonds 
of ribonucleotide and 
deoxyribonucleotide chains

Source: Adapted from Gilbert et al. (2006).
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following decellularization processes and recognized by the recipient (McPherson 
et  al., 2000; Konakci et  al., 2005; Yoshida et  al., 2012). This recognition, along with 
the presence of source tissue-derived DNA within biologic scaffold materials, has led 
to suggestions for immune-mediated causes of poor outcomes. However, more than 
15 years of clinical experience in several million recipients have resulted in no doc-
umented cases of rejection or sensitization in patients, even those receiving multiple 
implants. α-Gal knockout tissue sources do exist, and ECM scaffold materials have 
been derived from these animals. However, derivation of ECM from α-Gal knockout 
sources appears to have no impact upon the downstream remodeling outcomes (Daly 
et al., 2009). Additional processing steps using recombinant α-Gal are possible and have 
been shown to reduce the T-lymphocyte reaction to implanted porcine tissues (Xu 
et  al., 2009). However, the use of α-Gal in ECM-based materials is not commonly 
employed due to cost and previous studies demonstrating that small quantities of the 
α-Gal epitope do not affect remodeling outcomes.

DNA CONTENT AND DEGREE OF DECELLULARIZATION

While the exact mechanisms by which nucleic acids may affect the host response to 
biologic scaffold materials are unknown, it is logical that the presence of nucleic acids 
due to lysis of xenogeneic and allogeneic cells is inevitable. Intact nuclei and DNA 
remnants have been shown to be present in commercially available products (Gilbert 
et  al., 2009). If ECM composition is to be maintained, that it is likely impossible to 
fully remove all DNA, or any other cellular component, from a source tissue, even 
with thorough decellularization methods. Alternatively, the use of harsh decellulariza-
tion processes can limit the ability to promote constructive remodeling of the scaffold 
material. Despite the presence of DNA within ECM-based materials, few adverse clin-
ical effects directly attributed to its presence have been observed (Gilbert et al., 2006; 
Crapo et al., 2011).

The reduction of both the quantity and size of remnant DNA has been shown 
to be beneficial to the host response which occurs following implantation in pre-
clinical studies (Keane et  al., 2012; Brown et  al., 2009). Analysis of tissue-derived 
biomaterials has shown a correlation between DNA content and fragment size 
and the host response. Ineffectively decellularized scaffolds trigger a prolonged 
inflammatory response following implantation. Keane et  al. (2012) analyzed the 
in vivo host response to ECM materials of varying degrees of decellularization 
of small intestinal submucosa using peracetic acid (PAA). ECM scaffolds decel-
lularized using phosphate-buffered saline (PBS), 1 h 0.1% PAA or 2 h 0.1% PAA 
were implanted into a rat abdominal wall reconstruction model. Scaffolds treated 
with PBS or 1 h PAA were ineffectively cleared of DNA while the 2 h PAA treat-
ment fragmented and removed DNA to a greater degree. The macrophage response 
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to ineffectively decellularized scaffolds was predominately pro-inflammatory 
while the response to adequately decellularized scaffolds predominantly anti- 
inflammatory (Keane et  al., 2012). This study suggests that there may be a threshold 
amount of these components required to elicit adverse effects, and further investigation 
is warranted. At present, a standard for DNA content less than 50 ng/mg dry weight of 
ECM and less than 200 base pairs in length has been suggested to prevent an adverse 
inflammatory reaction and to prevent disease transmission.

DAMAGE-ASSOCIATED MOLECULAR PATTERN MOLECULES

Damage-associated molecular pattern molecules (DAMPs) are multifunctional modu-
lators of the immune system (Kang et  al., 2014; Tang et  al., 2012). These molecules 
consist of multiple heat shock proteins, S100 molecules, and HMGB1, among others, 
which have functional roles in the intracellular environment. DAMPs are also com-
monly released into the extracellular microenvironment following cellular damage, 
including necrotic or programmed cell death. Within the extracellular space, they are 
recognized through similar pathways to pathogen-associated molecular pattern mol-
ecules (PAMPs). That is, DAMPs are predominantly recognized through the Toll-like 
receptor (TLR) system (Piccinini and Midwood, 2010; Tian et  al., 2007). Of note, 
DAMPs can have both pro- and anti-inflammatory effects as well as chemotactic, mito-
genic, and tissue remodeling effects depending upon the context in which they are 
recognized by the host (Lolmede et al., 2009; Ranzato et al., 2009; Limana et al., 2005; 
De Mori et al., 2007). DAMPs are increasingly studied for their roles in multiple dis-
ease processes as well as in tissue remodeling outcomes following injury.

It is logical to assume that ECM scaffold materials contain DAMPs as they are 
derived through the lysis of the cells which reside within each tissue and organ and 
that these molecules may have important implications for the host response to tissue-
derived scaffolds. Further, as DNA and RNA (which are also considered DAMPs by 
some) are present in cells and tissues, these molecules and other DAMPs are naturally 
retained within ECM scaffold materials to varying degrees. Little work has been done 
to identify the effect of DAMPs present within ECM scaffold materials upon the host 
response. However, based upon reports in the literature, even small amounts of these 
molecules could have a potent effect.

High mobility group box 1, an intracellular DNA binding protein, is among the 
best recognized and most studied DAMPs (Kang et  al., 2014). A recent study dem-
onstrated that HMGB1 was present within ECM-based scaffold materials follow-
ing decellularization of multiple tissues (Daly et al., 2012a). When macrophages were 
seeded onto ECM scaffolds which were chemically cross-linked, preventing recogni-
tion of HMGB1, or when an inhibitor of HMGB1 recognition was supplied in the 
macrophage culture media, an increase in pro-inflammatory gene expression as well 
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as increased cell death were observed. These findings suggest that the presence of 
HMGB1 within biologic scaffolds is potentially important to modulation of the host 
response and improve tissue remodeling outcomes. This outcome is in contrast to the 
presence of DNA and the α-Gal epitope, both of which are associated with detrimen-
tal downstream effects when present in significant quantities. A better understanding of 
the role of individual cellular components in determining the overall host response to 
ECM materials is clearly needed.

CHEMICAL CROSS-LINKING OF ECM SCAFFOLDS

The use of chemicals to cross-link tissue-derived biomaterials is a commonly 
employed strategy for the prevention of degradation and/or masking of cellular epit-
ope remaining within the decellularized material (Badylak, 2004; Jarman-Smith et al., 
2004; Liang et al., 2004). Cross-linking reagents include glutaraldehyde, carbodiimide, 
and hexamethylene diisocyanate, among others (Vasudev et al., 2000). Due to the rapid 
degradation which has been observed following in vivo placement of many ECM-
derived materials and subsequent loss of mechanical integrity, chemical cross-linking 
has been used to prevent or retard degradation and thereby the loss of mechanical 
integrity. The lack of degradation, while often purported to be an advantage in cer-
tain applications, is now recognized to prevent the process of constructive remodeling 
(Valentin et  al., 2006, 2009, 2010; Brown et  al., 2012b). Chemical cross-linking has 
also been employed to mask potentially immunogenic elements within nondecellular-
ized and decellularized tissue-based grafts, and is commonly employed in the manufac-
ture of porcine heart valves for human applications (Huelsmann et al., 2012). However, 
and as described above, not all cellular components within an ECM scaffold material 
have been associated with poor outcomes, particularly if present only in small amounts. 
The chemical changes to biological ligands caused by cross-linking can remove much 
of the beneficial bioactivity which is a major advantage of these biomaterials (Brown 
et al., 2010). Further, and as discussed in the following section, chemical cross-linking  
prevents the release of growth factors and bioactive peptides generated by parent  
molecule degradation.

RESPONSE TO INDIVIDUAL ECM COMPONENTS AND  
DEGRADATION PRODUCTS

ECM-derived materials are composed of a heterogeneous network of different ECM 
proteins, glycosaminoglycans, and growth factors. Individual ECM components  
possess unique bioactivity through ligands which are recognized by different recep-
tors. This receptor recognition of ECM components leads to specific signaling path-
ways that affect the cellular response to a material following implantation (Yeh et al., 
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2011; Rao et al., 2000; Boilard et al., 2010; Cheresh et al., 1989; Suehiro et al., 1997; 
Belkin et al., 2005; Turley et al., 2002; Hall et al., 1994; Jiang et al., 2005). The contri-
butions of a heterogeneous mixture of ECM ligands to multiple receptors are complex 
and confounding to interpretation and are beyond the scope of the present chapter. 
However, the response to individually isolated ECM components has been studied 
extensively. Among the main constituents of most tissue-derived biomaterials are col-
lagen, fibrin, laminin, and glycosaminoglycans. Additionally, bioactive growth factors 
contained within source tissues are commonly detectable in decellularized materials 
as well (Brown et al., 2011a; Crapo et al., 2012; Wolf et al., 2012; Reing et al., 2010; 
Keane et al., 2013). While the presence and configuration of these components within 
the initial material will dictate the initial host response, ECM scaffolds are known 
to degrade rapidly upon implantation. Several studies have shown that peptides pro-
duced from the degradation of these materials have inherent bioactivity, suggesting that  
degradation products influence the host response.

DEGRADATION OF NATURALLY DERIVED BIOMATERIALS

Individual ECM components affect the host response following implantation not only 
through ligands on their initial form but also through the small peptides and polysac-
charides resulting from their degradation. As stated above, degradation is a key charac-
teristic for the success of ECM-derived materials.

Protease-mediated degradation
Matrix degradation is an integral part of the remodeling process associated with the 
response to injury and to implanted materials. Circulatory immune cells rely upon 
matrix degradation for extravasation into tissues to propagate the inflammatory response 
to materials. Such cells release enzymes such as matrix metalloproteases (MMPs) into 
inflammatory zones to prepare tissues for macrophage and T-cell binding, to release 
membrane and ECM-bound cytokines, and to increase access to extravascular tissues. 
Neutrophils secrete MMP-8 and -9 while macrophages secrete MMP-1, -2, -3, -7, -9, 
and -12 (Weiss, 1989; Sorsa et al., 1994; Shapiro et al., 1993; Shapiro, 1994; Horton et al., 
1999; Campbell et al., 1991; Schwartz et al., 1998). T-cells mainly secrete the gelatinases 
MMP-2 and -9 following stimulation by β1-integrin or vascular cell adhesion molecule-
mediated binding (Leppert et  al., 1995; Zhou et  al., 1993; Montgomery et  al., 1993). 
Inflammatory mediators such as TNF-α/β and interleukin-1 (IL-1) α/β also stimulate 
expression of MMPs in macrophages (Unemori et  al., 1991; Hanemaaijer et  al., 1997; 
Johnatty et  al., 1997; Leber and Balkwill, 1998; Vaday et  al., 2000, 2001). Many of the 
cytokines that impact MMP expression are associated with the ECM and are released 
upon ECM molecule degradation or conformation change. In turn, these cytokines are 
subject to further activation or degradation by MMPs (Nelson et al., 2000).
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These MMPs are present throughout the normal wound healing process follow-
ing injury. They are upregulated during the inflammatory phase of tissue remodel-
ing. Transforming growth factor-β (TGF-β) in turn inhibits MMPs in the resolution 
phase to assist with new matrix stabilization (Kerr et  al., 1988; Overall et  al., 1991). 
Macrophages secrete tissue inhibitors of metalloproteases (TIMPs) to control MMP 
activity and prevent destructive tissue degradation (Hernandez-Barrantes et al., 2002).

It is logical that natural biomaterials, such as those composed of ECM, are rec-
ognized by the same MMPs involved in matrix degradation during wound healing. 
Degradation of these materials via MMP-mediated inflammatory responses leads to 
the natural resolution of the inflammatory response. When these materials cannot 
degrade, e.g., due to processing with cross-linking agents, the materials are subject to a 
chronic inflammatory response and subsequent scar tissue or encapsulation outcomes 
in place of constructive remodeling (Brown et al., 2012b).

ECM fragments
It is presumed that, at least in part, the mechanisms by which ECM scaffold materials 
modulate the host response resulting in constructive remodeling include the release of 
cryptic peptides derived from degradation of the intact parent ECM molecules. There 
are now a number of known “matricryptins” or “matrikines” within native ECM 
(Davis, 2010; Davis et al., 2000; Maquart et al., 2005). These matricryptins are exposed 
either through conformational changes of the intact ECM proteins or through degra-
dation resulting in new recognition sites with potent bioactivity. Interactions of cells 
with these matrix fragments have been shown to influence cell behavior through a 
number of mechanisms including integrin, TLR, and scavenger receptor signaling. 
The result is diverse bioactivity including angiogenesis, anti-angiogenesis, chemotaxis, 
adhesion, and antimicrobial effects among others (McFetridge et al., 2004; Davis, 2010; 
Davis et al., 2000; Maquart et al., 2005; Brennan et al., 2006, 2008; Haviv et al., 2005; 
Ramchandran et al., 1999; Vlodavsky et al., 2002).

In vitro models of ECM scaffold degradation have identified a few of these 
matricryptic peptides. Reing et al. digested urinary bladder matrix (UBM) with pepsin 
or papain and exposed them to both multipotent progenitor cells and endothelial cells to 
the resultants solubilized matrix. The UBM degradation products possessed both chemo-
tactic and mitogenic properties for multipotent progenitor cells but inhibited chemotaxis 
and proliferation of differentiated endothelial cells (Reing et  al., 2009). Agrawal et  al. 
(2011b) identified a matricryptic peptide derived from the α subunit of collagen type III 
present within a tissue-derived biologic scaffold that is chemotactic for perivascular stem 
cells, human cortical neural stem cells, rat adipocyte stem cells, C2C12 myoblast cells, 
and rat Schwann cells. This same peptide was shown to promote osteogenesis and bone 
formation as measured by calcium deposition, alkaline phosphatase activity, and osteo-
genic gene expression induced in perivascular stem cells (Agrawal et al., 2011a).
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Brennan et  al. investigated the impact of age and species on the chemoattrac-
tant properties of skin ECM degradation products on keratinocyte progenitor cells. 
Enzymatically prepared digestion products from human fetal skin, human adult skin, 
and porcine adult skin were assayed for chemotactic responses by keratinocyte pro-
genitor and stem cells harvested from adult humans. The porcine adult ECM showed 
greater chemotaxis of the keratinocyte progenitors than human adult ECM, while 
the human fetal ECM showed the greatest chemotactic response. These data suggest 
that both the age and species of the ECM source animal can affect the host response 
(Brennan et  al., 2008). The topic of age-related effects upon the host response to 
ECM-based scaffold materials is described in the next section.

A recent study by Sicari et al. investigated the effects of degradation products derived 
from porcine small intestinal submucosa upon macrophage phenotype. Briefly, mac-
rophages treated with ECM degradation products were found to promote an M2 anti-
inflammatory phenotype which was similar to that induced by IL-4. Additional work 
demonstrated that the macrophages treated with ECM degradation products produced 
factors which were chemotactic for both myoblasts and perivascular progenitor cell pop-
ulations. The secreted products of ECM degradation product-treated macrophages were 
also shown to promote myogenesis of skeletal muscle progenitor cells (Sicari et al., 2014b). 
The results of this study and those described above demonstrate the potential effects of 
ECM degradation upon the host response, with important implications for recruitment of 
progenitor cells to sites of tissue remodeling and downstream remodeling outcomes. The 
link between the unique profile of the host response to ECM scaffold materials and tissue 
remodeling outcomes is discussed in more depth in the following sections.

EFFECT OF SOURCE ANIMAL AGE ON NATURAL  
BIOMATERIAL HOST RESPONSE

ECM materials are dependent upon the characteristics of the animal and organ from 
which they are derived. The age of source animals used for the production of ECM-
derived biomaterials has proven to affect the host response to these scaffolds. It has 
been shown that the ECM changes in composition, cytoarchitecture, and ability to 
support stem cells as the organism ages or undergoes stress (Kurtz and Oh, 2012). In 
addition to changes in ECM composition, increased modification of ECM proteins has 
been identified with increased age. Specifically, the accumulation of advanced glyca-
tion end products (AGEs) on ECM molecules is implicated in age-related changes in  
physiology and host response (Brownlee, 1995; Dyer et al., 1991; Ulrich and Cerami, 
2001). These AGEs form molecular cross-links which can alter the degradation, 
mechanics, and signaling of the ECM, which can change the cellular phenotypes in 
an organism. It is logical, therefore, that scaffolds derived from aged tissue sources will 
elicit different host responses compared to those derived from younger source tissues.
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Brennan et  al. described that fetal human skin ECM degradation products pos-
sessed greater chemotactic properties for human keratinocyte progenitor cells than 
those derived from adult human skin. Tottey et al. investigated characteristics of porcine 
small intestine submucosa (SIS) derived from different source animal age, and showed 
that older SIS had higher tensile strength, elastic moduli, and thickness. Older SIS also 
degraded slower when exposed to collagenase. Decreasing amounts of basic fibroblast 
growth factor (bFGF), vascular endothelial growth factor (VEGF), and sulfated glycos-
amingoglycans (sGAG) were present with increasing source animal age ECM. Older 
ECM caused increased proliferation and metabolism of perivascular stem cells, while 
decreasing the migration of these cells in comparison to younger source animal age 
ECM (Tottey et al., 2011). All of these changes in the characteristics of ECM-derived 
biomaterials appear to have an impact upon the host response upon implantation.

Sicari et al. investigated the in vivo remodeling characteristics of SIS derived from dif-
ferent age source animal pigs (3, 12, 26, and 52 weeks old) using a rat abdominal wall 
reconstruction model. Explanted tissue showed that all of the implanted ECM test arti-
cles elicited a strong infiltration by mononuclear cells, were degraded completely, and 
induced angiogenesis by 2 weeks of implantation. SIS scaffolds derived from young 
pigs, however, showed an increased anti-inflammatory, pro-healing response; an effect 
which decreased with increasing source animal age. The young-derived implants elicited 
formation of functional muscle fibers and nerves, which was not seen in the old age 
source animal ECM, and scaffolds harvested from young animals also showed reduced 
cellularity at 28 and 120 days, indicating a resolution of the inflammatory response. 
Explants from animals treated with young source animal age SIS had the highest uniaxial  
tensile strength, indicating improved functional tissue formation (Sicari et al., 2012b). The 
accumulated changes to ECM as an organism ages can critically affect the host response 
to ECM-derived scaffolds and the potential to promote constructive remodeling.

THE HOST RESPONSE TO ECM BIOMATERIALS

The preceding sections discuss multiple aspects of the sourcing and production of 
decellularized tissue-derived biomaterials which have an impact upon the overall host 
response and the tissue remodeling outcomes associated with their use. In the follow-
ing section, the specific cellular constituents of the host response and their phenotype 
following placement are discussed. As has been described, placement of biologic scaf-
folds can result in either constructive remodeling and encapsulation or scar tissue for-
mation. Those scaffold materials which promote constructive remodeling have been 
consistently associated with a distinct host response including specific T-cell and mac-
rophage populations.

In general, the host response to decellularized tissues includes early infiltration of a 
neutrophil population (24–48 h) followed by an intense accumulation of mononuclear 
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cells by 72 h postimplantation. These cells include a significant population of macro-
phages, but also T-cells, B-cells, eosinophils, and mast cells (Brown et al., 2009; Allman 
et  al., 2001). In the absence of large amounts of cellular material remaining within 
the scaffold material following decellularization, chemical cross-linking, or contami-
nants such as endotoxin, this response will diminish over time, leading to constructive 
remodeling outcomes (Valentin et  al., 2006, 2010; Brown et  al., 2009, 2012b; Keane 
et al., 2012; Daly et al., 2012b). Of note, however, the early host response to chemi-
cally cross-linked materials has a similar characteristic appearance in the first 14–28 
days postimplantation, with little to no evidence of a constructive remodeling outcome 
thereafter. This population of cells is histologically indistinguishable between materials 
which either do or do not promote constructive remodeling. Further, such a response 
when observed in the context of most naturally and synthetically derived materials 
has conventionally been interpreted as either acute or chronic inflammation associated 
with negative implications including downstream encapsulation and fibrosis (Anderson, 
1988). This has provided the impetus for further investigation of cellular phenotypes 
within the sites of tissue remodeling. In particular, distinct T-cell and macrophage sub-
sets have been shown to be elicited by those materials which promote constructive 
remodeling outcomes.

Th1- AND Th2-LYMPHOCYTE RESPONSE

Thymocytes (T-cells) of the adaptive immune system play a critical role in the inflam-
matory response present in the days to weeks following biomaterial implantation.  
A specific subset of T-cells which are CD4 positive, termed T-helper cells, are crucial in 
this response. They are known to exist along a spectrum between T-helper 1 (Th1) and 
T-helper 2 (Th2) cells, which release pro-inflammatory and anti-inflammatory cyto-
kines, respectively. The theory suggested that T-helper cells polarized into distinct phe-
notypes resulting in a select cytokine expression pattern. Originally this was described 
as the balance between Th1 and Th2 subsets. The T-helper cell subset is responsible for 
amplifying the immune response and directing cell responses to better fight off spe-
cific types of infection or foreign bodies. Th1-cells mediate cellular immunity to incite 
cytotoxicity of virally infected cells and cancer cells. Th2-cells mediate humoral immu-
nity, leading to the production of antibodies to fight extracellular pathogens. Th1-cells 
primarily secrete interferon-γ (IFN-γ) and to a lesser extent IL-2 and -12. Th2-cells 
secrete IL-4 as well as IL-5 (Bluestone et  al., 2009). These cytokines influence the 
response of other immune and host cells. Th2 responses are associated with xenoge-
neic graft tolerance while Th1 responses are responsible for graft rejection (Badylak 
and Gilbert, 2008). While a full description of the role of T-cell subtypes in the host 
response to implantable materials is beyond the scope of the present chapter, it can 
clearly be understood that, given their xenogeneic or allogeneic origin, T-cells may 
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play an important role in the response to ECM scaffold materials. Readers are referred 
to Chapter 8 for a full review of the role of T-cells in the host response in general.

T-helper cells are present in the inflammatory response to ECM scaffold materials 
(Allman et al., 2001, 2002). In one study, a mouse model was used to examine the T-cell 
response to subcutaneously implanted xenogeneic muscle, syngeneic muscle, or decel-
lularized small intestinal submucosa. All implants elicited a response which was histo-
logically similar. However, the results demonstrated that the xenogeneic tissue implant 
elicited a response which was consistent with rejection. In comparison, both the synge-
neic tissue and the SIS implants elicited an early inflammatory response which resolved 
and led to organized, site-appropriate, tissue remodeling at the site of implantation. 
Analysis of the cytokine profile within the remodeling site revealed that the ECM 
group was associated with the expression of IL-4 and suppression of IFN-γ as com-
pared to the xenogeneic tissue implant group. In the same study, it was demonstrated 
that the animals produced an ECM-specific antibody response due to a degree of non-
homologous protein sequences between species. However, it was demonstrated that this 
response was restricted to the IgG1 isotype with no adverse outcome. Reimplantation 
of the same mice with a second ECM scaffold led to an enhanced anti-ECM antibody 
response, also restricted to the IgG1 isotype, but no formation of a Th1-type response. 
Further investigations determined that the observed responses in this study were T-cell 
dependent. However, it was also shown that while both T- and B-cells participate in 
the response to implanted ECM materials, they are not required for constructive tissue 
remodeling, suggesting a more important role for other cell types.

MACROPHAGE POLARIZATION

Macrophages are considered among the most important cells within the host response 
to biomaterials as they are the predominant immune cell present from a few days 
to several weeks or years postimplantation depending on the nature of the mate-
rial implanted. As is described in Chapter  6, a spectrum of macrophage phenotypes 
has been described. Definition of these phenotypes utilizes the T-helper polariza-
tion scheme, with pro-inflammatory macrophages being described as M1 and anti-
inflammatory macrophages as M2. M1 macrophages are defined as being activated 
by cytokines such as IFN-γ and bacterial components such as lipopolysaccharide 
(LPS). M1 macrophages are associated with pathogen clearance and classical inflam-
matory responses, as well as secretion of inflammatory mediators such as IL-12 and 
TNF-α (MacMicking et al., 1997). M2 macrophages are defined as being activated by 
anti-inflammatory cytokines such as IL-4, -10, and -13 (Mantovani et al., 2004). M2 
macrophages are associated with immunoregulation and constructive tissue remodel-
ing (Brown and Badylak, 2013). These are simplified, theoretical definitions of mac-
rophage polarization with the reality that macrophages can be activated by many 
factors and will have unique phenotypes along this spectrum based upon the stimuli 
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they encounter. Macrophage polarization has now been associated with functional tis-
sue formation outcomes downstream of biomaterial implantation in multiple settings 
(Mantovani et al., 2013).

Macrophages, unlike T- and B-cells, have been demonstrated to be an essen-
tial determinant of constructive remodeling following implantation of ECM-based 
materials (Valentin et al., 2009). A recent study depleted the circulating mononuclear 
phagocyte population in a rat model by utilizing injection of clodronate containing 
liposomes (Valentin et al., 2009). The results of this study demonstrated that the ECM 
scaffold material was not degraded or remodeled in the absence of a circulating mono-
cyte population suggesting that, unlike T- and B-cells, macrophages are required for 
ECM scaffold remodeling. Subsequent investigations have focused upon the pheno-
type of the macrophages responding to ECM implants and their role in constructive 
remodeling downstream (Brown et al., 2009, 2012b; Badylak et al., 2008; Sicari et al., 
2014b; Wolf et al., 2014). A recent study investigated the macrophage response to 15 
commercially available ECM-based surgical mesh materials when placed into a par-
tial thickness defect of the rat abdominal wall (Brown et  al., 2012b). The results of 
the study showed that, despite a similarity in the early histologic response, each of the 
materials was associated with a distinct outcome downstream. When a validated histo-
logic scoring system and immunofluorescent labeling of macrophage phenotype was 
employed, it was determined that the number of M2 macrophages and the ratio of 
M2:M1 cells within the site of remodeling at 14 days was predictive of downstream 
histologic outcomes, with the early host response accounting for more than 65% of the 
variation in downstream outcomes.

Further studies have demonstrated individual factors which influence the polariza-
tion profile of the macrophages responding to implantation of ECM scaffolds. Brown 
et al. analyzed the differences in the host response to cellular and acellular ECM scaf-
folds prepared from xenogeneic and allogeneic sources (Brown et  al., 2009). The test 
articles evaluated in this study included a cellular muscle autograft, decellularized alloge-
neic abdominal wall tissue, cellular xenogenic UBM, and decellularized UBM. Both cel-
lular autografts and xenografts elicited a macrophage polarization profile skewed toward 
a pro-inflammatory, M1-type response as assessed by immunohistochemistry and gene 
expression analysis and were associated with disorganized tissue deposition and scarring. 
Acellular grafts were shown to be associated with an increase in the anti-inflammatory 
profile as assessed by the same measures as well as improved remodeling outcomes.

Other studies have demonstrated the effects of chemical cross-linking upon the 
host response to ECM scaffolds. Valentin et  al examined the host response to mate-
rials derived from small intestinal scaffold that either were or were not cross-linked 
(Valentin et al., 2010). The results of this study demonstrated that those materials which 
were chemically cross-linked elicited a predominantly M1-type macrophage response 
and were associated with remodeling outcomes consistent with a foreign body reac-
tion. Non-cross-linked materials were associated with a shift to the M2 phenotype 
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and constructive tissue remodeling. While the exact mechanisms by which ECM scaf-
folds modulate the host response are not yet known, these results coupled with those 
described above demonstrating that ECM degradation products promote an M2 phe-
notype and strongly suggest that ECM scaffold degradation is a necessary event.

Further evidence for the role of ECM degradation products in modulating the 
host response is provided by studies which have utilized ECM degradation products 
as coatings for materials which are known to induce a strong M1 response and down-
stream foreign body reaction (Wolf et al., 2014; Faulk et al., 2014). Wolf et al. (2014) 
analyzed the macrophage polarization response to ECM-coated and -uncoated poly-
propylene surgical mesh. Using immunofluorescent staining for M1 and M2 macro-
phages, the study analyzed the macrophage polarization profile of mesh explants from 
a rat abdominal wall defect repair model at 3, 7, 14, and 35 days. A robust macrophage 
presence was observed as early as 7 days and lasted until 35 days postimplantation in 
all cases. Uncoated polypropylene meshes were associated with an M1, pro-inflamma-
tory environment surrounding the implant site. ECM coating was shown to reduce the 
M1 pro-inflammatory response. This change in the M2:M1 ratio was associated with 
reduced foreign body reaction and fibrotic tissue formation surrounding the mesh 
material both in short- and long-term studies (Wolf et al., 2014; Faulk et al., 2014).

CONCLUSION

Naturally derived biomaterials differ from their synthetic counterparts due in part to 
an inherent biologically active ligand landscape which elicits a unique host response 
depending upon the nature and preparation of the material. It is now well accepted 
that the host response and the involved immune cells play a determinant role in tissue 
remodeling outcomes following their placement. ECM scaffolds are naturally derived 
materials obtained through the decellularization of mammalian tissues and organs. 
These scaffold materials, when appropriately decellularized and prepared, can promote 
a process of constructive remodeling, leading to formation of new, site-appropriate, 
functional host tissues. The preparation and degradation of the material implicate the 
host response, and if tuned appropriately, the material can promote a beneficial, anti-
inflammatory, pro-remodeling response.

While ECM-based materials represent only one example of naturally derived 
material, the phenomena described herein are easily applied to other naturally derived 
materials. That is, naturally derived materials must be prepared carefully in order to 
reduce any potentially immunogenic content related to their source, the natural bio-
activity must be preserved throughout processing, and the material must be allowed to 
degrade. Those materials which are prepared in this manner, and which are able to shift 
the host response toward a more M2 macrophage phenotype, will meet with improved 
success in both preclinical and clinical applications.
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GENERAL PRINCIPLES GUIDING PROTEIN INTERACTIONS AT THE 
BIOMATERIAL INTERFACE

Introduction
Biomaterial implantation induces focal hemorrhage and edema formation that lead to 
enrichment of interstitial fluid with plasma proteins. Within seconds of implantation, 
proteins interact with the biomaterial surface and over time create a proteinaceous 
coating (Horbett, 2012). The interactions of proteins with surfaces are complex and 
are governed by numerous parameters including protein composition, protein prop-
erties, and the chemistry, geometry, and topography of the biomaterial (Wilson et al., 
2005). It is appreciated that specific protein properties such as size, diffusion coefficient, 
and affinity for the surface are critical in determining the final composition of the 
protein coating. Similarly, biomaterial surface properties including wettability, charge, 
topographical features, among others, also influence the final composition. Finally, the 
outcome is also tissue-specific based on the nature of the interstitial fluid and the pres-
ence of specialized inflammatory cells in different regions of the body. And while dif-
ferent tissues somewhat predictably elicit different responses to the presence of foreign 
implants, overarching principles exist and are discussed herein.

Protein adsorption at the biomaterial interface
Native proteins coat biomaterials in a process that is both rapid and competitive. When 
plasma-based protein adsorption occurs on an implanted material, a large number of 
proteins compete for surface-binding sites based upon their respective concentration 
gradients and surface affinities (Wilson et  al., 2005; Horbett, 2012; Fabrizius-Homan 
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and Cooper, 1991). Adsorption is driven primarily by the accumulation of numer-
ous noncovalent bonds at the surface–protein interface, the redistribution of charged 
groups at the interface, and conformational changes to protein structure. From a pro-
tein perspective, size, charge, structure, stability, and unfolding rate all contribute to 
surface interactions. From a biomaterial perspective, topography, composition, hydro-
phobicity, and charge are key determinants of protein adsorption.

Hydrophobic interactions
Protein adsorption thermodynamics have been extensively studied and have been 
shown to involve the energetic interactions between proteins and various material sur-
faces (Wilson et al., 2005). On hydrophobic surfaces, heavily polar water molecules near 
the surface display increased association with neighboring water molecules. This leads to 
energetically unfavorable losses in entropy. To compensate, dehydration of protein struc-
ture causes hydrophobic moieties within the protein structure to form weak hydropho-
bic interactions with the surface at the exclusion of water molecules. This, in turn, leads 
to a favorable increase in the entropy of water in solution while driving the adsorption 
of proteins to the biomaterial surface. While individual hydrophobic interactions, or van 
der Waal forces, are relatively weak, collectively they contribute a huge driving force for 
overall adsorption of proteins to hydrophobic and weakly hydrophilic surfaces, particu-
larly when one considers that 40–50% of the surface of most small proteins is nonpolar.

Protein adsorption on hydrophilic surfaces also occurs, with some studies somewhat 
surprisingly reporting similar amounts of adsorption regardless of whether a surface is 
hydrophobic or hydrophilic (Wilson et al., 2005). Despite the fact that the displacement 
of water from the surface of a hydrophilic material represents a large energy barrier to 
adsorption by proteins, the processes of charge interactions and changes in protein con-
formation provide adequate favorable energetic changes to drive adsorption.

Charge–charge interactions
Global charges on proteins and surfaces play a pivotal role in eletrostatically driven 
adsorption. Specifically, opposite charges attract and therefore are expected to influence 
charge–charge interactions between surface atoms and protein structures. However, it is 
important to appreciate the complexity of such interactions in aqueous solutions where 
charges on both surface and protein moieties are altered by pH, small ion interactions, 
and strong hydration bonds formed by water molecules. Even when adsorption would 
appear to be unfavorable, as is the case with like charges at a given pH, the presence of 
these other factors can provide adequate favorable energy change to push adsorption, 
particularly when the isoelectric point of a protein is achieved within the system.

Protein conformation changes
Adsorption can be rendered energetically favorable when upon contact; structural 
changes within the protein increase the overall entropy of the system. For instance, 
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it has been demonstrated that at low concentrations, fibrinogen preferentially loses 
α-helix secondary structures and adopts an unfolded β-sheet conformation when 
adsorbing to more hydrophobic surfaces as shown in Figure 5.1 (Sivaraman and Latour, 
2010).

More importantly, the ability of unfolded, flexible molecules to form noncovalent 
bonds with a surface in a rapid manner results in enhanced adsorption kinetics. Due to 
changes in protein conformation, many surfaces that would normally not favor pro-
teins adsorption acquire a protein layer. Thus, conformational changes in proteins can 
overcome unfavorable global charges or hydrophobicity. However, this process does not 
necessarily result in fully denatured or unfolded proteins. Other factors, including the 
number and strength of a protein’s internal structures as well as surface hydrophobic-
ity, dictate the extent of conformational change upon adsorption and the ability of a 
protein to regain native structure and function upon desorption from a surface. For 
example, structurally stable, yet flexible proteins such as bovine serum albumin are able 
to assume a different conformation upon adsorption to hydrophilic surfaces such as 
silica but readily regain native structure and function when they desorb back into solu-
tion (Norde and Giacomelli, 2000).

Rearrangements of protein structure during adsorption proceed in a stepwise man-
ner with varying kinetics. This means that at any given time, there is a heterogeneous 
distribution of varying structural conformations among adsorbed proteins on a sur-
face. These different structural “populations” covering the biomaterial surface landscape 
vary in their rate of desorption and exchange with similar molecules in solution. More 
importantly, they differ in their respective binding site availability for cell adhesion and 
activation. For example, fibrinogen molecules are known to adsorb at different rates 
while forming a spectrum of conformations depending on concentration and surface 

Figure 5.1 Changes in secondary structure of adsorbed human fibrinogen (Fg) adsorbed at (A) 0.1, 
(B) 1.0, and (C) 10.0 mg/mL on SAM surfaces determined by CD compared to its native conformation. 
(n = 6, mean ± 95% CI). * denotes not significant, all other values are significantly different from one 
another; P < 0.05. Reprinted with permission from Sivaraman and Latour (2010).
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chemistry (Keselowsky et  al., 2003; Sivaraman and Latour, 2010). At low fibrinogen 
concentrations, more hydrophobic surfaces mediate larger percentages of conforma-
tional unraveling of α-helices within its native structure. In turn, higher amounts of 
platelet adhesion to surfaces is seen under these conditions, likely because these con-
formation changes within fibrinogen result in the exposure of integral platelet-binding 
motifs that are otherwise not available to platelet receptors when this protein is in its 
native state. Thus, by undergoing conformational changes, adsorbed proteins enhance 
cell adhesion and activity, which contribute to protein-mediated modulation of cellular 
activity.

Protein characteristics at the biomaterial surface
As discussed in the previous section, thermodynamic favorability drives structural 
changes within proteins to facilitate protein to surface adsorption. Whether or not 
these structural changes also result in increased cell adhesion and activation is largely 
protein-specific. Protein-mediated cellular responses are largely dependent on two 
conditions. First, on the overall adsorption profile on an implanted surface, which is 
defined by which proteins are adsorbed and in what quantity. Second, on the protein 
monolayer’s bioactivity, which is the ability of adsorbed proteins to induce specific cel-
lular responses (Horbett, 2012). The following discussion will focus on the effects that 
different surface characteristics have on the adsorption profile and bioactivity of the 
protein monolayer at the tissue–biomaterial interface.

Hydrophilic versus hydrophobic surfaces
Hydrophilic surface modifications of biomaterials are widely considered to enhance 
cell adhesion and activity when compared with more hydrophobic counterparts. This 
is likely due to an array of protein conformations that reside on surfaces of varying 
hydrophilicity. As mentioned above, the loss of compact secondary structure and expo-
sure of normally sequestered moieties can enhance cellular binding to certain proteins, 
as in the case of plasma fibrinogen, for which binding of platelets from solution is 
enhanced with loss of secondary structure. However, the opposite may actually be true 
for other proteins. Cases in which protein adsorption occurs while restricting surface-
induced conformational changes has been shown to more effectively preserve native 
biological activity for specific plasma proteins such as fibronectin (Keselowsky et  al., 
2003, 2005; Lan et al., 2005). Thus, conformational changes appear to variably impact 
the binding potential of different proteins and such considerations must be taken into 
account when delving deeper into the complex mechanisms through which protein 
adsorption is modulated on implanted surfaces.

Furthermore, the ability of surface characteristics to dictate the reversibility of 
adsorption also plays a role in subsequent cell–surface interactions. For many cell types, 
proliferation and activity are highly dependent on the extracellular matrix (ECM), 
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which in the case of implanted materials is represented by the adsorbed protein mono-
layer. On heavily hydrophobic surfaces in which the protein monolayer is tightly fixed 
to the surface, cell proliferation is often impaired. Specifically, the role of surface-
adsorbed fibronectin on surface-mediated cell proliferation has been demonstrated. It 
has been shown that with increasing hydrophobicity of implanted surfaces, an upper 
limit of fibronectin adsorption strength exists beyond which cells are unable to effec-
tively reorganize this surface-bound matrix and are compromised in their ability to 
proliferate and function normally (Keselowsky et  al., 2005). Therefore, the reversibil-
ity of protein adsorption, or more simply, the tightness to which proteins adhere to a 
given surface, impacts not only the ability of cells to bind but also their ability to func-
tion properly once in contact with a foreign surface.

Surface charge effects
While many studies have demonstrated that the dominant variable in protein 
adsorption is material hydrophobicity, alterations to protein–protein interactions 
on implanted surfaces are also impacted by surface charge effects and become an 
important consideration given that nearly all interfaces are charged in aqueous solu-
tion (Grinnell and Feld, 1982). Ultimately, the impact of surface polarity on protein 
adsorption, much like hydrophobicity effects, has a downstream effect on the biological 
response to implanted biomaterials. This is due to a direct impact on protein pattern-
ing and composition within the protein monolayer that occurs with altered protein–
surface interactions in the presence of charged ion functional groups on the surface 
landscape.

Protein composition of the adsorbed monolayer can be altered with varying surface 
charges. For example, differing ratios of fibronectin to vitronectin were observed with 
increasing positively charged surfaces (Altankov and Groth, 1994). In addition, prefer-
ential adsorption of vitronectin on charged, rather than nonpolar regions of patterned 
surfaces has been demonstrated (Shelton et  al., 1988). Taken together, these observa-
tions suggest that the charged environment intimately influences protein monolayer 
formation and impacts cellular responses. Furthermore, ionic content within the sys-
tem also affects protein composition in the adsorbed layer; the presence of counterions 
within solution can serve as stabilizers of protein structure thereby altering adsorption 
dynamics at the interface (Wilson et al., 2005).

The role of surface topography
Surface topography has been shown to influence cell–biomaterial interactions and 
there is significant interest in how these interactions are modulated by adsorbed pro-
teins. However, the lack of standards for characterizing different surface morpholo-
gies complicates the interpretation of numerous studies. For example, surface area 
changes that accompany surface topography changes are often not corrected for and 
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the unintended creation of confined spaces during surface fabrication could result 
in regions that behave different structurally from the rest of the material. In addi-
tion, various methods used to fabricate different surface textures also alter the sur-
face chemistry properties, thereby making it difficult to ascertain cause and effect. 
Nevertheless, there is evidence that differences in surface roughness can cause dif-
ferential protein adsorption. Specifically, studies examining grooved silicone have 
shown that different surface textures altered serum fibronectin and vitronectin 
deposition (den Braber et al., 1998). In addition, studies looking at protein adsorp-
tion from single-protein buffers onto surfaces of increasing roughness showed an 
increased fibronectin deposition, though correction for surface area increases was 
shown to potentially reverse this trend (François et  al., 1997). While the effects are 
difficult to measure, there is evidence for modulation of protein adsorption through 
alteration of surface topography, making this yet another consideration when design-
ing biomaterial surfaces. Depending on the ultimate goal of an implant, whether it 
be increased cellular adhesion and proliferation as in the case of many tissue engi-
neering applications or the prevention of foreign body response (FBR) for biological 
implants, the cellular response could potentially be modified depending upon the 
topographical characteristics of the surface.

Summary
While the FBR to implanted biomaterials is ultimately mediated by cell activity at the 
tissue–material interface, it is important to appreciate that these processes would not 
be possible without an initial, rapid protein-mediated response. This response results 
in an adsorbed protein layer whose composition and bioactivity directly translates a 
foreign surface into a biologically understandable language to which cells are able to 
respond. Therefore, the distribution and availability of adhesion proteins along with the 
surface characteristics that modulate their adsorption become major considerations for 
any biomaterial application.

Though the role of surface characteristics on protein adsorption is complex, sev-
eral trends seem to hold true. Moderately hydrophilic surfaces tend to enhance pro-
tein adsorption in a manner that more faithfully preserves native structure and thus 
bioactivity. Moreover, charged surface groups can provide a driving force for protein 
adsorption and influence the selectivity for different proteins within the protein layer. 
However, despite the presence of evidence suggesting a role for surface topography in 
modulating protein adsorption, it is likely to be minor when compared with surface 
chemistry characteristics such as hydrophilicity and surface charge. Regardless of the 
application, it is important to recognize that formation and composition of an initial 
protein-mediated response provides the essential link through which a biological sys-
tem responds to the presence of a biomaterial. Therefore, the key to tailoring the FBR 
may ultimately reside in the modulation of this protein-mediated response.
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CELL–PROTEIN INTERACTIONS AT THE INTERFACE

Introduction
As discussed in the previous section, understanding cell–protein interactions at the tissue–
biomaterial interface must first be grounded in the understanding that cells generally 
do not make direct contact with the biomaterial itself. Instead, because the adsorption 
of proteins on the biomaterial surface is much more rapid than cell migration to the 
surface, cells at the interface depend more on the adsorbed native proteins rather than 
on the material itself to dictate their response. Protein adsorption converts biomaterial 
surfaces into a biologically recognizable entity that is capable of interacting with cells’ 
native receptors. Thus, while properties of the biomaterial such as surface chemistry and 
topography all affect cellular response, this response is translated into biological signals via 
the adsorbed proteins. Here we will focus primarily on key cell–protein interactions that 
guide the local response to biomaterials. Additionally, we will discuss how cell–protein 
interactions at the tissue–biomaterial interface affect more systemic responses.

Understanding of cell–protein interactions is essential as the phenomenon can be 
harnessed to artificially manipulate cellular response to a biomaterial. Just as the native 
adsorbed proteins affect cell behavior, so can proteins introduced via the biomaterial 
itself. As researchers have sought to understand how specific adhesion proteins on bio-
materials affect particular cellular responses, they have also attempted to alter cellular 
responses by introducing biomaterials coated with particular proteins. While this field 
is still relatively young, progress that has been made demonstrates the potential clinical 
applications and improvements on current standards of care that may be achieved by 
gaining an even deeper understanding of cell–protein interactions.

From the simplest perspective, there are three basic phases to cellular interaction at 
the tissue–biomaterial interface: (i) cellular adhesion, (ii) changes in cell morphology 
and motility, and (iii) modulation of cellular functions. While it is convenient to sepa-
rate the interaction into these three phases, it is important to understand that cellular 
adhesion is really the governing process that goes on to affect the next two phases, as 
well as to ultimately elicit systemic cellular responses to biomaterials. In this chapter, 
we will focus on the basic principles governing cell–protein interaction and how this 
initial interaction leads to a more persistent effect known as the FBR. In addition, we 
will look at multicomponent signaling complexes called inflammasomes, which assem-
ble in response to cellular stress and activate inflammatory cascades and how recent 
studies show that inflammasomes have the potential to influence the nature of both the 
acute and chronic inflammatory phases of tissue–biomaterial interactions.

Cellular adhesion principles
For most cell types, adhesion to some type of ECM is essential to their survival. Without 
attachment, cells will eventually undergo apoptosis (Frisch et  al., 1996). Not only are 



Molecular Events at Tissue–Biomaterial Interface 89

these interactions with the ECM necessary, but they are also functional as cellular behav-
ior can be regulated by the nature of its adhesive interactions (Frisch et al., 1996). There 
are two basic approaches to studying cell–protein interactions at the tissue–biomaterial 
interface. The more intuitive approach would involve implanting a biomaterial in situ, 
and after a period of time, removing the biomaterial and analyzing its surface. While this 
is the most translatable form of experiment since it actually studies what happens in situ, 
this type of analysis would be extremely complex and difficult to break down into single 
component studies. Thus, most researchers begin their investigations by studying bio-
materials in a more controlled, in vitro setting. The most commonly used in vitro setup 
for studying cell–protein adhesion interactions is in a culture dish containing a serum-
supplemented medium. As serum proteins are the abundant sources of adhesion proteins 
involved in cellular interaction in vivo, supplementing culture medium with serum pro-
teins is a simple way of recreating these interactions in vitro.

Integrins
It has been shown that the primary interaction between cells and adhesion proteins 
occurs via heterodimeric receptors in the cell membranes called integrins (Winograd-
Katz et al., 2014). Integrins bind to specific short peptide sequences presented by the 
adsorbed proteins. A decrease in cell attachment can be observed when antibodies that 
target integrin ligands are introduced into the medium. Similarly, changes in integrin 
expression affect change in the degree of cellular attachment. Integrins are made up of 
an α and β subunit, and over 18α and 8β subunits have been identified and can pair to 
produce numerous different receptor types. Specific peptide sequences facilitate their 
interactions with ECM proteins and this phenomenon has been exploited in many 
biomaterial and tissue engineering applications. For example, the peptide sequence 
RGD, which is present in fibronectin, laminin, vitronectin, and collagen, has been used 
to facilitate cell adhesion via multiple integrins (Carson and Barker, 2009; Shekaran 
and Garcia, 2011). Cells cultured in vitro adhere to culture dish, which is most com-
monly made from tissue culture polystyrene (TCP) and are dependent on fibronectin 
and vitronectin for attachment. Thus, a large number of studies have focused on these 
two integrin ligands. It should be noted that integrin activity is not limited to cellular 
attachment, but it has also been shown to be involved in a wide range of intracellular 
signaling and thus affect a variety of cellular functions such as cytoskeletal organization, 
cell proliferation, differentiation, apoptosis, and migration.

Cell adhesive proteins
Numerous serum proteins including fibronectin, vitronectin, fibrinogen, and compo-
nents of complement like complement protein 3 (C3) have been shown to enhance 
cell adhesion to surfaces in numerous in vitro studies. Thus, investigators have focused 
on determining their adsorption to surfaces and contribution to cell adhesion and 
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have made some novel discoveries. For example, C3 has been shown to enhance the 
adhesion of macrophages to polyurethane (PU) (Kao et  al., 1996). Depletion of C3 
from serum completely abolishes cell adhesion to PU, whereas depletion of fibronec-
tin has no effect. Despite the demonstrated role of C3 in cell adhesion to PU, subse-
quent studies showed that it did not form covalent bonds with the surface (Wettero 
et al., 2002). In fact, it was shown that albumin and immunoglobulin (Ig) G but not 
fibrinogen allowed C3 binding and activation (Andersson et al., 2005). Therefore, other 
adsorbed proteins are critical in generating bioactive C3 on the surface. Interestingly, 
even though albumin does not support cell adhesion, it has been shown to modu-
late fibronectin-mediated cell adhesion (Lewandowska et al., 1992). Specifically, it was 
shown that fibronectin does not support extensive cell adhesion on polystyrene or self-
assembled monolayers (SAMs) unless albumin is present.

Fibrinogen is another serum protein that has been implicated in mediating cell–
biomaterial interactions in vitro and in vivo. Extensive work has demonstrated that this 
is mediated by a conformational change that occurs when fibrinogen interacts with 
surfaces, which allows the exposure of cryptic epitopes that serve as integrin-binding 
sites (Hu et al., 2001). Use of specific peptides and monoclonal antibodies allowed the 
characterization of these sites and confirmed the significance of fibrinogen unfolding 
in cell adhesion. Unfolding and exposure of these epitopes was greater on polyethylene 
terephthalate (PET), polyethylene (PE), and poly(vinyl chloride) (PVC), which support 
greater adhesion of monocytes and neutrophils. In contrast, these observations were 
dampened on polyether urethane (PEU) and polydimethylsiloxane (PDMS) because of 
reduced exposure of the cryptic epitopes.

Analysis of platelet interactions with modified SAMs has shed more light on 
this phenomenon. In trying to address the impact of conformational changes in 
fibrinogen versus overall levels, investigators discovered that platelet adhesion was 
enhanced only on surfaces that induced conformational changes and was indepen-
dent of overall fibrinogen levels (Sivaraman and Latour, 2010). Specifically, alkaneth-
iol SAMs were modified to contain one of the following terminal functional groups: 
CH3, OCH2CF3, NH2, COOH, or OH, which resulted in variable hydrophobic-
ity. Changes in fibrinogen conformation, measured as the overall ratio of α-helix to 
β-sheet, was greatest on CH3- and lowest on OH-modified SAMs. Similarly, platelet 
adhesion was highest and lowest on the CH3- and OH-modified SAMs, respectively. 
As mentioned above, platelet adhesion was not dependent on the overall amount of 
adsorbed fibrinogen. This somewhat paradoxical observation could be explained by the 
possible inhibition of unfolding on high fibrinogen concentrations where tight pack-
ing of adsorbed molecules could prevent unfolding. Consistent with this suggestion, a 
similar study showed that, in comparison to OH-SAM, a far greater amount of fibro-
nectin was required to support cell adhesion on CH3-SAM (Keselowsky et al., 2003). 
In this case, changes in the conformation of fibronectin would result in loss of adhesive 
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function. This phenomenon might also explain the ability of albumin to enhance the 
cell adhesive properties of fibronectin on certain surfaces; by occupying sites on the 
surface, albumin could prevent fibronectin unfolding.

The advent of high throughput techniques has allowed the more systematic evalu-
ation of adhesive protein adsorption and the identification of novel and more com-
plex cell–biomaterial interactions. For example, proteomic analysis of serum proteins 
adsorbed to polypropylene (PP), PET, and PDMS revealed high levels of serum amy-
loid P, which as a single coating was shown to enhance the adhesion of granulocytes 
and monocytes on these biomaterials (Kim et al., 2005). Figure 5.2 shows two-dimen-
sional (2D) gel electrophoresis analysis of adsorbed proteins. Other proteins identified 
by this method included fibrinogen, Ig light chain κ, α2 macroglobulin, complement 
C4, and α1 antitrypsin.

Using a similar proteomic approach, investigators analyzed the adsorption of pro-
teins onto bare titanium, nickel titanium, and chitosan film, and identified the serum 
proteins adiponectin, thrombospondin (TSP) 1, fibronectin, and coagulation factor 2 as 
being critical for endothelial cell adhesion and spreading in a highly orchestrated tem-
poral fashion (Yang et al., 2013).

These studies represent a small sample that highlights the complexity of findings 
involving multiple biomaterials and cell types. It is therefore difficult to reach over-
arching conclusions regarding the importance of specific protein–cell interactions in 
the FBR. Nevertheless, some principles have been defined in the case of blood plate-
lets and they could apply to other cell types (Horbett, 2012). These include the obser-
vation that biomaterials acquire bioactivity due to adsorbed proteins, which depends 
on the intrinsic surface activity and bulk phase concentration of proteins. In addition, 
specific patterns of adsorption concentrate and immobilize adhesive proteins and thus 
enhance interactions with cells.

High
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4 pl 7 4 pl 7

albumin Albumin

Serum amyloid P
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Figure 5.2 PP tubes were incubated with 1% bovine serum albumin in PBS for 1 h, followed by incu-
bation with 5% human serum for (A) 4 h or (B) 24 h. The substrates were washed three times with 
10 mL of PBS and adsorbed proteins were removed from the surface with elution buffer. The proteins 
were analyzed by 2D electrophoresis. After 4 h, albumin was the most prominent band on the 2D gel. 
After 24 h, more proteins were found on the surface, including serum amyloid P, which was identified 
by ion trap mass spectrometry. Reprinted with permission from Kim et al. (2005).
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Dynamic environment
While we have emphasized thus far the need for adhesion proteins on the surface of 
the biomaterial before cells can adhere, it is important to keep in mind that this is a 
dynamic system. Cells are capable of secreting adhesion proteins such as fibronectin 
thus altering the properties of their attachment. Additionally, cells are capable of adapt-
ing to their environment, even once initial adhesion has occurred. Researchers have 
shown that cells can manipulate the population of integrin receptors based on the sur-
face ligands on the biomaterial available for cellular binding. In addition, as discussed 
above, cells undergo cytoskeletal remodeling and activation due to activation of mul-
tiple signaling pathways. In the case of endothelial cells, this involves activation of the 
transforming growth factor (TGF)-β pathway following binding to TSP1.

Cell types involved in adhesion
While there are numerous types of cells that are affected by a total systemic tissue–
biomaterial response, this section will focus only on the cells directly involved in 
cell–protein interactions or immediately located at the tissue–biomaterial interface. 
These cell types include platelets, macrophages (which form foreign body giant cells 
(FBGCs)), and fibroblasts. While the participation of other cells types such as neutro-
phils and endothelial cells should not be discounted, this triad of cells makes up the 
bulk of the FBR, which results in a collagenous capsule isolating the biomaterial from 
the surrounding tissue. Functionally, this capsule is often responsible for the failure 
of implanted biomaterials, thus it is important to keep in mind that minimizing this 
response is often the goal of optimizing biomaterials for efficacious use. It should be 
noted that even though this category only consists of a few distinct cell types, these 
cells and their interactions with adsorbed proteins on the biomaterial surface are 
responsible for the wide diversity of downstream effects that can be caused by bioma-
terial implantation. The extent of the response at each of these steps can be affected by 
the properties of the implanted biomaterial and the implantation site.

Platelets
Platelets are one of the first cells involved in the FBR to a biomaterial. Once a bio-
material is exposed to blood, it is coated with serum proteins, and platelets begin 
to aggregate around the surface and release chemoattractants (such as TGF-β, plate-
let-derived growth factor (PDGF), chemokine (C-X-C motif) ligand 4 (CXCL4), 
leukotriene B(4) (LTB4), and interleukin (IL)-4), which recruit macrophages to the 
site of implantation. In addition, platelets can release proteins such as fibrinogen that 
could serve as provisional matrix for recruited cells.

Macrophages and FBGCs
Once macrophages are recruited to the surface, they begin to assemble, which leads 
to further release of chemoattractive signals by the macrophages themselves (such as 
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tumor necrosis factor (TNF)-α, IL-1β, IL-6, and monocyte chemotactic protein 
(MCP)-1/CCL2) and thus propagate macrophage assembly at the interface. Once 
macrophages are bound via their integrin receptors, downstream signal transduc-
tion can affect cytoskeletal rearrangement and formation of more adhesion structures 
allowing macrophages to undergo cytoskeletal remodeling that results in “spreading” 
over the biomaterial surface. This spreading is partially facilitated by “podosomes,” 
which are specialized macrophage adhesion structures consisting of a central core of 
actin surrounded by a ring of proteins that regulate actin polymerization. These podo-
somes are associated with both initial macrophage adhesion and subsequent cytoskel-
eton remodeling that allow macrophage fusion to form FBGCs. In vitro studies have 
shown that the latter involves extensive lamellipodia formation that promotes contact 
between adjacent cells.

Fibroblasts and fibrotic encapsulation
While fibroblasts do not necessarily adhere directly to the adsorbed proteins on the 
surface, they are extremely important in the surrounding tissue’s interaction with an 
implanted biomaterial. The long-term outcome of the FBR is the fibrotic encapsula-
tion of the implanted biomaterial. This fibrotic encapsulation is mediated by two main 
mechanisms. First, the activated macrophages have been shown to overexpress ECM pro-
teins such as fibronectin, which is deposited during the healing portion of the FBR and 
is critical for the assembly of collagen fibrils. Second, activated macrophages stimulate 
fibrogenesis by fibroblasts. It is important to note that this function is in direct opposition 
to classically activated macrophages, which actually inhibit fibrogenesis. Fibroblasts are 
recruited to the site of the implanted biomaterial and deposit ECM components around 
the biomaterial, which contribute to the formation of the fibrous capsule.

Lymphocytes in the FBR
While not covered in our brief overview of the FBR above, it is important to touch 
on the presence of lymphocytes at the tissue–biomaterial interface. It has long been 
noted that lymphocytes appear to adhere to biomaterial surface in vitro. It has also been 
observed that lymphocytes associate with both macrophages and FBGCs in cell cul-
ture. This association has been demonstrated to be a mutually beneficial interaction 
in which lymphocytes enhance macrophage adhesion and fusion, and the presence of 
macrophages stimulates lymphocytic proliferation. However, like fibroblasts, lympho-
cytes do not adhere to the biomaterial surface itself, but rather associate with the mac-
rophages or FBGCs.

Summary
We began this section by discussing how an understanding of cell–protein interactions 
at the tissue–biomaterial interface is key in understanding what interactions could be 
targeted in order to minimize harmful cellular responses to biomaterials. We discussed 
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the basic principles of cellular adhesion to biomaterials via the integrin receptors and 
the involvement of specific proteins. Despite the plethora of in vitro studies demon-
strating the importance of specific proteins in mediating cell–surface interactions, 
approaches that target single proteins have not been successful in vivo. This highlights 
both the ability of multiple proteins to support cell adhesion and the need to cre-
ate surfaces that resist the adsorption of multiple proteins. Or, as we discuss in the 
next section, it might be more efficacious to target cellular processes that occur post 
adhesion.

MOLECULAR PATHWAYS IN THE REGULATION OF CELL ACTIVATION 
AND CELL–CELL INTERACTIONS

Introduction
Numerous cell types including inflammatory cells, fibroblasts, endothelial cells, smooth 
muscle cells, osteoblasts, and various stem cells have been the focus of detailed analy-
sis in the context of biomaterial interactions. However, it is appreciated that in in vivo 
settings, especially in soft tissues, the key cell type that dictates the progression of the 
FBR is the macrophage. Whether recruited as monocytes or present as resident macro-
phages, these cells dominate the interface in both the short- and long-term and display 
novel activation and remarkable plasticity. For example, macrophages undergo homo-
typic fusion to form multinucleate FBGCs and differentiation to form fibrogenic cells 
(McNally and Anderson, 2011; Helming and Gordon, 2009; Mooney et al., 2014). By 
adopting specific phenotypes, macrophages orchestrate the ensuing fibrogenic response 
leading to encapsulation.

Biomaterials and inflammasome activation
Due to tissue damage associated with implantation, recruited monocytes encounter 
chemoattractant signals and cytokines that induce their differentiation to macrophages 
and subsequent activation. Conceivably, resident macrophages encounter the same sig-
nals and undergo similar activation. Numerous in vitro and in vivo studies have shown 
that exposure of macrophages to biomaterials induces the secretion of the potent pro-
inflammatory cytokine IL-1β. Synthesis of IL-1β is induced by multiple signals that 
activate the Toll-like receptor (TLR)-4 and cause the upregulation of the IL-1β gene 
and the production of inactive pro-IL-1β. Conversion of pro-IL-1β to the active form 
depends on cleavage by caspase-1, which depends on the formation of the inflam-
masome as shown in Figure 5.3 (Strowig et  al., 2012; Latz et  al., 2013; Bryant and 
Fitzgerald, 2009). The inflammasome is a high molecular weight protein complex 
that consists of a nucleotide-binding domain and leucine-rich repeat-containing 
type (NLRP), apoptosis-associated speck-like protein-containing CARD (ASC), and 
caspase-1.
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As stated above, formation of the complex leads to activation of caspase-1, a 
phenomenon that can be induced by various stimuli including disruption of cellu-
lar integrity, ATP, silica, or uric acid (Henao-Mejia et al., 2012; Bryant and Fitzgerald, 
2009). More recently, investigators showed that the inflammasome is activated in the 
context of cell–biomaterial interactions (Malik et  al., 2011). Specifically, poly-methyl 
methacrylate (PMMA) microspheres (150 μm in diameter, which exceeds the upper 
limit of macrophage phagocytosis) induced inflammasome activation and IL-1β secre-
tion in vitro and in vivo in a mouse intraperitoneal model. Moreover, short-term studies 
in mice deficient for caspase-1, NLRP3, or ASC demonstrated that IL-1β production 
in response to PMMA was dependent on the inflammasome. Of note, investigators have 
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Figure 5.3 Mechanisms regulating IL-1β production. Generation of IL-1β requires a priming sig-
nal, often from pathogen recognition receptors (PRRs) such as TLRs that activate NF-κB and NF-κB-
dependent transcription of pro-IL-1β. The pro-IL-1β is then cleaved into the active, mature 17 kDa 
cytokine by caspase-1. NLR-containing inflammasomes activate caspase-1. NLRs such as NLRP3 
oligomerize upon activation (by danger signals such as those shown in the box) and recruit the 
adapter molecule ASC that subsequently recruits and activates caspase-1. Reprinted with permission 
from Bryant and Fitzgerald. (2009).
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made the observation that large PMMA microspheres can induce inflammasome acti-
vation in the absence of serum. Therefore, it is possible to consider that direct contact 
between PMMA and macrophages can initiate inflammation as shown in Figure 5.4.

An explanation for this observation was provided by experiments where depletion 
of cholesterol or inhibition of spleen tyrosine kinase (Syk) signaling diminished IL-1β 
production. These results suggested that the physical contact between microspheres and 
the plasma membrane induces inflammasome activation. However, due to the large 
number of proteins, it is unclear if such interactions occur in vivo.

In a subcutaneous PDMS implantation model in genetically modified mice, cas-
pase-1 and ASC were found to be required for the full progression of the FBR and 
formation of collagenous capsules (Malik et  al., 2011). Specifically, capsule thickness 
was reduced in the FBR of caspase-1KO and ASC KO mice despite normal levels of 
FBGC formation. Interestingly, NLRP3 KO mice displayed normal formation of col-
lagenous capsule suggesting that other NLRPs are involved in the progression of the 
FBR. These recent findings have the potential to be very powerful, as they offer some 
insight into the vaguely understood mechanism of cell–biomaterial interactions and 
subsequent formation of FBGC and development of the FBR.

Macrophage priming and adhesion in the FBR
Other chemokines and cytokines, like MCP-1and IL-4, are induced in the FBR 
and influence macrophage adhesion, activation, and function. As mentioned above, 
macrophages encounter protein-coated surfaces in a “primed” state. It is critical to 
appreciate that in the context of the FBR, both proteins and cells are altered. First, 
multiple proteins are at different stages of denaturation. Second, cells are “primed” 
due to exposure to multiple exogenous and endogenous signals. Therefore, the ensu-
ing macrophage adhesion represents a unique scenario that is not reproduced in other 
pathologies. Moreover, macrophages proceed to undergo homotypic fusion and form 
FBGC, a hallmark of the FBR. In vitro studies have implicated the partial contribution 
of multiple integrins including αMβ2, αXβ2, α5β1, αVβ1, α3βb1, and α2β1 to mac-
rophage adhesion (McNally and Anderson, 2011). Consistent with integrin engage-
ment, proline-rich tyrosine kinase-2 (PYK2) and focal adhesion kinase (FAK) have 
been shown to be induced and activated in IL-4-treated fusing macrophages (McNally 
and Anderson, 2011). These specific integrins can interact with serum proteins such as 
C3, fibrinogen, and plasma fibronectin, and ECM proteins including fibronectin, vitro-
nectin, collagen, and laminin, all of which are present in the FBR. However, it should 
be noted that only vitronectin could support the formation of FBGC as an in vitro 
substrate on TCP. Thus, macrophages display remarkable specificity in their interactions 
with biomaterials and this fact may explain why they do not form FBGC in wound 
environments despite the presence of multiple integrin ligands. The importance and 
specificity of these interactions has also been demonstrated in in vitro studies where 
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Figure 5.4 PMMA microspheres induce IL-1β production from peritoneal macrophages in a mem-
brane lipid- and Syk-dependent manner. (A) Single microsphere, which is much larger than attached 
macrophages and cannot be phagocytosed. (B) Microspheres induce IL-1β, which is significantly less 
in the absence of Nlrp3 and can be reduced in wild-type macrophages by the cholesterol inhibi-
tor MbCD (50 μm), and the Syk inhibitor piceatannol (2 mM). (C) Experimental design for measuring 
the binding force between a single microsphere and a single macrophage using an AFM. (D) Single 
microsphere on the cantilever of the AFM. (E) Binding force between a single microsphere and cell 
over a period in the presence and absence of MbCD or piceatannol. (F) Readings of binding affinity in 
all experiments depicted in (E) are averaged. *†‡ϕP ≤ 0.05. Reprinted with permission from Malik et al. 
(2011).
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surfaces that do not support monocyte adhesion and macrophage development were 
shown to be nonpermissive for FBGC formation (McNally and Anderson, 2011).

Molecular regulators of macrophage activation and fusion
Macrophage activation on the surface of biomaterials is a complex process that does 
not fit into the archetypical categories of classical (M1), alternative (M2), and their 
subsets. Despite the dominant role of IL-4 in FBGC formation, which is a prototypi-
cal M2 cytokine, macrophages in the FBR do not assume an exclusive M2 phenotype 
(Mooney et al., 2014). It is also worth considering that the initial signals that activate 
monocytes, such as MCP-1 and IL-1β, are primarily M1-associated. Therefore, mac-
rophages are able to integrate multiple activation cues and undergo unique activation 
characterized by features of both M1 and M2. Consistent with this suggestion, several 
molecules have been implicated in the formation of FBGC including cell receptors 
(IL-4R, cluster of differentiation (CD) 36, triggering receptor expressed on myeloid 
cells (TREM)-2, signal regulatory protein (SIRP)-1α, CD47, P2X purinoceptor 
(P2X)-7, CD9/CD81), membrane-associated proteins (DNAX activating protein 12 
(DAP12), dendritic cell-specific transmembrane protein (DC-STAMP), E-cadherin), 
cytoskeleton-associated molecules (Rac1, DOCK180), and secreted molecules (MCP-
1, TNF-α, matrix metalloproteinase (MMP)-9) (Helming and Gordon, 2009).

JAK/STAT pathway and macrophage activation/fusion
Based on studies in MCP-1 KO mice, which display diminished FBGC formation, the 
existence of at least two distinct pathways have been shown to be required for FBGC 
formation. The first pathway involves the IL-4-mediated induction of the Janus kinase 
(JAK)/signal transducer and activator of transcription (STAT)-6 pathway leading to 
translocation of STAT6 to the nucleus and transcription of E-cadherin, β-catenin. 
The cellular source of IL-4 in the biomaterial milieu is not clear but could be mast 
cells, eosinophils, basophils, and/or natural killer cells. Nevertheless, E-cadherin and 
β-catenin are expressed at the cell membrane prior to fusion and appear to facili-
tate cell–cell interactions. Upon fusion, both proteins are lost from the membrane 
and appear in the cytoplasm. The importance of E-cadherin in FBGC formation has 
been demonstrated in in vitro experiments where anti-E-cadherin antibodies inhibited 
fusion (Moreno et al., 2007). Despite its demonstrated importance for fusion, this path-
way is intact in MCP-1-null macrophages that fail to fuse. Therefore, the existence of a 
second pathway downstream of MCP-1 has been suggested. Specifically, macrophages 
lacking MCP-1 are deficient in Rac1-dependent cytoskeletal remodeling, lamellipodia 
formation, do not induce TNF-α, and do not secrete MMP-9 (Skokos et  al., 2011). 
These events occur in IL-4-treated wild-type macrophages and are all required in the 
formation of FBGC. Details of these pathways are summarized in Figure 5.5.
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Figure 5.5 Model for the participation of molecular pathways in the FBR. Macrophages adhere 
to adsorbed proteins via integrins that activate PYK and FAK. In parallel, IL-4 induces activation 
of at least two pathways including the JAK/STAT pathway, leading to the induction of E-cadherin, 
β-catenin, and an unknown pathway that induces MCP-1 and TNF-α. TNF-α interacts with its recep-
tors and induces the canonical activation of the NF-κB pathway leading to induction of MMP-9 and 
TGF-β. Studies in DAP12-null macrophages suggest that DAP12 signaling is essential for program-
ming macrophages into a fusion-competent state. MCP-1-null macrophages are deficient in cyto-
skeletal remodeling and have low levels of TNF-α and MMP-9 but induce E-cadherin and β-catenin 
normally. This implies that part of the JAK/STAT pathway is intact in MCP-1-null cells and that at least 
two divergent pathways are involved in fusion. Addition of TNF-α to MCP-1-null macrophages in a 
fusion experiment induces MMP-9 expression and restores the fusion defect, conceivably by cleaving 
E-cadherin at the surface. It is suggested that a link between the two pathways exists based on the 
effects of MCP-1 and MMP-9 deficiency on the subcellular localization of E-cadherin and β-catenin. 
Reprinted with permission from Skokos et al. (2011).
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Even though the exact signaling pathway that links MCP-1 binding to TNF-α 
induction and MMP-9 secretion has not been established, it is assumed that this is 
mediated by activation of either p38 mitogen-activated protein kinase (MAPK) or 
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2). Previous studies have 
shown that MCP-1 induces chemotaxis via the activation of p38MAPK and modulates 
adhesion via an ERK1/2-dependent mechanism (Ashida et  al., 2001; Arefieva et  al., 
2005).

NF-κB pathway and macrophage activation/fusion
Despite the fact that IL-4 is known to induce alternative (M2) polarization of mac-
rophages, a number of classical (M1) molecules are induced in the FBR includ-
ing MCP-1 and TNF-α. The induction of the latter is intriguing because it is a key 
cytokine in many inflammatory responses. Following activation of the TNF receptor, 
a series of complex interactions leads to the activation of the nuclear factor-κB (NF-
κB) signaling pathway. The pathway involves NF-κB/Rel proteins including p52/p100, 
p50/p105, c-Rel, RelA/p65, and RelB (Hayden and Ghosh, 2008). Two types of acti-
vation have been described, the canonical (p50/RelA) and noncanonical (p52/RelB). 
In the cytoplasm, these proteins are bound and inhibited by inhibitor of κB (IκB) pro-
teins, which are ubiquinated and targeted for degradation in inflammatory settings. 
When that occurs, NF-κB/Rel complexes are freed, become activated by phosphory-
lation, and translocate to the nucleus where they drive transcription of target genes. 
Recently, it was demonstrated that the canonical NF-κB pathway is engaged in mac-
rophage fusion in vitro and in vivo. Specifically, in vitro studies showed that p50 and 
RelA were induced and translocated to the nucleus in response to IL-4. Temporally, 
this event was prominent on day 3, which is consistent with the pattern of TNF-α 
induction. More importantly, pharmacological inhibition of the pathway resulted in 
the formation of smaller FBGC with fewer nuclei indicating that p50/RelA are not 
critical for the initiation of fusion but play a critical role in its progression. Consistent 
with this suggestion, in vivo experiments showed the nuclear translocation of p50 and 
RelA in implant-associated macrophages 4 days after implantation. Moreover, this was 
not observed in fusion-deficient MCP-1 KO macrophages. As mentioned above, these 
cells are capable of activating JAK/STAT6 and inducing and localizing E-cadherin at 
the surface. Therefore, it is concluded that the NF-κB and JAK/STAT6 pathways are 
activated independently.

Additional pathways in FBGC formation
Integration of additional activation pathways is also suggested by studies in mice lack-
ing DAP12 (Helming et  al., 2008). When this transmembrane protein is activated, it 
undergoes phosphorylation and recruits kinases such as SYK, which has been impli-
cated in macrophage fusion. The primary role of DAP12 is thought to be regulation 
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of transcription of fusion mediators such as DC-STAMP, MMP-9, and E-cadherin. 
Moreover, DAP12 interacts with the receptor TREM-2 and this interaction, similar 
to the activation of transcription, is thought to be important for macrophage pro-
gramming. Finally, loss of DAP12 is associated with a reduction in the expression of 
DC-STAMP, a receptor-associated signaling protein that has been shown to be critical 
for macrophage fusion. Other significant molecular events in fusion include interac-
tion of the scavenger receptor CD36 with exposed phosphatidylserine (Helming et al., 
2009; Helming and Gordon, 2009). Recent evidence suggests that this lipid, which is 
normally confined to the inner leaflet, is exposed on the surface of fusing macrophages. 
The mechanism for changes in lipid distribution during fusion is not clear but studies 
have implicated the ATP-gated receptor P2X7 (Lemaire et al., 2012). Specifically, acti-
vation of this receptor leads to the formation of large pores on the plasma membrane 
and phosphatidylserine exposure on the cell surface where it can interact with CD36.

As mentioned above, a complex set of exogenous and endogenous signals regulate 
the progression of the FBR. These include adsorbed proteins on the surface, signals 
generated as part of the inflammatory response, and signals induced by these entities 
in cells in the vicinity of implants. However, the relative contribution of these signals 
has been difficult to determine. For example, the importance of IL-4 in the activation 
and fusion of macrophages has been shown in numerous in vitro and in vivo studies. 
Specifically, it was shown that monocytes isolated from mice lacking the IL-4 recep-
tor (IL-4Rα) were unable to fuse (Helming and Gordon, 2007). Moreover, neutraliz-
ing anti-IL-4 antibodies were able to inhibit macrophage fusion on poly(etherurethane 
urea) (PEUU) in a cage implant model (Kao et al., 1995). However, FBGC formation 
progressed normally in IL-4Rα-deficient mice, suggesting that additional macrophage 
fusion-inducing cytokines can mediate FBGC formation (Yang et  al., 2014). These 
findings highlight the difficulty in developing strategies to limit FBGC formation.

Summary
The existence of multiple pathways highlights the complexity of the macrophage acti-
vation and fusion process and is consistent with the unique polarization phenotype 
exhibited by these cells when in contact with biomaterials. Conceivably, these molecu-
lar pathways contribute to macrophage activation and fusion leading to the normal 
progression of the FBR. One possible molecular mechanism that could signify con-
vergence between at least two of these pathways involves the putative cleavage of 
E-cadherin by MMP-9 at the cell surface. Upon cleavage, macrophages that are in 
close contact could initiate fusion. It should be noted that cleavage of E-cadherin by 
MMP-9 has been shown in tumor cells (Symowicz et  al., 2007). Regardless of the 
mechanism involved, the formation of FBGC can be detrimental for biomaterials 
because these cells can damage surfaces (McNally and Anderson, 2011). In addition, 
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because they are a hallmark of the FBR, FBGCs were thought to contribute to its 
progression and be responsible for encapsulation. While they are capable of generating 
pro-fibrotic signals, many studies have shown that a reduction in FBGC formation is 
not associated with a reduction in capsule thickness. Therefore, it is now appreciated 
that macrophage-derived signals are critical for driving the full progression of the FBR.

MOLECULAR PATHWAYS MEDIATING TISSUE REMODELING AT THE 
INTERFACE

Introduction
Progression of the FBR involves the deposition of ECM leading to the eventual 
encapsulation of implants. As mentioned earlier in this chapter, the FBR involves 
aspects of wound healing due to the injury to tissues during implantation. It is help-
ful then to consider similarities and differences between these two processes. Similar to 
wound healing, the FBR generally initiates as an inflammatory response and progresses 
to matrix deposition and remodeling. However, the FBR is distinguished by a striking 
paucity of blood vessels in the largely avascular collagenous capsules. Moreover, matrix 
deposition displays highly ordered alignment of collagen fibers within which reside 
elongated thin fibroblasts. In fact, the tight packing of collagen fibers and fibroblasts 
in the FBR is often similar to that of tendons and ligaments. Thus, the eventual out-
come of the FBR does not resemble the loosely organized and vascularized ECM of 
wounds. Based on the assumption that macrophages are key determinants of the FBR, 
it is possible that a uniquely activated macrophage population provides the signals for 
ordered matrix deposition and inhibition of blood vessel formation.

Extracellular matrix
ECM is the noncellular component of tissues and organs that functions, in part, as 
structural support for tissues and scaffold for cells. The ECM also provides critical bio-
chemical and biomechanical cues that play important roles in tissue morphogenesis, 
differentiation, and homeostasis (Ozbek et al., 2010). Although the basic structure and 
function of all ECMs are the same, the physical and biochemical properties can vary 
depending on the tissue (Frantz et al., 2010). Tissue specificity is critical for defining 
the mechanical properties of different tissues and organs, including tensile strength, 
compressive strength, and elasticity (Faulk et al., 2014). Even though the ECM is not 
composed of cells, it interacts with cells to regulate important functions. Cells can 
adhere to the ECM via integrin proteins and these interactions influence cell attach-
ment, shape, and motility (Walters and Gentleman, 2015). Growth factors and other 
molecular mediators are also able to bind the ECM, which helps to bring them into 
contact with adjacent cells and initiate downstream signal transduction.
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ECM is composed of three primary components: proteoglycans, adhesive glycopro-
teins, and fibrous proteins, which provide an environment that regulates cell prolifera-
tion, differentiation, and function (Halper and Kjaer, 2014). Proteoglycans are heavily 
glycosylated proteins consisting of a core protein and one or more covalently attached 
glycosaminoglycan chains. Because of their unique buffering, hydration, and binding 
properties, proteoglycans interact with other ECM components and form hydrated 
gels that resist compressive forces. Fibrous proteins in the ECM include collagen and 
elastin that are responsible for tensile strength and elasticity. Collagen fibrils form an 
organized structure of aligned fibers that make up the primary structural component 
of the ECM. In addition to determining mechanical properties of the ECM, collagens 
regulate cell adhesion, support chemotaxis and migration, and direct tissue develop-
ment. Elastin fibers are much more elastic than collagen fibers and allow the ECM 
and surrounding tissues to stretch and recoil. Adhesive glycoproteins, such as fibro-
nectin and laminin, support cell attachment to the ECM and mediate cell function. 
Fibroblasts secrete and organize two types of collagens (type I and type III collagens), 
elastin, and fibronectin. These proteins are critical for maintaining the structural integ-
rity of the ECM. In addition to these major components, the ECM contains matri-
cellular proteins that are important for tissue remodeling at the tissue–biomaterial 
interface. Matricellular proteins are ECM proteins that act primarily as mediators of 
cell–matrix interactions rather than as structural components (Murphy-Ullrich and 
Helene Sage, 2014). A number of proteins belong to this group including TSP1, TSP2, 
secreted protein acidic and rich in cysteine (SPARC), tenascin-C, and osteopontin, all 
of which have been implicated in the FBR (Morris and Kyriakides, 2014).

Biomaterials and fibrogenic responses
Matrix deposition and remodeling in response to biomaterials occurs in the form of 
fibrosis, which is characterized by proliferation of ECM-producing fibroblasts and 
excessive deposition of collagen-rich ECM. The process whereby the fibrous tissues 
develop is called fibrogenesis, and it is common to both wound healing and the FBR; 
however, the exact mechanisms and final outcomes are different. As mentioned previ-
ously, one of the initial events in the FBR is the infiltration of macrophages to the site 
of the biomaterial–tissue interaction. Once macrophages are activated, they are able 
to produce pro-fibrogenic growth factors, including TGF-β. It is assumed that fibro-
blasts respond to this and other growth factors and initiate fibrogenesis. Researchers 
have studied this phenomenon using macrophages cultured in vitro: after macrophages 
are exposed to biomedical polymers, they become activated and stimulate fibroblast 
activity (Holt et al., 2010; Pan et al., 2011; Zeng and Chen, 2010). Both macrophages 
and fibroblasts play key roles in tissue remodeling during the FBR. After the initial 
phase of inflammation, fibrotic tissue begins to form around the biomaterial and this 
process involves the increased proliferation and activation of fibroblasts that upregulate 
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collagen production. Hyperactivity of fibroblasts creates a dense, highly ordered col-
lagenous tissue with low cellular content that lacks both vascularization and per-
meability. Dependence of the FBR on increased collagen production was shown in 
studies where inhibition of collagen synthesis resulted in reduced capsule thickness 
(Rujitanaroj et al., 2013). As stated above, it is important to consider why the forma-
tion of dense highly ordered collagenous matrix is not observed in wound healing. 
This could be due to the continuous presence of the biomaterial that could chroni-
cally disrupt the homeostatic environment and generate sustained cellular responses. 
Conceivably, synthesis and release of pro-inflammatory and pro-fibrotic molecules 
could persist and contribute to the unique phenotype of the FBR. In parallel, the pro-
cess could be sustained by the lack of anti-inflammatory and anti-fibrotic signals that 
are observed in the latter phases of wound healing. Despite the significance of encap-
sulation, little is known about this process at the molecular level.

Additional cell types have been implicated in the encapsulation process including 
mast cells. Specifically, it was shown that collagen levels in the FBR were reduced in 
mast cell-deficient mice (WBB6F1/J-Kit(W)/Kit(W-v)) due to reduced responses in 
fibrocytes and myofibroblasts (Thevenot et al., 2011). This observation suggested that 
mast cell degranulation, in addition to stimulating inflammation, contributes to fibrosis. 
Interestingly, PEU and PET implantation studies in these mice showed normal FBGC 
formation (Yang et al., 2014). From these studies, and studies in MCP-1-null mice, it 
can be concluded that FBGC formation can be uncoupled from implant encapsulation.

Molecular determinants of biomaterial-induced fibrogenic responses
Several experimental studies have demonstrated the significance of specific proteins 
in biomaterial encapsulation. For example, mice that lack the matricellular protein 
TSP2 display loose organization of collagen fibers but no change in capsule thick-
ness (Kyriakides et al., 1999, 2001b). At the molecular level, this is due, in part, to the 
ability of TSP2 to bind matrix-degrading enzymes such as MMP-2 and MMP-9 and 
facilitate their uptake and degradation. Therefore, TSP2-null mice have excess MMPs 
that could act on the collagenous matrix and alter its deposition pattern. Interestingly, 
MMP-9-null mice display reduced collagen and fibronectin deposition in the FBR 
suggesting a critical role for this enzyme in ECM production (MacLauchlan et  al., 
2009b). Other studies have shown that mice that lack another matricellular protein, 
SPARC, form thinner foreign body capsules (Puolakkainen et  al., 2003). This obser-
vation is consistent with a role for SPARC in collagen fibrillogenesis. Little is known 
about the participation of proteoglycans in the FBR except that they can be detected 
in collagenous capsules. For example, the expression of the proteoglycan decorin, 
which participates in collagen fibrillogenesis, and other proteoglycans such as per-
lecan, were detected in the FBR (Ward et  al., 2008; Farrugia et  al., 2014). Perhaps 
more suggestive of a role for this class of molecules was the finding that modification 
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of cross-linked collagen matrices via attachment of glycosaminoglycans resulted in 
reduced FBR (Pieper et al., 2000).

Inflammation and fibrogenesis
As mentioned above, the concept that biomaterial-induced inflammation is a criti-
cal determinant of the FBR is well established. Therefore, several anti-inflammatory 
strategies have been successful in reducing capsule thickness including the treatment 
of experimental animals with anti-inflammatory drugs (i.e., prednisolone, dexametha-
sone), administration of pulsed acoustic cellular expression (PACE), and other methods 
(Bridges and Garcia, 2008; Reichenberger et al., 2014; Vacanti et al., 2012; Morais et al., 
2010). Moreover, targeted deletion of plasma fibronectin in mice was associated with 
increased capsule thickness (Keselowsky et al., 2007). From a biomaterial perspective, 
several studies have shown that with increasing size (implant thickness or fiber diame-
ter), inflammation and encapsulation are enhanced (Sanders and Rochefort, 2003; Ward 
et al., 2002). These studies highlight the significance of the inflammatory response in 
the development of fibrosis.

Macrophage activation and implant fibrosis
Our current understanding of the inflammatory response has expanded to include 
specific types of macrophage activation. Therefore, it is now appreciated that the 
presence of alternatively activated (M2) macrophages is often associated with less 
fibrogenic responses (Brown et al., 2012; Wolf et al., 2015). In fact, as shown in Figure 
5.6, a mouse implantation study with low protein adsorbing zwitterion-based hydro-
gels showed loss of capsule formation associated with an M2 macrophage phenotype 
(Zhang et al., 2013).

In addition, other studies of macrophage phenotype have suggested that a higher 
percentage of M2 macrophages is inversely proportional to scar tissue formation and 
implant encapsulation (Brown et al., 2012). Finally, M2 macrophages were observed in 
the FBR to porous materials that elicit tissue integration and increased neovasculariza-
tion (Sussman et al., 2014).

While it is attractive to associate M2 macrophages with better FBR outcomes, 
this is not always the case. As discussed in the section “Cell–Protein Interactions at 
the Interface,” macrophage activation is complex and is perhaps better described as 
a continuum instead of distinct phases (Mosser and Edwards, 2008; Mantovani et  al., 
2013) (see Chapter 6). In addition, tissue-specific factors could also dictate the mac-
rophage response and overall FBR. For example, studies in mice lacking MCP-1 
showed normal and almost complete attenuation of encapsulation in subcutaneous 
and intraperitoneal implant models, respectively (Kyriakides et al., 2004; Skokos et al., 
2011). Therefore, even in the same experimental model, the FBR outcomes differed 
depending on the site of implantation. The almost complete loss of encapsulation of 
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intraperitoneal implants in MCP-1-null mice prompted detailed analysis of macro-
phage activation. In comparison to wild-type mice, these mice failed to induce TNF-α. 
Surprisingly, all other aspects of macrophage activation appeared to be similar to con-
trol and included both features of M1 and M2. Moreover, in vivo studies showed that 
lack of induction of TNF-α was associated with reduced NF-κB signaling and reduced 
levels of TGF-β. Despite the fact that these observations are limited to the intraperi-
toneal model, they provide insight into the molecular pathways that link macrophage 
recruitment/activation and production of pro-fibrogenic signals.

Distinct outcomes based on the site of implantation have also been reported in 
the case of cross-linked bovine type I collagen disks (Luttikhuizen et  al., 2006; van 
Amerongen et al., 2006). Specifically, these disks undergo extensive degradation when 
implanted on the epicardium but not in the subcutaneous space. It was also shown that 
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implant degradation correlated with a higher and lower gene expression of pro- (IL-1, 
IL-6) inflammatory (IL-10) cytokines, respectively (Luttikhuizen et al., 2006). In addi-
tion, the expression and activity of MMP-8, MMP-13, and MMP-9 were higher in the 
epicardium implant model. Moreover, epicardial implants using the same disks showed 
deposition of vascularized ECM in the epicardium (van Amerongen et  al., 2006). 
Therefore, differences in the microenvironment can dictate the fate of some implants 
and the outcome of the FBR.

Angiogenic responses
New blood vessels typically arise via the process of angiogenesis, in which new 
microvessels sprout from preexisting vessels (Potente et  al., 2011). In addition, blood 
vessels can be formed de novo via vasculogenesis. In their normal, quiescent state, endo-
thelial cells have a very slow turnover rate. However, when activated in wound heal-
ing and the FBR, endothelial cells change their phenotype to initiate angiogenesis. 
The angiogenic process can be divided into several phases: (i) Preexisting vessels are 
activated and an endothelia cell (tip cell) leads sprout formation. (ii) Stalk cells, which 
are endothelia cells neighboring the tip cells, undergo proliferation, change shape, and 
begin to form lumens. (iii) Mural cells such as pericytes or smooth muscle cells are 
recruited from the surrounding stroma and interact with the newly formed vessels in 
order to stabilize them. (iv) Successful maturation of the new formed vessels involves 
fusion with existing vessels and perfusion of blood (Eilken and Adams, 2010). At the 
molecular level, vascular endothelial growth factors (VEGFs) and Notch signaling 
regulate the early sprouting process and neovessel formation (Jakobsson et  al., 2009). 
Subsequent recruitment of pericytes is stimulated by PDGF produced by endothelia 
cells. However, the process is much more complex and is coordinated by the expres-
sion of several other molecular mediators that regulate the development of functional 
vasculature. For example, angiogenesis is tightly regulated in vivo via the interplay 
between pro-angiogenic (VEGF, angiopoietins, PDGF) and anti-angiogenic (angio-
statin, endostatin, anti-thrombin III, TSP1 and TSP2) stimuli that can suppress endo-
thelial cell proliferation and migration or lumen formation.

