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A B S T R A C T   

Adoptive cellular immunotherapy using immune cells expressing chimeric antigen receptors (CARs) is a highly 
specific anti-tumor immunotherapy that has shown promise in the treatment of hematological malignancies. 
However, there has been a slow progress toward the treatment of solid tumors owing to the complex tumor 
microenvironment that affects the localization and killing ability of the CAR cells. Solid tumors with a strong 
immunosuppressive microenvironment and complex vascular system are unaffected by CAR cell infiltration and 
attack. To improve their efficacy toward solid tumors, CAR cells have been modified and upgraded by “deco
rating” and “pruning”. This review focuses on the structure and function of CARs, the immune cells that can be 
engineered by CARs and the transformation strategies to overcome solid tumors, with a view to broadening ideas 
for the better application of CAR cell therapy for the treatment of solid tumors.   

1. Introduction 

Cancer-related conversations are associated with nervousness and 
fear because people consider cancer to be synonymous with pain and 
death. Traditional treatments, including surgery, radiotherapy, and 
chemotherapy, are the main approaches for early-and mid-stage cancer 
[1–3]. However, patients undergoing these treatments usually experi
ence high malpractice rate, side effects, and reduced life expectancy 
[4,5]. To achieve better therapeutic results, multiple conventional 
treatments are used simultaneously; however, the results remain un
satisfactory [6–8]. Therefore, there is a critical need for effective cancer 
treatment. 

Tumor cells are usually considered as normal cells in the body that 
are stimulated due to various factors (such as congenital factors, 
chemical stimulants, physical stimulants and viral stimulants), hence 
activating uncontrolled growth [9–11]. Therefore, avoiding accidental 
injury to surrounding normal cells during treatment is a major challenge 
in cancer therapy. Immune cells play an important anticancer role. For 

example, T cells usually identify the “enemy” by recognizing the major 
histocompatibility complex I (MHC I) of other cells [12–14]. However, 
tumor cells can escape the surveillance of immune cells by blocking 
similar recognition mechanisms, leading to unrestricted proliferation 
and metastasis [15,16]. Therefore, many researchers hope to achieve 
tumor suppression or even clearance by revitalizing immune cells, 
known as immunotherapy [17,18]. 

Although immunotherapy has proven its potential value in recent 
years, it also has many shortcomings, including inefficient immune 
response, high off-target toxicity, restricted persistence, insurmountable 
tumor heterogeneity, and immunosuppressive microenvironment 
[19–21]. Antibody–antigen interactions are commonly found in humans 
and are a highly specific reaction [22,23]. This reaction is often used in 
cancer therapy combined with a series of monoclonal antibodies 
[24,25]. Most antibodies inhibit the proliferation of cancer cells by 
binding to their surface receptors; however, it is difficult to achieve the 
killing of cancer cells [26,27]. 

Considering the perceptions mentioned earlier, to implement killing 
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of tumor cells by antibodies with the lowest possible off-target toxicity, 
researchers have proposed grafting antibodies, which bind to receptors 
on the surface of tumor cells, onto the cell surface to synthesize a ‘smart 
cell’ that can efficiently recognize and kill cancer cells termed chimeric 
antigen receptor (CAR) engineered cells [28]. The introduction of 
modified cells into the patient's body for cancer treatment is often 
referred to as a form of adoptive cell therapy [29]. These engineered 
cells have become a new focus for eliminating tumors. The basic struc
ture of a CAR generally consists of a tumor-associated antigen (TAA)- 