Biomaterials and angiogenesis
In the context of the angiogenesis and biomaterials, a distinction is made between 
angiogenesis, which is used to describe the development of vessels in the peri-implant 
tissue, and neovascularization referring to the new, functional vascular networks that 
develop within an implant as a result of the migration of endothelia cells. In the con-
text of the FBR, unique circumstances may limit both processes, resulting in lack of 
functional vessels. First, the encapsulation of solid implants is associated with a striking 
paucity of vessels and this is detrimental to many biomaterials and devices. Second, in 
the case of porous implants and hydrogels, the vascular networks that form are often 
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leaky and lack functionality due to insufficient maturation. As mentioned above, these 
processes are regulated by the coordinated expression of both pro- and anti-angiogenic 
factors. In the case of peri-implant tissue, the lack of vessels could be attributed to 
an imbalance between these factors. Formation of functional vascular networks within 
constructs and hydrogels is more complicated (Park and Gerecht, 2014). These entities 
appear to induce angiogenesis and perhaps vasculogenesis, but the newly formed ves-
sels fail to anastomose with the existing vasculature and remain immature and leaky. 
Conceivably, this is due to the lack of signals, such as PDGF, that promote interaction 
of supporting mural cells with endothelial cells.

Inflammation and mediators of angiogenic responses
During wound healing, multiple factors contribute to the stimulation of angiogenesis, 
including an increase in the permeability of existing vessels to allow for extravasation 
proteins that give rise to a provisional matrix, and the secretion of numerous angio-
genic factors by the inflammatory cells at the site of injury (Tonnesen et  al., 2000). 
Activated monocytes and macrophages move into the wound during the first 24–48 h 
and secrete factors such as basic fibroblast growth factor (bFGF), VEGF, PDGF, and 
MCP-1, all of which have been shown to stimulate cells involved in angiogenesis. 
Macrophages also secrete proteases capable of degrading the ECM, altering its struc-
ture and composition, and release growth factors that induce angiogenic processes 
in endothelial cells. However, macrophages subsequently undergo a switch from 
this pro-angiogenic state to an angio-inhibitory phenotype to mediate regression 
of capillaries that is typical in the later stages of wound healing (Novak and Koh, 
2013). It is unclear if vessel formation is regulated in a similar manner in the FBR, 
but it is clear that following resolution the number of vessels in foreign body cap-
sules is much lower than that in wounds. In addition, the large influx of capillaries 
observed in wound granulation tissue is not observed in the FBR. Although the spe-
cific mechanisms driving neovascularization in the FBR have not been fully eluci-
dated, it is accepted that neovascularization relies on sprouting angiogenesis at the 
site of implantation and possibly the recruitment of bone-marrow-derived endothelial 
progenitor cells that incorporate into vessels and differentiate into endothelial cells. 
These cells encounter limited pro-angiogenic signals and perhaps an excess of anti-
angiogenic signals and thus are unable to mount significant responses. Consistent with 
this suggestion, immunohistochemical analysis of capsules revealed high levels of TSP2 
(Kyriakides et al., 1999). More importantly, capsules and porous implants were exces-
sively vascularized in mice that lack TSP2, suggesting that this protein plays a critical 
role in limiting angiogenesis in the FBR (Kyriakides et  al., 1999; 2001b). As men-
tioned above, TSP2 could influence the levels of MMPs and alter collagen remod-
eling. In addition, loss of TSP2 has been associated with increased levels of soluble 
VEGF in a wound model (Maclauchlan et al., 2009a). Finally, TSP2 can directly bind 
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endothelial cells via multiple receptors including CD36 and CD47 and interfere with 
pro-angiogenic signaling (Calabro et  al., 2014). Therefore, its absence could lead to 
enhanced angiogenesis via multiple pathways.

Biomaterial properties and angiogenesis
Lack of vascularization in the context of the FBR results in limited or inadequate 
transport of molecules, which in turn limits the utility of implanted sensors, drug-
delivery systems, immunoisolation devices, and tissue engineered constructs. Therefore, 
it is essential to understand the mechanisms controlling angiogenesis in the context of 
the FBR and develop strategies for facilitating transport to implants (Park and Gerecht, 
2014). Studies have shown that the geometry and topography of implanted biomate-
rials (including pore size and related parameters such as fibril length and intermodal 
distance) affect the FBR and can facilitate the formation of microvasculature when 
optimized. For example, membranes with pore sizes of 5–15 µm consistently resulted 
in vascularized capsules containing blood vessels in direct contact with the mem-
brane surface, regardless of chemical composition (Brauker et al., 1995). Furthermore, 
the number of vessels was relatively stable for almost a year following subcutaneous 
implantation in rats. Subsequent studies based on sphere-templated poly(2-hydroxy-
ethyl methacrylate) (pHEMA) scaffolds showed that 34 μm pore size was associated 
with reduced fibrosis and increased angiogenesis (Sussman et  al., 2014). Interestingly, 
in the same study, investigators observed distinct macrophage polarization patterns. 
Specifically, within and on the surface of implants, macrophages displayed predomi-
nantly M1 phenotype whereas within the capsule they were M2. In addition, and con-
sistent with other studies, the investigators reported significant overlap between M1 
and M2 markers. It should be noted that other physiochemical properties of bioma-
terials, such as composition and surface chemistry, also play important roles in either 
stimulating or inhibiting an angiogenic response.

Biomaterial-based strategies and angiogenic responses
Biomaterials can be modified via surface coatings with biologically active compounds 
such as growth factors or ECM proteins that encourage endothelial cell adhesion and 
the formation of vascular structures. Potential growth factors for use in this capac-
ity include those that have been implicated in vascular development and angiogen-
esis such as bFGF, VEGFs, PDGF, and TGF-β. There are numerous studies describing 
their controlled release from a variety of biomaterial-based systems. Mimicking the 
ECM has also been an attractive strategy for enhancing angiogenesis. Endothelial cells 
in vessels are supported by a basement membrane composed primarily of fibronec-
tin, laminin, collagen, and hyaluronic acid. Therefore, several studies have attempted to 
include one or more of these proteins in biomaterials. In addition, coating of porous 
PE scaffolds with collagen resulted in increases in the expression of pro-inflammatory 
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(IL-1α, IL-1β) and pro-angiogenic genes (VEGF, MMP-9) based on microarray analy-
sis (Ehashi et al., 2014).

An alternative approach to the presentation of pro-angiogenic signals includes 
the targeting of angiostatic factors with the aim of shifting the angiogenic balance 
as was described above in the case of TSP2. Other approaches include vascular cell 
transplantation, where endothelial cells alone or in combination with supporting 
cells such as pericytes were delivered with implanted scaffolds (Chang et  al., 2013). 
Molecular cross-talk between these two cell types resulted in increased pericyte invest-
ment of neovessels and improved vessel function. In addition, gene delivery approaches, 
achieved via the overexpression of angiogenic factors by cells transfected in situ, have 
shown enhanced angiogenesis. However, a common issue with both growth factor and 
cell transplantation approaches is the lack of immediate anastomoses to the host vascu-
lature, which limits perfusion of the constructs.

Bio-functionalized materials, often modified with ECM-derived peptides to guide 
angiogenesis, can also be used to mobilize and capture endogenous endothelial cells 
within the biomaterial and stimulate neovascularization. Moreover, some biomaterials 
have the capacity to induce angiogenesis by themselves in the absence of added cells, 
growth factors, or ECM cues. Mimicking biological patterning may be especially use-
ful to control neovascularization, given that unguided or uncontrolled growth can lead 
to pathological or deformed vessels.

Molecular strategies to enhance angiogenic responses
Specific applications, such as glucose sensors and tissue engineered constructs, have 
increased dependence on angiogenesis. Interestingly, prolonged inflammation is often 
associated with persistent angiogenic responses but this is not the case with implanted 
biomaterials. Conceivably, this relative decrease in angiogenesis is due to loss of pro-
duction of pro-angiogenic factors by late stage macrophages or sequestration of 
these factors outside of the avascular fibrous capsule, where an increased angiogenic 
response is often seen. Alternatively, excessive deposition of angiogenesis inhibitors 
during matrix production could also negatively influence angiogenesis. Regardless 
of the mechanism, the result is inefficient transport of molecules from microcircula-
tion to the implant. Several groups have attempted to increase the number and stabil-
ity of vessels in the FBR. Such strategies include delivery of pro-angiogenic factors 
such as VEGF, PDGF, and MCP-1, which constitute the majority of neovascularization 
approaches (Jay et al., 2010; Richardson et al., 2001; Brudno et al., 2013; Klueh et al., 
2005). Furthermore, the secretion and sequestration of angiogenic factors by the ECM 
can be replicated closely by modulating their release. This controlled release could be 
accomplished by engineering chemical or enzymatic susceptibilities that allow for spa-
tial and temporal control of release. In addition, engineered enzyme (MMP)-sensitive 
hydrogel systems were shown to stimulate vascular formation (Seliktar et  al., 2004; 



Molecular Events at Tissue–Biomaterial Interface 111

Kraehenbuehl et  al., 2008). Alternatively, targeting the expression of anti-angiogenic 
factors, such as TSP2 or prolyl hydroxylase domain protein 2 (PHD2), was shown 
to enhance vessel density in the FBR (Kyriakides et  al., 2001a; Nelson et  al., 2014). 
Specifically, it was shown that gene-activated matrix delivery of an antisense TSP2 
cDNA enhanced blood vessel formation and altered collagen fibrillogenesis in mouse 
subcutaneous implant models. Similarly, Figure 5.7 shows delivery of PHD2-specific 
siRNA from a porous polyester urethane (PEUR) scaffold that resulted in sustained 
increased blood vessel formation associated with increased VEGF and bFGF.

Summary
Morphological assessment of the FBR indicates novel processes including FBGC 
formation, deposition of dense and highly oriented collagenous matrix, and paucity of 
blood vessels. Recent evidence has implicated the unique activation of macrophages 
in the development of these processes in the context of biomaterials. Molecular signals 
derived from macrophages, including TGF-β, induce fibrogenesis. Moreover, the sus-
tained presence of the biomaterial is considered a persistent stimulus for macrophages 
that either continue to secrete pro-fibrogenic or failed to produce anti-fibrogenic 

Figure 5.7 Sustained silencing of PHD2 increases angiogenesis within PEUR tissue scaffolds. CD31 
staining was significantly increased within PHD2 scaffolds at day 14 and day 33 (scale = 200 μm, ves-
sels appear red, nuclei are counterstained purple with hematoxylin, and the white space represents 
residual PEUR scaffold). (F) Micro-CT images visually demonstrate the increased vasculature within 
the PHD2-NP scaffolds. Reprinted with permission from Nelson et al. (2014).
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factors. Numerous studies have attributed these phenomena to specific macrophage 
polarization phenotypes, but recent analyses suggest that macrophages in the FBR have 
distinct activation states with features of both M1 and M2. It is also worth considering 
that implantation injures the surrounding ECM and most likely produces additional 
stimulatory signals for macrophages and fibroblasts. Despite intense research, difficul-
ties in reducing fibrosis and increasing blood vessel density in the FBR remain. While 
delivery of pro-angiogenic factors such as VEGF can stimulate angiogenesis, the sta-
bility and viability of the resulting vessels is not optimal. Strategies to deliver more 
than one factor, such as VEGF and PDGF, have shown improvement in stability but are 
more difficult to control. Similarly, inhibition of negative regulators of angiogenesis, 
such as TSP2, is a promising approach. However, current inhibition strategies are cum-
bersome and not suitable for many biomaterial applications. Therefore, more research 
is needed to develop specific and efficient strategies to reduce fibrosis and enhance 
angiogenesis. Moreover, certain biomaterials show promise in modulating macrophage 
activation and subsequent aspects of the FBR. Even though the molecular basis for 
these findings is not understood, such materials hold promise in elucidating the key 
mechanisms that drive the FBR.
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MACROPHAGE DIVERSITY AND PLASTICITY

Macrophages are an essential component of innate immunity and play a central role in 
host defense and inflammation (Gordon and Martinez, 2010). Beyond defense, these 
cells display homeostatic functions in orchestration of metabolic functions and tissue 
remodeling (Gordon and Martinez, 2010; Sica and Mantovani, 2012).

From the classical point of view, macrophages develop from a common myeloid 
progenitor stem cell in the bone marrow (Gordon and Taylor, 2005). Cytokines and 
growth factors induce differentiation of the common myeloid progenitor to mono-
cytes, which leave the bone marrow and enter the bloodstream where they may reside 
before entering tissues to become macrophages. Once within the tissue, macrophages 
may undergo differentiation into a number of distinct phenotypes depending on the 
tissue type, microenvironmental conditions, and the immunologic milieu (Gordon and 
Taylor, 2005).

Diversity and plasticity are distinctive hallmarks of cells of the monocyte–
macrophage lineage. Already at the short-lived stage of circulating precursor 
monocytes, distinct subsets have been characterized for instance in man based on dif-
ferential expression of the CD16 (FcγRIII receptor) and chemokine receptors (CCR2, 
CX3CR1, and CCR8) and by different properties (Geissmann et al., 2010).
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Moreover, the classical point of view of the origin of macrophages from hema-
topoietic stem cells has been put into question by recent evidence. Indeed, in mice 
resident macrophages (e.g., microglia) have been found to originate from the yolk sac 
in a colony-stimulating factor-1 receptor (CSF/1R)-dependent and Myb-independent 
way (Schulz et  al., 2012) and recent evidence suggests that macrophage accumula-
tion can be sustained by local proliferation in particular during type II inflammation 
(Jenkins et  al., 2011; Liddiard et  al., 2011), even though the existence and relevance 
of distinct origins and proliferative capacity in the human setting need to be further 
investigated.

Macrophage plasticity is demonstrated by the capability of mononuclear phagocytes 
to respond to various environmental signals (microbial products, damaged cells, acti-
vated lymphocytes) with the acquisition of distinct functional phenotypes in tissues. 
Following the TH1–TH2 paradigm, it is now widely accepted that macrophages go 
through M1 (classical) or M2 (alternative) activation, in response to Toll-like receptor 
(TLR) ligands and interferon-gamma (IFNγ) or interleukin-4 (IL-4)/IL-13, respec-
tively (Biswas and Mantovani, 2010).

However, it has been shown that unlike lymphocytes, where cellular phenotype is 
relatively fixed upon differentiation, macrophages have dynamic and plastic phenotypes 
that change with time, concentration, and duration of the polarizing signals (Stout 
et al., 2009; Porcheray et al., 2005).

The concept of macrophage polarization has been extensively studied in the fields 
of the host response against pathogens and cancer. However, in this chapter, we focus 
on a novel application of the M1/M2 paradigm in translational medicine. We will 
describe the characteristics and functions of macrophage polarization and plasticity in 
tissue repair and biomaterials implantation and their roles in regenerative medicine.

MACROPHAGE POLARIZATION: M1 AND M2 AS EXTREMES OF A 
CONTINUUM. LIMITATIONS OF THE PARADIGM

As aforementioned, signals derived from the microenvironment, such as microbes, 
damaged tissues, or activated lymphocytes, activate functional reprogramming of mac-
rophages that give rise to a spectrum of distinct functional phenotypes (Biswas and 
Mantovani, 2010; Sica and Mantovani, 2012).

Specifically, IFNγ alone, or together with microbial stimuli (e.g., lipopolysac-
charides (LPS)) or cytokines (e.g., tumor necrosis factors (TNF) and granulocyte 
macrophage colony-stimulating factor (GM-CSF)), induces classically activated pro-
inflammatory M1 macrophages. In contrast, this classical activation is inhibited by 
IL-4 and IL-13, that in turn induce the alternative M2 form of macrophage activation 
(Gordon and Taylor, 2005) (Figure 6.1). Moreover, IL-33 and IL-21 are associated with 
Th2 and M2 polarization (Pesce et al., 2006; Kurowska-Stolarska et al., 2009).
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The M1 phenotype is characterized by the expression of high levels of pro-
inflammatory cytokines and high production of reactive nitrogen and oxygen intermedi-
ates. M1 macrophages show a pro-inflammatory profile, characterized by the production 
of high levels of IL-12 and IL-23, and inflammatory cytokines such as IL-1β, TNF, IL-6, 
and low production of immunosuppressive cytokines such as IL-10. M1 macrophages 
are classically involved in polarized Th1 responses and show strong microbicidal and 
tumoricidal activity, thus acting as effectors of host resistance against tumors and intra-
cellular parasites (Sica and Mantovani, 2012; Tseng et al., 2013). According to their Th1-
promoting roles, M1 macrophages release chemokines such as CXCL9 and CXCL10 
which attract Th1 lymphocytes and efficiently produce effector molecules (e.g., reactive 
oxygen and nitrogen intermediates) (Sica and Mantovani, 2012) (Figure 6.1).

In contrast, M2 macrophages generally express low levels of the pro-inflammatory 
cytokines IL-12 and IL-23, while expressing high levels of IL-10, and show a variable 

Figure 6.1 Macrophage polarization and interaction with biomaterials. (A) Under the influence 
of various stimuli, macrophages may acquire distinct phenotypes, with M1 and M2 at the extreme 
and many variations on the theme between the two extremes, known as M2-like phenotypes. For 
each polarization state, the main cytokine and chemokine profile, membrane receptors, metabolic 
aspects, and functional properties are described. (B) Following the interaction with biomaterials, FBR, 
chronic inflammation, bone resorption, osteolysis, and loss of function of the implants are described 
in a predominant M1 response. Resolution of inflammation, angiogenesis, tissue repair, and a good 
functional outcome of the implant have been described when a timely shift toward the M2 pheno-
type occurs.
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ability to release inflammatory cytokines. M2 macrophages are characterized by high 
expression of scavenging, mannose, and galactose receptors, production of ornithine 
and polyamines through the arginase pathway (Gordon and Martinez, 2010; Biswas 
and Mantovani, 2010). In contrast to pro-inflammatory M1 macrophages, M2 cells 
retain a poor antigen presenting potential and have immunoregulatory functions such 
as the suppression of Th1 adaptive immunity, actively scavenging debris, contributing 
to the dampening of inflammation, promotion of wound healing, angiogenesis, tis-
sue remodeling, and tumor progression (Biswas and Mantovani, 2010) (Figure 6.1). 
M2 macrophages participate in the Th2 response and thus in the elimination of para-
sites (Noel et  al., 2004). Compared to M1 cells, M2 cells express and produce lower 
amounts of IL-1β, and higher amounts of IL-1ra and decoy type II receptor (Garlanda 
et al., 2013; Dinarello, 2005). According to their Th2-promoting phenotype, M2 mac-
rophages release chemokines such as CCL17, CCL22, and CCL24, and are involved in 
regulatory T cell (Treg), Th2, eosinophil, and basophil recruitment (Mantovani et  al., 
2008; Martinez et al., 2006) (Mantovani et al., 2002; Martinez et al., 2006; Romagnani 
et  al., 1999). Interestingly, M1- and M2-polarized macrophages have distinct fea-
tures in terms of the metabolism of iron, folate, and glucose (Puig-Kroger et al., 2009; 
Recalcati et al., 2010).

The M1/M2 paradigm is actually an oversimplified representation with M1 and 
M2 macrophages, representing only the extremes of a continuum in a universe of acti-
vation states. In fact, beyond classical M1/M2 inducers, many other stimuli, such as 
antibody immune complexes together with LPS or IL-1, glucocorticoids, apoptotic 
cells, transforming growth factor-beta (TGF-β), and IL-10, also polarize macrophages 
toward a phenotype sharing some similarities with IL-4-activated macrophages and 
displaying immunoregulatory and protumoral functions, then defined as “M2-like” 
phenotypes (Biswas and Mantovani, 2010). To this regard, placenta and embryo, hel-
minth or Listeria infection, obesity, and cancer represent in vivo examples of variations 
on the theme of M2 polarization (Rae et al., 2007).

The most relevant feature of macrophage plasticity consists in their potential to be 
reprogrammed by some stimuli, such as IFNγ or IFNα, and revert from immunosup-
pressive M2 macrophages into immunostimulatory M1 cells (De Palma et  al., 2008; 
Duluc et al., 2009).

MACROPHAGES IN THE ORCHESTRATION OF TISSUE REPAIR

Resolution of inflammation has emerged as an active process in which macrophages 
are an essential component. As mentioned before, M2 or M2-like cells exert impor-
tant roles in tissue repair and remodeling through the production of anti-inflamma-
tory cytokines (e.g., IL-10, IL-1ra, and the IL-1 type II decoy receptor) (Biswas and 
Mantovani, 2012).
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Lipid mediators also play a key role in the orchestration of resolution of inflam-
mation (Serhan et  al., 2008; Lawrence et  al., 2002). Mononuclear phagocytes are 
an important source of lipid mediators (Titos et  al., 2011; Uderhardt et  al., 2012). 
Resolution (of inflammation) is now considered to be a distinct process separate from 
anti-inflammatory processes. Resolution of inflammation is characterized by an active 
switch in the mediators that predominate at the inflammatory sites. Initially, the ara-
chidonic acid pathway gives rise to mediators such as prostaglandins and leukotrienes 
which activate and amplify many aspects of the inflammatory cascade. Next, prosta-
glandin E2 and prostaglandin D2 gradually give way to mediators exerting both 
anti-inflammatory and pro-resolution activities such as the lipoxins, resolvins, and 
protectins. These families of endogenous pro-resolution molecules are not immu-
nosuppressive, but instead function in resolution by activating specific mechanisms 
to promote homeostasis. For example, specific lipoxins and members of the resolvin 
and protectin families are potent stimuli that actively and selectively stop neutrophil 
infiltration, stimulate nonphlogistic recruitment of monocytes, activate macrophage 
phagocytosis of microorganisms and apoptotic cells, increase lymphatic removal of 
phagocytes, and stimulate expression of antimicrobial defense mechanisms (Bystrom 
et al., 2008; Serhan et al., 2008). Although the role of macrophages in the pro-inflam-
matory response to implanted biomaterials has been extensively documented, their role 
in resolution of the host response (homeostasis) and as an anti-inflammatory influence 
has not been described.

M1 and M2 macrophages present a differential gene regulation of arachidonate 
metabolism-related enzymes (Martinez et al., 2006). M1 macrophages show a marked 
up-regulation of cyclooxygenase-2 (COX2), and down-regulation of COX1, and ara-
chidonate 5-lipoxygenase (ALOX5). Conversely, M2 macrophages show up-regulation 
of ALOX15 and COX1. LPS and other inflammatory M1 signals induce the micro-
somal isoform of PGE synthase (mPGES), the terminal enzyme in the pathway for 
PGE2 production, and are functionally associated to COX2 expression. In contrast, 
mPGES is down-regulated by M2 stimuli such as IL-4 and IL-13 (Mosca et al., 2007).

In inflamed adipose tissue from high-fat-diet-induced obese mice, resolvin D1 
markedly attenuated IFNγ/LPS-induced Th1 cytokines and up-regulated arginase-1 
expression in macrophages. Moreover, it stimulated nonphlogistic phagocytosis and 
reduced the reactive oxygen species production in adipose macrophages, thus suggest-
ing the elicitation of an M2-like activation state (Titos et al., 2011). Thus, under condi-
tions of polarized inflammation, macrophages modulate the expression and activation 
of various enzymes involved in lipid metabolism, thus finely tuning their lipid media-
tors profile and essentially actively contributing to the fine modulation of the diverse 
phases of resolution of inflammation.

In a mouse model of peritonitis, a new hybrid macrophage population was found in the 
resolving phase of acute inflammation, aptly termed resolution-phase macrophages (rM).  
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These cells expressed an alternatively activated phenotype with weaker bactericidal proper-
ties but, similarly with classically activated pro-inflammatory M1 cells, expressed elevated 
markers of M1 cells including inducible COX2 and nitric oxide synthase (iNOS). This 
phenotype was controlled by cyclic adenosine monophosphate (cAMP), which, when 
inhibited, transformed rM to M1 cells. Thus, resolution-phase macrophages are neither clas-
sically nor alternatively activated, but instead are a hybrid of both, with a role in mediating 
restoration of tissue homeostasis (Bystrom et al., 2008).

Similarly, during the resolution of murine peritonitis, the emergence of pro- 
resolving CD11b(low) macrophages was observed. These macrophages were distinct 
from the majority of peritoneal macrophages in terms of their protein expression pro-
file and pro-resolving properties, such as apoptotic leukocyte engulfment, indifference 
to TLR ligands, and emigration to lymphoid organs. Interaction with apoptotic cells 
ex vivo was also found to convert macrophages from the CD11b(high) to the CD11b(low) 
phenotype, thus suggesting that efferocytosis may give rise to CD11b(low) macrophages 
which are essential for complete nonphlogistic containment of inflammatory agents 
and the termination of acute inflammation (Schif-Zuck et al., 2011).

Macrophages exert distinct functions during the diverse phases of skin repair 
(Gordon and Martinez, 2010; Biswas and Mantovani, 2010). In a mouse model of con-
ditional depletion of macrophages during the sequential stages of the repair response, it 
was found that in the early stage of the repair response (inflammatory phase), depletion 
of macrophages significantly reduced the formation of granulation tissue, impaired epi-
thelialization, and resulted in minimized scar formation. The consecutive phase of tis-
sue formation depletion of macrophages resulted in severe hemorrhage in the wound 
tissue, and the transition into the last phase of tissue maturation and wound closure was 
significantly impaired. Macrophage depletion in the late phase of tissue maturation did 
not significantly impact the outcome of the repair response. Overall it was discovered 
that macrophages undergo dynamic changes during different phases of wound heal-
ing and sequentially regulate and orchestrate the diverse phases of tissue repair events 
(Lucas et al., 2010). It is therefore logical to expect that variations in macrophage phe-
notype would be found over time following the implantation of biomaterials, but that 
the spatial and temporal patterns of these variations would depend upon the type of 
biomaterial, its degradability, and the anatomic site of placement.

In humans, chronic venous ulcers (CVUs) represent a failure to resolve a chronic 
inflammatory condition. In human and mouse models of CVUs, it was found that iron 
overloading induced a macrophage population with a pro-inflammatory M1 activa-
tion state, unable to switch in an M2 phenotype, perpetuating inflammation through 
enhanced TNFα and hydroxyl radical release, leading to impaired wound healing 
(Sindrilaru et al., 2011).

In ischemic heart disease and kidney pathology, monocytes recruited to the 
injured tissue undergo dynamic changes from a primarily M1 to a predominantly M2 
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phenotype (Swaminathan and Griffin, 2008; Lambert et al., 2008; Troidl et al., 2009). 
In models of acute ischemic heart pathology, the macrophage was identified as a  
primary responder cell type involved in the regulation of post-myocardial infarction 
wound healing. At the injury site, macrophages remove necrotic cardiac myocytes and 
apoptotic neutrophils, secrete soluble mediators, and regulate the angiogenic response 
(Lambert et  al., 2008). Modulations in the phenotype of recruited mononuclear 
phagocytes have been observed in ischemic heart and kidney disease, thus suggesting 
a primary role for macrophage polarization in the natural history of tissue repair. It 
should be recognized that the implantation of any biomaterial is associated with tissue 
injury. Therefore, the host must respond not only to the biomaterial, but also to the 
initial tissue insult (See Chapters 2 and 3).

Fibrosis is a common feature of lung, liver, and other parenchymal organ dis-
eases. Activated macrophages may exert a dual function in the orchestration of matrix 
deposition and remodeling. On the one hand, the classical M2-polarizing stimuli IL-4 
and IL-13 exert pro-fibrotic activity by inducing alternative M2 activation. In par-
ticular, IL-13 directly stimulates collagen synthesis (Chiaramonte et al., 1999; Oriente 
et al., 2000) and induces the production of TGFβ as well as its activation via matrix 
metallopeptidase-9 (MMP9) (Lee et  al., 2001), making macrophages a prime source 
of this pro-fibrotic cytokine (Karlmark et  al., 2009). In the liver, activated resident 
and recruited macrophages also produce growth factors such as insulin-like growth 
factor 1 (IGF1) and platelet-derived growth factors, cytokines, and chemokines (e.g., 
CCL2), which recruit circulating monocytes and affect the function of fibroblasts 
(Sica et al., 2014). In general, polarized myeloid cells play a major role in orchestrating 
liver fibrosis in response to parasites (Beschin et al., 2013). In lung fibrosis, M2 mac-
rophages also play a critical role taking part into TGFβ-dependent fibrotic pathways 
(Murray et  al., 2011). In mouse models of Duchenne muscular dystrophy (DMD), 
it was found that fibrinogen-Mac-1 receptor binding induces IL-1β and drives the 
synthesis of TGFβ by macrophages, which in turn induces collagen production in 
fibroblasts and amplifies the pro-fibrotic network through the activation of M2 mac-
rophages (Vidal et al., 2008).

On the other hand, macrophages can also exert anti-fibrotic activity and promote 
resolution of fibrosis. Macrophages are in fact an important source of collagenases (e.g., 
MMP13) which degrade fibrous tissue (Hironaka et al., 2000). Serum amyloid P com-
ponent (SAP), an acute-phase protein present in circulation and extracellular matrix 
(ECM), has been shown to inhibit fibrosis in different models by regulating macro-
phage function (Murray et al., 2010; Castano et al., 2009; Murray et al., 2011). Thus, 
positive and negative regulators may modulate the pro- versus anti-fibrotic functions 
of macrophages accounting for their potential dual role in tissue fibrosis (Sica et  al., 
2014). A comprehensive discussion of fibrosis in response to biomaterials can be found 
in Chapters 5 and 9.
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MACROPHAGE POLARIZATION IN THE RESPONSE TO BIOMATERIALS

As previously discussed in this chapter, there is strong evidence for a critical role of 
macrophages in the tissue repair and healing process, and a strong association exists 
between immune responses, inflammation, and macrophage activation. The host 
response to biomaterial implants is closely related to the host response to injury. 
Indeed, because of the in vivo implantation of biomaterials in to viable tissue, to some 
extent, an inevitable amount of tissue injury will occur. Therefore, the host response to 
injury is an important part of the host response to biomaterials and is a component of 
both the classical and emerging perspective (Brown and Badylak, 2013).

From the point of view accepted in the late 1980s, the host response to bioma-
terials included a number of stages such as injury, acute and chronic inflammation,  
foreign body reaction (FBR), granulation tissue formation, and encapsulation. From the 
early 1960s to the 1990s, the most desirable implantable biomaterial had, firstly, to be 
inert. It should be recognized that no biomaterial is inert. All biomaterials elicit a host 
response, much of which is mediated by macrophages. Intense scientific efforts over the 
last 30 years have led to a series of new concepts in the field of biomaterials and regen-
erative medicine, shifting paradigms from permanent “inert” biomaterials to short-term 
degradable materials serving as a scaffold for cell and tissue repair. Thus, biocompat-
ibility has been newly defined as “the ability of biomaterials to perform a desired spe-
cific function with respect to medical therapy, without eliciting any undesirable local or 
systemic effects in the recipient, but generating the most appropriate beneficial cellular 
or tissue response in that specific situation” (Williams, 2008). Biocompatibility was dis-
tinguished from biotolerability. Biocompatibility refers to the ability of a material to 
specifically induce a local host response aimed at functional tissue reconstruction and 
repair while biotolerability refers to the ability of a material to rest in the host without 
inducing a harmful host response (Ratner, 2011) (See Chapter 3).

This dramatic change in the paradigms of biomaterials and regenerative medi-
cine has led to a renewed interest in considering the role of immune cells in the host 
response to biomaterials. In the classical point of view, the interaction of immune cells 
with biomaterial inevitably led to ECM deposition, angiogenesis, and granulation tis-
sue formation, with negative implications for implantation outcome. In the context of 
the Hippocratic “primum non nocere” point of view, this concept has led to a number of 
strategies aimed at avoiding the activation of the host immune response.

Recent advances on the characteristics of immune cells and their role in tissue repair 
has shed new light on the interaction between biomaterials and the host, and new 
strategies are currently in development to modulate and encourage the host immune 
response, rather than avoid it. Macrophages play a central role in this new paradigm.

In particular, it has been shown that the host macrophage response is not only 
fully acceptable but in fact it has been reevaluated as an essential component of a 
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reconstructive tissue remodeling process following the implantation of certain biologi-
cally derived scaffold materials (Badylak et  al., 2008; Brown et  al., 2009, 2012a).The 
amount of new knowledge in macrophage plasticity and polarizing properties has led 
to a “revisited” role for macrophages in the host interaction with biomaterials.

When a material is implanted in soft tissue, skeletal tissue, or whole organs, it 
induces a host response and the M1/M2 paradigm plays an important role in orien-
tating the outcome of implantation. The appropriate macrophage polarization and 
the capacity to switch and resolve polarized responses are critical in determining the 
outcome (Brown et al., 2012b). An initial M1 response is required in the first phases 
of implantation to eliminate potential pathogens and to remove dead cells and tissue 
debris from the wound site. Tissue remodeling requires a transition to a M2 pheno-
type which results in scar tissue or constructive remodeling depending on the timing 
of the macrophage phenotype switch. In fact, the lack of polarization, or an excessive 
and uncontrolled M2 polarization, may be responsible for excessive scarring or a delay 
in wound healing, respectively (Brown and Badylak, 2013). To this regard, a distinction 
between nondegradable biomaterials and degradable biomaterials is helpful.

Materials intended for long-term implantation, including metallic and polymeric 
materials designed to replace an organ or tissue, must be mechanically robust and func-
tional without inducing deleterious responses from the host. Biological processes at the 
host–tissue interface for such materials typically result in an FBR. A common example 
of a nondegradable biomaterial device is the total joint replacement (TJR). TJR is a 
widely practiced and successful intervention for patients suffering from arthritis and 
degenerative articular diseases. Daily activities subject the implants to continuous wear 
and may give rise to the release of biologically active products which consist of metal-
lic ions, polymeric particulates, and similar molecules that can activate monocyte/mac-
rophages. Activated macrophages produce pro-inflammatory factors and cytokines that 
induce an inflammatory reaction that may result in chronic synovitis, osteoclasts acti-
vation, and resorption of periprosthetic bone, which may seriously compromise the 
functionality of the implant. Macrophages play a key role in determining the func-
tional outcome of the inflammatory reaction that arises from the interaction between 
the biomaterial and the host periprosthetic microenvironment. Rao et  al. retrieved 
periprosthetic tissues from patients with radiographic evidence of osteolysis and found 
a higher M1 macrophage infiltration in synovial tissues when compared to nonim-
planted synovial tissues. The nonimplanted synovial tissues displayed a higher M2 
phenotype, suggesting an important role for macrophage polarization in determining 
the functional outcome of TJR (Rao et  al., 2012). Moreover, these data suggest that 
the modulation of macrophage phenotypes could be a potential therapeutic tool for 
reducing the possible inflammation-derived damages and optimizing the patient out-
come following TJR (Rao et al., 2012). Further discussion of the host response to bio-
materials used for orthopedic applications can be found in Chapter 12.



Host Response to Biomaterials126

In contrast to nondegradable materials, degradable biomaterials are generally 
designed to function as “temporary scaffolds” for the host cells and tissues to promote 
the recovery of normal and functional structure of the tissue or organ of interest. These 
devices are usually manufactured from either synthetic or natural materials and com-
bined with bioactive molecules or living cells. For these reasons, even though an ini-
tial inflammatory reaction occurs, the final host response to these degradable materials is 
completely different from the host response to permanent implants (Brown et al., 2012b).

The implantation of nondegradable synthetic biomaterials gives rise to an inflam-
matory response and activation of macrophages. Cells may undergo “frustrated phago-
cytosis” and fuse to one another becoming giant multinucleated cells which, together 
with the activation of resident fibroblasts, result in fibrous connective tissue deposition 
and encapsulation similar to the FBR (Anderson et al., 2008). Some studies have been 
aimed at investigating whether manipulation of synthetic biomaterials would be use-
ful to modify the host response. Convincing evidence showed that the morphology 
and topography of the biomaterial is a crucial point in orientating the patient immune 
response through redirecting macrophage phenotypes (Saino et  al., 2011; Bota et  al., 
2010). Madden et al. investigated an interesting cardiac tissue engineering strategy by 
using synthetic biomaterials in in vitro and in vivo models of reconstitution of cardiac 
tissue. In this system, the authors demonstrated that cardiac implantation of acellular 
scaffolds with pore diameters of 30–40 μm showed enhanced angiogenesis and reduced 
fibrotic response. Moreover, the majority of the activated macrophages in the reconsti-
tuted tissue expressed iNOS, indicating the activation of pro-inflammatory pathways. 
Macrophage mannose receptor (MMR) expression increased significantly at porous 
implants, and this increase was associated with improved neovascularization for implants 
with pores greater than 20 μm, thus supporting the hypothesis that M2-polarized mac-
rophages (which express high levels of MMR) supported the enhanced neovasculariza-
tion (Madden et al., 2010). Thus, topography and morphology of synthetic biomaterials 
may account for the success of the implantation through macrophage recruitment and 
phenotype modulation. This topic is further discussed in Chapters 3 and 5.

Naturally derived biomaterials are manufactured from mammalian tissues and 
display a wide range of biological molecules that potentially interact with ligands in 
the recipient thus eliciting a unique inflammatory response. Scaffold materials com-
posed of ECM have been shown to promote a switch from M1 to M2 cell population  
following implantation (Badylak et al., 2008; Brown et al., 2009, 2012a).

In an in vivo model of ECM biomaterial implantation in rodents, a strong cor-
relation was found between the early macrophage response to implanted materials 
and the outcome of tissue remodeling. Increased M2 macrophage infiltration with a 
higher M2:M1 ratio at the site of remodeling at 14 days postimplantation was associ-
ated with more positive downstream remodeling outcomes. This result suggests that 
the constructive remodeling success may be due to the recruitment and survival of 
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different cell populations associated with materials that elicit an M1 or M2 response 
(Brown et al., 2012a).

Badylak et  al. used an in vivo rodent model to investigate the impact of macro-
phage phenotype upon the remodeling outcome following the implantation of a 
wide variety of ECM-based devices. It was found that although macrophage infiltra-
tion occurred early in all grafts, the macrophage phenotype predicted the success of 
implantation. An M2 profile displayed constructive remodeling and the prevalence of 
the M1 phenotype was characterized by chronic inflammation (Badylak et al., 2008). 
The materials characterized by chronic inflammation and higher M1 infiltration had 
often been chemically treated to induce protein cross-links suggesting that chemical 
manipulation of naturally occurring biomaterials can notably modulate macrophage 
phenotype and influence the success or failure of the biomaterial. A more in-depth 
understanding of these mechanisms affecting the macrophage response to biomaterials 
will allow the design of next generation biomaterials and the development of regen-
erative medicine strategies aimed at ensuring functional host tissues.

CONCLUDING REMARKS

Plasticity is a well-known feature of the mononuclear phagocytes. Within the tissue 
microenvironment, the complex integration of tissue-derived signals, soluble media-
tors, and microbial factors regulate genetic reprogramming and result in differential 
activation and phenotypic changes of these cells.

Beyond the well-known properties of macrophage phenotypes and plasticity in the 
host’s defense against pathogens and in cancer development, growing evidence sug-
gests an emerging role in the host response to biomaterials. In particular, the time-
dependent modulation from M1 to M2 phenotype seems to play a central role in the 
tissue remodeling process. Indeed, inappropriate polarization toward either an M1 or 
M2 extreme may result in pathologic consequences.

It is also suggested that macrophage phenotype may be directly modulated by  
biomaterials resulting in various functional outcomes of the implants. Accordingly, bio-
material design is now aimed at enhancing controlled macrophage recruitment and phe-
notype modulation, rather than preventing macrophage infiltration or focusing on their 
elimination (Mokarram and Bellamkonda, 2014). A better understanding of the biologi-
cal mechanisms which underlie the macrophage polarization switching in response to 
biomaterials is essential for the development of macrophage-targeted strategies aimed at 
promoting functional tissue restoration rather than harmful, uncontrolled inflammation.
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INTRODUCTION

Classically, biomaterials have been defined as “substance other than foods or drugs contained 
in therapeutic or diagnostic systems that are in contact with tissue or biological fluids” (Langer 
and Tirrell, 2004) and indeed, throughout history biomaterials have been critical for 
the successful treatment of disease. From the earliest (circa ad 1) biomaterials, such as 
wooden teeth and glass eyes, to more contemporary examples such as nitinol stents and 
Dacron blood vessels, the influence of biomaterials on medicine has been revolution-
ary (Langer and Tirrell, 2004). This impact is, perhaps, even more evident in biomateri-
als-based tissue engineering.

Tissue engineering is an interdisciplinary field aimed at restoring physiologic 
function(s) by regenerating or replacing lost/damaged cells, tissues, and organs 



Host Response to Biomaterials132

(Langer and Vacanti, 1993). A prominent strategy used in the field is to combine cells 
of interest with a biocompatible support material and ultimately implant these com-
binations to ameliorate tissue and organ loss or dysfunction. This support material or 
tissue scaffold is hypothesized to facilitate cells of interest toward the formation and 
integration of functional target tissue. More recently, these materials have been adapted, 
with the inclusion of tissue inductive factors (Sakiyama-Elbert and Hubbell, 2000; 
Schense and Hubbell, 2000), proteins (Lu et  al., 2007; Yoneno et  al., 2005; Mauney 
et al., 2007), and cells (Quint et al., 2012; Pei et al., 2009; Arinzeh et al., 2003), to make 
the biomaterial scaffold more bioactive and drive microenvironments beneficial to the 
development of functional tissues/organs. During the last two decades, advances in bio-
materials-based tissue engineering have generated clinical alternatives to organ trans-
plantation and reconstructive surgery. For instance, tissue-engineered skin substitutes are 
commercially available for wound healing applications (Capo et  al., 2014; Han et  al., 
2014). Further, clinical trials are ongoing on tissue-engineered substitutes for cornea 
(www.clinicaltrials.gov and NCT01765244, 2014), cartilage (www.clinicaltrials.gov and 
NCT01242618, 2014), and bone (www.clinicaltrials.gov and NCT01958502, 2014).

Even with these successes in clinical translation, modern biomaterial combination 
products still face a number of challenges following implantation which limit their 
functionality and durability, and ultimately may lead to their failure. The greatest of 
these challenges, perhaps, is the interaction with the host immune system.

It has long been recognized that implantation of bulk biomaterials often triggers a 
profound reaction of host immune responses, collectively referred to as the foreign body 
reaction (Anderson et al., 2008; Anderson, 2001). The physical injury due to implanta-
tion of biomaterials in itself elicits an inflammatory response, considered to be part of the 
normal wound healing process. The presence of a biomaterial typically exacerbates this 
response, occasionally resulting in foreign body giant cell formation and antigen release 
(when a biological component is present) at the site of implantation (Anderson et  al., 
2008). This immune response has been reviewed in depth in Chapters 2, 3, and 5 of 
this text but will be reviewed here to place subsequent comments in proper context. 
Briefly, interaction with bodily fluid leads to protein adsorption on the surface of the 
biomaterial, Vroman effect (Jung, 2003), and can initiate the coagulation cascade, comple-
ment system (which can polarize immune cells toward an inflammatory response), and 
the formation of a provisional matrix. These phenomena have been extensively investi-
gated on different biomaterial surfaces and it is thought that they are correlated to the 
physicochemical surface properties of the biomaterial, thereby linking biomaterial prop-
erties with host immune cell responses (Anderson, 2001). Following matrix formation, 
antigen-presenting cells (APCs), including macrophages (MΦs) and dendritic cells (DCs), 
can be recruited to the implant site by chemokines released by the matrix as well as sur-
rounding cells. Macrophages, in particular, persist at the implantation site, adhering to 
the implant surface and occasionally coalescing with neighboring macrophages to form 
a giant cell body, which attempts to engulf the material. Within this microenvironment, 



Role of Dendritic Cells in Response to Biomaterials 133

macrophages secrete a number of inflammatory mediators, including reactive oxygen 
species and degradative enzymes that can be detrimental to the structure and functional-
ity of the implanted biomaterial (Brodbeck and Anderson, 2009). Incorporation of cells 
from an allogeneic or xenogeneic source only intensifies this immune response, with 
foreign cell-associated antigens prompting chronic inflammation, typically mediated by 
T-cells. DCs play a critical role in the initiation of this chronic adaptive response against 
tissue-engineered constructs delivering immunogenic cells, proteins, and other biologics.

DCs are widely considered the most efficient APCs. Their function in innate 
immunity includes recognition and clearance of foreign entities, including pathogens. 
More importantly, DCs initiate and control adaptive immunity through internalization, 
processing, and presentation of antigenic material to CD4+ and CD8+ T-cells via its 
major histocompatibility complex (MHC) pathways (Banchereau et al., 2000). In the 
context of biomaterial-based combination products, the DC has influence not only 
on the magnitude of the foreign body response but also on the direction and extent 
of adaptive immune responses to this non-self-entity. Herein, we discuss the responses 
of DCs to materials of varying chemistry, size, and topography, as well as the molecu-
lar devices that modulate DC behavior toward biomaterials. Figure 7.1 provides an 
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Figure 7.1 Major activation states of Mo-DCs: (A) immature, (B) mature, and (C) tolerogenic.
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overview of the characteristics and roles of DCs in their primary maturation states, and 
Figure 7.2 summarizes current concepts in DC-biomaterial interactions.

DC IMMUNO-BIOLOGY

First described by Steinman et al. in 1973, DCs are often referred to as “professional” 
APCs due their unique ability to stimulate quiescent, naïve T-cells in vitro and in vivo 
(Banchereau et al., 2000; Ardavin et al., 2004). Steinman and coworkers described DCs 
as large, mononuclear cells (~10 μm) with elongated, stellate processes (or dendrites) 
extending in multiple directions from the cell body. Currently, DCs and subtypes 
are defined based on specific cell surface markers or clusters of differentiation (CD) 
and high expression levels of MHC class I and class II. Moreover, DCs are leukocytes 
distinguished based on their lack of CD3 (characteristic of T-cells), CD19 (B-cells), 
CD56 (NK-cells), CD14 (monocytes), CD15 (granulocytes), and CD34 (stem cells). 
Accordingly, DCs are termed lineage-negative (lin−) DR+ cells (Dopheide et al., 2012).

DC classes
DCs are further subtyped based on lineage origin (myeloid or plasmacytoid), anatomi-
cal location and immuno-phenotype. In humans, there are five major classes of DCs that 
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Figure 7.2 Influence of biomaterial properties on the activation state of Mo-DCs.
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have been characterized, namely: (i) peripheral blood DC, (ii) epithelial and interstitial 
DC, (iii) thymic DC, (iv) splenic DC, and (v) bone marrow DC (Summers et al., 2001).

Peripheral blood DCs are the main sources of DCs for immunotherapy, repre-
senting 0.5–1.5% of total peripheral blood mononuclear cells. There are subtypes 
of peripheral blood DCs classified based on their expression of CD11c and CD123 
(Robinson et  al., 1999). The CD11c+CD123low/+ DCs, often called conventional 
DC or myeloid DC (mDC), express CD13, CD33, CD45RO, and have impressive 
antigen uptake and allogeneic T-cell stimulatory capacities. Secretion of inflamma-
tory cytokines, particularly interleukin-12 (IL-12), by this class of DC upon bacterial 
challenge has been demonstrated. Subclasses of this DC type express varying levels 
of CD16, blood DC antigen-1 (BDCA-1) and BDCA-3. Additionally, the periph-
eral blood DC is characterized by high expression of Toll-like receptor2 (TLR2) and 
TLR4 (MacDonald et  al., 2002). The other major class of peripheral blood DCs is 
the plasmacytoid DC (pDC) originally named due to their morphological similarities 
to plasma cells. Immuno-phenotypically, pDCs lack myeloid markers (including CD13 
and CD33) but express high levels of IL-3α, BDCA-2, BDCA-4, CD4, CD62L, and 
immunoglobulin (IgG)-λ-like transcript (Cao, 2009). pDCs are noted for their produc-
tion of interferon-α (IFN-α) in response to CpG, certain viruses, and CD40L. TLR7 
and TLR9 as well as C-type lectins—CD205 and CD209—are highly conserved on 
this distinct DC subset (Cao, 2009).

Langerhans cells (LCs) and interstitial DCs, found in peripheral tissues, comprise 
the epithelial and interstitial DC class. These cells are potent activators of naïve CD4+ 
and CD8+ T-cells and have high IL-12 secretory capacity. DCs found in the thymus 
have been coined “thymic DCs” and are reported to consist of three subpopulations—
thymic pDCs, immature CD11c+ DCs, and mature CD11c+ DCs. Thymic pDCs are 
similar in immuno-phenotype to the aforementioned peripheral blood pDCs, while 
immature CD11c+ DCs share common features with peripheral blood CD11c+ DCs. 
Mature CD11c+ DCs comprise less than 7% of thymic DCs and are noted for their 
expression of DC-lysosome-associated membrane protein (DC-LAMP), CCR7, and 
IL-12 production (Cao et al., 2007; Patterson et al., 2001). Splenic DCs are found in the 
B-cell-rich follicles, follicular mantle zone, and T-cell-rich areas of lymphoid tissues. 
Splenic DCs are primarily CD11c+ with a small subpopulation of activated CD86+ 
DCs found in T-cell zones. Cells with DC-like qualities were also identified in the 
bone marrow. These bone marrow DCs share common features with peripheral blood 
DCs and have been shown to be efficient APCs with capacity to induce primary 
immune responses in naïve CD4+ and CD8+ T-cells (McIlroy et al., 2001; Velasquez-
Lopera et al., 2008; Van et al., 1984).

Additionally, in vitro–expanded DCs are categorized based on lineage origin, 
maturation, and functional state. The two major groups are myeloid-derived DCs and 
lymphoid-derived DCs (Fadilah and Cheong, 2007). A number of studies have demon-
strated that human monocytes (and other myeloid precursor cells) in the presence of 
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granulocyte macrophage colony-stimulating factor (GM-CSF) and IL-4 differentiate 
into monocyte-derived DCs (Mo-DCs) (Jacobs et  al., 2008; Vandenabeele and Wu, 
1999; Zheng et  al., 2000). Others have used lymphoid progenitors, including T-cell 
precursors from the thymus (Ardavin et al., 1993) and CD19+-committed B-cell pre-
cursors (Bjorck and Kincade, 1998a,b), to generate DCs that are phenotypically similar 
to pDCs. The heterogeneity of lymphoid-derived DC is normally broad and depen-
dent on the in vitro cocktail of factors used to induce DC development as well as the 
progenitor cell type. Generally, DCs are a heterogenous cell population, and this diver-
sity may be necessary for the collective functionality of DCs to initiate adaptive immu-
nity against plethora of invaders, including biomaterials. An overview of mechanisms 
by which DCs response to both foreign and self-antigens is presented below and will 
be followed by the role DCs play in the response to biomaterials.

DC receptors and adhesion to extracellular matrix proteins
Immature DCs (iDCs) function as the body’s sentinels. They circulate throughout the 
peripheral blood and tissues and are able to “scavenge” pathogens, foreign materials, 
and apoptotic or necrotic cells (Banchereau et  al., 2000). The mechanisms involved 
in this environmental sampling include (i) fluid-phase macropinocytosis, (ii) recep-
tor-mediated endocytosis, and (iii) phagocytosis for larger particulate foreign bodies 
(Fadilah and Cheong, 2007). They are equipped with a wide array of endocytic and 
phagocytic surface receptors that recognize a host of molecules including proteins, lip-
ids, sugars, glycoproteins, glycolipids, and oligonucleotides (Lewis et al., 2014). Notably, 
DC endocytic and phagocytic receptors for antigen uptake include C-type lectins 
(DEC205, CD206),Toll-like receptors (TLR4), Fcγ receptors, and integrins (αVβ5, 
CD11c) (Akira et  al., 2006; Takeda et  al., 2003; Lundberg et  al., 2014). Interestingly, 
many of these receptors also direct intracellular signaling, adhesion, motility, and matu-
ration of DCs.

The integrin family of cell-surface receptors is the primary receptor responsible for 
mediating adhesion to extracellular matrix proteins (Hynes, 2002). and integrins have 
been shown to modulate numerous cell functions such as viability, proliferation. and 
differentiation (Keselowsky et al., 2003, 2004, 2005, 2007; Tate et al., 2004; Lan et al., 
2005). While it has been shown that DCs express multiple integrins, there are sur-
prisingly few investigations into the effects of integrin binding to extracellular matrix 
proteins on DC maturation. Notably, Kohl et  al. (2007) showed that Mo-DCs and 
CD34+ stem cell–derived DCs employ α5β1 and α6β1 integrin, for initial adhesion 
to fibronectin and laminin adhesive substrates, respectively. Furthermore, Brand et  al. 
(1998) have shown that β1 integrins were involved in adhesion-mediated maturation 
of human Mo-DCs. Similarly, Acharya et al. (2008) demonstrated that DC adhesion to 
various adhesive substrates as well as Arg-Gly-Asp (RGD) peptide surface density gra-
dients (Acharya et al., 2010) through the αV integrins result in DC activation. Another 
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report suggested that DCs cultured on adhesive protein substrates and simultaneously 
exposed to cyclic mechanical strain develop a semi-mature immuno-phenotype (Lewis 
et al., 2013). On the other hand, Lewis et al. (2012) reported that poly(d,l-lactic-co-
glycolic acid) microspheres with surface immobilized ligands (DEC205 and CD11c 
antibodies and P-D2 peptide) are capable of improving DC internalization in vitro and 
in vivo without stimulating DC activation. Further, in a study by Bandyopadhyay et al. 
(2011), DEC205 antibody-tethered PLGA nanoparticles not only efficiently targeted 
DCs for uptake but also increased production of IL-10 in DCs. These studies elegantly 
demonstrate that DC receptor engagement is highly intertwined with DC adhesion, 
maturation state, and signaling.

Integrin binding to extracellular matrix ligands involves rapid association with 
the actin cytoskeleton and subsequent integrin clustering resulting in a mechani-
cal coupling between the inside of the cell and its microenvironment. Integrin bind-
ing gives rise to adhesion complexes (focal adhesions) containing both structural (e.g., 
vinculin, talin) and signaling proteins (e.g., focal adhesion kinase (FAK), paxillin) and 
serves as sites for mechanical signal transduction (Romer et al., 2006; Keselowsky and 
Garcia, 2005). For example, FAK is a protein tyrosine kinase acting as an early modu-
lator of the integrin signaling cascade and integrates both adhesive and soluble sig-
nals (van Nimwegen and van de Water, 2007). The Rho family of GTPases regulates 
actin cytoskeleton assembly and has been demonstrated to play a crucial role in diverse 
cellular processes such as membrane trafficking, transcriptional regulation, growth, dif-
ferentiation, and apoptosis (Aspenstrom, 1999). Very few studies exist investigating the 
role of the cytoskeleton or focal adhesions in DCs. Swetman Andersen et  al. (2006) 
demonstrated in DC dendrites the presence of microtubules and actin cytoskeleton 
co-localized with focal contacts proteins β1 integrin, actin, vinculin, paxillin, and talin. 
Madruga et  al. (1999) demonstrated the co-localization of actin, FAK, paxillin, and 
tyrosine-phosphorylated proteins at the leading edge lamellipodia in motile DCs. Most 
importantly, the Shurin group recently demonstrated in DCs that the Rho GTPases 
RhoA, Rac1, and Cdc42 regulate endocytosis and antigen presentation (Tourkova 
et  al., 2007; Shurin et  al., 2005) demonstrating that mechanotransduction-related 
signals can regulate DC processes.

DC migration
DC migration is a key phenomenon intimately linked to localized antigen uptake. Prior to 
receptor engagement, iDCs secrete inflammatory cytokines including MIP-1α, MIP-1β, 
MCP-2, MCP-4, and stromal cell-derived factor-1 (SDF-1) and express receptors for 
the potent chemokine MIP-3α. These events promote recruitment of DCs as well as 
monocytes and neutrophils to the site of invasion. Following antigen uptake, DCs down-
regulate their expression of inflammatory cytokines and their receptors, while upregu-
lating the chemokine receptor CCR7 which induces DC homing to lymphoid organs 
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following CCR7 ligand (MIP-3β, CCL21) gradients (Cella et al., 1999; Saeki et al., 1999; 
Vulcano et al., 2001). Additionally, lymph node–bound DCs secrete the naïve and mem-
ory T-cell chemoattractants, CCL18 and CCL22, to help promote DC–T-cell interac-
tions in the lymphoid tissue. mDCs and pDCs have different migratory capacities, routes 
and chemokine production profiles pointing to diverse roles of these two DC classes in 
the induction and regulation of adaptive immunity.

DC antigen presentation
Co-localization of both DCs and T-cells is critical for initiation of adaptive immunity. 
Antigen presentation is another mechanism which is important for the facilitation of 
DC–T-cell communication and activation. As DCs home to lymph nodes, MHC mol-
ecules, integral to the formation of immunological synapses with T-cells, are increasingly 
translocated to the cell surface membrane (via invagination processes) for presentation 
of antigens (Paglia and Colombo, 1999). Degraded antigen fragments are presented 
on the surface of DCs via different types of MHC molecules that provide signals via 
the T-cell receptor (TCR) complex to instigate T-cell selection, expansion, and activa-
tion. The antigen-presenting pathway is critical to the nature of the adaptive immune 
response. Most nucleated cells express MHC class I molecules (HLA-A, -B, and -C) on 
their surface, but, expression may vary with cell type (Svensson et al., 1997). MHC class 
II molecules (HLA-DP, -DQ, and -DR) are only expressed on professional APCs (DCs, 
B-cells, MΦs). Mature DCs, in particular, have high expression levels of both MHC class 
I and II complexes which allow for effective antigen presentation (Svensson et al., 1997). 
Endogenously derived (located within the cell cytosol) peptides are displayed primarily 
via class I MHCs. Peptides from endogenous sources are processed through a cytosolic 
pathway involving ubiquitination, proteasome degradation, transport via TAPs (trans-
porters for antigen) and finally, insertion into MHC class I molecules for presentation. 
Peptide-MHC class I complexes interact with CD8+ T-cells. Conversely, MHC class 
II complexes (expressed on APCs) are loaded primarily with epitopes from exogenous 
antigenic sources following endosomal degradation and form immunological synapses 
interacting with CD4+ T-cells (Banchereau et al., 2000; Ardavin et al., 2004; Svensson 
et al., 1997). An alternative pathway of antigen presentation has been elucidated, where 
subsets of DCs efficiently present exogenously derived (located outside the cell) antigen 
fragments on MHC class I to CD8+ T-cells. This phenomenon is referred to as “cross-
presentation” and is thought to be important for the generation of normal and balanced 
immune responses to viruses and tumors (Cohn et al., 2013; Belz et al., 2002).

DC maturation
Increased expression of MHC molecules on the DC plasma membrane indicates a 
committed transformation of DC phenotype toward a “mature state.” As DCs migrate 
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from peripheral tissue, they undergo DC maturation which is triggered by the uptake of 
antigen, exposure to inflammatory cytokines (e.g., tumor necrosis factor (TNF), IL-1, 
and IL-6) or host molecules associated with inflammation or tissue injury (which are 
often referred to as “danger signals”; e.g., lipopolysaccharide (LPS), bacterial DNA, and 
CD40) (Akira et  al., 2006). During this process, the primary role of the DC switches 
from that of antigen-capturing cell to T-cell stimulation. DC maturation is marked by a 
number of coordinated events including (i) upregulation of peptide–MHC class I and II 
complexes, (ii) increased expression of co-stimulatory molecules (e.g., CD40, CD80, and 
CD86), adhesion molecules (CD54, CD58), chemokine receptors (CCR1, CCR7), (iii) 
secretion of inflammatory cytokines (e.g., IL-12, IFN-γ), (iv) shift in lysosomal com-
partment type with increased expression of DC-LAMP. Morphologically, DCs lose their 
adhesive structures, undergo cytoskeleton reorganization which results in the develop-
ment of cytoplasmic extensions or “veils” at this stage (Akira et  al., 2006; Banchereau 
and Steinman, 1998). Finally, as mentioned above, DCs arriving to lymphoid tissue 
release chemokines to attract T- and B-cells from the vasculature to their vicinity, result-
ing in DC–T-cell interaction which induces the completion of DC maturation.

DC–T-cell interaction
T-cell priming by DCs occurs in the secondary lymphoid organs such as the spleen, 
lymph nodes, and gut-associated lymphoid tissue. DC–T-cell interactions typically 
results in either (i) induction of T-cell-mediated immunity against the presented anti-
gen or (ii) induction of peripheral tolerance. The exact outcome is dependent on three 
signals: (i) ligation of peptide–MHC complexes to antigen-specific TCRs which con-
stitutes the first signal; (ii) the second signal that is required for T-cell activation is the 
interaction between co-stimulatory molecules on the DC (e.g., CD80, CD86) and 
their receptors on the surfaces of T-cells (e.g., CD28, CD40); (iii) the third signal is 
the “polarizing” signal and can be either soluble or membrane-bound cytokines (e.g., 
IL-12) (Svensson et al., 1997; Banchereau and Steinman, 1998). Polarization refers to 
the differentiation of naïve T-cells to a distinct T-cell type. For instance, naïve CD4+ 
T-cells can differentiate into T-helper cells (Th cells) and regulatory T-cells (Treg cells). 
The type of polarization is driven by the cytokine secretion profile of the interact-
ing DC which is further dependent upon DC anatomic location and class as well as 
the type of maturation stimulus. For, example, mature monocyte-derived CD11c+ 
DC-secreting IL-12p70 and in the presence of IFN-γ induce naïve CD4+ T-cells to 
differentiate into Th1 IFN-γ-secreting, effector cells. The magnitude of the T-cell 
response may vary with (i) the surface density of peptide–MHC complexes, (ii) the 
affinity of the TCR for the corresponding peptide–MHC complex, (iii) DC activa-
tion state, and (iv) the type of maturation stimulus (de Jong et al., 2005; Kapsenberg, 
2003). Finally, interaction with T-cells is thought to result in the termination of DCs 
via apoptotic mechanisms (Matsue et al., 1999).
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Tolerogenic DCs
So far our discussion has centered on the role of DCs in the induction of inflam-
matory T-cell responses; however, it is important to recognize that DCs also initiate 
the suppressive networks that control peripheral tolerance. DCs are thought to play 
a critical role in the induction of peripheral tolerance through a number of mecha-
nisms such as T-cell apoptosis, T-cell anergy, and Treg induction. Classic immuno-biol-
ogy describes the basis of T-cell anergy to be the lack of a second required signal in 
the interaction between APCs and naïve T-cells. The delivery of signal 1 (MHC class 
I– or class II–peptide complex to TCR) in the absence of signal 2, usually co-stim-
ulatory molecules (CD80, CD86), or soluble cytokines (IL-12, TNF-α) (signal 3) 
results in an antigen-specific nonresponsive T-cell (Steinbrink et  al., 1997). In addi-
tion to anergy, peripheral tolerance is maintained by induction of antigen-specific 
CD4+ CD25+ FoxP3+ suppressor T-cells (Tregs) (Salomon et  al., 2000). Depletion of 
this subset of T-cells has been shown to accelerate and induce autoimmunity in vari-
ous animal models (Scalapino et al., 2006; Kohm et al., 2002; Nakahara et al., 2011). 
Researchers have shown that Tregs are thymic CD4+ T-cells with relatively high affin-
ity for “self ” antigens which escape-negative selection, the developmental process in 
which self-reactive T-cells are clonally deleted (i.e., central tolerance) and develop into 
FoxP3+ CD25+ T-cells. Suppression of effector T-cells is accomplished by the ability of 
Tregs to impair antigen presentation by mature DCs. However, the crucial step in Treg-
mediated immunosuppression is generation of Tregs and this is initiated by DCs of defi-
nite phenotypes (Giannoukakis, 2013). Tolerogenic DCs are typically characterized by 
reduced levels of expression of stimulatory/costimulatory molecules (e.g., MHC class 
II, CD40, CD80, CD86), expression of inhibitory markers (e.g., IgG-like transcript 3) 
and tolerance-inducing factors (e.g., TGF-β1, IL-10, and indoleamine 2,3 deoxgenase) 
(Steinman et al., 2003).

DC RESPONSES TO BIOMATERIALS

DCs in the foreign body response
The response of MΦs to biomaterials has been extensively investigated for decades as 
detailed in other chapters of this textbook (See Chapters 2, 3, and 6). In contrast, stud-
ies on DC responses to biomaterials are sparse. A notable study by Vasilijic et al. (2005) 
delved into the phenotypical and functional changes of implant-infiltrated DCs and 
the potential role they may play in the foreign body response. Tissue injury associ-
ated with biomaterial implantation results in the release of chemotactic agents that 
recruit immune cells to the site of implantation, including monocytes (Takakura et al., 
2000). Approximately 25% of recruited monocytes differentiate into DCs (Randolph 
et  al., 1999). DC potency to stimulate adaptive immune responses has been well 
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characterized, but an understanding of their role in the foreign body reaction to bio-
materials is severely lacking. This study by Vasilijic et al. was the first and is currently 
still the only investigation of the role of the DC in acute and chronic inflammation, 
and wound healing around an implanted biomaterial (to the best of our knowledge). 
Briefly, polyvinyl sponges (two/animal) were implanted at dorsal sites of the skin in 
rats. Sponges were excised at different time periods, after implantation over the course 
of 14 days, and processed to isolate resident inflammatory immune cells. DCs were 
then purified from the immune cell population using a combination of isolation tech-
niques including separation gradients, plastic adherence, and immuno-magnetic sort-
ing. Their observations on total DC numbers in the sponge exudates indicate that 
DCs gradually infiltrated the biomaterial implant, reaching a maximum of day 10, after 
which their numbers decreased. The phenotypic characteristics of DCs were also inves-
tigated using immunohistochemical staining. DCs expressed common markers includ-
ing MHC class II, CD11c, CD11b, and CD68. One remarkable observation from this 
study was that the number of DCs staining for His 24 or His 48 (putative pDC mark-
ers) was higher at the day 14 time point than that at day 6. Of further interest was 
the finding that DCs isolated at a later stage of inflammation (day 14 DCs) had a sig-
nificantly lower capacity to stimulate proliferation of allogeneic T-cells, in comparison 
to DCs isolated from sponges at 6 days after implantation. This hyporesponsiveness 
to allogeneic T-cells correlated with not only a distinct change in the DC type (from 
mDC to pDC) with time, but also a downregulation of positively stimulatory mark-
ers CD80, CD86, and CD54. These findings indicated a switch in the phenotype and 
functionality of biomaterial-resident DCs from the early to late stages of inflammation. 
Increased amounts of IL-10 and TGF-β1 in culture supernatants and sponge exudate 
confirmed this functional change in DCs to that of a regulatory type. Conclusively, 
this study demonstrated that a significant number of DCs accumulate in biomateri-
als following subcutaneous implantation. Moreover, biomaterial-resident DCs acquire 
a tolerogenic phenotype as acute inflammation resolves, and these observations may be 
applied toward the suppression of chronic inflammation and prevention of unsolicited 
autoimmune responses (Vasilijic et al., 2005).

Adjuvant effects of biomaterials on DC maturation
Studies on DC responses to biomaterials primarily focus on the adjuvant effects of 
biomaterials in promoting immune responses to biomaterial–biological combina-
tion products used in tissue engineering. An adjuvant is a substance that can amplify 
immune responses to an accompanying antigen but alone does not evoke adap-
tive immune responses (Makela, 2000). It has been demonstrated that biomateri-
als act as adjuvants to boost adaptive immune responses to co-delivered antigen. 
Matzelle and Babensee (2004) established that the presence of the biomaterial resulted 
in an enhancement of the humoral immune response to co-delivered antigen using 
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a simplified model system. Briefly, ovalbumin (OVA) was used as model antigen 
and co-delivered with biomaterial carrier vehicles commonly used in tissue engi-
neering (e.g., microparticles (MPs), scaffolds) fabricated from the Food and Drug 
Administration (FDA)-approved polymer, poly(lactic-co-glycolic acid) (PLGA). OVA 
was pre-adsorbed onto the polymeric biomaterial carriers which were then inserted in 
C57BL/6 mice to determine the adjuvant nature of the biomaterials. Total anti-OVA 
IgG serum levels were used as the measure to compare the biomaterial vehicles against 
the well-known complete Freund’s adjuvant (CFA; positive control). They found that 
OVA-adsorbed or co-delivered with carrier biomaterials including nonbiodegrad-
able, polystyrene MPs and 75:25 PLGA MPs supported moderate humoral immune 
responses for an 18-week period. Moreover, the response was Th2-driven as evidenced 
by the predominant IgG1 isotype antibody. This finding was further corroborated by 
the in vivo proliferation levels of fluorescently labeled, OVA-specific CD4+ T-cells from 
transgenic OT-II mice in the presence of OVA delivered by biomaterial carriers, which 
were comparable to that of OVA combined with CFA. The common link between the 
biomaterial carriers, co-delivered antigen, and the observed adaptive immunity is the 
maturation of APCs, particularly DC maturation.

These experiments suggested that biomaterials (e.g., 75:25 PLGA; copolymer 
whose composition is 75% lactic acid and 25% glycolic acid) may promote the pre-
sentation of “danger signals” which elicit DC activation. As such, researchers have 
begun to take a closer look at the phenotype of DCs following biomaterial interaction. 
Yoshida and Babensee (2004) examined the phenotypic response of human Mo-DCs 
to treatment with 75:25 PLGA MPs or film in comparison to LPS-treated DC (for 
a positive control of matured DCs) and untreated iDCs (negative control). After 24 h 
exposure to the PLGA MPs and to a lesser extent PLGA films, they found DCs had 
elevated levels of expression of positively stimulatory molecules (CD40, CD80, CD83, 
and CD86), and MHC class II molecules (HLA-DQ and HLA-DR) compared to that 
of the iDC-negative control, but lower than that of LPS-matured DCs. Further, 75:25 
PLGA MP-treated DCs display a “stellate” morphology with extended cellular pro-
cesses, similar to that of mature DCs, and enhance proliferation of T-cells in an allo-
geneic mixed lymphocyte reaction (MLR). This report supports the claim that 75:25 
PLGA can stimulate maturation of human Mo-DCs, and maturation may depend on 
the form of the biomaterial (Yoshida and Babensee, 2004). Yoshida and Babensee also 
confirmed that mDC responses to 75:25 PLGA films and MPs were independent of 
species, as comparable reactions to those described above with human Mo-DCS were 
observed using bone-marrow-derived DCs from C57BL/6 mice. Further, compari-
son of maturation states and cytokine secretion profiles of PLGA MP-treated DCs, 
PLGA film-exposed DC and untreated DCs suggest that DC activation may be con-
tact-dependent (Yoshida and Babensee, 2006). Yoshida and coworkers also performed 
transmigration well studies to determine whether biomaterial-induced DC maturation 
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was due to direct contact or mediated by soluble factors released from the material. 
This study established that direct contact with the biomaterial (75:25 PLGA) was 
required for biomaterial-induced DC maturation (Yoshida et  al., 2007). Building on 
these reports, Park et  al. (2015) comprehensively investigated the different pheno-
typic changes in human Mo-DCs following exposure to a range of biomaterials com-
monly used in combinatorial tissue engineering products. These biomaterials included 
films of alginate, agarose, chitosan, hyaluronic acid, and 75:25 PLGA. A complete array 
of immuno-phenotypic tests was performed on biomaterial-treated DCs includ-
ing morphology, positively stimulatory molecule expression, MLR, NF-κB activity, 
and pro-inflammatory cytokine secretion assessments. Overall, differential effects of 
DC maturation were induced by different biomaterial films after 24 h exposure time 
period. More specifically, PLGA or chitosan films induced DC maturation, with higher 
levels of DC allo-stimulatory capacity, pro-inflammatory cytokine release, and expres-
sion of CD80, CD86, CD83, HLA-DQ, and CD44 compared with iDCs. Alginate 
films evoked an increase in pro-inflammatory cytokine release as well as a decrease 
in CD44 expression. Whereas, hyaluronic acid films elicited suppressive effects on DC 
phenotype, with reduced expression of CD40, CD80, CD86, and HLA-DR observed, 
compared to iDCs.

It should be noted that other reports have described 50:50 PLGA (copoly-
mer whose composition is 50% lactic acid and 50% glycolic acid) particles as being 
immune-inert systems that function only as vehicles (Waeckerle-Men and Groettrup, 
2005). A study by Lewis et al. (2014) also supported the latter case, but differences in 
the PLGA compositions used are a likely explanation. The more hydrophobic nature 
of the 75:25 PLGA polymer compared to 50:50 PLGA may be a driving factor, as the 
more hydrophobic polymer will persist longer, and the composition and conformation 
of surface-adsorbed proteins are expected to be different. Interestingly, there are reports 
that the degradation products of PLGA into it constituent monomers, particularly lac-
tic acid, can downregulate stimulatory molecules on DCs following exposure, which 
suggests that the time of DC exposure to this polymer may also be a factor (Gottfried 
et al., 2006; Kreutz et al., 2004).

Effect of biomaterial surface chemistry on DC phenotype
The finding that different biomaterials, and compositions, could prompt a variety of 
immuno-phenotypic changes in DCs compelled scientists to explore the relationship 
between biomaterial chemistry and DC maturation. To this extent, Shankar et al. inves-
tigated how defined material surface chemistries modulated DC phenotype. DCs were 
cultured on self-assembled monolayers (SAM) surfaces of alkanethiols terminated with 
defined chemical groups, of either –CH3, –OH, –COOH, and –NH2, and assessed 
DC maturation based on cell morphology, allo-stimulatory capacity, and expres-
sion of positive stimulatory molecules. DCs treated with –OH, –COOH, or –NH2 
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SAMs showed moderate maturation, while DCs treated with –CH3 SAMs were least 
mature based on the surface expression of markers. However, –CH3 SAM-treated DCs 
treated elicited secretion of the highest levels of pro-inflammatory TNF-α and IL-6, 
despite being the least mature. Additionally, increased levels of apoptotic markers were 
observed for DCs and T-cells in contact with CH3 SAMs. Various reports have shown 
that phagocytosis of apoptotic DCs has strong immunosuppressive effects on DCs; 
therefore, the increased number of apoptotic DCs on CH3 SAMs may account for 
lower DC maturation. Finally, higher expression of cytotoxic T-lymphocyte-associated 
antigen receptor-4 (CTLA-4) on T-cells was shown, suggesting a mechanism of T-cell 
inhibition on CH3 SAMs (Shankar et al., 2010a,b).

DC maturation responses to biomaterial surface roughness
Scientists have also sought to determine the correlation between biomaterial surface 
roughness and DC maturation. In a study by Kou et al., DCs were seeded on clinical 
dental titanium (Ti) surfaces with defined chemistries and surface roughness. More 
specifically, DCs were treated with Ti either pretreated (PT; smooth finish), grit-
blasted and acid-etched (SLA), and hydrophilic SLA (modSLA). The roughness (Ra) 
of each of these surfaces was determined and found to be in the following increas-
ing order: tissue culture polystyrene (control; TCPS) < PT (0.6 μm) < SLA = mod-
SLA (3.97 μm). Surface energies of these Ti surfaces, measured in terms of water–air 
contact angle, were approximately 96°, 138.3°, and 0° for PT, SLA, and modSLA 
respectively. They found that DC maturation-associated markers were upregulated 
in a substrate-dependent manner. More specifically, DCs cultured on PT and SLA 
Ti surfaces showed significantly increased expression levels of CD86 in compari-
son to TCPS-seeded iDCs. The morphology of PT- and SLA-treated DCs, as deter-
mined by scanning electron microscopy, was demonstrated to be similar to that of 
LPS-matured DCs further suggesting that these substrates support DC maturation. 
Contrastingly, modSLA-treated DCs exhibited morphology close to that of iDCs. 
Additionally, PT surfaces stimulated increased secretion of IL-1ra from DCs in com-
parison to all other investigated substrates (SLA, modSLA). However, cytokine secre-
tion of TNF-α, MIP-1α, and IL-10 was found to be statistically comparable for DCs 
treated on the different Ti surfaces. Given that SLA- and modSLA-treated substrates 
possess comparable surface roughness and microarchitecture, these results suggest that 
surface energy (and indirectly surface chemistry) is a more definitive factor in the 
polarization of DC maturation by biomaterial surfaces. Moreover, surface chemi-
cal composition analysis in conjunction with principal component analysis indicates 
that increasing surface carbon or surface nitrogen induces a mature DC phenotype, 
whereas increasing surface oxygen, or surface titanium promotes an immature DC 
phenotype (Kou et al., 2011, 2012).
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Mechanisms involved in DC–biomaterial interactions
The mechanisms by which DCs recognize and respond to biomaterials are yet to be 
completely clarified. One hypothesis is that biomaterials activate DCs by triggering 
receptors and signaling cascades of the pathogen recognition receptors (PRRs), par-
ticularly the TLRs, C-type lectin receptors, and complement receptors (Babensee, 
2008). Recently, Shokouhi et  al. investigated the role of the TLR/MyD88 recogni-
tion and signaling cascade in DC responses to a number of physically and chemically 
diverse biomedical polymers. This group demonstrated that DCs from mice lacking 
TLRs (particularly TLR 2, TLR4, and TLR6) or MyD88 had reduced expression levels 
of activation markers (MHCII, CD40, CD80, and CD86) and inflammatory cytokines 
(IL-1β, IL-6, IL-10, IL-12p40, RANTES, and TNF-α), in comparison to wild-type 
controls. Further, DCs from murine wild-type systems were responsive to biomaterial 
as well as LPS stimulation and induced proliferation of antigen-specific T-cells. Taken 
altogether, these data suggest that engagement of PRRs such as TLRs can profoundly 
influence DC phenotype (Shokouhi et  al., 2010). The ligands that bind and activate 
these receptors are termed “danger signals” and are constituted by proteins and car-
bohydrate moieties in the adsorbed protein layer on biomaterial surfaces following 
implantation (Kou and Babensee, 2011).

A number of reports have chronicled the recognition and responses of DCs to bio-
material-adsorbed protein layer dictated by the underlying surface chemistry (Shankar 
et  al., 2010a,b; Kou et  al., 2011, 2012). Moreover, a number of non-PRR receptors 
including Fc receptors and integrins have been implicated to play a role in the DC 
responses to biomaterial surfaces, in an adhesion-dependent manner. For instance, 
Acharya et al. demonstrated that different adsorbed, adhesive protein (fibronectin, lam-
inin, collagen type I, vitronectin, fibrinogen, bovine serum albumin, and fetal bovine 
serum (control)) layers on biomaterials could influence DC morphology, co-stimu-
latory molecule expression, cytokine production, and allo-stimulatory capacity. They 
reported that adhesive substrates supported similar levels of DC adhesion and expres-
sion of positively stimulatory molecules. DC morphology and production of pro- and 
anti-inflammatory cytokines (IL-12p40 and IL-10, respectively) varied in an adhesive 
substrate-dependent manner. For example, DCs cultured on collagen and vitronectin 
substrates generated higher levels of IL-12p40, whereas DCs cultured on albumin and 
serum-coated tissue culture-treated substrates produce the higher levels of IL-10 com-
pared to other substrates. Further, substrate-dependent modulation of DC IL-12p40 
cytokine production correlated well with CD4+ T-cell proliferation and Th1 type 
response in terms of IFN-γ producing Th cells (Acharya et  al., 2008). From this and 
other studies (Brand et al., 1998; Acharya et al., 2010, 2011), we can surmise that ratio-
nally designed biomaterials may direct the presentation, orientation, and conformation 
of the adsorbed layer of protein (following implantation) which may serve to influence 
DC phenotype and functionality. Biomaterial design represents a nonpharmacological 
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tool, through which host immune responses can be modulated for applications in tis-
sue engineering and immunotherapy.

CONCLUSION—DC ROLE IN HOST RESPONSES TO BIOMATERIALS

The advent and application of synthetic polymers at the end of the nineteenth cen-
tury resulted in an explosion of implantable materials to correct or treat medical prob-
lems. For example, tissue engineering has recently emerged as a viable therapeutic 
method in regenerative medicine to regrow/replace damaged or diseased tissue. This 
strategy often employs biomaterial scaffolds in combination with relevant cells to reca-
pitulate dysfunctional tissues and organs. However, once implanted, these constructs 
face a number of challenges, particularly the mammalian immune system. It is well 
known that innate immune cells including macrophages and DCs infiltrate the bio-
material implant site. However, the role of DCs in the body’s response is still under 
investigation. This chapter presented a review of DC biology and DC responses to 
bulk biomaterials. DCs are positioned to play a key balancing role in opposing aspects 
including the suppression of chronic pro-inflammatory responses to the implant, and 
conversely, activation of pro-inflammatory T- and B-cells in the context of combina-
tional products. There is promise that with careful material design, application-specific 
DC responses to biomaterial constructs may be dictated. It is anticipated that a more 
complete understanding of DC responses to biomaterial implantation will drive the 
development of novel strategies to circumvent host immunity and ultimately improve 
biomedical device integration and functionality.
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INTRODUCTION

Antigenicity versus immunogenicity
Antigenicity and immunogenicity are distinct aspects of the immune response that are 
both involved in the host response to biomaterials. “Antigenicity” describes the ability 
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of a foreign material (antigen) to bind to, or interact with, the products of the final cell-
mediated response such as B-cell or T-cell receptors. Antigenic determinants, or epitopes, 
are structural features on these antigens that interact with B-cell receptors, also known 
as antibodies or immunoglobulins. T-cell receptors recognize linear amino acid sequences 
within a protein antigen, also referred to as epitopes, when they combine with a major 
histocompatibility complex (MHC) molecule. An “immunogen,” by contrast, initiates an 
immune response, first triggering the innate immune response and subsequently the adap-
tive (acquired) immune response, sensitizing the body to foreign antigens. Biomaterials, 
especially natural-derived allogenic, or xenogenic, materials, can act as immunogens. 
While all immunogenic materials are also antigenic, the reverse does not hold true. Thus, 
there are some molecules that are antigenic but not immunogenic by themselves. These 
include entities termed “haptens” such as metal ions. These play an important role in 
metal hypersensitivity postoperatively. Both antigenicity and immunogenicity, therefore, 
play a role in the host immune response to natural and synthetic biomaterials.

There are a myriad of factors that influence how immunogenic a foreign prod-
uct is. Some of these criteria include the “foreignness” of the molecule, the type of 
molecule, and the composition of the molecule. Insoluble foreign materials are  
particularly immunogenic. In addition, proteins are generally more immunogenic than 
polysaccharides, lipids, and nucleic acids, respectively. The heterogeneity of a structure’s 
complexity is also directly correlated with its immunogenicity. Since antigens must 
be phagocytosed and degraded before presentation to T-helper (Th) cells, the physi-
cal form of the foreign substance plays an integral role that influences, or dictates, the 
direction of the host immune response. For example, a denatured protein is usually 
more immunogenic than the same molecule in its native conformation. Additional fac-
tors that must be considered for the design and clinical application of biomaterial tech-
nology include the genetics of the recipient, the dosage to achieve optimal tolerance, 
the number of doses to be given, the route of administration, and the knock-on effects 
of adjuvants (Franz et al., 2011).

At a cellular level, antigenic determinants play a critical role in how the immune 
response is triggered through B- and T-cells. T-cells do not recognize antigens in a 
tertiary structure as mentioned above, but rather as peptide fragments. Internal linear, 
hydrophobic peptides are produced by antigen processing within an antigen presenting 
cell and are then bound to an MHC molecule. The MHC with its bound peptide may 
then be recognized by a T-cell receptor. It should be noted that some lipids and glyco-
lipids can be presented by MHC-like molecules to T-cells. B-cells, on the other hand, 
can be triggered by the native tertiary conformation of the antigen in either soluble or 
membrane-bound form. The antigen must be accessible on the surface and therefore 
hydrophilic. No MHC is required as the B-cell receptor and secreted immunoglobulin 
can bind the soluble antigen. Large antigens may contain multiple B-cell epitopes with 
the potential to trigger the activation of multiple clones of B lymphocytes. An example 
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thereof is collagen I whose three-dimensional helical conformation, centrally located 
amino acids, and terminal peptides have all been implicated as antigenic determinants. 
Collagen lacking in the terminal peptide has been produced and sold commercially; 
however, recent studies have demonstrated that interspecies antigenicity relies primar-
ily on the centrally located amino acids (Lynn et al., 2004).

Developing strategies to either harness or suppress the adaptive immune response 
to foreign materials is a primary goal of clinical biomaterial usage. Lessons from trans-
plantation, the most widely studied example of a foreign biomaterial, may help to 
inform the nascent investigations into the immunogenicity and antigenicity of natural, 
synthetic, and metallic biomaterials.

THE IMMUNE SYSTEM AND GRAFT REJECTION

Role of innate immune system in graft rejection
The innate immune system can be activated by microbial products, or endogenous 
proinflammatory ligands, the so-called damage associated molecular patterns, or 
DAMPs, that are released during mechanical, or ischemia/reperfusion injury (Murphy 
et  al., 2011). These products are common to both transplant patients and to those 
undergoing surgery involving implantation of biomaterials. Some of the products 
associated with local tissue damage and ischemia include heat shock proteins, hepa-
rin sulfate, HMG box 1, and fibrinogen. These local mediators can all bind pattern 
recognition receptors found on cell types in the innate immune system. Furthermore, 
DAMPs, irrespective of whether they are nuclear or cytosolic proteins, lead to activa-
tion of the inflammasome. The inflammasome is a multiprotein complex that upregu-
lates microRNA expression and secretes mediators which then upregulate cytokines 
such as IL-1, IL-6, TNF, and type I interferons (IFNs) (Wood et al., 2012; Wood and 
Goto, 2012; Carvalho-Gaspar et al., 2005). The innate immune system, although clas-
sically associated with acute phase rejection of transplants, also plays a role in the ini-
tiation of the adaptive immune system and the future development of graft tolerance. 
Even in the presence of almost complete depletion of T-cells, rejection still occurs 
due to monocyte, macrophage, and eosinophilic inflammation (Wu et  al., 2006; Kirk 
et  al., 2003). The complement system and the inflammatory response of phago-
cytes are therefore implicated in adaptive immune response-mediated graft rejec-
tion. Investigating the crosstalk between the innate and adaptive immune system may 
facilitate our understanding of the immune response toward biomaterials, so that their 
effects can be propagated or mitigated in order to achieve a favorable outcome.

Complement activation
Complement activation following implantation of biomaterials occurs in response 
to a number of current medical treatments, including but not limited to, insertion of 
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catheters, prostheses, stents, and grafts. The complement cascade is a network of plasma 
proteins and cell surface receptors that recognize non-self-components and triggers 
one of the three pathways. An antigen–antibody complex triggers the classical path-
way; carbohydrates trigger the lectin pathway; and foreign surfaces trigger the alter-
native pathway. Biomaterials, as one might expect, act primarily upon the alternative 
pathway. An important mediator of complement activation is the instant blood-medi-
ated inflammatory reaction. The injury caused by surgical trauma leads to activation of 
the clotting cascade and endogenous upregulation of IgG and IgM, which then trig-
gers complement, chondroitin sulfate, and tissue factor (Nilsson et al., 2010). Proteins 
such as albumin, gamma globulin, fibrinogen, fibronectin, vitronectin, and complement 
are adsorbed onto the surface of the biomaterial and activate complement (Anderson 
et al., 2008). Activation of complement leads to the conversion of C3 to C3a and C3b 
by the enzyme C3 convertase, C3bBb. The subsequent amplification loop generates the 
bulk of C3 activation. C3b can also bind covalently to cells, or other materials, trigger-
ing opsonization by macrophages and other phagocytic cells that express complement 
receptors. Further convertases then catalyze the conversion of C5 into C5a and C5b. 
C3a and C5a are potent anaphylatoxins, mediating acute inflammatory reactions. The 
final product of the complement pathway is the membrane attack complex compris-
ing C5b–C59, which then punctures holes in the cell membrane thereby facilitating  
killing of foreign pathogens (Ricklin et al., 2010).

The effect of this very early immune response is to promote inflammatory (via 
complement as described above) and thrombotic (via chondroitin sulfate and tissue 
factor) reactions. The thrombotic pathway’s products can bypass the early stages of the 
complement cascade in order to generate redundant complement activation (Ekdahl 
et  al., 2011). Factor XIIa and Kallikrein, as well as thrombin and plasmin, can cleave 
complement components in vitro (Thoman et al., 1984). Furthermore, FXIa, FXa, and 
FIXa can bypass the convertases and directly generate C3a and C5a (Amara et  al., 
2010). C5a-mediated uptake of tissue factor induces coagulation of endothelial cells 
and neutrophils, highlighting the reciprocal effects of the thrombotic and inflamma-
tory responses (Ikeda et al., 1997). How to modify this secondary effect on the innate 
immune response has yet to be determined, but given the unavoidability of tissue 
injury in surgical applications of biomaterials and the disastrous consequences of vessel 
occlusion postoperatively, the thrombotic pathway is a crucial area of further study.

Early studies suggest that the innate immune response affects the subsequent adap-
tive immune response. Peripheral synthesis of C3 is upregulated in transplant patients 
in proportion to the extent of cold time and the pathogenesis of tissue injury (Farrar 
et  al., 2006). Initially elevated C3 expression has a negative effect on graft outcome 
2–3 years postoperatively, suggesting that the initial reaction somehow modulates the 
adaptive immune system effect (Naesens et  al., 2009). This adaptive response may be 
due to downstream products of the complement cascade. For example, sublytic, but 
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lingering levels of the membrane attack complex, C5b–C9, lead to the production 
of pro-inflammatory cytokines, tissue necrosis factor (TNF), prostaglandins, intercel-
lular adhesion molecule-1, tissue factor, and collagen (Qiu et  al., 2012). Interestingly, 
these responses affect certain cell types more than others. Thus myocytes are preferen-
tially affected following cardiovascular or intestinal injury, whereas tubular epithelial 
cells are typically preferentially affected following kidney failure (Thurman et al., 2006; 
Williams et al., 1999; Weisman et al., 1990). This selection seems to be due to comple-
ment “preference” toward these cell types. Suppressing this signature could overcome 
this vulnerability of myocytes and renal tubular epithelial cells.

Studies of the innate immune response to transplant grafts clearly suggest a rela-
tion between early injury and late distress (Sacks and Zhou, 2012). Donor production 
of complement is correlated with allograft kidney rejection in mice (Pratt et al., 2002). 
When CD55, an inhibitor of the complement cascade, was knocked out in a mouse 
heart transplant model, donor production of complement increased, leading to T-cell-
mediated damage and rejection (Liu et al., 2005). Further studies have extended these 
findings to the human kidney, demonstrating complement-induced T-cell injury (Sacks 
and Zhou, 2012). The molecular mechanisms for this activation are beginning to be 
elucidated. C3a and C5a were demonstrated to be vital in the CD8+ T-cell-mediated 
rejection of a murine heart allograft model (Vieyra et al., 2011). C3a and C5a recep-
tor signaling on CD4+ T-cells increases the level of the immune response against the 
foreign MHC (Li et  al., 2004). C3a and C5a receptors also skew the differentiation 
of naive CD4+ T-cells toward Th1-type cells, which then mediate rejection through 
CD55 (Lalli et al., 2008; Strainic et al., 2008). CD55 therefore seems to play a dual role 
in complement activation and suppression. These transplant studies all highlight the 
importance of complement in the subsequent adaptive immune response to foreign 
materials. However, some biomaterials will not express antigens that can be recognized 
by T- or B-cells and therefore will have a different, or possibly no interplay, with the 
adaptive immune system. How important these differences will prove to be is currently 
unknown.

Chemotaxis and activation of phagocytes
Macrophages are the dominant infiltrating cells involved in the immune response 
toward foreign biomaterials (see the section “The Adaptive Host Immune Response 
to Biomaterials” and Chapters 2, 3, and 6). Macrophages respond to almost all bio-
materials including metals, ceramics, cements, polymers, decellularized scaffolds, and 
collagen. Importantly, they remain within the biomaterial over its lifetime, mediat-
ing degradation, and resorption of the material via phagocytosis (Yahyouche et  al., 
2011; Valentin et  al., 2009). Macrophages are initiators of the adaptive immune sys-
tem, presenting antigen to primed T-cells and subsequently causing cell death in tan-
dem with other elements of the immune system, including effector T-cells. However, 
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macrophages are also essential for the recruitment and differentiation of cell types that 
will initiate the healing process (Xia and Triffitt, 2006). Macrophages are particularly 
important to understand as they are implicated in the development of constructive 
remodeling and immune tolerance toward biomaterials. Their activation and targeting 
in transplants may inform how the adaptive immune system responds to particular 
biomaterials.

Activation of the macrophage response occurs in response to a complex cascade of 
events. When host proteins from the extracellular matrix (ECM), or blood products, 
are adsorbed onto the foreign material’s surface, they complex with the macrophage 
complement receptors (Xia and Triffitt, 2006). The complement anaphylatoxins C3a 
and C5a activate and recruit further macrophages, while target-bound C3 fragments 
facilitate the adherence of these responders to allografts (Li et al., 2012). Macrophages 
subsequently act as secreting cells, producing platelet-derived growth factor (PDGF), 
TNFα, IL-6, granulocyte and macrophage colony stimulating factor (G-CSF and 
M-CSF) to activate additional phagocytes (Anderson et  al., 2008). M-CSF, in par-
ticular, is also produced via tubular epithelial cells in the kidney and by infiltrating 
leukocytes during acute rejection (Jose et  al., 2003). Degranulating mast cells release 
histamine, which further recruits signaling factors (Zdolsek et al., 2007). Thus, there are 
convergent pathways by which macrophages are signaled.

Cytokines and other signaling molecules play an important role in the targeting of 
macrophages. The signaling factors that promote macrophage and monocyte transduc-
tion to their targets include transforming growth factor-β (TGFβ), PDGF, chemokine 
(C-X-C motif) ligand 4, leukotriene B4, nitric oxide, and IL-1. Some of these mol-
ecules have additional effects. Nitric oxide, for example, is also microbicidal and cyto-
toxic (Xia and Triffitt, 2006). While macrophages initially damage their targets, when 
subsequently recruited by cytokines IL-3 and IL-4, macrophages are also capable of 
inhibiting pro-inflammatory cytokines and contributing to wound repair (Gordon, 
2003; Stein et al., 1992). Whether or not this switch is beneficial has yet to be deter-
mined. Some studies suggest that tissue response repair may be undesirable as occlusion 
of the native blood vessels may occur (as in the case of Budd–Chiari syndrome). The 
attachment of macrophages to natural versus synthetic biomaterials may have impor-
tant effects. Integrins play a central role in the attachment of macrophages to allografts. 
However, macrophages may be undergoing apoptosis secondary to failed adhesion to 
foreign material such as metals, releasing toxic, and damaged waste products that fur-
ther induce an immune response (Brodbeck et  al., 2001). There is further evidence 
of both juxtacrine and paracrine signaling between macrophages and lymphocytes at 
the surface of biomaterials (Anderson et al., 2008). How to harness, or modulate, this 
response is beginning to be studied.

In chronic allograft necrosis, macrophage accumulation precedes and then corre-
lates with long-term damage progression (Pilmore et al., 2000). Antibody induced or 
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humoral activation of macrophages and monocytes is an important aspect of rejection. 
For example, the binding of IgG antibodies to FcγRIII receptors on natural killer cells 
can induce activation of monocyte cell function. Infiltrating leukocytes and the intrin-
sic parenchymal cells produce a host of factors including MCP-1, RANTES, MIP-1α, 
and MIF to implement this response (Fernández et al., 2002). Macrophages can also be 
activated classically through cell receptors. The antigen presenting cells (which include 
macrophages and dendritic cells) induce inflammation. These cells express pattern rec-
ognition receptors including Toll-like receptors (TLRs), scavenger receptors (SRs), and 
mannose receptors (MRs). TLRs recognize microbial products and trigger sentinel 
cell activation leading to downstream effects such as mast cell degranulation, recruit-
ment of leukocytes via cytokines and chemokines, and the movement of inflamma-
tory exudates (Xia and Triffitt, 2006). TLRs can also recognize and respond to DAMPs, 
including self-molecules such as nucleic acids from necrotic cells, ECM degradation 
products, and heat shock proteins. TLRs are an intriguing avenue of research into the 
immune response since in the transplant setting their activity has been shown to be 
inversely proportional to transplant tolerance (Iwasaki and Medzhitov, 2004). Animal 
models have demonstrated that animals deficient in MyD88 (an adaptor protein 
of TLRs) are more prone to the development of tolerance (Iwasaki and Medzhitov, 
2004). Furthermore, after introducing TLR ligands into animals currently tolerating 
their grafts, rejection ensued (Chen et  al., 2006; Thornley et  al., 2006). How impor-
tant the TLR pathway will be in biomaterials lacking in T-cells and MHCs has yet to 
be determined. Interestingly, studies of decellularized pulmonary valves (porcine and 
human) demonstrated that decellularization of the donor tissue decreases the subse-
quent monocyte response (Rieder et al., 2005).

Role of the acquired (adaptive) immune system in graft rejection
It has been evident since the earliest days of transplantation that the adaptive immune 
system plays a critical role in graft rejection. Understanding the mechanisms of the 
adaptive immune system in graft rejection may inform studies into the immune 
response toward biomaterials. This division of the adaptive immune response into the 
cell-mediated response and the antibody-mediated (or humoral response) is largely 
based on historical grounds but also provides a means to dichotomize the complicated 
machinations of the adaptive immune response. The cell-mediated response involves 
mostly T-cells and responds to any cell type with aberrant MHCs. Animal models have 
demonstrated that Th cells are both necessary and sufficient for allograft rejection, 
whereas regulatory T-cells (Tregs) are crucial for the development of immunologi-
cal unresponsiveness and long-term tolerance (Murphy et  al., 2011). Understanding 
the T-cell response to transplants will inform studies in biomaterials. The humoral 
response describes B-cells and antibodies that recognize antigens and pathogens circu-
lating in the blood or lymphatics. In renal transplant failures, alloantibodies attack the 
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peritubular and glomerular capillaries, while T-cells infiltrate tubules and the arterial 
endothelium, acting in tandem to destroy the graft (Colvin, 2007). There is consider-
able cross talk between these two facets of the adaptive immune response.

Humoral-mediated immunity
The humoral response to pathogens and antigens is mediated by B-cells, which rec-
ognize foreign substances in blood or lymph. Antigens bind to B-cells via the B-cell 
receptor expressed on the cell surface. Antigen recognition, together with cytokines 
produced by Th cells and the interaction between cell surface molecules such as C40 
and CD154, results in co-stimulation of the responding B-cells, inducing them to pro-
liferate and eventually differentiate into plasma cells whose primary product is secreted 
antibodies. B-cells also generate memory cells, which are instrumental in providing 
future immunity. Humoral-mediated immunity has been shown to be vital in both the 
rejection of allografts and the induction of tolerance.

Current thinking is that acute rejection is primarily T-cell-mediated except in the 
cases of hypersensitivity rejection, ABO incompatibility, transplants, and xenografts 
(Mauiyyedi et  al., 2002). However, acute humoral rejection comprises at least 30% 
of acute rejection biopsies and is associated with a poor prognosis (Mauiyyedi et  al., 
2002). In late rejection, the humoral response may be even more important. Antibody-
mediated microcirculation injury is the primary cause of late kidney transplant failure 
(Einecke et al., 2009). Indeed, most therapies target T-cell function: mycophenolic acid, 
T-cell antibodies, calcineurin inhibitors, rapamycin, and prednisolone. These drugs all 
increase graft survival by 88–95% at 1 year. However, acute rejection can still occur and 
chronic rejection is an all too familiar outcome following transplantation (Colvin and 
Smith, 2005). These findings suggest that the humoral immune response has an impact 
on long-term graft outcomes, and different approaches will be required to deal with 
the different pathways triggered. It is not clear what kind of humoral immune response 
exists toward biomaterials. ABO incompatibility may not be a problem; however,  
metals induce hypersensitivity and allografts and xenografts are being modified and 
used as biomaterials.

The understanding of antibody formation and pathology is well described in 
human allograft transplant models. Pretransplant donor-reactive antibodies correlate 
with acute rejection (Poggio et al., 2007). It has now been 20 years since Jeannet et al. 
(1970) showed that de novo specific antibodies are linked with poor transplant outcome. 
Furthermore, circulating post-transplant anti-donor alloreactive effector memory T 
(Tm) cells are also proportional to poor post-transplant outcomes (Bestard et al., 2008). 
There are several pathological stages of this antibody-mediated rejection that can be 
used for clinical diagnosis. Firstly, de novo generation of donor-reactive, or donor-spe-
cific antibodies, can be detected, but elicit no clinical response at least in the short 
term. When antibody reactivity and complement activation in the graft occur, C4d 
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deposition in the peritubular and glomerular capillary endothelium may be found. 
Alloantibodies activate complement leading to tissue injury and coagulation (see the 
section “Complement Activation”). At this stage the graft is still functional, but patho-
logical changes may begin to occur in conjunction with the presence of CD4+ T-cells. 
Macrophages are recruited and mediate phagocytosis and degradation of the foreign 
material (see the section “Chemotaxis and Activation of Phagocytes”). Finally, endo-
thelial gene expression leads to arterial and basement membrane remodeling, giving 
rise to the lesions and endothelial dysfunction that is characteristic of transplant failure 
(Colvin and Smith, 2005). This graft dysfunction ultimately leads to failure.

How and where the humoral system is initially activated and whether and how it 
then leads to the cell-mediated immune response remains unclear. Some progress has, 
however, been made. Interestingly, humoral-mediated rejection has been demonstrated 
in patients with no prior exposure to antigen (Leech, 1998). It has been suggested 
that alloreactive Tm cells may be generated in these patients through cross-reactivity 
triggered by infection and/or homeostatic proliferation (Wu et al., 2004; Tough et al., 
1996). In the presence of Tm cells, a mouse skin allograft was capable of inducing 
rejection of cardiac allografts that were being tolerated under the anti-CD154 mono-
clonal antibody protocol (Zhai et al., 2002). The importance of Tm cells may explain 
why even though there are many protocols capable of producing graft tolerance in 
mice, these protocols have failed in humans (Adams et al., 2003). As an alternative to 
pan-immunosuppression, it has been suggested that antigen-specific tolerance in Tm 
could be artificially activated (Brook et al., 2006). Kreuwel et al. (2002) demonstrated 
that tolerance to influenza hemaglutinin with CD8+ Tm could be generated either 
by soluble peptide or by cross-presentation of antigens by dendritic cells. How Tm 
cells will play a role in biomaterials is beginning to be elucidated (see the section “The 
Adaptive Host Immune Response to Biomaterials”).

B-cell tolerance of transplants has been an area of increasing interest since the find-
ing of B-cells with regulatory activity (Breg) (Wood et al., 2012). Rat models of long-
term cardiac allograft tolerance induced by short-term immunosuppression suggest 
that tolerated allografts have a high number of B-cells and that the production thereof 
is regulated by the IgG alloantibody response (Le Texier et  al., 2011). This could be 
because alloantibodies promote deviation of T-cells from a Th1 to a Th2 type, not acti-
vating in vitro donor endothelial cells but rather leading to cytoprotection. Suppressive 
Breg cells have even been generated in vitro from CD19+ B-cells (Rafei et al., 2009). 
These cells expressed MHC I and MHC II as well as IgM and IgD and secreted IL-10 
similarly to native Breg cells. Interestingly, another study demonstrated that, in tolerant 
animals, an increase in B-cells was blocked at the IgM to IgG switch recombination. 
These B-cells were not IL-10 positive but rather expressed BANK-1 and Fcgr2b (Le 
Texier et  al., 2011). These results suggest that there may be multiple populations of 
B-cells acting in allograft transplants, both positively and negatively. Indeed, targeted 
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depletion of B-cells to prevent chronic rejection in humans has led to mixed results, 
perhaps due to the depletion of tolerant B-cells (Le Texier et al., 2011; Zarkhin et al., 
2010). Further studies are necessary to elucidate how this switching occurs and if it can 
be harnessed for biomaterials.

Cell-mediated immunity
The cell-mediated response involves T-cell-mediated identification of infected or aber-
rant cells that are pathogenic, tumorigenic, or allogenically/xenogenically transplanted 
(Wood and Goto, 2012). T-cells are co-stimulated by antigen presenting cells display-
ing foreign alloantigens. For example, cytotoxic CD8+ T-cells are stimulated by anti-
gen presenting cells expressing MHC I molecules and their bound peptides usually in 
the presence of “help” from CD4+ Th cells. When activated CD8+ T-cells encounter 
a target cell, they have the ability to release granules containing perforin and gran-
zyme and secrete TNFα in order to mediate cell death (Anglicheau and Suthanthiran, 
2008). By contrast, CD4+ Th cells recognize MHC II molecules and their bound pep-
tides and are triggered to proliferate in the presence of co-stimulation. Th1 cells dis-
play delayed type hypersensitivity by releasing interleukins and other cytokines, which 
interact with B-cells to produce antibodies. These soluble mediators (in particular IL-1, 
IFNγ, and TNFα) interact with other cell types, such as natural killer cells, monocytes, 
eosinophils, and macrophages directing them to destroy foreign cells (Wood and Goto, 
2012). An intriguing aspect of T-cell-mediated graft rejection is the difference between 
Th1 T-cells and Th2 T-cells (Badylak and Gilbert, 2008). Th1 cells release cytokines 
such as IL-2, IFNγ, and TNFβ, leading to macrophage activation, complement fixing 
antibody isotypes, and differentiation of CD8+ T-cells to the cytotoxic type (Abbas 
et al., 1996). In particular, this pathway is implicated in xenogenic transplant rejection 
(Chen et al., 1996). In contrast, the Th2-type pathway—and its interleukins IL-4, IL-5, 
IL-6, and IL-10—does not activate macrophages or complement fixing antibodies, but 
rather is implicated in both transplant acceptance and rejection (Allman et  al., 2001; 
Piccotti et al., 1997).

After proliferating through many cell generations and in the presence of the appro-
priate microenvironment of cytokines, the Th cells can differentiate into effector cells, 
memory cells, or regulatory cells. There are at least three populations of Treg cells that 
are implicated in promoting graft tolerance: CD4+ Treg cells, CD8+ Treg cells, and 
CD4 − CD8− Treg cells (Wood et al., 2012). The population of CD25 + CD4+ T-cells 
gives rise to CD4+ Treg cells that, along with Breg cells and dendritic cells, can induce 
graft tolerance. Interestingly, at transplant, there are insufficient levels of CD4+ Treg 
cells in order to prevent initial rejection. However, pretreatment of mice with donor 
alloantigen generates a population of CD25 + CD4+ Treg cells capable of prevent-
ing skin allograft rejection (Karim et al., 2005). This bystander effect may prove to be 
a useful mechanism by which to induce graft tolerance. However, in practice, human 
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allografts may actually induce Treg cells after prolonged exposure to alloantigen, which 
may explain why tolerance can develop (Tullius et al., 1997; Hamano et al., 1996). The 
second subpopulation of CD8+ Treg cells is produced via the CD8+ naive T-cell popu-
lation and may be divided into two subtypes: CD8+ CD28− and CD8+ IL-10 pro-
ducing cells. CD8+ CD28− Treg cells inhibit antigen presenting cell-mediated T-cell 
activation by direct cell contact-dependent mechanisms (Liu et al., 1999). When CD8+ 
Treg cells were given in combination with nongraft antigens, the Treg population 
facilitated cardiac allograft acceptance (Karim et al., 2005). This is another example of 
bystander activation in which third-party allografts may be suppressed. In this case, rejec-
tion was prevented as long as the Treg cells were exposed to the antigens before the 
adaptive transfer occurred. IL-10 producing CD8+ Treg cells have also been found in 
kidney transplant patients (Cai et  al., 2004). Finally, CD4− CD8− Treg cells may also 
play a role in cell-mediated tolerance. In hematopoietic stem cell transplants, deficiency 
of this population is proportional to the extent of graft versus host disease. However, 
these cells are induced to express IFNγ, a mediator of rejection, by dendritic cells, which 
may undermine their utility (Hill et al., 2011). Modulating these populations could be 
of paramount importance in facilitating graft or biomaterial acceptance.

The key to harnessing tolerant cell populations may be through the use of cyto-
kines. The role of cytokines in T-cell class switching in graft failure is highly com-
plex. IFNγ plays an intriguing role in T-cell modulation (Wood and Sawitzki, 2006). It 
usually acts in an inflammatory capacity in the Th1-driven response mediating rejec-
tion, but through induced Tregs, IFNγ can control the immune response in other cells. 
Early production of IFNγ by Treg cells during an immune response directly inhibits 
activation and proliferation of immune effector cells. IFNγ, in this context, also cre-
ates a negative activation environment, influencing antigen presenting cells through 
nitric oxide, indoleamine 2,3 dioxygenase, and heme oxygenase expression (Refaeli 
et  al., 2002). Mice deficient in Th1 cytokine IFNγ reject cardiac allografts rapidly 
(Konieczny et al., 1998). However, IFNγ is not both necessary and sufficient to cause 
allograft rejection. Both STAT4 and IL-17 seem to play a crucial role in Th1-mediated 
rejection. IL-17 producing CD4+ T-cells mediate accelerated allograft rejection with a 
very severe vascular inflammation and macrophage infiltration (Yuan et al., 2008). IL-2 
may play a similarly important role during the initial T-cell response and subsequent 
control by Tregs in mediating tolerance (Malek and Bayer, 2004). T-bet, a Th1-specific 
transcription factor, plays a role in the development of the Th1 subtype. A mouse study 
has recently shown that Tbet −/− recipients developed accelerated allograft rejection 
when compared with controls (Yuan et al., 2008). The Th1 cytokines are not alone in 
their involvement in graft rejection. Th2 cytokines (IL-4, IL-5, IL-10, and IL-13) are 
primarily involved in promoting tolerance. In particular, the Th2 cytokine IL-10 has 
been found to inhibit primary T-cell responses (Rubtsov et al., 2008). However, Th2 
cytokines are found in acute vascular rejection (Dallman, 1995). Understanding the 
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complex interplay of cytokines is a crucial part of developing a therapeutic strategy to 
induce tolerance.

Ischemic reperfusion injury (see the section “Complement Activation”) has an 
important role in the T-cell-mediated immune response. A study by Burne-Taney et al. 
(2006) demonstrated that ischemic preconditioning through splenectomy protects 
patients from future renal ischemic reperfusion injury. Low T-cell count is associated 
with a 10 times decrease in hepatic neutrophil release, a decrease in the level of necro-
sis, and a reduction of serum transaminase levels post-transplantation. Furthermore, 
CD4+, but not CD8+, T-cell population depletion inhibited this hepatic injury 
(Zwacka et  al., 1997). A recent study into the visualization of the adaptive immune 
response and its role in graft rejection has helped to elucidate some of the underlying 
pathology (Celli et  al., 2011). In a murine ear skin graft model, donor dermal den-
dritic cells initially migrated and were replaced by host mononuclear cells. The host 
cells captured donor antigen, went to the adjacent lymph node, and primed graft-
reactive CD8+ T-cells. The CD8+ T-cells disseminated through the graft, and some 
were arrested. It is possible that host inflammatory mononuclear cells and dendritic 
cells within the graft may be a source for the initial antigen presenting cells ferrying 
antigen from the graft. These cells could then be activating alloreactive T-cells in the 
lymph node via an indirect pathway. Perhaps it is through this pathway that chronic 
graft rejection occurs. In such a scenario, T-cell tissue destruction would act in tandem 
with monocyte infiltration. However, this pathway would not be found in synthetic or 
metallic biomaterials and may help to explain some of their properties.

BIOMATERIALS AS SCAFFOLDS FOR TISSUE ENGINEERING

Biomaterials are traditionally defined as nonliving substances that are used in medical 
devices. This definition, however, is no longer sufficient (Campoccia et  al., 2013). In 
the wake of decellularized scaffolds and cell-based therapies, a more appropriate defini-
tion may be any material intended to evaluate, treat, augment, or replace a tissue, organ, 
or bodily function (Nair and Laurencin, 2007). Fundamentally, however, one can agree 
upon the premise that biomaterials are substances that are designed to control or alter 
the biological environment inside the body. A biomaterial must, at minimum, have no 
sustained toxic response, a long shelf life, a degradation time proportional to healing 
time, and nontoxic clearance and metabolism. Additionally, in order to be used in sur-
gical applications, a biomaterial must have appropriate tags for cell attachment, prolif-
eration, migration, and differentiation as well as the delivery of growth factors where 
appropriate. Furthermore, a biomaterial’s properties (porosity, tensile strength, compli-
ance, and topography) must be in line with the tissue it endeavors to replace (Orlando 
et al., 2012; Nair and Laurencin, 2007). Ultimately, the immunogenicity of a biomaterial 
is integral to its successful implementation.
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The first generation of biomaterials included bone cement, stainless steel, and poly-
ethylene terephthalate. These materials were employed because they are mechanically 
stable and largely inert. However, these substances were quickly replaced by second-
generation materials with specialized functions such as titanium (osseointegration), 
bioglass (tissue integration), biodegradable synthetic polymers (sutures), and natural 
polymers (dermal fillers) (Orlando et al., 2012). There are many subdivisions of bioma-
terials based on their wide range of properties. Biomaterials may be injectable (hydro-
gels, glues, self-assembled) or noninjectable (porous scaffolds, ECM mesh, ECM sheets, 
gels, sponges, sutures, microspheres, and nanofibers). Biomaterials may also be classed as 
small (staples, sutures, drug-delivery vehicles) or large (bone screws, bone plates, con-
traception). Some biomaterials are adapted for use in soft/hard tissues (hip replace-
ment, tooth replacements, outer ear reconstruction, etc.), whereas others interact 
directly with the vascular supply (heart valves, blood vessels, cardiopulmonary bypass, 
hemodialysis, plasmapheresis). The variable host responses to these biomaterials depend 
on many of the aforementioned properties, but in particular on the manufacturing 
process, rate of scaffold degradation (if at all), and the presence of cross-species antigen 
(Badylak and Gilbert, 2008). The main differences between natural-derived and syn-
thetic biomaterials are highlighted in Table 8.1.

Table 8.1 Table outlining the major differences between naturally derived and synthetic biomaterials
Natural-derived Synthetic

Composed of ECM components Artificial materials (e.g., polyglycolic acid)
Hypo-immunogenic (if decellularized) Increased likelihood of foreign body 

reaction following implantation
Improved biocompatibility Biocompatibility somewhat dependent on 

implanted material
Tissue microarchitecture that resembles  

native tissue
Microarchitecture does not usually resemble 

native tissue
Enhanced bioactivity present if ECM  

constituents and growth factors preserved
Scaffold’s bioactivity somewhat dependent 

on implanted material
Microvasculature maintained Microvasculature rarely maintained
Less control over biodegradation  

characteristics
Biodegradation and porosity characteristics 

can be controlled to some extent
Less control over scaffold’s biomechanical 

properties which depends on ECM 
components left behind

More control over material’s biomechanical 
properties

Higher chance of microbial contamination  
during scaffold preparation and storage

Contamination less of a concern

Supply of ECM depends on availability of  
donor tissue

“Off-the-shelf ” availability

Time required for tissue procurement and 
preparation (days to weeks)

Can be manufactured rapidly (hours to days)
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Natural (decellularized) biomaterials
Natural biomaterials are still in their nascent stages of use. However, recent advances 
suggest that these biomaterials have a promising future. Natural biomaterials range 
from collagen to cell-based therapy to decellularized tissue scaffolds. Natural products 
have also found myriad uses as drug-delivery vehicles, surgical sutures, and whole tissue 
replacements. They are advantageous due to their biocompatibility; however, natural 
biomaterials are potentially immunogenic. Starting at the very smallest natural bioma-
terials, nanoparticles, there is still some concern as to their immunogenicity. Two stud-
ies describe antibody formation to C60 fullerene. In one study, the C60 antibodies had 
a cross-reactivity with C70 fullerene as well (Chen et  al., 1998). In the other study, 
monoclonal antibodies to C60 were produced (Braden et  al., 2000). Although these 
are the only studies currently suggesting the immunogenicity of something as simple 
as a carbon backbone, the results are worrying. Other studies have not replicated these 
results (Dobrovolskaia and McNeil, 2007). If an explanation for the discrepancy could 
be found, it might give insight into structures of drug-delivery vehicles. Given that 
increasing complexity and size correlate with a more robust immune response, natural 
biomaterials may be difficult to harness. Nevertheless, the processing of natural bioma-
terials has improved their outlook, and they have been successfully employed without 
immunosuppression, making them particularly advantageous over traditional allogenic 
transplants (Dobrovolskaia and McNeil, 2007).

Biomaterials have been extensively investigated as vehicles for cell-based 
approaches. Hematopoietic and mesenchymal stem cells (MSC) have been used in 
clinical pancreatic islet transplantation but have demonstrated little function (20–30% 
of what is expected) and face immediate destruction (Ryan et  al., 2001). It appears 
that this response is primarily mediated by the innate immune system due to the 
instant blood-mediated inflammatory reaction when the islet cells contact the por-
tal vein (Bennet et al., 1999). However, as discussed earlier, this blood-mediated reac-
tion may also involve the adaptive immune response (see the section “Cell-Mediated 
Immunity”). These findings could be linked to islet transplantation and the site of 
implantation. Nevertheless, they highlight the possibility that certain forms of cell 
replacement therapy can elicit an immune response and cell transplants may exhibit a 
lower degree of “immune privilege” than solid organ transplants. On the other hand, 
embryonic stem cells have been shown to have decreased MHC expression and in their 
undifferentiated state do not stimulate T-cell expansion in vitro (Drukker et al., 2002). 
Furthermore under other conditions both mesenchymal and embryonic stem cells 
have been reported to suppress T-cell cytokine secretion and proliferation through the 
action of arginase I (Yachimovich-Cohen et al., 2010). Interestingly, however, differen-
tiated embryonic stem cells elicit a very strong immune response and are rejected con-
siderably quicker than their undifferentiated counterparts (Swijnenburg et  al., 2005). 
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Robertson et al. (2007) found that ESC-derived TGFβ2 evoked immunological unre-
sponsiveness and was expressed on differentiated cell types both in vitro and in vivo.

An intriguing model of the differences between transplants and biomaterials can 
be found in the study of islet pancreatic cell transplants. Islet pancreatic cell clusters 
generated in vitro are less susceptible to rejection by innate immune mechanisms than 
islet allografts. This observation ties in with the earlier hypothesis that biomaterials may 
not evoke as strong an innate immune response because they do not have leukocytes 
with antigen presenting cell capacity to mediate complement activation through the 
direct pathway (Boyd and Wood, 2010). Wu et  al. demonstrated that implantation of 
differentiated embryonic stem cells into insulin expressing cells in vivo did elicit inflam-
matory cell infiltration of the graft site at 5 days postoperatively and that by 10 days 
after transplantation the cells had completely disappeared. The authors suggested that 
CD4+ T-cells could respond to MHC and minor histocompatibility complex mis-
matches to facilitate acute rejection of the implanted cells in tandem with CD8+ 
T-cells (Wu et al., 2001).

An alternative to using allogenic cells would be to utilize autologous-induced plu-
ripotent stem cells (iPSCs). iPSCs are typically derived from the reprogramming, or 
reversion, of fully differentiated skin fibroblasts back into stem cells (Takahashi and 
Yamanaka, 2006). They are attractive for the following reasons: their abundance thereby 
offering a limitless supply of donor cells, potential widespread applications and lack of 
immunogenicity, although there is some controversy with respect to their immunoge-
nicity (Araki et al., 2013; Guha et al., 2013; Zhao et al., 2011). In addition, autologous 
cells have the same genetic print as damaged, or diseased, cells and therefore without 
genetic correction may be limited in certain disease states where recipient cells dis-
play genetic anomalies. iPSCs also appear to have “memory” of their previous cell type, 
displaying aberrant features in culture (Kim et  al., 2010). Furthermore, the introduc-
tion of expensive growth factors and cytokines raises concerns from a financial, safety 
(potentially tumorigenic), and immunological standpoint. Additional molecules may 
prove immunogenic in their own right. However, iPSCs remain a promising avenue for 
research since recent studies have demonstrated the reprogramming of cells into spe-
cific tissue types including alveolar epithelium (Ghaedi et al., 2014) and skeletal muscle 
(Tedesco et al., 2012). A novel way of processing iPSCs with high efficiency and a well-
established safety profile, that does not require external agents and preserves cellular 
integrity, would provide unparalleled opportunity for this technology (Hou et al., 2013).

Natural biomaterials that have been used surgically as macrostructures include 
derivatives of collagen, fibrinogen, hyaluronic acid, glycosaminoglycans, hydroxyapatite, 
cellulose, chitosan, and silk fibroin (Campoccia et al., 2013). Other biomaterials include 
ECM scaffolds that can be used to replace heart valves, skin, the pericardium, and other 
anatomic structures (Badylak and Gilbert, 2008). Challenges to the use of natural bio-
materials as scaffolds include restricted control over the physicochemical properties of 
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the biomaterials themselves, the inability to moderate degradation rates, concerns over 
sterilization and purification, and the lasting presence of pathogens. Although natural 
biomaterials are biocompatible and undergo natural remodeling, they are also immu-
nogenic. Xenogenic materials, in particular, exhibit antigens including the Gal epitope 
and DNA (Nair and Laurencin, 2007). However, allograft and xenograft natural bio-
materials have been used as scaffolds in tissue engineering with some promising results 
(Fishman et  al., 2011, 2012, 2013). Natural scaffolds are still far from achieving their 
full clinical potential, but considerable progress is being made (Birchall and Seifalian, 
2014; Fulco et al., 2014; Gonfiotti et al., 2014; Sicari et al., 2014; Elliott et al., 2012; 
Olausson et al., 2012; Macchiarini et al., 2008).

The ideal scaffold should be bioactive, facilitate cell adhesion, be nonimmuno-
genic, nontoxic, and noncarcinogenic (Jungebluth et al., 2012). It should also be able 
to mimic the natural tissue microenvironment, maintain its biomechanical properties 
in vivo, as well as retain air and liquid seals where necessary. The biggest challenge asso-
ciated with natural-derived scaffolds is overcoming their inherent immunogenicity. 
Decellularization of the natural biomaterial through the detergent-enzymatic method 
(DEM) has largely ameliorated this problem but often with a resultant loss of graft 
quality (Partington et  al., 2013; Macchiarini et  al., 2008). Less aggressive treatments, 
including freeze-thaw and chemical dehydration, have all been proposed to assist in 
the maintenance of the natural scaffold’s biomechanical properties. However, studies 
have shown that the DEM is superior to chemicals, including formalin and acetone, 
in removing immunogenicity while avoiding as much degeneration as possible (Crapo 
et al., 2011). Through more than 17 cycles of detergent-enzymatic treatment of the tis-
sue, studies have been able to demonstrate a complete removal of native DNA, protein, 
and MHC molecules (Conconi et  al., 2005). Although this method is functional for 
tougher structures such as the trachea, for more sensitive structures such as the small 
bowel, only one cycle of DEM may be used. After four cycles, crypt and villous struc-
ture is completely eradicated (Totonelli et al., 2012b). Interestingly, Gillies et al. (2010) 
demonstrated the complete removal of DNA and intracellular proteins from rat tibi-
alis anterior muscle using a nondetergent, nonproteolytic method consisting of only 
latrunculin B, hyper- and hypotonic solutions, and DNase (Gillies et al., 2010). While 
the method was similar to DEM in cell clearance, it better preserved the biomechani-
cal properties of the scaffold. So far the DEM has proved the most useful in natural 
biomaterial processing. However, due to its harsh effects on the materials affected, a 
new form of decellularization protocol may be warranted.

In the few human autologous cell-seeded scaffold transplants that have taken place 
to date, studies have reported on the presence of a diminished immune response 
against the graft. Initial reports from airway tissue engineering follow-up studies com-
mented on the presence of fungal infections within the first 6 weeks’ post-transplant, 
suggesting that some local immunocompromise is occurring around the graft (Berg 
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et  al., 2013; Elliott et  al., 2012; Macchiarini et  al., 2008). Berg et  al. (2013) reported 
in their posthumous findings that the trachea had a lymphocytic infiltrate in the sub-
mucosa in proximity to the graft. However, these studies should be considered in light 
of the observation that host responses to scaffolds differ based on source and process-
ing. For example, in vitro studies of materials Graftjacket™ (human dermis, cryogenic 
processing) and Restore™ (porcine small intestinal submucosa, minimal processing) 
both elicited an immune response, but the latter was replaced by muscle and connec-
tive tissue, whereas Graftjacket fibrosed and underwent persistent low grade inflamma-
tion (Badylak and Gilbert, 2008; Valentin et al., 2006). In naturally occurring scaffolds, 
approximately 60% of the mass is degraded and resolved within 4 weeks and complete 
degradation often occurs by 3 months (Gilbert et al., 2007). However, this degradation 
may be an integral part of the healing process. Cross-linking that was initially thought 
to enhance durability in fact leads to a sustained host immune response (Badylak and 
Gilbert, 2008; Badylak et al., 2001). Separating out the innate (but resolving) immune 
response from the adaptive immune response (that can lead to graft failure) will be of 
paramount importance.

Synthetic biomaterials
Synthetic biomaterials have existed for millennia; the Ancient Egyptians employed 
linen sutures to bind wounds. However, the modern study of synthetic biomaterials 
dates back to the 1960s as new products were used in orthopedic and surgical settings. 
Synthetic biomaterials include polymers such as hydrogels, plastics, polysaccharides, 
and ceramics (Nilsson et al., 2010). Some of the advantageous properties of synthetic 
scaffolds are that they are biologically inert, have predictable properties, are uniform, 
mass-produced, and can be tailored. Furthermore, the most popular degradable syn-
thetic scaffolds (polyglycolic acid (PGA), poly-l-lactide (PLLA), and the copolymer 
poly(lactic-co-glycolic acid)) are hydrolytically degraded due to their labile aliphatic 
ester links, rendering them the most diverse and versatile biomaterials available. The 
hydrolytic erosion permits the by-products to be removed naturally through the body’s 
metabolism. Furthermore, by controlling the molecular weight and copolymerization 
of these synthetic scaffolds, the degradation rate can be partially controlled (Nair and 
Laurencin, 2007). Other scaffolds including polyurethane, bacterial poly-3-hydroxy-
butyrate (PHB), polycaprolactone (PCL), polydiaxone, and polytrimethylene have also 
been employed. Polyurethanes and PHB are currently the most promising of these 
alternative materials.

PGA is a highly crystalline (45–55%), tensile synthetic scaffold with low solubil-
ity, a high melting point (>200°C), and the ability to form fibers. It has been used in 
resorbable sutures (due to its fiber-forming capability) and scaffold matrices (for tissue 
engineering applications). Nonwoven PGA has good degradability, cell viability, and 
initial mechanical properties and is being investigated as a bone internal fixation device 
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(Törmälä, 1992). The limitations of PGA usage include its rapid degradation rate, acidic 
degradation products, and low solubility. The rapid degradation rate is not necessarily 
a problem, but low solubility is correlated with eliciting an immune response. PGA 
is produced in minute amounts by Staphylococcus epidermidis and in larger amounts by 
Bacillus anthracis. It was demonstrated that PGA contributes to resistance of high salt 
concentrations by these pathogens (Kocianova et al., 2005). Therefore, using PGA may 
render a patient more prone to infection. Furthermore, acidic degradation products 
are dangerous in their own right. Cytology has demonstrated that in a PGA effu-
sion posttransplant, lymphocytes were present. It has been suggested that the chronic 
inflammatory reaction to PGA may be induced to H2O soluble oligomers released 
in the degradation process. However, there was no PGA-induced lymphocyte DNA 
synthesis. The PGA construct was thus immunologically inert but produced an inflam-
matory mononuclear cell migration and adhesion secondary to MHC II antigen and 
IL-2 receptor antigen (albeit smaller than that induced by mitogen or antigen-induced 
response) (Santavirta et al., 1990).

In human studies, PGA has been found to cause a sustained foreign body reaction 
(Athanasiou et al., 1996). However, a study comparing stainless steel screws and PGA 
in an orthopedic application found that there were no differences in immune response 
(Bucholz et  al., 1994). A consensus has yet to be reached on the immune effects of 
PGA. Encouragingly, a tubular urethra made with PGA was seeded with autologous 
muscle and epithelial cells and implanted into five patients requiring urethral recon-
struction. The grafts have been reported to survive for at least 6 years post-transplanta-
tion (Raya-Rivera et al., 2011).

PLLA is another crystalline (~37%) polymer with a high melting point (175°C), 
but, unlike PGA, it has a slow degradation time course, good tensile strength, low 
extension, and a high modulus (Middleton and Tipton, 2000). Therefore, it is par-
ticularly applicable to load-bearing situations such as occur in orthopedics. With a 
degradation time of 2–5.6 years in vivo, it may not be suitable for long-term ortho-
pedic applications. PLLA has been used in dog meniscus reconstruction, but there 
were resulting clinical symptoms of inflammation from macrophage and lympho-
cytes infiltration (Klompmaker et  al., 1991). A lower strength and faster degrading 
version of polylactide, poly-dl-lactide, is an amorphous polymer that has been used 
in drug delivery as it loses its mass in 12–16 months (Maurus and Kaeding, 2004). 
Unfortunately, PDLA and PLLA have the same problems with acidic degradation 
products as PGA, which limit their usage.

Poly(lactic-co)glycolide (PGLA) is used in meshes, suture reinforcement, skin 
replacement, dura mater substitutes, scaffolding substitutes, and drug delivery as micro-
capsules, microspheres, and nanospheres (Nair and Laurencin, 2007). It undergoes bulk 
erosion through ester bond hydrolysis with the rate of degradation proportional to the 
molecular weight, the shape, and the matrix structure. PGLA has good cell adhesive 
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and proliferative properties, which is encouraging for tissue engineering applications. 
However, there are limits to its usage, particularly as a drug-delivery construct. Protein 
denaturation occurs within the vehicle as glycolic acid creates an acidic environment. 
Creating a surface-eroding polymer would eliminate this particular problem (Ueda and 
Tabata, 2003). As regards to the immunogenicity of PGLA, it has been used in a model 
of articular healing in rabbits and minimal inflammation was reported (Päivärinta et al., 
1993). Furthermore, PGLA has been shown to increase bone-healing time in a model 
of rat tibia (Hollinger, 1983). Thus, PGLA is a versatile product that may find use in a 
variety of properties, but the toxicity and immunogenicity of its degradation products 
are limiting flaws.

Polyurethanes have been used in both pacemakers and vascular grafts. They are bio-
compatible with good mechanical properties. However, they do elicit an increase in 
chemokines, cytokines, and growth factors when studied in in vitro models (Schutte 
et  al., 2009). A notable example of a polyurethane being used in clinical practice is 
the bioartificial polyhedral oligomeric silesquiaxone-poly(carbonate-urea) ure-
thane (POSS-PCU) that has been employed in tissue engineering (Jungebluth et  al., 
2011). When implanted into a patient with an advanced tracheal tumor, the patient 
was asymptomatic and tumor-free at 5 months. The airway had patent anastomoses 
and a vascularized neo-mucosa. There was a local occurrence of fungal infection ini-
tially which suggests that the graft initiated some immunogenicity, probably through 
the innate immune response. However, at 5 months, epithelialization and wound repair 
had occurred and no evidence of infection was present. These results strongly suggest 
that this synthetic polymer is tolerated by the adaptive immune response. Long-term 
follow-up will be necessary to assess whether or not a chronic rejection pattern can 
occur. However, the drawback to POSS-PCU is that neovascularization and epithe-
lialization were difficult to achieve on this synthetic scaffold (Totonelli et  al., 2012a). 
Theoretically, however, this polymer is a promising resource for future use if it can be 
employed as a smart polymer that incorporates appropriate signaling molecules. Three-
dimensional bioprinting of cells directly onto biomaterials may assist in the future to 
promote revascularization, recellularization, reepithelialization, as well as immune 
modulation of implanted biomaterials, either directly or through paracrine effects 
(Zopf et al., 2013).

Alternative synthetic scaffolds have been employed previously, but with less suc-
cess and will be discussed here largely for completeness. Polydiaxone has been used in 
monofilament sutures (as multifilament sutures have been associated with infection and 
friction-induced injury). Polytrimethylene carbonate is another variable polymer that 
is used in its low weight form for drug delivery and in its high weight form for soft 
tissue engineering. PCL is a semicrystalline polymer that is cheap, slow to degrade, and 
highly permeable (Nair and Laurencin, 2007). It has therefore been used in the long-
term delivery of drugs and vaccines and, most notably, contraceptive implants. That is 
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not to say that PCL does not produce an immune response. When PCL was implanted 
into the nervous system, microglia were found to peak 3 days following implantation 
and persisted for 28 days. Astrocytes displayed a similar pattern of activation. However, 
60 days postimplant, no scar or foreign body reaction was seen surrounding the scaf-
folds (Nisbet et al., 2009).

The bacterial polyester PHB has demonstrated good biocompatibility in studies to 
date. It elicits minimal acute inflammation, abscesses, and tissue necrosis (Artsis et al., 
2010). PHB is tough and brittle but its piezoelectricity makes it an ideal candidate 
for orthopedic applications as it can undergo electrical stimulation to facilitate move-
ment postoperatively (Pouton and Akhtar, 1996). PHB evokes a mild tissue response 
similar to that of PGA and PLA. However, the intermediate degradation product of 
PHB is biocompatible and not acidic unlike that of PGA and PLA (Artsis et al., 2010). 
Therefore, PHB may be an ideal candidate for future tissue engineering and bioma-
terial applications. Synthetic scaffolds have thus been used as biomaterials in a wide 
range of applications. In addition to identifying appropriate mechanical properties, 
studies have demonstrated that some biomaterials are more or less immunogenic than 
others. In particular, while PGA and its variants have found myriad uses as biomateri-
als, PHB may prove more effective for long-term applications where biocompatibility 
is of paramount importance. Polyurethanes with their proven biocompatibility in vivo 
should be further explored in in vivo applications of tissue engineering.

Of particular interest would be harnessing the immune responses to these bioma-
terials to generate a tolerant effect. Synthetic scaffolds can be coated in short peptides 
in order to facilitate binding of MSC to the scaffolds (Campoccia et al., 2013, Harris 
et  al., 2004). Such MSC binding would be particularly beneficial in tissue engineer-
ing applications concerning these biomaterials. One example is the integrin-bind-
ing peptide present within fibronectin and laminin, which enables MSC adhesion. 
Interestingly, Tyr-Ile-Gly-Ser-Arg (YIGSR) is another laminin-derived short peptide 
that increases endothelial cell adhesion and proliferation but decreases platelet activa-
tion (Harris et  al., 2004). What implications the use of these peptides could have on 
the triggering of the adaptive immune response to the foreign material is currently 
unknown. Modifying the coating on synthetic scaffolds to interplay with the adaptive 
immune response could provide an element of control over long-term graft survival.

Metals
Metals have been used in orthopedic and dental applications primarily to replace joints 
and teeth (see Chapter 12). For a synthetic or natural material to rival bone, it must 
possess the mechanical properties to mimic cortical bone-bearing properties, be a 
resorbable or degradable material in order to prevent fatigue fractures, and be osteo-
inductive (Nilsson et al., 2010). Although the ideal material has yet to be found, metal 
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has emerged as the most appropriate form at present. By contrast, ceramics, bioglass, 
and polymers may be resorbed but lack load-bearing capacity. Calcium phosphate is 
promising but the understanding and control of synthesis (the osteoinductive aspect 
of this material) have yet to be untangled (Bohner et  al., 2012). Cobalt-chromium-
molybdenum (CoCrMo) is an alloy that has often been used in hip arthroplasty 
(Golish and Anderson, 2012). Early reports of failure of CoCrMo on CoCrMo were 
reported in disk arthroplasty (spinal reconstruction) due to metallic wear debris and 
necrosis. By contrast, when CoCrMo is articulated with ultrahigh molecular weight 
polyethylene, the weight-bearing problems are alleviated. Nevertheless, recent ortho-
pedic applications of metals have reverted to a metal-on-metal structure with ques-
tionable immune reaction improvement. Problems with metal-on-metal articulation 
include aseptic loosening, metal hypersensitivity, and ion toxicity.

Aseptic loosening is problematic for today’s patients who need bone replacement 
solutions that can last tens of years. The perceived advantage for metal-on-metal bear-
ings was that the volumetric wear would be less than metal-on-polyethylene pairings. 
However, metal-on-metal bearings release more particles than metal-on-polyethylene. 
This finding is due to the higher surface area of the former, leading to greater corrosion 
and subsequent release of small particles. A type IV hypersensitivity reaction results and 
the subsequent lymphocytic response then leads to aseptic osteolysis mediated by IL-2, 
IFNγ, and Receptor activator of nuclear factor kappa-B ligand (RANKL) (Jacobs and 
Hallab, 2006). In particular, RANKL can increase osteoclast formation and block osteo-
blast activity further impeding bone repair (Hallab et al., 2002). Galbraith et al. (2011) 
note how hard it is to distinguish a type IV hypersensitivity reaction from infection. For 
this reason, metal-on-metal bearings should probably be avoided in young patients who 
require orthopedic implants (Smith et al., 2012).

Metal hypersensitivity is a common allergic condition resulting from exposure to 
metal ions through skin contact, inhalation, or surgical exposure. In the latter, when asep-
tic loosening occurs, this often releases metal ions into the surrounding environment, 
triggering the response. Nickel and beryllium are the best-studied metals as the former 
plays a critical role in contact dermatitis. Studies have shown that αβ T-cells mediate this 
reaction. The metal ions function as haptens that bind the MHC II–peptide complex on 
metal-specific αβ T-cell receptors (Wang and Dai, 2013). Metal antigens do not simply 
help to mount the immune response but can also modulate antigen presenting cell activ-
ity. For example zinc binding increases antigen presenting cell activity. However, studies 
have demonstrated that gold blocks the antigen presenting cell by forming inert com-
plexes. Further studies have demonstrated that the gold salts functionally inhibit cysteine 
residues on the T-cell receptor (Griem et al., 1996). One could conceivably coat metals 
in gold, but gold is toxic to the kidneys when metabolized and easily corrodes. How to 
mitigate or harness this metal-derived immune response is not yet well understood.
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There are arguments for the use of heavy metals as biomaterials since many also 
have the added benefit of being bactericidal (in particular, silver, bismuth, zinc, and 
copper) (Campoccia et  al., 2013). Incorporating bactericidal properties would be of 
considerable utility as foreign bodies are particularly prone to infection. In theory, one 
could incorporate one of these materials into the component structure of the biomate-
rial. Interestingly, Li et al. demonstrated that if an infection occurs, one can give IL-12 
or MPC-1 which activated Th1 cells to secrete cytokines such as IFNγ to stimulate 
the bactericidal properties of macrophages. Unfortunately, in doing so, a local immune 
response is also elicited (Li et al., 2009). More work is required in this area, but metals 
may prove important in elucidating how bactericidal properties may be incorporated 
into biomaterials.

Finally, the immune response toward quantum nanoparticles (quantum dots) war-
rants brief discussion here (Zolnik et al., 2010). Nanoparticles that contain a metallic 
core (such as cadmium, zinc, or gold) can be engineered to either escape immune sys-
tem recognition or specifically inhibit or enhance immune responses (Ye et al., 2012; 
Alkilany and Murphy, 2010; Hoshino et  al., 2009). Three factors primarily affect the 
toxicity and biological behavior of quantum dots: modifying the core metalloid com-
plex of the nanoparticle, surface modifications of the nanoparticle, and altering the 
external environmental conditions (Hoshino et al., 2011).

THE ADAPTIVE HOST IMMUNE RESPONSE TO BIOMATERIALS

Certain implanted biomaterials appear to exert an influence on the host immune 
response resulting in the generation of particular outcomes (favorable or unfavorable) 
with respect to overall biocompatibility, constructive tissue remodeling, tissue repair, 
neovascularization, and tissue regeneration. Thus, the recognition of the predomi-
nant phenotype of macrophages provides an indication of rejection, inflammation, 
or acceptance following implantation of biomaterials and their role in the context of 
certain implanted biomaterials has been borne out by previous studies (Brown et al., 
2012a,b, 2009; Keane et  al., 2012; Koch et  al., 2012; Sicari et  al., 2012; Porta et  al., 
2009; Valentin et al., 2009; Badylak and Gilbert, 2008; Badylak et al., 2008; Martinez 
et al., 2008).

M1-activated macrophages (also known as classically activated macrophages) 
express IL-12high, IL-23high, IL-10low, and produce inflammatory cytokines such as 
IL-1β, IL-6, and TNFα which promote active inflammation, ECM destruction, and tis-
sue injury. They are CCR7+ CD80+ CD86+ and are inducer and effector cells in 
Th1-type inflammatory and rejection responses. M2-activated macrophages on the 
other hand (also known as alternatively activated macrophages) express an IL-12low, 
IL-23low, and IL-10high phenotype and are able to facilitate tissue repair, constructive 
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remodeling through ECM construction and angiogenesis. M2 macrophages are 
CD163+ CD206+ Arg I+ and predominantly induce a classical Th2 response that is 
anti-inflammatory and is hypothesized to be particularly beneficial for constructive tis-
sue remodeling and tissue regeneration (Martinez et al., 2008) (Figure 8.1).

Previous evidence has demonstrated that decellularized biomaterials, in promoting 
the formation of M2 macrophages and retaining pertinent angiogenic growth factors 
(e.g., vascular endothelial growth factor, TGFβ, and basic fibroblast growth), may also 
be responsible for the pro-angiogenic effects seen which will be critical in ensuring 
viability of implanted biomaterials (Fishman et al., 2013; Takeda et al., 2011). In addi-
tion, unlike lymphocytes whose differentiation is relatively fixed upon differentiation, 
macrophages retain a degree of plasticity which enables them to switch relatively eas-
ily between M1 and M2 phenotypes in response to environmental cues (Arnold et al., 
2007; Stout et  al., 2005). The potential manipulation of macrophage effector mech-
anisms as a strategy for promoting site-appropriate and constructive remodeling as 
opposed to deleterious persistent inflammation and scar tissue formation is an area for 
future work (Brown et al., 2012a,b).

Similarly, polarization of T lymphocytes into Th1 and Th2 cells, each with differ-
ing profiles of cytokine expression, has been demonstrated to be associated with either 

Figure 8.1 M1 versus M2 macrophage response. (A) Classical pathway (M1) activation is associated 
with chronic inflammation, ECM destruction and apoptosis. (B) Alternative pathway (M2) activation is 
associated with anti-inflammatory effects, ECM construction, angiogenesis, and tissue regeneration. 
In reality a broad spectrum lies between the two extremes of polarization. iNOS = inducible nitric 
oxide synthase, Arg I = Arginase I. For a full review on the subject, see Gordon and Martinez (2010). 
Also see Chapter 6.
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graft acceptance (Th2 phenotype) or classical acute graft rejection (Th1 phenotype) 
(Badylak and Gilbert, 2008; Allman et  al., 2001, 2002). It seems likely that the host 
immune response will vary depending on the source of material, processing methods, 
and site of implantation following implantation. Recent data also suggest that certain 
implanted biomaterials, particularly natural-derived biomaterials, may stimulate the 
production of Treg cells (Fishman et al., 2013; Haykal et al., 2013; Bollyky et al., 2009, 
2011). The underlying mechanisms responsible for such findings remain elusive and are 
scope for future work. However, such mechanisms may in part explain why patients 
receiving tissue engineered implants using natural-derived scaffolds do not mount 
immune response against the grafts and therefore do not require immunosuppression 
to prevent rejection (Elliott et al., 2012; Olausson et al., 2012; Macchiarini et al., 2008). 
Thus, such scaffolds appear to be antigenic but not immunogenic (cross-reference to 
the section “Antigenicity Versus Immunogenicity”).

GENERATION OF AN IMMUNOSUPPRESSION-FREE STATE

Use of immunosuppression prevents immune rejection but is associated with toxic-
ity, unwanted systemic side effects and an increased risk of infection and malignancy. 
A major goal of transplantation and regenerative medicine, therefore, is organ/tissue 
replacement without the need for immunosuppressive drugs (clinical operational toler-
ance). To this end, two main approaches have been taken to reach this goal; induction 
of tolerance through modulation of the host immune system and/or a reduction in 
donor tissue antigenicity.

Modulation of host immunity
Central tolerance in transplantation is induced through the deletion of alloreactive 
T-cells in the thymus before they are exported into the periphery. In utero cell trans-
plantation is one such approach that is being tried in order to achieve central tolerance 
(Fisher et al., 2013; Hayashi et al., 2002). The use of nonmyeloablative bone marrow 
transplantation leading to hematopoietic chimerism has been shown to induce cen-
tral tolerance and long-term graft survival (Leventhal et  al., 2012). The induction of 
peripheral tolerance targets peripheral T-cells typically using either costimulatory 
blockade (e.g., anti-CD154 and CTLA4-Ig), by transferring/inducing Treg cells, or 
by utilizing tolerogenic dendritic cells (Chandrasekharan et  al., 2013; Issa and Wood, 
2012; Leishman et al., 2011; Boyd and Fairchild, 2010; Long and Wood, 2009; Silk and 
Fairchild, 2009; Waldmann et al., 2008; Cobbold et al., 2006). Mechanisms of periph-
eral tolerance predominantly include clonal deletion, T-cell anergy, and regulation/ 
suppression (Ashton-Chess et al., 2006).

The only strategy that has so far successfully achieved solid organ tolerance in 
human clinical trials is mixed chimerism (Leventhal et al., 2012). However, the risks of 
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mixed chimerism tolerogenic protocols include the need for bone marrow transplan-
tation, with the associated risks of graft rejection, graft versus host disease, toxicity of 
conditioning regimens and “engraftment syndrome,” as well as the side effects of T-cell 
depletion, such as infection and loss of T-cell memory with newly engrafted T-cells 
(Ravindra et al., 2008).

Further progress might be made through a deeper understanding of the underlying 
mechanisms behind why some transplant patients develop spontaneous operational tol-
erance to allografts, usually secondary to noncompliance of immunosuppressive medi-
cations (Chandrasekharan et al., 2013). Thymic bioengineering and co-transplantation 
of vascularized thymic tissue, thereby allowing the deletion of T-cell clones responsible 
for allograft and xenograft rejection, is an alternative strategy for future tolerogenic 
approaches (Orlando, 2012; Yamada et al., 2005; Nikolic et al., 1999). Finally, the results 
of a multicenter phase I/II study to evaluate various types of immunomodulatory 
cells in living-donor kidney transplantation (The “ONE Study”) are eagerly awaited 
and will develop protocols for the use of expanded recipient Treg cells, recipient Tr1 
cells, donor regulatory macrophages, and donor tolerogenic dendritic cells (McMurchy 
et al., 2011) (Figure 8.2).

Reduction in donor tissue antigenicity and immunogenicity
A variety of different approaches have been taken to reduce tissue antigenicity in order 
to reduce the requirement for immunosuppression, including fixation with chemicals, 
cryopreservation, irradiation, and lyophilization (Fishman et  al., 2011). While glutar-
aldehyde fixation and cryopreservation have been widely utilized for making tissues, 
such as heart valves and tracheal grafts, nonimmunogenic, this is only effective at 

Figure 8.2 Clinical applications of therapies based on regulatory immune cells. Note: Myeloid-
derived Suppressor Cells (MDSC). Taken from Wood et al. (2012).
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reducing antigenicity in the short to medium term (Jacobs et  al., 1999). Such pro-
cesses typically involve the maintenance of cells within the graft, which is associated 
with rejection over time and structural deterioration and is generally believed to be 
responsible for the disappointing long-term results seen with such techniques (Bloch 
et al., 2011; Sotres-Vega et al., 2006; Hawkins et al., 2000). Due to the preservation and 
fixation process, grafts become nonviable bioprostheses, which is largely responsible for 
their lack of potential for remodeling, regeneration, and growth (Cebotari et al., 2006; 
Dohmen et al., 2006). Furthermore, cross-linking agents, such as glutaraldehyde, reduce 
cell permeation into scaffolds which may further hinder tissue remodeling and regen-
erative potential (de Castro Bras et al., 2010).

Immunoisolation technology, having largely arisen out of the field of islet cell 
transplantation, has emerged as a way of preventing the recognition of non-self-anti-
gens by the host immune system (Orlando, 2012; Pareta et  al., 2012). By definition, 
the recipient cannot be considered immunologically “tolerant” and given the right cir-
cumstances the immune system will still be able to mount an immune response against 
the antigens if encountered. The term immunological “ignorance” may be more 
appropriate in such circumstances. Despite encouraging results in preclinical studies, 
translation to humans has been hampered by significant morbidity and lack of efficacy, 
mainly due to inadequate immune isolation and cell death secondary to hypoxia. In 
this respect, decellularized ECM scaffolds may provide the optimal environment for 
encapsulated islets destined for transplantation.

An alternative approach to reduce donor tissue antigenicity comes from the field 
of xenotransplantation where pigs have been genetically engineered to remove the pig 
antigen α-gal, that is mainly responsible for hyperacute rejection in transplanting from 
pigs to humans, as well as pigs that express one or more complement regulatory proteins 
(Ekser et  al., 2012; Yamada et al., 2005) (see Chapter 4). Although a reduction in host 
immune response has been demonstrated, it is probably not adequate to lower exog-
enous immunosuppressive therapy sufficiently to permit clinical use, primarily due to an 
immune response directed against non-gal epitopes and further genetic modification of 
pigs will probably be necessary. Nevertheless, a host immune response against decellular-
ized xenogenic tissues, if identified, could in theory be prevented further by harvesting of 
tissue for decellularization from transgenic α-gal knockout animals, or through treatment 
of harvested tissue with α-gal (Stapleton et al., 2011; Daly et al., 2009; Xu et al., 2009).

Interspecies blastocyst complementation, by injection of human iPSCs, offers the 
prospect of generating nonimmunogenic human organs for replacement through chi-
merism (which has been recently demonstrated in pigs) (Matsunari et al., 2013; Usui 
et al., 2012; Kobayashi et al., 2010). However, this strategy may be limited by the pres-
ence of highly immunogenic xenogenic vasculature, safety, and ethical concerns.

Tissue engineering, through the use of decellularized scaffolds, is a possible way 
of overcoming the above limitations since, hypothetically, decellularized scaffolds are 
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capable of providing living tissue with remodeling, regeneration, and growth potential 
(see the section “Natural (Decellularized) Matrices”). The potential advantages of the 
decellularized scaffold approach, compared to previous approaches, lie in its similar-
ity to native tissue, with the maintenance of tissue composition and microarchitecture, 
and the possibility of generating nonimmunogenic tissues. There is already a proof-of-
principle that decellularized allogenic tissues fail to elicit a humoral-mediated immune 
response when transplanted into humans (Elliott et  al., 2012; Kneib et  al., 2012; 
Olausson et al., 2012; Macchiarini et al., 2008). There is also recent evidence from pre-
clinical animal studies that decellularized scaffolds can also circumvent the cell-medi-
ated immune response and modulate the host immune response toward a favorable 
phenotype (Fishman et al., 2012, 2013; Haykal et al., 2013; Ma et al., 2013; Zang et al., 
2013; Bollyky et al., 2009, 2011; Scheibner et al., 2006).

FUTURE WORK AND CONCLUSIONS

Previous successes within the field of allotransplantation have enabled solid organ 
transplantation to proceed in the presence of immunosuppression. However, although 
successful in preventing immune rejection, lifelong immunosuppression (and the ever 
increasing array of immunosuppressive drugs that are being developed) carries notable 
risks including toxicity, systemic side effects, infection, and malignancy. Future research 
is geared toward developing a state of clinical operational tolerance, i.e., transplanta-
tion without the need for immunosuppression, or with only reduced requirements for 
immunosuppression (“prope” tolerance). In order to achieve this goal, various tolero-
genic strategies are being deployed to induce acceptance of biomaterials without the 
need for immunosuppression. Part of this strategy may include redirecting the host 
immune response toward a more favorable phenotype (i.e., the promotion of M2 mac-
rophages and Th2 lymphocytes), as well as the use of immunomodulatory cell types, 
including Treg cells, regulatory macrophages, and tolerogenic dendritic cells. The latter 
approach is being tested in the “ONE Study” which is currently under way, the results 
of which will have important implications concerning the immune response toward 
biomaterials (Juvet et al., 2014; Geissler and Hutchinson, 2013).
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Fibrotic Response to Biomaterials and 
all Associated Sequence of Fibrosis
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INTRODUCTION

One of the dirty little secrets of the biomaterials field is that virtually any implanted 
material will eventually cause scarring (fibrosis). When you get a sliver, the first, painful 
response is the classic hot, red inflammation. However, if you do not remove the sliver, 
over time, your body will accumulate collagen (scar tissue), essentially “walling off ” the 
foreign body, even if it does not become infected. In this chapter, we will try to under-
stand this protective mechanism.

While fibrosis is not always clinically problematic, it is important to recognize and 
try to address it during the design phase. We will present a number of examples in 
which fibrosis has been documented clinically and in research, and discuss the implica-
tions of this scar tissue formation.

In order to ultimately address fibrosis, we will need to understand the mechanism of 
action. Fibrosis is really just wound healing gone awry. Surgical implantation of a bio-
material, no matter how noninvasive, causes injury. If the material were not present, the 
body would go through classic wound healing, which would ultimately result (depend-
ing on the size of the injury) in regenerated tissue with only a small scar. After any 
injury, the body goes through inflammation, matrix formation, and matrix rearrange-
ment. We must ask ourselves—at what stage does the biomaterial alter this response? 
In the other chapters in this textbook, evidence is presented that biomaterials are rec-
ognized, and a response generated, throughout their time in the body. So how do these 
early responses affect the long-term response—or do they? Thus, we will briefly discuss 
the wound healing response and the role biomaterials play in disrupting it.

There is a substantial literature examining pathological fibrosis. It is potentially use-
ful to understand what happens in the body when disease states cause fibrosis. How 
do inflammatory stimuli affect or initiate fibrosis? What is the influence of the differ-
ent cell type upon the fibrotic response? How do cytokines and chemokines affect the 
progression of fibrosis? In each section, we reflect upon the response to biomaterials 
and how it parallels and/or differs from the normal inflammatory response.

We examine the signals that initiate fibrosis. The initial injury due to implanta-
tion can initiate the fibrotic response. If infection is associated with the biomaterial, 
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the degree of fibrosis will increase dramatically. Bacterial biofilms in particular cause 
adverse reactions. However, surface chemistry, mechanical properties, and topography 
have also been shown to influence the ultimate response.

There is some evidence from the factors which influence the body’s response 
to biomaterials. Many of the cells associated with the innate immune response are 
involved in the fibrotic response. In particular, neutrophils, macrophages, foreign body 
giant cells (FBGCs), mast cells, and fibroblasts have all been implicated in sensing the 
biomaterial and in producing signals that alter fibrotic responses (for more details, see 
Chapters 2 and 4).

The question remains: how do we control fibrotic response? It seems that it is 
nearly impossible to create a truly “stealth” material; even if it superficially resembles 
the native tissue, there are enough differences that the body will respond. Nonetheless, 
a number of strategies have the potential to control fibrosis. Certainly, attempts have 
been made to alter fibrotic responses by altering surface chemistry (Valdes et al., 2011) 
and topography (Koschwanez et  al., 2008). There is some potential to affect fibrotic 
responses, particularly in tissue engineering applications, by incorporating cells that 
have an effect on regeneration. Perhaps most promising is the ability to release drugs 
from biomaterials. A number of strategies have shown promise, including interfering 
with collagen assembly, altering inflammation, and altering macrophage phenotypes.

Biomaterials have proven themselves to be a very useful tool in medicine. In this 
chapter, we hope to convince you that research can move biomaterials from “good 
enough” to “perfect.”

BIOMATERIALS AND THE WOUND HEALING PARADIGM

The surgical implantation of a biomaterial causes a wound, so it is worthwhile to 
explore how the biomaterial alters the default wound healing response. The basic 
stages of wound healing in response to biomaterials are acute inflammation, followed 
by granulation tissue formation and the foreign body reaction that includes fibrous 
tissue and contracture. In wound healing, the final step is remodeling and at least par-
tial regeneration of the affected tissue, but this has not been observed in response to 
biomaterials.

Acute inflammation
Surgical implantation of biomaterials causes some degree of tissue injury (see 
Chapter  2). Fibrin deposition, the production of the provisional matrix, activation 
of the coagulation and complement cascades, and platelet release of growth factors, 
cytokines, and chemokines are all part of the acute response (Boateng et  al., 2008; 
Markiewski et  al., 2007). The proteins of the Vroman effect and of coagulation and 
complement cascades all interact directly with biomaterials as well, as do the platelets 
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themselves, potentially exacerbating the acute inflammatory response (Gorbet and 
Sefton, 2004). The chemokines trigger migration and extravasation of neutrophils, 
monocytes, and fibrocytes (Schmid-Schönbein, 2006; McDonald et  al., 2011). The 
neutrophils release cytokines that induce fibrosis (interleukin-1 (IL-1) and tumor 
necrosis factor α (TNFα)), while the monocytes release chemoattractants and mitogens 
for fibroblasts, such as fibroblast growth factor (FGF) and platelet-derived growth fac-
tor (PDGF) (Borthwick et al., 2013). Macrophages also release angiogenic molecules 
such as vascular endothelial growth factor (VEGF) (Jaipersad et al., 2014). Other chap-
ters address how the biomaterials alter interactions with inflammatory cells, particu-
larly macrophages (see Chapter 6). There is intriguing evidence that the macrophage 
phenotype might regulate the ultimate fibrotic response (Sindrilaru and Scharffetter-
Kochanek, 2013).

In normal wound healing, the fibroblasts are activated by transforming growth fac-
tor β (TGFβ) to make pro-collagens, which are then enzymatically converted into col-
lagen (Kendall and Feghali-Bostwick, 2014). Cells proliferate and matrix accumulates 
to fill the wound site and replace damaged tissue. Cell–cell and cell–matrix interactions  
are important here, depending on integrins, cadherins, selectins, and immunoglobu-
lins. As the matrix matures, it is degraded by proteases including serum-derived plas-
min, collagenase, and matrix metalloproteinases (MMPs) which allow cell migration 
(Giannandrea and Parks, 2014). These acute responses are all influenced by the presence 
of a biomaterial. This chapter focuses upon the long-term, chronic response to a bio-
material. Clinically, the body can extrude the material (as with some splinters), resorb 
it (e.g., degradable materials), integrate it (as would happen ideally in tissue engineer-
ing and does sometimes occur in response to surgical mesh materials (Badylak, 2014)), 
or encapsulate it. The latter, unfortunately, happens most frequently. Chronically, three 
things usually occur following biomaterial implantation: formation of granulation  
tissue, formation of an avascular fibrous capsule, and capsular contracture.

Granulation tissue and the foreign body reaction
Granulation tissue is vascularized tissue that forms as chronic inflammation evolves. 
The new capillaries make the tissue appear pink and granular, thus the name. 
Histologically, one can observe macrophages and proliferating fibroblasts within gran-
ulation tissue. This tissue can appear as early as 3–5 days after biomaterial implanta-
tion. In the early stages of granulation tissue production, proliferating fibroblasts 
produce primarily proteoglycans, while later they produce mostly type III collagen 
(Utsunomiya et al., 2005). In the presence of a persistent stimulus, granulation tissue, or 
chronic inflammation, can endure for the duration of the presence of the biomaterial. 
In some cases, wear debris or corrosion products are released throughout the lifetime 
of the implant. Hip implants are well known for producing such debris and causing 
concomitant damage (see Chapter 12). Degradable biomaterials have the potential to 
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elicit such a response as well, depending on the mode of degradation (Galgut et  al., 
1991). In other cases, there is continuing injury due to biomaterial movement or mis-
match of mechanical properties with the native tissue which serve as stimuli for granu-
lation tissue formation.

In addition to granulation tissue, nondegradable and slowly degradable biomaterials 
generally elicit a foreign body response. This response has been described in Chapter 2.

Encapsulation by fibrous tissue and capsular contracture
Ultimately, nondegradable biomaterial implants become surrounded by a fibrous cap-
sule. It is possible for implants to become fully integrated (such as macroporous poly-
propylene surgical meshes (Badylak, 2014), but this is the exception, not the rule. Most 
cells of the parenchyma are fully differentiated and thus do not easily divide to repopu-
late a wound site and regenerate it fully. In sites where cells normally multiply (such 
as skin), or when dividing cells are incorporated into tissue-engineered constructs, 
the potential exists for full integration/regeneration, yet that is still not usually what is 
observed.

In the absence of continuous stimuli, granulation tissue in a wound will remodel 
into scar tissue. The cellularity decreases due to apoptosis (Reinke and Sorg, 2012). 
MMPs help change the orientation and structure of the collagen fibrils, and the 
amounts of various types of collagen change with time (Kendall and Feghali-Bostwick, 
2014). The dense parallel bundles of collagen do not have the strength of native tissue. 
Ultimately, myofibroblasts cause contracture of the wound margins. In normal wound 
healing, this contracture is beneficial; however, around biomaterials, as we shall see in 
the next section, contracture can be problematic.

Interestingly, there does not seem to be a strong correlation between the degree 
of protein deposition, coagulation, or acute inflammation induced by a biomaterial 
and the amount of fibrosis. Surface chemistry does play a small role, but it seems that 
the structure (e.g., size, shape, and mechanical properties) and surface topography (e.g., 
porosity and roughness) of biomaterials are more important in predicting degree of 
fibrosis (Lind et  al., 2013). For example, implants with a smooth and nondegradable 
surface create a thicker fibrous capsule than rough or textured implants (Balderrama 
et  al., 2009; Minami et  al., 2006). More work needs to be done to understand the  
factors that contribute to the amount of fibrosis. Factors including anatomic site, blood 
supply, infection, and underlying pathological conditions are clearly very important.

Tissue remodeling as a consequence of biomaterial presence
The final step of successful wound healing is remodeling and regeneration so the 
wound site resembles the original tissue. It seems that the presence of the biomaterial 
interferes with this final step. It is not clear if the deviation from default wound heal-
ing is due to signals from the biomaterial, or if early effects on inflammation bias the 
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response away from ultimate outcome. Nonetheless, the deviation from a normal tissue 
response is a particular concern in applications that require full, functional tissue regen-
eration around a biomaterial implant.

CLINICAL APPLICATIONS OF BIOMATERIALS AFFECTED BY FIBROSIS

There are as many instances where fibrosis will affect function as there are applications 
of biomaterials. Herein, we present some examples that highlight the clinical conse-
quences of the fibrotic response.

Implanted sensors and drug delivery devices
It seems intuitive that devices that depend on rapid diffusion of a solute for their 
function would be affected by the formation of a fibrotic capsule. The most clinically 
mature probes and drug delivery devices have been developed to treat diabetes, so 
the tissue response to these devices will be the focus of the section, though any such 
implanted device will potentially face similar issues. We will discuss implanted glucose 
sensors, insulin pumps, microcapsules, and particles.

Most implanted sensors and drug delivery systems fail within 1–4 weeks of implan-
tation (Gilligan et al., 2004), due in large part to the development of the fibrous cap-
sule forming a diffusion barrier (Sharkawy et  al., 1997, 1998a,b). The effects of this 
capsule can be seen as early as 1–3 days postimplantation (Mou et  al., 2010), and 
this poses an obvious barrier for the implementation of this technology. When an 
implanted sensor must be so frequently replaced, the ostensible ease and convenience 
wanes compared to repeated pinprick blood tests. Thus far, all implanted sensors and 
devices suffer from these issues to some extent.

In particular, calibration and response time of sensors change as the body’s response 
to the polymer changes the microenvironmental milieu. It is not altogether clear if the 
alterations are due to the additional diffusion barrier from the collagen layer or because 
there is less vascular exchange in the relatively acellular capsule. Nonetheless, the effect 
is significant enough that device manufacturers routinely include a calibration algo-
rithm that compensates for time within the body (Mahmoudi et al., 2014).

Interestingly, in some cases, the calibration stays relatively consistent, but the 
response time of the sensor decays dramatically (Mou et al., 2010). One group mod-
eled glucose sensor response times and discovered that in the cases of the thickest cap-
sules, the response time could increase as much as threefold. A 200 µm thick capsular 
layer can increase the lag time in glucose detection from the blood from 5 to 20 min 
(Sharkawy et al., 1997). The supply of glucose at the sensor surface plummets to as low 
as 25% of that in normal tissue (Mou et  al., 2010). This challenge to sensor respon-
siveness highlights the importance of engineering anti-fibrotic materials. The clinical 
implications to a diabetic individual of such significant time lags can be dangerous. 



Fibrotic Response to Biomaterials and all Associated Sequence of Fibrosis 195

Indeed, there are a number of publications that describe efforts to address this very 
problem that include altering surface chemistry (Quinn et al., 1997), changing porosity 
(Ju et al., 2008), and release of bioactive agents (Frost and Meyerhoff, 2006; Ward et al., 
2004; Hickey et al., 2002; Hetrick et al., 2007).

Measuring these effects is not straightforward. While diffusion measurements are 
fairly easily done in vitro, it is much more difficult to measure in vivo. Some researchers 
have extracted the fibrous capsule itself and treated it as a diffusion membrane ex vivo 
(Koschwanez and Reichert, 2007). More elegantly, microdialysis membranes can be sub-
cutaneously implanted (Nandi and Lunte, 2009). In one study, calibration was affected, 
but the more serious problem was the delay in response time (Mou et al., 2010).

Presumably, similar issues will apply for other types of implanted sensors. Depending 
on the application, these changes in calibration and response time might by clinically 
acceptable. However, it is important to recognize the effect of the fibrous capsule, and, if 
possible, minimize it.

Implanted insulin pumps have been used clinically for some time. Early on, fibrous 
obstruction of the catheter that transported the insulin to the body was a common 
occurrence, which reduced the useful duration (and convenience) of the device. 
Twenty years ago, the 50% survival rate for patients with insulin pumps was as short as 
27 months (Renard et al., 1995). While nearly half of the obstructions were due to a 
fibrin clot at the catheter tip, most of the rest were caused by fibrous tissue encapsula-
tion around the catheter. In all cases, however, a fibrous capsule was present around the 
catheter, though it did not necessarily occlude the tip and prevent free flow of insulin. 
Again, this is a risky situation for the diabetic patient.

Similarly, permanent catheters are used in peritoneal dialysis to treat renal disease. 
Here, the catheter straddles applications between a “drug delivery” device and a per-
manently implanted biomaterial. Nonetheless, one of the serious side effects of perito-
neal dialysis is peritonitis, which may lead to progressive peritoneal tissue fibrosis and 
inability for the peritoneum to act as an effective dialysis membrane. While this has 
been largely blamed on the dialysis solution, there is some evidence that the catheter 
itself is at least partly responsible for the failure of peritoneal dialysis clinically (Flessner 
et al., 2007, 2010).

One approach to treating diabetes (and many other conditions) has been to micro-
encapsulate cells in a semipermeable polymer membrane. These microencapsulated 
cells are partly a drug delivery device and partly an early application of tissue engi-
neering. In the case of diabetes, insulin-producing islets are encapsulated. The micro-
capsule membrane protects the implanted cells from the host immune system, as it 
allows the potential use of allogeneic (between different individuals) or even xeno-
geneic (between species) cell sources. Even if immune-matched cells can be used 
(e.g., induced pluripotent stem cells), type I diabetics have an autoimmune response 
that would otherwise kill the cells. The encapsulated cells produce insulin in a 
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glucose-dependent manner. The insulin diffuses across the semipermeable microcapsule 
membrane. Similarly, oxygen, nutrients, and waste products will freely diffuse across the 
membrane, while preventing contact with cells of the immune system and (in some 
cases) antibodies. Microcapsules have been proposed for long-term release of many dif-
ferent compounds, often from cells that have been genetically altered to produce a pro-
tein drug continuously (Paredes JuÃ¡rez et al., 2014).

One barrier to the clinical success of this approach has been ongoing immune 
responses to antigens shed from the microcapsules, leading to a fibrous capsule forming 
around the microencapsulated cells and ultimate cell death (Clayton et al., 1993; Jones 
et al., 2004). There is evidence, however, that the response to the microcapsule mate-
rial itself can also contribute to the loss of function of these implanted cells. One typi-
cal microencapsulation material, alginate–poly-l-lysine–alginate, typically does elicit a 
fibrous capsule. It has been shown that the purity of the naturally sourced material 
affects the magnitude of the fibrotic response (Paredes-Juarez et al., 2014). It has been 
very difficult to establish how much the presence of the fibrotic capsule contributes to 
device failure. Nonetheless, it likely is detrimental to optimum device function, requir-
ing a larger implant volume than would be required under ideal circumstances.

Drug delivery approaches vary widely and include large devices that release drugs 
over very long periods. These devices would clearly be affected by long-term fibrosis 
in response to the polymer. In other cases, drug release is from smaller devices, includ-
ing controlled release from microelectromechanical systems (MEMS) (Sutradhar and 
Sumi, 2014). The channels in MEMS devices are very small, so it would be easy to 
see how even modest fibrotic encapsulation could interfere with the success of this 
approach. Another very common drug delivery approach is the use of microparticles or 
nanoparticles. Often, the intent is to target these particles to specific cells, such as can-
cer cells (Jain et al., 2014). These small particles are usually taken up into the cells and 
therefore are unlikely to produce fibrosis. However, it should be noted that the major-
ity of such particles (even those “targeted” to specific cell types) are phagocytosed by 
macrophages and do not reach their target (Kafshgari et  al., 2014). In large enough 
quantities, there is a risk that such particles could produce a granulatomous or fibrotic 
response, as we will see in the next section.

Implanted biomaterials
Biomaterials have been implanted to supplement the structure and function of virtu-
ally every organ or tissue in the body. In many of these cases, a fibrotic response (to 
a degree) is acceptable clinically. The accumulation of extracellular matrix (ECM) is 
sometimes a desirable outcome by anchoring the implant and stabilizing it. Here, we 
will discuss some common applications of biomaterials: as filler materials, as surgical 
mesh materials, in cochlear implants, and in breast implants. The responses vary from 
chronic granulomatous tissue (foreign body reaction) to contracting fibrotic capsules.
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Cosmetic surgery to buoy aging skin by inserting filler material is widespread: in 
2009, over 10 million patients in the United States were implanted (American Society 
for Aesthetic Plastic Surgery, 2009). Many new compounds are available, yet some 
unwanted side effects occur with all fillers. The wide range of compounds includes 
degradable polymers, nondegradable gels, silicone oil, collagen, fat, and many others 
(Alijotas-Reig et al., 2013). These materials show a common histologic reaction in the 
long term. Near the filler particles are found T lymphocytes (mostly CD4+) and some 
B lymphocytes. Around the material are abundant macrophages with some eosinophils. 
The collagenization (fibrosis) can extend beyond the extent of the filler material and 
occasionally dystrophic calcification occurs (Alijotas-Reig et al., 2013).

In the case of nonpermanent (i.e., degradable biomaterial) fillers, the collagenization 
is actually a desirable outcome. Local fibrotic reactions in this application are clinically 
acceptable, as the filler material itself is not functional; it just needs to occupy a given 
volume. However, there are unacceptable side effects that have been documented in 
response to nearly every filler material. Immune-mediated delayed local reactions occur 
over a year postimplant for both permanent and nonpermanent fillers (Alijotas-Reig 
et al., 2013). In some instances, infection plays a role; however, chronic granulatomous 
reactions can occur even with no evidence of infection (Alijotas-Reig et al., 2013). Also 
observed have been systemic adverse reactions in which filler material migrates to distant 
sites causing panniculitis or axillary lymphadenitis (Alijotas-Reig et al., 2013). These doc-
umented clinical issues with particulate polymeric biomaterials do raise questions about 
the role of the host response when similar particles are used as drug delivery vehicles.

Surgical mesh materials have been used for many years in hernia repair, pelvic floor 
reconstruction, breast reconstruction, musculoskeletal and tendon repair, and urogenital 
tissue reconstruction (Badylak, 2014). They are also promising materials as scaffolds for 
tissue engineering. The surgical mesh materials are comprised of ECM derived from 
decellularized and processed allogeneic or xenogeneic tissue. When these tissues are 
thoroughly decellularized and processed in a way which does not chemically cross-link 
the ECM, they are constructively remodeled (Badylak, 2014). The materials must also 
contact the native tissue and experience anatomically appropriate mechanical loads. 
During remodeling, a rapid influx of neutrophils occurs, followed by macrophages. The 
scaffold material rapidly degrades while progenitor cells are recruited, resulting in new 
tissue formation that is at least partially functional and does not display chronic inflam-
mation or fibrosis (Badylak, 2014).

Another commonly seen biomaterial application is the cochlear implant, with more 
than 324,000 recipients worldwide (NIH Publication No. 11-4798, 2012). The success 
in improving hearing and speech is very sensitive to acute and chronic damage due 
to the surgery itself and to the inflammatory reaction (host response) to the device. 
Clinically, there is evidence that fibrous encapsulation of the electrode, presumably due 
to a host response to the biomaterial, worsens hearing loss (Astolfi et al., 2014).
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Perhaps the most commonly recognized example of fibrosis around a biomaterial is 
the breast implant. Over 1.5 million silicone breast implants are sold annually world-
wide (Steiert et  al., 2013). The association between breast implants and autoimmune 
disorders has been repudiated by well-designed epidemiological studies (Janowsky 
et al., 2000). This controversy has somewhat overshadowed the frequent complications 
associated with fibrosis. Among other causes of failure (rupture, leakage, and chronic 
inflammation) is capsule formation and contracture. The fibrous capsule forms as soon 
as 1–2 weeks postsurgery (Goldberg, 1997). Subsequently, as the wound tries to “close,” 
the capsule contracts. Up to 80% of implant recipients experience capsular contracture, 
and it is thus the leading cause of revision surgery (Berry et al., 2010; Handel et al., 
2006). On the plus side, a fibrous capsule helps maintain the correct positioning of the 
implant. However, capsular contracture can lead to pain, local tissue hardening, tight-
ness, deformity, and distortion of the breast (Steiert et al., 2013).

In the capsule itself, myofibroblasts are the predominant cell type (27%), but also 
found are macrophages, polymorphonuclear leukocytes, lymphocytes, plasma cells, and 
mast cells (Hwang et al., 2010). From clinical observations, the mechanism leading to 
capsular contracture is not well understood. Textured implants in general have less cap-
sular contracture than smooth implants (Wong et al., 2006). The incidence of infection 
is low but when present is an important cause of contracture. Bacteria can colonize 
the surface of breast implant and form a biofilm. Two-thirds of explanted contractures 
with high-grade capsular contraction had subclinical bacterial colonization. In contrast, 
there were no bacteria associated with explanted implants that had low-grade contrac-
ture (Schreml et al., 2007). Similarly, introducing bacteria with biomaterials in animal 
models increases the degree of contracture (Tamboto et al., 2010). Nevertheless, bacte-
rial colonization is not the only contributing factor to capsular contracture. The for-
mation of the fibrous capsule and its subsequent contraction are clinically problematic 
host responses in this instance.

Tissue-engineered constructs
In tissue engineering, biomaterials provide the structure (scaffold) that guides regen-
eration. The scaffold often contains cells that provide the biological function to the 
target tissue-engineered organ. In this context, the fibrotic response can be beneficial 
or detrimental.

Biomaterial scaffolds alone can facilitate healing. A wound of 1 cm would induce 
a great deal of scar tissue, but could be closed with minimal fibrosis where a scaffold 
is inserted to enhance cell migration into the wound site. When autologous cells are 
included in this strategy, wounds as large as 30 cm can be closed with minimal scarring 
(Atala, 2009).

The fibrotic response to biomaterials has actually been exploited to produce native 
scaffold materials. Here, the body is used as a bioreactor. The biomaterial is implanted 
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(e.g., in the peritoneal cavity) and after several days, a fibrotic capsule forms. The cap-
sule is removed and used as a scaffold for tissue engineering (Campbell et  al., 2008). 
This strategy produces a scaffold that the body will at least perceive as “self,” meaning 
that the tissue-engineered organ based on it is less likely to elicit its own foreign body 
response.

Most proposed scaffolds for tissue engineering are degradable polymers, whether 
naturally sourced or synthetic, and are thus likely to elicit a fibrotic response. The 
activity of the cells chosen will likely have a dramatic effect on the type of response. 
Researchers planning tissue engineering strategies must be cognizant of the conse-
quences of a host response to the scaffold itself—and to the effect of the cells, implant 
site, and surgical injury. As with breast implants, a fibrotic response could have posi-
tive and negative consequences. Fibrotic tissue ingrowth would serve to anchor the 
construct and prevent further wounding due to micromovement. In some cases, this is 
interpreted as tissue integration. However, a scarring response that walls off the con-
struct would be detrimental. Regeneration of new tissue might be thwarted if the 
host’s response biases toward fibrosis rather than healing.

GENERAL MECHANISMS OF FIBROSIS

Fibrosis is a hallmark of numerous pathological conditions. These diseases, which cause 
up to 45% of deaths in the developed world (Wynn, 2008), are marked by an increase 
in the production and accumulation of ECM components, leading to a loss of tissue 
architecture and function. In many ways, this is the same progression that occurs in 
response to biomaterials, but these fields have been studied in far more depth, thus we 
can learn a great deal from the parallels and differences.

Generally, fibrosis is perceived as the last step in a continuum that begins with 
injury and inflammation. Anderson has a frequently reproduced diagram that shows 
the progression of responses to biomaterials over time, starting with influx of polymor-
phonuclear cells, then monocytes/macrophages, followed by neovascularization, devel-
opment of FBGCs, then activation of fibroblasts, and finally fibrosis (see Chapter 2 for 
greater details). Though these events do generally occur sequentially, it is not clear if 
the early events actually cause the later events or if fibrosis could occur even without 
inflammatory signals.

Pathological fibrosis is generally accepted to be initiated by some sort of injury 
(Wynn, 2007). Damaged endothelial and/or epithelial cells release mediators of the 
coagulation cascade and a fibrin matrix forms (Chambers, 2008). Platelets interact 
with the fibrin and other ECM components, forming a blood clot, which (hopefully) 
causes hemostasis. Platelet degranulation affects epithelial/endothelial cells to promote 
vasodilation, MMP production, and cytokine and chemokine release (Barrientos et al., 
2008). Local tissues also produce prostaglandins, which enhance vasodilation, vascular 
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permeability, and leukocyte extravasation. The increased local permeability (along with 
other signals) induces leukocytes to migrate from the circulation to the site of damage.

The severity of acute inflammation depends on the extent of damage and resulting 
signaling molecules, the site of damage and the extent of provisional matrix formation. 
The initial extravasating cells are primarily neutrophils and mast cells. Mast cells release 
histamine from their granules, which recruits further phagocytes and causes vasodila-
tion and increased vascular permeability (Overed-Sayer et al., 2013). Neutrophils out-
number mast cells and also release cell signaling and chemotactic molecules (Gifford 
and Chalmers, 2014). The life span of these cells is short, as degranulation is shortly fol-
lowed by apoptosis. Monocytes and macrophages appear more gradually at the wound 
site. Much of the work in biomaterials has focused on macrophage–biomaterial inter-
actions (Gardner et  al., 2013). Both neutrophils and macrophages phagocytose tissue 
debris, dead cells, and foreign organisms or materials. Macrophages themselves release 
a wide variety of cytokines and chemokines that influence subsequent wound heal-
ing and fibrotic responses (Sindrilaru and Scharffetter-Kochanek, 2013). These include 
signals to endothelial/epithelial cells to initiate the formation of new blood vessels. 
Lymphocytes migrate into the site and their activation leads to release of several pro-
fibrotic cytokines (Pellicoro et al., 2014).

The abundance of local pro-fibrotic mediators stimulates fibroblasts (and other 
cells) to differentiate into α-smooth muscle actin (SMA)-expressing myofibroblasts 
(Duffield, 2014). In the pathological fibrosis literature, this transition to myofibroblasts 
is often deemed the critical aspect of fibrogenesis. Myofibroblasts are primarily respon-
sible for local ECM protein production.

If macrophages and other phagocytes cannot eliminate the initial stimulus (e.g., 
damaged tissue, foreign organisms, or foreign materials), activation of myofibroblasts 
persists and collagen-I-rich fibrous tissue is formed. As ECM production continues, 
immune cells undergo apoptosis (Reinke and Sorg, 2012), leaving an irreversible scar 
that impairs the function of the organ, tissue, or implant.

There are many molecular mediators of this process that are important in control-
ling the complex cell–cell and cell–microenvironment communication. Understanding 
these mediators will be critical in identifying possible targets to treat fibrosis. A simpli-
fied view of these events is shown in Figure 9.1.

INITIATION OF FIBROSIS

When we consider how to treat fibrosis, we can interfere with progression to fibrosis, 
which is very complex, or try to interfere with the initiation of fibrosis. Thus, under-
standing the variety of signals that can lead to fibrotic conditions is important and 
can help us recognize how host responses to biomaterials lead to fibrosis. Very minor 
shifts in tissue homeostasis can lead to fibrotic conditions. Often infection or injury 
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leading to inflammation initiates pathological conditions, but it has been shown that 
severe injury is not a necessary prerequisite. Inflammatory cells are common in the 
pro-fibrotic environment but might not be required for the development of fibrotic 
conditions. For example, hemochromatosis often occurs in the absence of inflamma-
tory cells, while still leading to liver cirrhosis (Lin and Adams, 1991). Similarly, lung 
fibrosis can be caused by over-expression of TGFβ1 without any apparent accompa-
nying inflammation (Sime et  al., 1997). The argument has been made that develop-
ment of fibrosis does not depend on inflammation (Gauldie, 2002; Jones, 2008). In part, 
this might explain the standard prevalence of fibrosis due to biomaterials, even when 
the inflammatory responses to those materials differ significantly. Similarly, many of the 
anti-inflammatory strategies employed in biomaterials have been relatively ineffective 
in preventing long-term fibrosis.

So how is fibrosis initiated? Inflammatory cells often do produce pro-fibrotic  
signaling molecules and probably accelerate the development of fibrosis. Thus, the many 
modes of activation, particularly of macrophages, described in earlier chapters are likely 
contributors to the fibrosis associated with biomaterials. In addition, though, injury, 
infection, and the materials themselves can contribute to fibrotic development by pro-
ducing pathogen-associated molecular patterns (PAMPs) and danger-associated molecu-
lar patterns (DAMPs) (Pearl et al., 2011; Yang and Jones, 2009). Hypoxia in the implant 
environment can also induce fibrosis. Given the trauma associated with biomaterial 

Figure 9.1 Fibrosis in response to biomaterials is a complex process involving many cells and 
mediators.
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implantation and the time to develop a new vasculature, it is expected that cells sur-
rounding a biomaterial would suffer from a paucity of oxygen (Bland et  al., 2013). 
Associated with hypoxia and inflammation, shifts in redox homeostasis have also been 
shown to accelerate fibrosis. Of note, particularly when biomaterials create acidic deg-
radation products (Pitt et  al., 1981), pH can also change fibrotic progression. Finally, 
mechanical signals, such as those transferred due to mismatches in mechanical properties 
between biomaterial and tissue, can induce fibrosis (Lind et al., 2013). No doubt, this is 
not an exhaustive list, but it does highlight the many and overlapping ways that fibro-
sis can be induced in the presence of biomaterials. Many of the mechanisms of fibrosis 
development mentioned briefly in this section will be described in more detail later.

PAMPs and DAMPs due to biofilms, injury, and surface chemistry
Infection is a starting point of many pathological fibrotic conditions, particularly when 
the infection cannot be cleared (e.g., in cystic fibrosis: (Chmiel et al., 2014)). Similarly, 
bacterial biofilms that can easily form on biomaterial surfaces (and are very difficult to 
clear) have been shown to be associated with the most severe clinical fibrosis (Tamboto 
et al., 2010). In these cases, the adaptive immune system is undoubtedly involved, but 
additionally, the bacteria (or viruses or fungi) themselves produce a number of prod-
ucts called PAMPs that are recognized by pattern-recognition receptors (PRRs) on a 
wide variety of different cells (Greenfield, 2014). These PAMPs include bacterial DNA, 
double-stranded RNA, peptidoglycans, lipopolysaccharides, and flagellins (Prince et al., 
2011). There is evidence that some biomaterial surfaces themselves are perceived as 
PAMPs (Yang and Jones, 2009).

Similarly, sterile tissue trauma can cause release of a number of molecules termed 
DAMPs that are recognized by PRRs (Manfredi et al., 2009). Biomaterial implantation 
itself causes tissue damage. In addition, when the biomaterial is not fully integrated, or 
when it has sharp edges or mismatched mechanical properties with the tissue, ongoing 
small-scale injury can occur, potentially releasing DAMPs (Malik et al., 2011; Rogers 
and Babensee, 2010). DAMPs and alarmins are released by damaged or dying epithe-
lial cells that leak intracellular proteins. Examples include high-mobility box group 1 
(HMGB-1), heat shock proteins (e.g., HSP60 and HSP90), IL-33, and IL-1α (Bellaye 
et  al., 2014). IL-33 has been associated with fibrosis in chronic liver injury (Arshad 
et al., 2012), skin sclerosis, and pulmonary fibrosis (Yanaba et al., 2011). HMGB-1 has 
been shown to be associated with pulmonary fibrosis (Abe et al., 2011; Hamada et al., 
2008). Similarly, Toll-like receptor (TLR—a PRR) expression in fibrotic patients is 
elevated, suggesting that their cells might be more “ready” to respond to DAMPs and 
PAMPs (Go et al., 2014).

PRRs are widely expressed on cells including neutrophils, macrophages, T-cells, 
B-cells, dendritic cells, eosinophils, epithelial cells, adipocytes, and fibroblasts (Jeong 
and Lee, 2011). Many of these cells, when activated, will release signaling molecules 
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that induce fibrosis (discussed later in this chapter). Fibroblasts themselves express TLRs 
and IL-1R, which can directly drive differentiation to myofibroblasts (Farina et al., 2014).

Hypoxia
Typically, when biomaterials are implanted, they disrupt local tissue, and it takes time 
to redevelop the blood supply to the wounded tissue, thus producing a transient 
hypoxic, oxygen-deprived environment. In tissue engineering, this is a major design 
concern that is known to affect viability of cells within large constructs (Bland et al., 
2013). Many researchers work on strategies to rapidly develop vasculature for large tis-
sue-engineered constructs, given that an oxygen source is required within 200 µm of a 
metabolically active cell (Yuet et al., 1995). It is likely that, particularly in tissue engi-
neering, hypoxia will at least temporarily affect local cells. In pathological conditions, 
the source of hypoxia could be from an initial injury that damages blood vessels and 
causes acute hypoxia (Lokmic et al., 2012). Also, inflammatory reactions cause an influx 
of cells that consume oxygen quickly, contributing to the hypoxic state (Ruthenborg 
et al., 2014).

No matter the cause of hypoxia, the result has many pro-fibrotic consequences. 
Hypoxia has been shown to induce macrophages to secrete VEGF, PDGF, FGF, TGFα 
and TGFβ, which are all involved in fibrotic tissue development (Murdoch et  al., 
2005). In fibrotic tissue, hypoxia can also induce epithelial to mesenchymal transi-
tion (EMT), which is a significant mechanism of myofibroblast differentiation (Lee 
and Nelson, 2012). Most of the consequences of hypoxia are mediated through the 
upregulation of hypoxia-inducible factor (HIF)-1. Elevated HIF-α helps macrophages 
survive and function (Cramer et  al., 2003). It also might prevent excessive reactive 
oxygen species (ROS) generation and associated impaired resolution of healing (Kim 
et  al., 2006). Among many other effects, HIF-1 induces transcription of pro-fibrotic 
factors including tissue inhibitor of metalloproteinases (TIMP)-1, plasminogen activa-
tor inhibitor (PAI)-1, and connective tissue growth factor (CTGF) (Murdoch et  al., 
2005). Elevated HIF-1 also induces glucose transporter-1, phosphoglycerate kinase 1, 
and VEGF (Li et al., 2007).

Shifts in redox homeostasis
There is some evidence that a pro-oxidant shift in redox homeostasis drives TGFβ-
induced myofibroblast differentiation (Sampson et  al., 2014). This redox shift on its 
own is not sufficient to cause fibrosis, but it is a contributing factor. In biomaterial 
implantation, a redox shift could be caused by frustrated phagocytosis. It has already 
been shown that neutrophils activated by a biomaterial surface release ROS in quanti-
ties high enough to damage the biomaterial (Patel et  al., 2007). These same reactive 
oxygen intermediates could serve to cause a redox imbalance that drives fibrosis.
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In pathological fibrosis, high expression of NADPH oxidase 4 (NOX4)-derived 
hydrogen peroxide (H2O2) and low levels of nitrous oxide (NO) and reactive oxygen 
scavengers alters the redox state. In cooperation with TGFβ1, this induces myofibroblast 
differentiation that then leads to excessive ECM production and wound contracture 
(Sampson et al., 2011). This interaction with TGFβ acts in a number of ways to acceler-
ate myofibroblast differentiation. TGFβ itself acts on fibroblasts and fibrocytes to induce 
production of NOX4-induced H2O2 (Sampson et al., 2014). Angiotensin II (ANG II), 
PDGF, and hypoxia can also induce NOX4 activation in vascular smooth muscle cells 
and fibroblasts (Barnes and Gorin, 2011). The H2O2 and other reactive oxygen inter-
mediates themselves can activate latent TGFβ by directly oxidizing the dissociation of 
latency-associated protein (LAP) (see details in the section on TGFβ), leading to a feed-
back loop (Jobling et al., 2006). Various antioxidants and NOX4 inhibitors have been 
shown to dedifferentiate myofibroblasts to a quiescent state (Sampson et al., 2011).

pH
High levels of lactic acid, potentially caused by inflammation, can activate TGFβ signal-
ing and myofibroblast differentiation (Kottmann et al., 2012). Certainly, the inflamma-
tion due to biomaterials could contribute, but some biomaterials themselves alter the 
pH of their microenvironment as they degrade (Pitt et al., 1981). The classic example 
of this is poly(lactic-co-glycolic acid), which is widely used clinically. It has also been 
used as a tissue-engineered scaffold and to deliver drugs and vaccines.

In pathological fibrosis, increased lactic acid has been observed. For example, it is 
elevated in patients with idiopathic pulmonary fibrosis, which could be due to neutro-
phil activation (Kottmann et al., 2012; Hu et al., 2008). Generally, it is thought that the 
high metabolic demand from an influx of inflammatory cells causes higher lactic acid 
(Drent et al., 1996). If glycolytic metabolism is altered, that could also alter the pH. In 
any case, there is emerging evidence that these pH changes contribute to fibrosis.

Mechanical signals
Changes in mechanical signals from the surroundings can also contribute to fibrosis. 
Biomaterials can contribute to this change in a few ways. The materials themselves 
have mechanical properties that often do not match the surrounding tissue, which 
could transmit mechanical signals to surrounding cells (Lind et  al., 2013). Similarly, 
how well-surrounding cells anchor to the biomaterial, determined both by chemical 
surface properties and topographical properties such as surface roughness and porosity, 
will affect mechanical signals received by surrounding cells (Koschwanez et al., 2008). 
Finally, the host response alters the mechanical properties of the surrounding tissue.

Changes in mechanical tension of the ECM get transmitted to the fibroblast 
cytoskeleton and cause RhoA/ROCK signaling (Jamieson et  al., 1998). This causes 
fibroblasts to become activated to “protomyofibroblasts” which deposit new ECM 
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components and secrete TGFβ (Kim et  al., 2013). In turn, the TGFβ completes the 
myofibroblast differentiation. In addition, as myofibroblasts secrete more ECM, it 
increases the ECM stiffness (Wakatsuki et al., 2000). Integrins can then cause mechani-
cal pulling of the LAP from ECM-bound TGFβ, causing its activation (Munger and 
Sheppard, 2011). These many ways of enhancing fibrosis highlight the difficulties 
inherent in preventing it.

CELLULAR CONTRIBUTORS TO FIBROSIS

In clinical fibrosis, relatively minor attention has been paid to the initiators of fibro-
sis, since these are more difficult to treat, particularly since the clinical symptoms of 
fibrotic disease do not appear until it has progressed significantly. In fact, early steps 
leading to fibrosis such as inflammation are necessary steps in wound healing. Instead, 
much more attention has been paid to reversing the final steps of fibrosis. In partic-
ular, researchers of pathological fibrosis focus on myofibroblast differentiation, since 
those cells are primarily responsible for collagen deposition and wound contraction. 
Dysregulated myofibroblasts are blamed for the clinical problems, and most anti-
fibrotic strategies emphasize preventing or reversing myofibroblast differentiation. 
Nonetheless, it is worth exploring the effect of the wide variety of cell types that are 
involved in fibrosis. Only by understanding the full process of fibrosis can we hope 
to alter the progression. The cell types are described in the order that they typically 
appear at the site of biomaterial implantation.

Granulocytes (neutrophils, mast cells)
Neutrophils are among the first cells to arrive at the site of biomaterial implantation 
(Anderson et al., 2008). Because they have such a short life span, they are difficult to 
study and have not had as much attention paid to them as macrophages. They have 
PRRs on their surfaces and can release a number of molecules that mediate subse-
quent inflammatory reactions (Prince et al., 2011). There is even less information avail-
able about the role of basophils and eosinophils in fibrosis or biomaterial response, so 
they will not be mentioned further. However, eosinophils are a potential source of pro-
fibrotic cytokines, including TFGβ and IL-13 and the granules contain a number of 
proteins that contribute to inflammation, tissue damage, and remodeling (Acharya and 
Ackerman, 2014).

In pathological fibrosis, there is not a great deal of information on neutrophil 
effects. In hypersensitivity pneumonitis, depleting neutrophils reduce fibrosis, primarily 
because they reduce IL-17A production (Hasan et al., 2013). On the other hand, neu-
trophil depletion in bleomycin-induced lung fibrosis did not reduce fibrosis, despite 
altering the MMP-9/TIMP-1 balance (Manoury et  al., 2007). Neutrophils have not 
been shown to have a direct effect on myofibroblasts. That being said, recent research 
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has revealed a new and specific type of neutrophil cell death that might be involved in 
fibrosis. Neutrophil extracellular traps (NETs) are a result of neither necrosis nor apop-
tosis. They are induced by activated platelets and numerous other inflammatory stim-
uli. Their main components are DNA, granular antimicrobial proteins, chromatin, and 
proteases (Zawrotniak and Rapala-Kozik, 2013). Treatment of activated myofibroblasts 
with NETs increases CTGF expression, collagen production, and proliferation and 
migration (Chrysanthopoulou et  al., 2014). So, continued inflammatory stimuli, such 
as those produced by ongoing injury or inflammatory degradation products, would be 
likely to enhance fibrosis.

Mast cells typically appear about the same time as neutrophils in response to bioma-
terial implantation. Mast cell precursors are recruited due to inflammatory chemotactic 
cues. These mast cells then mature and become activated at the wound site. There, they 
secrete vasodilators, chemokines (e.g., CC-chemokine ligand 2 (CCL2)), cytokines (nota-
bly TGFβ1, IL-4, and IL-13), and prostaglandins (Overed-Sayer et al., 2013; Avula et al., 
2013). The cytokines they secrete have been shown to cause FBGC formation from mac-
rophage fusion (McNally and Anderson, 1995; DeFife et al., 1997). There have been sev-
eral studies in which mast cell action was blocked by using a tyrosine kinase inhibitor 
(Avula et al., 2013) or prevented by using mast cell deficient mice (Avula et al., 2014; Yang 
et al., 2014a; Klueh et al., 2010). Conflicting results have been reported in these models. 
In one study, there were no changes in FBGC formation or in thickness of fibrous cap-
sules (Yang et  al., 2014a). In other studies, however, mast cell deficient mice produced 
a thinner fibrous capsule and recruited fewer fibrocytes (Avula et al., 2014; Klueh et al., 
2010). The role of mast cells in response to biomaterials is not altogether clear.

The role of mast cells in pathological fibrosis is becoming increasingly recognized. Mast 
cell depletion does delay tissue repair and remodeling but does not prevent it (Overed-
Sayer et al., 2013). Mast cells tend to accumulate at the edges of wounds (Trautmann et al., 
2000). They stimulate vascular permeability by secreting histamine, lipid mediators, and 
VEGF (Dvorak, 2005), and also can recruit other cell types (e.g., neutrophils via chymase: 
(Takato et al., 2011)). Most notably, mast cells can stimulate migration and proliferation of 
fibroblasts, partly due to release of keratinocyte growth factor, epidermal growth factor, 
PDGF, histamine, and tryptase (Levi-Schaffer and Piliponsky, 2003). Production of CCL2 
attracts monocytes and fibrocytes (Oliveira and Lukacs, 2001), and of course, the TGFβ1 
produced by mast cells is a key cytokine in fibrosis (Cho et al., 2015). It seems that mast 
cells contribute to the fibrotic process but are probably not necessary for fibrosis to proceed, 
particularly in the context of biomaterials.

Macrophages
The initial injury and inflammation due to biomaterial implantation recruits mono-
cytes from the circulation (Zhang and Mosser, 2008; Janeway and Medzhitov, 2002). 
When they reach the implantation site, they differentiate into macrophages. There, 
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macrophages phagocytose apoptotic neutrophils and produce growth factors and cyto-
kines that can recruit fibroblasts and cause myofibroblast differentiation and resulting 
ECM production (Galli et al., 2011).

There has been a huge amount of research in the biomaterials field trying to 
understand the interaction between macrophages and biomaterials. These cells have 
been identified by the field as the primary actors in biomaterials-induced inflamma-
tion. Earlier chapters (e.g., Chapter 6) in this textbook address many of the questions 
of how macrophages and biomaterials interact, so this will be only very briefly men-
tioned here. We will focus on the role the macrophage plays in fibrosis. One key aspect 
we will explore in more detail is the effect of macrophage phenotype on fibrosis. There 
has been much recent research on which macrophage phenotypes are elicited by bio-
materials, with conflicting results.

The role of macrophages in pathological fibrosis is becoming more prominent. 
Interestingly, wounds that have few macrophages heal with reduced scar formation. 
Particularly interesting is the observation that macrophages do not participate in neo-
natal scarless healing (Cowin et  al., 1998). Macrophage depletion studies have, how-
ever, revealed a complex interplay of interactions in adult healing. Knockout mice have 
allowed selective, time-dependent macrophage knockouts. Early macrophage depletion 
does reduce scar formation, but also slows wound repair, showing that macrophages are 
required to coordinate early phases of adult wound healing (Goren et al., 2009; Mirza 
et  al., 2009). Late macrophage depletion actually impairs clearance of fibrotic scars 
(Lucas et al., 2010). Macrophages participate in a number of ways to regenerate scar tis-
sue. They release MMP-9 and MMP-13 that degrade the ECM (Skjøt-Arkil et al., 2010). 
Additionally, they can induce myofibroblast apoptosis and remove the apoptotic cells 
(Duffield et  al., 2013). Finally, they can release IL-10, which has an anti-inflammatory 
function (Murray and Wynn, 2011). Thus, in adult wound healing, the macrophage 
plays different functions throughout the process.

The different functions macrophages have are controlled by the macrophage phe-
notype. As detailed elsewhere in the textbook, macrophages typically express as spec-
trum of phenotypes, as a correlate to Th1 and Th2 lymphocyte phenotypes. Classically 
activated or M1 macrophages are stimulated by interferon gamma (IFNγ) and lipo-
polysaccharide (Vogel et al., 2014). They produce TNFα, IL-1β, IL-6, and IL-12. They 
are microbicidal and play a role in cytotoxic host defense (Murray and Wynn, 2011). 
Alternatively activated or M2 macrophages are stimulated by IL-4 and IL-13 (Vogel 
et al., 2014). They produce IL-10, TGFβ1, VEGF, and PDGF (among others). These are 
typically thought to be involved in wound repair and immune suppression (Murray 
and Wynn, 2011).

Macrophage plasticity allows the cells to dynamically adapt during wound repair 
(Lech et  al., 2012). Increasingly, macrophages are thought to exist on a range between 
M1 and M2, rather than being strictly divided into separate phenotypes. Additionally, 
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many researchers further divide M2 macrophages into M2a which are pro-fibrotic 
and initiate type II inflammation, M2b which immunoregulate/immunosuppress, and 
M2c which participate in tissue repair and matrix remodeling (Martinez et  al., 2008). 
Regulatory macrophages (Mreg) are yet another subset that are thought to participate 
in organ transplantation tolerance but are difficult to distinguish from M2c macrophages 
(Broichhausen et al., 2012). Recommendations for a uniform nomenclature have recently 
been published (Guilliams et  al., 2014) and a more detailed description of the role of 
macrophages in the host response to biomaterials can be found in Chapters 2 and 6.

In diabetic ulcers, persistence of TNFα-producing M1-like macrophages ampli-
fies tissue breakdown and impairs healing (Mirza and Koh, 2011). In contrast, over-
activation of pro-fibrotic M2a-like macrophages promotes scar formation (Sindrilaru 
and Scharffetter-Kochanek, 2013). The role of M2c/Mreg-like cells has not yet been 
thoroughly researched but might help resolve fibrosis. Macrophages are not “bad” or 
“good,” but dysregulation along the wound healing timeline is likely important in pro-
moting or resolving fibrosis. There is evidence that macrophages alter their phenotype 
as a wound heals. At the start, they are highly inflammatory, releasing pro-inflammatory 
cytokines, ROS, and proteases, all of which is designed to quickly combat infection. 
Later, they phagocytose apoptotic cells and release anti-inflammatory growth factors 
and cytokines, at which point fibroblasts are recruited and differentiated into myofi-
broblasts (Sindrilaru et  al., 2011; Daley et  al., 2010). Ultimately, macrophages could 
be involved in ECM remodeling and scar resolution. Thus, any anti-fibrotic approach 
involving macrophages must take into account the different roles they play throughout 
the wound healing process.

Other monocyte-derived cells (dendritic cells, FBGCs, fibrocytes)
A number of other cells derive from a monocyte lineage and have a potential role to 
play in fibrosis. Dendritic cells certainly respond to biomaterials (see Chapter  7), but 
their role in fibrosis is less clear. Dendritic cells are resident mononuclear cells that survey 
the microenvironment for antigens. They are very responsive to DAMPs and PAMPs. 
When activated, they traffic via the lymphatics to local lymph nodes (Rahman and 
Aloman, 2013). If there are antigens (from delivered drugs, infection, or foreign cells), the 
dendritic cells would enhance the immune component of the response. Tissue dendritic 
cells can also produce pentraxin 3 which blocks P selectin on vascular endothelial cells, 
thus blocking further immune cell recruitment (Baruah et al., 2006). Dendritic cells can 
also produce MMPs that mediate ECM degradation (Kis-Toth et al., 2013).

Classically, biomaterial implantation induces the foreign body response of which 
FBGCs are a key component. As discussed in Chapter 2, these cells are formed at bio-
material surfaces as macrophages fuse during frustrated phagocytosis (McNally and 
Anderson, 2011; Anderson et  al., 2008). It can be difficult to distinguish between 
adherent macrophages and FBGCs: they were found to produce MMP-9, TIMP-1, 
and TIMP-2 in vitro in response to biomaterials (Jones et al., 2008). These molecules 
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are involved in ECM degradation and remodeling. FBGCs also release TGFβ, which is 
certainly involved in fibrosis (Hernandez-Pando et al., 2000). However, no direct link 
has been shown between FBGC development and fibrous capsule formation, though 
they do seem to appear concurrently (Kenneth Ward, 2008).

Fibrocytes are spindle-shaped mesenchymal progenitor cells that enter wound 
sites. They appear to differentiate from CD14+ peripheral blood monocytes (Keeley 
et al., 2010). They express markers of both hematopoietic cells and stromal cells (col-
lagen I, collagen III, fibronectin, major histocompatibility complex II, CD11b, CD13, 
CD34, and CD45) (Keeley et al., 2010). Fibrocyte-like cells have been identified in the 
vicinity of biomaterial implants and can function as antigen-presenting cells or dif-
ferentiate into myofibroblasts, laying down ECM. For example, CD45+/Col1+ fibro-
cytes appeared 4 days after implanting PLGA and peaked at 10 days postimplantation 
(Thevenot et al., 2011). The significance of these cells is not thoroughly understood in 
the context of biomaterials.

Fibrocytes have been shown to participate in normal and aberrant wound repair 
including hypertrophic scars, keloids, airway remodeling in asthma, interstitial pulmo-
nary fibrosis, atherosclerosis, and many others (Bucala, 2012). Stimulation of CD14+ 
cells with pro-fibrotic cytokines, IL-4 and IL-13, and PDGF, as well as inflammatory 
cytokines cause differentiation into fibrocytes. Circulating fibrocytes are attracted to 
sites of injury primarily through the CC-chemokine receptor-2-mediated pathway 
(Sivakumar and Das, 2008).

Fibrocytes can play many roles, depending on their mode of activation. When 
stimulated by IL-1β or Th1 cytokines, fibrocytes respond by downregulating collagen 
expression, and increasing expression of IL-6, IL-8, CCL3, CCL4, and intercellular 
adhesion molecule 1, all of which promoted inflammatory cell recruitment and traf-
ficking. However, IL-1β also upregulates IL-10, which is an anti-inflammatory cyto-
kine (Shao et al., 2008). In response to serum (as in acute injury), antigen presentation 
and lipid metabolism are increased. Agonists of TLRs upregulate expression of major 
histocompatibility complexes I and II and costimulatory molecules CD80 and CD86, 
leading to antigen-presenting capabilities (Balmelli et  al., 2007). Fibrocytes can also 
secrete TGFβ1 and PDGF, which act in a paracrine and autocrine fashion to increase 
fibrosis (Kao et al., 2011). They also participate in neoangiogenesis and inflammation 
by secreting high levels of MMPs, VEGF, hepatocyte growth factor, basic FGF, granulo-
cyte macrophage colony-stimulating factor, IL-8, and IL-1β (Yeager et al., 2011). It is 
apparent that the potential functions of fibrocytes are extensive.

Lymphocytes
Lymphocytes have long been observed in the vicinity of implanted biomaterials, but 
their function has not been fully elucidated. As discussed elsewhere in this textbook, 
lymphocytes have the potential to interact directly with biomaterials through PRRs 
(Reynolds and Dong, 2013). They also interact with macrophages to enhance their 
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activity. Of course, if there is an antigenic component introduced with the biomaterial, 
as an infection, or if the biomaterial is a combination product (e.g., delivering a protein 
or as a tissue-engineered scaffold with foreign cells), then lymphocytes will play a key 
role in guiding the overall response.

Helper T lymphocytes (CD4+) polarize into Th1 cells and Th2 cells and some 
other subsets (e.g., Th17), which each release a distinctive cytokine subset (see the 
next section for more details). The balance between the Th1 and Th2 cells appears to 
influence the extent of fibrotic response (Morishima and Ishii, 2010). For example, 
Balb/c mice, which lean to a Th2 response, display more fibrosis than C57BL/6 mice, 
which lean to a Th1 response, though there are organ-specific differences (Marques 
et al., 2014). In general, Th2 responses are thought to be more fibrogenic. For example, 
IL-13 (a Th2 cytokine) stimulates TGF-β and MMP-9 expression (Lee et  al., 2001). 
Regulatory T (Treg) cells produce IL-10, and there is some evidence that they are anti-
fibrotic (Katz et  al., 2011). Cytotoxic T lymphocytes (CD8+) might be pro-fibrotic, 
but it is not entirely clear (Safadi et al., 2004). Similarly, the effects of natural killer cells 
and natural killer T cells are not certain (Wehr et al., 2013).

Fibroblasts and myofibroblasts
In the biomaterials literature, fibrous capsule formation has been primarily attributed 
to ECM secretion by fibroblasts. However, the pathological fibrosis literature describes 
the predominant ECM-secreting cells as myofibroblasts, cells that combine the ECM-
producing capability of fibroblasts with the cytoskeletal and contractile properties of 
smooth muscle cells (Duffield et al., 2013; Kramann et al., 2013). In many cases, it can 
be difficult to distinguish “activated fibroblasts” from myofibroblasts (Orenstein, 2014).

Fibroblasts are the cells responsible for maintaining the homeostasis of the ECM. 
They both produce ECM and break it down, and in healthy tissue, the cells are rela-
tively quiescent. After injury, however, the cells play a much more significant role. They 
are chemotactically attracted to the site of injury, where they are induced to prolif-
erate and secrete ECM (Kendall and Feghali-Bostwick, 2014). Fibroblasts participate 
in inflammation, responding to TGFβ1, IL-1β, IL-6, IL-13, IL-33, prostaglandins, and 
leukotrienes (Kendall and Feghali-Bostwick, 2014). These stimuli can cause the fibro-
blasts to differentiate to myofibroblasts and increase matrix production. Fibroblasts can 
also themselves produce TGFβ1, IL-1β, IL-33, CXC and CC-chemokines, and ROS, 
which serve to recruit and activate macrophages (Kendall and Feghali-Bostwick, 2014). 
In angiogenesis, the ECM is critical in allowing endothelial cell migration, and fibro-
blasts also can produce VEGF (Kajihara et  al., 2013). These autocrine and paracrine 
signals, together with many other molecules not described in detail here, can influence 
both fibrosis and myofibroblast differentiation.

Myofibroblasts combine an abundant production of ECM, usually associated with 
fibroblasts, with the contractile properties associated with smooth muscle cells. They 
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are usually identified by the co-expression of α-SMA and collagen I (Yang et  al., 
2014b). They are resistant to apoptosis and have high constitutive expression of che-
mokines, cytokines, and cell surface receptors (Kramann et al., 2013). They have also 
been shown to display epigenetic changes (Mann and Mann, 2013). Myofibroblasts are 
not abundant in healthy tissue but can transiently be found in great numbers at wound 
sites. In normal wound healing, they are essential in restoring tissue integrity by pro-
ducing ECM and contracting the wound bed (Hinz et al., 2012). Once the wound is 
largely healed, these cells apoptose. However, in many fibrotic conditions, these cells 
remain persistently active, producing excessive collagen and tissue contraction. The 
many pathways by which myofibroblasts appear then become deactivated are still being 
elucidated (Yang et al., 2014b).

The origin of myofibroblasts is still a subject of much debate. They can come from 
diverse tissues, though it appears that resident fibroblasts are the predominant source 
in most conditions (Mack and Yanagita, 2015). Epithelial cells can transform to myofi-
broblasts through EMT, though evidence in rodents suggests that this is at best a minor 
source of myofibroblasts (Kendall and Feghali-Bostwick, 2014). Similarly, endothelial 
cells are a rare potential source of myofibroblasts through a process termed endothe-
lial to mesenchymal transition (EndoMT) (Lin et  al., 2012). Vascular smooth muscle 
cells are very similar in phenotype to myofibroblasts, so there has been some specula-
tion that they are related, but with little substantive evidence (Kendall and Feghali-
Bostwick, 2014). Pericytes are cells that wrap around small blood vessel walls and 
control vascular permeability. These cells have been shown to be the main source of 
myofibroblasts in renal interstitial fibrosis (Duffield, 2014). Interestingly, both fibrocytes 
and monocytes appear to be able to differentiate into myofibroblasts under wound-
ing conditions, suggesting that these cells act both directly and indirectly in stimu-
lating fibrosis (Kendall and Feghali-Bostwick, 2014). Though they are not frequently 
discussed in the context of biomaterials, there is evidence that myofibroblasts do play 
a significant role. Indeed, it appears that the fibroblastic cells in a fibrous capsule have a 
monocytic origin (Mooney et al., 2014). The many signals that can induce myofibro-
blast differentiation will be discussed in more detail in the next section.

MOLECULAR MEDIATORS OF FIBROSIS

There are a huge number of signaling molecules involved in fibrosis, many with over-
lapping functions. Additionally, many of these molecules regulate wound healing 
differently at different stages of the process, making it difficult to dissect their pur-
pose. Biomaterials have been shown to directly and indirectly cause release of most 
of these mediators. As an example, many of these factors were identified in a pro-
file of gene expression during the fibrotic response to biomaterials in the perito-
neal cavity (Le et  al., 2010). Another study observed many changes in the temporal 
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and spatial distribution of cytokines around an implant site (Higgins et  al., 2009). 
Comprehensively reviewing these responses would be an enormous task and is beyond 
the scope of this chapter.

TGFβ: the hallmark of fibrosis
The prototypical pro-fibrotic cytokine is TGFβ. TGFβ has direct effects on fibroblast 
differentiation and ECM formation and indirect effects on many different cells types 
and mediators (Finnson et al., 2013). The different isoforms of TGFβ have somewhat 
different functions, with TGFβ1 having the major pro-fibrotic effect. The balance 
between TGFβ1 and TGFβ3 is important, as TGFβ1 promotes fibroproliferation by 
inducing TIMP-1 while TGFβ3 promotes non-fibrotic tissue repair (Ask et al., 2008). 
Many different cells are capable of producing TGFβ, but the primary source is from 
monocytes and macrophages (Lekkerkerker et al., 2012).

Part of the difficulty in understanding the function of TGFβ is that it is not 
secreted in its active form. It is secreted noncovalently bound to latency-associated 
peptide (LAP), which deactivate the cytokine (Lawrence, 2001). There are many 
enzymes that catalyze the dissociation of LAP, including cathepsins, plasmin, calpain, 
thrombospondin, integrin-αvβ6, and MMPs (Wynn, 2008). Integrins, pH, mechani-
cal stresses, and ROS can also activate TGFβ (Munger and Sheppard, 2011). In its 
active form, it interacts with transmembrane receptors on a wide variety of cells. 
Downstream activation occurs via Smad 2/3 proteins or via a number of Smad-
independent pathways including activation of mitogen-activated protein kinase and 
PI3 kinase/Akt pathways (Tsou et  al., 2014). These latter pathways suggest that cell 
adhesion is likely to modulate TGFβ function. These control transcription of many tar-
get genes, including pro-collagen I and III (Roberts et al., 2003).

TGFβ attracts neutrophils, induces migration of fibroblasts, and promotes differentia-
tion of myofibroblasts (Van Linthout et al., 2014). As mentioned previously, it can drive a 
pro-oxidant shift by inducing NOX4-derived hydrogen peroxide production (Sampson 
et al., 2011). It causes deposition of ECM and secretion of many paracrine and auto-
crine growth factors, including pro-fibrotic endothelin-1 (ET-1) and CTGF (Leask, 
2009). Bone morphogenetic protein (BMP) 1 and BMP-7 oppose production and acti-
vation of TGFβ1 (Moustakas and Heldin, 2009). Smad knockout mice and TGFβ block-
ade have been used to try to understand its function in fibrosis (Borthwick et al., 2013). 
These studies have highlighted that fibrosis is not a simple phenomenon. While TGFβ 
is present in virtually all fibrotic conditions, blocking it (or its activation) has sometimes 
even resulted in increased fibrosis (Rozen-Zvi et al., 2013; Tsou et al., 2014).

Pro-fibrotic cytokines (ANG II, PDGF, CTGF, ET-1)
A number of cytokines have been identified specifically as pro-fibrotic. These pro-
teins cooperate with TGFβ and each other to induce fibrosis (Leask, 2010). The 
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renin–angiotensin–aldosterone system produces ANG II, which directly upregulates 
TGFβ1, stimulates fibroblast proliferation, and induces myofibroblast differentiation 
(Tomino, 2012; Rosenkranz, 2004; Yoshiji et  al., 2007). Activated macrophages and 
fibroblasts both produce ANG II (Bataller et al., 2003). It can stimulate TGFβ1 produc-
tion by inducing NOX activity and TGFβ1 signaling by increasing SMAD2 levels. It 
also stimulates CTGF and ET-1 production (Leask, 2010).

PDGF is a major mitogen of mesenchymal cells. It enhances migration into wound 
sites and proliferation of neutrophils, macrophages, fibroblasts, and smooth muscles cells 
(Heldin and Westermark, 1999). It stimulates fibroblasts to contract ECM and to dif-
ferentiate into myofibroblasts. It appears to recruit pericytes, which might be a source 
of myofibroblasts. Blocking PDGF usually results in fewer myofibroblasts and decreased 
fibrosis (Nishioka et al., 2013).

CTGF/CCN2 is a matricellular protein that belongs to the ECM-associated  
signaling CCN family. It is involved in angiogenesis, cell migration, adhesion, prolif-
eration, tissue wound repair, and ECM regulation (Tsou et al., 2014). It is induced by 
TGFβ, ANG II, ET-1, and IL-1β, and might also be a downstream mediator of these 
proteins (Jun and Lau, 2011). It is highly expressed in fibrotic conditions. It binds inte-
grins, cell surface heparin sulfate proteoglycans, low-density lipoprotein receptor-
related protein/α2-macroglobulin receptor, and tyrosine kinase receptor TrkA. It also 
binds growth factors and ECM proteins including VEGF, TGFβ, BMPs, and fibronectin 
(Tsou et al., 2014). However, on its own, it is only weakly pro-fibrotic. As a cofactor 
with TGFβ, it maximally induces type I collagen synthesis and α-SMA RNA and pro-
tein expression. This downstream mediator of fibrosis seems to participate in a positive 
feedback loop with TGFβ and VEGF production (Jun and Lau, 2011).

ET-1 is a potent vasoconstrictor that also participates in angiogenesis, cell survival, 
EMT, and tumor-related activities (Levin, 1995). It is made primarily by endothelial 
cells, and also by epithelial cells, bone marrow mast cells, smooth muscle cells, fibro-
blasts, macrophages, polymorphonuclear leukocytes, and cardiomyocytes (Meyers and 
Sethna, 2013). Both ANG II and TGFβB can induce it, suggesting that its role is as a 
downstream mediator of fibrosis. It has been shown to induce ECM production and 
myofibroblast differentiation in fibroblasts (Tsou et al., 2014).

Other molecules involved in myofibroblast differentiation 
(lysophosphatidic acid, integrins)
Lysophosphatidic acid (LPA) is a phospholipid produced by the enzyme antaxin. There 
are six receptors (LPA1–6) (Budd and Qian, 2013). LPA1 acts through three fami-
lies of G-proteins to drive cytoskeletal changes, serum response factor-mediated gene 
transcription, cell proliferation and migration, and collagen synthesis (Contos et  al., 
2000). Inhibiting LPA1 decreases CTGF and TGFβ expression, and causes fibroblast 
proliferation and myofibroblast accumulation (Sakai et  al., 2013). LPA2 transactivates 
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latent TGFβ. Mice deficient in LPA2 show decreased expression of fibronectin, αSMA,  
collagen, IL-6, and TGFβ (Huang et al., 2013).

Integrins modulate cell–cell and cell–matrix interactions, so would be expected 
to play some role in fibrosis. These heterodimeric transmembrane glycoproteins are 
involved in initiation, maintenance, and resolution of fibrosis. In particular, integrins 
αv have been shown to activate latent TGFβ1 and TGFβ3 by binding the Arg-Gly-Asp 
(RGD) motif on LAP (Tsou et al., 2014).

Th2 cytokines (IL-4, IL-13, IL-5, IL-21, and IL-10)
Although the function of lymphocytes in the vicinity of biomaterial implants has 
not been definitively established, it is likely that they play some role in controlling 
the cytokine milieu (Chang et al., 2009; Anderson and McNally, 2011). T helper cells 
polarize to produce specific sets of cytokines which then guide other cells to respond 
in different ways. Th2 cells produce a range of cytokines including IL-4, IL-13, IL-5, 
IL-21, and IL-10. In immunity, Th2 cells activate B-cells, mast cells, and eosinophils, 
stimulating the humoral immune system (Jiang and Dong, 2013). Th2 responses are 
thought to be generally pro-fibrotic, with the exception of IL-10, which is also pro-
duced by Treg cells and even Th1 cells.

Both IL-4 and IL-13 have been shown to be capable of initiating fibrosis, even in 
the absence of TGFβ. They can both drive differentiation of resident fibroblasts and 
recruited fibrocytes to myofibroblasts. They share the same IL-4Rα/Stat6 signaling 
pathway but do have distinct effects (Zurawski et al., 1993). IL-4 is a potent mediator 
of fibrosis and has been shown to stimulate production of type I and III collagen and 
fibronectin. In fibrosis, however, it seems that IL-13 is the dominant driver (Borthwick 
et al., 2013).

Both IL-4 and IL-13 alter the phenotype of macrophages to alternatively activated 
(M2), which is typically associated with fibrosis (Borthwick et al., 2013). Alternatively 
activated macrophages upregulate arginase, which controls l-proline production, which 
is required for collagen synthesis by activated myofibroblasts (Wynn and Barron, 2010). 
On the other hand, when macrophages cannot recognize IL-4 or IL-13 and in argi-
nase-1 depleted mice, increased fibrosis results (Herbert et al., 2004; Pesce et al., 2009). 
This suggests that M2 macrophages are required for suppression or resolution of fibro-
sis and might compete with myofibroblasts for arginase-1.

The following examples highlight the importance of IL-13 in fibrosis. Blocking 
IL-13 in schistosomiasis led to an 85% decrease in collagen production, despite IL-4 
levels being unchanged (Fallon et  al., 2000). When IL-13 was over-expressed, it 
resulted in significant subepithelial airway fibrosis (Zhu et  al., 1999), whereas IL-4 
over-expression resulted only in inflammation but not fibrosis (Rankin et  al., 1996). 
Treatment with anti-IL-13 antibody reduced collagen deposition in animals with 
fibrotic lungs (Blease et al., 2001). In addition to its ability to trigger fibrosis on its own, 
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IL-13 upregulates TGFβ signaling by increasing TGFβ production in macrophages and 
by causing LAP cleavage through MMP and cathepsin pathways (Lanone et al., 2002).

IL-5 and IL-21 do not contribute directly to development of fibrosis but pro-
mote production of Th2 cytokines. IL-5 is responsible for recruiting, differentiating, 
and activating eosinophils, which are important sources of pro-fibrotic growth factors 
and cytokines, including TGFβ and IL-13. Neutralizing IL-5 activity in some studies 
has decreased fibrosis (e.g., Cho et al., 2004), while others have found no effect (e.g., 
Hao et al., 2000). It seems that IL-5 and eosinophils do not directly cause fibrosis, but 
instead amplify production of other fibrotic mediators. Similarly, IL-21 acts by promot-
ing Th2 cell migration and survival. It also increases IL-4 and IL-13 receptor expression 
on macrophages, potentiating pro-fibrotic macrophage responses (Pesce et al., 2006).

IL-10 balances the effects of other Th2 cytokines on fibrosis. This interesting anti-
fibrotic cytokine has also been shown to be produced by Th1 cells and Treg cells, the 
latter of which also produce TGFβ (Mosser and Zhang, 2008). Mreg and monocytes 
also produce IL-10 (Mosser and Edwards, 2008). IL-10 is immunosuppressive, inhibit-
ing activation and effector functions of T cells, monocytes, and macrophages. It can 
limit and terminate inflammation (Moore et al., 2001). It also causes direct inhibition 
of collagen synthesis and secretion from fibroblasts (Wangoo et al., 1997). IL-10 might 
not act entirely on its own; there is evidence that it acts cooperatively with other Th1 
cytokines to reduce collagen production (Hoffmann et al., 2000).

Th17 cytokines (IL-17A)
Th17 cells are a subset of CD4+ T lymphocytes that are thought mostly to mediate 
autoimmunity but might also serve a purpose in fibrosis (Borthwick et al., 2013). They 
primarily produce IL-17 but also produce IL-13. In order to stimulate Th17 cells to 
form, they need to be exposed to TGFβ, IL-6, and IL-21 in mice; in humans, the latter 
two cytokines can be replaced with IL-23 or IL-1β. Stability and expansion of Th17 
cells requires IL-23 (Wilson et al., 2007). The function of IL-17 is primarily inflamma-
tory. It acts on myeloid cells, epithelial cells, and mesenchymal cells to induce cytokines 
and chemokines that increase granulopoiesis and recruitment of leukocytes (mostly 
neutrophils) to the site of inflammation (Ouyang et  al., 2008; Dong, 2008). In some 
fibrotic diseases and models, IL-17 is increased. Neutralizing antibodies to IL-17 have 
been shown to reduce granuloma formation (Borthwick et  al., 2013). The effect on 
fibrosis is likely indirect.

Th1 and inflammatory cytokines (IFNγ, IL-1β, and TNFα)
Generally, Th1 responses are thought to be anti-fibrotic. Th1 cells stimulate cell-based 
immune responses by activating cytotoxic T lymphocytes (CD8+ cells) and increas-
ing macrophage phagocytosis and killing. The cells are stimulated by IL-12 and pro-
duce IFNγ (among other cytokines), which in turn induces macrophages to produce 
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IL-12 (Jiang and Dong, 2013). IFNγ is a potent anti-fibrotic. In liver fibrosis, it inhib-
its activation and proliferation of hepatic stellate cells and ECM deposition (Baroni 
et al., 1996). It indirectly mitigates fibrosis by stopping the TGFβ1 signaling pathway 
by inhibiting the Smad3 phosphorylation pathway (Ulloa et  al., 1999). It also has 
direct anti-fibrotic actions by inhibiting fibroblast proliferation and TGFβ1-induced 
expression of genes encoding pro-collagen I and III and collagen synthesis in acti-
vated myofibroblasts (Gurujeyalakshmi and Giri, 1995). IFNγ inhibits Th2 cytokine-
induced differentiation of fibrocytes into myofibroblasts (Shao et  al., 2008). It also 
stimulates macrophages to produce IL-12, which itself has been shown to reduce fibro-
sis (Szekanecz and Koch, 2007). However, treatment with IFNγ has led to conflicting 
results, suggesting that it does not have a straightforward anti-fibrotic effect (Borthwick 
et al., 2013).

Classically activated macrophages (M1) are activated by IFNγ and IL-12. They then 
secrete TNFα and IL-1β, inflammatory cytokines that are themselves involved in fibro-
sis. IL-1β levels are high in several fibrotic conditions. It can drive EMT and myofibro-
blast differentiation in a TGFβ1-dependent manner. Both IL-1β and TNFα increase 
TGFβ1 production and have been implicated in EMT and EndoMT (Borthwick et al., 
2013).

Morphogen pathways (Wnt, hedgehog, and Notch)
A number of developmental signaling molecules including Wnt, Notch, and hedge-
hog ligands have been shown to be involved in myofibroblast differentiation (Beyer 
and Distler, 2013). As fibrotic disease progresses, chronic activation of fibroblasts 
becomes increasingly independent of inflammatory stimuli and becomes self-perpetu-
ating (Varga and Abraham, 2007). In many ways, this is similar to cancer, so researchers 
started examining many of the morphogen pathways identified in uncontrolled pro-
liferation in cancers. These evolutionarily conserved pathways control normal organ 
development and adult homeostasis. In cell renewal and tissue regeneration, these path-
ways become upregulated.

Wnt signals through a variety of pathways, but only canonical Wnt signaling has 
been related to fibrotic diseases (Beyer and Distler, 2013). Here, soluble Wnt ligands 
bind to the family of frizzled membrane receptors and low-density lipoprotein-related 
protein membrane co-receptors. Together, they recruit dishevelled to the plasma mem-
brane, which then destabilizes the intracellular β-catenin destruction complex. The 
resulting increased β-catenin translocates to the nucleus and interacts with the family 
of T cell factor/lymphoid enhancer-binding factor-1 transcription factors, activating 
transcription (Nusse and Varmus, 2012).

Activation of the Wnt pathway has been shown to promote fibrosis in the lung, 
kidneys, liver, and other organ systems, and in experimental models of fibrosis 
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(Akhmetshina et  al., 2012) and has been shown in response to biomaterial implants 
(e.g., Thorfve et al., 2014). Wnt ligands can be released by a variety of different cells 
including fibroblasts and adipocytes (Wei et al., 2011). Experimentally, canonical Wnt 
signaling induces pathological activation of fibroblasts and release of ECM proteins 
(Wei et al., 2012). Also, TGFβ reduces expression of a Wnt inhibitor, and Wnt signaling 
might also stimulate the TGFβ pathway, augmenting fibrosis (Akhmetshina et al., 2012). 
Because there are 19 overlapping Wnt ligands and 10 receptors, it has been a difficult 
pathway to target, but recently a number of Wnt-targeted drugs have emerged and 
shown some promise (e.g., Chen et al., 2009; Huang et al., 2009).

The hedgehog pathway is another involved in fibrosis. It has three ligands: desert 
hedgehog (Dhh), Indian hedgehog (Ihh), and sonic hedgehog (Shh). These ligands bind 
to the patched (Ptch) receptor which is a negative regulator of smoothened (Smo) 
(Beyer and Distler, 2013). Overexpression of Shh elevates gene transcription, fibro-
blast activation, and collagen release (Horn et  al., 2012a). Increased sonic hedgehog 
expression has been associated with better wound healing in response to biomateri-
als (Fitzpatrick et  al., 2012). Pathologically activated hedgehog signaling has been 
observed in skin and liver fibrosis. Its blockade can prevent development of disease, 
though side effects of this treatment are difficult to overcome (Horn et  al., 2012b; 
Choi et al., 2011).

The Notch signaling pathway is involved in cell differentiation and tissue homeo-
stasis and there is evidence that it is also involved in fibrosis. While there is no direct 
evidence of its involvement in biomaterial responses, altering Notch signaling through 
drug delivery has been used as a strategy to increase angiogenesis in response to bio-
materials (Cao et  al., 2009). Membrane-bound Notch ligands can have interactions 
with other cells (trans), usually activating the canonical Notch signaling cascade or 
can interact with the same, ligand-bearing cell (cis), which is mostly inhibitory. There 
are five Notch ligands and four receptors (Beyer and Distler, 2013). In vitro, increased 
Notch signaling causes fibroblasts to differentiate into myofibroblasts and increase col-
lagen release (Dees et al., 2011). Inhibition of the Notch pathway has been shown to 
decrease fibrosis, but the side effects are potentially serious (Kavian et al., 2010).

Matrix degrading enzymes (MMPs and TIMPs)
MMPs degrade many ECM proteins. Given that fibrosis is an imbalance between 
matrix production and degradation, the enzymes that degrade the ECM would be 
expected to be important and have been shown to be involved in many pathologi-
cal conditions (Amălinei et al., 2010). MMPs are a 25-member family of extracellular 
endopeptidases that are either secreted or membrane bound (Giannandrea and Parks, 
2014). Traditionally, they were thought to only be involved in turnover and degrada-
tion of ECM substrates. Now, however, they have also been shown to be involved in 
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immunity and repair (Gill and Parks, 2008; Manicone and McGuire, 2008). For exam-
ple, they participate in cell migration, leukocyte activation, antimicrobial defense, and 
chemokine processing among many activities (Ra and Parks, 2007). They have also been 
shown in a number of papers to change in response to biomaterial implantation (e.g., 
Jones et al., 2008; Moretti et al., 2012). Many non-ECM substrates have been identified 
for MMPs. There are diverse roles for the different MMPs: while some do inhibit fibro-
sis, others actually promote it (Giannandrea and Parks, 2014). To help keep tight control 
on the activity of MMPs, there are four tissue inhibitors of metalloproteinases—TIMP-
1, TIMP-2, TIMP-3, and TIMP-4 (Hemmann et al., 2007). MMPs are active in every 
stage of wound healing: initial injury and repair, onset and resolution of inflammation, 
activation and deactivation of myofibroblasts, and deposition and breakdown of ECM 
(Martins et  al., 2013). They probably play different roles depending on the tissue and 
dissecting their function is not straightforward. They can also act by activating or deac-
tivating cytokines and cell signaling molecules, adding further complexity (Van Lint and 
Libert, 2007). MMPs have proven to be a difficult target in combating fibrosis.

Chemokines
The role of chemokines in fibrosis is not well understood. Certainly, they are involved 
early in wound healing in recruiting inflammatory cells and might play an important 
role in fibrogenesis. Macrophages that have responded or adhered to a biomaterial 
have been shown to produce chemokines such as CCL2, CCL4, CCL13, and CCL22 
(Rhodes et  al., 1997; Jones et  al., 2007). These probably act to recruit more macro-
phages to the implant site. In pulmonary fibrosis, CXC chemokines have been shown 
to be pro-fibrotic, as neutralization of macrophage inflammatory protein 2 effectively 
suppressed fibrosis (Keane et al., 1999).

Epigenetic factors
There are certainly genetic variations in vulnerability to fibrosis (Marques et al., 2014), 
but genetics are not the whole story. Epigenetics describes functional changes in 
genome activity while the genetic sequence remains unchanged. These can be due to 
changes in DNA methylation, histone modification, and microRNAs (miRNAs), all of 
which work in close cooperation to regulate gene expression (Weigel et al., 2014).

DNA methylation regulates gene expression and genomic stability. Methylation 
changes during development and differentiation and is tightly controlled. Permanent 
changes in the myofibroblast growth program are associated with changes in DNA 
methylation. Furthermore, many genes involved in fibrosis show altered methylation 
patterns and expression changes in enzymes of the methylation machinery (Jones, 
2012; Mann and Mann, 2013).

miRNAs are a class of short noncoding RNAs that help regulate gene expres-
sion posttranscriptionally. They have been shown to contribute to the development of 
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fibrosis in the heart, lung, kidney, liver, and skin (Jiang et al., 2010). Many genes that are 
pro- and anti-fibrotic are regulated by miRNAs (Bowen et al., 2013).

Histone modifications help determine constitutive and inducible gene expression. 
A histone methyltransferase has been shown to regulate genes associated with myofi-
broblast differentiation (Perugorria et al., 2012). There is one report of microgrooves in 
a biomaterial causing epigenetic changes via biophysical cues (Downing et al., 2013).

ENGINEERING ANTI-FIBROTIC RESPONSES TO BIOMATERIALS

Altering fibrotic responses to biomaterials is not a straightforward task. Very little prog-
ress has been made in preventing the formation of a fibrous capsule around biomaterial 
implants over the long term (Yang et al., 2014b). This is perhaps not surprising, given 
that there are virtually no successful approaches to dealing with pathological fibrosis, 
despite the fact that fibrotic diseases account for up to 45% of deaths in developed 
countries (Wynn, 2008). In the United States, there are very few approved anti-fibrotic 
treatments; these include direct injection of collagenase and the “anti-fibrotic” drug 
is Pirfenidone, which has an unknown mechanism but probably inhibits TGFβ (King 
et al., 2014). There have been number of clinical trials, including ones for a drug that 
reduces TGFβ synthesis (Hawinkels and Ten Dijke, 2011), a recombinant human IFNγ 
(unsuccessful: (Pockros et  al., 2007)), an endothelin agonist (unsuccessful: (Coyle and 
Metersky, 2013)), and kinase inhibitors (Richeldi et al., 2014). Clearly, fibrosis is caused 
by a complex and multifactorial series of events that are difficult to modify.

In the biomaterials field, we have two significant advantages. First, we have the 
opportunity to intervene from the moment of implantation (or even before), meaning 
we can try to prevent the initiation of pro-fibrotic signals. In pathological fibrosis, usually 
the disease has progressed considerably before clinical symptoms appear and treatment 
can begin. Second, we can use the biomaterial itself as a means to deliver anti-fibrotic 
agents. This local, targeted delivery has the potential to be more successful and have fewer 
side effects than the approaches taken in treating fibrotic diseases (Love and Jones, 2009). 
It is also likely that the timing of delivery of different agents through the wound healing/
biomaterial response process will be important, which some new methods of drug deliv-
ery have the potential to address. Having said that, many drug delivery approaches from 
biomaterials have failed in the long term, since after time, the drug becomes depleted. 
Once the drug stops acting, the default fibrotic response to the biomaterial resumes 
(Bhardwaj et al., 2007). Thus, approaches that permanently alter the phenotype or pro-
gression of fibrosis would be preferable over those that have a temporary effect.

The previous description of the cells and molecules involved in fibrosis highlights 
the wide variety of possible anti-fibrotic targets. Using knockout animals provides illu-
minating results but is obviously only an experimental approach. Many other tactics  
have been suggested in the fibrosis literature, including enzymes, cytokines, small 
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molecule inhibitors, or agonists revealed by drug discovery trials, neutralizing antibod-
ies, DNA-binding drugs, antisense RNA, siRNA, and genetic engineering approaches. 
The targets vary from specific cell types to cytokines, chemokines and growth factors, 
and signaling cascades, just to name a few. A list of potentially fibrosis-inhibiting com-
pounds is provided in Table 9.1. It is impossible to identify every possible anti-fibrotic 
approach here; instead, the major targets will be highlighted.

Most of the effort in producing drug-releasing biomaterials that reduce fibrosis has 
been from researchers in implanted glucose sensors that rapidly biofoul and lose their 
glucose sensitivity (Koh et al., 2011), but there has also been work in glaucoma (Shao 
et  al., 2011; Löbler et  al., 2011), microencapsulation (Dang et  al., 2013), and drug-
eluting stents (Forte et al., 2014). Table 9.2 summarizes the approaches that have been 
taken to minimize fibrosis caused by biomaterials.

Minimizing fibrosis-initiating signals
Many anti-fibrotic efforts in the biomaterials field have concentrated on preventing 
the initial signals that precipitate fibrosis. Essentially, researchers have tried to create 
“stealth” materials that resemble the body and will not be recognized as foreign. Early 
efforts just tried to prevent protein adsorption; subsequent efforts have become much 
more sophisticated. DAMPs are released upon wounding and surgical implantation 
(Rogers and Babensee, 2010). Minimizing surgical damage and preventing DAMPs 
from adhering to the biomaterial surface will help with this. Similarly, some mate-
rial surfaces appear to resemble PAMPs (Yang and Jones, 2009); ensuring materials are 
not recognized by PRRs will help. Others have worked on mimicking membrane 
chemistry on biomaterial surfaces and mimicking mechanical properties of local tissue, 
with some (but limited) success (Jin et al., 2010; Grainger, 2013). Interestingly, altering 

Table 9.1 Fibrotic pathways and inhibiting compounds (Love and Jones, 2009)
Fibrotic pathway/target Inhibiting compound(s)

Inflammation/
immunosuppression

Glucocorticoids, retinoids, colchicine, azathioprine, 
cyclophosphamide, thalidomide, pentoxifylline, theophylline

Collagen synthesis Prolyl-4-hydroxylase inhibitors (e.g., HOE0 077 or 
phenanthrolinones)

TGFβ Decorin, pirfenidone, relaxin, BMP-7, hepatocyte growth 
factor, SMAD7

CTGF Antisense oligonuceotides, cAMP, TNFα
ET-1 Bosentan
ANG II ARBs, ACE inhibitors
Rho GTPases Y-27362, fasudil
MMP-2 and MMP-9 Bay 12-9566
TIMP-1 Monoclonal antibodies specific for TIMP-1
B-cell antagonists Rituximab
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surface topography (e.g., increasing porosity or surface roughness) does have some 
effect on fibrosis. There are so many ways that the body can recognize foreign materials 
that it seems unlikely that engineering the materials alone can completely overcome 
the fibrotic response. However, in some applications, reduction in fibrosis might be  
sufficient for device function.

Inhibiting inflammation, pro-fibrotic factors, and signaling cascades
Since inflammation has often been identified as the initiator of the fibrotic path-
way, abrogating the inflammatory response to biomaterials might reduce later fibro-
sis. Inflammatory cells produce many pro-fibrotic molecules that mediate fibrotic 
capsule formation. Glucocorticoids (e.g., dexamethasone) are promising treatment 
agents because they are potently anti-inflammatory, are nonirritating, and suppress cell 
proliferation, though they do have undesirable side effects. Indeed, dexamethasone has 
been released from biomaterials to try to reduce fibrotic responses (Hickey et al., 2002; 
Astolfi et al., 2014) along with other approaches including NO release (Koh et al., 2011). 

Table 9.2 Drug-release strategies from biomaterials to reduce local fibrosis
Drug Mode of action References

None Hydrogel materials;  
“invisible” surfaces; use of  
native ECM

Yang et al. (2011), Grainger (2013),  
Jin et al. (2010), Badylak (2014),  
Faulk et al. (2014)

None Fluctuating properties to  
“clean” surface

Gant et al. (2009, 2010), Ding et al. 
(2000), Vaddiraju et al. (2012)

None Mechanically altered 
microenvironment with 
microstructures

Pinney et al. (2014)

Dexamethasone Anti-inflammatory steroid Astolfi et al. (2014), Hickey et al. 
(2002), Patil et al. (2007), Ju et al. 
(2008), Bohl et al. (2012), Bünger 
et al. (2005), Dang et al. (2013)

VEGF Angiogenesis induction Ju et al. (2008), Patil et al. (2007)
Paclitaxel; 

triamcinolone
Anti-proliferative;  

anti-inflammatory
Löbler et al. (2011)

Diazeniumdiolate Nitric oxide release Hetrick et al. (2007)
Heparin Anti-coagulant and unknown 

mode of action
Vaithilingam et al. (2014), Saito  

and Tabata (2012) Lee et al. 
(2011)

Cromolyn Mast cell inhibitor Thevenot et al. (2011)
Tranilast TGFβ2 agonist Spitzer et al. (2012)
SB431543 TGFβ inhibitor Baker et al. (2014)
1,4-DPCA Prolyl-4-hydroxylase  

inhibitor—inhibits  
collagen assembly

Love and Jones (2013)
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Glucocorticoids also modulate the phenotype of infiltrating macrophages and lympho-
cytes, which, as we have seen, has the potential to alter the fibrotic response (Peek et al., 
2005; Mosser and Edwards, 2008). Other general immunosuppressive drugs include col-
chicine, azathioprine, cyclophosphamide, prednisone, thalidomide, pentoxifylline, and the-
ophylline. Blocking the action of a range of inflammatory cytokines and growth factors 
(e.g., IL-1β, IL-5, IL-6, and IL-13) might also prove useful, or even delivering anti-fibrotic 
cytokines such as IL-10, IFNγ, or IL-12 (Hinz and Gabbiani, 2010). Preventing the accu-
mulation of inflammatory cells near biomaterials by blocking CC and CXC chemokines 
is another interesting approach. For example, inhibiting CXCL12 blocks fibrocyte migra-
tion and differentiation and decreases fibrosis (Garibaldi et al., 2013). In fibrotic disease 
models, many of these approaches have been attempted, with some success.

Blockade of pro-fibrotic factors has been attempted, most notably with TGFβ. 
Blockade of endothelin, ANG II, CTGF, and PDGF have also been attempted in 
fibrotic models with varying degrees of success (Leask, 2009, 2010). Again, timing and 
site of implantation are important factors to consider. There has been a lot of work in 
the fibrosis field in developing drugs that block Wnt, Notch, and hedgehog pathways 
(Beyer and Distler, 2013), which also has some potential for success in the biomaterials 
field. Similarly blocking the signaling of pathogen-associated receptors such as TLRs 
might help. There has also been some work targeting the gene transcription mecha-
nism downstream of Rho, which is downstream of many of the pro-fibrotic molecules 
(Sampson et al., 2014).

Targeting specific cell responses
Many different cells respond to biomaterial implantation and can potentially be  
targeted to minimize fibrosis. Macrophages are key cells that might control down-
stream fibrotic effects. As mentioned above, several different cytokines, growth factors, 
and chemokines likely affect the number and activation of macrophages in the implant 
location. Additionally, approaches can be made to intentionally alter the macrophages 
to express a noninflammatory phenotype, perhaps by releasing cytokines such as IL-4, 
IL-13, or IL-10. One interesting molecule is serum amyloid P (pentraxin 2), which has 
been shown to inhibit pro-fibrotic macrophage generation, promote immunoregula-
tory macrophages, inhibit monocyte to fibrocyte differentiation, and regulate neutro-
phil function (Cox et al., 2014). Pentraxin 2 also controls monocyte differentiation and 
activation, promoting Mreg/M2c-like macrophages and blocking collagen deposition 
(Duffield and Lupher, 2010).

Mast cells have been targeted in a biomaterials context by releasing the tyrosine 
kinase inhibitor mastinib, which did result in some reduction in fibrosis in response to 
a biomaterial (Avula et al., 2013). However, it was not certain if the drug was acting 
primarily on mast cells or on other pro-fibrotic pathways.

Much work has been done to try to interfere with or reverse myofibroblast dif-
ferentiation (Hinz and Gabbiani, 2010; Sivakumar and Das, 2008; Yang et al., 2014b). 
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Arguably, many of the cytokines and growth factors listed above are essential. In addi-
tion, blocking LPA or integrin function could prevent myofibroblast differentiation 
(Pyne et al., 2013). Myofibroblasts are the number one target in pathological fibrosis.

Regulating ECM production and catabolism
Fibrosis is essentially an imbalance between ECM production and catabolism. Altering 
these two processes seems like a natural approach for inhibiting fibrous capsule for-
mation. Inhibiting enzymes involved in collagen synthesis seems a straightforward 
approach. Alternatively, myofibroblasts could be targeted with pro-apoptotic drugs. 
One enzyme that has attracted the attention of fibrosis researchers is prolyl-4-hydro-
xylase, since hydroxyproline is important in maintaining the triple helix structure of 
collagen. When released from PLGA, it significantly reduced fibrosis (Love and Jones, 
2013). As previously mentioned, the MMPs degrade components of the ECM, though 
their mode of action is extensive. MMP-1 in particular catabolizes collagen, so upreg-
ulating MMP-1 and downregulating TIMP-1 might reduce fibrotic tissue formation. 
In contrast, MMP-2, MMP-9, and MMP-12 promote fibrosis by inducing EMT and 
increasing vascular permeability for immune cells. Some researchers have inhibited 
these compounds to reduce immune cell infiltration and myofibroblast formation. 
Timing and location of injury are very important in targeting MMP activity.

Other approaches
Many other approaches have been attempted to reduce fibrosis, including systemic 
approaches such as altering diet. Redox balances have been altered by inhibiting 
NOX4 (Sampson et al., 2011). Also, scavenging of ROS or release of antioxidants has 
been shown to help de-differentiate myofibroblasts to quiescent fibroblasts (Sampson 
et  al., 2014). Enhanced nitrous oxide synthase (NOS) activity can be achieved by 
releasing the NOS substrate, l-arginine. Also NO donors can be released, and soluble 
guanylate cyclase can be activated/enhanced and phosphodiesterase can be inhibited 
(Sampson et  al., 2014). These changes alter signaling and redox levels. Even alter-
ing heat shock protein activity might alter fibrotic responses. There are numerous 
approaches to altering fibrosis; the list here is not comprehensive. Nonetheless, there is 
promise in many of these approaches that can be applied to biomaterials.

CONCLUSIONS

Fibrosis around implanted biomaterials is ubiquitous and has deleterious effects on 
many clinical applications including sensors, drug delivery devices, soft tissue implants, 
and, potentially, tissue-engineered constructs. Despite a great deal of work in the field 
to alter these responses via surface modification, fibrous capsule formation seems 
inevitable. The sequence of events that occurs in response to biomaterial implanta-
tion is similar to that encountered in wound healing, with the exception being that 



Host Response to Biomaterials224

remodeling and resolution do not occur. We thus looked to the fibrosis field to under-
stand what the cellular and molecular mechanisms of pathological fibrosis were. While 
many cells including macrophages do play a role in fibrosis, the major player is the 
myofibroblast. Many cytokines (most notably TGFβ), growth factors, chemokines, sig-
naling pathways, and enzymes control the complex progression of fibrosis and present 
targets for its treatment. In the biomaterials field, we have the opportunity to use our 
devices not only for their intended original function, but also to deliver anti-fibrotic 
drugs. These new approaches have the potential to turn fibrotic responses to biomate-
rials into truly biocompatible, regenerative responses.
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INTRODUCTION

Tissues and organs of porcine origin have been the focus of extensive research in two 
disciplines: (i) Xenotransplantation of porcine organs, tissues, or cells in order to solve 
the problem of insufficient supply of human allografts for transplantation. (ii) Tissue 
engineering in which extracellular matrix (ECM), decellularized tissues and organs, 
and cross-linked tissues have been studied for use as implants that provide a biologi-
cal scaffold for tissue remodeling and regeneration. The term xenograft refers here 
to a graft containing live cells, whereas the term implant describes a processed graft 
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containing dead cells or lacking cells and containing ECM as a result of decellulariza-
tion (i.e., a naturally occurring “biomaterial”). The choice of the pig as a donor species 
for xenografts and implants is based on similarity in size of organs and on availability of 
the donor species.

Analysis of various mechanistic aspects of the immune response to implants in sev-
eral experimental animal models has been covered in previous comprehensive reviews 
such as that of Badylak and Gilbert (2008). The present chapter focuses primarily on 
the immune response to porcine implants in humans and is based primarily on studies 
evaluating the immune response in patients receiving xenografts or porcine implants in 
the last two decades. Studies in monkeys which contribute to the understanding of the 
primate immune response to pig implants are discussed as well. Observations in recipi-
ents of porcine implants have led to several conclusions on the principles of the human 
immune response to porcine implants. The human immune system is not “indif-
ferent” to the introduction of porcine implants and it mounts an extensive immune 
response against porcine ECM. As argued below, since implants contain dead cells or 
no cells, antibodies and macrophages are a significant components of the anti-implant 
detrimental immune response. The two major types of antibodies active in human 
recipients against porcine implants are: (i) the anti-Gal antibody and (ii) anti-non-gal 
antibodies. This chapter discusses these antibodies, the porcine antigens they recognize 
and the mechanisms by which they affect porcine implants. This chapter further sug-
gests methods for overcoming the detrimental effects of these anti-implant antibodies.

IMMUNE MECHANISMS THAT AFFECT TISSUE IMPLANTS

The immune response against implants differs from that against xenografts or allografts 
containing live cells in that cytotoxic T cells have no functional relevance in implant 
recipients since implants contain dead cells (as in tissues cross-linked by glutaraldehyde) 
or no cells (as in decellularized ECM bioscaffold implants). In the absence of cytotoxic 
T cell activity, the immune mechanisms affecting implants are mediated by effector cells 
of the innate immune system such as macrophages (see Chapters 3 and 6) and by anti-
bodies which are produced against the implant antigens with the assistance of helper T 
cells (See Chapter 8). The antibodies generated against porcine xenografts or implants 
have similar specificities and when they bind to antigens they activate the complement 
system, as in most antigen/antibody interactions. However, the activated complement 
cascade can cause direct lysis of live cells by “boring” holes in the cell membrane in 
xenografts, whereas complement activation does not affect the “intactness” of the ECM 
or of dead cells that are chemically cross-linked. Activation of the complement system 
by anti-implant antibodies has at least two outcomes: (i) The newly generated comple-
ment cleavage peptides C3a and C5a are among the most effective physiologic che-
motactic factors (chemoattractants) and they induce recruitment of neutrophils and 
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of macrophages into the implant (Klos et al., 2013). (ii) Neutrophils and macrophages 
have cell surface receptors (C3bR, also known as CR1 and CD35) for C3b comple-
ment molecules that are deposited on the ECM or on cross-linked cells of the implant 
as a result of the antibodies binding to the implant (van Lookeren Campagne et  al., 
2007). Macrophages and neutrophils further bind to the ECM glycoproteins and pro-
teoglycans coated with antibodies by the interaction between the Fcγ receptors (FcγR) 
on these cells and the Fc portion of antibodies immunocomplexed to the implant 
(Ravetch and Bolland, 2001; Selvaraj et al., 2004). Both the C3b/C3bR and Fc/FcγR 
interaction stimulate neutrophils and macrophages to release their proteases which 
cause degradation of the implant and to phagocytoze the fragmented implant.

Another mechanism which may be detrimental to the constructive remodeling 
process is prevention of the interaction between stem cells and the ECM because of 
masking of ECM molecules by bound anti-implant antibodies. Stem cells recruited 
into implants by macrophages are “instructed” to differentiate into specialized mature 
cells by interaction with various components of the ECM (Yano et al., 2006; Lolmede 
et  al., 2009; Mantovani et  al., 2013; Atala, 2009; Badylak et  al., 2012; Crapo et  al., 
2011). Such interaction generates signals that instruct the stem cells to differenti-
ate into cells that restore structure and function of the target tissue. Extensive binding 
of antibodies to the implanted ECM may mask the ECM molecules and prevent the 
interaction with stem cells. Such prevention of interaction is suggested by the observed 
inhibition of stem cells adhesion to ECM with antibodies to ECM or to cell sur-
face molecules on stem cells (Williams et al., 1991; Shakibaei, 1998; Jung et al., 2005). 
Inhibition of stem cell/ECM interaction may prevent stem cell differentiation into the 
cells that are required for repopulating the ECM and converting the implant into the 
functionally remodeled tissue. Therefore, the immune response against the implant may 
result in partial or complete failure of the porcine implant to convert into an autolo-
gous tissue with the desired structure and biological function.

The ultimate outcome of implant conversion into functional tissue depends on 
multiple factors including intensity of the anti-implant immune response, the extent of 
recruitment of macrophages and of stem cells into the implant at various time points, 
and the efficacy of the “cues” provided by the ECM to the stem cells. In the absence of 
the appropriate cues for differentiation of stem cells, it is probable that the implant will 
convert into a connective tissue since fibrosis is the default mechanism of the body for 
repair of external as well as internal injuries.

THE ANTI-GAL ANTIBODY AND THE α-GAL EPITOPE

Characteristics of the anti-Gal antibody
All humans produce a natural antibody that readily binds to a carbohydrate antigen 
that is abundant in many porcine implants. This natural antibody, called anti-Gal, is 
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the most abundant antibody in humans, comprising approximately 1% of circulating 
immunoglobulins (Galili et al., 1984; Galili, 1993) and the carbohydrate antigen-bind-
ing anti-Gal is called the α-gal epitope (also called α-galactosyl and Galα1-3Gal epi-
tope) (Galili, 1993; Galili et  al., 1985). Anti-Gal is found in human serum as several 
isotypes (classes) including IgG, IgM, and IgA and in various body secretions as IgG 
and IgA (Hamadeh et al., 1995; Parker et al., 1999; Yu et al., 1999). The most abundant 
anti-Gal IgG subclass is IgG2 followed by IgG3, IgG1, and the least amount of the 
antibody is found as IgG4 (Parker et al., 1999; Yu et al., 1999). In a small proportion 
of the population anti-Gal may be present also as an IgE isotype which can mediate 
allergic reactions (Chung et  al., 2008; Commins et  al., 2009; Morisset et  al., 2012). 
The α-gal epitope which is the ligand for anti-Gal has the structure Galα1-3Galβ1-
4GlcNAc-R and is abundant on glycolipids and glycoproteins of nonprimate mam-
mals, including pigs (Figure 10.1) (Galili et al., 1987, 1988b). Anti-Gal IgG crosses the 
placenta and is found in newborn blood in titers comparable to those in the maternal 
blood (Galili et al., 1984). Its production is initiated at approximately 6 months and it 
is continuously produced throughout life as an immune response against carbohydrate 
antigens with structures similar to the α-gal epitopes that are presented on bacteria of 
the normal human gastrointestinal flora (Galili et al., 1988a).

As many as 1% of human B cells are capable of producing anti-Gal (Galili et  al., 
1993). Most of these B cells (designated anti-Gal B cells) are quiescent and only those 
along the gastrointestinal tract continuously produce this natural antibody. However, as 
detailed below, the introduction of xenogeneic implants presenting α-gal epitopes into 
humans (Konakci et  al., 2005; Stone et  al., 2007b) and monkeys (Galili et  al., 1997; 
Stone et al., 1998, 2007a) results in activation of the quiescent anti-Gal B cells by gly-
coproteins carrying α-gal epitopes that are released from the implant. This results in 
increase in anti-Gal IgG activity by approximately 100-fold, within about 2 weeks. 
Analysis of the immunoglobulin genes in human anti-Gal B cells indicated that these 
B cells are a polyclonal population; however, the immunoglobulin heavy chain genes in 
most clones cluster in the VH3 family (Wang et al., 1995).

Distribution of the α-gal epitope and anti-Gal antibody in mammals
The α-gal epitope is a carbohydrate antigen that is found only in mammals and is 
absent from other vertebrates (Galili, 1993; Galili et  al., 1987, 1988b). Its amount on 
nucleated cells varies in different tissues and different mammals, and ranges between 
1 × 106 and 30 × 106 epitopes/cell (Galili et  al., 1988b). Since red cells are usually 
smaller than nucleated cells, they carry less α-gal epitopes, in the range of 1 × 104–2 
× 106 epitopes/cell (Ogawa and Galili, 2006). The α-gal epitope is carried on the cell 
membrane both on glycolipids and glycoproteins (Figure 10.1) and is synthesized by 
a glycosylation enzyme called α1,3galactosyltransferase (α1,3GT) (Galili et  al., 1988b; 
Basu and Basu, 1973; Betteridge and Watkins, 1983; Blake and Goldstein, 1981; Blanken 
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and van den Eijnden, 1985). The α-gal epitope displays a unique distribution pattern 
in mammals. It is expressed on cells of marsupials such as kangaroo and opossum and 
on cells of nonprimate placental mammals like mouse, rat, rabbit, bat, pig, cow, horse, 
cat, dog, and dolphin (Galili et  al., 1987, 1988b) (Table 10.1). In addition, the α-gal 
epitope is found on cells of two distinct groups of primates, prosimians (e.g., lemurs) 
and New World monkeys (i.e., monkeys of South America). The α-gal epitope is com-
pletely absent, however, in Old World monkeys (monkeys of Asia and Africa), apes 
(chimpanzee, gorilla, orangutan, and gibbon) and in humans (Galili et al., 1987, 1988b) 
(Table 10.1). Because of the absence of α-gal epitopes in humans, apes, and Old World 
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Figure 10.1 Structure of α-gal epitopes on glycolipids (A) and glycoproteins (B). (A) A representative 
α-gal glycolipid in which the carbohydrate chain with 10 units and two branches (ceramide decahex-
oside) is capped by α-gal epitopes (marked with dashed rectangles). The carbohydrate chain is linked 
to a ceramide that is anchored among phospholipids in the outer leaflet of the cell membrane. The 
glycolipid may have 1–8 branches each capped with an α-gal epitope. (B) A representative carbohy-
drate chain linked to a protein via an asparagine (N) in amino acid sequences Asn-X-Ser/Thr. The two 
branches of the carbohydrate chain are capped with α-gal epitopes (marked with dashed rectangles). 
Each carbohydrate chain may have 2–4 branches. α-Gal epitopes on both glycolipids and glycopro-
teins bind the natural anti-Gal antibody.
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monkeys, they are not immunotolerant to the α-gal epitope and all produce large 
amounts of the natural anti-Gal antibody against it (Galili et  al., 1987). In pigs, as in 
other nonprimate mammals, the α-gal epitope is present on multiple cell surface glyco-
proteins and glycolipids. Thus, immunostaining of Western blots of porcine kidney, liver, 
lung, and thyroid cell membranes with the human natural anti-Gal antibody results in 
a smear pattern of staining, rather than distinct bands, since the bands of multiple gly-
coproteins carrying α-gal epitopes overlap each other (Tanemura et  al., 2000a; Thall 
et al., 1991). In addition, the α-gal epitope is common on secreted porcine glycopro-
teins (e.g., thyroglobulin, fibrinogen, and immunoglobulin) (Spiro and Bhoyroo, 1984; 
Thall and Galili, 1990), as well as on ECM glycoproteins and proteoglycans (see below).

Since the α-gal epitope is abundant in both marsupials and placental mammals and 
since it is absent in nonmammalian vertebrates (fish, amphibians, reptiles, and birds) 
(Galili et al., 1987, 1988b), it is most probable that the α1,3GT gene and its product, 
the α-gal epitope, appeared in mammalian evolution at least 140 million years ago (i.e., 
before marsupials and placental mammals diverged from a common ancestor). Indeed 
α1,3GT activity could be demonstrated in cells of nonprimate mammals (Galili et al., 
1988b; Thall et al., 1991). The activity of α1,3GT in cells of New World monkeys fur-
ther implies that the α1,3GT gene was inactivated in ancestral Old World monkeys 
and apes after they diverged from ancestral New World monkeys (Galili, 1993; Galili 
et  al., 1988b). Analysis of the α1,3GT gene in various primate species demonstrated 
the presence of this gene as a pseudogene in Old World monkeys, apes, and humans 
(Galili and Swanson, 1991; Galili and Andrews, 1995; Larsen et al., 1990; Joziasse et al., 
1991; Koike et  al., 2002, 2007; Lantéri et  al., 2002), all of which have an inactive 
α1,3GT gene. This inactivation is the result of few single base deletions that gener-
ate premature stop codons which truncate the enzyme molecule and thus inactivate it. 
Based on the sequence of the α1,3GT pseudogene in Old World primates and humans, 
it seems that the inactivation of the α1,3GT gene in ancestral Old World primates 
occurred 20–28 million years ago (Galili and Swanson, 1991; Galili and Andrews, 1995; 
Joziasse et  al., 1991; Koike et  al., 2007). This evolutionary event could be associated 

Table 10.1 Distribution of the α-gal epitope and the natural anti-Gal antibody in mammals
Mammalian group α-Gal epitope (Galα1- 

3Galβ1-4GlcNAc-R)
Natural anti-
Gal antibody

1. Nonprimate mammals + −
2. Lemurs (prosimians) + −
3. New World monkeys (NWM) + −
4. Old World monkeys (OWM) − +
5. Apes − +
6. Humans − +
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with a major catastrophic epidemiological event which affected only ancestral Old 
World primates (Galili and Andrews, 1995). New World monkeys (evolving in South 
America) and lemurs (prosimians evolving in Madagascar) have not been subjected to 
this selective pressure since they have evolved in geographic areas that are separated 
from the Old World land mass by oceanic barriers. This evolutionary event could be 
mediated by a pathogen endemic to the Old World which was detrimental to pri-
mates and which expressed α-gal epitopes, or a pathogen that used the α-gal epitope 
on cells as a receptor (Galili et al., 1988b; Galili and Andrews, 1995). Following inac-
tivation of the α1,3GT gene, ancestral Old World primates ceased to synthesize α-gal 
epitopes and thus could produce the anti-Gal antibody which was likely to provide 
immune protection against such a putative pathogen expressing α-gal epitopes (Galili 
et al., 1987; Galili and Andrews, 1995; Galili, 2013c).

Expression of α-gal epitopes on ECM glycoproteins and proteoglycans
The extensive tissue engineering research into the use of porcine ECM as implants for 
induction of tissue remodeling raises the question of whether glycoproteins and pro-
teoglycans of porcine ECM carry α-gal epitopes. Presence of α-gal epitopes on ECM 
is likely to result in anti-Gal binding to these glycoproteins and proteoglycans. Binding 
of antibodies to the ECM may accelerate macrophage-mediated degradation of the 
ECM as well as mask the ECM thereby preventing the interaction with stem cells. 
Fibrosis of a connective tissue ECM implant may occur either as part of the remodel-
ing process or as the default regeneration mechanism in the body following an anti-
implant immune response. However, remodeling and functional regeneration of an 
implant into a tissue that also includes cells other than fibroblasts requires stem cell/
ECM interaction. This interaction is needed for “instructing” stem cells to differentiate 
into the various specialized cells (other than fibroblasts) that repopulate and regenerate 
the tissue (Yano et al., 2006; Lolmede et al., 2009; Mantovani et al., 2013; Atala, 2009; 
Badylak et al., 2012; Crapo et al., 2011; Zhang et al., 2009; Guilak et al., 2009; Chen, 
2010; Hidalgo-Bastida and Cartmell, 2010; Decaris and Leach, 2011). If an ECM 
implant expresses multiple α-gal epitopes, binding of the natural anti-Gal antibody to 
these epitopes on ECM may mask portions of various ECM molecules and thus may 
interfere with the stem cell/ECM interaction.

ECM in most and possibly all pig tissues is likely to include glycoproteins and pro-
teoglycans that carry α-gal epitopes. Most of the α-gal epitopes of the ECM are pres-
ent on N-linked carbohydrate chains. Evaluation of the predicted number of N-linked 
carbohydrate chains on ECM glycoproteins (i.e., amino acid sequences of Asn-X-Ser/
Thr) indicates that they have multiple such carbohydrate chains which may carry 
α-gal epitopes. Pig laminin has 14 N-linked carbohydrate chains/molecule, fibro-
nectin—9, decorin—3, thrombospondin—12, elastin—5, and tenascin—9 (based on 
GeneBank information). The proteoglycan aggrecan also has 14 N-linked carbohydrate  
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chains/molecule. As indicated above, the α-gal epitope is synthesized in mammalian 
cells (including pig cells) by the glycosylation enzyme α1,3GT which transfers galac-
tose from the sugar donor UDP-Gal to N-acetyllactosamine (Galβ1-4GlcNAc-R) to 
synthesize the α-gal epitope (Galili et al., 1988b; Basu and Basu, 1973; Betteridge and 
Watkins, 1983; Blake and Goldstein, 1981; Blanken and van den Eijnden, 1985). This 
glycosylation enzyme is active in the trans-Golgi compartment where it competes with 
other glycosyltransferases, such as sialyltransferase, for capping the N-acetyllactosamine 
residues with terminal α-galactosyl units or with sialic acid, respectively (Smith et al., 
1990). The ultimate number of α-gal epitopes versus that of sialic acid terminal units 
on the carbohydrate chains of cell surface or secreted glycoconjugates is the result of 
the activity of α1,3GT relative to other competing glycosyltransferases.

Various porcine ECM glycoproteins and proteoglycans express multiple α-gal epi-
topes. This is indicated by the binding of anti-Gal to porcine kidney and lung laminin, 
heparan sulfate proteoglycans, and fibronectin, in co-localization studies in confo-
cal microscopy immunostaining, ELISA, and Western blot analyses (Maruyama et  al., 
1999a, 2000). In contrast, no binding of anti-Gal was observed with ECM proteins 
from human origin (Maruyama et  al., 1999a, 2000). Porcine ligament and cartilage, 
both poor in cells and rich ECM, were also found to contain high concentrations of 
α-gal epitopes (>1 × 1011 epitopes/mg tissue) (Stone et al., 1998, 2007b). α-Gal epi-
topes were found to be abundant also on ECM molecules of other mammalian spe-
cies. Mouse laminin expresses approximately 50 α-gal epitopes/molecule (Thall and 
Galili, 1990), and α-gal epitopes were found on purified bovine laminin, Type IV colla-
gen, and collagen α-1 extracted from bovine glomerular basement membrane, lens, and 
muscle (Mohan and Spiro, 1986; Takahashi et al., 2014).

It is of note that porcine small intestinal submucosa (SIS) ECM also expresses α-gal 
epitopes; however, their concentration in SIS is much lower than that in cartilage or 
tendon, primarily because SIS is comprised mostly of collagen which lacks carbohydrate 
chains (McPherson et al., 2000; Raeder et al., 2002; Daly et al., 2009). However, as dis-
cussed below, the presence of these epitopes on SIS does not seem to affect its remodel-
ing in monkeys (Daly et al., 2009). Accordingly, SIS was found to function successfully 
as a remodeled ECM implant in hernia repair in multiple patients (Hiles et al., 2009).

Anti-Gal response in recipients of porcine implants
The detrimental effects of anti-Gal on porcine ECM and on other porcine biomate-
rial implants carrying α-gal epitopes may be further exacerbated by elicited anti-Gal 
antibody produced de novo in high titers as a result of the immune response against 
these α-gal epitopes. As indicated above, anti-Gal B cells comprise approximately 1% 
of B cells in humans (Galili et al., 1993). The natural anti-Gal antibody is produced by 
a small proportion of anti-Gal B cells, those residing along the gastrointestinal tract, 
whereas the majority of anti-Gal B cells are quiescent and are found in the circulation 
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and probably in the lymph nodes and spleen (Galili et  al., 1993). Introduction of 
implants carrying α-gal epitopes into humans results in rapid activation of the qui-
escent anti-Gal B cells which produce the anti-Gal antibody. This extensive anti-Gal 
antibody response against the α-gal epitopes of porcine origin was first demonstrated in 
diabetic patients that were immunosuppressed and transplanted with an allogeneic kid-
ney together with pig fetal pancreatic islet cells (Groth et al., 1994; Galili et al., 1995). 
For this purpose, fetal islet cells were isolated from fetal pig pancreas and cultured  
in vitro to form clusters of islet cells (Groth et  al., 1994). These pig islet cell clusters 
were administered at a volume corresponding to 2–6 mL packed cells either in the sub-
capsular space of a transplanted allogeneic kidney graft or infused into the portal vein 
of diabetic recipients of an allogeneic kidney. The patients were treated by immunosup-
pression regimens potent enough to prevent immune rejection of the kidney allograft. 
Despite this immunosuppression, the patients displayed an increase of 20–80-folds in 
anti-Gal titer within the period of 25–50 days post-transplantation (Galili et al., 1995). 
The increase in anti-Gal activity was mostly in the IgG isotype and to a much lesser 
extent of IgM and IgA isotypes. This production of elicited anti-Gal in xenograft recip-
ients suggests that the immunosuppressive protocols that are used for prevention of 
allograft immune rejection do not prevent the activation of anti-Gal B cells by α-gal 
epitopes introduced into humans by porcine tissues or by other mammalian xenografts.

The extensive ability of mammalian α-gal epitopes to activate anti-Gal B cells and 
elicit an elevated anti-Gal immune response was further demonstrated in patients with 
impaired liver function, who were treated by temporary extracorporeal perfusion of 
their blood through a pig liver (Yu et  al., 1999; Cotterell et  al., 1995). The elevated 
anti-Gal activity in these patients implies that the release of xenoglycoproteins from the 
pig liver, perfused for only several hours, was sufficient to induce the activation of the 
many quiescent anti-Gal B cells for the increased production of the anti-Gal antibody. 
Another example for the elicited anti-Gal response in humans is of an ovarian carci-
noma patient undergoing an experimental gene therapy treatment in which the patient 
received several intraperitoneal infusions of a mouse “packaging” cell line containing 
replication defective virus with the transgene studied. Anti-Gal activity in the blood was 
determined by ELISA with synthetic α-gal epitopes linked to bovine serum albumin 
(α-gal BSA) as solid-phase Ag. Within 14 days post-infusion, anti-Gal IgG titer increased 
by 100-fold as a result of both increase in concentration of anti-Gal and in the affinity 
of the antibody due to the affinity maturation process in the anti-Gal B cells activated 
by the α-gal epitopes expressed on the infused mouse cells (Galili et  al., 2001). Most 
(~90%) of the increase in anti-Gal was of the IgG2 subclass and the rest of IgG3. No 
significant changes in anti-Gal activity were observed in IgM or IgA isotypes following 
the intraperitoneal infusion of mouse fibroblasts (Galili et al., 2001). A similar rapid and 
extensive elicited anti-Gal antibody production was observed in baboons immunized 
with synthetic α-gal epitopes linked to BSA (Maruyama et al., 1999a,b, 2000).
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Analysis of anti-Gal antibody response against α-gal epitopes on xenografts could 
be performed in knockout mice for the α1,3GT gene (GT-KO mice). These mice have 
disrupted α1,3GT genes and thus cannot synthesize the α-gal epitope (Thall et  al., 
1995; Tearle et al., 1996). In the absence of α-gal epitopes, these mice lose the immune 
tolerance to it and can produce the anti-Gal antibody when immunized with pig gly-
coproteins carrying α-gal epitopes. Studies in these mice indicated that the α-gal epi-
tope can activate anti-Gal B cells, but like other carbohydrate antigens of the complex 
type, it cannot activate T cells (Tanemura et  al., 2000b; Galili, 2012). However, the T 
cell help required for activation of anti-Gal B cells by α-gal epitopes on xenografts is 
provided by helper T cells. These helper T cells are activated by the multiple peptides in 
pig proteins that are immunogenic in mice, as well as in humans (Galili, 2012).

An extensive immune response resulting in elevation of anti-Gal antibody activity 
was also observed in recipients of porcine implants expressing α-gal epitopes and cross-
linked by glutaraldehyde. Glutaraldehyde cross-linking of the amino groups of lysine 
and of N-terminus amino acids of proteins does not alter the structure and immu-
nogenicity of α-gal epitopes. The human immune response against α-gal epitopes in 
glutaraldehyde cross-linked porcine implants could be closely monitored for prolonged 
periods in patients with torn anterior cruciate ligament (ACL) that were implanted 
with pig patellar tendon carrying bone plugs at both ends (Stone et al., 2007a,b). These 
harvested pig tendons were engineered for elimination of α-gal epitopes by incuba-
tion for 12 h with recombinant α-galactosidase (Stone et  al., 2007b). This enzyme 
cleaves the terminal α-galactosyl unit (Zhu et al., 1995, 1996), thereby destroying the 
α-gal epitope and preventing the binding of human anti-Gal antibody (Stone et  al., 
2007b). Such processing does not eliminate, however, α-gal epitopes from red cells and 
from nucleated cells within the cavities of the cancellous bone in the bone plugs since 
the enzyme cannot reach the cells encased in these cavities. The pig tendon under-
went further processing by washes for removal of the enzyme, mild cross-linking by 
12 h incubation in 0.1% glutaraldehyde, washes for removal of the glutaraldehyde and 
blocking the glutaraldehyde groups remaining reactive, by glycine. The torn autologous 
ACL was replaced by the tendon implant that was placed across the knee joint within 
femoral and tibial tunnels using a ligament guide and fixed in the tunnels with tita-
nium screws (Stone et al., 2007b).

Patients receiving the tendon implant demonstrated elicited anti-Gal IgG produc-
tion already 2 weeks after implantation. This anti-Gal response, which peaked in the 
period of 2 weeks to 2 months postimplantation, declined after 6 months and dis-
played further decline to almost the preimplantation level after 12 months (Stone 
et al., 2007b). The elevated anti-Gal IgG antibody titers were the result of the immune 
response to α-gal epitopes on cells and cell fragments released from the bone plug 
cavities as part of the bone remodeling process and the fusion to the femur and tibia. 
The elevated production of anti-Gal continued as long as pig cell fragments carrying 
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α-gal epitopes were released from the remodeling bone plugs. However, once pig cells 
were completely eliminated, the production of anti-Gal reverted to the physiologic 
production in response to antigens of the gastrointestinal flora. No significant changes 
in activity of anti-Gal IgM were observed in these recipients of the engineered pig 
tendon (Stone et al., 2007b). These observations strongly suggest that the production of 
elicited high affinity anti-Gal IgG antibody by the human immune system continues as 
long as α-gal epitopes of the implant are present within the recipient.

An increase in anti-Gal antibody production in response to α-gal epitopes on 
glutaraldehyde cross-linked porcine implants was also observed in patients receiv-
ing porcine heart valve for replacing the impaired heart valve (Konakci et  al., 2005). 
Accordingly, α-gal epitopes could be demonstrated in porcine heart valves (Kasimir 
et al., 2005; Naso et al., 2013). This elicited anti-Gal response in porcine valve recipi-
ents occurs despite the extensive cross-linking of these heart valves by glutaraldehyde, 
implying that α-gal epitopes on various glycoproteins released from the implant can 
activate quiescent anti-Gal B cells for the production of anti-Gal in increased titers. 
The information on the detrimental effects of natural and elicited anti-Gal antibod-
ies on ECM implants expressing α-gal epitopes is very limited because many studies 
on xenogeneic ECM implants have been performed in experimental animal models 
other than monkeys. Since standard mammalian experimental models such as mouse, 
rat, guinea pig, rabbit, and dog, like all other nonprimate mammals, they synthesize 
α-gal epitopes, are immunotolerant to it, and thus cannot produce the anti-Gal anti-
body. Presently, the only available experimental mammalian models lacking α-gal epi-
topes and thus are capable of producing anti-Gal are Old World monkeys (Galili et al., 
1987; Teranishi et al., 2002), GT-KO mice (Thall et al., 1995; Tearle et al., 1996), and 
GT-KO pigs (Lai et al., 2002; Phelps et al., 2003; Takahagi et al., 2005). Based on the 
limited information obtained in these models and in humans, it seems that the extent 
of detrimental effects of anti-Gal on porcine ECM implants depends on α-gal epit-
ope concentration in the implant and on the type of cells expected to repopulate the 
implant in the course of remodeling.

SIS is an example for an ECM that does not seem to be affected by natural and 
elicited anti-Gal antibodies. SIS is comprised mostly of a mesh of collagen fibers with 
very few other proteins. Since the most common amino acid motif in collagen is gly-
cine-proline-X and glycine-X-hydroxyproline and there are very few glycosylation 
sequences, collagen has very few carbohydrate chains and thus a very low concen-
tration of α-gal epitopes. Other glycoproteins and proteoglycans are present in very 
low concentration in SIS. One example is fibronectin which comprises less than 0.1% 
of SIS dry weight (McPherson and Stephen, 1998). Because of the low α-gal epit-
ope concentration in SIS, serum anti-Gal binding to these epitopes is below the level 
capable of activating serum complement (McPherson et  al., 2000). In accord with 
the low concentration of α-gal epitope, no significant differences in remodeling and 
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regeneration of SIS expressing or lacking α-gal epitopes were reported in murine or 
primate recipients of SIS despite the activity of natural and elicited anti-Gal antibody 
in the recipients (Raeder et al., 2002; Daly et al., 2009). Moreover, SIS was reported to 
function successfully as a remodeled ECM implant in hernia repair in a large number 
of patients (Hiles et al., 2009). In contrast, implantation of porcine cartilage ECM into 
monkeys was found to elicit an extensive anti-Gal response and an extensive inflam-
matory response that destroys the cartilage implant within 2 months (Galili et  al., 
1997; Stone et al., 1998). This cartilage contains relatively few dead fibrochondrocytes 
and is mostly comprised of ECM that carries an abundance of α-gal epitopes which 
induce an extensive elicited anti-Gal antibody response (Stone et al., 1997, 1998). The 
studies of porcine meniscus cartilage implants in cynomolgus monkey further dem-
onstrated an extensive recruitment of macrophages and T cells into the implant and 
degradation of the cartilage ECM (Stone et  al., 1998). Elimination of α-gal epitopes 
by treatment of the meniscus cartilage with recombinant α-galactosidase prior to 
implantation of the cartilage resulted in approximately 95% decrease in the inflamma-
tory response against the cartilage when the implants were histologically evaluated 2 
months postimplantation (Stone et al., 1998). This suggests that a large proportion of 
the immune response against this porcine ECM was mediated by anti-Gal interact-
ing with the α-gal epitopes within the ECM. The detrimental effect of anti-Gal on 
ECM expressing high concentration of α-gal epitopes was further observed indirectly, 
in pigs infused with elicited baboon anti-Gal antibody. Such administration of anti-Gal 
resulted in the induction of inflammatory lesions in the ECM of kidney and lung sim-
ilar to lesions induced in laboratory animals by anti-laminin and anti-heparan sulfate 
proteoglycans antibodies (Maruyama et al., 1999a, 2000).

Overall the presence of high concentrations of α-gal epitopes within porcine 
implants seems to be detrimental to the remodeling of the implant into a live func-
tional tissue by several mechanisms including: (i) Anti-Gal/α-gal epitope interaction 
activates the complement system to induce rapid recruitment of macrophages into the 
implant. Binding of these macrophages via FcγR to the Fc portion of anti-Gal on 
ECM of the implant and via C3bR (CR1) to C3b deposits on the ECM results in 
accelerated degradation of the ECM.

Slow macrophage-mediated degradation of the ECM implant was found to be 
beneficial to remodeling since released small peptides display chemoattractant potential 
for several cell types in vitro and in vivo, including endothelial cells and multipotential 
progenitor cells that participate in remodeling of the ECM (Li et al., 2004; Yang et al., 
2010; Badylak et  al., 2001). However, binding of large amounts of anti-Gal to mul-
tiple α-gal epitopes on the ECM is likely to result in degradation of the ECM that is 
too fast for enabling appropriate remodeling of the implant. (ii) The α-gal epitopes on 
implant elicit production of large amounts of high affinity anti-Gal IgG antibody that 
exacerbates the degradation of the ECM. (iii) Binding of anti-Gal to α-gal epitopes on 
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the ECM is likely to mask ECM molecules thereby preventing the interaction of stem 
cells with the ECM. This interaction is required for instructing the stem cells to dif-
ferentiate into specialized cells, other than fibroblasts, that are required for regeneration 
of the target tissue. It is possible that in ECM of tissues aimed to differentiate into con-
nective tissue (e.g., SIS), such masking may not have a detrimental effect since fibrosis 
is the default mechanism of tissue regeneration and thus, it may occur whether or not 
the ECM is masked. However, ECM with more complex components than SIS may 
display an impaired “instructive” ability for differentiation of stem cells into specialized 
cells, if significant amounts of anti-Gal antibodies are bound to the multiple α-gal epit-
opes on the ECM glycoproteins and proteoglycans.

Avoiding the anti-Gal barrier to porcine implants
Currently, it is impossible to prevent the production of anti-Gal in humans with-
out complete “shutoff” of immunoglobulins production (Galili et al., 1995). Therefore, 
prevention of the interaction between anti-Gal and α-gal epitopes on porcine ECM 
requires the use of implants that lack α-gal epitopes. Three methods have been studied 
for achieving this goal: (i) Enzymatic treatment of porcine implants with α-galactosidase. 
(ii) The generation of knockout pigs for the α1,3GT gene. (iii) Decellularization of 
implants.

Destruction of α-gal epitopes by α-galactosidase
The enzyme α-galactosidase is naturally found in green coffee beans and in several 
other plants and mammals (including humans). α-Galactosidase cleaves the terminal 
α-galactosyl from the α-gal epitopes on these glycolipids (Galα1-3Galβ1-4GlcNAc-R) 
and converts it to an N-acetyllactosamine residue (Galβ1-4GlcNAc-R). Based on this 
enzymatic activity, it was hypothesized that incubation of implants in a solution of 
α-galactosidase may result in penetration of the enzyme into the tissue and destruction 
of the α-gal epitopes within the tissue (Stone et  al., 2007b, 1998). The recombinant 
α-galactosidase encoded by a coffee beans gene was produced in an yeast expression 
system for studying the enzymatic destruction of α-gal epitopes in porcine implants 
(Zhu et  al., 1995, 1996). Porcine meniscus cartilage was estimated to have approxi-
mately 1 × 1012 α-gal epitopes/mg tissue (Stone et  al., 1998). Overnight incubation 
of porcine meniscus cartilage in a solution of recombinant α-galactosidase results in 
complete elimination of α-gal epitopes from the cartilage, as indicated by the complete 
lack of binding of a monoclonal anti-Gal antibody to the treated cartilage (Stone et al., 
1998). Moreover, treated pig cartilage implanted into cynomolgus monkey elicited no 
production of anti-Gal IgG above the preimplantation level, whereas untreated carti-
lage induced extensive production of elicited anti-Gal within 2 weeks postimplanta-
tion (Stone et al., 1998). In the absence of α-gal epitopes, the inflammatory response 
in the monkey recipients against the cartilage implants was greatly attenuated. This was 
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indicated by the 95% decrease in the infiltrating mononuclear cells (macrophages and 
T cells) observed within the implants that were retrieved 2 months postimplantation 
(Stone et al., 1998).

Another orthopedic implant studied for enzymatic elimination of α-gal epitopes 
has been porcine patellar tendon used for replacement of torn ACL in patients. By 
using the ELISA Inhibition Assay with the monoclonal anti-Gal antibody M86 for 
measuring α-gal epitope expression (Galili et al., 1998), the porcine tendon was esti-
mated to have approximately 1 × 1011 α-gal epitopes/mg tissue (Stone et al., 2007b). 
As with porcine cartilage, 12 h incubation of porcine tendon in a solution of recom-
binant α-galactosidase results in diffusion of the enzyme throughout the tendon and 
complete destruction of the α-gal epitopes (Stone et al., 2007b). This removal of α-gal 
epitopes prevents anti-Gal-mediated destruction of the tendon implant. However, this 
processing was not sufficient for prevention of implant degradation at a rate that is slow 
enough to enable gradual repopulation of the destroyed implant tissue with fibroblasts 
of the recipient. These fibroblasts have to align with the porcine collagen fibers scaf-
fold and secrete their autologous collagen and other ECM components. As discussed 
below in the section of anti-non-gal antibodies, the additional slowing of the degrada-
tion process was achieved by “fine-tuning” of glutaraldehyde cross-linking process.

The use of recombinant α-galactosidase for elimination of α-gal epitopes from por-
cine implants was further demonstrated with porcine heart valves (Park et  al., 2009), 
which like other porcine tissues express an abundance of α-gal epitopes (Kasimir et al., 
2005; Naso et al., 2013). In the absence of α-gal epitopes on the valve, binding of anti-
Gal will be prevented. This may decrease the extent of macrophage binding to the 
surface of the valve, thereby this enzymatic treatment may delay the calcification pro-
cess on the valve surface and thus may delay impairment of the implant biomechanical 
activity.

GT-KO pigs as a source of implants lacking α-gal epitopes
The most convenient source for porcine implants devoid of α-gal epitopes is GT-KO 
pigs. These pigs have been generated to provide xenografts that lack α-gal epitopes in 
order to prevent anti-Gal-mediated hyperacute rejection of organs such as heart and 
kidney transplanted into humans (Lai et al., 2002; Phelps et al., 2003; Takahagi et al., 
2005). In the presence of α-gal epitopes, such pig organs undergo hyperacute rejection 
in monkeys within 30 min to several hours as a result of anti-Gal binding to these epit-
opes on endothelial cells and lysis of these cells followed by the collapse of the vascular 
bed within the xenograft (Collins et al., 1994; Xu et al., 1998; Simon et al., 1998).

The use of GT-KO pigs as a source for porcine implants lacking α-gal epitopes 
has been explored with pig valves. GT-KO pig heart valves were found to be less 
immunogenic in monkey recipients than wild-type pig heart valves (McGregor et al., 
2013). It is assumed that binding of the serum anti-Gal to the α-gal epitopes on the 
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wild-type pig valve results in subsequent binding of macrophages to the implanted 
valves via Fc/FcγR interaction with anti-Gal. The resulting stimulation of the mac-
rophages to secrete the content of their vesicles induces the calcification process, in 
addition to the chemical processes between glutaraldehyde and free calcium ions in the 
blood. It is further assumed that in the absence of anti-Gal to the implant, calcification 
would be much slower, thus prolonging the biomechanic activity of the valve implant 
(McGregor et al., 2013; Manji et al., 2014). A similar prevention of anti-Gal response 
was observed with SIS from GT-KO pigs implanted in monkeys (Daly et al., 2009).

Decellularization of implants
Decellularization of ECM implants was reported to result in elimination of α-gal epi-
topes from ECM implants. Among such studies, elimination was reported with por-
cine heart valves (Kasimir et  al., 2005; Naso et  al., 2013) and with porcine cornea 
(Gonzalez-Andrades et  al., 2011) by using solutions with various detergent strength. 
It is important to determine the presence of residual α-gal epitopes by methods that 
are more sensitive than direct immunostaining (Stone et al., 2007b, 1998; Naso et al., 
2013) since if these epitopes are not close enough to enable antibody or lectin bridg-
ing, it is possible that interaction via only one combining site may not be strong 
enough to prevent detachment of antibody or lectin during washes of the specimen. 
In addition, as discussed above, if the ECM implant is planned to be repopulated with 
cells other than fibroblasts, the presence of various ECM proteins and proteoglycans 
might be important for directing stem cell differentiation. If decellularizing deter-
gent solutions remove essential ECM components, the stem cells may not receive the 
required information to differentiate into the appropriate repopulating cells, and the 
remodeling of the implant may result in fibrosis.

PRODUCTION OF ANTI-NON-GAL ANTIBODIES IN HUMANS

Most homologous porcine proteins are immunogenic in humans
Mammalian species differ from each other in the amino acid sequence of most homol-
ogous proteins. The extent of sequence differences is proportional to the evolution-
ary distance between the various species. These sequence differences are the result of 
random mutations accumulated in various lineages and referred to as the evolution-
ary molecular clock (Sarich and Wilson, 1967; Wilson, 1985). The rate of mutations in 
introns or in pseudogenes is estimated to be approximately 0.5% of the bases per mil-
lion years (Britten, 1986). Whereas some of the mutations are lethal since they destroy 
the function of an essential protein, many of the mutations in exons are tolerated since 
they do not alter significantly functions of proteins. In most proteins, regions that are 
not essential for the protein function (e.g., tethers of cell surface receptors) mutate at 
rates that are much higher than regions with biological function such as ligand-binding 
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regions of receptors or catalytic domains. Thus, with the exception of highly conserved 
proteins such as collagen and histones, the majority of proteins in species of different 
lineages have multiple amino acid sequence differences which confer immunogenicity 
to such proteins when administered into another species. Thus, the further two spe-
cies are from each other on an evolutionary scale, the more immunogenic their pro-
teins are to each other. Porcine implants in humans are likely to elicit a much stronger 
anti-protein antibody response than ape implants. Accordingly, studies on anti-albumin 
antibody production demonstrated a direct relationship between the distance on an 
evolutionary scale of the albumin donor species from the species immunized with the 
assayed albumin and the intensity of the anti-albumin antibody response in the immu-
nized species (Sarich and Wilson, 1967; Wilson, 1985). Since most pig proteins differ in 
their amino acid sequence from homologous proteins in humans, it is probable that the 
immune system in human recipients of pig implants will produce antibodies against the 
majority of proteins in the porcine implant (with the possible exception of collagen and 
histones). These anti-protein antibodies, called “anti-non-gal antibodies,” may play an 
important role in the immune response against porcine implants in humans.

Anti-non-gal antibody response to pig implants
Production of anti-non-gal antibodies in monkey recipients of implants was first 
studied in cynomolgus monkeys implanted in the suprapatellar pouch with porcine 
meniscus and articular cartilage (Stone et al., 1998). Most of these implants which con-
tained no live cells were pretreated with α-galactosidase in order to eliminate α-gal 
epitopes. Accordingly, monkeys implanted with α-galactosidase-treated cartilage pro-
duced only natural, and no elicited anti-Gal antibody, whereas those implanted with 
untreated porcine cartilage displayed increase of at least 100-fold in anti-Gal titers 
within 2 weeks postimplantation (Galili et al., 1997). Production of anti-non-gal anti-
bodies (anti-cartilage antibodies in Stone et al., 1998) was determined by ELISA with 
porcine cartilage homogenate as solid-phase antigen, using monkey sera depleted 
of anti-Gal. Extensive production of anti-non-gal antibodies was observed both in 
monkeys implanted with cartilage expressing or lacking α-gal epitopes, 3–4 weeks 
postimplantation (Stone et al., 1998). A distinct difference in kinetics of anti-Gal and 
anti-non-gal antibody production was observed in monkeys implanted with porcine 
cartilage expressing α-gal epitopes. Whereas anti-Gal production reached its high-
est level within 2 weeks postimplantation (Galili et  al., 1997), anti-non-gal antibody 
activity reached the highest level 3–5 weeks postimplantation (Stone et  al., 1998). 
As discussed below, the slow anti-non-gal antibody response may be exploited for 
overcoming detrimental effects of this antibody.

Production of anti-non-gal antibodies against pig implants in humans could 
be closely monitored by ELISA in the clinical trial mentioned above in which torn 
ACL was replaced with glutaraldehyde cross-linked pig patellar tendon pretreated 
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with recombinant α-galactosidase (Stone et  al., 2007b). In these studies, pig tendon 
homogenate served as solid-phase antigen and the sera of the implanted patients were 
depleted of anti-Gal. As previously observed in monkey recipients of cartilage implants, 
anti-non-gal antibody response developed slower than anti-Gal response in these 
patients. Ultimately, an extensive anti-non-gal antibody response was observed in all 
recipients of the pig tendon implant. This antibody response peaked 2–6 months post-
implantation, continued to be produced for at least 1 year and returned to the preim-
plantation background level after about 2 years (Stone et al., 2007b).

Specificity analysis of anti-non-gal antibodies was performed by Western blot of 
solubilized pig tendon proteins immunostained with sera of the implanted patients. 
The sera were depleted of anti-Gal prior to analysis in order to prevent binding of 
this antibody to α-gal epitopes of the glycoproteins. No anti-non-gal antibodies were 
found in the preimplantation sera. However, extensive production of these antibodies 
which demonstrated a very wide range of specificities against a large number of por-
cine proteins was observed in sera obtained few months postimplantation (Stone et al., 
2007b). No binding of these anti-non-gal antibodies was observed in Western blots 
with human tendon proteins immunostained with postimplantation sera. This finding 
implies that the immune response against the multiple pig tendon proteins did not 
cause any breakdown in the physiologic immune tolerance to human antigens. It is 
of interest to further note that many of the anti-non-gal antibodies produced in the 
implanted patients also bound in the Western blot to multiple antigens in pig kidney 
homogenate, probably because of the presence of the same proteins in different types 
of pig cells.

During the 2-year monitoring of patients implanted with the processed pig tendon, 
the implants maintained their biomechanical function while a gradual “ligamentiza-
tion” process occurred within them. In that process, macrophages were recruited into 
the implant. It is possible that part of that recruitment was mediated by anti-non-gal 
antibodies which interacted with the pig proteins within the implant and activated the 
complement system, thereby generating macrophage chemotactic factors. These mac-
rophages bound to the implant ECM via Fc/FcγR and C3b/C3bR interactions and 
mediated gradual degradation of the pig ECM. The recipient’s fibroblasts infiltrating 
the implant via the de novo vascularization aligned with the porcine collagen fibers 
bioscaffold and secreted their autologous ECM. This ligamentization process gradually 
converts the implant into an autologous remodeled ACL (Stone et al., 2007b).

The complete conversion of the porcine tendon into human ACL seems to take 
about 24 months. This is based on the observation that the level of anti-non-gal anti-
bodies in the implanted patients reversed after about 24 months to the preimplantation 
background level of antibody binding in the ELISA wells. The extensive production of 
anti-non-gal antibodies for at least 1 year further implies that the human immune sys-
tem continuously produces anti-non-gal antibodies against pig proteins as long as these 
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proteins are present within the implanted tissue. However, once the implanted pig pro-
teins are fully degraded and eliminated (possibly as a result of uptake by macrophages), 
the immune system ceases to produce anti-non-gal antibodies since there is no further 
antigenic stimulation by pig proteins.

Production of anti-non-gal antibodies was also observed within few weeks postim-
plantation in human recipients of SIS implants (Ansaloni et al., 2007). SIS is comprised 
mostly of porcine collagen, which is of low immunogenicity in humans, as indicated 
by the wide use of such collagen in cosmetic procedures. In view of the well-docu-
mented very effective functional remodeling of the SIS (Hiles et al., 2009), it is prob-
able that the mild immune response against this ECM enables the effective remodeling 
of SIS implants into connective tissue without their inflammatory rejection. The anti-
SIS antibody activity was found to disappear within 6 months postimplantation 
(Ansaloni et  al., 2007). This suggests that, similar to the elimination of anti-non-gal 
antibodies in recipients of porcine tendon, the gradual degradation of the implanted 
SIS and its conversion into autologous connective tissue eliminated the antigenic stim-
ulation that induced the production of such antibodies in SIS recipients.

Significance of the extent of cross-linking in regeneration of connective 
tissue implants
The rate of immune-mediated degradation of the porcine tendon implant in recipi-
ents with torn ACL was slowed enough to enable ligamentization by a combination 
of α-galactosidase treatment and mild cross-linking with 0.1% glutaraldehyde for 12 h 
(Stone et  al., 2007b). Subsequently, the unbound glutaraldehyde was washed away 
and the remaining reactive glutaraldehyde groups were blocked by incubation with 
0.1 M glycine. The optimal cross-linking conditions were determined empirically with 
porcine tendon treated at various concentration of glutaraldehyde prior to implanta-
tion in monkeys (Stone et al., 2007a). Milder cross-linking (i.e., <0.1% glutaraldehyde 
for 12 h) resulted in subsequent extensive infiltration of macrophages. This extensive 
infiltration was followed by degradation of the implant at a pace that was too fast for 
enabling the appropriate angiogenesis and alignment of fibroblasts with the porcine 
bioscaffold of collagen fibers. In contrast, a higher concentration of glutaraldehyde 
results in cross-linking which is extensive enough to prevent subsequent infiltration of 
macrophages and fibroblasts.

Pig heart valves serve as an example for extensive cross-linking which prevents 
remodeling. The pig heart valves are usually cross-linked for many days in glutaral-
dehyde at a concentration of at least 0.25%. Histological inspection of such implants, 
which are explanted because of impaired function, usually demonstrates a calcification 
process on the surface of the valve. However, penetration of cells into the implant is 
greatly inhibited because of the extensive cross-linking (Purinya et al., 1994; Dittrich 
et  al., 2000). Thus, incubation of the porcine tendon for 12 h in glutaraldehyde at a 
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concentration higher than 0.1% or for a longer period may result in a similar for-
mation of cross-linking glutaraldehyde covalent bonds at a density that too high for 
enabling the appropriate infiltration of macrophages. In the absence of infiltrating mac-
rophages, no angiogenesis can occur and no fibroblasts can infiltrate the implant and 
remodel the pig tissue into a human ACL. The gradual breaking of porcine collagen 
fibers caused by the pulling forces, bending, and impingement on the bone is likely to 
gradually impair the function of the implant, ultimately resulting in its tear. Conversely, 
a too low concentration of glutaraldehyde (e.g., 0.01%) results in an insufficient den-
sity of covalent cross-linking bonds. Such a density is too low for slowing macrophage 
infiltration, resulting in premature destruction of the implant bioscaffold, before the 
infiltration and appropriate alignment of fibroblasts with the porcine collagen bioscaf-
fold can occur. Since the density of various porcine ECM implants and the physiologic 
forces applied on implants differ from one type of implant to the other, the optimal 
cross-linking conditions may have to be determined for each type of implant.

The studies on porcine tendon implants for the remodeling into human ACL sug-
gest that if the regenerating tissue is comprised primarily of fibroblasts, a combina-
tion of α-gal epitopes elimination (or use of GT-KO pig as source of the biomaterial 
implant) and “fine-tuning” of the porcine tissue cross-linking may ultimately result 
in gradual degradation of the implant at an optimal rate that enables its regeneration 
by infiltrating fibroblasts while maintaining its biomechanical function. These studies 
further suggest that monitoring anti-non-gal antibodies production in the serum by 
methods similar to those described above for recipients of pig tendon implant will pro-
vide useful information on whether the implant has fully remodeled and converted 
into human tissue. Cross-linking by agents such as glutaraldehyde may be useful in the 
remodeling of various types of connective tissue. However, it is likely that this pro-
cessing may not be effective in the regeneration of tissues other than connective tis-
sue, since stem cells require “cues” from ECM molecules for differentiation into cells 
other than fibroblasts. As indicated above, glutaraldehyde cross-links the amino groups 
of lysines and those of the amino acids at the amino terminus of proteins. Such cross-
linking is likely to alter the structure of ECM molecules and thus may prevent the 
appropriate interaction with stem cells. As discussed below, providing the appropriate 
ECM cues to stem cells may therefore require accelerated recruitment of stem cells 
into the implant prior to the formation of anti-non-gal antibodies at detrimental levels.

Rapid stem cell recruitment for avoiding effects of anti-non-gal 
antibodies
As indicated above, the physiologic default mechanism for repair and regeneration of 
external and internal injuries is the process of fibrosis in which fibroblasts recruited into 
the injury site form dense connective tissue. Because of this mechanism, healing of inju-
ries, such as large wounds in the skin, extensive ischemia in the myocardium, and severed 
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nerves in spinal cord injuries, usually results in fibrosis and irreversible scars are formed 
before constructive remodeling and appropriate regeneration can occur. Thus, in consid-
ering methods for overcoming anti-non-gal-mediated immune rejection of an implant, 
the objectives for remodeling of tissues containing specialized cells other than fibroblasts 
differ from those for remodeling of connective tissue. The remodeling of a bioscaffold 
for connective tissue, such as SIS or pig ligament, can be achieved by migration of fibro-
blasts to the bioscaffold or by fibrosis as the default repair mechanism in case the implant 
undergoes rapid destruction. In contrast, remodeling of biomaterial implants requiring 
more specialized cells, such as ECM patches of urinary bladder wall or of myocardium, 
may be viewed as “complex type” remodeling processes. These patches are expected to 
undergo constructive remodeling into tissues comprised of specialized cells such as tran-
sitional epithelium (urothelium) and smooth muscle in the urinary bladder wall, or car-
diomyocytes in myocardial regeneration. Multiple studies have indicated that the success 
of the complex type remodeling of tissues is determined by the ability of the ECM 
implants to instruct stem cells reaching the implant to differentiate into specialized cells 
that repopulate it (Atala, 2009; Badylak et al., 2012). Since antibodies against ECM mol-
ecules or those against stem cell receptors for ECM ligands can inhibit adhesion of stem 
cells to ECM, it is reasonable to assume that by masking the ECM, anti-non-gal anti-
bodies can prevent the interaction of stem cell with ECM molecules (Guilak et al., 2009; 
Chen, 2010; Hidalgo-Bastida and Cartmell, 2010; Decaris and Leach, 2011). Similarly, it 
is probable that rapid degradation of the ECM can be mediated by binding of anti-non-
gal antibodies to it. Adhesion of recruited macrophages to these ECM complexed anti-
bodies will also result in ECM degradation and prevention of stem cells from receiving 
the appropriate cues. Under such circumstances it is likely that the default fibrosis will 
occur instead of the desired constructive remodeling of the implant.

Presently, effective suppression of anti-non-gal antibody response against por-
cine implants may be feasible only by complete “shutting off ” the immune system 
by excessive administration of immunosuppressive drugs. Since this is not a practical 
solution, an alternative approach which may be considered is the accelerated recruit-
ment of stem cells into the implant. As indicated above, production of anti-non-gal 
antibodies may take several weeks postimplantation. Therefore, it is hypothesized that 
shortly after implantation, there is a “window” of time during which stem cells may 
be effectively guided by the ECM to differentiate, prior to the formation of anti-
non-gal antibodies at detrimental titers. Thus, constructive remodeling of implants 
prior to the formation of anti-non-gal antibodies may be achieved by induction of 
rapid recruitment of stem cells into the implant. A suggested method for inducing 
rapid recruitment may be by administration of α-gal nanoparticles within the implant 
(Galili, 2013a,b). No studies have been performed as yet for evaluating the efficacy 
of α-gal nanoparticles in inducing regeneration of implants. However, the ability of 
α-gal nanoparticles to accelerate wound healing and burn healing and to prevent 
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scar formation in GT-KO mouse (Wigglesworth et  al., 2011; Galili et  al., 2010) and 
GT-KO pig experimental models (Hurwitz et al., 2012) raises the possibility that α-gal 
nanoparticles may also induce rapid recruitment of stem cells into implants shortly 
after implantation. Characteristics of α-gal nanoparticles and experimental observations 
supporting the hypothesis that these nanoparticles may be beneficial in overcoming the 
detrimental effects of anti-non-gal antibodies for achieving constructive remodeling of 
porcine implants are described below.

Structure and activity of α-gal nanoparticles
α-Gal nanoparticles are nanoparticles that present on their surface many α-gal epi-
topes, thereby they enable the harnessing of the therapeutic potential of the natural 
anti-Gal antibody. One type of α-gal nanoparticles which has been studied in recent 
years is submicroscopic α-gal liposomes comprised of glycolipids with one to sev-
eral α-gal epitopes (α-gal glycolipids), phospholipids, and cholesterol (Wigglesworth 
et al., 2011; Galili et al., 2010; Hurwitz et al., 2012) (Figure 10.2). These three compo-
nents of α-gal nanoparticles are extracted from rabbit red cell membranes by incuba-
tion in chloroform and methanol (Galili et al., 2007). Rabbit red cells are the richest 
known source of α-gal glycolipids in mammals (Eto et al., 1968; Stellner et al., 1973; 
Dabrowski et al., 1984; Egge et al., 1985) and thus, membranes of these red cells serve 
as a convenient source for α-gal glycolipids. The chloroform:methanol extracts are 
filtered to remove particulate materials, dried and sonicated in saline into submicro-
scopic nanoparticles designated α-gal nanoparticles (size range of ~10–300 nm). These 
nanoparticles are sterilized by filtration through a 0.2 μm filter. The α-gal nanopar-
ticles were found to present as many as about 1015 α-gal epitopes/mg nanoparticles 
(Wigglesworth et al., 2011).

Because of their abundant expression of α-gal epitopes, α-gal nanoparticles 
administered into injury sites readily bind the natural anti-Gal antibody and thus 
have important effects on macrophages that orchestrate healing of various injuries 
(Galili, 2013a,b). Studies in GT-KO mice and pigs (Galili, 2013b; Wigglesworth et al., 
2011; Galili et al., 2010; Hurwitz et al., 2012) indicated that several consecutive pro-
cesses occur as a result of anti-Gal binding to α-gal epitopes on these nanoparticles 
(Figure 10.2): (i) In vivo binding of the natural anti-Gal antibody to administered 
α-gal nanoparticles activates the complement system similar to complement activa-
tion observed when porcine xenografts expressing α-gal epitopes are transplanted into 
monkeys (Collins et  al., 1994; Xu et  al., 1998; Simon et  al., 1998). (ii) The chemo-
tactic factors (chemoattractant) C5a and C3a generated as complement cleavage pep-
tides (because of complement activation) induce rapid recruitment of macrophages 
to the site of α-gal nanoparticles. This recruitment can be observed in vivo within 
24 h from administration of α-gal nanoparticles into GT-KO mice and is completely 
inhibited in the presence of cobra venom factor which inactivates the complement 
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system (Wigglesworth et  al., 2011). (iii) The recruited macrophages interact via their 
FcγR with the Fc portion of anti-Gal coating the α-gal nanoparticles. This interac-
tion could be visualized by electron microscopy as multiple nanoparticles adhering to 
the surface of macrophages (Galili, 2013b). (iv) This Fc/FcγR interaction activates the 
macrophages to secrete a wide range of cytokines and growth factors such as fibro-
blast growth factor, IL1, platelet-derived growth factor, and colony-stimulating factor 
detected by quantitative real-time polymerase chain reaction studies of macrophages 
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Figure 10.2 Effects of α-gal nanoparticles on macrophages in injuries . The effects of α-gal nanopar-
ticles may be divided into several stages as illustrated in the various dashed line rectangles: 1. 
Interaction of the natural anti-Gal antibody with α-gal nanoparticles applied to injuries activates 
the local complement system, resulting in the generation of complement cleavage chemotactic 
peptides. 2. The chemotactic peptides induce extravasation of monocytes and their differentiation 
into macrophages that rapidly migrate toward the α-gal nanoparticles within the injured site. 3. The 
recruited macrophages interact via their cell surface FcγR with the Fc “tails” of anti-Gal immunocom-
plexed to the α-gal nanoparticles. 4. This Fc/FcγR interaction activates the macrophage to produce 
and secrete “pro-healing” cytokines/growth factors. It is hypothesized that some of these cytokines/
growth factors secreted by the activated macrophages are capable of recruiting stem cells. The com-
ponents of α-gal nanoparticles (α-gal glycolipids, phospholipids, and cholesterol) are illustrated at 
the bottom of the figure.
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recruited in vivo by α-gal nanoparticles (Wigglesworth et  al., 2011). In vitro analysis 
of macrophages-binding anti-Gal-coated α-gal nanoparticles via Fc/FcγR interaction 
indicated that as a result of activation by this interaction, the macrophages markedly 
increase their secretion of vascular endothelial growth factor (VEGF) (Wigglesworth 
et  al., 2011). This high secretion of VEGF by the activated macrophages results in 
extensive vascularization of the granulation tissue in wounds treated with α-gal 
nanoparticles at a level that is much higher than that in untreated wounds (Hurwitz 
et al., 2012). Ultimately, the cytokines/growth factors secreted by these activated mac-
rophages display a “pro-healing” effect on injuries, decreasing healing time by 40–60% 
(Wigglesworth et  al., 2011; Galili et  al., 2010; Hurwitz et  al., 2012). Moreover, the 
accelerated healing of wounds treated with α-gal nanoparticles avoided the fibrosis 
and scar formation in wounds. The accelerated vascularization and possibly the rapid 
recruitment of stem cells by the pro-healing cytokines/growth factors resulted in res-
toration of the normal histology of the injured skin prior to the onset of the fibrosis 
process and scar formation (Wigglesworth et al., 2011).

Recruitment of stem cells by activated macrophages within injury sites has been 
observed in some experimental models such heart regeneration (Lolmede et  al., 
2009; Arenas-Herrera et  al., 2013). Taken together, these reports on macrophage- 
mediated progenitor/stem cell recruitment and the recruiting and activating effects of 
α-gal nanoparticles on macrophages raise the possibility that administration of these 
nanoparticles within porcine implants may accelerate the remodeling process by rapid 
recruitment of macrophages followed by recruitment of stem cells prior to detrimental 
interaction of anti-non-gal antibodies with the implant.

α-Gal nanoparticles may be introduced into decellularized porcine implants by dif-
fusion into the implant soaked in a nanoparticles suspension. If the implant is of a 
decellularized organ (e.g., kidney), α-gal nanoparticles may be introduced by perfusion 
of the implant with an α-gal nanoparticles suspension, after the perfusion performed 
with detergent solutions for the decellularization process and subsequent washes 
(Crapo et  al., 2011, p. 114). It is hypothesized that anti-Gal and complement mole-
cules which are present throughout the body in humans will diffuse into decellularized 
implants, bind to α-gal nanoparticles, activate the complement system, and gener-
ate complement cleavage chemotactic factors that will rapidly recruit many macro-
phages into the implant. Interaction of these macrophages with anti-Gal-coated α-gal 
nanoparticles is likely to further activate these cells to secrete many cytokines/growth 
factors that promote vascularization, recruit stem cells, and generate a microenviron-
ment that is conducive to recruited stem cells. Because of the fast kinetics of these pro-
cesses, the recruited stem cells may reach the implanted ECM before the generation 
of anti-non-gal antibodies at detrimental titers. This, in turn, may enable the stem cells 
to interact with the intact ECM prior to its degradation or its masking by the anti-
non-gal antibodies, thus enabling the appropriate differentiation of the stem cells into 
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mature cells that restore the structure and function of the tissue from which the ECM 
implant is derived. It is further hypothesized that in order to maximize the success of 
such an accelerated remodeling process, the anti-Gal/α-gal epitope interaction should 
be confined to the introduced α-gal nanoparticles, i.e., the implant should be devoid of 
α-gal epitopes in order to prevent anti-Gal binding to the implant itself. Future studies 
with various porcine implants in GT-KO mice, GT-KO pigs, or monkeys will enable 
the evaluation of α-gal nanoparticles efficacy in inducing constructive remodeling of 
implants and avoiding the fibrosis process.

CONCLUSIONS

The immune-mediated rejection of porcine implants in humans is primarily the result 
of antibody activity against the implant. The two main types of antibodies that consti-
tute the human immune response against porcine implants are anti-Gal and anti-non-gal 
antibodies. Production of these antibodies cannot be prevented by currently used immu-
nosuppression protocols without complete suppression of the immune system. Anti-
Gal is a natural antibody constituting about 1% of the immunoglobulins and it interacts 
specifically with α-gal epitopes which are abundantly expressed on porcine tissues and 
implants. These α-gal epitopes further activate the multiple quiescent anti-Gal B cells, 
resulting in elevated production of anti-Gal antibodies. These elicited anti-Gal antibod-
ies continue to be produced as long as the implant is not eliminated and they exacer-
bate the destruction of implants. The effects of anti-Gal/α-gal epitope interaction can be 
avoided either by elimination of α-gal epitopes from the implant with α-galactosidase or 
by using implants prepared from tissues of GT-KO pigs which lack α-gal epitopes.

Anti-non-gal antibodies are produced against the multiple pig proteins that are 
immunogenic in humans because of amino acid sequence differences between homol-
ogous proteins in humans and pigs. These antibodies are produced by the human 
immune system as long as the porcine implant proteins are present in the recipient. 
Production of anti-non-gal antibodies is slower than that of elicited anti-Gal antibodies 
and may peak 3–5 weeks postimplantation. Acceleration of the constructive remod-
eling process in implants may help in avoiding anti-non-gal antibody effects. It is 
hypothesized, but not proven as yet that such accelerated remodeling may be induced 
by administration of α-gal nanoparticles within porcine implants.
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INTRODUCTION

Aging is a natural physiological process characterized by graded reductions in func-
tional abilities of various organs, organ systems, and physiological networks, resulting 
in compromised homeostasis, defense and repair functions, with associated increased 
risks of disease and death (Boccardi and Paolisso, 2014). The global human population is 
aging (i.e., that population of age >60 years) and estimated to triple to two billion from 
its current 605 million by 2050 (WHO, 2012). Advancements in modern medicine, 
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its increased global availability, and improvements in quality of life have resulted in an 
increased number of people living to be over 80 years of age. Concomitantly, implanta-
tion of pacemakers, continuous glucose sensors, cardiovascular and ocular devices, artifi-
cial replacement hip, knee and other orthopedic implants, and many other biomaterials 
have increased to maintain the well-being and quality of life of this expanding geriat-
ric patient class (Avula and Grainger, 2013). New clinical considerations have arisen in 
assessing device performance in this increasing population, with new risks and adverse 
events associated specifically with aging and patient fragility (Report to Congress, 
2012). With increased life expectancy, and the increased need for improved medical 
devices compatible with weaker/aging human physiologies, an understanding of the 
effects of age on medical device implant performance in vivo is important. Rational cri-
teria of implants designed specifically for geriatric populations might become apparent 
with such analysis. Musculoskeletal implants addressing structural aspects of bone repair 
in the context of osteoporosis are examples of such a need.

Medical device use in general has witnessed exponential growth in clinical appli-
cations over the past five decades (Simchi et  al., 2011). Scope and fields of use for 
implanted medical devices (IMDs) have increased multiple-fold with the advent of new 
technologies, innovation, and improved understanding of human physiology and its 
underlying problems. Increasing rates of medical device adoption can be attributed to 
various factors including aging median populations worldwide, innovations in design 
and function that increase performance and reliability, rising standards of living among 
patients in developing nations, and noted improvements in patient quality of life offered 
by the devices (Raymond Brood, 2012). Given these factors, the global medical device 
market is expected to continue growing, reaching approximately $434 billion by 2017 
with an annual growth rate of approximately 7.1% between 2012 and 2017 (http://
www.reportsnreports.com/reports/142514-the-outlook-for-medical-devices-worldwide.
html). New IMDs continue to offer improved treatment alternatives for cardiovascular, 
orthopedic, oncologic, and many other diseases, specifically applications where deterio-
ration of the body with age cannot be avoided (Kramer et al., 2012). Millions of peo-
ple in the United States alone depend on some kind of implantable medical device for 
chronic use. Despite improvements in safety and efficacy of these devices, much is yet to 
be understood about human factors affecting device performance in vivo, especially with 
respect to aging. Age-specific implants are certainly under design consideration; that host 
reactions to implants might also be age-specific is therefore a compelling question.

The human body has several key regulatory mechanisms to maintain physiological 
homeostasis. Inflammation, infection control, tissue turnover, cell apoptosis and autoph-
agy, wound healing, foreign body reactions (FBR), complement activation, and coagu-
lation are among the tightly controlled regulatory mechanisms that work continually, 
individually, or in combination to maintain homeostasis. These networks respond ubiq-
uitously to medical implants, producing a complex, intricate, and dynamic cross talk 

http://www.reportsnreports.com/reports/142514-the-outlook-for-medical-devices-worldwide.html
http://www.reportsnreports.com/reports/142514-the-outlook-for-medical-devices-worldwide.html
http://www.reportsnreports.com/reports/142514-the-outlook-for-medical-devices-worldwide.html
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between inflammatory, immune, and coagulation cascades over both space and time 
to orchestrate wound healing in the presence of a foreign body/IMD. The process of 
aging is generally characterized by functional decline from both a histological and bio-
chemical perspective, especially in tissues and organ systems under chronic oxidative 
stress. Diminishing capacity to respond to injury or stress parallels declining functionality 
(Rossi et al., 2008). Age progression and associated attenuation in physiological repair and 
homeostatic cascade intensities and durations change the host immune and inflammatory 
competence. These changes are largely associated with cumulative damage and mutations 
resulting from free radical exposure and dysregulation of host redox balancing mecha-
nisms. Overall, this maintenance “slowdown” manifests as compromised wound healing, 
which also logically affects the host FBR to IMDs. While such changes appear logical 
given the “natural” anecdotal consequences of aging, the precise mechanisms underlying 
host response in geriatric patients and how the host implant–tissue relationship is altered 
are largely unexplored.

This chapter seeks to outline various components of host physiological aging and 
how it might relate to host response to implants in order to understand the impact of 
aging-related physiological changes on IMD performance and adverse events. Given the 
current complexity in understanding the FBR as described in Chapter  2, one might 
predict that analysis of the complex acute and chronic regulatory mechanisms within 
the human body that elicit FBR activities, namely inflammation, immunity, repair, 
defense, and healing, in the context of aging is particularly difficult. The current paucity 
of age-specific data specific to correlating patient aging to function and performance of 
IMDs, and their respective failure modes, in their various clinical contexts makes such 
correlations even more difficult.

THE HOST FBR

As detailed extensively in Chapters 2 and 3, the human body responds to foreign mate-
rials through a sequence of physiological events that begin as normal wound healing 
but ultimately result in various combinations of implant destruction/degradation, clear-
ance, integration, or complete foreign body isolation from the surrounding environment 
(Anderson et al., 2008).

The host FBR to materials including IMDs is mediated by several different, coordi-
nated, and spatially proximal events that act individually or in concert (Anderson, 2001). 
These reactions are conceptualized in Figure 11.1.

Each host reactionary cascade to an IMD has age-dependent intensities and com-
promises that are poorly understood in general and particularly in the context of the 
FBR. As the FBR begins as an acute wound healing process that is continuously inter-
rupted by chronically unresolved inflammatory processes, the FBR is often character-
ized conceptually as a chronically aborted wound healing process with abnormal host 
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accommodation. Normal wound healing is highly dynamic, involving complex interac-
tions of extracellular matrix (ECM) molecules, soluble mediators, various resident cells, 
and infiltrating leukocyte subtypes in the wound site (Eming et  al., 2007). To achieve 
tissue integrity and homeostasis, wound healing occurs in three phases: inflammation, tis-
sue formation, and remodeling (Martin and Leibovich, 2005; Singer and Clark, 1999). 
Chronic inflammation, a hallmark of the nonhealing wound, also predisposes tissue to 
cancer development in select tissues such as skin (Eming et al., 2007). Age-related molec-
ular changes cause dysfunction and impaired repair capacity that involves the normal 
wound healing process. A variety of age-induced effects on certain aspects of wound 
healing have been reported, and these will be discussed in the following sections as a basis 
for understanding how these effects might analogously impact the FBR in aged patients.

HOST INFLAMMATORY RESPONSE

The inflammatory response manifests primarily as acute (minutes-to-days) and chronic 
(weeks-to-months) responses based on the duration and intensity of inflammatory stimuli 
and its mitigation in situ. Generally, the acute inflammatory response to biomaterials 
resolves quickly, usually within a week, depending on the extent of injury at the implant 
site and the type of biomaterial in the IMD. Chronic inflammation is less uniform his-
tologically, resulting from constant and variable inflammatory stimuli from the implant’s 
presence, mechanical irritation as implant–tissue micro-motion, or degradation compo-
nents produced by the implant. The chronic inflammatory response to biomaterials is usu-
ally confined to the implant site and can range from weeks to months to years (Anderson, 
1988). In fact, the host response can be expected to persist for as long as the biomaterial 
remains in the individual. Multiple cell types, both resident within and recruited to the 
tissue around the implant site, as well as diverse molecular mediators, are involved in prop-
agating, sustaining, and resolving the inflammatory response.

Neutrophils / monocytesMacrophages / T-cells

Myofibroblasts

Coagulation

Oxidative stress

Inflammation and FBR

Dendritic and mast cells

Platelets

Cell signals

Complement

Homeostasis and healing

Figure 11.1 The diversity of host responses to an implant. (Adapted from Gorbet and Sefton, 2004, 
with permission.)
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The predominant cell type presents in the inflammatory response varies with the 
age of the injury. Neutrophils (polymorphonuclear leukocytes, PMNs) characterize 
the acute inflammatory response. In general, neutrophils dominate during the first sev-
eral days following injury and then are replaced by infiltrating blood-derived mono-
cytes/macrophages as the predominant cell type. Neutrophils are short-lived cells that 
attack pathogens and foreign materials at the wound site and disintegrate after 24–48 h 
of wound formation. Neutrophils are often accompanied by host mast cells in acute 
inflammatory phases. Mast cell activation results in degranulation, with histamine 
release and fibrinogen adsorption known to mediate acute inflammatory responses to 
implanted biomaterials (Tang et al., 1998). The extent of release of cytokines interleu-
kin-4 (IL-4) and IL-13 from mast cells in degranulation processes plays a significant role 
in subsequent development and degree of the FBR (Zdolsek et al., 2007). Biomaterial-
mediated inflammatory responses may be modulated by histamine-mediated phago-
cyte recruitment and phagocyte adhesion to implant surfaces facilitated by adsorbed 
host fibrinogen, among many other possible host proteins (Anderson and Patel, 2013). 
Monocytes arriving at the implantation site following earlier PMNs undergo pheno-
typic changes, differentiating into macrophages. Monocyte infiltration depends on che-
motactic cues from tissue injury as well as inflammatory signals secreted by PMNs. That 
this recruitment depends on the implanted biomaterial characteristics and tissue site is 
arguable: it appears to be relatively ubiquitous. Chronic inflammation is characterized 
by the presence of precursor monocytes, macrophages, and lymphocytes adhered to the 
biomaterial in addition to the proliferation of blood vessels associated with both mac-
rophage and endothelial cell actions, and abundant connective tissue produced by late 
arriving myofibroblasts.

The progression of events in host inflammation and eventual FBR requires the 
extravasation and migration of monocytes/macrophages to the implant site. The guided 
movement of monocytes/macrophages to the implant occurs in response to evolv-
ing presence of multiple cytokines, chemokines, and other chemoattractants produced 
at the implant site upon injury, resulting acute hemostasis, and associated immedi-
ate acute inflammatory cell responses. Following blood–material interactions associ-
ated with acute wounding (surgery and implant placement naturally always produces 
wounding, even if minimally invasive as discussed in Chapter 2), platelets in the result-
ing clot release chemoattractants such as transforming growth factor (TGF-β), platelet-
derived growth factor (PDGF), CXCL4 (platelet factor, PF4), leukotriene (LTB4), and 
IL-1. These agents can direct blood monocytes and tissue-resident macrophages to the 
wound site (Broughton et  al., 2006). Interaction of implant-adsorbed proteins with 
adhesion receptors present on inflammatory cell populations constitutes the major  
cellular recognition system for implantable synthetic materials and medical devices  
(Hu et  al., 2001). Adsorbed wound-site proteins such as albumin, fibrinogen, comple-
ment, fibronectin, vitronectin, globulins, and many others are implicated in modulating 
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host inflammatory cell interactions and are thus linked to subsequent inflammatory and 
wound healing responses (Jenney and Anderson, 2000). Understanding protein adsorp-
tion in vivo is complicated by the number and different types of proteins present, and that 
their adsorptive interactions with biomaterials surfaces vary with time, often indepen-
dent of their relative mass fractions present in biological milieu (i.e., the so-called Vroman 
effect, Bamford et al., 1992) and Chapter 5. That these proteins likely change their com-
positional fractions and resulting wound-site reactivities further confounds interpretations 
of their involvement in the aged FBR response. Most Vroman effects with biomaterials 
have been studied in the context of blood coagulation. Little is known about the altera-
tions in the Vroman response or protein alterations of the FBR as a function of age.

Recruitment of macrophages to the implant site further propagates chemoattrac-
tant signals. Macrophage activation in situ prompts production of PDGF, tumor necro-
sis factor (TNF-α), granulocyte colony-stimulating factor (G-CSF), and granulocyte 
macrophage colony-stimulating factor (GM-CSF) attracting more macrophages to 
the wound site (Broughton et  al., 2006). Monocyte chemotactic protein (CCL2 or 
MCP-1) is known to surround implanted polyethylene materials (Hu et  al., 2001). 
An array of other inflammatory mediators including IL-1, IL-6, IL-10, IL-12, IL-18, 
TGF-β, IL-8, and macrophage inflammatory protein (MIP)-1α/β are also produced 
by monocytes/macrophages (Rot and von Andrian, 2004; Fujiwara and Kobayashi, 
2005). Macrophages are also capable of secreting growth and angiogenic factors impor-
tant in the regulation of fibro-proliferation and angiogenesis (Singer and Clark, 1999). 
Alternatively, activated macrophages over-express certain ECM proteins, such as fibro-
nectin, and are involved in tissue remodeling during wound healing (Mosser, 2003). 
The diverse biological functions of activated macrophages play central roles in inflam-
mation and host defense response. A comprehensive discussion of macrophage plasticity 
and the role of this cell type are discussed in Chapter 6.

Macrophages are professional phagocytes capable of ingesting large amounts of small 
particles and debris (<5 µm), while larger particle sizes (>10 µm) cannot be internal-
ized. The inability of macrophages to phagocytose supra-cellular sized foreign objects 
leads to “frustrated phagocytosis” around such large objects (Mosser, 2003), releasing 
mediators of degradation such as reactive oxygen intermediates (ROIs, oxygen free 
radicals) or degradative enzymes around the biomaterial surface (Henson, 1971). This 
inflammatory reaction, prolonged if the foreign body (i.e., biomaterial) resists degra-
dation and phagocytic clearance, also correlates with the formation of multinucleated 
giant cells known as foreign body giant cells (FBGCs) (Xia and Triffitt, 2006). As dis-
cussed in detail in Chapter 2, cell–cell fusion of monocytes and macrophages to form 
multinucleate FBGCs requires a series of highly orchestrated biochemical and cellular 
events around the implant (Chen et al., 2007a). FBGCs display an antigenic phenotype 
similar to monocytes and macrophages formed from the fusion of monocyte-derived 
macrophages (Athanasou and Quinn, 1990). Formation of these cells is a histological 



Aging and the Host Response to Implanted Biomaterials 275

hallmark of the FBR, although the precise role for FBGCs in the FBR is still unre-
solved. Their presence is generally localized to the implant surface and correlates with 
increased fibroblast presence around the implant and the encapsulation of the biomate-
rial (Shive and Anderson, 1997). Further understanding of dynamics and interactions of 
immune system components with inflammatory cells at implants is crucial for designing 
controls for these events to improve the host response, tissue integration, safety, biocom-
patibility, and function of these devices (Anderson et al., 2008).

THE HOST IMMUNE RESPONSE

The human body’s response to implanted biomaterials is governed by its immune sys-
tem, broadly classified into innate and adaptive immunity, sourced primarily by lym-
phoid organs (see Chapters  6, 7, and 8). Innate immunity is host intrinsic, natural 
immunity while adaptive immunity is acquired immune sensitivity and specificity over 
time due to exposure to foreign antigens, including pathogens and foreign materials. 
Implanted biomaterials are known to be antigenic, serving as adjuvants and primers of 
antigen-processing and -presenting cells (APCs) (Babensee, 2008; Yoshida and Babensee, 
2004; Mikos et al., 1998). Implants also adsorb many proteins, including immunoglob-
ulins, which prime immune cells (Ziats et  al., 1990). Implants also ubiquitously acti-
vate complement as a potent immune cell stimulus. Hence, actual immunogenic and 
immune-stimulating aspects of implants contribute to the both innate and adaptive 
aspects of the host FBR.

Biological scaffold materials comprising processed mammalian ECM, typically allo-
geneic-or xenogenically derived tissues, elicit both innate and acquired immune host 
response (Badylak and Gilbert, 2008). Implantation of engineered cellular biomaterial 
hybrids elicits adaptive immune reactions toward the cellular component that influences 
the host response to the material component. Degradation products and surface altera-
tions to the biomaterial also trigger both inflammatory and immune responses (Franz 
et  al., 2011). Lymphocytes and plasma cells are involved principally in immune reac-
tions and as key mediators of antibody production and delayed hypersensitive responses 
(Ratner, 2004). Lymphocytes play critical roles in the FBR; adherent lymphocytes 
predominantly associate with macrophages or FBGCs rather than the implant surface 
(Brodbeck et al., 2005). Danger signals (e.g., alarmins) released from damaged tissue are 
recognized by cells of the innate immune system (e.g., macrophages and dendritic cells, 
DCs) via pattern recognition receptors (PRR) such as scavenger receptors, Toll-like 
receptors, and C-type lectins, which stimulate both inflammation and immunity (Franz 
et al., 2011; Kono and Rock, 2008).

Several types of macrophages participate in implant immune responses: classically 
activated macrophages in early acute phases and regulatory and wound healing mac-
rophages in the chronic resolution stage (Porcheray et al., 2005). Different macrophage 
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populations are generated in response to either endogenous stimuli released by dam-
aged cells or innate immune cells following injury or infection or to adaptive immune 
signals produced by antigen-specific immune cells. Activated macrophages are triggered 
by interferon-γ (IFN-γ) released by T helper 1 (Th1) cells during adaptive immunity, or 
by natural killer (NK) cells during innate immunity, and by TNF-α produced by APCs 
(Martinez et al., 2008). Wound healing macrophages are generated in response to IL-4 
produced by basophils, mast cells, and granulocytes in early innate immune responses 
or by Th2 cells during adaptive immune responses. Both innate and acquired immune 
system cells can produce IL-4 and IL-13 which also prompt FBGC formation. IL-4 
programs macrophages to down-regulate pro-inflammatory mediators and to promote 
wound healing processes by contributing to the production of ECM and by activation 
of fibroblasts. Although wound healing macrophages exert anti-inflammatory activi-
ties, they are not capable of down-regulating immune responses (Martinez et al., 2009). 
Regulatory macrophages also arise during innate and adaptive immune responses, trig-
gered in response to a variety of signals including apoptotic cells, prostaglandins (PGs), 
IL-10, immune complexes, and glucocorticoids. Regulatory macrophages limit inflam-
mation and dampen immune responses by releasing high levels of IL-10, a potent 
immunosuppressive cytokine (Mosser, 2003). Macrophages also present antigens to 
immune-competent cells (Mosser and Edwards, 2008). The various phenotypic profiles 
of macrophages are described in Chapter 6.

As shown in Chapter 7, DCs are also key players in host innate and adaptive immu-
nity, producing adaptive immune responses through their antigen presentation and T-cell 
priming capabilities. Contacting biomaterials, activated DCs express an immunogenic 
phenotype known to be similar to that presented by LPS-activated DCs, characterized 
by increased expression of co-stimulatory molecules (CD80/CD86), and the DC mat-
uration marker CD83 (Babensee, 2008). Based on the PRR profiles, DC maturation 
can be promoted or inhibited, leading to immunity or tolerance, respectively (Lutz and 
Schuler, 2002). Biomaterial-matured DCs are capable of promoting T-cell proliferation 
and secrete inflammatory cytokines (TNF-α and IL-6) known to further amplify DC 
maturation (Frick et al., 2010). Cross talk between NK cells and DCs mediates DC mat-
uration, shaping the immune response (Moretta et al., 2008).

COMPLEMENT ACTIVATION

The unique ability of the complement system to discriminate “non-self” is an important 
mechanism in the body’s defense against infection and foreign bodies, including medical 
devices. The complement system comprises more than 30 plasma and membrane-bound 
proteins (receptors and regulators) functioning either as enzymes or binding proteins 
(Nilsson et  al., 2007). Complement activation destroys and removes foreign substances, 
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either by direct lysis or by mediating leukocyte function in inflammation and innate 
immunity. The cascade is initiated via three different activation pathways:
1. Classical pathway triggered by the formation of antigen–antibody complexes
2. Mannose-binding lectin pathway trigged by specific carbohydrates on the surface 

of microorganisms
3. Alternative pathway triggered directly by foreign surfaces such as implants/bioma-

terials (Roos et al., 2001).
The main event in convergence of the multiple complement activation pathways is 

enzymatic cleavage of inactive C3 zymogen into active C3b and C3a by C3 convertase 
enzymes. Complement activation also occurs in various steps in the wound healing 
process (Janeway et al., 2001).

Implanted biomaterials activate complement commonly via the alternative path-
way (Nilsson et  al., 2007) to initiate an inflammatory response, observed to occur 
during cardiopulmonary bypass, hemodialysis, and with catheters and prosthetic vas-
cular grafts. Complement activation and its subsequent reactions also produce adverse 
side effects during blood/material interactions with IMDs (Anderson et  al., 2008). 
Complement activation releases C3a, C4a, and C5a peptide fragments, which are ana-
phylatoxins. These peptides are humoral messengers that bind to specific receptors on 
neutrophils, monocytes, macrophages, mast cells, and smooth muscle cells (Markiewski 
et al., 2007). They induce a variety of cellular responses such as chemotaxis, vasodilata-
tion, cell activation, and cell adhesion. Cell surface expression of adhesion molecules 
is modulated by inflammatory agents including leukocyte adhesion molecules (C5a, 
LTB4) and endothelial adhesion molecules (IL-1). In the acute inflammation phase, 
increased leukocytic adhesion leads to specific interactions between complementary 
adhesion molecules present on the leukocyte and endothelial surfaces (Pober and 
Cotran, 1990).

Membrane-based integrin receptors expressed by monocytes/macrophages bind 
complement fragment C3bi and fibrinogen (McNally and Anderson, 2002). The com-
plement components provide initial adhesion to multiple protein ligands participating 
in receptor–ligand binding and monocyte adhesion. In particular, complement acti-
vation on fibrinogen-adsorbed surfaces has been suggested as the primary adhesion 
event (McNally and Anderson, 1994). IL-4-induced FBGCs are characterized by inte-
grin expression, indicating the potential interactions of complement C3b fragments, 
fibrin, fibrinogen, and fibronectin. Within minutes to hours following implantation of 
a medical device, a provisional matrix consisting of fibrin is produced by activation of 
both coagulation and thrombosis systems, and inflammatory products, released by the 
complement system, with activated platelets, inflammatory cells, and endothelial cells 
(Clark et al., 1982). Factor X and vitronectin are found at sites of FBR from biomaterial 
implantations (Anderson et al., 2008).
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The most common complement pathway, the alternative pathway, does not require 
formation of antibody or immune complexes and is activated by any foreign surface, 
such as fungal, bacterial polysaccharides, lipopolysaccharides (endotoxin), particle and 
biomaterial surfaces (Gorbet and Sefton, 2004). Various complement products (C3b, 
C4b, and iC3b) bind to particles, surfaces, bacteria, and immune complexes in a pro-
cess called opsonization, facilitating uptake by inflammatory cells (Ricklin et al., 2010). 
During phagocytosis and opsonization processes, both host IgG and complement-acti-
vated fragment C3b adsorb onto biomaterials and are then bound by neutrophils and 
macrophages with their corresponding cell membrane receptors (Ekdahl et al., 2011). 
Neutrophils adherent to complement-coated and immunoglobulin-coated nonphago-
cytosable surfaces release enzymes that trigger inflammation based on the size, sur-
face properties, and biomaterial properties of the implant (Bridges and Garcia, 2008). 
Complement activation also results in bacterial cell lysis when the terminal attack 
complex is inserted into the cell membrane (Rus et al., 2005).

Biomaterials are usually classified as “‘activating” or “nonactivating” surfaces 
(Kazatchkine and Carreno, 1988). On an nonactivating surface, negatively charged 
groups such as carboxyl, sulfate, sialic acid-containing glycoproteins, and bound pro-
teoglycans (i.e., heparans, chondroitins) appear to promote high-affinity association 
between bound C3b and Factor H (Gorbet and Sefton, 2004). The activating surface is 
characterized by the presence of nucleophiles such as hydroxyl and amino groups that 
allow covalent binding of C3b and promote formation of C3 and C5 convertases. Some 
activating materials generate high levels of both C3b and C5b-9, while others generate 
high C3b but little C5b-9. However, even low amounts of C5b-9 are able to activate 
leukocytes and thus a low terminal complement activating material may still induce a 
significant inflammatory response (Colman, 2006). In addition to overlap with immune-
stimulating cascades, complement also intersects the coagulation cascade to modulate 
each other’s activity in the presence of a biomaterial (Markiewski et al., 2007).

THE COAGULATION CASCADE

The surgical placement of implants creates wounds and most wounds bleed, activat-
ing the native blood coagulation cascade and exposing IMDs to several thousand blood 
proteins. Blood coagulation involves a tightly regulated, cascading series of proteolytic 
reactions resulting in the formation of a cross-linked fibrin clot. The two pathways of 
coagulation (intrinsic and extrinsic) are independent of each other until they converge 
to a common terminal pathway resulting in fibrin clot formation by the enzymatic 
action of thrombin on fibrinogen. Factor XIII is activated by thrombin, which cross-
links and stabilizes the newly formed fibrin clot into an insoluble fibrin gel (Ratner, 
2004; Gorbet and Sefton, 2004). The key penultimate enzyme, thrombin, is formed fol-
lowing a cascade of blood-based reactions activated upon surface contact of an IMD or 
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foreign body. Initiation of clotting occurs either by surface-mediated protease reactions 
or through tissue factor (TF) expression by cells at the site of vascular injury. Blood 
contact with a biomaterial represents a potential stimulus to induce TF expression by 
monocytes, resulting in blood coagulation through the extrinsic system. Plasma Factor 
VII (FVII) then binds to TF on cell membranes and requires activation by FVIIa to form 
a TF–VIIa complex. Coagulation initiated by a TF-dependent extrinsic pathway leads 
to production of FXa by the FIXa–FVIIIa complex, resulting in thrombin generation 
(Amara et al., 2008).

The intrinsic pathway is initiated by contact activation of high molecular weight 
kininogen (HMWK), prekallikrein, and Factor XII with surfaces that are negatively 
charged, a common result of adsorbed protein layer (Schmaier, 1997). The Vroman 
effect on blood-exposed biomaterial surfaces leads to fibrinogen replacement over time 
on surfaces by HMWK, linking the intrinsic pathway to biomaterial-based throm-
bosis mechanisms. However, adsorption of many other proteins to surfaces can also 
induce coagulation activation. Leukocytes are required for the TF-dependent pathway. 
Additionally, platelet activation is often presumed to occur via thrombin generation 
due to activation of the intrinsic coagulation cascade or by the release of adenosine 
diphosphate (ADP) from damaged red blood cells or platelets.

Development of thrombosis in aged individuals causes clinical events including 
deep vein thrombosis and pulmonary embolism (PE) due to the progressive increase 
in plasma concentrations of some coagulation factors (e.g., factors V, VII, VIII, and IX, 
fibrinogen) (Abbate et al., 1993; Previtali et al., 2011). Studies have shown a significant 
increase in fibrinogen concentration in the aged population (65–79 years) compared to 
younger populations (47–54 years) with the fibrinogen concentration increasing at a 
rate of 10 mg/dL per decade of age (Kannel et al., 1987). Fibrinogen-adsorbed implants 
show robust levels of macrophage adhesion and activation. High levels of plasma pro-
teins cause the bridging of platelets via their glycoprotein IIb–IIa complex that serves 
as a direct substrate of the clot by increasing blood viscosity. Along with an increase in 
number, an increase in platelet reactivity with aging has also been demonstrated and 
activated platelets are known to accelerate thrombin generation (Previtali et al., 2011). 
Platelets of 60-year-old or older individuals aggregate more in response to ADP and 
collagen than platelets from younger individuals (Kasjanovova and Balaz, 1986). An 
increase in markers of platelet activation such as plasma β-thromboglobulin (a protein 
stored in the α-granules of platelets) and platelet membrane phospholipids increased in 
addition to binding of PDGF to arteries (Bastyr et al., 1990).

As shown in Figure 11.1, coagulation, thrombosis, infection, and inflammatory 
responses are coupled in host reactions to implanted biomaterial surfaces through 
wounding, the plasma protein adsorption profile, host inflammatory cell recruitment 
and competence, and infectious complications. The effect of aging on each of these 
contributing, interactive responses to IMDs is recognized anecdotally, but mechanisms 
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remain poorly understood. Contributions of physiological redox homeostasis—the 
complex interactive balance of oxidative and reductive physiological processes elicited 
enzymatically and biochemically—normally control inflammatory and healing path-
ways (Droge, 2002). Imbalance in redox processes is associated with aging, disease, and 
foreign body reactions (FBR). Hence, as clarified in detail below, their collective impli-
cations as critical processes in aged responses to IMDs are apparent. Further sections 
below provide anecdotal insights into the variations caused by aging in each of these 
responses and their cellular mediators.

AGING-RELATED CHANGES IN INFLAMMATION, IMMUNE RESPONSE, 
COAGULATION, AND COMPLEMENT ACTIVATION

Age-related changes in both hemostasis and compromised, delayed wound healing in 
elderly patients are clinically acknowledged (Guo and Dipietro, 2010). Recruitment of 
inflammatory cells such as monocytes, macrophages, and lymphocytes is observed to be 
delayed at wound sites, with cell numbers peaking at day 84 in aged populations instead 
of day 7 for monocytes, and at day 21 for lymphocytes in younger populations. However, 
increased numbers of matured macrophages and a strong expression of activation marker 
E-selectin was observed in aged populations when compared to a lower number and 
decreased expression in younger patients (Ashcroft et  al., 1998). Optimal wound heal-
ing requires both appropriate macrophage infiltration and phagocytic activity. Age-related 
changes have also been reported for T-cell infiltration into wounds, with alterations in 
wound chemokine content and concurrent decline in wound macrophage phagocytic 
function (Swift et al., 2001). Murine model studies report alterations in inflammatory cell 
content and elevation of MCP-1 levels in wounds of aged mice. Chemokines including 
MIP-2, MIP-1a, MIP-1b, and eotaxin tended to decline with age (Swift et al., 2001).

The normal aging process involves accumulation of genetic mutations, oxidative 
and cellular stresses, mitochondrial dysfunction, increased apoptosis, telomere length 
dysfunction, and differential gene expression that result in changes in cellular functions 
in wound healing processes (Kapetanaki et al., 2013). These cumulative genetic changes 
are also likely involved in common age-related “inflammatory diseases” such as meta-
bolic syndromes, diabetes, sarcopenia, dementia, atherosclerosis, cancer, and osteoporo-
sis (McGeer and McGeer, 1999). Metabolic syndromes, referring to a cluster of clinical 
factors, e.g., insulin resistance, hyperinsulinemia, high blood glucose, hypertension, and 
dyslipidemia with elevated triglycerides and low HDL levels are associated with both 
elderly populations and compromised wound healing (Hoffmann et al., 2007). Cause–
effect relationships in these syndromes regarding healing are complex, and neither well 
understood nor well clinically controlled. Recent studies indicate that chronic up-
regulation of pro-inflammatory mediators (e.g., TNF-α, IL-1β, IL-6, cyclooxygenase-2 
(COX-2), inducible nitric oxide synthase (iNOS)) is induced during aging, resulting 
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from age-related redox imbalance and sustained presence of reactive oxygen and nitro-
gen species (ROS and RNS, respectively). Figure 11.2 shows the molecular basis for 
ROS generation and mitigation as a natural phenomenon.

ROS include the important superoxide radical O2⋅
− and nonradical oxygen species 

singlet oxygen (1O2), hydrogen peroxide, and peroxynitrite anion (ONOO−); hydrogen 
peroxide converts into the highly reactive hydroxyl radical (•OH). RNS include nitro-
sonium cation (NO+), nitroxyl anion (NO−), or peroxynitrite (ONOO−), all resulting 
from oxidation of one of the guanido-nitrogen atoms of l-arginine by the endogenous 
enzyme, NOS. The most important radicals in biological regulation are ROS molecule 
superoxide and RNS species, NO. ROS and RNS are produced normally at low con-
centrations as part of the homeostatic redox balance as required by normal redox sig-
naling used in many biochemical pathways. A redox balance is normally provided by 
intracellular antioxidant enzymes including superoxide dismutase (SOD), catalase, glu-
tathione peroxidase, peroxiredoxin, and sulfiredoxin, and low molecular weight antioxi-
dants such as glutathione, α-tocopherol (vitamin E), β-carotene, and ascorbate (vitamin 
C). Antioxidants as natural reducing equivalents act in tandem to produce a balance 
between the rates of ROS/RNS production and rates of their clearance by various 
antioxidant compounds and enzymes. Figure 11.3 shows how ROS signaling works 
and interacts with antioxidant species in balance.

Figure 11.2 The molecular basis for biochemical oxygen free radical ROS generation through host-
regulated production of nitric oxide and other oxygen free radicals, and host mitigation as a natural 
phenomenon in host redox balance. (Adapted from Droge, 2002, with permission.)



Host Response to Biomaterials282

Depletion of endogenous antioxidants allows RNS and ROS to increase, altering 
the cell’s normal redox condition and leading to oxidative stress. Eventually, with heal-
ing or elimination of disease, reducing equivalents are typically restored in tissues, oxi-
dative stimulus is eliminated and the redox balance returns to homeostasis. Chronic 
unresolved inflammation, however, results in redox dysregulation, chronic depletion of 
antioxidants, maintenance of high ROS and RNS concentrations and production, and 
abnormal redox imbalance (Figure 11.4).

Sustained oxidative stress from continual unabated ROS and RNS production 
and production of pro-inflammatory mediators around IMDs are a natural part of the 
host FBR (Chung et al., 2009). Hence, ROS and RNS production is sustained around 
implants (Chung et al., 2009). ROS is often a transient product of normal inflamma-
tory activities, serving to prompt many pro-inflammatory signaling pathways, includ-
ing the nuclear factor-κB (NF-κB) signaling pathway involved in redox homeostasis 
through transcriptional regulation (Figure 11.5) (Chung et al., 2009).

Moderate, temporal changes in ROS and RNS are normal and critical to regula-
tory processes in physiological signaling, including protection of cells against oxidative 
stress. However, age-induced oxidative stress provoked by sustained redox imbalance and 
excess ROS and RNS activity is considered to be among the major factors contributing 

Figure 11.3 Balance between ROS production and various types of free radical scavengers that 
facilitate redox balance and homeostasis. Local tissue steady-state concentrations of ROS are deter-
mined by opposing rates of ROS production and respective clearance. Host free radical scavenging 
mechanisms use molecular reducing equivalents (antioxidant capacity) to neutralize oxidative bur-
den. Prominent antioxidant enzymes (e.g., SOD, glutathione peroxidase, catalase, and thioredoxin) 
and nonenzymatic antioxidant small molecules (e.g., vitamins C and E, glutathione) are potent ROS 
scavengers but are present at relatively low concentrations in cells. Some amino acids and proteins 
are also ROS scavengers and are less potent that classical antioxidants but their cumulative intracellu-
lar concentration is much higher (i.e., >0.1 M). Local consumption of host reducing equivalents with-
out elimination of oxidative stimuli leads to tissue oxidative stress. (Adapted from Droge, 2002, with 
permission.)
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Figure 11.4 Local tissue redox balance depends on both magnitude and duration of ROS or RNS 
concentration changes at tissue and implant sites. ROS and RNS amounts in living tissues normally 
present at relatively low steady-state levels. Host-regulated increase in superoxide or nitric oxide free 
radical production as a natural response to insult leads to a temporary oxidative stress as a normal 
consequence, and redox imbalance as the basis of host tissue redox regulation. Sustained, persis-
tent production of excessive amounts of ROS or RNS produces changes in local cellular signal trans-
duction and gene expression to accommodate the increased local redox stress that eventually can 
produce a new elevated redox set point upon reestablishing redox homeostasis and or pathological 
conditions under chronic oxidative stress. (Adapted from Droge, 2002, with permission.)
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Figure 11.5 Oxidative stress consequences in a tissue site proposed to be responsible for age-related 
and homeostatic physiological functions.
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to aging (Rahman, 2007). The “free radical theory of aging” refers to the toxic effects 
of sustained RNS and ROS presence during redox imbalance. This imbalance increases 
exponentially with age, paralleled by decline in the intrinsic cellular repair machinery 
(Beckman and Ames, 1998). ROS and RNS can normally be detoxified within the 
cell by several antioxidants, using both enzymatic and nonenzymatic mechanisms. In 
aging, systemic imbalance among the sophisticated antioxidant system and ROS and 
RNS presence results in generation of excess in free radicals that overwhelms host cel-
lular antioxidant defenses (Cencioni et al., 2013). Often this balance in elderly patients 
is never normally reestablished; the high oxidative stress remains unresolved, serving to 
compromise other host repair and homeostatic mechanisms.

The consequences of increased ROS and RNS may include direct dam-
age to DNA and apoptosis, among others (Barja, 2004). For example, macrophages 
in inflammatory sites can produce copious amounts of hydrogen peroxide (∼2–6 × 
10−14 mol/h/cell) in their oxidative burst reaction to foreign bodies, reaching local 
tissue sites concentrations of 10–100 µM (Droge, 2002). Accommodating reduc-
tive enzymatic processes normally serve to reestablish local redox balance to resolve 
this inflammatory assault. However, redox imbalance is prolonged in the presence of 
unresolved FBR (e.g., in response to nondegradable biomaterials). Additionally, aging 
compromises the oxidative and reductive enzymatic and biochemical pathways to hin-
der such rebalance. Sustained, unresolved activation of the cellular network of NF-κB 
dependent, pro-inflammatory molecules appears to be a molecular mechanism under-
lying numerous age-related diseases including dementia, cardiovascular disease, cancer, 
obesity, metabolic syndrome, and osteoporosis (Yu and Chung, 2006). Numerous stud-
ies support sustained, perhaps aberrant inflammatory pathway activation with altered 
redox imbalance as a primary factor underlying age-related diseases and aging pro-
cesses (Chung et  al., 2009). Chronic up-regulation of pro-inflammatory mediators 
(e.g., TNF-α, IL-1β, IL-6, COX-2, iNOS) is related to redox imbalance that activates 
many pro-inflammatory signaling pathways, including the NF-κB signaling pathway 
(Figure 11.5) (Brod, 2000). This age-related redox imbalance is caused by weakened 
antioxidative defense systems and continually increasing production of radical reactive 
species (e.g., ROS/RNS) (Kim et  al., 2002). Overproduced and unregulated ROS/
RNS during aging (Figure 11.4) are instrumental factors in immune system activation 
mediated in past by overreactive macrophages in the inflammatory process (Kim et al., 
2002; Zou et al., 2004; Chung et al., 2006). That redox homeostasis is altered without 
normal physiological stabilization, or even reset to a higher level of oxidative stress in 
aging is a growing concept (Droge, 2002).

Clinical evidence supporting the age-related sustained unresolved inflammatory state 
hypothesis is based on two established findings, namely dysregulation of the immune 
system with age and altered redox status during aging (Chung et  al., 2002). Excessive 
and unregulated ROS and RNS during aging are a major causative factor in immune 
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system activation as exemplified by overreactive macrophages in the inflammatory 
process (Chung et  al., 2006). Relationships between oxidative stress and inflammation 
are closely related to the well-recognized biosynthetic pathway of PGs that produces 
various reactive species (Koh et  al., 2005). Redox imbalance significantly attenuates 
NF-κB, TNF-α and TNF-β, interleukins (IL-1β, IL-2, and IL-6), chemokines (IL-8 
and Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES)), 
and adhesion molecules (Zou et al., 2004). COX activity and the production of TXA2 
and PGI2 are also increased during aging. Pro-inflammatory proteins, such as cellular 
adhesion molecules (CAMs) (e.g., VCAM-1, ICAM-1, and P- and E-selectins), are all 
up-regulated during aging (Zou et  al., 2004). Aging is also associated with increased 
levels of inflammatory markers such as high-sensitivity C-reactive proteins used for 
risk assessment in the primary prevention of cardiovascular disease (Koh et  al., 2005; 
Ridker, 2001). It is notable that many immune functional regulators in redox process-
ing of wound healing are also key players in the FBR. Therefore, while a paucity of 
clinical data cofounds the direct correlation of inflammatory state redox dysregulation 
in the aged with implant-associated exacerbation of these pathways, redox dysregulation 
in the aged must interfere with or alter typical FBR cascades as well. How this results in 
marked changes of the FBR in the aged implanted patient is generally unreported.

Regarding hemostasis, aging correlates with increased plasma levels of fibrinogen, 
FVII, and FVIII, known to be risk factors for thrombotic disease (Franchini, 2006). 
Increased arterial thromboembolism in the elderly may be attributed to modifications 
of platelet membrane lipid composition, increased in the cholesterol/phospholipid ratio 
and a decrease in linoleic acid with possible related changes in cell membrane fluid-
ity. Clinical evidence supports thromboembolic risks with age: the incidence of PE 
increases from 120 in 100,000 persons per year in the 65–69 years age group to more 
than 700 in 100,000 subjects per year in the 85 years and older group (Silverstein et al., 
1998). Similarly, the frequency of myocardial infarction and stroke increases signifi-
cantly with age (American Heart Association 2000, 2001; Wilkerson and Sane, 2002). 
Fibrinolytic activity is impaired in the elderly, likely due to reduced tissue plasminogen 
activator activity and increased plasminogen activator inhibitor 1 (Abbate et al., 1993).

Aging and cell senescence
Implants are prone to infection years after implantation even when surrounded by 
innumerable implant-resident macrophages as part of the host FBR. Additionally, 
pathogen inoculum necessary to produce an implant infection is orders of magni-
tude less than that required for infection in the absence of an implant; the reasons 
for which are poorly understood (Moriarty et al., 2014). Clearly, the FBR produces 
an infection-tolerant tissue niche that is distinct from normal tissue wounding and 
exhibits compromised immune competence. The local implant environment could 
adversely influence the implant-associated macrophage phenotype, proliferative 
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capacity, activation states, sensitivity to infectious cues, and ability to neutralize patho-
gens. Additionally, macrophage senescence and quiescence is recently reported (Holt 
and Grainger, 2012), reducing these cells’ ability to phagocytose around implants. 
Additionally, increased intracellular ROS production is known to induce cellular senes-
cence (Colavitti and Finkel, 2005). Hence, sustained redox dysregulation (vida supra, 
Figures 11.4 and 11.5) around implants and in the aged both should therefore promote 
macrophage senescence and their reduced or otherwise altered activation. Little direct 
evidence for this hypothesis is available for the aged or implanted patient.

Cellular senescence occurs due to irreversible cell cycle arrest triggered by a variety 
of cellular damage or stress inducers, including disease, DNA damage, chromatin dis-
ruption, oncogene activation, oxidative stress, telomere dysfunction and attrition (Jun 
and Lau, 2010; Collado et al., 2007), and environmental and nutritional factors (Rodier 
and Campisi, 2011; Jeyapalan and Sedivy, 2008). Senescent cells are arrested to mito-
genic stimulation but remain viable and metabolically active. In addition, senescent cells 
show widespread changes in chromatin organization and gene expression (Kuilman and 
Peeper, 2009). Accumulated DNA mutations or disrupted gene expression results in 
premature aging due to redox imbalance and ROS accumulation (Chen et al., 2007b).

Senescent cells express a senescence-associated secretory phenotype (SASP), leading 
to changes that include secretion of numerous pro-inflammatory cytokines (IL-1, IL-6, 
IL-8), chemokines, growth factors (MCP2, MCP4, MIP-1a, MIP-3a), ECM-degrading 
proteases (matrix metalloproteinases, MMPs), and down-regulated expression of ECM 
components (e.g., collagen) (Coppe et  al., 2008; Young and Narita, 2009; Campisi, 
2013; Coppe et  al., 2011; Zhang, 2007; Lim, 2006). The link between the Hayflick 
limit (number of divisions that cells complete upon reaching the end of their repli-
cative life span) and aging was largely made on the basis that replicatively senescent 
cells appeared to be degenerate, although they remained viable and metabolically active 
(Hayflick, 1965; Hayflick and Moorhead, 1961; Campisi, 2011). Therefore, senescent 
cells may have diverse and context-dependent effects on tissue pathologies (Irani et al., 
1997). Although senescent cells have been found in various noncancerous patholo-
gies and aging-related diseases, their roles in these contexts have not been thoroughly 
investigated (Jun and Lau, 2010). Effects of senescent cells and SASP include creating 
local and systemic inflammation, disrupting normal tissue structure and function lead-
ing to occurrence of cancer with aging (Schraml and Grillari, 2012; Provinciali et al., 
2013). Senescent cells can also disrupt normal tissue structures and function (Campisi, 
2013). These senescence-mediated effects are hypothesized to cause or contribute to 
age-related changes (Gredilla and Barja, 2005) affecting intimal thickening and medial 
hypertrophy of pulmonary arteries (Karanjawala and Lieber, 2004; Lu et al., 2004) lead-
ing to pulmonary hypertension, and aging of the skin leading to epidermal thinning 
and loss of collagen (Melov et al., 2001). Endothelial cell senescence is associated with 
endothelial dysfunction and vulnerability to atherosclerotic lesions.
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Skin wound healing involving rapid synthesis and deposition of ECM to maintain tis-
sue integrity is also known to have self-limiting wound healing due to myofibroblast senes-
cence (Jun and Lau, 2010). Myofibroblasts are naturally driven into senescence at late stages 
of wound healing, thereby converting these ECM-producing cells into ECM-degrading 
cells and imposing a self-limiting control on fibrogenesis (Scheid et al., 2000). Myofibroblast 
senescence is triggered by dynamically expressed matricellular protein, CCN1 (also known 
as CYR61), through membrane integrin signaling (Kim et  al., 2013). Using biomark-
ers, senescent cells have been detected in vivo in a variety of tissues in a number of dif-
ferent organisms including rodents, primates, and humans. In vivo studies have also found 
an age-associated increase in the occurrence of senescent cells in normal tissues (Herbig 
and Sedivy, 2006; Ressler et  al., 2006). There is also evidence indicating that progressive 
telomere shortening, a biomarker of cellular aging, occurs in human blood vessels, which 
may be related to age-associated vascular diseases. Thus, vascular cell senescence in vivo may  
contribute to the pathogenesis in vascular aging (Minamino and Komuro, 2007).

Based on these effects, many possible cell senescence-induced relationships to the 
FBR in aged, implanted patients might be considered, including redox dysregulation 
and senescence in macrophage populations around the implant site, poor vascularization 
associated with endothelial cell dysfunction, and collagen matrix alterations (possibly 
both local reduction and also uncontrolled up-regulation depending on balances of dif-
ferent dysfunctional contributions in situ). Alterations to numerous spatial and temporal 
dynamic and interactive effects that influence cell–cell signaling in normal wound heal-
ing and also in the FBR are not known in the elderly.

Aging and nutritional effects on physiology
Normal wound healing requires adequate nutrition. Malnutrition impedes the proper 
progression of wound healing processes resulting in chronic nonhealed wounds 
(Stechmiller, 2010). FBRs around IMDs are also an example of a chronic nonhealed 
wound as well. Malnutrition can negatively affect wound healing by prolonging the 
inflammatory phase, decreasing fibroblast proliferation, and altering collagen synthesis 
(Arnold and Barbul, 2006; Campos et  al., 2008). Malnutrition prolongs the inflamma-
tory phase by reducing the proliferation of fibroblasts and formation of collagen as well 
as reducing wound tensile strength and angiogenesis. Malnutrition also places the patient 
at risk for infection by decreasing T-cell function, phagocytic activity, and complement 
and antibody levels (Campos et al., 2008). Host response to an IMD in the context of the 
FBR exhibits several distinctions to those of malnutrition, including over-expression of 
collagen from abundant recruited fibroblasts, and enhanced inflammatory markers.

Elderly populations often suffer from malnutrition due to several factors such as altera-
tions in their diet, reduced food consumption, loss of appetite, decreased energy require-
ments, loss of teeth, and poor digestion/metabolism. Malnutrition is caused by reduced 
availability of macro- and micronutrients to the body. The ability of older adults to 
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accurately regulate energy intake is impaired due to delayed rate of absorption of mac-
ronutrients and numerous hormonal and metabolic mediators of energy regulation that 
change with aging (Roberts and Rosenberg, 2006). Micronutrients have been known 
to contribute directly to the functioning of homeostatic mechanisms such as antioxidant 
activity, immune, and inflammatory systems (Mocchegiani et  al., 2008). Some micro-
nutrients (e.g., zinc, copper, selenium) play an important role in maintaining homeo-
static mechanisms as redox enzyme cofactors in redox balance and by influencing 
several genes that regulate immune and inflammatory responses (Mocchegiani et al., 2008; 
Mocchegiani et al., 2012). Zinc has been identified as indirectly responsible for the inhibi-
tion of NF-κB via the TNF-receptor-associated factor pathway (Prasad, 2008). Lastly, body 
adipose composition changes substantially with age, reducing defense against infection 
(Rosenberg and Miller, 1992). Since IMDs intrinsically have enhanced infection propen-
sity, implants in aged patients might be predicted to infect more often as they are suscepti-
ble to higher incidence of diabetes and other medical comorbidities (Patel et al., 2007; Lai 
et al., 2007). Nonetheless, little clinical data are yet available to compare infections rates for 
different types of implants as a function of age or comorbidities. In hip and knee implant 
procedures, increased risk of infection is attributed to both the incidence of diabetes and 
greater number of medical comorbidities (at least three). (Patel et al., 2007; Lai et al., 2007) 
Since the incidence of both diabetes and comorbidities naturally increase with increasing 
age, infection incidence would be presumed to follow this trend with age as well.

AGING AND IMMUNE FUNCTIONAL CHANGES:  
IMMUNOSENESCENCE AND CHANGES IN CELL FUNCTIONS, 
SIGNALING, AND CELL–CELL INTERACTIONS

Immunosenescence is defined as the state of dysregulated immune function that con-
tributes to the increased susceptibility of the elderly to infection and, possibly, to auto-
immune disease and cancer (Castle, 2000). Aging alters both innate (monocytes, NK, 
DCs) and adaptive (B- and T-lymphotypes) immunity (Weiskopf et al., 2009). The clini-
cal consequences of immunosenescence include increased susceptibility to infection, 
malignancy, and autoimmunity, decreased response to vaccination and impaired wound 
healing (Castelo-Branco and Soveral, 2014). Several factors such as lifestyle, infections, 
and physiological changes in the innate aging process and risk factors for age-associated 
diseases all influence the dysregulated immune response (Licastro et al., 2005).

The age-related changes in innate per cell unit activity of NK cells is related to 
diminished target binding due to inefficiency in cell signaling (Solana et  al., 2012). 
Impaired activation of NK cells leads to impaired response to cytokines (IL-2, IL-12, 
IFN-α, IFN-β, or IFN-γ) and stimulation of NK cells to produce lymphokine-activated 
killer (LAK) cells that lyse cells resistant to NK cell lysis (Chakravarti and Abraham, 
1999). PMN cells (neutrophils) that are an important component of the first line of 
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defense and the first inflammatory cells recruited to tissue sites in response to inflamma-
tion or infection have shown reduced activity in older individuals (Castle, 2000). PMN 
cell functional cascades are suppressed in older individuals resulting in enhanced apopto-
sis and impaired killing by single PMN cells (Tortorella et al., 1998). PMN cell function 
is further compromised in elderly with hyperglycemia (with increased glycosylation of 
surface molecules or high lipid levels with altered membrane fluidity) (Castle, 2000). As 
all of these cells are prominent in normal wound healing as well as FBR processes, their 
functional impairment has profound implications for altering wound healing, immune 
competence, and the FBR. Specific details for FBR distinctions from younger patients 
remain unknown; however, growing evidence for age-associated defects in immune 
response is seen in aged individuals (Ponnappan and Ponnappan, 2011).

Gene variants that are apparently neutral at young age show a greatly different bio-
logical role at old and very old age in terms of apoptosis, cell proliferation, and cell 
senescence (De Benedictis and Franceschi, 2006). Though the number and phagocytic 
capacity of neutrophils is well preserved in the elderly, certain other functional character-
istics of neutrophils from elderly individuals, such as ROS superoxide anion production, 
chemotaxis, and apoptosis in response to certain stimuli, are reduced (Fulop et al., 2004).

Macrophages play an important role in the initiation of inflammatory responses, 
elimination of pathogens, manipulation of the adaptive immune response and reparation 
of damaged tissue and function as “pathogen sensors” (Plowden et al., 2004). Although 
inflammatory cytokines such as IL-6 are elevated in the plasma of aged animals and 
humans, the production of inflammatory cytokines by peritoneal macrophages from 
mice and rats decreases with age (Plowden et  al., 2004). Impaired IFN-γ production 
by macrophages and NK cells has shown to increase susceptibility to parasitic infec-
tion in aged mice due to impaired activation of tissue macrophages (De Martinis et al., 
2006). Other investigators have demonstrated impaired tumor lysis or decreased nitric 
oxide synthetase (iNOS) levels from direct activation of macrophages in aged mice by 
IFN-γ and that endotoxin activation of PMN cell function is suppressed in older indi-
viduals resulting in enhanced apoptosis and impaired killing by single PMN cells (Burns 
and Goodwin, 1997). A nonspecific increase in production of pro-inflammatory pro-
teins (i.e., increase in stimulated production of IL-6, IL-8, and TNF-α and decreased 
IL-1 production) is observed in the aged population (Ginaldi et al., 2001). Functionally 
impaired wound healing described in aged mice was reversed when macrophages from 
young mice were transferred to the aged mice (Burns and Goodwin, 1997).

A result of old age is a decrease in adaptive immunity and increased low-grade 
chronic inflammatory status from poor redox balance, referred to as “inflamm-aging.” 
This impacts the internal physiology by changing its composition and functional capac-
ity over time. This change is not in immune cells but also in their “microenviron-
ment” or niche (Franceschi et  al., 2000). It is well documented that both the T- and 
B-lymphocyte compartments of the adaptive immune system deteriorate progressively 
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with advancing age (Stout and Suttles, 2005). Age-related changes in T-cell cytokines 
other than IL-2 and IL-10 have demonstrated a much more varied response, espe-
cially for IFN-γ and IL-4 (Bernstein et  al., 1999). Age-related decline in T-cell func-
tional changes are thought to result in a shift in the phenotype of circulating T-cells 
with reduction in the number of naive T-cells (CD45RA+CD4+cells) and relative accu-
mulation of memory T-cells (CD45RO+CD4+ cells) of stimulation (Chakravarti and 
Abraham, 1999). Similarly, B-cells from older individuals show impaired activation and 
proliferation that may also be related to changes in co-stimulatory molecule expression 
(LeMaoult et al., 1997).

Immunosenescence and age-associated factors altering macrophage function are 
numerous; age-related dysfunction results from normal functional adaptation to these 
changes. Host macrophages maintain functional plasticity during this dysregulation. 
Age-related changes in macrophage function may be reversible rather than intrinsic 
based on the stimuli (e.g., oxidative stress) reduces macrophage capabilities to respond. 
However, antioxidants have shown some ability to improve responses to inflammatory 
stimuli (Stout and Suttles, 2005).

Growing evidence indicates age-associated defects in non-T-cells contributing to 
reduced immune competence in aged individuals. DCs are the major APCs respon-
sible for initiating adaptive immune responses (Miller, 1991). APCs from chronically 
ill elderly show impaired antigen presentation associated with increased IL-10 and 
decreased IL-12 levels, suggesting a compromised immune response as a consequence 
of a double-hit impairment in both T-cells and APCs (Castle et al., 1999). Production 
of GM-CSF, a key DC growth factor, has been found to diminish in the elderly due 
to the impaired ability of DCs to differentiate after interaction with T-cells. DCs may 
have an impaired capacity to cross tissue barriers and to trigger IFN-γ or IL-10 from 
T-cells (Rhee et al., 2014; Steinman, 2001).

Immunosenescence is functionally recognized by multiple alterations in hema-
topoiesis, immune cell development and differentiation, and diverse cell functions in 
elderly, immunosuppressed, and chronically ill individuals (Thoman and Weigle, 1989). 
Immunosenescence is currently a prognostic factor for human longevity, and thus a 
more sophisticated understanding of resulting immune dysfunction will enhance clini-
cal solutions for the elderly population (Sansoni et al., 2008). To date, lack of clinical 
correlations or reports clouds any rational understanding of how immunosenescence 
links to implant responses and eventual FBR, especially in the elderly patient.

Aging-related wound repair
Aging skin exhibits reduced dermal thickness, decline in collagen content, and a loss 
of elasticity (Farage et  al., 2008). However, the clinical impact of these changes in 
acute wound healing is small compared to healing in chronic wounds in the elderly 
population and more related to comorbidities than age alone (Gist et  al., 2009). 
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Epithelialization changes are slower in aged populations with epidermal growth factor 
and keratinocytes exhibiting reduced activity (Barrientos et  al., 2008). Fibroblasts are 
responsible for the synthesis, deposition, and remodeling of the ECM. Fibroblast pro-
liferation and collagen remodeling responsible for wound-site contraction is delayed 
in elderly patients and the contracted tissue, or scar tissue, is functionally inferior due 
to aging (Knowlton, 2004) Fibroblast-based synthesis and reorganization of the ECM 
are impaired due to reduced biosynthetic/functional response of these cells to stimula-
tion by growth factors with aging. Studies on repair of dermal wounds and myocardial 
infracts in young and aged mice show that dermal collagen remodeling is slower in aged 
animals during early stage of tissue repair (Reed et al., 2006). As wound repair is a mul-
tistep process consisting of hemostasis, inflammatory cell infiltration, tissue regrowth, and 
remodeling, age-induced changes in any or all of the interactive pathways will change 
wound healing dynamics. In aged individuals, this progression of events is altered, 
resulting in wounds that heal more slowly than wounds in the young. The impact on 
chronic host responses to IMDs is therefore analogous: aggravated unresolved healing 
pathways around foreign bodies must be altered in the aged compared to more exu-
berant responses in the young. How these changes are manifest is not well understood. 
For example, dermal collagen deposition is slower in the aged (vida supra) and excessive 
type I collagen deposition is promoted in the FBR, but how these two opposing effects  
balance each other in the aged implanted patient is unknown.

Aging of connective tissue increases collagen type I content in the ECM, whereas 
collagen type III proteoglycans and elastin fiber content all decrease (Mays et al., 1988; 
Huang et  al., 2007). Collagen production, as measured by hydroxyproline content, is 
decreased with aging (Viljanto, 1969), shown to be primarily a deficit of type I colla-
gen (Reed et al., 2000). In laying down a new collagen framework, the existing ECM 
must be degraded, a process mediated by MMPs. Chronic nonhealing wounds show 
increased levels of MMP expression (Salo et al., 1994). Additionally, delayed healing in 
the aged has been shown to result from over-expression of MMPs, and under-expres-
sion of tissue inhibitors of metalloproteinases (TIMPs) (Wysocki et  al., 1993). The 
delay in wound closure also results in an increased incidence of infection and medical 
complications and comorbidities common in the older population (e.g., diabetes, vas-
cular disease) (Halasz, 1968). As a consequence of aging and impaired repair capacity, 
the ECM composition changes and the dynamic interaction between cells and their 
environment is damaged. The effect of intrinsic and extrinsic aging is a progressive loss 
of function, increased vulnerability to the environment, and decreased homeostatic 
capability (Kapetanaki et al., 2013).

In addition to cellular and molecular level influences on subcutaneous wound 
healing process in aging individuals (Guo and Dipietro, 2010), a number of structural 
and functional changes occur in aging tissue. Histological changes in skin with aging 
such as flattening of the dermal–epidermal junction, giving the appearance of atrophy 
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(Kurban and Bhawan, 1990). In addition, the time for keratinocytes to migrate from 
the basal layer to the skin surface, a key process in repair, increases by 50% in aged indi-
viduals (Gilchrest et al., 1982). With age, there is a flattening of the rete ridges result-
ing in decreased surface contact between the dermis and epidermis, which promotes 
separation of the dermal–epidermal junction with laterally applied tension (Montagna 
and Carlisle, 1979). The cellular content of the dermis, consisting of fibroblasts, mast 
cells, and macrophages, decreases with age (Swift et al., 2001) in addition to decreases 
in the number and function of APCs (e.g., Langerhans, DCs and mast cells) in aged 
skin (Bernstein et al., 1996). The protein content of the dermis, primarily collagen, is 
decreased with age as a result of both decreased production and increased degrada-
tion. The quality of the collagen that remains is altered, with fewer organized, rope-like 
bundles and a greater degree of disorganization (Lavker et al., 1987). The quantity of 
elastin, a determinant of skin elasticity, is fairly constant with age. However, like colla-
gen, elastin in the aged dermis displays a disordered morphology, resulting in decreased 
elasticity of the skin (Gerstein et al., 1993). Along with these changes, blood flow, and 
dermal lymphatic drainage decreases with increasing age, diminishing the ability to 
clear the wound of pathogens and also inhibiting wound contraction (Lavker et  al., 
1987). Altered cell–fibronectin interactions may contribute to abnormal tissue remodel-
ing by stimulating fibroblast proliferation, myofibroblast differentiation, and epithelial–
mesenchymal transition, or facilitating local deposition of other matrix components, 
such as collagens. Increased MMP expression with age may increase susceptibility to 
tissue injury, prompting increased leukocyte migration and further tissue damage, indi-
cating that aging leads to changes in the expression of TGF-β and ECM composition 
with important implications in the repair process (Sueblinvong et al., 2012).

Aging alters different phases of the healing process with increased pro-inflam-
matory cytokine productions (Shaw et  al., 2013), decreased levels of growth factors, 
diminished cell proliferation and migration, and diminished ECM secretion during 
the wound healing process. Aged endothelial cells secrete less nitric oxide, a vasoac-
tive mediator which is accompanied by decreased capillary permeability at the site of 
injury, decreased neutrophil numbers in contrast to an increase in leukocytes (Polverini 
et al., 1977). Endothelial CAM up-regulation may also be responsible for several vas-
cular diseases that manifest with age. The proliferative phase of dermal wound repair 
in young and aged mice showed substantial differences due to delayed re-epitheliali-
zation, collagen synthesis, and angiogenesis in aged mice compared with young mice. 
Aged mice contain significantly reduced angiogenic mediators such as fibroblast 
growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF) compared to 
younger mice (Swift et  al., 1999). Reduced levels of TGF-β1, and key matrix pro-
tein, type I collagen, in the ECM also contribute to impaired angiogenesis in aged 
mice (Reed et al., 1998). Studies in rat models with incisional wounds (with impaired 
wound healing due to aging or glucocorticoid administration) show that intravenously 
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administered recombinant human transforming growth factor-β1 (rhTGF-β1) altered 
cellular responses that influence the wound healing cascade and resulted in improved 
wound healing ability (Beck et al., 1993). Adipose changes also cannot be ignored in 
wound healing in the elderly patient: altered subcutaneous fat distributions and decline 
in skin capillary surface area are also observed in aged populations. Data about the role 
of angiogenesis with aging are conflicting in the literature, with a majority of studies 
indicating a decrease (Holm-Pedersen and Viidik, 1972) in angiogenesis with age and 
others showing increases (Passaniti et al., 1992). Wound capillary ingrowth is delayed in 
aged animals due to reduced levels of angiogenic factors (e.g., FGF, VEGF, and TGF-β) 
(Rivard et al., 1999).

Epigenetic influences in aging
New studies demonstrate the appearance of age-associated diseases with both genetic 
and epigenetic changes in the host genome. Epigenetics involves the ability of somati-
cally acquired and, in some cases, trans-generationally inherited chromatin modifica-
tions to alter gene expression but without altering DNA coding (Berger et al., 2009; 
Skinner, 2011). Epigenetic mechanisms can induce flexible, short-term gene silencing 
(i.e., through histone tail modifications), and more stable, longer-term gene expres-
sion (i.e., through DNA methylation). Overall, epigenomic control relies on a diverse 
number of histone-modifying complexes, DNA methylation enzymes, and noncoding 
RNAs that regulate chromatin structure and thereby its expression (Illi et  al., 2009). 
An epigenetic trait is a stably heritable phenotype resulting from transient changes in 
a chromosome without changing the actual DNA sequence. Epigenetic changes dur-
ing aging include both DNA methylation and histone acetylation reactions that lead to 
“dys-differentiation,” declining multi-potency of adult stem cells with changes in their 
total numbers and irreversible alterations (Oberdoerffer et al., 2008). Various epigenetic 
changes have emerged as important new mechanisms by which cells change during 
development and cellular differentiation without permanent genetic alterations, and in 
response to environmental stimuli and stress (Berger et al., 2009). Tight control of this 
network is normally sustained for all biological processes; as shown in Figure 11.6, any 
dysregulation of the network as is found in tissue redox imbalance and unresolved oxi-
dative stress is associated with disease and aging (Berdasco and Esteller, 2010).

Host epigenetic processing at specific targets and markers is proposed to orches-
trate cellular and organismal homeostasis. Alteration of epigenetic mechanisms may 
lead to accumulation of functional errors and to ageing-associated diseases, such as 
cancer. Indeed, aged organisms present a peculiarly modified epigenome (Cencioni 
et  al., 2013). Aging is characterized by accumulating effects of oxidative stress. It is 
also correlated with specific histone modifications (Cencioni et  al., 2013). Global 
hypo-methylation witnessed in the aged genome is correlated with the normal accu-
mulation of ROS and RNS damage and also decreased DNA methylation enzyme 
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activity. Hence, epigenetic machinery may represent an additional oxidative stress sen-
sor involved in the progressive homeostasis and functional impairment characteristic of 
aging, contributing to the cellular senescence common to cell and tissue degeneration. 
Aging therefore presents specific epigenetic markers that together define what could 
be called the “aging epigenome.” Epigenetic modifications could also reflect physi-
ological or pathological processes experienced when initiating age-associated diseases 
(Cencioni et al., 2013).

Figure 11.6 Origins of host tissue oxidative stress, its relationships to molecular mediators of redox 
balance, the epigenetic response, and aging phenomena associated with sustained oxidative insult 
and redox imbalance from sustained oxygen free radical (ROS and RNS) generation. (Adapted from 
Cencioni et al., 2013, with permission.)
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No evidence to date suggests that host response to implants produces or induces 
epigenetic changes in local tissue sites as are now associated with aging and various 
pathologies. Additionally, specific epigenetic controls or dysregulation of the FBR 
are also unknown. Host genetics are integrally linked to epigenetic regulation so that 
general patterns important to wound healing and aging may be difficult to elucidate. 
However, since the implant site is a site of chronic inflammation, high ROS production, 
and redox imbalance, it is likely that epigenetic responses to this environment are natu-
rally prompted and spontaneous. While epigenetics is increasingly linked to aging physi-
ological control, that local epigenetic controls can also be used to modulate the FBR is 
logical and a promising, attractive new approach for IMD wound-site manipulation.

Aging and stem cell renewal
Stem cells are tissue regenerative tools fundamental to the body’s ability to repair and 
self-renew with advancing age (Conboy and Rando, 2005). These cells exhibit the 
potential for self-renewal and importantly persist throughout the host life span in a 
diverse range of tissues (Behrens et  al., 2014), maintaining homeostasis (Krishna et  al., 
2011). They are generally highly proliferative; adult stem cells in particular have a finite 
replicative life span that is determined to a large degree by telomere attrition (Wright 
and Shay, 2002). Nonetheless, their self-renewal capacity declines with age and is strongly 
influenced by genetics on their rate of aging (Roobrouck et al., 2008). Fundamentally, 
genomic integrity maintenance is heterogeneous and imperfect, meaning that criteria for 
self-renewal must not be overly restrictive or stringent (Reya et  al., 2001). Adult stem 
cell capacity to resist, detect, and repair changes in the genome (e.g., telomere shorten-
ing and mutation accumulation) facilitates their ability to participate in tissue homeo-
stasis and repair across an organism’s life span (Reya et al., 2001). Stem cells experience 
the same aging stress factors that introduce genotypic and phenotypic changes associated 
with cellular “wear and tear” in other somatic cells. However, their intrinsic, robust ability 
to detect and resist damage, and continuously produce progeny with properties akin to 
parental cells sets them apart, importantly the distinction between replicative and chron-
ological aging (Lepperdinger, 2009; Waterstrat and Van Zant, 2009).

Stem cell function is regulated at increasing levels of complexity, from cell-autono-
mous regulation to regulation by the local cellular environment (Sjoqvist et al., 2014), 
the surrounding tissue, the systemic milieu of the organism, and ultimately, the external 
environment (Wysocki et al., 1993). Cells resident in the bone marrow compartment 
is sensitive and responsive to changes in their niche, which in turn is responsive to 
changes in the global systemic milieu (Sharpless and DePinho, 2007). It appears intui-
tive therefore that ecological interactions in bone marrow niches are critical to resident 
stem cell function. Additionally, the aged tissue microenvironment to which exogenous 
stem cells are transplanted presents an inhibitory effect. Thus, diminished mesenchy-
mal stem cell (MSC) function associated with natural aging may be due to deleterious 
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changes at the niche level (Jones and Wagers, 2008). Ex vivo MSCs from aged rodents 
and humans show alterations in their expression of stemness and pluripotency-associ-
ated genes, indicating an age-associated collective loss of pluripotency-associated genes 
by MSCs and other bone-marrow-derived stem cells. This includes very small embry-
onic-like stem cells (VSELs), multi-potent adult progenitor cells, and marrow isolated 
multi-lineage inducible (MIAMI) cells, suggestive of broad molecular level sensitivity to 
aberrant changes across their niche (Yew et al., 2011; Asumda and Chase, 2011). Hence, 
specific age-associated alterations as a consequence of changes in the ecological niche 
environment will have consequences for MSC function and self-renewal (Asumda and 
Chase, 2011). Stem cells contribute primarily at an intermediate level of tissue homeo-
stasis and repair, and might therefore participate negligibly to aging phenotypes for  
tissues with extremely low cellular turnover (Flurkey et al., 2001).

Suppression of adult stem cell proliferation by systemic milieu in aged animals lim-
its tissue regenerative potential and possibly promotes senescence or apoptosis (Hornsby, 
2002). Correlations with cellular aging such as telomere shortening have been shown to 
accompany decline in stem cell functions in both serial transplantation and natural aging 
(Liu and Rando, 2011). Multi-lineage differentiation, cytokine, paracrine, anti-apoptotic, 
and angiogenic capacity is fundamentally age compromised in MSCs (Song et al., 2010). 
However, the idea that stem cells display age-related function impairments remains con-
troversial. Stem cells age differentially. Growth arrest and resultant cellular senescence 
displayed after a specific number of population doublings alone are not sufficient to com-
pletely compromise stem cell functionality in vivo. Ex vivo adult stem cells isolated from 
aged donors display characteristic features of both chronological and replicative aging 
typified by the accumulation of damaged proteins, enzymes, and cellular components 
required for efficient DNA replication and repair (Cameron, 1972). Other characteristic 
features are stress-related genome instability, loss of function, and changes in patterns of 
immunophenotype markers, gene, and protein expression (Yu et al., 2011). The “two-hit” 
model of leukemogenesis (Greaves, 2002) suggests that the aging of an individual can 
create cellular conditions conducive or permissive to acute myeloid leukemia develop-
ment. Such conditions, either in conjunction with an initial mutation or alone and over 
a lifetime, include exposure to environmental insults, accumulated DNA damage, and/
or decreased immune system surveillance (Bell and Van Zant, 2004). But these conditions 
are different for each individual. The DNA damage model of aging postulates that aging 
is a direct result of long-term accumulation of deleterious alterations in DNA structure 
(Garinis et al., 2008). As DNA damages, down-regulation of stemness genes and sustained 
telomerase activity reflect intrinsic aging; MSC function and self-renewal may also be 
affected by the changes in the ecological microenvironment (Asumda, 2013).

Declining tissue homeostasis or repair efficiency with age could arise from age-
related changes in the numbers or properties of stem cells, in their local environ-
ment or niche, in the systemic milieu of the organism that influences all cells, or any 
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combination of these (Harrison et al., 1977). Changes within the niche could include 
redox imbalance and oxidative stress, ROS and RNS profiles, alterations in ECM 
amount and composition, changes in cell membrane proteins and lipids in cells that 
directly contact stem cells, and changes in diverse soluble paracrine and endocrine fac-
tors that constitute the systemic milieu (vida infra). Stem cell functionality is influenced 
by systemic changes including oxidative stress, immunological and endocrine changes, 
and, in the case of tissue injury or disease, changes in factors released from damaged 
cells and the host inflammatory response that accompany such damage (Rando, 2006). 
Thus, even in the absence of significant aging effects within stem cells themselves, stem 
cell functionality could exhibit age-related decline due to decrements in the signals 
within the local and systemic environment that modulate the function of either stem 
cells or their progeny. Generally, the effects of age on isolated stems cells are compared 
using in vitro assays of growth, differentiation, apoptosis, transformation, and senescence. 
These assays naturally lack the complexity and comprehensive character that these cells 
experience in vivo. One study identified the implant-site presence of different primitive 
and stem cell populations (i.e., Lin−Sca-1+, Lin−CD34+, Lin−c-kit+, and Lin−CD271+) 
during FBR, possessing hematopoietic or mesenchymal colony-forming capacity. The 
authors concluded that the MSC colonies from tissue were able to differentiate into the 
adipo-, osteo-, and myofibroblastic lineages (Vranken et al., 2008). Histology and quan-
titative histomorphometry have shown reduced fracture healing with aging, involving 
decreased proliferation and differentiation of stem cells lining the bone surface. Aging 
periosteal progenitor cells have exhibited reduced regenerative responsiveness to bone 
injury in aged mice compared to young mice (Yukata et al., 2014). Transplantation of 
MSCs from young donors delays aging in female mice and results in significantly lower 
loss of bone density, demonstrating some control over tissue regenerative responses 
(Shen et al., 2011).

Bone-marrow-derived stem cells, hematopoietic stem cells (HSCs) and MSCs also 
show exhibit age-induced changes. MSCs derived from elderly humans have different 
morphology, increased production of ROS and oxidative damage, and DNA methyla-
tion changes affecting cell differentiation, slower proliferation rate in culture and shorter 
telomeres. A large fraction stain positive for senescence-associated β-galactosidase 
(Roobrouck et  al., 2008). Aging mice have shown a senescence-related increase in 
fibrocyte mobilization, quiescent MSCs escape DNA damage checkpoints and several 
repair pathways that are cell cycle dependent, and that result in the accumulation of 
DNA damage during aging, ultimately resulting in rapid stem cell depletion or exhaus-
tion (Lavasani et al., 2012). Human MSCs from aged donors did not perform as well 
as those from young donors: MSCs from old donors fail to differentiate in vitro into 
neuroectodermal cells, and early passage MSCs are more efficient in promoting the pro-
liferation and maintenance of hematopoietic progenitor cells (Hermann et  al., 2010). 
Aged HSCs seem to be less effective at homing and engrafting, suggesting that intrinsic 
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aging of HSCs can be validated by this type of analysis (Sudo et al., 2000). The extent 
of intrinsic aging of HSCs also seems to be strain dependent, as determined by compet-
itive-repopulation studies (Morrison et al., 1996). Thus, it appears that the diminished 
regenerative potential of aged musculoskeletal stem cells (i.e., satellite stem cells) is not 
primarily due to intrinsic aging of satellite cells, but rather to effects of the aged envi-
ronment on satellite cell function (Charge and Rudnicki, 2004).

MSCs are immune privileged and immunosuppressive; surface immune antigens 
are present at minimal levels (Bernardo and Fibbe, 2012). This unique immunophe-
notype provides these cells a selective advantage fundamental to their clinical appeal. 
T-lymphocyte proliferation is suppressed, immunogenic major histocompatibility 
complex (MHC)-Ia expression is marginal, and immunosuppressive MHC-Ib is up-
regulated. However, MSCs appear to lose their immune privilege properties with 
advancing age. Whether natural aging exacerbates MSC immunogenicity remains a 
controversial open question (Uccelli et al., 2008). In vivo aging leads to impaired MSC 
morphology, migration potential, and mitochondrial and cytoskeletal function. The 
resultant old MSCs display a spread morphology, flattened, and enlarged with nuclei 
that appear larger than normal (Yu et  al., 2011; Asumda, 2013). Proximity between 
MSCs and stem, and nonstem cells within the three-dimensional bone marrow micro-
milieu affect MSC function and self-renewal (Yew et al., 2011). Decline in MSC func-
tion is typified by the inability to repair injury, and proliferate or differentiate into 
multiple lineages (Conboy and Rando, 2005). Evidence of declining MSC activity and 
function both in humans and rodents has been attributed to aging (Asumda and Chase, 
2011; Hermann et al., 2010).

Aging and host response to infection
All IMDs, from transient, easily inserted and retrieved contact lenses, urinary and 
peripheral vascular catheters and endotracheal tubes, to more permanently surgically 
implanted cardiac valves, embolic coils, vascular grafts, hip, knee and shoulder joints, 
pacemakers, coronary stents, hernia meshes, and plastic surgery augmentation devices 
suffer from recognized risks of “device-related” or “implant-associated” infections sig-
nificantly higher than normal surgical site or wound infections (Wu and Grainger, 
2006). IMDs create a local niche with enhanced propensity for tissue and bloodstream 
infections associated with inserted or IMDs (von Eiff et al., 2005). Importantly, foreign-
body-related infections, particularly catheter-related infections, significantly contribute 
to the increasing clinical problem of nosocomial infections, with substantial treatment 
costs, morbidities, and mortality (Busscher et al., 2012; Grainger et al., 2013).

Most clinical infections in critically ill aged patients are associated with IMDs. 
Additionally, the clinical combination of an increasingly aging population and consistently 
growing numbers and diversities of inserted medical devices escalates the occurrence of infec-
tious complications related to medical devices (Busscher et al., 2012; Grainger et al., 2013; 
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Kojic and Darouiche, 2004). Many reasons are attributed to increased susceptibility to 
infection in this patient cohort, including those also associated with reduced inflamma-
tory and immune competences (vida infra). Epidemiological factors, immunosenescence, 
and malnutrition, as well as a large number of age-associated physiological and anatomi-
cal alterations associated with chronic oxidative stresses and repair, compromise facilitate 
infections (Shimada, 1985). Infection then leads to further enhanced inflammation, patho-
gen-dependent tissue destruction, accelerated cellular aging through increased turnover, 
and physiological stresses not easily ameliorated by aging defense and homeostatic pro-
cesses (Phair et al., 1988). Infections in the elderly are frequent, severe, and complicated 
due to distinct features with respect to clinical presentation, laboratory results, microbial 
epidemiology, treatment, and infection control (High, 2002).

The majority of device infections in elderly patients are catheter-related, including 
central venous catheters (CVC), peripherally inserted central venous catheter (PICC), 
and urinary catheters, and contributions as well from ventilator-associated pneumo-
nia (VAP) endotracheal tubes (Yokoe et  al., 2008). Contamination of these inserted, 
transient medical devices most likely occurs by inoculation with only a few microor-
ganisms, possibly commensal microbes from the patient’s skin or mucous membranes 
during incision and implantation. Most bloodstream infections originate from indwell-
ing vascular catheters, and most cases of pneumonia are associated with mechanical 
ventilation (Weinstein, 2001).

Latent or chronic infection contributes to or exacerbates the aging process by add-
ing direct tissue destruction and oxidative stresses to already redox-imbalanced tissue 
milieu (Franceschi et  al., 2000). Pathogens that cause chronic infections usually are 
capable of avoiding host immune response, and through their manipulation of cell 
and tissue function, sustain aging-promoting stress responses. Host immune-mediated 
phenomena that promote bacterial persistence are manifested by the reduced comple-
ment-mediated opsonic activity and decreased bactericidal activity of leukocyte infil-
trates in tissues surrounding the implanted device (Zimmerli et  al., 1982). The most 
studied immune mediator inhibiting persistence of already adherent bacteria on a 
device surface is IFN-γ. This immune mediator reduces the intracellular persistence of 
Staphylococcus epidermidis living within macrophage phagosomes around catheters sub-
cutaneously implanted in mice and inhibits catheter colonization (Boelens et al., 2000). 
IFN-γ may exert this protective antibacterial effect by inducing MHC-II proteins on 
phagocytic cells, activating mononuclear phagocytes, and regulating humoral immune 
response (Weinstein, 2001). Nonetheless, IFN-γ production is reduced in aging 
humans, compromising this mechanism and enhancing IMD infection susceptibility 
(Desai et al., 2010; Michaud et al., 2013).

Sustained inflammatory responses in tissue beds surrounding IMDs (vida infra and 
details in several other chapters in this book) produce local oxidative stresses that 
remain unresolved for the implant’s lifetime in situ. This interactive scenario, including 
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contributions from both biochemical and mechanical implant stimuli that result in 
redox signaling and oxidative stress, are shown in Figure 11.7.

Neutrophil oxidative exhaustion, phagocytic frustration, and sustained ROS/RNS 
production near the implant result with concomitant redox dysregulation around the 
implant that alters typical healing outcomes. Typical levels of pro-inflammatory cyto-
kines are also abnormal for physiological healing processes around IMDs. Mass trans-
port, neovascularization, and metabolic processes around solid implants are reduced, 
impacting normal immune, inflammatory, and homeostatic processes associated with 
healing and reestablishing proper redox balance. Chronic altered cellular responses 
from infiltrating myofibroblasts produce excessive collagen as an increasing imperme-
able barrier that further isolates the implant from host physiology and defense sen-
tinels. Reduced phagocytic capacity from resident host phagocytes (e.g., monocyte/
macrophage populations) limits pathogen clearance. The “race for the surface” around 
the implant favors pathogen survival and proliferation in this implant niche (Busscher 
et al., 2012; Gristina, 1987; Gristina et al., 1987). Correlations between the FBR and 
implant infections have been intimated for some time (Brunstedt et  al., 1995), but 
beyond clinical correlations, little actual evidence supports direct connections between 
foreign body infection niches and the FBR’s lack of effective host tissue integration or 
tissue compatibility with an implanted biomaterial surface (Gristina et al., 1990).

Figure 11.7 Schematic mechanism for oxidative stress generation by chemical or mechanical stim-
uli from an implanted biomaterial in a tissue bed. Direct and indirect effects of implant wounding, 
mechanical irritation, and chemical release (e.g., leachates and antigens) on local cell populations 
produce ROS/RNS generation. Tissue-resident and recruited cells (e.g., acute PMNs) produce ROS via 
enzymatic pathways that then attract macrophage infiltrates that produce more ROS. Elevated ROS 
over longer time periods consumes local reducing equivalents and produces redox imbalance that 
can degrade the implant as well as initiate chronic inflammatory processes. Sustained, persistent oxi-
dative stress from implant-generated ROS/RNS without reestablishing local redox balance leads to 
chronic inflammation, FBR, and other possible implant-associated infection issues and pathologies. 
(Adapted from Cochran and Dziubla, 2012.)
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Nonetheless, this entire chronological series of FBR physiological and tissue-site 
events in situ is altered in aged patients (vida infra). Cellular activities and normal heal-
ing and immunological cascades are slowed or compromised. Infection susceptibility 
is intrinsically enhanced. Increased incidence of cardiac device infection was observed 
in elderly patients compared to patients who were about 40 years old (Mueller et al., 
1990). Increased implant complications and adverse events are also observed in the aged 
with prosthetic joint, vascular graft and indwelling transurethral catheter infections, 
endotracheal-tube-associated ventilator infections, and pneumonia in addition to higher 
rates of methicillin-resistant Staphylococcus aureus, and nosocomial infections causing serious 
clinical implications and mortality (Guggenbichler et  al., 2011). Delayed wound heal-
ing is observed after total hip replacement surgeries in the elderly due to malnutrition 
that is difficult to correct than at a younger age (Hebuterne et  al., 2001; Guo et  al., 
2010). Reasons for these increased infection rates and delayed wound healing in the 
aged populations can be attributed to age-related changes in many host tissue-resident 
factors already discussed (vida infra) and typical age-related comorbidities (e.g., diabetes, 
atherosclerosis). Whether the FBR is changed in the aged patient and how this fur-
ther increases host vulnerability to infection should be better understood to mitigate 
the effects of the contributing factors. The logical conclusion from increasing implant 
placements into elderly and increasing infection incidence is that aging alters the FBR 
and that aging adversely impacts host infection resistance, so that aging results in more 
implant-centered infections. Clinical data to support this idea are scarce.

CONCLUSIONS

Many aspects of physiological homeostasis, including decreased metabolic processes, 
reduced cell activation, sustained oxidative insult, cumulative molecular and cellu-
lar damage, reduced vascular permeability, reduced collagen turnover and remodeling, 
increased and often imbalanced secretion of inflammatory mediators, delayed infiltra-
tion of macrophages and lymphocytes, impaired macrophage functions, and decreased 
secretion of growth factors lead to increased infections, loss of function, delayed wound 
healing, and decreased wound strength in aged individuals. Aging-associated altered 
FBR to IMDs cannot be attributed to any single cell, cytokine, or a regulatory mech-
anism, since it is a complex multifactorial phenomenon that is the result of several 
diverse factors including the surrounding tissue microenvironment, host health status, 
nutrition, and possibly host genetics all working in tandem and influencing wound 
healing, response to tissue insult, and implant integration. Perhaps the global inability 
of a host to effectively mitigate ongoing and cumulative oxidative stress damage as the 
hallmark of aging is also the most direct influence of how the aged are affected by such 
stress around an implant. Antioxidant-releasing implants are now under development as 
a local approach to combat uncontrolled oxidative implant-induced stress and the FBR 
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complications in implant healing (Potter et al., 2014; Schweikl et al., 2007; Udipi et al., 
2000; Gopinath et al., 2004; Gomathi et al., 2003; Merrell et al., 2009; Tian, 2013).

Many other studies have examined the role of therapeutic options for wound heal-
ing in aged populations. Systemically or topically applied growth factors as therapeu-
tics such as TGF-β1, basic FGF (bFGF), PDGF, and others have been shown to offer 
some benefit in various animal models for wound healing lacking implants (Broadley 
et al., 1989; Mustoe et al., 1987; Lind, 1998). Ultimately, results from studies in humans 
have been largely inconsistent with preclinical promise or disappointing: clear clinical 
recommendations on the use of exogenous therapeutic growth factors lack consensus, 
either with or in the absence of implanted devices.

Some synthetic biomaterials have shown to promote DC maturation by develop-
ing a tolerogenic phenotype resulting in DC tolerance and induced T-cell tolerance 
(Yoshida and Babensee, 2004). Immunogenic DCs may prolong the immune response 
to biomaterials and delay wound healing. However, tolerogenic DCs are capable of 
down-regulating the immune cells and resolving inflammation. Thus, induction of 
tolerogenic DCs by rationally designing implant surface chemistry appears as a new 
promising strategy for modulating immune responses to biomaterials, possibly improv-
ing biocompatibility and integration (Rutella et al., 2006).

Animal models provide most of the current understanding for the physiological 
aspects of aging, wound healing, and implant responses. These models are also useful 
for establishing pharmacological responses and for measuring toxicities of wound-site 
reactions and products (Thomas, 2001). However, animal models generally have few 
reliable direct and predictive comparisons to human healing efficiency due to age, type 
of implant, anatomical, physiological, immunological, and biomechanical differences. 
Angiogenesis has been studied in either avian chorioallantoic membrane or rabbit cor-
neas, whereas wound tensile strength has been evaluated in a rat linear incision model. 
Most implant studies are performed in rodent dermis and bone. Rodent bone and skin 
both differ structurally from human bone and skin and differ in the rate of healing. 
Collagen deposition begins in rodents on the fifth day of wounding and accumulates 
rapidly over 36 days. In contrast, collagen accumulation in human wounds is much 
slower. Hence, parallelization of wound healing models in aged mouse versus elderly 
human is not accurate and generalized (Harding et  al., 2002). Many other aspects 
of animal models (e.g., animal reactions to anesthesia, distinct metabolic demands, 
unknown ROS and RNS production, intrinsic aging, different mechanical loading) 
complicate their direct extrapolation to human use.

Ultimately, the need to better understand complex interactions of host response 
and biomaterial implants in order to control their functions prompts the need for 
improved clarity of the possible roles of device engineering and host immune-mod-
ulation by new biomaterials (Hubbell et al., 2009). Implant-tissue integration has long 
been demanded by clinicians to resolve long-standing problems. That this cannot yet 
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be reliably accomplished in younger, more healing-prone patient cohorts preempt the 
ability to produce success in aged, healing compromised patients, often with other 
confounding comorbidities. Precise bioactive control of the tissue microenvironment is 
likely required for effective regeneration and repair of the wound during implant. This 
tissue integration control would consider different pathways and altered physiological 
processes in aged patients compared to younger cohorts. Hence, directly addressing the 
implant response in aged patients would best rely on understanding the specific bio-
chemical and cellular changes that accompany aging and their specific impacts on the 
FBR. Little of this is currently known.

Strategies for repairing injury and conditioning sites for implants in aged might 
also be improved by locally delivered therapeutics. Such therapeutics have tradition-
ally included recombinant growth factors, anti-fibrotic, angiogenic, and antimicrobial 
drugs (Avula and Grainger, 2013; Wu and Grainger, 2006; Brooks et  al., 2012), but 
more recently shift to delivery strategies using antioxidants, cellular delivery around the 
implant to aid implant integration, ease oxidative burden, and promote angiogenesis. 
However, single therapeutic agents typically address isolated aspects of the very com-
plex FBR problem, and specifically for the aged, do not appreciate subtle and dramatic 
changes in homeostatic processes and cumulative stresses characteristic of aging.

Comprehensive approaches successful for addressing the specific requirements of 
implants in aged patients must first be informed by aging physiology, tissue site-specific func-
tional and healing requirements distinct from younger populations, and the consequences 
of cumulative oxidative stresses that compromise cellular functions, tissue healing, infection 
resistance, regenerative capacities, and immune competence that characterize aged tissue 
beds. Decision points for future improved, age-specific implant designs and wound care regi-
mens following medical implantation in the elderly could be a logical consequence.
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INTRODUCTION—EPIDEMIOLOGY AND BASIC CONCEPTS/
DEFINITIONS

Structural biomaterials including metals, plastics, and ceramics are frequently used in 
orthopedic surgery, for fixation of fractures, for reconstructive purposes in joint replace-
ment, spinal diseases and deformities, and in numerous other orthopedic subspecial-
ties. According to the United States Bone and Joint Decade publication “The Burden 
of Musculoskeletal Diseases,” in 2007, there were over 1 million joint replacements in 
the United States. The majority of which were hip and knee procedures, at a total cost 
of approximately $50 billion (United States Bone and Joint Initiative, 2011). The CDC 
(2010) recorded 332,000 total hip replacements and 719,000 total knee replacements in 
2010. By 2030, Kurtz et al. (2007) estimates that more than 570,000 primary total hip 
replacements and 3.5 million primary total knee replacements will be performed in the 
United States. In 2010, there were 671,000 admissions to hospital for fractures; 438,000 
of these required open reduction and internal fixation (Control, 2010). Between 1998 
and 2008, the number of discharges with a diagnosis of spinal fusion in the United States 
increased 2.4-fold from 174,223 to 413,171 (Rajaee et al., 2012). These procedures are 
virtually always accompanied by internal fixation. Other orthopedic subspecialties such as 
sports medicine, foot and ankle, orthopedic oncology, and pediatrics use implants such as 
screws, wires, rods, external fixation devices, partial/total joint replacements (TJRs), and 
others. Indeed, the use of implants in orthopedic surgery has revolutionized the care of 
patients, relieving pain and facilitating more normal function and activity.

Orthopedic implants must be deemed safe and effective prior to their introduction 
to the marketplace and therefore first undergo extensive preclinical and clinical investiga-
tion. In the United States, the Food and Drug Administration (FDA) regulates the approval, 
manufacturing, and labeling of orthopedic devices. In Europe, the European Commission 
awards the CE mark to approved medical devices. Other nations have their own regula-
tory bodies for implants or recognize the FDA and/or CE approval status. In addition, for 
implants to yield a constructive benefit to society, they must be cost-effective. An implant 
that is both safe and effective will not garner widespread use if its production and marketing 
costs are exorbitant and the patient or insurance company does not approve its purchase.

When discussing safety and efficacy of implants, it should be noted that all implants 
surgically placed within the body generate an acute inflammatory response. Thus, there 
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are at least two components that determine the biological reaction to an implanted bio-
material in the short and long term. The first component is the acute inflammatory reac-
tion that accompanies the surgical intervention itself. The concept of surgically induced 
tissue injury as an unavoidable component of the host response to biomaterial implan-
tation has been mentioned several times in this textbook (see Chapters 2, 3, 5, and 9). 
The severity of the acute inflammatory response is determined, in part, by the location 
and type of surgical procedure, the surgical technique used, and the biological “makeup” 
(genetically determined) of the host. The second component has to do with the implant 
used and its relationship to the host. Important factors include the size and shape of 
the implant, the composition, surface roughness, surface chemistry, surface energy, as well 
as its degradability including the production of fragments, particles, ions, and other by-
products. The function of an implant may change with time. For example, a load sharing 
femoral intramedullary nail will see much less load once the fracture has united; loading 
of spinal instrumentation is dramatically relieved once fusion has occurred.

The term “biocompatibility” is important when considering the host response to 
orthopedic implants (Goodman et al., 2009). The definition of biocompatibility is rather 
controversial and has changed significantly during the past 50 years. Prof. David Williams’ 
early definition was as follows: “The state of mutual coexistence between a biomaterial 
and the physiological environment such that neither has an undesirable effect on the 
other” (Williams, 1980). Later, Dr. Williams modified this definition: “Biocompatibility 
refers to the ability of a biomaterial to perform its desired function with respect to a 
medical therapy, without eliciting any undesirable local or systemic effects in the recipi-
ent or beneficiary of that therapy, but generating the most appropriate beneficial cellular 
or tissue response in that specific situation, and optimizing the clinically relevant perfor-
mance of that therapy” (Williams, 2008). According to the International Union of Pure 
and Applied Chemistry, the definition of biocompatibility is the “ability to be in contact 
with a living system without producing an adverse effect” (Vert et  al., 2012). In more 
pragmatic terms, the term “biocompatibility” is used more in reference to the outcome 
(favorable or adverse) of a series of biological tests performed under standardized testing 
protocols. See also “biocompatibility” versus “biotolerability” in Chapter 3.

Many biomaterials for orthopedic use are implanted within bone. These implants 
need definitive anchorage to avoid displacement under physiologic day-to-day loading. 
Originally, implants were grouted into place with cement, such as polymethylmethacry-
late (PMMA) (see below). However, an alternative approach was introduced in which the 
bone was mechanically prepared to precise measurements so that it could accept a specific 
sized implant without the use of a grout. The term “osseointegration” originated with 
the experimental work of Brånemark’s group in Gothenburg Sweden. The idea was “to 
endeavor to achieve a direct contact between living bone and implant, hoping in this way 
to improve the long-term function of the prosthetic device” (Albrektsson et  al., 1981).  
Brånemark’s group emphasized the use of threaded, unalloyed titanium, with a defined 
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finish and geometry, placed within bone using meticulous surgical technique and a 
subsequent period of 3–4 months without loading to allow for adequate bone healing 
(Albrektsson et al., 1981). They showed direct implant–bone contact could be achieved 
at the light and transmission electron microscope levels. This group had extensive expe-
rience with titanium implants screwed into the mandible and maxilla as a platform to 
repair edentulous oral conditions (Adell et  al., 1981). Over a period of approximately 
four decades, osseointegrated implants have found their way into many oral–facial and 
musculoskeletal applications, including joint replacement (Branemark et al., 2001). In this 
respect, the definition of osseointegration has been modified to mean that “there is no 
progressive relative movement between the implant and the bone with which it has direct 
contact”… and that “this anchorage can persist under all normal conditions of loading” 
(Branemark et al., 2001). Osseointegration is thought to be due to precise surgical tech-
nique and the use of a titanium implant that has an oxide layer, thus forming a hydrated 
titanium peroxy matrix (Branemark et al., 2001).

Osseointegration still remains a chief concept for the stabilization of joint replace-
ments today. However, cementless implants for joint replacement currently are not 
screwed into place; instead, the bone is prepared to accept a slightly oversized implant 
that is “press fit” (usually by 1–2 mm) into the surrounding bone bed (Mai et al., 2010). 
Other methods have been added to obtain mechanical and biological stability, including 
porous coating, roughened surfaces, and splines to obtain bone ingrowth. Porous coating 
attempts to provide a mechanical interlock between the prosthesis and bone by creat-
ing pores on a portion of the implant surface using metal beads, wires, or a more struc-
tured cancellous bone-like surface (Mai et al., 2010; Bobyn et al., 1980; Patil et al., 2009; 
Galante, 1985). Usually this surface coating is sintered or plasma sprayed onto the implant 
circumferentially to avoid longitudinal channels for ingress of wear debris and inflam-
matory factors, capable of initiating bone loss (periprosthetic osteolysis) (Bobyn et  al., 
1995). The tissue growing into the pores is cancellous-like woven bone that matures, 
as well as stress-oriented fibrous tissue (Cook et al., 1988; Engh et al., 1993). Coatings 
such as hydroxyapatite (HA) have been added on the surface of some implants with/
without porous coating. These HA coatings act as osteoconductive materials (Epinette 
and Manley, 2008). The use of HA coatings is somewhat controversial, and at least two 
meta-analyses have shown no additive benefit to HA over porous coating alone for  
primary total hip arthroplasty (Gandhi et al., 2009; Goosen et al., 2009).

Loose implants are not adequately fixed to bone, such that they migrate under 
physiological loads. This migration causes pain and limits function. By definition, loose 
cementless implants are not osseointegrated. Although the term “implant failure” may 
include many different causes including infection, breakage or dissociation of the parts, 
wear of the bearing surface with/without periprosthetic osteolysis, or adverse tissue 
reactions, failure is commonly used to denote a painful, migrating, loose prosthesis that 
is not functioning appropriately.
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JOINT REPLACEMENT

Cemented joint replacements
The first highly successful joint replacement was the Low Friction Arthroplasty of the 
hip introduced by Sir John Charnley (1979). These hip replacements consisted of a 
stainless steel, one piece femoral component with a 22.25 mm femoral head that artic-
ulated with a socket made of high-density polyethylene. These implants were fixed in 
place with a grouting material, acrylic cement, or PMMA. This method was intro-
duced to Charnley by Prof. Dennis Smith, then a Lecturer at the Turner Dental School 
in Manchester (The John Charnley Research Institute, 2009). Together, Charnley and 
Smith optimized the chemical and mechanical properties of bone cement for orthope-
dic applications (Charnley, 1970a, 1979; The John Charnley Research Institute, 2009).

Charnley originally used a cemented femoral component with a large femoral head 
(>40 mm in diameter) that articulated with a thin polytetrafluorethylene (Fluon) socket. 
The large ball size and suboptimal wear characteristics of the polymer lead to high fric-
tional torque, the generation of wear particles, and an aggressive chronic inflammatory 
and foreign body response (FBR) leading to synovitis, osteolysis, and loosening. The final 
Low Friction Arthroplasty was a scientific optimization of engineering, material, and bio-
logical principles, and still remains a cornerstone for implant surgery today.

One of Charnley’s achievements was monitoring the biocompatibility of the new 
hip replacement throughout the lifetime of the prosthesis. Through careful periodic 
clinical and radiological assessments, as well as histological analysis of femora with 
implants at postmortem, the biological reaction to a cemented prosthesis was described 
in detail. During the initial implantation of a cemented prosthesis, there is death of 
bone from the surgical procedure and a subsequent acute inflammatory reaction that 
extends to a radius of approximately 500 µm. This inflammatory reaction resolves over 
the next few weeks, with formation of fibrous tissue, fibrocartilage, and woven bone 
which undergoes remodeling adjacent to the cement mantle (Charnley, 1970b, 1979). 
In some areas, new bone is found directly abutting the cement, with integration of the 
cement within the interstices of the bony trabecula. As the bone remodels with age, the 
endosteal bone is resorbed and new lamella of bone are laid down by the periosteum. 
The remnant endosteum develops a neocortex around the cement mantle, connected to 
the more peripheral cortex by spicules of bone (Charnley, 1979; Maloney et al., 1989).

Particulate debris from cemented implants with conventional polyethylene gen-
erally consisted of fragments of bone cement, shards and submicron particles of poly-
ethylene, and more rarely, metal particulates. Although the cement mantle can retain its 
fixation properties for many years, periprosthetic osteolysis can be seen in areas where 
the biological reaction to fractured cement has initiated a chronic inflammatory reac-
tion, also known as “cement disease” (Jones and Hungerford, 1987; Willert et al., 1990a). 
More commonly though, periprosthetic osteolysis with cemented or hybrid hip and 
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knee replacements was due to wear of conventional polyethylene (Willert et al., 1990b; 
Schmalzried et  al., 1992; Campbell et  al., 1995; Maloney et  al., 1990a; Fornasier et  al., 
1991; Ingham and Fisher, 2000). This wear process undermines the bony support of the 
implant and can lead to prosthetic loosening due to failure of fixation. Histologically this 
failure of fixation is associated with a classic “pseudosynovial membrane” that can pro-
duce high levels of pro-inflammatory factors (Ingham and Fisher, 2000; Goldring et al., 
1983; Goodman et al., 1989; Mandelin et al., 2005; Kadoya et al., 1996). The interface of 
loose cemented implants is laden with macrophages, scattered lymphocytes, and other 
cells in a fibrous tissue stroma (Revell, 2008). There is a great deal of heterogeneity in 
the tissue all histologically, histochemically, and biochemically depending on the anatomic 
site from which the sample is biopsied (Goodman et al., 1996). This chronic inflamma-
tory reaction to wear debris can lead to bone destruction (periprosthetic osteolysis), jeop-
ardizing the long-term stability of the implant (Maloney et  al., 1990a; Fornasier et  al., 
1991; Kadoya et al., 1996; Santavirta et al., 1990a; Tallroth et al., 1989). However, many 
cemented implants last for decades without substantial degradation of the interfaces.

Cementless joint replacements
Cementless joint replacements rely on an initial “press fit” to obtain primary mechani-
cal stability; this fit is often supplemented with screws, splines, surface coatings, or 
other mechanisms to obtain more sustaining long-term integration with host bone  
(Figure 12.1). Autopsy retrieval studies have demonstrated successful osseointegration 

Figure 12.1 Cementless total hip replacement. (A) A severely arthritic left hip with no cartilage remain-
ing, peripheral osteophytes and cyst formation in the femoral head and acetabulum. (B) Post cement-
less total hip replacement using a porous-coated acetabular component and screws, a cementless 
porous-coated stem, and a cobalt–chrome femoral head and highly cross-liked polyethylene liner.
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of retrieved cementless hip implants in bone; however, much of the porous coating 
may be filled with oriented fibrous tissue instead of bone (Cook et  al., 1988; Engh 
et al., 1993; Jacobs et al., 1999; Maloney et al., 1996). The characteristics of the patient, 
the implant, surgical technique, and the biomechanical environment determine the 
extent to which the surrounding bone undergoes remodeling. In cases of distally 
fixed stiff implants, adverse bone remodeling occurs with marked adverse remodeling 
such as disappearance of the proximal femur after hip replacement, the so-called stress 
shielding (Maloney et al., 1996). Although this adverse remodeling may be marked, it 
does not generally lead to loosening of the implant or pain (McAuley et al., 1998). In 
fact, when a cementless prosthesis has undergone extensive osseointegration, it is com-
mon to see proximal stress shielding (rounding off of the proximal-medial calcar femo-
rale), osteopenia, and more distal oblique struts of bone connecting the cortex to the 
distal porous coating, the so-called spot welds.

Polyethylene debris can migrate along cementless interfaces, especially those with-
out porous coating leading to progressive bone loss and periprosthetic osteolysis. 
Such osteolysis can occur even with well-fixed implants (Maloney et al., 1990b) and 
can lead to subsequent loosening of implants. With cyclic loading of the joint, waves 
of joint fluid, wear particles, and inflammatory mediators can be distributed widely 
around the prosthesis (Aspenberg and Van der Vis, 1998a,b) (Figures 12.2 and 12.3). 
Retrieval studies of tissues from cementless implants with osteolysis have shown a 
chronic inflammatory and FBR to polyethylene wear particles (Goodman et al., 1998; 
Kim et al., 1993).

Loose implants, whether cemented or cementless, often migrate, creating reactive 
remodeling in the surrounding bone, irrespective of wear particles. The resultant pres-
sure on the endosteum at the point of contact leads to bone resorption on the inner 
cortex and new bone formation externally (Greenfield and Bechtold, 2008).

Metallic particles
Particles of polymers, ceramics, and other nonmetallic debris less than approximately 
10 µm are phagocytosed by macrophages and other cells, activating these cells to pro-
duce pro-inflammatory factors (Willert and Semlitsch, 1977). Larger particles that can’t 
be phagocytosed are surrounded by mono- and multinucleate giant cells (“frustrated 
phagocytosis”). See Chapter  2 for a more detailed description. The above reactions 
constitute a nonspecific, nonantigenic chronic inflammatory and foreign body reac-
tion that may lead to periprosthetic osteolysis. Cobalt–chrome metal particles are dif-
ferent. These particles are in the nanometer range and are in far greater number from 
metal-on-metal (MoM) bearings than metal-on-polyethylene hip replacements. Metal 
particles can stimulate both the innate and adaptive immune system. In other words, 
metal particles can be phagocytosed and activate macrophages in a nonspecific man-
ner (innate immune system), and can combine with serum proteins to form a hapten 
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to activate the T lymphocyte dominated adaptive immune system. This latter biological 
mechanism is thought to constitute a type IV cell-mediated immune reaction and can 
result in nonloose implants with progressive, often severe soft tissue and bone destruc-
tion (Willert et  al., 2005; Hallab et  al., 2008). Cobalt–chrome metal particles, in suf-
ficient numbers, have been shown to result in cytotoxicity, metal hypersensitivity, and 
pseudotumor formation (Gill et al., 2012). Pseudotumors are solid or cystic periarticu-
lar masses that have large areas of inflammation and tissue necrosis. Although perivas-
cular lymphocytic cuffing is often seen in retrieved tissues from these implants, this 
histopathological finding is not specific for MoM implants and can be seen with metal-
on-polyethylene prostheses as well (Fujishiro et al., 2011). Metal particles can be gener-
ated from other sources around hip and knee replacements, such as at the head–neck 

Figure 12.2 Cementless total hip replacement with polyethylene wear and periprosthetic oste-
olysis. (A) Note the eccentric position of the femoral head in the cup, indicating polyethylene wear. 
Surrounding the cup and in the proximal femur, the biological reaction to wear particles has led to 
bone destruction called osteolysis (arrows). (B) Revision surgery has consisted of changing the entire 
cup and femoral head, and bone grafting of the deficient acetabular bed. Note a larger modular fem-
oral head has been used to increase stability of the hip.
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or neck–stem articulation in modular hip replacements, or when the plastic has been 
completely worn through, and a metal surface subsequently articulates with the under-
lying opposing metal backing. Titanium particles appear to be less stimulatory of these 
reactions compared to cobalt–chrome particles. See Chapter 8.

Clinical aspects of infection
Infection is one of the leading causes of failure of joint replacements. Infection severely 
compromises the function and durability of prosthetic joints (Vegari and Parvizi, 2011). 
A recent international consensus meeting has reviewed and reported the principle con-
troversies surrounding infection of joint replacements (Parvizi et  al., 2013). Infection 
of an implant bed can’t be eradicated without extracting the prosthesis and thoroughly 
debriding the implant bed and all infected bone and soft tissue. The necessity for 
implant extraction is due to the fact that bacteria in the tissue fluid adjacent to artificial 

Figure 12.3 Hybrid hip replacement with “cement disease.” (A) This total hip replacement has a well-
fixed cementless acetabular component and a loose cemented stem. Note the bone destruction 
around the loose stem, which has changed position. (B) Immediate postoperative radiograph shows 
that a longer, porous-coated stem has been placed in the cleaned femoral canal. A femoral strut graft 
and wires buttresses the most severely deficient area on the femur. The modular acetabular plastic 
liner and femoral head have also been changed.



Host Response to Biomaterials324

implants reside both in planktonic form and in the biofilm on the implant as sessile, 
dormant bacteria that may become activated at any time. Thus, total elimination of the 
infection necessitates removal of the implant.

Acute bacterial infection of a prosthesis is accompanied by an acute inflammatory 
reaction. Histologically, the tissues are edematous and contain polymorphonuclear leu-
kocytes and bacteria. Chronic infection is usually more indolent, and the periprosthetic 
tissues are often filled with infected granulation tissue. There may be new periosteal 
bone formation around the prosthesis or areas of inflammation-associated osteolysis. 
Many infections have an acute on chronic component (i.e., “chronic active”).

The pro-inflammatory factor profile of tissues from infected implants is similar to 
that of tissues from implants with particle-associated periprosthetic osteolysis (Pajarinen 
et  al., 2010a). Prosthetic infection is associated with activation of Toll-like receptors 
(TLRs) which are part of the innate immune system. This mechanism involves the rec-
ognition of pathogen-associated molecular patterns (PAMPs) of bacteria, fungi, and 
viruses by pattern recognition receptors (PRRs) on cell membranes. This interaction 
activates a complex pro-inflammatory cascade that destroys the pathogen and reestab-
lishes homeostasis to ensure survival of the organism. Previous research has demon-
strated that retrieved implants frequently harbor PAMPs on their surfaces (Greenfield 
et al., 2005). These aspects are discussed in more detail below and in Chapters 7 and 8.

OTHER CLINICAL SCENARIOS

Implants are used in virtually every orthopedic subspecialty. Fractures of the upper 
and lower extremities are reduced and stabilized by plates and screws, intramedul-
lary devices, wires, etc. Similarly, devices have been designed for spine fracture reduc-
tion and fixation, as well as the correction of spinal deformities. Arthroplasties of the 
upper and lower extremities are used with increasing frequency. Disk replacements in 
the cervical and lumbar spine are also being performed (Cason and Herkowitz, 2013; 
Jacobs et al., 2013). In general, these implants are composed of metal alloys, including 
stainless steel, cobalt–chrome, titanium, and tantalum, nonbiodegradable polymers, 
such as polyethylene, PMMA, polyaryletherketones (PAEKs), among others, and 
biodegradable polymers such as poly-l-lactic acid (PLLA), co-poly lactic acid/glycolic 
acid (PLGA), and numerous other biopolymers as scaffolds for orthopedic tissue 
engineering.

The basic biological, biomechanical, and material principles of bone and soft tis-
sue healing are applicable to all subspecialties that employ implants (Bong et al., 2007; 
Marsell and Einhorn, 2011). In addition, preclinical biological and biomechanical 
testing must be comprehensive for the specific anatomical application prior to intro-
duction of the device to the marketplace (Gardner et  al., 2012). This approach will 
hopefully limit complications such as suboptimal surgical technique and placement of 
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devices, mechanical failure of the device, adverse tissue reactions, and others. Although 
bioabsorbable fixation devices were enticing, an increased incidence of adverse tissue 
reactions was often noted with some materials, such as polyglycolic acid (Bostman and 
Pihlajamaki, 2000).

Spinal disk replacement with a nonbiodegradable implant is a new application, 
although the procedure is still controversial (Cason and Herkowitz, 2013; Jacobs et al., 
2013). Wear particle debris from intervertebral disk replacements may have more seri-
ous consequences than debris in more peripheral joints because of the close proximity 
of neural structures (Jacobs et al., 2006; Baxter et al., 2013; Punt et al., 2012, 2009).

IMMUNE RESPONSES TO BIOMATERIALS FOR ORTHOPEDIC 
APPLICATIONS—PRECLINICAL STUDIES

Acute inflammation
Implantation of biomaterials is always accompanied by injury due to the surgical pro-
cedure (Wilson et al., 2005). Injury to the tissue or organ initiates an acute inflamma-
tory reaction in addition to the specific reaction to the biomaterial itself. These events 
primarily activate the nonspecific innate immune system. The characteristics of the 
reaction are identified by, and dependent upon, several factors including the extent of 
injury, protein absorption, coagulation, complement activation, and migration of leu-
kocytes to the area. See Chapter 5.

Protein adsorption
After first contact with tissue, proteins from the blood and interstitial fluid imme-
diately adsorb to the material surface prior to interacting with host cells. This layer 
of proteins determines the tissue reaction to the implant and guides the inflamma-
tory cascade to the formation of a transient provisional matrix, complement activa-
tion, and migration of leukocytes to the surgical site (Wilson et al., 2005; Andersson 
et  al., 2002; Gorbet and Sefton, 2004). Conversely, the physicochemical properties 
of the biomaterial implant including the composition, size, shape, surface roughness, 
surface chemistry, hydrophobicity, and surface charge influence the types, concentra-
tions, and conformations of the adsorbed proteins on the surface. These proteins sub-
sequently determine the adhesion and survival of cells, especially polymorphonuclear 
neutrophils, monocytes, macrophages, and foreign body giant cells (FBGCs) (Hunt 
et  al., 1996; DeFife et  al., 1999). The presence of adsorbed protein such as albumin, 
fibrinogen, complement, fibronectin (Fn), vitronectin, and γ-globulin determine and 
modulate cell adhesion and intercellular interactions on the implant surface, thereby 
influencing the subsequent wound healing response. This protein adsorption phenom-
enon is the equivalent of the Vroman effect for biomaterials in contact with blood. See 
Chapters  3, 5, and 8 for further details.
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Coagulation
The intrinsic and extrinsic coagulation cascades are initiated by Factor XII (FXII) and 
tissue factor (TF). The intrinsic coagulation is induced by contact activation of FXII 
on negatively charged substrates followed by a downstream cascade of protein reac-
tions resulting in the activation of prothrombin to thrombin (Gorbet and Sefton, 2004; 
Schmaier, 1997). Activation of FXII has been shown to be catalyzed by surface con-
tact with biomaterials (Zhuo et  al., 2006). Although activated FXII on the material 
surface initiates the generation of thrombin, the amount produced is not sufficient to 
induce clot formation (Sperling et  al., 2009). Blood coagulation on biomaterials has 
been recently shown to require the combination of both contact activation and platelet 
adhesion and activation (Sperling et al., 2009; Fischer et al., 2010a).

Thrombin is one of the most important activators of platelets. The minute amount 
of thrombin resulting from FXII activates platelets to release mediators of the coagu-
lation system and exposes negatively charged phospholipids, thus providing the neces-
sary catalytic surface for the coagulation cascade (Sperling et al., 2009; Heemskerk et al., 
2002). Subsequent thrombin production activates platelets and the coagulation cascade 
on biomaterial surfaces (Johne et  al., 2006). Fibrinogen also absorbs to biomaterials 
(Tang, 1998). Integrin bonding domains on phagocytes are activated by fibrinogen/fibrin 
adhered to biomaterials, further initiating the inflammatory response and blood clot for-
mation (Hu et  al., 2001). Besides thrombin and fibrinogen, TF expressed on damaged 
cells or activated leukocytes can activate attached platelets (Fischer et al., 2010b).

Complement activation
Upon contact with biomaterials, three distinct pathways, the alternative, the classical, 
and the lectin pathway, can activate complement. All of the pathways converge at the 
level of C3 convertase activation that mediates the formation and release of the ana-
phylatoxins C3 and C5a (Sarma and Ward, 2011). Complement activation is always 
associated with the biomaterial adsorbed protein layer. Attached IgG has been dem-
onstrated to bind C1q resulting in the assembly of C1, the first enzyme of the clas-
sical pathway that promotes the initiation of classical C3 convertase (Tengvall et  al., 
2001). C3 adsorbed to the biomaterial surface promotes the assembly of the initiat-
ing C3 convertase of the alternative pathway (Andersson et al., 2005). C3 convertase 
generates C3b that binds to the biomaterial protein layer to form more C3 conver-
tase (Andersson et al., 2002; Nilsson et al., 2007). Once the complement cascade has 
been initiated, high amounts of C3a and C5a are generated at the implantation site 
(Andersson et  al., 2005). Both anaphylatoxins can contribute to the onset of inflam-
matory responses at the implantation site through their multitude of effector functions 
including triggering mast cell degranulation, increasing vascular permeability, attract-
ing and activating granulocytes and monocytes, and inducing the release of granulo-
cyte-reactive oxygen species (Sarma and Ward, 2011). The coagulation cascade and 
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complement system closely interact on the biomaterial surface and modulate each 
other activities (Fischer et al., 2010b).

Inflammatory cells
Leukocytes migrate from the blood vessels to the perivascular tissues at the implanta-
tion site (Henson and Johnston, 1987; Lehrer et  al., 1988; Malech and Gallin, 1987). 
These leukocytes accumulate through a series of processes including margination, adhe-
sion, emigration, phagocytosis, and extracellular release of leukocyte contents. Cell 
adhesion and activation on biomaterial surfaces primarily interact with the adsorbed 
proteins. Protein ligands of integrins which represent the major adhesion receptors of 
leukocytes include fibrinogen, factor X, iC3b, Fn, and vitronectin (Hynes, 2002; Lowell 
and Berton, 1999). Initial adhesion and spreading of phagocytes are achieved through 
b2 integrins (Hu et  al., 2001; McNally and Anderson, 1994) which in turn leads to 
a change in the receptor profile including the up-regulation and enabling of further 
integrins (Hynes, 2002). Mast cell degranulation and associated histamine release have 
been shown to play a role in directing polymorphonuclear leukocytes and monocytes 
to implanted biomaterials in mice and human (Tang et al., 1998; Zdolsek et al., 2007). 
Interleukin-4 (IL-4) and IL-13 are also released from mast cells during the degranu-
lation process and play significant roles in determining the extent of the subsequent 
foreign body reaction. Polymorphonuclear leukocytes represent a source of immuno-
regulatory signals which are synthesized upon activation (Scapini et  al., 2000). IL-8 is 
among the most prominent of these chemokines. The primary target of IL-8 is poly-
morphonuclaer leukocytes. With some materials such as chitosan, granulocyte migration 
may be prolonged due to persistent autocrine polymorphonuclear leukocytes attraction 
by IL-8 (Hidaka et al., 1999; VandeVord et al., 2002; Park et al., 2009).

Activated polymorphonuclear leukocytes also secrete monocyte chemotactic pro-
tein-1 (MCP-1, also called CCL2) and macrophage inflammatory protein-1 (MIP-1) 
(Kobayashi et al., 2005). Both chemokines are known as potent chemoattractants and 
activation factors for monocytes, macrophages, immature dendritic cells, and lympho-
cytes (Yamashiro et al., 2001). Increased release of these chemokines by polymorpho-
nuclear leukocytes suppresses further polymorphonuclear leukocyte infiltration in 
favor of mononuclear cell influx (Gilroy et  al., 2004). Due to a lack of further acti-
vation signals, polymorphonuclear leukocytes undergo apoptosis after having fulfilled 
their roles as phagocytes and are subsequently engulfed by macrophages (Gilroy et al., 
2004). Macrophage phagocytosis of apoptotic PMNs has been shown to promote a 
phenotypic shift in macrophage phenotype toward an anti-inflammatory and immu-
noregulatory form. See Chapter 6. This macrophage phenotype shift may be critical in 
limiting the severity and duration of the inflammatory process. Thus, within the first 2 
days after biomaterial implantation, polymorphonuclear leukocytes typically disappear 
from surgical sites (Anderson et al., 2008).
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Chronic inflammation induced by implanted biomaterials
Excessive generation of wear particles can lead to chronic inflammation, which 
involves the secretion of multiple cytokines from macrophages and FBGC. The bio-
logical response of immune effector cells to the particles is dependent on the particle 
composition (Ingham and Fisher, 2000), dose (Green et  al., 2000; Chiu et  al., 2009), 
and size (Green et al., 2000, 1998; Wang, A. et al., 1996; Hallab et al., 2011). Smaller 
particles (<1 µm) are phagocytosed by macrophages, whereas larger sized particles  
(>10 µm) are generally surrounded by many macrophages and FBGCs (frustrated 
phagocytosis) (Ingham and Fisher, 2005). The activated macrophages secrete cytokines, 
chemokines, and other factors that recruit more macrophages to the local area, induce 
osteoclast maturation, and eventually cause periprosthetic osteolysis (Ingham and 
Fisher, 2005) (Figure 12.4).

Recognition of wear particles by TLRs
The innate immune response can be activated by PRRs on or within cells, in the pres-
ence of chemical sequences called bacterial-derived PAMPs (described earlier) and 
host-derived damage-associated molecular patterns (DAMPs). These molecular patterns 

Figure 12.4 Macrophage polarization in relation to orthopedic biomaterials and their by-products.
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are “danger signals” resulting from invasion of the host by pathogens or result from cel-
lular trauma due to adverse stimuli. These DAMPs and PAMPs can adhere to the sur-
face of implanted devices or be associated with the generated wear particles, and are 
recognized by PRRs such as TLRs (Greenfield et al., 2005; Bennewitz and Babensee, 
2005; Kido et al., 2004; Rogers and Babensee, 2010; Nalepka et al., 2006; Xing et al., 
2006; Tatro et al., 2007). TLR2 and TLR4 are most relevant to wear particle-induced 
inflammation and osteolysis (Gu et al., 2012). Increased TLR2, TLR4, TLR5, and TLR9 
expressions were found in monocyte/macrophages from aseptically loose peripros-
thetic tissues and septic synovial membranes around total hip implants (Tamaki et al., 
2009). TLR2 and TLR5 expression was found to be significantly higher than TLR4 and 
TLR9. In in vitro studies, titanium particles coated by lipopolysaccharide (LPS) stimu-
lated increased TLR2 expression in rat bone-marrow-derived macrophages (Hirayama 
et al., 2011). However, the expression of TLR4, TLR5, and RLT9 was decreased, sug-
gesting a homeostatic protective mechanism to contain the adverse stimulus. In experi-
mental mouse models, TLR2 expression was increased in the synovial membranes of 
knee joints injected with ultrahigh molecular weight polyethylene (UHMWPE) parti-
cles (Paulus et al., 2013). TLR2 and TLR4 expressions were both increased in a cavarial 
model injected with UHMWPE particles (Valladares et al., 2013). In contrast, the num-
ber of TLR positive cells was reduced in the mouse femur exposed to titanium particles 
(Pajarinen et al., 2010b). In transgenic animal studies, titanium particle-induced tumor 
necrosis factor-α (TNF-α) expression by macrophages was significantly reduced in both 
TLR2 and TLR4 deficient mice (Greenfield et al., 2010). However, osteolysis using the 
mouse cavarial model was only partially reduced, suggesting that the TLR2 and TLR4 
independent pathways may contribute to titanium particle-induced osteolysis.

The requirement of PAMP in wear particle-induced TLR activation may depend 
on the particle characteristics and the experimental model used. Greenfield et al. (2010) 
showed that titanium particle-induced inflammatory responses and osteolysis required 
the presence of bacterial-derived PAMP. Pearl et  al. (2011) demonstrated that TNF-α 
secretion was reduced in mouse macrophages from MyD88 deficient mice or by the 
presence of MyD88 inhibitors when the cells were stimulated by PMMA. Reduction 
of osteolysis was also observed in the MyD88 deficient mice using a particle-exposed 
cavarial model. These results suggest that PMMA particles without PAMP can activate 
macrophages and induce osteolysis in a TLR pathway-dependent manner.

Macrophages and secreted cytokines
Periprosthetic osteolysis is associated with a granulomatous reaction that is rich in 
macrophages and wear debris (Ingham and Fisher, 2005). The presence of macrophages 
correlates with the amount of wear debris in tissues from implants with aseptic loos-
ening (Maloney et  al., 1990b; Santavirta et  al., 1990b). Submicron-sized wear parti-
cles are phagocytosed leading to increased production of cytokines by macrophages. 
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Increased TNF-α, IL-1, and IL-6 levels were found in the interfacial tissue from hip 
replacements with osteolysis (Chiba et al., 1994). Chemokines including MCP-1 and 
MIP-1α were also detected by immunohistochemistry in periprosthetic granuloma-
tous tissue (Nakashima et  al., 1999a). Increased prostaglandin E2 (PGE2) was found 
in tissues from loose implants compared to those which were well fixed (Nakashima 
et  al., 1999a). Increased growth factor and matrix metalloproteinase expression was 
also noted in tissues from cases exhibiting osteolysis. However, there is no consistent 
relationship that directly correlates the degree of osteolysis with the amount of any  
specific inflammatory factor (Ingham and Fisher, 2005).

In vitro studies of macrophages and wear particles have proven to be very useful, as 
many factors such as the particle characteristics and cell type can be standardized. In 
one study, mouse macrophages exposed to endotoxin-free titanium particles showed no 
induction of TNF-α (Greenfield et al., 2010). In contrast, the expression of TNF-α and 
MCP-1 was increased in mouse macrophages exposed to endotoxin-free PMMA par-
ticles (Pearl et al., 2011; Yao et al., 2013). A recent study using cytokine arrays showed 
that when mouse bone marrow macrophages and human THP-1 macrophage cells 
were exposed to endotoxin-free UHMWPE particles, chemokines including MCP-
1, MIP-1α, IL-8, CXCL1, and the pro-inflammatory cytokine TNF-α were increased 
(Lin et al., 2014).

Recent murine studies suggested that TNF-α could be a valuable target to miti-
gate particle-induced osteolysis. Using the mouse cavarial model, osteolysis induced by 
PMMA (Merkel et al., 1999) or titanium (Schwarz et al., 2000c; Merkel et al., 1999) 
particles were both reduced in the TNF-α receptor type I knockout mice or mice 
treated with TNF-α receptor antagonist, despite persistently high levels of TNF-α. 
However, a pilot study in 20 patients with TJRs and osteolysis showed no significant 
benefit by treatment using a TNF-α receptor antagonist (Schwarz et al., 2003); these 
findings may due to the limited number of patients in the study or potential com-
pensated roles of other inflammatory cytokines. Alternatively, suppression of macro-
phage functions may be achieved via interruption of macrophage infiltration, blockage 
of inflammatory signaling, or modulation of macrophage polarization. The details of 
macrophage targeting therapy are described in the section “Local Biologic Modulation 
to Wear Particles.”

Adaptive immune response to metals
Introduction
There is little question that the innate immune system is involved in the host response 
to implanted orthopedic materials, with macrophages playing a key role in the initia-
tion, propagation, and resolution of this biomaterial-induced inflammation. In contrast, 
the role of adaptive immunity to implanted orthopedic materials is less clear. While 
the innate immune system interacts directly with the biomaterial and/or the proteins 
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bound to its surface via complement activation and direct recognition by various 
PRRs, T-cells can recognize their corresponding antigen only if presented to them by 
a professional antigen-presenting cell.

Antigen presentation and T-cell activation is a complex, multistep process that is 
initiated by dendritic cell activation due to recognition of a danger signal molecule, 
antigen internalization and processing via the endolysosomal route, migration of the 
dendritic cell to local lymphatic tissue, up-regulation of co-stimulatory molecules, and 
finally presentation of the processed antigen as a part of the major histocompatibility 
complex (MHC) II. See Chapter 7 for more details regarding the role of dendritic cells 
in the host response. If the antigen is presented with a sufficient set of co-stimulatory 
molecules (that are regulated by the extent of dendritic cell stimulation by danger sig-
nal molecules), the naïve T helper cell becomes activated and clonally expands. The 
cytokines secreted by the activated dendritic cell during antigen presentation further 
regulate T-cell polarization into phenotypes such as Th1, Th2, Th17, or T-reg. These 
immunocompetent CD4+ T helper cells migrate to the area of inflammation where 
they regulate the inflammatory reaction and chemotaxis as well as the actions of innate 
immune cells such as macrophages, by secreting chemokines and cytokines including 
CCL2, CCL3, CCL4, TNF-α, IL-17, IFN-γ, IL-4, and IL-10 while cytotoxic CD8+ 
T-cells induce the apoptosis of transformed or virus-infected cells. In contrast to T-cells, 
naïve B-cells can directly recognize their corresponding antigen without presentation 
but to differentiate into mature antibody producing plasma cell, B-cells still need a sig-
nal from CD4+ T helper cell already activated by the antigen-presenting dendritic cell. 
See Chapters 7 and 8 for additional details regarding antigen-presenting cells.

Thus, the involvement of the adaptive immune response, either T- or B-cell-
mediated, in the host response to inorganic orthopedic materials seems unlikely. 
Although sensitization against PMMA has been described, there is little evidence 
that adaptive immunity is involved in the host response to typical orthopedic poly-
mers (Goodman, 2007). For example, in animal models, the foreign body reaction to 
implanted polyethylene or PMMA particles is not dependent on the existence of T lym-
phocytes (Goodman et  al., 1994; Jiranek et  al., 1995; Taki et  al., 2005). Furthermore, 
although osteolytic lesions developing due to PMMA or polyethylene wear around 
joint replacements containing scattered T lymphocytes, it is not clear whether these 
cells are active participants to the inflammatory process or just innocent bystanders  
(Li et al., 2001; Baldwin et al., 2002; Arora et al., 2003). B-cells and plasma cells are nota-
bly absent from these lesions, and it has even been suggested, although not thoroughly 
validated, that the presence of B-cells and plasma cells in the periimplant tissues might 
indicate subclinical implant infection (Pajarinen et al., 2010a); while the aseptic foreign 
body reaction to polymer wear products probably does not provide a sufficient stimulus 
to activate the adaptive immune response, implant-associated biofilm that occasionally 
releases danger signal molecules and presentable foreign antigens might do so.
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Type IV delayed-type hypersensitivity
In contrast to orthopedic polymers, metal ions can function as effective allergens and 
activate adaptive, cell-mediated, immune responses by forming haptens with proteins in 
biological fluids. Solubilized metal ions bind to host proteins, altering their conforma-
tion so that they become immunogenic and are recognized as foreign when presented 
to the T lymphocyte population. Furthermore, metal ions can induce conformational 
changes to the MHC molecule itself causing it to be recognized as foreign similar to 
organ transplant rejection. Metal ions can also activate T-cell receptors directly in the 
manner of super antigens. However, hapten formation is the archetypal way in which 
metals are able to activate adaptive immune responses.

The best characterized example of this phenomenon, known as type IV or delayed-
type hypersensitivity reaction, is nickel-induced contact dermatitis (Schmidt and 
Goebeler, 2011). Nickel ions are released from metal alloys in contact with the skin and 
sweat. Ions activate dermal dendritic cells, which present ion–protein complexes to T 
lymphocytes in the local lymph node. T lymphocytes are activated, assume Th1 polariza-
tion, and migrate to the area of inflammation where they regulate the function of mac-
rophages presenting similar haptens in their MHC II molecules. In addition to forming 
haptens, nickel ions also activate TLR4 signaling in dendritic cells (Schmidt et al., 2010). 
Thus nickel ions are able to produce both immune-reactive neo-antigens and provide 
the required danger signal to initiate dendritic cell maturation and antigen presentation, 
possibly explaining why nickel is such an effective and prevalent allergen. In addition to 
nickel, cobalt, chrome, and several other metal ions are known to induce contact derma-
titis via similar mechanisms. However, although reports of titanium hypersensitivity do 
exist, it is a rare phenomenon.

Delayed-type hypersensitivity and orthopedic implants
It has long been speculated that a type IV hypersensitivity reaction could develop against 
metal ions released from the metal alloys commonly used in orthopedics, such as stainless 
steel and cobalt–chrome (releasing mainly cobalt, chromium, and nickel ions) or titanium 
alloy. Although there are incidental reports describing the development of an allergic 
reaction against implants used in fracture fixation (Cramers and Lucht, 1977; Thomas 
et al., 2000, 2006), the interest in the possibility of metal allergy has been renewed by the 
unexpected early failures of MoM joint replacements and the peculiar tissue responses 
that characterize these failures. These adverse reactions to MoM implants have been 
attributed to the unique wear characteristics of metal bearing surfaces with generation of 
large amounts of nano-sized metal particles, corrosion of these particles, and subsequent 
release of metal ions. Indeed, high levels of cobalt and chrome have been described not 
only in periprosthetic tissues but also in the blood and urine of MoM joint replacement 
recipients (De Smet et al., 2008; Hart et al., 2011; Skipor et al., 2002); furthermore cases 
of alleged systemic cobalt toxicity with severe cardiac and neurological manifestations 
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have been described (Tower, 2010; Allen et al., 2014). Widespread dissemination of metal 
wear particles, e.g., to local lymph nodes, has been reported (Urban et al., 2000).

The osteolytic lesions developing around joint replacements due to polyethylene 
or PMMA wear particles have traditionally been composed of sheet-like macrophages, 
some scattered T lymphocytes, and large areas of fibrosis (Santavirta et al., 1990a; Willert 
and Semlitsch, 1977; Mirra et al., 1982). In contrast, the adverse tissue response develop-
ing around MoM implants is characterized by the development of large cystic or solid 
pseudotumors sometimes with considerable bone loss. Large areas of necrosis and mac-
rophage as well as T, B lymphocyte and plasma cell infiltrates are typically seen histolog-
ically. Perivascular T lymphocyte infiltrates have been described as characteristic of the 
adverse reaction to MoM implants and been considered as histopathological evidence 
of a metal hypersensitivity reaction (Willert et al., 2005; Davies et al., 2005; Korovessis 
et al., 2006; Campbell et al., 2010). In agreement with this assumption, an association 
between periprosthetic tissue metal content and the type of inflammatory cell infiltra-
tion was recently described; high cobalt and chrome concentration was associated with 
nodular lymphocyte infiltrates whereas macrophage infiltrates predominated in tissues 
with low metal content (Lohmann et al., 2013). However, other reports have found no 
clear link between tissue metal content and the type of inflammatory reaction while 
still others have described that perivascular lymphocyte infiltrates are, in fact, found also 
from considerable number of adverse tissue reactions that are caused by conventional, 
non-MoM TJR implants (Fujishiro et al., 2011; Ng et al., 2011).

Alterations in the peripheral blood lymphocyte populations have been described 
in MoM implant recipients. Typically a decrease either in the total number of cir-
culating T lymphocytes or in the CD8+ cytotoxic subpopulation has been reported 
(Granchi et al., 2003; Hart et al., 2009). It has been suggested that this relative lympho-
penia might be due to increased lymphocyte recruitment to inflamed periprosthetic 
tissue, although decreased lymphocyte proliferation and viability (see below) might 
also explain the phenomenon. Increased reactivity of peripheral blood lymphocytes 
against cobalt and chrome ions in patients with either non-MoM or MoM implants 
has also been described and the magnitude of this metal ion-induced lymphocyte acti-
vation has in some studies correlated to blood cobalt and chromium levels (Granchi 
et al., 1999; Hallab et al., 2004, 2005, 2008). Typically metal-reactive lymphocytes have 
exhibited a Th1 type of response, fitting the theory of metal hypersensitivity (Granchi 
et al., 1999; Hallab et al., 2008). In an interesting case report, cobalt-reactive Th1 lym-
phocytes were isolated from periprosthetic tissue surrounding a wrist joint replace-
ment implant (Thomssen et al., 2001). Although these reports would seem to indicate 
the development of metal-reactive lymphocyte populations due to metal ions released 
from conventional or MoM joint replacement implants, contradictory reports that 
could not find increased reactivity to metal ions also exist (Kwon et al., 2010). Overall 
the wider meaning of these findings remains to be determined.
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In vitro and in vivo effects of orthopedic metals in adaptive immunity
In addition to these clinical observations, there are in vitro and in vivo studies investigat-
ing the effects that cobalt, chromium, and titanium ions or nano-sized particles have 
on cells of the adaptive immune system. Titanium ions increased the proliferation and 
enhanced the activation and receptor activator nuclear factor kappa B (RANKL) pro-
duction of phytohemagglutinin-activated human peripheral blood mononuclear cells 
(Cadosch et al., 2010). Another study found that titanium and chromium ions formed 
complexes with serum proteins and were able to activate peripheral blood mononu-
clear cells; chromium ions and the fraction of larger serum proteins were more stimu-
latory than titanium ions or the fraction of smaller serum proteins (Hallab et al., 2001). 
However, several contradictory observations describing metal-ion-induced enhance-
ment of lymphocyte activation have been made. For example, retrieved micron-sized 
titanium particles had no effect on the proliferation or the production of IL-2 from 
activated peripheral blood lymphocytes; of interest, similar particles had an activat-
ing effect on peripheral blood-derived macrophages (Kohilas et  al., 1999). In addi-
tion cobalt–chrome nanoparticles did not activate dendritic cells or B lymphocytes in 
vitro and reduced the proliferation of activated T lymphocytes (Ogunwale et al., 2009). 
In another study, it was found that titanium, chromium, and cobalt ions all inhib-
ited human peripheral blood T and B lymphocyte activation and the production of 
inflammatory cytokines, while cytotoxicity was not observed (Wang, J.Y. et al., 1996). 
Similar effects were reported for activated and nonactivated human peripheral blood 
T lymphocytes in which cobalt and chromium ions at clinically relevant concentra-
tions inhibited the proliferation and cytokine production of lymphocytes, and induced 
lymphocyte apoptosis at higher ion concentrations (Akbar et al., 2011). Another study 
reported that cobalt, chromium, and various other metal ions had a cytotoxic effect 
on the human T lymphocyte Jurkat cell line, with metal ions inducing both apopto-
sis and cell necrosis; interestingly these effects were not associated with DNA damage 
(Caicedo et  al., 2008). Wang et  al. (1997a) performed a series of in vitro and in vivo 
studies with titanium and cobalt–chrome particles and ions. These metals/ions inhib-
ited cytokine release from cultured and activated murine T lymphocytes as well as IgG 
production from activated B lymphocytes with cobalt–chrome having more clear-cut 
effect than titanium. Interestingly very similar immunosuppressive effects on T lym-
phocyte cytokine production and B lymphocyte IgG production were observed in vivo 
when titanium or cobalt–chrome particles were injected into the mouse peritoneal 
cavity and the proliferation, cytokine release, and IgG production of activated splenic T 
and B lymphocytes were analyzed in subsequent weeks.

Taken together, the majority of these studies suggest that cobalt, chromium and, to 
lesser extent, titanium ions have suppressive rather than stimulatory effects on T and B 
lymphocyte activation and proliferation, with higher ion concentrations having cyto-
toxic effects. However, these studies have not really investigated the immunogenicity 
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of these metal ions but investigated how metal ions modulate lymphocyte action. 
Relatively little is known about the actions of nano-sized metal particles. In this regard, 
a recent study by Brown et al. (2013) may have shed further light on these issues. Nano- 
or micron-sized cobalt–chrome particles at clinically relevant dosages were repeatedly 
injected into mouse knee joints at 0, 6, 12, and 18 weeks. Both types of particles were 
rapidly transported to local lymph nodes with minimal inflammatory infiltrates at the 
joint tissue itself. Interestingly mice injected with micron-sized, but not nano-sized, 
particles developed cobalt-, chrome-, and nickel-reactive Th1 lymphocytes. In contrast, 
there was increased abnormal DNA breakage observed in bone marrow cells and even 
brain cells in the nanoparticle group. It was suggested that micron-sized particles are 
phagocytosed with endogenous proteins by antigen-presenting cells, corroded in the 
acidic environment of phagolysosomes to release metal ions which then form haptens 
with endogenous peptides, and are finally presented to T lymphocytes by MHC II mol-
ecules. In contrast, nano-sized particles enter the cell outside the phagolysosomal route 
and cause DNA damage via mechanisms that are poorly understood.

Clinical metal allergy and TJR survivorship
The relationship of metal allergy and conventional and MoM implant survivorship 
has been investigated in several clinical studies. In a recent meta-analysis, although the 
occurrence of metal allergy was more common in patients with MoM implants, the 
detection of the allergy did not reliably predict implant failure (Granchi et al., 2012). 
Thus the extent to which adaptive immune responses participate in the development 
of pseudotumors and to other adverse reactions to MoM implants still remains a sub-
ject for further studies. The question of why metal allergy is relatively common but 
only occasionally contributes to implant failures might reflect tissue-specific immune 
response, i.e., the type and extent of the adaptive immune response is tuned to meet 
the needs of the specific tissue microenvironment (Matzinger, 2007; Matzinger and 
Kamala, 2011). In this case, it is probable that the detection of dermal metal allergy does 
not comprehensively reflect the immunological microenvironment of the periimplant 
tissue. For example, multinucleated epidermal giant cells are found exclusively in the 
skin and may be only involved in a local allergic phenomenon.

Other effects of metal wear
In addition to the potential of activating an adaptive type IV hypersensitivity, several 
other means by which metal particles and a large metal ion load can cause adverse host 
responses have been reported. For example, metal ions display dose-dependent cyto-
toxic effects on macrophages, osteoblasts, and fibroblasts (Gill et  al., 2012; Billi and 
Campbell, 2010). Dose- and time-dependent increases in macrophage mortality have 
been reported, with smaller ion concentrations being associated with macrophage apop-
tosis and larger ones with necrosis (Catelas et al., 2005). The cytotoxic effects of various 
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metal ions might explain the extensive necrotic areas developing around MoM joint 
replacements; the intracellular danger signal molecules released during cell necrosis pro-
vide the danger signal necessary to initiate dendritic cell maturation and antigen pre-
sentation ultimately leading to activation of adaptive immunity. Metal ions and larger 
(micron-sized) metal particles can also activate macrophages and the innate immune 
system in a manner very similar to polymeric wear, presumably via such mechanisms 
as recognition via PRRs, induction of endosomal damage, and activation of intracel-
lular danger sensing mechanisms (Taki et  al., 2005; Shanbhag et  al., 1995; Nakashima 
et al., 1999b; Caicedo et al., 2009, 2013). Importantly, up-regulation of co-stimulatory 
molecules in macrophages by metal ions and particles have been described (Caicedo 
et al., 2010). Other effects that have been attributed to metal ions include suppression 
of osteoblast function, with alteration of the osteoprotegerin (OPG)/RANKL ratio to 
favor osteoclastogenesis (Wang et  al., 1997b; Fleury et  al., 2006; Andrews et  al., 2011; 
Zijlstra et al., 2012).

Finally, Ninomiya et  al. (2013) recently reported that cobalt ions activated vascu-
lar endothelial cells to produce chemokines and adhesion molecules with increased 
lymphocyte adherence and endothelial transmigration. It is possible that the perivas-
cular lymphocyte infiltrates described around MoM implants might be, in fact, caused 
by cobalt-induced endothelial activation and increased recruitment of lymphocytes. 
Recently it was reported that, in analogy to nickel ions, TLR4 signaling is also directly 
activated by cobalt ions (Tyson-Capper et  al., 2013; Konttinen and Pajarinen, 2013); 
this observation might explain how cobalt ions are recognized by macrophages and 
other cells and how the ions elicit cell activation and inflammatory responses, pro-
viding a direct mechanistic link between the activation of the innate and adaptive 
immune systems (Figure 12.5).

MODULATING THE HOST RESPONSE TO ORTHOPEDIC IMPLANTS

Implantation of an orthopedic device initiates a host reaction associated with the 
implant and leads to the generation of wear particles and other by-products. The reac-
tion is typically divided into sequential stages that follow in continuous manner and 
can be recognized by typical periimplant histology (Anderson, 1993; Luttikhuizen 
et al., 2006). Although most materials evoke an innate nonspecific, nonantigenic host 
immune response, macrophages and dendritic cells may process and present potential 
antigenic stimuli to cells of the adaptive immune system. Whether innate or adaptive 
(antigenic) immune responses are activated, macrophages are key regulators because of 
the great number of biologically active products they produce (Johnston, 1988).

Although the chronic inflammatory reaction to implant degradation products 
is primarily a local phenomenon, several research groups demonstrated migration 
of systemically delivered reporter macrophages and mesenchymal cells to the site of 
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inflammation induced by biomaterial by-products (Fritton et  al., 2012; Gibon et  al., 
2012b; Ren et al., 2011, 2008; Schepers et al., 2006). Thus, systemic or local interfer-
ence of inflammatory pathways and inhibition of inflammatory macrophage migration 
might mitigate the inflammatory reaction to orthopedic biomaterials.

Figure 12.5 Metal particle/ion-induced cell activation and antigen presentation. Metal particles in 
biological fluids are coated with host proteins, such as complement fragments and possibly by dan-
ger signal molecules (DAMP) released from necrotic cells and fragmented extra cellular matrix, while 
metal ions form haptens with host proteins. Protein-coated metallic wear particles are recognized by 
cell surface receptors, such as complement receptors (CRs) and various PRRs. In addition, nickel and 
cobalt ions can directly induce TLR4 signaling. Signaling via these receptors induces an inflammatory 
reaction and cell activation followed by migration to local lymphatic tissue and the up-regulation of 
MHC II and co-stimulatory molecules such as CD80 and CD86. Signaling via various PRRs also induces 
phagocytosis of metal particles or metal ions in complexes with host proteins. These are processed 
along the endolysosomal route, leading to corrosion of the metal particles with further release of 
metal ions and formation of haptens. Haptens are then bound to MHC II and transported back to 
the cell surface. Finally these neo-antigens are presented to T lymphocytes in the local lymphatic tis-
sue and, if the expression of co-stimulatory molecules is sufficient, the adaptive immune system is 
activated.



Host Response to Biomaterials338

Systemic modulation of wear particle-induced osteolysis
Typically, as wear particles and other by-products are released from prostheses and other 
orthopedic implants, local tissue macrophages initiate an inflammatory reaction both 
regionally and systemically that responds to the adverse stimuli. Cell signaling processes 
will be triggered which will induce osteoclasts to effect periprosthetic bone resorp-
tion (Ingham and Fisher, 2005). The host response can be modulated pharmacologically 
through the systemic use of anti-inflammatory and related agents such as bisphospho-
nates, vitamins, anti-TNF-α/IL-1 agents, and others (Shanbhag, 2006; Schwarz et  al., 
2000a). Anti-inflammatory agents have proved effective for the treatment of osteoly-
sis in animal models. Pentoxifylline, etanercept, and other anti-TNF-α therapies have 
been reported to diminish particle-induced osteolysis in mouse models (Schwarz et al., 
2000a,b; Childs et  al., 2001). Pentoxifylline, a potent oral TNF-α inhibitor, has been 
used in the treatment of peripheral vascular disease. In vitro studies showed that this drug 
reduced the inflammatory response of isolated monocytes from healthy subjects to wear 
particle exposure. However, the effects of pentoxyfylline in patients with osteolysis have 
not been elucidated (Pollice et al., 2001).

Currently, there are no drugs/agents specifically approved for the systemic treat-
ment of wear particle-induced osteolysis and aseptic loosening. Potential systemic thera-
pies to modulate the host response to wear particles can be arbitrarily categorized into 
three potential strategies. The first is bisphosphonate-like agents, which induce osteo-
clast apoptosis by blocking the mevalonate pathway of isoprenoid biosynthesis and 
have been widely used as bone resorption inhibition agents to treat osteoporosis (Bone 
et al., 2004). In addition to inhibiting osteoclastic bone resorption, bisphosphonates can 
stimulate proliferation of human osteoblast-like cells (Im et al., 2004). Bisphosphonates 
also stimulate the formation of osteoblast precursors and mineralized nodules in mouse 
and human bone marrow cultures thereby promoting early osteoblastogenesis (Giuliani 
et al., 1998). Because of the capability of blocking excessive osteoclast activity in osteo-
porosis and their anabolic effect on osteoblasts (Im et  al., 2004; Giuliani et  al., 1998; 
Tsuchimoto et al., 1994; von Knoch, F. et al., 2005), bisphosphonates have been consid-
ered as potential therapeutic agents in the treatment of wear particle-induced osteolysis. 
The results from animal studies have been encouraging. Alendronate inhibited wear par-
ticle-induced osteolysis in rat, canine, and murine models (Schwarz et al., 2000a; Millett 
et al., 2002; Shanbhag et al., 1997). Direct administration of zoledronic acid after surgery 
also suppressed particle-induced osteolysis using the mouse calvarial model (von Knoch, 
M. et al., 2005). Despite promising results in animal models, the clinical effectiveness of 
bisphosphonates in the treatment of patients with osteolysis is limited and contradic-
tive (Maccagno et al., 1994; Ralston et al., 1989; Eggelmeijer et al., 1996). Although it 
is possible that the doses used were inadequate to block osteolysis, or other administra-
tion routes or long-term therapy might be necessary, studies in humans suggest that 
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bisphosphonates may be less effective for the treatment against particle-induced osteoly-
sis than against generalized osteoporosis. In addition to potentially inhibiting osteoclast-
mediated bone resorption associated with particle disease, bisphosphonates have been 
shown to induce pathologic femoral fractures, mandibular lesions, impairment of frac-
ture healing, and other adverse effects (Orozco and Maalouf, 2012). The potential long-
term effects of bisphosphonates on other normal bones (if given for localized osteolysis 
around a joint replacement) have not been adequately investigated either.

The second potential strategy to mitigate osteolysis is to target known pro-inflam-
matory cytokines including TNF-α and IL-1 using medications such as etanercept, inf-
liximab, and others (Maini et  al., 1995; Moreland et  al., 1997), or interfere with the 
RANK/RANKL/nuclear factor kappa B (NF-κB) signaling pathway more down-
stream (Childs et  al., 2002; Dai et  al., 2004; Ulrich-Vinther et  al., 2002). Interference 
with a single cytokine has been successful in animals but not in humans, possibly due to 
the redundancy of the inflammatory cascade. The costs of these agents are also prohibi-
tive. Persistent systemic inhibition of specific inflammatory cytokines or NF-κB results 
in generalized immune deficiency that can lead to opportunistic infections and cancer, 
such as lymphoma. Another novel approach is the delivery of these therapies using gene 
therapy (Wang, H. et al., 2013). However, these treatments should be approached with 
great caution.

Inhibition of mature osteoclast function is another a third therapeutic strategy for 
osteolysis and includes inhibitors for cathepsin K (Bossard et al., 1999; Lark et al., 2002; 
Shakespeare et al., 2003), the osteoclast ATPase proton pump (Visentin et al., 2000), the 
vitronectin receptor (Lark et al., 2001), and src tyrosine kinase and other factors. Bone 
normally undergoes continuous remodeling. The balance between bone resorption and 
formation is responsible for adult skeletal homeostasis (Rodan, 1998). The major con-
cern of sustained systemic usage of these inhibitors is that perturbation of normal bone 
remodeling through continuous osteoclast inhibition may adversely affect the mechanical 
quality of bone (making bone both stiffer and more brittle) and impair fracture healing.

In summary, although the systemic approaches to modulating wear particle-
induced periprosthetic osteolysis have been encouraging in animal studies, the safety, 
efficacy, and cost-effectiveness in humans have not been substantiated. Furthermore, 
it is questionable as to whether systemic treatment of primarily a localized issue is the 
optimal strategy.

Local coatings to enhance osseointegration and mitigate infection
The innate immune system protects the organism from adverse stimuli that can 
potentially lead to injury. However, acute inflammation also initiates a series of events 
leading to repair and reestablishment of homeostasis. Clearly, a balance between 
inflammation and repair must be reached to ensure survival of the organism. Ideally, 
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systems should be developed to abort/modulate acute inflammation, avoid chronic 
inflammation and fibrosis, and initiate the reparative phase concurrently.

Previously, the primary aim of orthopedic implants was to provide simple mechani-
cal stabilization to maintain optimal alignment and function of bone and decrease 
unwanted shear stress after an injury such as a fracture (Carter et al., 1998). The bio-
logical aspects of the implant were a by-product of stable internal/external fixation of 
the device to the surrounding bone and soft tissue. The concept purports that bone 
will “heal by itself ” if appropriately stabilized. However, in the United States, there are 
approximately 600,000 fractures with delayed union and 100,000 cases of nonunion 
each year (Bishop et al., 2012). Cementless joint replacements do not always osseoin-
tegrate with the surrounding bone, which may cause implant migration and loosening 
(Aro et al., 2012). Furthermore, spinal fusion is not always a certainty (Raizman et al., 
2009). Recently, biologic coatings have been incorporated into orthopedic implants 
in order to modulate the surrounding biological milieu. The mechanical and biologi-
cal aspects of bone healing are closely interrelated and ultimately determine the final 
clinical outcome. The dilemma is how to modulate the biological environment of the 
implant bed to help ensure a more robust bone healing response. Although systemic 
pharmacological or biological treatments to accomplish this goal have been consid-
ered, local strategies have many advantages including local targeted anatomic delivery 
of specific biologics to the injury site, low overall dosage requirements, and mitigation 
of potentially serious systemic adverse effects. Local modulation of orthopedic implants 
involves two tasks: to improve implant osseointegration for joint replacement and to 
mitigate local infection.

Calcium phosphate-like materials coating
Bone is a composite structure composed of cells, protein (mainly collagen and other 
signaling proteins), and inorganic mineral. The mineral portion of bone constitutes 
about 50% of its weight and is mainly composed of carbonated HA. HA is chemically 
similar to the apatite of the host’s bone and is a source of calcium and phosphate to 
the healing interface (Geesink et al., 1988). Coating the surface with HA can improve 
osseointegration of a cementless metallic prosthesis (de Groot et  al., 1987; Geesink 
et al., 1987). Sintered HA can form tight bonds with living bone with little degrada-
tion of the HA layer (Ducheyne et al., 1990, 1980). However, suboptimal fatigue prop-
erties of sintered HA have led to the development of thinner coatings (∼30–100 µm) 
for application to a titanium implant substrate via plasma spraying. Other techniques 
of HA coating include sputtering, pulse layer deposition, and electrostatic multilayer 
assemblies fabricated using the layer-by-layer technique (He et  al., 2012). The shear 
strength of HA plasma-sprayed titanium alloy implants in animal models is similar 
to the shear strength of cortical bone (Geesink et  al., 1988). Osteoblasts form oste-
oid directly on the HA surface coating, suggesting that the bone–implant interface is 
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bonded both chemically and biologically to the HA. Traditionally, HA coatings have 
been thought of as osteoconductive. However, calcium phosphate biomaterials with 
certain three-dimensional geometries have been shown to bind endogenous bone 
morphogenetic proteins (BMPs), and therefore some have designated these materials as 
osteoinductive (LeGeros, 2002).

HA coatings have been shown to enhance new bone formation on an implant sur-
face with a line-to-line fit, and in situations where there are gaps of 1–2 mm. In canine 
studies, new bone formation was found even at distances of 400 µm from the HA  
surface, suggesting a gradient effect on the osteoconductive properties of HA (Soballe, 
1993). Furthermore, the presence of an HA coating prevents the formation of fibrous 
tissue that would normally result due to micromovements of an uncoated titanium 
implant (Soballe et al., 1993).

The two main methods of bio-resorption of HA coatings include one that is solu-
tion mediated (dissolution) and another that is cell mediated via phagocytosis (Jarcho, 
1981; Sun et al., 2002). The HA coatings undergo variable resorption which is dictated 
by numerous chemical, biological, and mechanical factors including the composition 
and physicochemical properties of the coating, the anatomical location, and whether 
micromotion is present at the interface with bone (Soballe et al., 1999). Increased crys-
tallinity appears to slow resorption of HA and decrease bone ingrowth (Overgaard 
et al., 1999). Mechanical instability hastens HA dissolution (Soballe, 1993).

HA coatings not only enhance osseointegration but function to seal the inter-
face from wear particles and macrophage-associated periprosthetic osteolysis (Rahbek 
et  al., 2001; Geesink, 2002). Studies of total hip replacements have shown improved 
fixation with a decrease in radiolucencies around HA-coated titanium alloy femoral 
components (Reikeras and Gunderson, 2003; Chambers et al., 2007), although others 
have shown no differences between coated and uncoated implants (Lee and Lee, 2007; 
Lombardi et al., 2006). A recent systematic review of randomized controlled trials of 
porous-coated femoral components with or without HA coating in primary cement-
less total hip replacement demonstrated no benefit of the HA coating (Goosen et al., 
2009). However, reports of adverse events associated with HA coatings, which may 
fragment, migrate, and even cause increased polyethylene wear secondary to third body 
abrasive wear, have been reported (Bauer, 1995; Bloebaum et al., 1994; Morscher et al., 
1998; Stilling et  al., 2009). Many of these adverse events were found with first gen-
eration thicker HA coatings and may be less relevant to current implants with thinner 
more uniform HA coatings.

Recently, HA coatings have been used as a method for delivery of growth factors, 
bioactive molecules, and DNA (He et al., 2012; Choi and Murphy, 2010; Saran et al., 
2011). For example, HA coatings augmented with BMP-7 placed on segmental femoral 
diaphyseal replacement prostheses improved bone ingrowth in a canine extra-cortical 
bone-bridging model. Titanium alloy plasma-sprayed porous HA coatings infiltrated 
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with collagen, recombinant human bone morphogenetic protein (rhBMP-2), and RGD 
peptide improved mesenchymal stem cell (MSC) adhesion, proliferation and differen-
tiation in vitro, and increased bone formation in ectopic muscle and intra-osseous loca-
tions in vivo (He et al., 2012). Another group used HA nanoparticles complexed with 
chitosan into nanoscale nondegradable electrostatic multilayers which were capped 
with a degradable poly(β-amino ester)-based film incorporating physiological amounts 
of rhBMP-2 (Shah et  al., 2012). Plasmid DNA bound to calcium phosphate coatings 
deposited on poly-lactide-co-glycolide was released according to the properties of the 
mineral and solution environment (Choi and Murphy, 2010). These methods of delivery 
of bioactive molecules extend the function of HA as a novel coating to enhance new 
bone formation on orthopedic implants. However, the biologics added to HA must be 
introduced at the appropriate time (some are heat sensitive) and dose, and their release 
kinetics from the HA has to be carefully optimized.

In summary, HA coatings provide an osteoconductive and (arguably) osteoinduc-
tive approach for enhancement of bone formation on orthopedic implants. These bio-
logical properties may be augmented by adding growth factors and other molecules to 
produce a truly osteoinductive platform. Questions related to the necessity and efficacy 
of HA coatings in different anatomic sites, the robustness of HA coatings to withstand 
physiological loads without fragmentation, and problems related to third body wear by 
HA particles limit their more widespread use.

Bisphosphonate coatings
Bisphosphonate coatings have been used to enhance implant fixation and bone 
ingrowth at the implant site. In vitro and in vivo studies have been carried out to deter-
mine the elution characteristics and the effects on the surrounding bone (Bobyn 
et  al., 2005; Tanzer et  al., 2005). Zoledronic acid coating improved bone ingrowth 
in a canine porous-coated implant model; zoledronate grafted onto HA coatings on 
titanium implants in rat condyles demonstrated dose–response effects on periimplant 
bone density (Bobyn et al., 2005; Tanzer et al., 2005; Peter et al., 2005). Using stainless-
steel-coated and -uncoated screws in rat tibias, an N-bisphosphonate, pamidronate, was 
immobilized onto fibrinogen, and N-bisphosphonate, ibandronate, was adsorbed on 
top of this layer. Pullout force (28%) and pullout energy (90%) were increased after 2 
weeks, compared to uncoated screws (Tengvall et al., 2004). A companion study using 
coated screws in rats found that HA improved bone–implant attachment, whereas the 
two bisphosphonate coatings together improved fixation by increasing the amount 
of surrounding bone (Agholme et  al., 2012). A recent study incorporating a rabbit 
intramedullary tibial rod model examined the periimplant bone using histomorpho-
metric methods, push-out mechanical tests, and serum bone turnover markers (Niu 
et  al., 2012). Alendronate and HA improved bone–implant contact, bone mass, and 
bone mineral density around the rod. A composite coating of risedronate and HA had 
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similar effects; however, this combination had a greater effect on bones remote from 
the implant. Long-term observation and careful dosing requirements are necessary to 
determine whether these effects are temporary or more sustained to avoid any adverse 
systemic effects.

Biomolecule coatings
In addition to HA coating, a number of biomolecules have been used to coat the sur-
face of an implant to promote osteoinduction. Large proteins or glycosaminoglycans 
such as collagen and chondroitin sulfate provide a biomimetic coating on the surface of 
an implant that can improve integration (Mathews et al., 2011; Rammelt et al., 2006). 
Growth factors are potential biomolecules for implant coatings due to their ability to 
decrease inflammation, enhance stem cell differentiation, induce blood vessel formation, 
and act as chemoattractants for circulating osteoprogenitors (Crouzier et al., 2009; Liu 
et al., 2005; Macdonald et al., 2011). In addition to using whole protein molecules, small 
peptides may enhance adhesion or bone formation by local osteoblasts (Auernheimer 
et al., 2005; Elmengaard et al., 2005; Wojtowicz et al., 2010). Compared to the use of 
whole proteins, the smaller size peptides potentially allow higher concentration of spe-
cific biological cues to be incorporated into the coating. As an alternative to using pro-
teins or peptides, DNA molecules have been incorporated into implant coatings; these 
molecules can translocate into the cell nucleus to express sequence-specific mRNAs 
which can produce proteins over the course of 1–2 weeks (Dupont et  al., 2012; Ito 
et al., 2005). The major advantage of oligonucleotide delivery is the ability to specifi-
cally regulate intracellular events leading to increased or decreased homologous protein 
production. However, one disadvantage is the instability of such biomolecules in vivo.

In summary, the future of bioactive molecule coating technology will depend on 
the specific structure and function of the molecule to be delivered, the rate of release 
and presentation to cells, the rate of degradation, and of course the host response.

Coatings to mitigate the FBR and infection
Insertion of an implant of any type within the body including bone evokes an inflam-
matory and (usually) limited foreign body reaction (Anderson et  al., 2008). During 
use of an orthopedic implant, wear particles, and other by-products are generated 
from the bearing surfaces of joint replacements, and nonarticulating implant surfaces 
that impinge or fret (e.g., screws in a plate for fracture fixation or spinal stabilization). 
Depending on the anatomic location, the number and characteristics of the wear by-
products and the host’s ability to distribute, isolate, or detoxify the particles, these wear 
by-products may be benign or harmful. A localized foreign body and chronic inflam-
matory reaction may occur, resulting in bone destruction (osteolysis) (Hallab and Jacobs, 
2009). If this process continues without resolution, it will jeopardize the long-term  
stability of the implant.
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Infection is one of the leading causes of failure of joint replacements. Bacterial colo-
nization and biofilm formation on the implanted device may lead to acute and chronic 
infection of the underlying bone and the adjacent soft tissues (Gristina, 1987). Biofilm 
on the implant surface protects the microorganisms from the host immune system and 
antibiotic therapy (Hetrick and Schoenfisch, 2006; Harris and Richards, 2006; Dunne, 
2002; van de Belt et  al., 2001; Danon et  al., 1989), which may lead to persistence of 
infection despite continued aggressive antibiotic treatment. These events can lead to 
delayed bone healing, nonunion of fractures, and implant loosening. Treatment often 
necessitates surgical removal of the device in addition to prolonged courses of antibi-
otic therapy, both systemic and local. Thus orthopedic implant infection is a substantial 
healthcare burden and leads to prolonged patient suffering, and substantial morbidity 
and even mortality.

Orthopedic implants must provide mechanical stability and be biologically accept-
able to the adjacent bone and soft tissue. With regard to integration of orthopedic 
implants, Gristina coined the phrase “race for the surface,” implying that host cells and 
bacteria compete to adhere, replicate, and colonize the implant surface. Ideally, the race 
is won by host cells, which provide a stable interface with implant integration while 
“defending” the implant surface from invading bacteria by vigorous immune compe-
tence (Gristina, 1987).

Orthopedic devices are expected to stimulate host tissue integration and prevent 
microbial adhesion and colonization. However, the balance between these two require-
ments is often challenging. Biomaterial surfaces that facilitate host cell adhesion, 
spreading, and growth are also favorable to microorganisms that share many of the same 
adhesive mechanisms as host cells (Johansson et al., 1997; Fowler et al., 2000). On the 
other hand, surfaces and coatings designed to prevent bacterial colonization and bio-
film formation may not effectively integrate with host tissues. Thus, the challenge is to 
develop new infection-resistant coatings without impairing local host immune compe-
tence or the potential for tissue integration.

Coatings to mitigate infection and the foreign body reaction can be categorized as 
passive or active depending on whether there are antibacterial agents delivered locally. 
Passive coatings, which do not release antibacterial agents to the surrounding tissues, 
may impede bacterial adhesion and kill bacteria upon contact. In contrast, active coat-
ings release preincorporated bactericidal agents such as antibiotics, antiseptics, silver 
ions, and growth factors/chemokines/peptides to down-regulate infection actively.

Passive coatings
Implant surface physiochemical characteristics such as surface roughness and chemistry, 
hydrophilicity, and surface energy, potential, and conductivity play crucial roles in the 
initial bacterial adhesion and subsequent biofilm formation. Modification of these sur-
face properties is a relatively simple and economic way to limit bacterial colonization. 
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Ultraviolet light irradiation can lead to a “spontaneous” increase in wettability on tita-
nium dioxide, which can inhibit bacterial adhesion without compromising the desired 
response of bone-forming cells on a titanium alloy implant (Gallardo-Moreno et  al., 
2009; Yu et  al., 2003). Anti-adhesive surfaces can also be achieved by modifying the 
crystalline structure of the surface oxide layer. The modified crystalline anatase-type 
titanium oxide layer reduces bacterial attachment without affecting cell metabolic 
activity (Del Curto et al., 2005).

In addition, polymer coatings such as the hydrophilic poly(methacrylic acid), 
poly(ethylene oxide), and protein-resistant poly(ethylene glycol) can inhibit adhesion of 
bacteria to a titanium implant (Zhang, F. et al., 2008; Harris et al., 2004; Kaper et al., 2003; 
Kingshott et al., 2003). Although these coatings may impair osteoblast function on the sur-
face of implant, use of bioactive molecules such as sericin and RGD (Arg-Gly-Asp) motif 
with the immobilization technique can restore or improve the impaired cell function.

In summary, passive coatings are preferred as long as their antibacterial ability is 
strong enough to prevent biofilm formation. Unfortunately, the effectiveness of pas-
sive coatings for repelling bacterial adhesion is limited and varies greatly depending on 
the bacterial species (Hetrick and Schoenfisch, 2006). Development of alternatives to 
the traditional surface-modifying preventive approaches is required. Biosurfactants and 
microbial amphiphilic compounds inhibit bacterial adhesion and retard biofilm for-
mation, and are thus potentially useful as a new generation of anti-adhesive and anti-
microbial coatings for medical implants (Rivardo et al., 2009; Rodrigues et al., 2006). 
However, their use has been limited by their relatively high production costs and tech-
nical difficulties of binding them to implant surfaces.

Active coatings

Coatings with antibiotics Systemic prophylactic antibiotics have been adminis-
tered routinely to patients who receive implants to prevent infection. However, sys-
temic antibiotics have relatively low drug concentration at the target site and potential 
toxicity. Thus, local administration of antibiotics around the implant has attracted atten-
tion. Buchholz and Engelbrecht (1970) first incorporated antibiotics into bone cement 
to give local antibiotic prophylaxis in cemented total joint arthroplasty. Antibiotic-
loaded bone cement can decrease the revision, aseptic loosening, and deep infection 
rates of cemented total hip arthroplasties when combined with systemic administration 
(Engesaeter et al., 2003). With the increasing use of cementless implants worldwide, the 
use of antibiotic-loaded bone cement has diminished dramatically, providing a unique 
opportunity for the development of new antibacterial technologies.

Gentamicin, an aminoglycoside antibiotic, has a relatively broad antibacterial 
spectrum and is thermostable. Gentamicin is one of the most widely used antibiot-
ics in antibiotic-loaded cement and antibiotics-loaded coatings on titanium implants  
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(van de Belt et al., 2001; Alt et al., 2006). In addition, cephalothin, carbenicillin, amoxi-
cillin, cefamandol, tobramycin, and vancomycin have been used in coatings on ortho-
pedic implants (Stigter et al., 2004, 2002; Radin et al., 1997).

Calcium phosphate coatings are potential carriers of antibiotics and bioactive mol-
ecules (Gautier et al., 2001, 2000). Antibiotics have been loaded into porous HA coat-
ings on titanium implants. The antibiotic HA coatings exhibit significant improvement 
in infection prophylaxis compared with standard HA coatings in vivo (Alt et al., 2006), 
but there are still many unresolved issues with respect to antibiotic incorporation into 
the HA coating and the release kinetics. The antibiotics cannot be incorporated into 
the calcium phosphate coating during its formation because of the extremely high 
processing temperature such as that encountered in plasma spraying. Moreover, physi-
cal absorption of these drugs onto the surface of calcium phosphates limits the loaded 
amount and release characteristics. Antibiotic loading by a dipping method leads to a 
burst release of the antibiotics that constitutes 80–90% of the antibiotic released from 
the coating within the first 60 min (Radin et al., 1997; Yamamura et al., 1992).

Biodegradable polymers and sol–gel coatings are also utilized for controlled release 
antibiotic-laden coatings on titanium implants. The release of the antibiotics from these 
biodegradable coatings is slower than from HA coatings. The optimized layer-by-layer 
self-assembly coating technique can also significantly slow the release of antibiotics. 
However, the elution kinetics of antibiotics from the coating is still too fast to be clini-
cally acceptable (Radin and Ducheyne, 2007). The ideal antibiotic delivery coating 
method should release antibiotics prophylactically at optimal effective levels (to kill 
bacteria yet spare adjacent normal tissues) for a sufficiently long period of time (per-
haps days to 1–2 weeks) to prevent potential infection and then cease to minimize 
antibiotic resistance. The effects of antibiotics should not interfere with integration of 
the implant with the surrounding tissues (Antoci et al., 2007).

Coatings impregnated with nonantibiotic agents (silver, organic agents, bio-
active molecules, cytokines/chemokines) Due to the risk of antibiotic resistance 
associated with antibiotic-loaded coatings, nonantibiotic agents in the coating become 
attractive alternatives. Among the various dopants, silver is the most well-known agent 
due to its broad antibacterial spectrum (both gram-negative and -positive bacteria), 
inhibition of bacterial adhesion, long-lasting antibacterial effect, being less prone to 
development of resistance, easy and stable administration by a variety of well-estab-
lished techniques such as plasma immersion ion implantation and physical vapor depo-
sition (Ewald et al., 2006; Zhang, W. et al., 2008). Other inorganic antimicrobial agents 
including copper, fluorine, calcium, nitrogen, and zinc have also been studied on tita-
nium implant surfaces. Silver-containing HA coating can effectively inhibit bacterial 
adhesion and growth without compromising the activity of osteoblasts and epithelial 
cells (Ewald et al., 2006; Chen et al., 2006). Silver ions generated by anodization can 
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inhibit bacterial growth effectively. Silver-coated titanium screws can prevent implant-
associated bone infection when anodically polarized (Secinti et  al., 2008; Spadaro 
et  al., 1974). Studies have shown that silver coatings have excellent biocompatibility 
and are less prone to the development of resistance in the host (Percival et al., 2005; 
Bosetti et al., 2002). In vivo studies have shown that silver coatings do not have local 
or systemic adverse effects (Hardes et  al., 2007; Gosheger et  al., 2004). The underly-
ing mechanisms are still unclear. Although silver is very attractive as an antimicrobial 
reagent, further information is needed regarding long-term tissue toxicity and exact 
bactericidal mechanisms.

Several organic bioactive agents such as hyaluronic acid and chitosan possess the 
ability to prevent bacterial adhesion and/or bacterial proliferation and activity (Singla 
and Chawla, 2001) (Chua et  al., 2008). However, one report showed that osteoblast 
adhesion is impaired by the presence of the hyaluronic acid chains (Chua et al., 2008). 
There is still insufficient in vivo evidence indicating that these molecules support osseo-
integration better than, for example, calcium phosphate (Bumgardner et al., 2007).

As stated earlier, macrophages constitute the primary line of innate immune defense 
against most bacterial pathogens in the early stage of infection and play an essential 
role in the late cell mediated immune response. Local injection of activated macro-
phages significantly reduces the mortality of patients with infection (Danon et al., 1989; 
Goldmann et  al., 2004). To attract macrophages to the site of infection, one possible 
strategy is to design a nano-coating system which delivers essential chemoattractant 
proteins such as MCP-1, IL-12, and others to the local site. Li et  al. (2010) demon-
strated that the local application of MCP-1 and IL-12 through nano-coating on intra-
medullary stainless steel Kirschner wires significantly prevented infection. However, 
recruited and activated macrophages can also synthesize and release pro-inflammatory 
cytokines that may lead to further tissue destruction. Additional in vivo studies investi-
gating the optimal release kinetics and time course are required to evaluate these local 
nano-coating systems in the treatment of infection.

Multifunctional coatings Recently, the concept of multiple functionalities for 
surface coating of implants has been explored (Chen et al., 2006; Brohede et al., 2009; 
Bruellhoff et  al., 2010; Muszanska et  al., 2011; Smith et  al., 2012). As stated above, 
osseointegration is very important in the success of orthopedic devices implanted 
within bone. However, biomaterial surfaces that facilitate host cell adhesion, spread-
ing, and growth also favor similar processes by bacteria. Infecting microorganisms 
share many of the same adhesive mechanisms as host tissue cells, such as extracellular 
matrix (ECM) protein Fn (Johansson et al., 1997). This molecule, which is frequently 
used to coat implants to improve the immobilization rate of antibiotics/antimicrobial 
peptides, can also be recognized by staphylococci by its Fn-binding proteins (Fowler 
et  al., 2000). On the other hand, surfaces and coatings designed to inhibit bacterial 
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colonization frequently do not effectively integrate with host tissues. These multi-
functional coatings should be easily applied, efficacious, have optimal temporal and 
dosing release profiles, demonstrate no local and systemic toxicity, not interfere with 
(or possibly even facilitate) adjacent tissue integration and be cost-effective. While no 
one strategy has dominated the marketplace, active ongoing research will undoubtedly 
produce a coating technology that will mitigate the occurrence of commonly found 
implant infections.

Local biologic modulation to wear particles
Interfering with ongoing migration of monocyte/macrophages to the implant site 
by modulating the chemokine–receptor axis
Macrophages phagocytose by-products from implants which stimulate complex sys-
temic, paracrine, and autocrine cell interactions that lead to an inflammatory reaction. 
These events are mediated by pro-inflammatory factors released locally into the adja-
cent tissues (Jacobs et  al., 2008; Tuan et  al., 2008) and can lead to bone resorption 
(osteolysis) (Bauer, 2002; Sabokbar et al., 1998). Wear debris also interfere with mesen-
chymal cell proliferation, differentiation, and function (Wang et al., 2002; Chiu et al., 
2006, 2007). With regard to implants, these events disturb the homeostatic balance 
between bone formation and degradation. By-products of implant wear inhibit osseo-
integration leading to implant micromotion and prosthesis loosening.

MCP-1 (human gene 17q11.2) belongs to the g-chemokine subfamily (C-C che-
mokines) and is an immediate early stress-responsive factor (Goodman et  al., 2005). 
Once released in the bloodstream, MCP-1 binds its receptors (G-protein-coupled 
receptors) CCR2A and CCR2B (human gene ID 1231), with preference for CCR2B 
expressed by monocytes and activated natural killer (NK) lymphocyte cells (Deshmane 
et  al., 2009; Proudfoot et  al., 2000). Huang et  al. (2010) in vitro challenged murine 
macrophages (RAW 264.7) with clinically relevant polymer particles (PMMA and 
UHMWPE) and demonstrated that MCP-1 was released at fourfold higher than the 
level of constitutional secretion. In addition, the conditioned media-induced che-
motaxis of human macrophages (THP-1) and MSCs; this chemotactic effect could 
be blocked with MCP-1 neutralizing antibody. Other studies showed similar results 
using human macrophages or fibroblasts exposed to titanium and PMMA particles 
(Nakashima et al., 1999a; Yaszay et al., 2001). High levels of MCP-1 and MIP-1α (also 
called CCL3) were found after exposure to particles and the chemotactic activity of 
cells could be blocked by neutralizing antibodies to MCP-1 or MIP-1α antibody. The 
chemotactic activity and subsequent activation of macrophages can be interrupted by 
using mutant MCP-1 protein called 7ND which lacks the N-terminal amino acids 2 
through 8 in the sequence (Yao et al., 2013; Keeney et al., 2013). The effect of che-
mokines released from cells appears to be dependent on the particle type (Nakashima 
et al., 1999a; Huang et al., 2010; Yaszay et al., 2001).
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Ren et al. (2011, 2008, 2010) injected macrophages labeled by bioluminescent opti-
cal reporter genes into the tail vein of mice and showed systemic trafficking of these 
cells to the femoral shaft where PMMA or UHMWPE particles were injected. Using 
similar techniques, Gibon et al. (2012a,b) demonstrated systemic interference with the 
MCP-1-CCR-2 ligand–receptor axis by injection of an MCP-1 receptor antagonist 
(acting on the CCR2B receptor), which decreased trafficking of exogenously injected 
macrophages and osteolysis associated with local polyethylene particle infusion. This 
indicated that the MCP-1-CCR2 ligand–receptor axis is strongly involved in particle-
induced periprosthetic osteolysis. Furthermore, systemic trafficking of MSCs in the 
presence of UHMWPE particles was inhibited by the interruption of the MIP-1α-
CCR1 ligand–receptor axis (Gibon et al., 2012a). These data suggest that strategies that 
interfere with cell migration/recruitment may provide a potential method for modulat-
ing the inflammatory reaction to orthopedic implants and their by-products. Indeed, the 
concept of local anti-MCP-1 therapy has already been successfully employed in drug-
eluting coronary stents (Schepers et al., 2006; Ohtani et al., 2004; Kitamoto et al., 2003; 
Egashira et al., 2007; Kitamoto and Egashira, 2002; Nakano et al., 2007).

Altering the functional activities of local macrophages by  
targeting macrophage polarization
Concept of macrophage activation and polarization
Macrophages are highly heterogeneous and display remarkable plasticity and can rapidly 
change their function in response to local microenvironmental signals. This plasticity 
makes macrophages key regulators of inflammation, immunity, and tissue regeneration; 
modulation of macrophage activation state is an attractive target for a wide variety of 
therapeutic intervention (Galli et al., 2011; Ma et al., 2003; Murray and Wynn, 2011). 
Unlike T-cells, which undergo extensive epigenetic modification during differentiation, 
macrophages seem to retain their plasticity and respond to environmental signals (Stout 
et al., 2005).

Currently, macrophage activation is best understood in the framework known as 
macrophage polarization (Murray and Wynn, 2011; Martinez et al., 2008; Mosser and 
Edwards, 2008). Mirroring the well-known polarization of the T helper (Th) lym-
phocytes (Mosmann et al., 1986), the macrophage polarization paradigm dictates that 
in response to Th1 or Th2 cell-derived cytokines, macrophages assume two distinct 
phenotypes known as M1 and M2, or “classically” and “alternatively” activated mac-
rophages. Although macrophage plasticity probably represents more of a continuum of 
macrophage polarization states rather than the strict dichotomy suggested by the origi-
nal macrophage polarization model, this paradigm is still a useful framework for sim-
plifying complex, poorly understood macrophage characteristics (Martinez et al., 2008; 
Mosser and Edwards, 2008; Geissmann et  al., 2010). See Chapter  6 for more details 
regarding macrophage phenotypes and factors that affect macrophage phenotypes.
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Residual mature macrophages are contained throughout the body and are respon-
sible for the removal of apoptotic cells, participate to the regulation of tissue homeo-
stasis, and perform various tissue-specific functions (Murray and Wynn, 2011). M1 
pro-inflammatory macrophages are induced upon exposure to Th1 cytokines such 
as IFN-γ secreted by NK or Th1 cells, and other activators, including TNF or TLR 
ligands, such as LPS (Ma et  al., 2003; Mosser and Edwards, 2008). In addition, mac-
rophage polarization induced by Th2 cytokines such as IL-4 and IL-13 become anti-
inflammatory pro-healing/repair M2 macrophages (Martinez et al., 2009; Gordon and 
Taylor, 2005).

In classical M1 macrophage activation, IFN-γ binds to an IFN-γ receptor, which 
then signals via intermediary molecules to induce the transcription of M1-related genes 
(Schroder et  al., 2004; Lawrence and Natoli, 2011; Liu and Yang, 2013). In addition, 
danger signal molecules (DAMPs), released from invading pathogens or damaged cells 
or ECM, can be recognized by certain TLRs, leading to NF-κB activation and to pro-
duction of type I interferon and other pro-inflammatory factors (Akira and Takeda, 
2004; Kawai and Akira, 2010). This activation pathway can act in an auto- and para-
crine manner, and can partially substitute for IFN-γ in inducing the M1 phenotype 
(Mosser and Edwards, 2008). In this M1 macrophage activation process, IFN-γ usually 
acts synergistically with TNF. Other cytokines, such as IL-1β and granulocyte macro-
phage colony-stimulating factor (GM-CSF), also play a role as modulators of macro-
phage activation. After activated by Th1 cells/cytokines, M1 macrophages become 
effector cells in cell-mediated immunity and in the Th1 cell responses, e.g., with greatly 
enhanced capability to kill intracellular microbes/pathogens (Galli et al., 2011; Ma et al., 
2003; Murray and Wynn, 2011; Martinez et al., 2008; Mosser and Edwards, 2008). M1 
activation is further characterized by production of high levels of IL-12 that supports 
a developing Th1 response; production of other pro-inflammatory cytokines (TNF-α, 
IL-1β, IL-6, and IL-23); inhibition of anti-inflammatory cytokine production; and pro-
duction of inflammatory chemokines (CCL2, CCL3, CCL4, IL-8, CXCL9, CXCL10, 
and CXCL11) that recruit neutrophils, monocytes, and activated Th1 lymphocytes 
(Martinez et  al., 2008). Thus, M1 macrophages are important components of host 
defense, but their activation can’t go unregulated as this can lead to host–tissue damage 
and autoimmune diseases (Zhang and Mosser, 2008; Szekanecz and Koch, 2007).

In the presence of Th2 cell cytokines, e.g., IL-4 or IL-13, M0 or M1 macrophages 
can be activated in an alternative way, and switch to the M2 phenotype (Lawrence 
and Natoli, 2011; Liu and Yang, 2013; Ricote et  al., 1998; Pascual et  al., 2005). The 
IL-4 receptor also uses other less well-characterized signaling pathways that lead to 
activation of the peroxisome proliferator-activated receptor-γ (PPAR-γ) and phos-
phoinositide 3-kinase, that have a direct effect on the transcription of M2-related 
genes. PPAR-γ also exerts a direct suppressive effect on the production of inflam-
matory cytokines mediated by STAT1, activator protein-1 (AP-1) and NF-κB. These 
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alternatively activated macrophages are a functionally heterogeneous group of cells 
including M2a, M2b (combination with TLR stimulus), and M2c (stimulated with 
IL-10, TGF-β, or glucocorticoids) that participate in a wide range of physiological and 
pathological processes such as Th2-polarized responses, allergy, parasite immunity, tis-
sue healing, homoeostasis, and fibrosis (Martinez et al., 2009; Gordon and Taylor, 2005). 
The latter two alternative M2 macrophage phenotypes are distinguished by a lack of 
ECM production and high levels of IL-10 production; they are primarily considered to 
perform immunosuppressive or modulatory functions (Martinez et al., 2008).

Modulation of macrophage polarization to mitigate wear particle-induced osteolysis
Orthopedic implant-derived wear particles have been shown to cause macrophage 
activation and inflammation in vitro and in vivo (Ren et al., 2011, 2008, 2010; Ingham 
and Fisher, 2005; Nich et  al., 2013). This macrophage dominated infiltrate is com-
posed primarily of the M1 pro-inflammatory phenotype (Tuan et al., 2008; Martinez 
et al., 2008). M1 macrophages can be transformed into the M2 phenotype by expo-
sure to IL-4 (Martinez et al., 2008; Mosser and Edwards, 2008; Mantovani et al., 2004; 
Mantovani, 2008; Ho and Sly, 2009). As described earlier, M2 macrophages down-reg-
ulate pro-inflammatory mediators and provide signals for tissue repair and neovascu-
larization (Martinez et al., 2008; Lolmede et al., 2009). Thus, sequential modulation of 
macrophage polarization favoring the M2 rather than the M1 phenotype is a feasible 
strategy to reduce chronic inflammation near the implant, improve bone apposition, 
and decrease wear particle-induced bone loss.

Trindade et  al. (1999b) showed the anti-inflammatory effects of IL-4 treatment 
on PMMA particle-induced cytokine release by macrophages (TNF-α, IL-1β, and 
GM-CSF); this inhibitory effect was dose-dependent. Other studies showed similar 
suppressive effect of IL-4 using human peripheral blood monocytes stimulated with 
titanium alloy (Ti) wear particles (Im and Han, 2001). Pajarinen et al. (2013) showed 
that, in comparison to M0 macrophages, the overall chemotactic and inflamma-
tory responses to Ti particles were greatly enhanced upon challenge of M1 macro-
phages but effectively suppressed when M2 macrophages were challenged. The mode 
in which macrophages responded to particle stimuli was dependent on the polariza-
tion status of the macrophages; induction of M2 polarization might limit particle-
induced macrophage activation (Pajarinen et  al., 2013). Rao et  al. (2012) found that 
IL-4 administration after PMMA particle challenge was sufficient to reduce particle-
induced TNF-α production in mouse bone-marrow-derived macrophages. Antonios 
et  al. (2013) reported that these effects were more prominent if IL-4 was applied to 
the cells before, rather than concurrently with the PMMA stimulus; the production of 
the anti-inflammatory cytokine IL-1 receptor antagonist (IL-1Ra) was highest if mac-
rophages had first passed from the M0 to the M1 state before being further polarized 
into an M2 phenotype.
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Using a mouse calvarial model of particle-induced osteolysis, Rao et  al. (2013) 
observed that daily IL-4 injections to the subcutaneous bursa overlying the calvaria 
significantly reduced polyethylene particle-induced osteolysis. In addition, prior IL-4 
treatment reduced particle-induced TNF-α and RANKL production from calvar-
ial samples cultured ex vivo. Increased M1 to M2 ratio was observed in polyethylene 
particle-treated group while in IL-4 treatment returned this ratio to that of nega-
tive controls. Thus, IL-4 treatment reduced particle-induced osteolysis by modulat-
ing macrophage activation from M1 toward M2-like macrophage phenotype. Using 
the murine air pouch model of polyethylene particle-induced osteolysis, Wang, Y. et al. 
(2013) observed that daily IL-4 or IL-13 injections reduced particle-induced bone 
collagen loss and the bone surface area covered by tartrate-resistant acid phosphatase 
(TRAP)-positive osteoclasts. A corresponding reduction in the production of RANKL 
and TRAP and increase in OPG production was observed in IL-4-treated groups. 
Interestingly, these effects were more pronounced if both IL-4 and IL-13 were admin-
istered rather than IL-4 or IL-13 alone.

Several studies reported that the inflammatory responses to wear particles were 
exacerbated if macrophages had first been polarized into M1 macrophages (Pajarinen 
et  al., 2013; Trindade et  al., 1999a). Pretreatment of IFN-α enhanced the produc-
tion of TNF-α and IL-6 from human monocytes stimulated with PMMA particles 
(Trindade et al., 1999a). These observations raise some interesting points. It is tempting 
to speculate that chronic, low-grade inflammation in other anatomic locations caused 
by atherosclerosis, metabolic syndrome, periodontitis, or other conditions might pre-
determine the systemic M1–M2 balance of macrophages and thus the mode that local 
macrophages react to wear particles. These other conditions may impact the suscepti-
bility of an individual to develop aseptic osteolysis. Future studies should explore the 
correlation among individual patient characteristics, macrophage polarization, and the 
reaction to orthopedic implants and their by-products.

Taken together, current in vitro and in vivo studies suggest that macrophage polariza-
tion is an essential factor that determines how macrophages respond to biomaterials; 
local modulation of the macrophage phenotype appears to be a potential means to limit 
biomaterial wear particle-induced inflammation and subsequent osteolysis. However, 
there are still many questions with respect to this paradigm, e.g., there are differences in 
macrophage polarization between mice and humans which may limit direct interspe-
cies translation (Mantovani et al., 2004).

Modulating the production and release of pro-inflammatory factors
Currently, there are no clinically successful nonsurgical treatments for wear particle-
induced periprosthetic osteolysis. Blocking individual pro-inflammatory factors system-
ically or locally has been unsuccessful clinically. These treatments have been downstream 
in the inflammatory cascade and have been directed toward a specific late biological 
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event, such as excessive production of prostaglandins or TNF, or osteoclast function 
(Ren et  al., 2008). The above treatments have been ineffective because there is much 
redundancy in the inflammatory cascade, and both bone formation and resorption are 
adversely affected by wear by-products.

The inflammatory reaction to orthopedic wear debris is mediated primarily by 
the transcription factor NF-κB, a critical signaling molecule in the activation of pro-
inflammatory genes (Ren et al., 2003). NF-κB is highly conserved among species (Xu 
et  al., 2009) and is activated by stress, injury, inflammatory cytokines, reactive oxy-
gen intermediates, microbial by-products, chemical agents, and other noxious stimuli 
(Yamanaka et al., 2011; Kumar et al., 2004). Activation of NF-κB is via two pathways: 
the classical (canonical) pathway that involves inhibitor of κB proteins and the alterna-
tive (noncanonical) pathway that involves proteolytic processing of NF-κB2/p100 REL 
protein. In both pathways, proteins translocate from the cytoplasm into the nucleus to 
regulate the transcription of numerous target genes for pro-inflammatory cytokines, 
chemokines, cell-adhesion molecules, acute phase response proteins, immunoregulatory 
molecules, and transcription factors.

Systemic modulation of NF-κB, or blockade of specific subunits of the NF-κB 
pathway, has been proposed to abrogate particle-induced inflammation and osteolysis 
(Yamanaka et  al., 2011; Ren et  al., 2006, 2004; Cheng and Zhang, 2008; Akisue et  al., 
2002; Peng et al., 2008); however, these interventions are impractical and/or require sys-
temic delivery and possible adverse consequences on other organs. Furthermore, their 
effects on osteoprogenitor cells have not been thoroughly investigated. Thus the trans-
lational potential for these interventions is limited. Local modulation of NF-κB activity 
such as delivery of an NF-κB inhibitor appears to be a potential strategy. The intervention 
is far upstream biologically and therefore will down-regulate numerous pro-inflammatory 
and osteoclastogenic pathways implicated in particle-induced osteolysis.

The NF-κB transactivation process includes nuclear translocation, specific DNA 
binding to the target sequence, and enhancement of target gene transcription. 
Among these, suppression of the DNA-binding ability via decoy oligodeoxynucleo-
tide (ODN) is one of the most potent and specific ways to suppress NF-κB transac-
tivation. ODNs can be used as “decoy” cis-elements to block the binding of nuclear 
factors to promoter regions of targeted genes, resulting in the inhibition of gene acti-
vation (Nakagami et al., 2006). Decoy ODNs are short synthesized duplex DNAs that 
mimic the transcription response element and can specifically suppress transcription 
factor activity via competitive binding with endogenous protein (Osako et al., 2012). 
Synthetic NF-κB decoy ODNs are readily incorporated into monocyte/macrophage 
lineage cells and appear to leave stromal and osteoblast cell function intact (Shimizu 
et  al., 2009). In vitro and in vivo studies have shown that local application of ODNs 
can prevent bone loss and promote tissue healing in diseases such as periodonti-
tis and rheumatoid arthritis (Shimizu et  al., 2009; Tomita, T. et  al., 2000). Thus, local 
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application of NF-κB decoy ODNs provides a clear opportunity to mitigate particle-
induced inflammation and osteolysis. This intervention could potentially decrease pro-
inflammatory factor production by monocyte/macrophage lineage cells, and decrease 
osteoclast-mediated osteolysis.

Application of decoy ODNs has been shown to prevent NF-κB transactivation of 
pro-inflammatory cytokine genes in primary cultured macrophage (Dinh et al., 2011). 
In addition, NF-κB decoy ODNs have been investigated for the treatment of periodon-
titis, inflammatory arthritis, chronic obstructive pulmonary disease and cardiovascular 
disease, etc. (Greenfield et al., 2005; Shimizu et al., 2009; Tomita, N. et al., 2000; Desmet 
et al., 2004; Egashira et al., 2008).

Anatomically, wear particle-induced osteolysis is generally a confined disease so that 
local treatment such as local treatment of NF-κB decoy ODN could be an ideal way to 
minimize potential adverse effects on the normal host immune system (de Poorter et al., 
2005). However, in order to optimize the strategy, the delivery route, timing and dosage, 
as well as potential toxicity must be considered carefully. In addition, since the NF-κB 
decoy ODN intervention is far upstream, blocking the activity in a confined microen-
vironment may also suppress other NF-κB-dependent pathways, especially the protec-
tive effects on osteolysis. The type I collagen in osteoprogenitor cells and IL-10 secreted 
by MSCs are both targeted by NF-κB (Ollivere et al., 2012; Shi et al., 2010; Cao et al., 
2006). In addition, suppression of NF-κB activity may unexpectedly enhance cyto-
kine expression owing to enhanced AP-1 transactivation (Stein et  al., 1993) or block 
the negative feedback regulator, TNF-α-induced protein 3 (Lee et  al., 2000). Further 
preclinical studies are necessary to establish the efficacy and safety of local delivery of 
NF-κB decoy ODN for the treatment of periprosthetic osteolysis.

SUMMARY AND FUTURE DIRECTIONS

Biomaterials implanted in the body for orthopedic applications assume a specific func-
tional role that is determined by the surgical procedure, the characteristics of the host 
and the physical–chemical properties of the biomaterial, and any by-products. Despite 
exhaustive preclinical studies, the intended use and outcome of the implanted bioma-
terial may not be realized. The acute inflammatory reaction that always accompanies 
the surgical procedure may potentially alter the features of the implant, its function, 
or performance in vivo. More recently, the so-called minimally invasive surgical proce-
dures have been explored to mitigate the accompanying tissue destruction and inflam-
matory reaction that may occur with more extensive surgical exposures and tissue 
dissections. Indeed, chronic inflammation and fibrosis may encapsulate the biomaterial, 
isolating it and inadvertently altering its ultimate purpose or performance.

With regard to orthopedic implants, acute infection is virtually impossible to erad-
icate without removal of the device and aggressive debridement and systemic/local 
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antibiotics. Low-grade chronic infection is often unsuspected and harder to diagnose. 
The acidic conditions that accompany infection alter the local microenvironment and 
are generally less conducive to normal cellular function.

How can one help ensure that an orthopedic device implanted in the body pro-
duces its intended purpose without adverse consequences? First, careful meticulous 
preoperative planning will suggest the use of a specific device and surgical technique 
to obtain a particular realizable goal for the appropriate patient. Immunocompromised 
patient scenarios such as inflammatory arthritis, diabetes, cancer, and other diagnoses 
may suggest alternative medical strategies or surgical techniques, such as the use of 
specific prophylactic antibiotics. Gentle handling of the tissues will limit tissue necrosis 
and subsequent inflammation. Avoidance of specific medications (such as nonsteroi-
dal anti-inflammatory medications which interfere with bone healing) may be indi-
cated. More recently, systemic and/or local modulation of the inflammatory response 
or intended biological reaction has been suggested and explored. The choice of specific 
materials, geometries, topologies, etc. can determine the biological and clinical fate of 
the device. For example, the recent use of porous metals with roughened surfaces has 
enhanced initial implant stability in revision joint replacements with compromised 
bone stock, thus providing a more favorable biological environment for enhanced 
bone ingrowth. Implant coatings and drug delivery devices to prevent infection or 
alter the local biological milieu are currently being investigated. These combination 
products have great potential to modulate the biological processes leading to incorpo-
ration of the device. For example, local elution of antibiotics can potentially be com-
bined with an osteoconductive implant coating such as HA to both prevent infection 
and facilitate implant osseointegration. These and other strategies need rigorous pre-
clinical testing prior to limited clinical trials in order to determine safety and efficacy. 
If successful, these enhancements may further improve the outcome and longevity of 
orthopedic implants.
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INTRODUCTION

The overall aim of this chapter is to provide the reader with a perspective on the uses of 
biomaterials in the treatment of pelvic floor disorders. Specifically, this chapter will focus 
on the structure and function of the female pelvic floor, discuss several common pelvic 
floor disorders for which biomaterials are currently utilized, and the host response to 
biomaterials used in this anatomic site. While the concept of using biomaterials in pelvic 
floor reconstruction is far from novel, their use in this anatomic location has become 
an area of intense interest in recent decades. Despite the tremendous increase in use of 
materials to address pelvic floor dysfunction, many products have been met with contro-
versy due to poor efficacy or relatively high complication rates. As such, there is a clear 
need to reevaluate and understand both the materials that are being used along with the 
host response to these materials. In addition, the effect of these variables and the overall 
function that these devices are expected to perform must be further understood.

In order to provide a complete understanding of biomaterial use in the pelvic floor, 
we first discuss the anatomy of the pelvic floor. By examining the gross and functional 
anatomy, we hope to provide insight into both the shortcomings and successes of cur-
rent biomaterials, while examining effective uses for biomaterials under the constraints 
of this anatomy. Please note that this text will not provide an all-inclusive look at the 
pelvic floor, but rather focuses on providing the reader with sufficient anatomic back-
ground to understand our current knowledge of native pelvic floor support. Following 
this, we will discuss various pathologies that have become the focus for repair using 
biomaterials, again addressing anatomical features, the intended function of grafts 
under these conditions, and the effect of the host response upon outcome. Finally, we 
will examine the factors of biomaterials that influence the host response and discuss 
various challenges that must be considered for biomaterial use in the pelvic floor.

PELVIC FLOOR ANATOMY

The pelvic floor is a highly complex, interdependent network of soft tissue and bony struc-
tures that provide support to the vagina. In turn, the vagina provides support to a num-
ber of other pelvic organs. While this text will primarily focus on the nulliparous anatomy 
and changes relative to this reference, it should be noted that the anatomy of the pelvic 
floor is subject to change throughout a woman’s lifetime. For instance, the positioning and 
composition of the vagina are likely altered during and after childbirth, though in many 
women these changes do not result in dysfunction. As such, the concepts and requirements 
of surgical reconstruction may be relative to the reference configuration that is considered.

Bony pelvis
In general, the viscera of the pelvic floor are contained within the bony pelvis, which 
serves as the base of attachment for much of the musculature and connective tissues 
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that support the pelvic viscera. Points of articulation and their three-dimensional (3D) 
positioning appear to play a critical role for pelvic floor support and function, as skel-
etal abnormalities are highly associated with pelvic floor disorders. For instance, nearly 
100% of women with a wide transverse outlet, short anterior–posterior diameter, and 
absent pubic symphysis develop pelvic organ prolapse (POP) (Muir et al., 2004). While 
dysfunction may be expected in such a dramatically altered pelvis, even subtle changes 
in pelvic diameter carry an increased risk for developing prolapse (Bent et al., 2008).

Outlining the pelvic cavity, the bony pelvis is comprised of the coxal bones (also 
known as the hip bones), sacrum, and coccyx. Each coxal bone is the fusion of three 
bones, with the ilium superiorly, the ischium inferiorly and posteriorly, and the pubis 
inferiorly and anteriorly. The two inferior bones form the acetabulum, which articu-
lates with the head of the femur. In addition, the two coxal bones articulate anteriorly 
at the pubic symphysis, a cartilaginous joint at the pelvic midline. Finally, the sacrum 
consists of five fused vertebral bones that articulate bilaterally with the posterior ilium 
at the sacroiliac joint and inferiorly to the coccyx. When standing, the superior inlet 
plane of the normal female pelvis is approximately 60–65° from the horizontal plane 
(Bent et al., 2008). Points of attachment on these structures will be highlighted as nec-
essary and can be found in Figure 13.1.

Sacrum

Ischium

Mid-sagittal view

Llium

Pubis

Pubic
symphysis

Figure 13.1 A midsagittal cross section of the bony pelvis. The bony pelvis is comprised of coxal 
bones, sacrum, and coccyx with various ligaments connecting these bones, providing a stable out-
line for the pelvic organs. The coxal bone is formed by the fusion of the ilium, ischium, and pubis 
bones. The paired coxal bones articulate anteriorly and the pubic symphysis and posteriorly to the 
sacrum.
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Musculature
While the superior outlet of the bony pelvis is open to the abdominal cavity, inferi-
orly it is largely closed by the pelvic floor musculature. Anteriorly is a group of skel-
etal muscles, including the obturator internus, that originate from the pubic ramus 
and function to stabilize and rotate the femur (Figure 13.2). Posteriorly, the perfor-
mis muscles originate on the anterior sacrum, through the greater sciatic notch and 
act to externally rotate the thigh. Inferiorly is a group of muscles referred to as the 
pelvic diaphragm. The pelvic diaphragm consists of the levator ani muscles, coccygeus 
muscles, and fascia (Figure 13.2). Often the pelvic diaphragm is described as a “ham-
mock-like” or “U-shaped” structure stretched between the pubis and coccyx with 
attachments along the lateral walls of the bony pelvis (Bent et  al., 2008; Walters and 
Karram, 1993). The area contained within this U-shaped region is referred to as the 
urogenital hiatus and contains the urethra, vagina, and rectum (Figure 13.2). The leva-
tor ani fan out with broad attachments and create the posterior and lateral pelvic floor. 
Given the broad, fanning organization of the levator ani, this muscle is further divided 
into three parts according to their points of attachment. From medial to lateral, the 
components of the levator ani are the puborectalis, pubococcygeus, and iliococcygeus.

Pubic
symphysis

Arcus tendineus
fascia pelvis

Urethra

Vagina

Rectum

Puborectalis

Pubococcygeus

Lliococcygeus

Levator ani

Obturator
internus

Arcus tendineus
levator ani

Periformis

Figure 13.2 Superior view of the pelvic floor musculature. The muscles of the pelvic floor close the 
inferior aspect of the pelvis while providing support to various organs and stabilizing several bones 
including the femur and bony pelvis. These muscles also create a U-shaped cavity known as the uro-
genital hiatus, which contains the urethra, vagina, and rectum.
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In many texts, the pelvic diaphragm is portrayed as a simple hammock structure 
lying in the horizontal plane that closes the inferior pelvic floor and provides a rest-
ing surface for the pelvic viscera. Specifically, Bent et al. (2008) state that the contrac-
tion of the pelvic diaphragm provides a horizontal plate on which the pelvic organs 
lie. However, given the horizontal offset of the bony pelvis and the basal tone of these 
muscles, their function appears more complex. Indeed, Bent et al. and others acknowl-
edge that the resting tone of the pelvic floor muscles pull the distal vagina toward 
the pubic symphysis. A more representative orientation of the pelvic diaphragm can 
be observed upon magnetic resonance imaging (MRI) segmentation of the pelvic 
floor muscles. In our research center, we have observed that that these muscles have 
a noticeable horizontal offset, approaching the vertical plane, placing the musculature 
in a position to actively pull the pelvic viscera anteriorly toward the pubic symphysis. 
As such, the pelvic floor musculature appears to be a vital component in positioning 
the organs in this space. Increased vertical positioning of the pelvic diaphragm is also 
consistent with the observation of the change in vaginal orientation along its length. 
It is well known that the vagina does not form a straight line from the introitus to the 
sacrum, but rather the distal vagina is pulled anteriorly, while the proximal vagina is 
directed toward the sacrum more in line with the horizontal axis. The change in angle 
between proximal and distal vaginal axes is common in normal pelvic floor anatomy. 
As such, weakening of these muscles or defects in these structures may result in more 
posterior placement of the vagina, and alter the angle between the proximal and distal 
vagina. This change would then affect the positioning of other pelvic viscera, poten-
tially placing them in a less optimal position, directly over the vaginal introitus. While 
this hypothetical scenario may or may not be related to pelvic floor disorders, this 
example readily demonstrates the integral behavior of pelvic floor structures and the 
impact of this musculature on viscera positioning.

Connective tissue
One of the primary components of pelvic floor support is connective tissues, typically 
arising from the fascia which covers the musculature and viscera. The connective tissue 
of the pelvic floor is a continuous, intricate web that covers and mechanically supports 
the vagina and the pelvic organs. These connective tissues suspend the organs of the 
pelvic floor through attachments to the pelvic sidewall. This support system is quite 
complex, as the composition, thickness, and strength of the connective tissues vary sig-
nificantly based on their location.

In order to improve our understanding of the connective tissue support of the pel-
vic floor, DeLancey (1994) introduced a level-based system that conceptually divides 
connective tissue support based on location of attachment. This popular approach con-
siders three levels of support for the pelvis with levels I, II, and III representing support 
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for the proximal, middle, and distal portions of the vagina respectively (Figure 13.3). 
Level I structures consist of the cardinal and uterosacral ligaments and provide support 
to the uterus and upper vagina. It should be noted that these structures are quite dis-
similar from other ligamentous structures throughout the body. As opposed to the 
dense, fibrous bundles that connect bones and consist primarily of collagen I, the 
ligaments of the pelvic floor are complex connective tissue structures that envelope 
neurovascular structures and attach the vagina to the bony pelvis. The composition of 
the uterosacral ligament varies along its length, ranging from fat and loose connective 
tissue at its attachment to the sacrum, to dense connective tissue in the midregion, to 
predominately muscle at the cervical attachment. The primary structural protein of the 
uterosacral ligament is collagen III, providing a combination of flexibility and strength 
(Gabriel et al., 2005). The paired uterosacral ligaments direct the vagina superiorly and 
posteriorly, providing support to the cervix and upper vagina (DeLancey, 1994). In its 
course to the sacrum, the uterosacral ligament fans out and attaches at sacral segments 
ranging from S1 to S4. Lateral stability of the vagina is maintained by the cardinal 

Ischial spine and
sacrospinous
ligament

Levator ani

Pubocervical fasia
rectovaginal fascia

Figure 13.3 Connective tissue support of the pelvic floor is commonly divided into three distinct 
levels described by DeLancey. The proximal, middle, and distal aspects of the vagina are supported 
by levels I (uterosacral ligaments), II (paravaginal attachments), and III (perineal body), respectively. 
Reprinted with permission from DeLancey (1994).
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ligaments, which also insert along the paracervical ring, combining with the urterosac-
ral ligaments. The cardinal ligaments also have a fan-like appearance, extending along 
to proximal third of the vagina and running laterally with broad attachments to the 
pelvic sidewall. Level II support provides additional lateral stabilization of the vagina. 
Level II consists of anterior and posterior portions of the endopelvic fascia, a loose 
connective tissue extending from the midvagina to the pelvic sidewall inserting into 
the acrus tendineous fascia pelvis. Finally, level III support arises from the fusion of 
the endopelvic fascia at the pubic symphysis (anterior) and perineal body (posterior) 
(Figure 13.3).

Additional connective tissue structures in the pelvic floor include the arcus tendin-
eus levator ani and arcus tendineus fascia pelvis (ATFP), which are lateral condensa-
tions of fascia with increased collagen content and organization relative to neighboring 
endopelvic fascia (Bent et  al., 2008) (Figure 13.2). The arcus tendineus levator ani 
inserts at the pubic rami anteriorly and runs posteriorly to the ischial spine, provid-
ing an anchor for the pubococcygeus and iliococcygeus muscles of the levator ani. 
Running parallel to the arcus tendineus lavator ani, the ATFP inserts at the pubic rami, 
just anterior to the arcus tendineus lavator ani and inserts posteriorly at the ischial 
spine. The ATFP is formed from the condensation of the parietal fascias, overlying the 
obturator internus and levator ani, and serves as the lateral attachment for the vagina 
anchoring the anterior vagina to the pelvic sidewall (Moalli et al., 2004). Bilateral sup-
port from the ATFP helps fix the vagina in place. The ATFP is comprised of roughly 
84% collagen, 13% elastin, and 3% smooth muscle. Collagen content is dominated by 
type III at 84%, while type I and type V are approximately 13% and 5%, respectively 
(Moalli et al., 2004). Given this composition, the ATFP is fairly flexible structure, dis-
tending in response to increases in intra-abdominal pressure. Further, the ATFP is a sig-
nificant contributor to pelvic floor support, allowing the vagina to resist the downward 
pressure applied via the bladder and urethra.

Pelvic floor viscera
The pelvic floor contains viscera which are part of the lower urinary and alimentary 
tracts. Urinary tract structures found within the pelvis include the ureters, bladder, and 
urethra. The ureters are approximately 12–15 cm within the pelvis (in addition to the 
12–15 cm in the abdomen) and attach to the peritoneum of lateral pelvic wall prior 
to inserting into the superior aspect of the bladder. The bladder is a muscular organ 
that serves as a reservoir for urinary system. The bladder is quite distensible, ranging 
from a flat shape when empty to globular when full. Along the base of the bladder is 
the bladder neck, which acts to prevent the flow of urine and is thought to be opened 
via musculature (pubovesical muscle) during voiding. Extending from the bladder 
neck is the urethra, a muscular tube that is central to urinary continence. In the female 
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anatomy, the urethra is embedded in the adventitia of the anterior vaginal wall and has 
an external orifice just distal to the vaginal opening (Figure 13.4).

Urinary continence is highly dependent on both musculature and supportive struc-
tures. The musculature contribution arises from a sphincter mechanism, consisting of 
two components. The upper portion, known as the internal urethral sphincter mecha-
nism, is comprised of urethral smooth muscle and detrusor muscle at the bladder base, 
which acts to shorten and widen the urethra, while contraction of circular smooth 
muscle provides resistance to flow (Walters and Karram, 1993). Distally, the external 
sphincter mechanism is formed by the sphincter urethrae, compressor urethrae, and 
urethrovaginal sphincter muscles. Together these three muscles function to main-
tain closure of the urethra and allow voluntary interruption of urine flow. In addition 
to these muscular contributions to continence, the urethra receives mechanical sup-
port from the pubourethral ligaments and the anterior vaginal wall (Figure 13.5). The 
vagina provides a sling-like base on which the urethra sits and is thought to provide a 
stable base upon which the bladder neck and urethra can be compressed. As such, dis-
ruption of vaginal support may lead to urinary incontinence (Figure 13.5). Multiple 
etiologies of urinary incontinence include the loss of volume and function of the ure-
thral sphincter and loss of support to the urethra by the pubourethral ligaments and 
the vagina (Petros and Woodman, 2008).

The vagina, a hollow fibromuscular organ that extends from the perineum to the 
uterine cervix, is central to pelvic organ support (Figure 13.4). The vagina is composed 
of four distinct layers, consisting of a nonkeratinized stratified squamous epithelium, 
subepithelium (lamina propia), muscularis, and adventitia (Alperin and Moalli, 2006). 

Sacrum
Uterus

Bladder
Pubic symphysis

Urethra

Rectum

Vagina

Figure 13.4 Midsagittal cross section of the female pelvic viscera. The vagina is central to these organs 
with the bladder and urethra anteriorly, the rectum posteriorly, and the uterus superiorly. The vagina 
is supported by several connective tissue structures and musculature (levator ani), in turn supporting 
many of the other viscera of the pelvic floor. Reprinted with permission from Cosson et al. (2003).
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The subepithelium and muscularis provide much of the mechanical integrity of the 
vaginal wall, as the subepithelium contains dense connective tissue, while the muscula-
ris contains predominately smooth muscle. Conversely, the adventitia is primarily loose 
connective tissue. Collagen in the vagina has been found to have a whorled appearance 
and consists predominately of collagen III, though the expression of proteins varies 
from layer to layer (Moalli et al., 2005). In general, the anterior and posterior walls of 
the vagina are in contact with each other except near the uterine cervix. The lumen 
of the vagina also has a distinctive cross section along the long axis, ranging from dia-
mond shaped near the introitus to an “h” or butterfly shaped at the midsection, to 
an oval shape near the cervix. The anterior vaginal wall is contiguous with the blad-
der base, and as previously mentioned, provides support for the urethra. Posteriorly, 
the vagina neighbors the rectum and perineal body. As such, the vagina is a crucial 
structure in terms of pelvic floor support, providing a stable base on which the pelvic 
organs largely passively rest. In turn, the vagina is supported bilaterally and apically 
by the aforementioned connective tissues and musculature. In a nonpathological state, 
the lower one-third of the vagina is approximately 45° from the horizontal (Sze et al., 
2001). However, just above this, the vaginal angle makes a noticeable change and the 
proximal two-thirds of the vagina lie nearly horizontal, with the vaginal apex directed 
toward S2. The angle between these two vaginal axes has been found to be approxi-
mately 145° for the nonpathological anatomy (Sze et al., 2001).

Figure 13.5 The vagina is central to pelvic floor support, with the urethra anteriorly and rectum poste-
riorly. The vagina is thought to provide a stable base on which the urethra is compressed to maintain 
continence (A). However defects in vaginal support, such as detachment from the arcus tendineus as 
illustrated here, may alter continence mechanisms as the urethra may not properly close (B).
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PELVIC FLOOR DISORDERS

Pelvic floor dysfunction includes a number of pathologies, which vary in terms of 
symptoms and severity. These disorders include POP, urinary incontinence fecal incon-
tinence, voiding dysfunction, defecatory dysfunction, and sexual dysfunction. In addi-
tion, these disorders are often exhibited concomitantly. While the exact etiology of 
many disorders is unknown, pelvic floor disorders are prevalent among women, affect-
ing one-third of all premenopausal women and one-half of all postmenopausal women 
(Abramowitch et al., 2009). In many cases, dysfunction is thought to be the result of a 
loss of structural support to the pelvic organs, altering the mechanisms that are neces-
sary for proper anatomical positioning, voiding, and sexual function. Surgical treatment 
of pelvic floor disorders aims to restore the support to the pelvic floor, reconstructing 
normal anatomy in order to restore proper function. While biomaterials may be used 
to treat several disorders, we will discuss their use in two of their most common appli-
cations: the treatment of urinary incontinence and POP (Jones et al., 2009).

Urinary incontinence
Urinary incontinence is a prevalent disorder among women, affecting 23–35% of adult 
women (Bent et  al., 2008). There are various forms of incontinence including stress 
urinary incontinence (SUI) and urge incontinence. SUI is characterized by the loss of 
urine when pressure is exerted on the bladder by means of coughing, sneezing, laugh-
ing, exercising, or lifting a heavy object. Urge incontinence is used to describe a sud-
den urge to urinate followed by a loss of urine. While it is occasionally difficult to 
distinguish between the two, it is generally believed that SUI comprises 50% of all uri-
nary incontinence cases, while 25% are urge, and the remaining 25% are mixed (Bent 
et  al., 2008). However, the distribution between these three subtypes varies widely 
according to how they are defined (Bent et al., 2008).

The risk for developing urinary incontinence noticeably varies by sex, affect-
ing roughly three times as many women relative to men (Bent et  al., 2008; Walters 
and Karram, 1993). In addition, the likelihood of urinary incontinence increases with 
age, affecting 8–9% of those from ages 20–24 and plateauing at approximately 35% 
for those over the age of 54. The impact of age and sex is likely driven by many addi-
tional risk factors that stem from events that typically occur during a woman’s life span. 
The most significant risk factor for development of urinary incontinence is pregnancy 
or childbirth. While continence issues during pregnancy are fairly common (30–60%), 
there is currently no manner to adequately distinguish those patients whose symp-
toms will resolve postpartum and those who will develop chronic urinary inconti-
nence (Bent et al., 2008). Nonetheless it is has been found that urinary incontinence 
rates are higher among parous women relative to nulliparous women, regardless of age. 
In addition, there is uncertainty about the role of delivery mode in the development 
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of incontinence. Many cite that vaginal delivery, rather than parity, increases the risk 
of developing pelvic floor disorders due to the injury induced by stretching of the 
muscles, nerves, and connective tissues. Several studies have argued that cesarean deliv-
ery provides a protective effect (Lukacz et  al., 2006). However, this claim is refuted 
by similar studies showing that the mode of delivery (vaginal and cesarean) does not 
impact a woman’s risk of developing pelvic floor disorders, suggesting that pregnancy 
alone is the primary risk factor (MacLennan et  al., 2000). Despite these conflicting 
reports, it appears as though mechanical deformation of the pelvic floor tissues, either 
by long-term increases in pressure and distention via gestation or significant stretching 
to accommodate delivery, plays a role in development of pelvic floor disorders.

Menopausal status is another factor believed to play a significant role in the devel-
opment of urinary incontinence, due to the dramatic drop in estrogen. Given the onset 
time at which menopause occurs within the life cycle, this factor may explain the sig-
nificant increase in risk for incontinence with increasing age. It has been suggested 
that following the onset of menopause, vascularity and muscle function are decreased 
in the distal urethra, leading to incontinence, though this data remains unclear. Others 
have found that the collagen of the fascial tissues which support the urethra become 
mechanically inferior in the absence of hormones (Moalli et al., 2004), thereby alter-
ing the support of the urethra and spurring the development of urinary incontinence. 
Despite the potential effects of hormones, estrogen has not been found to be an effec-
tive treatment for urinary incontinence. It should be noted that initiation of estrogen 
therapy relative to the onset of menopause may be important to consider as hormone 
treatment started 10–15 years after menopause onset has been ineffective relative to 
initiation within 5–8 years for other pelvic floor disorders (Jones and Moalli, 2010).

Additionally, smoking and obesity have been associated with an elevated risk for 
developing urinary incontinence. Smoking is thought to decrease the quality of con-
nective tissues and increase a woman’s risk two- to threefold, though evidence linking 
tobacco use to the development of pelvic floor disorders is also conflicting. The effect 
of obesity has been documented in many studies, showing that women of moderate 
obesity (BMI 26–30) were 50% more likely to develop urinary incontinence rela-
tive to those with a BMI less than 26. Further, women with a BMI greater than 30 
have a 66% increase in risk (Bent et al., 2008). These studies suggest that the increased 
abdominal pressure exhibited in overweight women significantly impacts the function 
of the pelvic floor.

While these risk factors are present for all types of urinary incontinence, much 
of the following text will focus on SUI. As such, these factors must be considered in 
terms of their impact on the mechanics of continence. In general, the bladder, ure-
thra, and corresponding sphincter mechanisms must balance external pressures applied 
via increases in abdominal pressure. If these structures or mechanisms are compro-
mised, application of pressure to the bladder may result in loss of urine. As discussed 
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previously, continence is a complex function, relying on active resistance to flow pro-
vided by musculature and support provided by connective tissues. Thus, changes in 
connective tissue may impact support of the vagina, thereby altering the ability to close 
the urethra to resist urine flow.

Treatment using biomaterials: suburethral slings
One of the most common surgical repair procedures for SUI is the use of a subure-
thral sling. During this procedure, a graft is placed suburethrally, typically at the level 
of the midurethra or bladder neck (Figure 13.6). In this procedure, a strap of mate-
rial is passed behind the symphysis pubis and fixed to the rectus fascia or pubic bone. 
While the precise mechanism explaining the efficacy of this procedure is unknown, it 
is thought that sling placement serves to reestablish the ureterovesicular junction and 
provide a stable base on which the urethra can be compressed. Although a variety of 
approaches and materials are currently used to treat SUI, it is widely accepted that 
the graft should be placed under “minimal tension” to prevent the development of 
additional voiding dysfunction such as obstruction with incomplete bladder emptying 
(Walters and Karram, 1993).

Biological materials
Treatment for SUI using biomaterials dates back to 1907, when the gracilis muscle 
flap was used as a suburethral sling (Bent et  al., 2008; Walters and Karram, 1993). 
Throughout the early and mid-1900s, many sling procedures utilized autologous tis-
sues, with nearly exclusive use of fascial tissues until the 1950s when nylon was used to 
construct the first synthetic sling (Walters and Karram, 1993). Procedures using autolo-
gous tissues have been found to have low complication rates, with cure rates varying 

Figure 13.6 Contemporary suburethral slings are often comprised of synthetic materials, such as 
the polypropylene (A). Slings are placed on the posterior surface of the urethra, just anterior to the 
vagina (B). Note that the space between the urethra and vagina is exaggerated above to highlight 
sling placement as the distal urethra inserts into the anterior vagina. Slings may be placed abdomi-
nally or transvaginally.
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between 70% and 100% (Iglesia et al., 1997). In addition, concerns of increased surgical 
time to harvest tissue, donor site morbidity, prolonged recovery, and pain at the har-
vesting site have decreased the appeal of autologous grafts.

In order to alleviate donor site morbidity and long surgical times, allograft use 
became popularized in the late 1990s for pubovaginal sling procedures (Moalli, 2006). 
Allografts for SUI slings are typically harvested from cadaveric fascia lata and are 
expected to provide the low complication benefits of autografts, while eliminating donor 
site morbidity. In order to reduce the risk for disease transmission and ensure adequate 
graft supply, harvested allografts are “processed” and often freeze-dried (Moalli, 2006).  
The goal of tissue processing is to eliminate infectious materials such as cells, bac-
teria, myobacteria, viruses, fungi, and spores. Generally, tissue processing is not stan-
dardized and varies from company to company, often with each company utilizing a 
unique procedure. However, tissue processing protocols, freeze-drying, and rehydra-
tion are believed to impact the mechanical properties of allografts (Hinton et al., 1992). 
Despite the promise of allografts in the pelvic floor, clinical use has suffered from high 
early failure rates, especially for freeze-dried grafts (Bent et al., 2008). In fact, allografts 
have been reported to be less effective than autologous fascia for sling procedures, with 
SUI returning within 6 months for 67% of allograft procedures and 21% of autologous 
grafts procedures (Soergel et  al., 2001). More recently, xenografts have been examined 
for suburethral slings, though data regarding such materials is limited to animal models 
and small case series. In many cases, these slings are comprised of porcine non-cross-
linked intestinal submucosa (SurgiSIS) or cross-linked porcine dermis (Pelvichol). 
Unfortunately, the host response to these materials is highly variable and long-term suc-
cess rates have been poor with symptomatic recurrence often present within 12 months 
postoperatively (Mangera et al., 2013). Still, the application of xenografts for treatment of 
SUI and other pelvic floor disorders is relatively new and the potential of such devices 
is not yet fully understood. Indeed, the development of xenografts for urogynecological 
use remains an area of active research. An understanding of the effect of source tissue and 
the effects of different processing methods upon the host response to these biological 
materials in the pelvic floor region is lacking. Until such an understanding is acquired, 
the design and development of effective biological materials for pelvic floor disorders 
will likely make little progress.

Synthetic
Due to the relatively high recurrence rates associated with biological sling materials, 
synthetic grafts were developed based on mesh products already in use for abdomi-
nal hernia repair. Since their introduction, synthetic slings have been composed of a 
variety of materials including polypropylene (Marlex, Trelex), polyester (Mersilene), 
polytetrafluoroethylene (Teflon), expanded polytetrafluoroethylene (Gore-Tex), and 
silicone and have been met with a wide range of results (Iglesia et al., 1997). The main 
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deterrent to synthetic mesh use in incontinence surgery is the risk of complications 
associated with the implantation of a permanent (i.e., nondegradable) foreign material. 
While the cure rate of synthetic mesh is often reported to be greater than 80%, histori-
cally complication rates have been found to range between 0% and 35%, though more 
contemporary procedures such as tension-free vaginal tape (TVT) have lowered this to 
0–15% (Iglesia et al., 1997).

Following the introduction of the TVT procedure in late 1990s, synthetic sling use 
increased dramatically (US FDA, 2008). The increased use of these materials may be 
attributed to their consistent properties, elimination of disease transmission and donor 
site morbidity, and their relative low cost compared to biological devices. The prototype 
device is the TVT introduced by Ulmsten in 1996 (Ulmsten et  al., 1996). Building 
upon DeLancey’s concept of pelvic floor support, Petros and Ulmsten (1997) consid-
ered the relationship between the urethra and vagina. Thus, the goal of the TVT pro-
cedure was to reconstruct the pubourethral vesical ligament in order to restore urethral 
support. However, MRI studies examining the efficacy of this procedure have found 
that TVT does not restore this support. Rather, success was attributed to the restoration 
of a base (vagina) upon which the urethra could be compressed (Bent et al., 2008).

The TVT procedure utilizes a sling device, comprised of a knitted wide pore poly-
propylene mesh to reconstruct urethra support. The device is placed vaginally, through 
a midline incision to access the urethra and then introduced lateral to the urethra 
through the endopelvic fascia, coursing immediately behind the pubic bone and into 
the retropubic space exiting on the skin (retropubic approach). Alternatively, the sling 
can be delivered lateral to the urethra through the obturator foramen exiting the space 
between the vulva and the thigh, thus avoiding the retropubic space (transobturator 
approach). In 2008, the Trial of Mid-Urethral Slings (TOMUS) was initiated to deter-
mine the effect of anatomic location and compare efficacy and morbidity between 
these sites (Albo et al., 2008). This trial found that both approaches demonstrate good 
12-month objective outcomes, with 80.8% and 77.7% objective success rates for retro-
pubic and transobturator procedures respectively (Brubaker et al., 2011). The TOMUS 
trial also found that 42% of participants experienced at least one adverse effect within 
2 years of surgical treatment, while 12% had serious adverse effects. Of these complica-
tions, 77% were found to occur within 6 months of surgery or during surgery. Overall, 
serious complications were more common in the retropubic group, nearly double that 
of the transobturator approach (15.1% vs. 8.4%). Further, several adverse effects were 
more characteristic of a given approach. For instance, bladder perforation and voiding 
dysfunction occurred only in retropubic cases, while neurological symptoms including 
numbness or weakness in the legs or pelvic area were more prominent in transobtura-
tor cases. Mesh erosion and exposure were not found to differ between the approaches 
with these complications occurring in 4.7% and 3% of retropubic and transobturator 
participants, respectively (Brubaker et  al., 2011). While many of these complications 
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may be related to surgical technique and route of delivery, new data suggests that an 
adverse host response to the material may play a role (Nolfi et al., 2014).

While each of these approaches has unique considerations, it is clear that the TVT 
procedure has dramatically impacted the clinical management of SUI, providing high 
cure rates and reducing complication rates. Aside from strong efficacy reports, perhaps 
the greatest accomplishment of the TVT procedure is that it has greatly reduced the 
morbidity of surgical treatment of SUI, as it is minimally invasive and does not require 
harvesting of graft tissues. Thus this simplified surgical procedure has greatly expedited 
patient recovery, as women undergoing the procedure can be discharged the same 
day after voiding (Brophy et al., 2001). Moreover, previous SUI slings were associated 
with significant complication rates, while the TVT is consistently reported to have low 
complication rates, including erosion rates ranging from 1% to 3% (Bent et al., 2008; 
Brophy et al., 2001; Abouassaly et al., 2004) and pain and injury to adjacent structures 
is less than 1% (Rodrigues Macield da Fonseca et al., 2013). Given the improvement in 
outcomes, TVT meshes appear to be responsible for the widespread acceptance of type 
I polypropylene mesh as the material of choice for pelvic floor reconstructions.

Based on the successes of the TVT, numerous companies developed similar 
products comprised of type I polypropylene mesh, though the knit pattern, mesh 
weight, pore size, and porosity of these products vary widely from vendor to vendor. 
Despite the same base material, the altered knit patterns used in manufacturing the 
products have been shown to significantly impact the mechanical behavior of these 
devices. Specifically, pore geometry (the shape of the repeating pore structures) and 
edge features (tanged vs. heat sealed) impact sling stiffness and permanent elonga-
tion following repeated mechanical loading (Moalli et  al., 2008). In addition, these 
features greatly influence the characteristic uniaxial load-elongation curves for sling 
products. While most SUI slings exhibit a nonlinear load-elongation curve, several 
displayed a linear behavior until failure. It appears most probable that the shape of 
the load-elongation curve is a function of pore geometry and its orientation to the 
axis of loading. Pores whose fibers are less aligned with the axis of loading and have 
sufficient ability to rotate are likely to generate nonlinear loading curves as fibers are 
recruited to withstand mechanical forces. This logic follows from similar mathemati-
cal descriptions of collagen fiber recruitment developed by Lanir (1979). Conversely, 
pores whose fibers are aligned with the axis of loading, such as a square loaded along 
its orthogonal axes, or with rigid pores (i.e., little to no fiber rotation) would exhibit a 
purely linear response.

Lastly, there have been a limited number of slings that have combined biological 
and synthetic materials, though several of these products have been associated with 
suboptimal outcomes. One such device, Protogen, a woven, polyester sling coated with 
bovine collagen, saw incredibly high exposure rates, with 50% of meshes leading to 
exposure of the mesh through the vagina and more than 20% of meshes resulting in 
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urethral erosion (Kobashi and Dmochowski, 1999). The primary problem is that many 
of these hybrid devices, such as Protogen, were comprised of Mersilene (polyester fam-
ily), which is woven and as the fibers slide against each other, the pore size is reduced 
allowing the mesh to harbor bacteria resulting in bacterial proliferation and chronic 
infection. Thus, any potential benefit of a collagen coating may have been overshad-
owed by the underlying problems with Mersilene. Further, the clinical failure of 
Protogen may stem from other potential problems, such as using cross-linked collagen 
to coat the synthetic mesh. In addition, it is possible that coating may have significantly 
compromised the porosity of the synthetic mesh, though studies examining the impact 
of porosity on this composite mesh have not been completed. While it is clear that 
many factors such as material type, mesh construction techniques, biological variants, 
and the method of adhering biological components to synthetic products, the com-
bined biological–synthetic products carry a stigma due to catastrophic clinical results 
such as those experienced with Protogen.

Pelvic organ prolapse
POP is characterized by the abnormal descent of the pelvic viscera into the vagina. 
This disorder arises from a lack of support to the vagina, allowing the walls cervix 
or other viscera to form a bulge into the vagina or even through the vagina result-
ing in eversion of the vagina. Symptoms of POP include urinary incontinence, void-
ing difficulty (urinary and defecatory), sensation of bulge in the vagina, pelvic pressure 
or pain, and sexual dysfunction (Walters and Karram, 1993). Given that the vagina is 
a central structure to the pelvic floor environment in terms of location and support, 
it is not surprising that vaginal support defects lead to prolapse, with prolapse often 
presenting as additional forms of pelvic dysfunction. While this general description is 
indicative of prolapse, the specific location at which prolapse occurs varies from patient 
to patient and may include the anterior vaginal wall, the posterior vaginal wall, and 
the vaginal apex. Prolapse of the anterior and posterior vaginal wall are characterized 
by bulging of the respective wall into the vaginal canal, while descent of the vaginal 
apex is characterized by movement of the cervix, or top of the vagina after a hys-
terectomy, distally toward and potentially beyond the hymen (Figure 13.7). In addi-
tion to variable appearance, there are various degrees of POP, with a range of four 
stages, characterized by the severity of prolapse. Classification of prolapse is determined 
using the POP quantification (POPQ) system. The POPQ system scores the severity 
of prolapse by measuring nine points on vagina and perineum using an ordinal stag-
ing system. Positions of these anatomical points are measured relative to the hymen. 
Stage 0 indicates ideal support, while stage IV signifies severe prolapse with complete 
eversion of the vagina. Of those suffering from prolapse, the majority have stages I 
and II, while only 3–9% have stage III or IV (Bent et al., 2008). Evaluation of prolapse 
using the POPQ staging system is crucial before reconstructive surgery, as it allows 
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clinicians to select procedures that address each patient’s specific deficiencies in support  
(Lowder et al., 2008).

As with SUI, the primary risk factors for the development of POP are childbirth 
and aging. In addition, much of the same rationale is used to hypothesize how these 
processes degenerate or alter supportive structures. During pregnancy, stretching of the 
connective tissues and damage to the pelvic floor muscles are believed to impair vaginal 
support, allowing the viscera to descend. Others speculate that tearing of pelvic fascia 
and the perineum during vaginal delivery may destabilize vaginal support and initiate 
these weaknesses (Walters and Karram, 1993). Yet as with SUI, it is unclear whether 
pregnancy alone is permissive or vaginal delivery is requisite for the development of 
POP (Lukacz et al., 2006; MacLennan et al., 2000; Sze et al., 2002). Unfortunately these 
mechanisms are poorly understood as prolapse often develops years or decades after 

Figure 13.7 POP is characterized by the decent of the pelvic organs into the vaginal canal, though 
prolapse has several clinical presentations depending on the location of a patient’s vaginal support 
defect: (A) posterior compartment prolapse (rectocele), (B) anterior compartment prolapse (cysto-
cele), (C) uterine prolapse, and (D) vaginal vault prolapse.
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injury or insult due to childbirth. Regardless, studies report a 10% increase in POP 
occurrence for each birth, while others suggest a fourfold increase in risk with just one 
pregnancy and an eightfold increase with a second pregnancy (Mant et al., 1997). Aging 
has also been shown to greatly influence the development of POP, with an increased 
incidence of 30–50% each 10 years of age, eventually plateauing at age 70 (Bent et al., 
2008). As mentioned with SUI, the impact of aging is virtually impossible to distinguish 
from the independent impact of menopause. Until recently the impact of menopause 
on the tissues of the pelvic floor was largely unknown. Additional perspectives on the 
effects of age on the host response can be found in Chapter 11.

In light of recent data, the impact of menopause on the connective tissues is 
believed to be significant. Specifically, Moalli et al. examined the impact of menopause 
on collagen of the ATFP, as separation of the vagina from the ATFP (a paravaginal 
defect) is the most common cause of anterior wall prolapse (DeLancey, 2002). Arcus 
biopsies from premenopausal and postmenopausal women were examined in addi-
tion to postmenopausal women who were receiving hormone therapy. Postmenopausal 
women were found to have decreases in both collagen I levels and the ratio of colla-
gen I/(III + V) compared to both premenopausal women and postmenopausal women 
receiving hormone therapy. These findings suggest that the ATFP is a weaker structure 
following menopause, with increased flexibility, as even small changes collagen sub-
types can alter the tensile strength of tissues (Birk et  al., 1990). Such remodeling of 
collagen subtypes may also result from mechanical stretch associated with childbirth or 
increases in intra-abdominal pressure associated with a woman’s lifestyle. Further, the 
absence of hormones following menopause may alter the tissues response to such load-
ing. Evidence for this paradigm follows from studies demonstrating the impact of hor-
mones on the response of vaginal tissue upon mechanical loading. Zong et al. (2010a) 
found that hormone treatment returned collagenase activity to control levels, signifi-
cantly lower than mechanically stimulated tissues without hormones. From this data 
it appears as though hormones provide a preventative mechanism for vaginal tissue, 
reducing the likelihood for maladaptive remodeling upon application of biomechanical 
forces.

Additional risk factors of note include hysterectomy and lifestyle, though data 
regarding the impact of hysterectomy on the development of POP is been unclear. 
Hysterectomy is generally believed to impact apical support of the vagina by disrupt-
ing the uterosacral and cardinal ligaments, though the incidence of prolapse is similar 
between those women who have undergone hysterectomy and the general population 
(Jones and Moalli, 2010; Olsen et al., 1997; Hendrix et al., 2002). Of lifestyle consid-
erations, it appears that high-impact activities greatly increase the risk for developing 
prolapse. Specifically, this includes occupations during which women repeatedly lift or 
carry heavy objects. For example, a study of nursing assistants, whose duties included 
regular lifting of equipment, found that these women were 60% more likely to have 
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prolapse compared to the general population (Hendrix et al., 2002). In addition, pro-
lapse rates among nulliparous paratroopers are significantly higher than the general 
population (Larsen and Yavork, 2007). Intuitively these occupations lead to sustained 
and repetitive increases in intra-abdominal pressure and the data is consistent with 
observed trends in POP among obese patients (Jones and Moalli, 2010). The increased 
loading of the pelvic floor under these conditions may alter the connective tissues via 
damage or remodeling.

Despite the identification of several main risk factors, the cause of prolapse remains 
unclear. In order to more thoroughly understand this pathology, several studies have 
examined the morphology and composition of the vagina and its supportive struc-
tures in women with and without prolapse. Utilizing full thickness biopsies from the 
vaginal apex, women with prolapse were found to have significant increases in total 
collagen content, with amounts 49% greater than control levels (Moalli et  al., 2005). 
Interestingly, postmenopausal controls receiving hormone supplements were simi-
lar to premenopausal controls. This increase was driven by a 37% rise in collagen III, 
the predominant collagen subtype of the vagina. In addition, women with prolapse 
were found to have increased levels of active matrix metalloprotease-9 (MMP-9), with 
a 28% increase in this collagenase. Elevated levels of active MMP-9 suggest that the 
vagina is actively remodeling in response to biomechanical stresses associated with pro-
lapse rather than a cause of prolapse per se (Langberg et al., 1999; Kjaer et al., 2005). 
Previously, increased MMP-9 has been associated with remodeling in soft tissues such 
as the coronary artery and dermis (Gillard et al., 2004; Orringer et al., 2004). It should 
be noted that the above data was obtained using full thickness biopsies, whereas many 
studies do not consider the histology of the vagina (Chen et al., 2002; Goepel et al., 
2003; Söderberg et  al., 2004), most likely contributing to the variability of data in 
this area. Similarly, collagen III was found to be increased in the uterosacral ligament 
of women with prolapse (Gabriel et  al., 2005). It is currently unclear whether these 
changes in collagen content and collagenase activity are the causes of prolapse or the 
result of remodeling to prolapse conditions.

Treatment using biomaterials: prolapse mesh
POP is a common disorder among women, as it is estimated to impact 50% of 
women over the age of 50 (Ellerkmann et  al., 2001; Nygaard, 2012; Subak et  al., 
2001; Swift, 2000). While many women do not require surgical intervention, the life-
time risk for having a single repair procedure for POP is roughly 7% (Olsen et  al., 
1997). Unfortunately, up to 40% of women undergoing a repair of prolapse with 
her own tissues will fail by 2 years and up to one-third will undergo a repeat sur-
gery within 5 years (Olsen et  al., 1997; Barber et  al., 2014). Because of these disap-
pointingly high failure rates, surgeons and patients alike have turned to biomaterials 
to improve outcomes (Barber et  al., 2014). The use of mesh in prolapse repairs has 
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become widespread over the last decade, being used in 100,000 prolapse repair sur-
geries in 2010, roughly one-third of all POP surgeries (US FDA, 2011). In general, 
surgical treatment of POP using mesh provides mechanical support to the vagina by 
attaching the mesh to the vagina and anchoring the mesh into the pelvic sidewall 
or sacrum. This reapproximation of vaginal support attempts to restore patient anat-
omy, in theory returning the pelvic organs to their normal locations. Typically mesh 
reconstruction is performed transvaginally or via transabdominally via sacrocolpopexy, 
though procedure selection is surgeon and patient specific, depending on the site of 
prolapse and identified support defects (Figure 13.8). Transvaginal procedures are com-
monly used to repair anterior and posterior wall prolapse, known as a cystocele and 
rectocele respectively, while sacrocolpopexy is most often used to repair apical (vaginal 
vault) prolapse (Figure 13.7). Aside from the considerations of prolapse site, transvaginal 
mesh procedures are less invasive and technically easier for clinicians to perform.

For transvaginal procedures, an incision is made through a full thickness vaginal 
dissection and the underlying defect is exposed (Figure 13.9). To restore support, the 
body of the graft is placed underneath the bulging viscera, while the arms of the graft 
are then anchored to, or pulled through structures in the pelvic sidewall and placed 
on tension. Sidewall attachments include the ATFP and sacrospinous ligament. Given 
these attachments, a transvaginal mesh provides lateral support to the anterior and/
or posterior vaginal wall as well as the vaginal apex to prevent bulging. As mentioned, 

Figure 13.8 Two of the most common surgical procedures for prolapse repair that utilize mesh are 
abdominal sacrocolpopexy (A) and transvaginal (B) procedures. For sacrocolpopexy, mesh is intro-
duced via an abdominal incision and attached to the anterior and/or posterior surface of the vagina. 
The mesh is then tensioned and anchored to the sacrum. Transvaginal procedures introduce mesh 
through a vaginal incision. Mesh is then attached to the anterior and/or posterior vagina and the 
arms of the vagina are anchored in various structures in the pelvic sidewall.
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many consider transvaginal mesh placement to be a technically easier procedure rel-
ative to an abdominal approach, with a quicker patient recovery. This is reflected in 
clinical practice as roughly 75% of all mesh procedures for POP repair are performed 
transvaginally (US FDA, 2011). Interestingly, many studies have shown that abdominal 
approaches yield twice as many “ideal” outcomes, citing better efficacy at the expense 
of a higher rate of serious complications (Nygaard et al., 2004). This disparity between 
outcome and the procedure selection highlights the need to consider the impact of 
both surgical technique and route of mesh implantation. During an abdominal sacro-
colpopexy, a surgeon attaches a strap of mesh to the anterior and/or posterior sur-
face of the vagina via an abdominal approach, often laparoscopic or robotic. Following 
attachment to the vagina, the graft is directed and anchored to the sacrum at the S1–
S3 level. As such, an abdominal sacrocolpopexy provides support in a longitudinal 
direction. Procedures similar to an abdominal sacrocolpopexy repair date to the early 
1900s when the vaginal apex was fixed to the abdominal wall with fascia (Nygaard 
et  al., 2004). Over the next 50 years, fixation continually migrated posteriorly until 
the sacrum was determined to best mimic the normal vaginal angle. Moreover, this is 
the site of attachment of the uterosacral ligaments, the primary apical support to the 
vagina. Historically, graft materials have included both biological and synthetic mate-
rials, though recent studies have found failure rates as high as 43% after 1 year for 
autologous fascia repairs, while frozen allograft fascia has seen failure rates of 83% after 

Synthetic mesh

Vaginal incision

Vagina

Bladder

Cystocele

Fascial layer

Figure 13.9 For a transvaginal mesh repair mesh, it introduced via a vaginal incision. Here an incision 
is made on the anterior vaginal wall and the graft is placed in the plane between the bladder and 
vagina.
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17 months (FitzGerald et  al., 2000). Due to the poor quality of tissue and high fail-
ure rates observed for native tissue repair, synthetic meshes have gained prominence 
for prolapse repair procedures (Boreham et al., 2002; Budatha et al., 2011; Feola et al., 
2010; Moalli et al., 2005; Mosser and Edwards, 2008; Zong et al., 2010b).

Biological materials
Given the shortcomings of both autograft and allograft repairs, much focus has been 
turned to the use of xenografts for POP repair or tissue procured from a species 
other than the graft recipient. Xenografts often consist of extracellular matrix (ECM) 
derived from porcine dermis, small intestinal submucosa (SIS), or bladder (Chen et al., 
2007). Additional sources for xenograft devices include bovine pericardium and dermis 
(Chen et  al., 2007). All biological materials (autografts, allografts, and xenografts) can 
be further classified into non-cross-linked and chemically cross-linked materials.

In general, non-cross-linked biological grafts are subject to decellularization processes 
to improve biocompatibility. Decellularization treatments are designed to eliminate cellu-
lar and genetic debris while preserving the 3D structure of the ECM proteins. Therefore, 
non-cross-linked devices permit cellular infiltration allowing the implanted matrix to 
readily undergo a rapid remodeling response (Hodde, 2006; Badylak et al., 2001; Badylak, 
2002). To date, the emphasis on prolapse biological grafts has been on mechanical integ-
rity rather than regeneration, with product designs consisting of multilayered and heav-
ily chemically cross-linked materials. Consequently, multilayered materials (typically 6–8 
ply) have been used in sacrocolpopexy. In general, these products have experienced low 
rates of erosion and infection, though objective recurrence rates are often increased rela-
tive to synthetic meshes. For non-cross-linked grafts, erosion and infection rates are fairly 
low (1.2% and 1.3%, respectively) while recurrence rates for non-cross-linked grafts were 
found to be 14.5% (Dillion, 2011). Given that non-cross-linked grafts typically degrade 
over a relatively short time frame, much of the response to these materials, including 
complications, likely results from a rapid remodeling response.

Unlike non-cross-linked devices, cross-linked biologics are comprised of collagen 
fibrils that are chemically cross-linked, typically with carbodiimide, to slow the rate of 
degradation of the implanted matrix. Several studies have shown that chemical cross-
linking does indeed decrease the amount of cellular infiltration into the implanted 
matrix (Badylak, 2002; Gandhi et  al., 2005; Jarman-Smith et  al., 2004; Kimuli et  al., 
2004). The increased number of cross-links, however, also increases the stiffness of the 
graft and is believed to affect the differentiation of infiltrating cells; thereby, altering 
the subsequent remodeling of the biological scaffold material (Buxboim et al., 2010). 
However, there appears to be a noticeable foreign body reaction to cross-linked 
materials as these grafts are often encapsulated following implantation (Gandhi et al., 
2005). Clinically, cross-linked biologics for POP repair have experienced worse out-
comes relative to their non-cross-linked counterparts. Most strikingly the incidence of 
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erosion, pain, and objective recurrence rates are noticeably increased relative to non-
cross-linked products, occurring in 6.2%, 21.6%, and 24% of cases respectively (Dillion, 
2011). Further, cross-linked grafts repairs are associated with a nontrivial incidence 
of seroma formation likely related to residual foreign material in the product. See 
Chapter 4 for additional information regarding the host response to biologic materials.

Synthetic
Similar to the trends for surgical SUI treatment, shortcomings of biological materials 
have led to the prominence of synthetic mesh for POP repair (Figure 13.10). The pre-
dominance of these synthetic devices was highlighted in a recent FDA release, stating 
that 100,000 of the approximately 300,000 annual surgical repairs for prolapse utilized 
mesh (US FDA, 2011). Throughout the last two decades, the materials and features of 
prolapse meshes have undergone significant changes. Ultimately, the introduction and 
success of TVT sling for SUI repair led to type I polypropylene mesh as the material of 
choice for prolapse meshes. Still, polypropylene devices were initially heavier in terms 
of mesh weight (g/m3) relative to contemporary mesh products. The shift toward lower 
weight mesh was found through trial and error as surgeons noted lower rates of com-
plication for such meshes. To date much of our knowledge of ideal mesh properties is 
derived from mesh studies in the abdominal wall though several recent studies have 
demonstrated factors that are necessary to consider for mesh design for use in the pel-
vic floor. These factors, including both those learned from abdominal and pelvic floor 
studies, will be discussed later in this chapter. Despite complications rates ranging from 
5% to 30%, synthetic mesh has demonstrated noticeable efficacy over biological grafts, 

Figure 13.10 In recent decades, synthetic materials have become the gold standard for mesh repair 
for prolapse. Gynemesh PS, shown here (A,B), is a popular mesh product in todays urogynecological 
mesh market. Gynemesh PS (A,B), Restorelle (C), and UltraPro (D) are all examples of knitted, Type I, 
polypropylene, macroporous mesh, despite a wide range of pore architectures (B–D).
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with objective anatomic cure rates consistently greater than 85% (Chen et  al., 2007; 
Dillion, 2011). Moreover, type I polypropylene mesh is often reported to have cure 
rates greater than 90% in sacrocolpopexy, showing greater consistency and efficacy 
than other synthetic mesh materials and biologics (Chen et  al., 2007; Dillion, 2011; 
Nygaard, 2012). Unfortunately the surgical successes of these products are hampered 
by relatively high rates of complications, many of which are severe and may impact a 
patient’s quality of life more than prolapse.

BIOMATERIAL-RELATED COMPLICATIONS IN THE PELVIC FLOOR

Autologous grafts are rarely associated with complications postimplantation; however, 
donor site morbidity, increased surgical time required to harvest grafts, and prolonged 
recovery are primary concerns for these procedures (Moalli, 2006). Similarly, complica-
tions related to biological allograft or nonchemically cross-linked xenografts in most 
studies have been found to be low. However, high failure rates of 17–29% have pro-
vided a tremendous increase in the acceptance of synthetic mesh, striking a balance 
between the risk of complication and surgical efficacy (Clemons et al., 2013).

Following the introduction of the technically easier transvaginal application of pro-
lapse mesh, along with an increase in the use of the midurethral sling to treat incon-
tinence, synthetic mesh use in reconstructive pelvic surgeries escalated between 2005 
and 2011. Unfortunately, as mesh use increased so did mesh-related complications, 
prompting the FDA to issue two public health notifications. The first issued in 2008 
warned physicians and patients of potential complications associated with the transvag-
inal application of mesh, and a second issued in 2011 warned that these complications 
are not rare events (US FDA, 2008, 2011). Reports addressing the rise in complica-
tions associated with synthetic mesh and the observation that complications may take 
years to develop and may not completely resolve with removal of the mesh have stirred 
significant controversy over mesh use (Iglesia et  al., 1997; Baessler et  al., 2005). It is 
unclear if the act of introducing a device through the vaginal wall alone is a risk, or if 
the specificity of transvaginal mesh complications is simply due to the increased use of 
these procedures over the past decade, again bringing to question the role of implanta-
tion method and surgical technique. To date there has been virtually no consideration 
of the role of the host tissue response as a significant or causative variable in prolapse 
mesh outcomes, in spite of the host response having been shown to play a key role in 
patient outcomes in virtually every other field in which biomaterials are employed.

Complications most reported following mesh implantation include mesh erosion, 
mesh exposure, infection, dyspareunia, and pain. Mesh exposure is characterized by the 
visualization of the mesh through the vaginal epithelium (Figure 13.11). Mesh erosion 
is characterized by perforation of the mesh into adjacent structures. Other complica-
tions include infection, contraction, and bunching. Contraction, or shrinkage of the 



Host Response to Biomaterials for Pelvic Floor Reconstruction 399

mesh implant area, may be caused by two potential mechanisms: mechanical loading 
and fibroblast-induced contraction as part of the foreign body response, which is an 
expected outcome though the amount is variable and patient specific. Both mecha-
nisms are likely related to the geometry of the mesh and the loading environment in 
which the mesh is placed as well as mesh characteristics such as pore size. These factors 
will be discussed later in this chapter. Women with mesh complications may complain 
of vaginal discharge, pain, and dyspareunia. Often, management of mesh-related com-
plications includes repeat surgery with removal of mesh (Mattox et al., 2004; Duckett 
and Jain, 2005; Baessler and Maher, 2006; Collinet et  al., 2006). Moreover 20% of 
women who undergo mesh surgery require a repeat surgery for recurrent symptoms 
or complications (Baessler et al., 2005; Bako and Dhar, 2008; Patel et al., 2012a).

Early clinical findings for synthetic SUI slings found complication rates ranging 
from 0.3% to 23%, though these findings considered all types of sling products includ-
ing woven and nonporous (Brophy et  al., 2001). Interestingly, the complication rate 
for TVT was found to be markedly reduced in early reports as well as more contem-
porary studies, with erosion rates of 1% (Abouassaly et al., 2004). Meanwhile, no sin-
gle prolapse mesh has had such success in terms of reducing complications, as mesh 
exposure occurs in up to 15% of transvaginal repairs and 10.5% of sacrocolpopexies  
(US FDA, 2008; Letouzey et  al., 2010; Brubaker et  al., 2008; Deffieux et  al., 2007; 
Nygaard et al., 2008). In most cases, exposure requires the mesh to be removed surgi-
cally in order to manage symptoms pain, discharge, odor, and dyspareunia; however, 
there are many reports that symptoms may persist even after mesh has been removed  
(Abed et al., 2011; Collinet et al., 2006; US FDA, 2011; Araco et al., 2009).

Mesh
exposure

Figure 13.11 Mesh exposure is the most common complication associated with vaginal mesh 
implantation. Exposure is characterized by the visualization and palpation of the mesh through the 
vaginal epithelium. Shown here is a mesh exposure on the anterior wall of an explanted vagina from 
a rhesus macaque sacrocolpopexy model.
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While the exact cause of mesh-related complications is unclear, recent studies have 
enhanced our understanding of the impact of mesh on the morphology, composition, 
and biomechanical behavior of vaginal tissue. Liang et al. examined the impact of mesh 
stiffness on vaginal morphology and structural proteins utilizing a rhesus macaque model. 
Meshes were implanted via abdominal sacrocolpopexy and the vagina–mesh complex 
was explanted after 3 months. The goal of the study was to compare the prototype and 
most widely used prolapse mesh, Gynemesh PS, to newer lighter weight, higher porosity, 
and lower stiffness mesh. Notably, Gynemesh PS was the most detrimental to the vaginal 
tissue on which it was implanted. While all meshes examined noticeably disrupted the 
organization of vaginal tissue, the smooth muscle layer was most profoundly impacted as 
Gynemesh PS was found to decrease the thickness of this layer by 55% relative to sham 
controls (Liang et al., 2013). In addition, Gynemesh PS was the only mesh that dramati-
cally increased the number of apoptotic cells in the subepithelium and adventitia layers, 
rising from 0.43% and 1.56% of cells to 7.22% and 22.34% respectively (Figure 13.12). 
A majority of these apoptotic cells were located around the individual mesh fibers. 
Gynemesh PS implantation also had a significant effect on structural proteins, decreas-
ing collagen and elastin content by 20% and 43%, respectively. While no other synthetic 
meshes tested were as detrimental to collagen content, other mesh devices decreased 
elastin content by as much as 49%. Lastly, sulfated glycosaminoglycans (GAG) content 
was increased by 20% relative to sham samples, while collagenase activity rose by 135% 
following Gynemesh PS implantation. Combined, these results suggest that the vagina 
undergoes a maladaptive remodeling response following Gynemesh PS implantation, as 
the tissues were found to have high rates of collagen turnover and overall loss of struc-
tural proteins. While other meshes tested appeared to impact the tissues appearance and 
composition, Gynemesh PS, the stiffest of all the type I polypropylene meshes tested was 

Figure 13.12 Liang et al. (2013) examined the impact of synthetic mesh implantation of vaginal tis-
sue using a rhesus macaque model. Here, immunofluorescent labeling is used to highlight smooth 
muscle and in situ cell apoptosis, where the red signal is a positive stain for alpha smooth muscle 
actin, green represents apoptotic cells, and blue represents cell nuclei. In addition, S indicates the 
smooth muscle layer and M indicates individual mesh fibers.

Sham Gynemesh PS Smartmesh

Ultrapro perpendicular Ultrapro parallel
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found to elicit the most dramatic changes in vaginal tissue. These findings may be attrib-
uted to a phenomenon known as stress shielding, which will be discussed later in this 
chapter. In addition, increased sulfated GAG content is consistent with acute soft tis-
sue injury and tissue turnover (Plaas et al., 2000). Independent of the mechanism, these 
results are consistent with a mechanistic process leading to the most common mesh 
complication—mesh exposure.

Mesh implantation has also been shown to induce a deterioration in both the 
active (smooth muscle contractility) and passive (stiffness) mechanical properties of the 
underlying and associated vagina (Feola et  al., 2013). In a rhesus macaque 2acrocol-
popexy model, Gynemesh PS virtually abolished smooth muscle contractility relative 
to sham samples with a concomitant decrease in the thickness of vaginal muscularis 
due to atrophy (Liang et al., 2013). While the impact of lighter weight, higher porosity 
meshes were not as significant, disruption in smooth muscle organization may explain 
the reductions in contractility that occurs after implantation of most polypropylene 
prolapse meshes. Passive properties, typically reflecting the mechanical integrity of 
the fibrillar ECM proteins, collagen and elastin, were evaluated via ball burst testing. 
When accounting for the combined stiffness of both mesh and tissue, it was deter-
mined that Gynemesh PS drastically reduced the mechanical integrity of the tissue, 
with the estimated vaginal tissue stiffness in Gynemesh PS implanted samples decreas-
ing nearly 10-fold (Feola et  al., 2013). Given that tissue stiffness values approached  
0 N/mm, it can be concluded that Gynemesh PS implantation nearly abolished 
mechanical integrity of vaginal tissues. These findings are also in agreement with 
reports of reduced total collagen and elastin in the vagina (Liang et  al., 2013) that 
occurs after implantation of this mesh. Overall, mesh implantation appears to be det-
rimental to the mechanical properties of the vagina, particularly when mesh stiffness 
is high. The degradation of smooth muscles is particularly concerning, as this integral 
component of vaginal tissue is believed to be already compromised in women with 
prolapse (Boreham et al., 2002). Thus, further damage via biomaterial implantation is 
not ideal. In addition, depletion of collagen and elastin content would further compro-
mise the supportive capabilities of the vagina.

FACTORS INFLUENCING THE HOST RESPONSE TO SYNTHETIC MESH

Much of our current knowledge of urogynecological mesh products has been derived 
from the hernia mesh literature (Iglesia et  al., 1997). This transfer of knowledge is 
especially true in regard to the impact of mesh design on the host response to these 
devices. Even current literature and marketing pamphlets distributed by urogyneco-
logical mesh manufacturers demonstrate biocompatibility of SUI and POP products 
via implantation studies in the abdominal wall. These studies are certainly necessary 
to initially demonstrate the ability for mesh designs to be implanted in a host without 
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overt rejection, though the abdominal wall and pelvic floor are quite distinct in terms 
of both biological factors and the structural functions that a mesh device is intended 
to withstand. Therefore, current urogynecological mesh designs are more similar to a 
prototype solution rather than an optimal one. That said, much has been learned from 
these abdominal wall studies and the findings have greatly enhanced outcomes in the 
pelvic floor. Perhaps the most important concepts shown to impact the host response 
to synthetic meshes in the pelvic floor are filament type, pore size, and the effect of 
these variables upon the host response.

Structure
Filament type
In addition to the material, the filament structure of the mesh has been linked to the 
host response, specifically in relation to the presence of infection. Filamental structure 
can be classified as either mono- or multifilament, where multifilament fibers consist 
of braided or interwoven filaments. Multifilament meshes are linked to significantly 
higher bacterial presence (Engelsman et  al., 2010). These findings are believed to be 
a result of the increased surface area of multifilament fibers, suggested to increase 
the surface area by a factor of at least 1.57 (Klinge et al., 2002a). The larger surface is 
thought to provide more space for bacteria adhesion and increased area for bacteria 
proliferation. Further, multifilament fibers are thought to have spaces within the fibers 
themselves, which are less than 10 µm in diameter. This opening would allow for the 
passage of bacteria, but prevent macrophage infiltration, providing a harbor for bacte-
rial proliferation (Iglesia et al., 1997).

Fiber pattern
While individual fibers, whether monofilament or multifilament, provide the basic 
structural element of synthetic mesh implants, the behavior of the entire mesh is gov-
erned by the method in which the mesh is constructed. Two of the most common 
textile construction techniques used to create a mesh structure are knitting and weav-
ing. Woven meshes are constructed using a simple interlacing technique, using of two 
sets of threads (fibers), running perpendicular to one another. There are several weave 
styles, including plain, twill, and satin weaves (Figure 13.13). Woven meshes have supe-
rior mechanical strength and shape memory; however, woven meshes are susceptible to 
fraying when cut and conform poorly to boundaries such as the organs of the pelvic 
floor (Cosson et al., 2003). Unlike woven mesh, knit mesh is constructed by successive 
looping of a single fiber. In addition, there are several types of knit structures including 
warp-lock, interlock, and circular knit, though the latter is uncommon for urogyne-
cological meshes (Figure 13.13). Knit meshes are characterized by flexible behavior, 
allowing surgeons to easily manipulate the device. In addition, knit mesh provides high 
conformity to adjacent anatomical structures.
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The mechanical behavior of mesh is directly dependent on the filament type and 
thread morphology (fiber pattern). Since multifilament fibers contain small gaps within 
the fiber, the fibers must undergo tightening, or come into contact with each other 
before the full stiffness of fiber is attained. This slight recruitment behavior is similar to 
that of a rope. The combined effect of such small recruitment across a mesh comprised 
of multifilament fibers contributes to its nonlinear load-elongation behavior, meaning 
that stiffness is a function of mesh elongation. Conversely, monofilament fibers exhibit 
their full stiffness values immediately upon loading, entering the linear region of the 
loading curve instantaneously, similar to a steel rod. However, it should be noted that 
individual fibers of mesh materials (nylon, polypropylene, etc.) have stiffness values 
much greater than that of an entire mesh.

The ability for a mesh to have a lower stiffness value than the components such as 
polypropylene, from which it is constructed, arises from the construction technique 
used to create the mesh. Mesh products utilize linkages (created via knitting or weav-
ing) between fibers, allowing thin extrusions of stiff materials, such as polypropylene, 
to become a flexible structure. In addition, the fiber pattern impacts the orientation of 
individual fibers relative to axes of loading. For example, woven meshes orient fibers 
perpendicular to one another. Since all of the fibers in a woven mesh are only oriented 
in two orthogonal directions, the mesh is stiff along these two directions. Further, 
weaving techniques leave little room for fibers to rotate or reorient to off axis loads, 
creating stiff intersections between fibers and an overall rigid structure with a small toe 
region of the load-elongation curve. Unlike woven mesh, knitted mesh contains fibers 

Figure 13.13 Various types of weave (top) and knit patterns (bottom) can be used to construct 
synthetic mesh products. The construction technique has been found to greatly impact both the 
mechanical behavior of the device and the host response to the implant.
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that can be oriented in a number of directions. Additionally, linkages in knitted mesh 
contain gaps between the fibers allowing fibers to rotate freely relative to woven mesh. 
These characteristics allow fibers of knit mesh to rotate and reorient in the direction 
of applied force. This phenomenon is the primary mechanism responsible for the non-
linear load-elongation behavior associated with contemporary mesh products (Moalli 
et al., 2008).

Since the method of construction has been shown to greatly affect the mechani-
cal behavior of a mesh, it can be altered in order to obtain the desired mechanical 
and tactile properties a manufacturer desires. For this reason, a single filament material 
can be used to create meshes with a wide range of properties. This is overtly appar-
ent in the current urogynecological mesh market, as nearly all SUI and POP meshes 
are comprised of polypropylene and classified as type I meshes, yet their mechanical 
behaviors (characterized by structural properties in mechanics literature) are markedly 
different (Jones et al., 2009; Moalli et al., 2008; Shepherd et al., 2012). In addition, it is 
not uncommon for materials of differing construction techniques to be marketed as 
distinct materials, given that their behavior is quite dissimilar. For instance, a polyes-
ter material, Dacron, is known as Mersilene when knitted and Ligatene when woven 
(Cosson et al., 2003).

Fiber pattern is not only a major factor in determining the biomechanical behav-
ior of mesh, but it also appears to significantly impact the host response following 
implantation. Notably woven mesh has been found to greatly increase the number of 
mesh-related complication relative to knitted mesh. Comparison between construc-
tion methods is easily illustrated by comparing Marlex, a woven polypropylene mesh, 
and Prolene, a knitted polypropylene mesh. When first used to treat abdominal hernias, 
Marlex exposure rates were nearly 44%, while Prolene exposure rates were minimal 
(Cosson et al., 2003).

Porosity and pore size
From a design perspective, the pore size and porosity of a mesh appear to be the great-
est factors that dictate the host response. The impact of pore size has been well charac-
terized in hernia literature, specifically for polypropylene mesh, where larger pores have 
been shown to improve the mechanical integrity of the resulting mesh–tissue complex, 
increasing both strength and collagen deposition. Conversely, small pores restrict both 
vascular growth and the local tissue ingrowth, with resulting structures containing less 
mature collagen (Greca et  al., 2001, 2008). In addition, the foreign body response to 
mesh is highly dependent on the pore size and has been shown to be greatly reduced 
with increasing pore size (Klinge et al., 2002c; Chvapil et al., 1969; Patel et al., 2012b). 
Pores with dimensions less than 10 µm provide beds for bacterial proliferation and per-
sistent infection, as macrophages and neutrophils are unable to enter these pores (Amid, 
1997). Further, it has been documented that the surface of each fiber becomes encased 



Host Response to Biomaterials for Pelvic Floor Reconstruction 405

by a granulomatous inflammatory reaction as part of the foreign body response (Muhl 
et al., 2007; Otto et al., 2014; Junge et al., 2011). Reduction in pore size brings these 
peri-fiber inflammatory reactions closer together, and once sufficiently close the fibrous 
granulation tissue can form a bridge with neighboring fibrous granulations. This bridg-
ing, known as “bridging fibrosis,” leads to the formation of a continuous scar plate and 
prevents tissue from growing into the mesh structure (Klinge et al., 2002b,c). Notably, it 
has been shown that effective tissue in-growth with polypropylene mesh, characterized 
by the quality of the tissue which forms around mesh fibers, only occurs in mesh pores 
with a diameter of 1000 µm or greater (Klinge and Klosterhalfen, 2011). Pore sizes less 
than 1000 µm have greatly enhanced inflammatory and fibrotic responses (Weyhe et al., 
2006; Bellon et al., 2002). While a pore size of 1000 µm appears to be the threshold for 
polypropylene, the thickness of fibrous encapsulation is expected to vary depending on 
the polymer used as that the degree of fibrous connective tissue deposition is believed 
to be dependent on protein interaction with the fiber surface and related to hydropho-
bicity of the polymer (Klinge et al., 2002d). It is important to note that these findings 
on pore size were all determined using an abdominal wall model. Though the general 
foreign body response to mesh should consist of similar mechanisms in the vagina and 
adjacent supportive tissues, there are distinct differences in the biology of these sites, 
which likely impacts the host response to SUI, and POP meshes. Therefore, the critical 
pore diameter for urogynecological meshes to minimize scar plate formation may be 
distinct from that found in abdominal wall studies.

Interestingly the specific gravity of the mesh, which is referred to as the mesh 
weight, does not seem to play a significant role in dictating this response. This is con-
trary to those who have suggested that the POP mesh erosion rates are higher than 
SUI meshes due to the increased amount of mesh implanted (Bent et  al., 2008). 
Rather than the total amount of material implanted, the relative density or spatial dis-
tribution of the implanted material drives this host response. Typically, heavyweight 
meshes (those with higher specific gravities, typically above 1 g/cm3) are often con-
structed to have small pore sizes. Therefore, the observed effects of most heavyweight 
meshes may be due solely to the small pore design. Conversely, lower weight meshes 
(< 1 g/cm3) are often constructed with a large range of pore sizes. Studies by Weyhe 
et  al. (2006) demonstrate that pore size, rather than mesh weight, is more predictive 
of the host response as lightweight, microporous mesh was found to provoke a more 
intense foreign body response with poor tissue integration relative to heavyweight 
meshes with larger pore sizes. Further, Junge et  al. (2011) has suggested that weight 
classification be avoided.

Given the importance of pore size, it may be considered the primary characteriza-
tion method for synthetic mesh products. Indeed such classification exists, though its 
origin in 1997 (Amid, 1997) reflects older generation of materials which are not nec-
essarily used today. Moreover, the previous generations of materials, in general, were 
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less porous than current materials. Nevertheless, this outdated system is helpful when 
conceptually dividing mesh types. Accordingly, type I meshes are macroporous, with 
primary pore sizes greater than 75 μm (Bent et  al., 2008; Baessler and Maher, 2006). 
These meshes are associated with improved tissue integration, as their pores provide 
sufficient space for tissue ingrowth (Baessler and Maher, 2006). Clearly this diameter is 
much smaller than threshold pore size, which was found to minimize the foreign body 
reaction for polypropylene mesh, suggesting that not all type I meshes will elicit the 
same host response. Type II meshes are completely microporous meshes, with pore sizes 
less than 75 µm. Gore-Tex (expanded polytetrafluoroethylene) is the primary example 
of type II meshes. These meshes do not form adhesions with tissue and deter fibro-
blast and macrophage infiltration (Baessler and Maher, 2006). Therefore, tissue forma-
tion and treatment of infections is difficult with type II mesh, often requiring the mesh 
to be removed in the event of complications (Weinberger and Ostergard, 1995). Type 
III meshes are primarily macroporous with microporous components and include poly-
ethylene terephthalate (Mersilene) and polytetrafluoroethylene (Teflon) meshes. Type II 
and III meshes have both been linked to high rates of complications, likely due to the 
effects of small interstices that develop between the fibers (Bent et al., 2008). Type IV 
meshes, which are coated meshes with submicroscopic pore size (< 1 µm), have also 
been utilized, though clinical results have been poor (Bent et  al., 2008). It should be 
noted that this method of characterizing mesh does not consider the polymer, only 
the primary pore size of a mesh. As previously discussed, the polymer type may dic-
tate the minimum pore size required to reduce the immune response and promote tis-
sue integration. Further, this classification does not consider the spaces created due to 
the methods of construction. For example, knit construction creates small voids around 
the location at which filaments are joined. The size of these pores should be consid-
ered as they provide microporous elements even in large pore meshes. Clinically, type 
I meshes have been found to have the lowest incidence of infection and erosion, help-
ing to decrease complication and erosion rates (Bent et  al., 2008; Rodrigues Macield 
da Fonseca et al., 2013; Karlovsky et al., 2005). As of 2004, these rates were thought to 
have dropped below 2% and 1%, respectively; albeit, mesh complications have not been 
well studied. However, after introduction of transvaginal delivery of type I polypropyl-
ene prolapse meshes, complications have substantially increased with rates as high as 
20%, prompting physicians and patients alike to reconsider their use in transvaginal pro-
lapse repairs (US FDA, 2008, 2011; Manodoro et al., 2012).

Material type
Several materials have been used in the construction of prolapse and incontinence 
meshes with a wide range of results. These materials include polyethylene terephthalate 
(Mersilene), polypropylene (Marlex), polytetrafluoroethylene (Teflon), and expanded 
polytetrafluoroethylene (Gore-Tex) (Iglesia et al., 1997). Since meshes are a composite 
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structure, comprised of an extruded material which is then assembled, the mechani-
cal behavior of these devices is classified in terms of structural properties, rather than 
mechanical properties. Mechanical properties imply a homogenous, continuous com-
position, whose data can be normalized and presented as stress, strain, and tangent 
modulus. Conversely, structural properties characterize multimaterial constructs or 
discontinuous materials (such as porous mesh) and are described via parameters such 
as load, elongation, and stiffness. As such, direct comparison between many structural 
properties (other than stiffness or relative elongation) can only be made if test samples 
are of the same initial dimensions.

Ex vivo and in vitro comparisons of these materials have shown that all are non-
toxic and have a high tensile strength. While many implants are not exposed to such 
high forces in vivo, tensile strength is considered as a safety factor to ensure the mesh 
is not likely to result in surgical failure. In this regard, the tensile strength of the mate-
rial or composite should be considered though most meshes are overdesigned in terms 
of this requirement. As the tensile strength (the load at which failure occurs) of syn-
thetic mesh is unlikely to be approached under the loading conditions of the pelvis, 
this parameter likely plays no role in the host response to mesh implants (Cobb et al., 
2005; Noakes et  al., 2008). Rather the relationship between the material elongation 
and applied load, known as stiffness, may be important in governing the host response 
based on previous findings that cells respond to the stiffness of materials (Liang et al., 
2013; Feola et al., 2013). This concept has been demonstrated as the stiffness of a sub-
strate has been found to elicit specific tissue and cellular responses (Discher et al., 2005; 
Yeung et al., 2005).

Two materials that have had poor results in the incontinence and prolapse surgeries 
are Teflon and Gore-Tex. Perhaps their most distinctive trait is that they did not inte-
grate well into the tissues, which is thought to be related to the pore design and chem-
ical makeup of these materials (Iglesia et al., 1997). Initially this lack of integration was 
thought to be beneficial as Gore-Tex mesh could easily be removed in the presence 
of an infection. In addition, it was reported that these devices initiated only a minimal 
inflammatory response. However, clinical use of Gore-Tex was plagued with numerous 
complications of alarming severity (Bent et al., 2008). Gore-Tex slings for SUI repair 
had a removal rate of at least 35%, with a significant number of sinus tract forma-
tions (10%) and infections in addition to reports of vaginal exposures (Weinberger and 
Ostergard, 1995). For sacrocolpopexy, Gore-Tex was found to be one of the primary 
risk factors for mesh exposure into the vagina (Nygaard et  al., 2008; Cundiff et  al., 
2008). The primary concern for Gore-Tex POP meshes was the number of rejections, 
likely due to infection, again requiring mesh removal (Iglesia et al., 1997).

Woven multifilament materials such as polyethylene terephthalate, a member of 
the polyester polymer family manufactured as Mersilene, has also been associated with 
increased rates of exposure and infection. The mechanism is thought to be due to 
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interstices between the fibers of woven materials that can be as small as 1 µm. As such 
the risk for infection is a concern, while tissue integration is poor.

Over time, knitted polypropylene has become the primary material for synthetic 
mesh used in incontinence and prolapse surgeries. Early studies found polypropylene 
to elicit a strong inflammatory response with formation of fibrotic tissue and multi-
nucleated giant cells (i.e., foreign body response) (Elliott and Juler, 1979). Additionally, 
polypropylene mesh was found to be conducive to tissue ingrowth, providing a scaf-
fold on which tissue could attach and penetrate. Clinically, polypropylene was found 
to have relatively low erosion rates for both SUI and POP procedures relative to other 
material types. Perhaps most influential in the rise of polypropylene as the dominant 
mesh material was the success of the TVT (Ulmsten et  al., 1996). However, more 
recently, with the publication of large case series and other clinical trials (eCARE), 
there has been an increased awareness of complications associated with both the trans-
vaginal and transabdominal insertion of polypropylene and the finding that compli-
cations after the purportedly safer transabdominal route increase in time (Nygaard 
et al., 2013) have led some to question the use of polypropylene in urogynecological 
procedures.

PELVIC FLOOR CONSIDERATIONS FOR MESH IMPLANTS

While many concepts regarding hernia repair mesh design are useful for pelvic floor 
meshes, these criteria may only serve as an initial design rather than an optimal one. As 
suggested by Junge et al. (2011), the structural requirements for mesh repair will vary 
from situation to situation, not just in regard to site of implantation but potentially 
from patient to patient. The environment of the pelvic floor is much more compli-
cated from a biological and mechanical perspective, requiring consideration of the role 
of the implant in this anatomic location.

Biological environment
Unlike hernia repair meshes, which are in direct contact only with the abdominal fas-
cia, urogynecological mesh is placed in an environment with a wide range of soft tis-
sues, ranging from muscle (smooth and striated), various types of connective tissue, and 
specialized organs. Moreover, the vagina heavily colonized with bacteria is considered 
a clean-contaminated surgical field. In general, the soft tissues of the pelvic floor are 
metabolically active, with compositions that have been shown to change dramatically 
with normal aging and in response to hormone-driven events such as pregnancy, men-
strual cycle, and menopause (Moalli et al., 2004, 2005). Several studies have compared 
the biological response to surgical mesh between abdominal hernia repair and pro-
lapse repair models and have found markedly different host responses. Using a rabbit 
model, Pierce et  al. (2009) implanted polypropylene and cross-linked porcine dermis 
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grafts in the abdomen and posterior vagina for a period of 9 months. Interestingly, no 
mesh exposures were observed for abdominally implanted mesh, while exposure rates 
for polypropylene and chemically cross-linked porcine dermis (Pelvichol) were 27% 
and 15%, respectively, at the vaginal site. In addition, the authors state that the length of 
polypropylene graft was often decreased upon explanation and that such decreases in 
length were associated with mesh exposure. Histological analysis revealed that inflam-
mation and fibroblast proliferation scores were significantly increased in the vagina for 
both implant materials studied, while the scores were decreased relative to the abdomi-
nal site. Further, the cross-linked porcine graft was degraded in 37% of abdominal 
implants, while 70% of these biological grafts degraded when implanted in the vagina. 
Porcine graft degradation was so drastic in the pelvic floor that in nearly half of vaginal 
implantations the graft was thought to be missing upon sample harvesting, though the 
sutures used for securing these products remained (Pierce et al., 2009). Manodoro et al. 
(2012) also noted that vaginal polypropylene mesh appeared more folded and found 
that the degree of mesh “contraction” was nearly twice that of abdominally implanted 
mesh. Again, mesh erosion was not observed in the abdomen, while 30% of vaginal 
implants resulted in erosion. These later findings are based on a relatively small sample 
size and in the sheep model, though they appear quite similar to the previous findings 
in the rabbit. It should be noted that both of these studies simply sutured the mesh to 
the vagina, rather than placing the mesh in tension as is done for many pelvic recon-
struction procedures. Still, these studies provide evidence that the biological response to 
a material is vastly different in the vagina relative to the abdominal wall. The increased 
inflammation and foreign body response, along with the noticeable increase in degra-
dation of porcine dermis, suggest that the vagina in particular is a much harsher and 
biologically active environment for mesh products. In addition to the postimplantation 
environment, surgical entry for transvaginal procedures may result in contamination 
of the surgical graft upon insertion due to vaginal microflora. As such, this potential 
contamination may result in subclinical infection adding to the intensity of the vagi-
nal environment. While the biology of the vagina appears to play a large role in the 
complication rate of mesh, the impact of mechanical loads in this location must also be 
considered in order to determine the role biomaterials in this space.

Mechanical environment
Like most biological tissues, the structures comprising the pelvic floor respond to the 
presence or absence of mechanical loads. As the connective tissues which support the 
vagina are often compromised in women with SUI and POP, the primary objective 
of mesh is to restore support to the vagina and/or urethra. Therefore, the response of 
the vagina to mechanical stimuli is an important design consideration when selecting 
a suitable reconstruction method for pelvic floor disorders. Zong et al. (2010a) recently 
demonstrated the impact of mechanical loading on vaginal tissue. In this study, vaginal 
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fibroblasts were obtained from a full thickness biopsy from the vaginal apex. Cells were 
cultured on media and were placed under repetitive stretch to either 8% or 16% and 
collagenase activity was measured. Relative to fibroblasts cultured without mechanical 
stimuli, MMP activity for 8% stretched cells was increased by 76%, while cells under-
going 16% stretch had an increase of 188%. Interestingly, addition of 17-β-estradiol 
and progesterone to the culture media returned collagenase activity to control levels, 
suggesting hormones may help to mediate the mechanosensitive response of the vagina 
(Zong et  al., 2010a). While the in vivo stretch of vaginal tissue is unknown, there is 
likely some physiological stretch or force that is beneficial to maintain structure, likely 
applied by abdominal pressure and the interaction of the vagina with its supportive 
structures. Understanding of how these forces are transmitted to the vagina and the 
mechanosensitive behavior of the vagina may explain complications such as exposure 
and erosion and improve reconstructive techniques used in the pelvic floor.

Support to the vagina and hence the organs supported by it is a complex mechani-
cal system in which many tissue interactions are combined to maintain static equilib-
rium and resist transient changes in abdominal pressure. As previously mentioned, this 
system is comprised of sheets of connective tissue and musculature, focused around 
the vagina. While understanding and recreating a nonpathological support system may 
seem implausible, there are several mechanical factors to consider when using synthetic 
mesh products in reconstructive pelvic surgeries.

One of the most significant mechanical considerations for mesh use in SUI and 
POP repair is that they are subjected to predominately uniaxial tensile loading con-
ditions. This is quite different from the loading conditions a mesh experiences when 
used for abdominal hernia repair. During a hernia repair, the mesh is placed within 
the abdominal wall, fixed along its entire perimeter. Since the abdominal cavity can be 
thought of as a pressurized vessel, the mesh graft must function as the wall of a pres-
surized vessel. Under the pressure exerted within the abdominal cavity, the abdomen 
expands or is “inflated,” and the abdominal wall resists and limits this expansion. Given 
this loading condition, hernia mesh is placed in tension along all axes simultaneously, 
much like the surface of a balloon upon inflation. This loading environment helps the 
mesh maintain its original geometry and pore sizes (Figure 13.14). However, inconti-
nence meshes are used as suspension structures for slings in the retropubic or transob-
turator space. Similarly prolapse meshes act as suspension cables, attaching the vagina to 
the sacrum or pelvic sidewall. These configurations load the mesh, particularly the fixa-
tion arms of these devices, primarily in a tensile uniaxial fashion. Even while the name 
TVT suggests that the device does not experience tension, its intended function is to 
have the urethra compressed along the sling, which would place the mesh in tension. 
The tension-free component is thus more representative of the surgical technique rather 
than the long-term in vivo function of the device.
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This concept of mechanical loads becomes extremely relevant when considering 
the importance of mesh porosity on the host response. Studies performed in our lab 
in addition to work by Otto et  al. have demonstrated that under uniaxial loads, the 
maximum pore size and porosity of nearly all synthetic meshes is dramatically reduced 
(Moalli et al., 2008; Shepherd et al., 2012; Otto et al., 2014). When loaded in a uni-
axial fashion, the material extends in the direction of applied force as the fibers of the 
mesh rotate and reorganize to resist the applied force. This reorganization is largely 
governed by the geometry of a mesh. As the mesh extends along the direction of the 
applied force, it narrows in the direction perpendicular to the force (Figure 13.15). 
This phenomenon, known as Poisson’s effect, is often accompanied by a reduction in 
pore size. Indeed, application of uniaxial tension to mesh dramatically reduces pore 
size and in many cases, all of the pores in a tensioned mesh are less than 1 mm in 
diameter, diminishing the potential for tissue ingrowth and promoting bridging of 
fibrous encapsulations such that long-term tissue incorporation is compromised (Muhl 
et al., 2007; Otto et al., 2014). Thus, mechanical behavior may provide an explanation 
or contribute to the clinical observation of mesh “shrinking” or “contraction” after 
implantation (Baessler and Maher, 2006; Manodoro et  al., 2012). Moreover, dramatic 
reductions in pore size were found to occur at just 5 and 10 N of force, which are low 
levels of force relative to those anticipated to occur in vivo (Cobb et al., 2005; Noakes 
et al., 2008). While the actual cause of mesh shrinkage may involve active contraction 
of fibrotic tissue or other biological mechanisms, it appears plausible that application of 
these tensile forces have the potential to cause such mesh deformation alone or induce 

Figure 13.14 The site of implantation dictates the mechanical environment a mesh experiences.  
For hernia repair, mesh is implanted in the abdominal wall via sutures along the entire boundary  
(A and C). This loads the all axes of the mesh simultaneously. For prolapse repair, mesh is loaded in 
a predominately uniaxial fashion (B and D). Uniaxial loading is more likely to result in collapse of  
mesh pores.

Hernia Prolapse

(A) (B)

(C) (D)
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significant fibrosis. Therefore the deformation of mesh under tensile forces must be 
considered when “tensioning” or placing a mesh surgically, as well as during in vivo 
loading conditions both before and after host tissue integration occurs.

In addition to the distribution of forces applied to the mesh (multiaxial vs.  
uniaxial), the porosity of a mesh during tensile loading is highly dependent on the 
orientation of the mesh pores to the direction of applied force. This concept is 
clearly demonstrated by mesh products whose pores initially have a square geometry 
(Figure 13.16). With application of a tensile force in the direction of the mesh fibers 
(either vertical or horizontal), the pores will maintain their shape effectively until the 
mesh is placed under relatively high loads. Conversely, loading the mesh at an angle 
45° offset will result in a nearly immediate collapse of the pores, at forces below 1 N. 
More intricate product designs such as those found in transvaginal mesh devices are 
also subject to these effects, as various orientations within the same transvaginal mesh 
experience differing pore behavior under the same tensile force (Otto et  al., 2014). 
This anisotropic behavior is exhibited by all synthetic meshes, though the degree of 
anisotropy varies depending on the method of construction, initial pore geometry, and 
mechanical boundary conditions.

Despite the tendency of mesh pores to collapse under ex vivo uniaxial testing pro-
cedures, it should be noted that mesh reorganization in most ex vivo mechanical studies 
consider only idealized deformations with an even distribution of force at the sample 

Figure 13.15 In response to uniaxial tensile testing, synthetic mesh contracts in the direction per-
pendicular to the axis of loading (A–D). In addition, the individual fibers of the mesh reorient to with-
stand mechanical forces and often lead to the collapse of pores (E and F).

(A)

(E) (F)

10N

(B) (C) (D)
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midsubstance. The conditions of this test produce a predominately planar deformation, 
with a drastic collapse of pores and limited out-of-plane bending or curling of the 
mesh. These observations are consistent with the planar assumption used for uniax-
ial testing protocols, though they do not necessarily reflect those deformations noted 
upon implantation. Mesh deformations at the vaginal interface are largely determined 
by the method of fixation. Surgically, mesh products are fixed to the vagina using 
sutures, which apply discrete points of attachment to the vagina. Depending on the 
spatial arrangement and number of point loads applied, one would anticipate a vari-
ety of results. For instance, if one were to use a single suture to attach the mesh to the 
vagina and a single suture to anchor the mesh to the sacrum, it is expected that mesh 
pores along a line connecting the two suture locations would be responsible for resist-
ing applied force and therefore are subject to the greatest risk for collapse. Meanwhile, 
pores not on this line would carry little, if any, force, and thus are not likely to expe-
rience a decrease in pore size. Still these pores may wrinkle or deform out of plane 
depending on the bending stiffness of the mesh. This wrinkling or buckling behavior 

Figure 13.16 The deformation of mesh under uniaxial loading is highly dependent on the mesh 
orientation relative to the axis of loading. Consider the two orientations of Restorelle shown when 
pulled in tension along the vertical axis. In orientation 1, many mesh fibers are aligned with the verti-
cal axis (top left). In orientation 2, we rotate the mesh by 45° (top right). Loading each orientation to 
5 N (bottom row) results in dramatically different mesh appearances. Pores in orientation 1 remain 
open, allowing for potential tissue integration, while pores in orientation 2 are completely collapsed, 
appearing as a dense region of polypropylene.
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is due to the nonhomogenous distribution of force throughout the mesh, again, since 
forces are only transferred between the points of attachment. Conversely, using many 
points of attachment (i.e., suture attachments) would help to distribute this force 
resulting in a more planar and homogenous alteration of pore geometry, similar to the 
deformations observed in standard uniaxial tensile test.

When considering the interface between two materials, such as the vagina and 
implanted mesh, one must consider how forces are transferred, in terms of both the 
distribution of force and the properties of the materials to which they are connected. 
As previously discussed, isolated point loads may result in localized increases in force, 
while sites further from the point of attachment experience no mechanical loading. 
In addition, when two materials are in contact, the locations at which they are joined 
are subject to stress concentrations or stress raisers. Stress raisers are localized increases 
in stress (force per unit area) found at a material interface. It should be noted that the 
greater the disparity between mechanical properties of the two materials, the greater 
the stress observed at this interface (Simon et  al., 2003; Spalazzi et  al., 2008). From 
a design perspective, this principal is evident when examining composition of ten-
dons, specialized tissues that transfer force from muscle to bone. Tendons have prop-
erties between that of muscles and bone, and serve not only to transmit forces, but 
also to provide a buffer between two materials of vastly different stiffness. In order 
to accomplish this gradual load transfer, the composition of a tendon varies along its 
length ranging from a more compliant tissue at the site of muscle attachment to a 
stiffer, nearly cartilaginous tissue (fibrocartilage) at their bony insertion (Spalazzi et al., 
2008; Thomopoulos et al., 2003). The gradual transition in composition serves to trans-
mit forces from soft tissue to hard bone while minimizing stress concentrations.

Indeed, there is significant evidence demonstrating that the stiffness of implantable 
devices can alter tissue remodeling and response (Zong et  al., 2010a; Huiskes et  al., 
1987; Goel et  al., 1991). In general, increased implant stiffness is believed to induce 
a maladaptive remodeling response through a phenomenon known as stress shield-
ing. Stress shielding occurs when a stiffer material resists applied loads and buffers or 
“shields” surrounding tissues from these forces. One of the most notable occurrences 
of stress shielding arose with implants for hip arthroplasty in the 1990s. Implantation of 
these devices resulted in bone loss around the implant, leading to hip fractures in this 
location (Jacobs et al., 1993; Rubash et al., 1998). Soft tissues have also been found to 
have increased breakdown of both collagen and elastin upon implantation of implants 
of increasing stiffness (Majima et al., 1996; Ozog et al., 2011). Additional studies have 
confirmed increases in collagen turnover and collagenase activity in the absence of 
mechanical loading (Liang et al., 2013).

The concepts of force distribution and stress shielding are extremely important to 
consider as the vagina has been shown to respond to mechanical stimuli (Zong et al., 
2010a). Recently the relevance of these mechanical principles was demonstrated for 
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current lightweight polypropylene prolapse meshes. Meshes of increased stiffness were 
most detrimental to functional behavior of vaginal tissue, dramatically decreasing 
thickness of the vaginal muscularis and reducing the total amount of collagen (Liang 
et al., 2013; Feola et al., 2013). While stiffer materials may seem ideal to maintain the 
anatomy of the pelvic floor, they appear to be less compatible with the properties of 
native tissues, and even more dissimilar if prolapsed tissues are already mechanically 
compromised (Moalli et al., 2005). Ideally, mesh would provide support to the vagina 
in a manner that promotes remodeling which maintains or restores the native mechan-
ical integrity of the vagina.

In line with stress shielding, point loading induced by suture attachment can result 
in regions of high stress at the point of attachment. This discrete loading is a rather 
significant departure from the even distribution of force that would be provided by 
the broad contact area of normal musculature and connective tissue support. These 
local regions of high-force transmission may result in a host maladaptive remodeling 
response with localized increases in collagenase activity, potentially forming a site of 
erosion. Conversely, regions further away from suture attachments may experience 
reduced load as they receive little biomechanical stimuli and the effects of stress shield-
ing may induce remodeling to form a mechanically inferior tissue.

While it is quite evident that mechanical loading alters mesh pore dimensions and 
potential impacting the host response to mesh, it provides only a 2D measure of the 
distance between mesh fibers. Given that interfiber distance is heavily implicated in 
bridging fibrosis, the 3D confirmation of the mesh should be considered. In this regard, 
folding or bunching of the mesh would increase the amount of mesh material per unit 
volume and bring mesh fibers closer in 3D space. Such an increase in density would have 
the same impact as reduction in porosity as mesh fibers become sufficiently close for 
bridging of fibrotic tissue, as well as an enhanced inflammatory response. Indeed there are 
reports of mesh bunching or palpable “edges” associated with sites of exposure, suggest-
ing that meshes are subject to out-of-plane deformations which are not observed during 
a uniaxial test. Recent studies in our lab have confirmed that introduction of point loads 
via suture attachment increased the overall surface wrinkling by more than an order of 
magnitude (Figure 13.17) compared to standard uniaxial protocols. Again, this observed 
wrinkling of the mesh surface is largely due to the nonuniform loading imparted by 
point loads (i.e., suture points), resulting from transfer of force through the mesh fibers 
between anchoring points. As such, the locations and number of anchoring points should 
be considered in development of surgical procedures utilizing mesh.

Clearly it is a difficult task to mimic the natural support system of the vagina and 
urethra. Connective tissues offer a wide base of support with attachments along the 
entire vaginal length ensuring a relatively even distribution of force across the tissue. 
These forces are likely vital in promoting healthy tissue development with mecha-
nisms for proper homeostasis. In addition to the presence of a foreign body, grafts used 
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for pelvic floor reconstruction typically do not provide support to the same extent. 
While current procedures are quite effective in terms of reducing symptoms of pelvic 
floor dysfunction and restoring a desirable level of function, alleviation of complica-
tions such as exposure, erosion, and pain may not occur until surgical approaches more 
adeptly address the mechanical environment in which these devices are utilized.

LOOKING TO THE FUTURE

Without question there remains room for improvement in developing biomaterials and 
accompanying procedures for use in the pelvic floor. The current standards of synthetic 
mesh do indeed appear to achieve significantly higher efficacy rates, however, these 
treatments should not be weighed against such severe, and relatively frequent compli-
cations. Rather than adapting treatments from outside fields, we must strive to under-
stand the environment and conditions of the vagina and its supportive tissues, along 

Figure 13.17 The mechanical deformation a mesh experiences varies greatly depending on bound-
ary conditions applied. In response to standard uniaxial tensile testing, mesh contracts in the direc-
tion perpendicular to the axis of loading, though this deformation is planar (A). Analysis of the 
surface curvature upon loading confirms that the mesh indeed remains in plane (B), with cool colors 
representing 0 curvature and warm colors representing greater curvature. Introduction of point loads 
via suture attachment dramatically alters this deformation (C). Curvature analysis confirms increased 
surface wrinkling and out-of-plane deformation, evident by alternating warm and cool colors.
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with anatomic site-specific factors that affect the host response to biomaterials. These 
ideals must be considered and approached in order to create devices that help restore 
normal function. Indeed, all factors as outlined in Chapter 1 should be considered in 
the design of devices for the repair of incontinence and prolapse.

Currently it is unclear whether the future of urogynecological biomaterials will 
consist of synthetics, biologics, or a combination of these two in order to fulfill the 
highly complex and poorly understood physiological requirements of the vagina. 
Moving forward, it is important to consider the history of previous biomaterials in 
this space, but not become constrained by the materials or procedures currently in use. 
Rather, we must reassess both the successes and shortcomings from this history and 
develop new products and techniques that are optimized for restoring pelvic organ 
support. As a community, more studies are required to examine native support under 
in vivo loads and to better understand the environment of the vagina in terms of the 
biological response to not simply the material which is implanted, but in response to 
the forces imparted by these materials. To date many of the considerations discussed 
have been neglected during device design for SUI and POP repairs. As such the ideal 
product, whether it is a mesh or tissue engineered construct, is still on the horizon and 
unlike previous generations of treatment, we must take the proper steps to successfully 
attain our goals.
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INTRODUCTION

All medical implants prompt varying degrees of inflammatory tissue reactions and fibrosis 
which may, in chronic conditions, lead to the failure of the implant or device (Tang and 
Eaton, 1995). While the events surrounding implant failure are complex and convoluted, 
it is generally agreed that such processes begin with implant-mediated fibrin clot forma-
tion followed by acute inflammatory responses (Tang and Eaton, 1995, 1999). Cellular-
mediated signals from neutrophils and mast cells propagate this preliminary response. 
Neutrophils release a large amount of granular enzymes and reactive oxygen species 
(ROS) including hydrogen peroxide and superoxide anions (Kasahara et al., 1997; Okusa, 
2002). Mast cells are known granulocytic cells which release a multitude of factors, most 
importantly histamine (Eming et al., 2007). Histamine functions as a vasoactive mediator 
increasing capillary permeability leading to further translocation of plasma constituents, 
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such as fibrinogen, and cellular migration to the tissue sites. The inflammatory response 
may then become exacerbated through continuous cytokine and chemokine release 
from adherent immune cells triggering further migration signals of macrophages (MФs) 
and fibroblasts. This hyperactivity may also lead to tissue acidosis of the surrounding 
inflamed tissue (Mainnemare et  al., 2004). MФs then dominate the response driving 
many interwoven reactions leading to chronic inflammation, extracellular matrix (ECM) 
production, fibrosis, and eventual implant failure.

The events surrounding the successful integration of biomaterials and host tissue 
remains largely elusive due mainly to the complexity of the host tissue response. While 
substantial progress has been made on the production of a wide variety of bioactive 
materials, significant efforts have been placed in recent years on the development of 
methods to evaluate and monitor the host response. While the traditional methods of 
histological, analytical, and immunohistochemical analysis remain the “gold standards,” 
there is a compelling need to develop faster, more cost-effective, noninvasive, and 
real-time strategies to analyze biomaterial-mediated tissue reactions. Several noninva-
sive imaging techniques including computed tomography, magnetic resonance imag-
ing (MRI) (McAteer et al., 2007), positron emission tomography (PET) (Zhuang and 
Alavi, 2002), and ultrasonography (Lindner et al., 2000) have been developed to visu-
alize and quantify inflammatory responses and infection in vivo; however, these tech-
nologies rely primarily on structural changes (Tsai et al., 2014a), making them inept at 
monitoring acute, nontraumatic, and localized host inflammatory reactions. In order to 
determine specific inflammatory cellular responses, more cost-effective optical imag-
ing approaches utilizing fluorescence, chemiluminescence, or ratiometric techniques 
to investigate the cellular, protein-mediated, and biochemical cues of the host tissue 
response are being investigated. In this chapter, we summarize both traditional and 
emerging techniques used to evaluate the host response to biomaterial implants.

EX VIVO METHODS TO EVALUATE THE HOST RESPONSE

The histological approach
Histological stains such as Hematoxylin and Eosin (H&E), Masson trichrome, Wright’s 
stain, and countless others are by far the most common and well-accepted “gold stan-
dards” in evaluation of the host response. These methods provide us with the tools to 
analyze almost any part of the tissue response at a single time point and a single tissue 
location at a time. Tissue sections are fixed, embedded, sectioned, stained, coversliped 
and finally analyzed under an optical microscope. The data must then be collected 
in replicates for each test subject or sample, repeated at each time point in the study, 
images from the microscope collected, and lastly the data can be compiled and ana-
lyzed. The entire process is then often repeated, as many times as necessary, with alter-
nate stains to determine alternate factors. The process continues to be time-consuming, 
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cumbersome, and repetitive, despite the assistance (when available) of automated tissue 
sectioning and staining processes. General histological stains like H&E are the most 
common, providing an overall picture of the host response from which data such as 
the capsule thickness or a cellular count of the foreign body response (FBR) may 
be determined (Baker et  al., 2011). More specific stains can be used to identify cell 
types or certain characteristics of the response, such as staining with toluidine blue 
for mast cells (Tang et  al., 1998; Thevenot et  al., 2011) or proteins such as collagens 
with Masson trichrome (Baker et al., 2011). While histology often provides clear visual 
delineation and qualitative assessment, quantitative results are often difficult to achieve.

Analytical techniques and immunohistochemistry
Alternatives to traditional histology include numerous analytical techniques that can pro-
vide more quantitative analysis of specific molecular, cellular, and tissue characteristics. 
For instance, specific assays such as Sircol or hydroxyproline can determine collagen con-
tent in tissues or production by cells. Other techniques such as immunohistochemistry 
(IHC) can be used to detect the specific types of cells and cellular products in tissue at 
different time points. However, the same pitfalls as in histological staining occur. The use 
of fluorescently tagged antibodies has become a vital methodology for identifying cells, 
biomarkers, and proteins and is further enhanced by the use of techniques such as flow 
cytometry. As a method to evaluate the host response however, sample biopsies are con-
tinually needed to provide a kinetic analysis, significantly limiting the approach. Finally, 
enzyme-linked immunosorbent assays (ELISA) may be used to detect various compo-
nents in the solubilized tissues as body fluids. The downside of these techniques however 
is that they do not offer real-time delineation of processes and are often tedious, requir-
ing additional steps such as tissue digestion or continuous and multiple biopsies. Beyond 
these individual methods, a combinational approach may also be taken.

Combinational approaches
The main reason the above mentioned ex vivo methods remain the gold standards 
despite their tediousness is that they provide validation for the in vivo studies. For 
instance, the degree of implant-associated neutrophil responses may be quantified 
by either myeloperoxidase enzyme measurement (Tang and Eaton, 1993; Tang et  al., 
1993), histological staining for neutrophils (Lefer et  al., 1998; Josefsson et  al., 1992), 
or through IHC. As in most cases with histological analysis, there are multiple ways to 
determine a single aspect thereby validating one method or another. The histological 
techniques may be combined to gain insight regarding a relationship or correlation 
such as that presented in Figure 14.1. In this example, histological techniques are com-
bined with immunolabeling of cell types to determine a correlation between a specific 
cell type and an associated histological response.
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Emerging methodologies
While ex vivo methods are vital to the analysis of the host response, several inherent 
limitations exist. Kinetics-based approaches require numerous animals to obtain suf-
ficient tissue samples and statistically significant results at various time points, which 
in turn increases the amount of labor, time, and cost for large-scale investigations of 
material properties and mechanisms. To reduce extraneous costs, smaller studies may 
be performed; however, with an insufficient number of animals, misleading conclusions 
may be drawn. The need therefore exists for rapid, accurate, and cost-effective strategies 
to enable the assessment of the host response to biomaterials. Several promising strate-
gies have recently emerged as a means to detect and monitor various aspects of the 
host response such as protein deposition, pH change, ROS imaging, and cell-specific 
monitoring. Of these strategies, several particle-based sensors have been developed for 
a wide range of applications in biological research and clinical diagnosis (McNamara 
et  al., 2001; Xu et  al., 2001; Tan et  al., 2004; Wang et  al., 2005). Herein, we present 
an introduction to a few methods which offer an evaluation strategy in a continuous, 
noninvasive, real-time manner.
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Figure 14.1 The histological approach. (A) H&E and IHC images of the FBR and fibrocyte accumu-
lation surrounding a PDMS implant, respectively. The scale bar shows 50 µm. (B) Resultant average 
counts for the total capsule cell density and the specifically stained fibrocytes for a control and test 
sample, **P < 0.01. (C) Correlation between fibrocytes and the cell density across all the samples in 
the study based on IHC and H&E staining, respectively. (Adapted from Baker et al., 2011).
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EARLY DETECTION OF MOLECULAR CUES AND EVENTS

Host protein deposition and the resultant immune responses
Fibrinogen/fibrin accumulation is known to be an instigating step in triggering host 
responses such as coagulation, inflammation, and infection (Hu et al., 2001; Tang and 
Eaton, 1993, 1999; Smiley et  al., 2001). The localized fibrin deposition is generally 
accepted to be responsible for localized immune cell recruitment through expres-
sion of adhesion-promoting receptors (Languino et al., 1993; Altieri et al., 1988; Loike 
et  al., 1991). Several studies have investigated methods to detect fibrin deposition at 
localized sites of inflammation using short fibrin-specific peptides and agents such as 
gadolinium for MRI-based imaging (Pan et  al., 2008; Botnar et  al., 2004; Overoye-
Chan et  al., 2008). Others have gone further combining an MRI with fluorescently 
tagged peptide functionalized particles for dual monitoring modalities (McCarthy 
et al., 2009). A recent study investigated a more novel approach to fibrin deposition as 
a means to determine the degree of implant-associated mast cell activation (Tsai et al., 
2014b). In this study, a near infrared (NIR) peptide-specific fibrin-affinity probe was 
used to detect the extent of implant-associated fibrin deposition. This technique was 
accomplished around various particle implants, as well as under direct mast cell stimu-
lation with chemical agent compound 48/80, and in mast cell deficient mice (Figure 
14.2). This study determined that real-time evaluation of fibrin deposition may serve as 
an indicator for mast cell activation as well as rapid assessment of a biomaterials’ tissue 
compatibility (Tsai et al., 2014b).

Detecting ROS
The accumulation of phagocytic cells such as neutrophils, MФs, mast cells, den-
dritic cells, and others is a hallmark of inflammation and inflammatory process. 
As this cell accumulation occurs, ROS are produced most notably by polymorpho-
nuclear neutrophils (PMNs) (Zhou et  al., 2012a). PMNs activate a respiratory burst 
releasing superoxide, hydrogen peroxide, and hyperchlorous acid, resulting in oxida-
tive killing of microorganisms and cells alike (Greenhalgh, 1998). Due to the extent 
of ROS production, ROS offers a distinctive method to monitor inflammatory reac-
tions for prognosis and implant assessment. Several methods have targeted ROS 
production including electron paramagnetic resonance, fluorescence, and chemilumi-
nescence detection (Hirayama et al., 2005; Panizzi et  al., 2009; Kielland et al., 2009). 
Chemiluminescence is uniquely suited for detection of ROS generation as emitted 
light is produced upon the biological reactions with minimal background interference 
and emission quantification at the single-photon level (Zhou et  al., 2012a). A recent 
study designed such a probe using L-012 (Zhou et  al., 2012a), a luminal derivative 
with improved sensitivity toward ROS compared to other ROS probes such as luminal 
and lucigenin (Daiber et al., 2004a,b). This study found that the L-012 probe had an 
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improved reliable signal for noninvasive detection of ROS in vivo (Zhou et al., 2012a). 
By using various models, the investigators determined that the chemiluminescence 
signal may be used to monitor and assess the kinetics of inflammatory reactions over 
time. Additionally, investigation into several types of inflammatory reactions includ-
ing allergy-mediated inflammatory responses, device-associated FBRs, and infection 
studies, they demonstrate that chemiluminescence of ROS production is a valuable 
method for evaluating the host response.

Measuring changes in pH
Left unchecked, inflammatory reactions often lead to tissue acidosis and cell death 
within the localized host tissue response. Inflamed tissue and malignant tumors are 
often found with a high hydrogen ion concentration resulting in a very low pH, down 
to approximately pH 5.4 in inflammation, and even a pH of 4.7 in fracture-related 
hematomas (Steen et  al., 1995; Reeh and Steen, 1996). Several studies suggest that 
acidification of diseased tissues is tied to inflammatory products such as ROS, hypo-
chloric acid, and hydrogen peroxide (Mainnemare et  al., 2004; Conus and Simon, 
2008; Whiteman and Spencer, 2008). Therefore, the ability to monitor the pH shift 
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Figure 14.2 Fibrin deposition and immune mediate responses. (A) Representative fluores-
cence imaging of the enhanced fibrin signal from mast cell stimulation by compound 48/80. 
(B) Immunohistological staining verifies the enhanced fibrin deposition by compound 48/80. 
(C) Imaging of PLA, titanium oxide (TiO2), and silicone oxide (SiO2) particles implanted in wild type 
(+/+) or mast cell deficient mice (W/Wv). (D) Corresponding fluorescence intensities showing the 
reduced accumulation of fibrin probes in mast cell deficient mice. *P < 0.05. (Adapted from Tsai et al., 
2014b).
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within the host tissue response could be invaluable for determining the progression 
of an inflammatory state. With this goal in mind, several pH-sensitive dyes have been 
developed (Andreev et  al., 2007; Carmo et  al., 2008). However, the dyes have lim-
ited capabilities for use in vivo due to high diffusion in and out of cells and tissues 
at various rates. To overcome these limitations, an imaging probe has recently been 
developed which combines a pH-sensitive dye (CypHer5E) with a pH-insensitive dye 
(Oyster800) to monitor the ratio of fluorescent intensities at the respective wavelengths 
of the dyes (Tsai et al., 2014a) (Figure 14.3A). This approach allows for continuous in 
vivo monitoring of pH changes with minimal disruption from sensor concentration 
(ratio of the two wavelengths will remain the same with a change in concentration). In 
this study, both dyes were covalently linked to poly(N-isopropylacrylamide) (PNIPAM) 
nanospheres to prolong diffusion and retention within the tissue (Tsai et  al., 2014a). 
The study found that not only were the ratiometric probes suitable for in situ use, but 
they can be used to monitor changes due to anti-inflammatory agents and biomate-
rial implants in vivo (Tsai et al., 2014a). Part of this study is described in Figure 14.3 
whereby the pH change is monitored around several different particle implants with 
associated various degrees of inflammation. The extent of the histological change was 
also shown to correlate with histological results.
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Figure 14.3 Ratiometric probes and measurement of pH. (A) Schematic illustration of PNIPAM–
CypHer5E–Oyster800 pH sensors. (B) Ratiometric imaging of mice implanted with different nano-
sphere made of silicone oxide (SiO2), polystyrene (PS), PEG, or saline at various time points (15 min, 
3 days, and 7 days after implantation). (C) The observed ratiometric change at the implantation site 
over time. (Adapted from Tsai et al., 2014a).
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METHODS TO EVALUATE INNATE IMMUNE RESPONSES LEADING TO 
INFLAMMATION AND FIBROSIS

Evaluation of cell-specific responses, neutrophils
It has long been suggested that accumulation of activated neutrophils around bioma-
terial implants may lead to increased fibrotic reactions and tissue damage (Freeman 
et  al., 2009; Hoemann et  al., 2010). Additionally, the impaired bactericidal activities 
of implant-associated neutrophils are thought to be involved in the pathogenesis of 
device-centered infection (Kaplan et al., 1999). Neutrophil activity, as an integral part 
of the host response, is commonly monitored by enzyme measurements and histo-
logical evaluation. However, these methods cannot accurately depict dynamic cellular 
responses. Several imaging methods have therefore been investigated to monitor neu-
trophil migration. For instance, two-photon microscopy and time-lapse imaging haven 
shown neutrophil migration in the lungs of mechanically ventilated mice (Kreisel 
et  al., 2010). A leukotriene LTB4 receptor antagonist was shown to exhibit neutro-
phil targeting and was developed for imaging acute myocardium inflammation (Riou 
et al., 2002). Additionally, chemotactic peptide receptor agonists were found useful for 
imaging infection and associated inflammatory cell accumulation in vivo (Babich et al., 
1997; van der Laken et  al., 1997). Finally, several optical imaging systems using vari-
ous peptides such as cinnamoyl-Phe-(D)Leu-Phe-(D)Leu-Phe (cFLFLF), or formyl-
methionyl-leucylphenylalanine (FMLF) peptide have been utilized to target the formyl 
peptide receptor of neutrophils (Locke et al., 2009; Xiao et al., 2010). Careful selection 
of peptides is necessary to avoid unwanted side effects such as inducing neutropenia 
(Xiao et  al., 2010; Locke et  al., 2009). The peptides may additionally be coupled to 
NIR dyes and polyethylene glycol (PEG) polymers to improve the hydrophilicity of 
the probe providing enhanced efficacy. These methods have been used to detect severe 
neutrophil-associated lung inflammation and infection (Xiao et al., 2010; Zhang et al., 
2010), as well as the degree of neutrophil recruitment to medical-device-associated 
FBRs and infection (Figure 14.4) (Zhou et al., 2012b). The use of PEG polymers as 
carriers may not only enhance nanoprobe hydrophilicity, but also reduce nonspe-
cific binding, improve bioavailability and clearance in vivo (Suzuki et al., 1984; Healy 
et  al., 2004). While optical imaging enables quick, noninvasive real-time imaging, it 
is still plagued by low tissue penetration depth, thus limiting the clinical application. 
Conjugation with radionucleotides and PET or MRI may therefore be needed to 
enhance clinical application.

MФs and the alteration of phenotype
MФs are critical to host defense. MФs are phagocytic cells which seek out and destroy 
potential pathogens. Therefore, it is not all that surprising that when MФs encounter a 
“foreign” implant, they treat it as a pathogen and, arguably, prompt the most essential 
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and dominating reactions in the host response. When the pathogen is a nondegradable 
implant which cannot be destroyed, the result is chronic inflammation and regenerative 
capabilities. Quantifying the degree of MФ activation may therefore be a vital strat-
egy to assess the extent of inflammation in disease models as well as around biomate-
rial implants. Some studies have investigated via fluorescently tagging MФ antibodies 
to image MФ recruitment at implant sites (Bratlie et  al., 2010). Another investiga-
tion sought to monitor inflammatory responses by developing a folate-targeting NIR 
nanoprobe (Zhou et al., 2011), as the folate receptor is known to be overexpressed on 
activated MФ (Low et al., 2008; Hilgenbrink and Low, 2005). These studies, and others, 
have indicated that targeting MФs with indicator probes is a viable method for quanti-
fying degree of inflammatory reactions.

In normal tissue repair, as opposed to chronic stimulation, MФs are observed to 
shift along a spectrum of activation from one functional phenotype to another termed 
MФ polarization (Stout and Suttles, 2004). Chapter  6 provides an in-depth discus-
sion of MФ phenotypes. At the opposing ends of this spectrum, MФs have typically 
been classified as M1 (classical activation) or M2 (alternative activation) and tend to act  
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Figure 14.4 In an infected polyurethane (PU) catheter inflammation model, PU catheters were colo-
nized with luciferase transgene Staphylococcus aureus and then transplanted subcutaneously on the 
back of mice. After 1 day, the mice were injected by tail vein with formyl peptide receptor-targeting 
probes. Fluorescence images were taken 3 h postinjection. (A) Representative fluorescence image 
reveals formyl peptide receptor-targeting probe accumulation at the surrounding area of infected 
PU catheters. (B) Quantification analysis of fluorescence intensity shows that 8.8 times higher fluores-
cence intensity from the infected catheters versus the controls (P < 0.05). (C) Immunohistochemical 
staining of neutrophils (400×) reveals that significantly higher numbers of neutrophils accumulated 
around the infected PU catheters compared to sterile catheters.
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(in a general sense) as pro-inflammatory or regulation, respectively, influencing both 
tissue destruction and regeneration (Martinez et  al., 2008; Stout and Suttles, 2004). 
Therefore as a means to evaluate the normal host response, a method which could 
quantify not only the classically activated inflammatory MФ response but the regulatory 
MФ response as well would significantly aid in determining the biocompatibility or 
regenerative capabilities of an implant, device, or disease state. A recent study examining 
the role of MФs in the remodeling response of surgical mesh used histological methods 
to investigate an M2/M1 ratio for various implants (Brown et al., 2012). The investi-
gators determined that an increased M2/M1 ratio was associated with more positive 
remodeling outcomes, providing support to the MФ polarization paradigm. Presently, a 
dual imaging probe modality was developed to monitor MФ polarization in vivo.

As previously discussed, M1 inflammatory MФs are known to have an increased 
expression of folate receptor. Similarly, M2 MФs express high levels of the mannose 
receptor which is up-regulated by regulatory cytokines such as interleukin-4 (IL-4), 
IL-10, and IL-13 (Martinez-Pomares et  al., 2003; Gordon, 2003; Stein et  al., 1992). 
To further investigate the process of MФ polarization and determine if an M2/M1 
ratio could be utilized in vivo to monitor biocompatibility, analogous imaging probes 
were developed coupling NIR indicators to target MФ folate and mannose receptors 
(Baker et al., 2014). This study identifies the shifting patterns of polarized MФs in vitro, 
as well as in vivo around both prominent changes in an infection model and very subtle 
changes such as various biomaterial implants. Figure 14.5 presents an imaging analysis 
performed on two biocompatible polymeric particle implants Poly-l-lactic acid (PLA) 
and PNIPAM. Both materials are commonly employed biocompatible microparti-
cles for tissue engineering. PLA microparticles are known to elicit an inflammatory 
response (Jiang et al., 2007) where PNIPAM has shown milder tissue reactivity (Weng 
et  al., 2004). This study demonstrates that subtle changes in the MФ response, such 
as the shifting of polarized phenotypes, may be determined in vivo in real time. The 
noninvasive characterization of such processes may provide a critical step forward as a 
method to determine the host response.

MATHEMATICAL MODELING AND PREDICTION METHODS

Despite intensive research efforts in wound healing, few methods are currently able 
to systematically predict the dynamic behavior of immunological and inflammatory 
reactions. With the goal of forecasting outcomes of tissue responses to biomaterials, 
mathematical modeling may offer unique insight through a kinetics-based approach 
to analyze the outcome of complex reactions of cells/proteins and biochemical pro-
cesses (Dale et al., 1996; Dallon et al., 2001; Lemon et al., 2009). For instance, surface-
mediated and acute inflammatory responses are known to propagate a gradient 
release of growth factors into the surrounding tissue. This reaction, which results in 
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the migration of various cell types toward the implant, may be captured in essence 
by either mathematical chemotactic equations in a continuum model or cell motion 
equations of discrete cells in multiscale models (Su et al., 2011). The initial cell recruit-
ment results in greater and more diverse cell recruitment which may be further mod-
eled by chemotactic equations (Mantzaris et al., 2004). Such predictive models based 
on biochemical and biophysical mechanisms have previously been developed for analy-
sis of treatments (Schugart et al., 2008). In the same way, modeling the host inflamma-
tory and fibrotic response is possible. A recent study investigated expanding previous 
mathematical models to “forecast” the process of foreign body reactions by considering 
several features of MФs, treating MФ as either a continuum or as discrete cells. They 
found that discrete cell modeling of MФ is capable of showing very interesting devel-
opment patterns of the healing process, while continuum modeling provides good esti-
mation of average cell behaviors (Su et al., 2011). For this reason, a multiscale model 
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Figure 14.5 MФ polarization paradigm showing M1 and M2 imaging probe assessment in a bioma-
terial response. (A) Imaging analysis of PNIPAM (left side of mouse) and PLA (right side of mouse) 
implants at 4 days showing the separate and merged NIR fluorescence channels. (B) Bar graphs of 
relative fluorescence intensity and M2/M1 ratio. Statistics were performed with the student’s t-test 
and show *P < 0.05. (Adapted from Baker et al., 2014).
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approach was conducted combining the continuous modeling for the cellular and 
chemical fields along with discrete modeling for limited cell numbers (Su et al., 2011). 
By using this multivariate approach, the model can predict the trends of MФ migra-
tion, collagen production, and enzyme regulation in FBRs. The advantage of such 
models lies in the systematic approach to evaluating multiple variables and complex 
interactions. Furthermore, such models may be used to evaluate multiscale kinetic 
responses to identify critical time points for treatment applications to alter the fibrotic 
outcomes of the host response.

CONCLUSION AND SUMMARY

The immunological and inflammatory reactions of the host response have long been 
known to be critical determinants of medical device success or failure. The methods 
used to interpret these reactions are therefore critical to the future development of 
implants, treatments, and regenerative strategies in tissue engineering. The histologic 
methods used to identify trends in the host response provide a solid foundation upon 
which to grow. Although limited and time-consuming, histology will continue to pro-
vide the verification required to develop more rapid, noninvasive, and cost-efficient 
technologies. By identifying specific characteristics of the host response and targeting 
our methods at the clear delineation of chemical-, biological-, and cellular-mediated 
processes, large-scale studies become more rapid, and materials and treatments become 
easier to develop. Many of the mechanisms driving the host response are well known. 
The continued development of methods which push the envelope and shorten the gap 
of evaluation and analysis of medical devices will continue to improve.
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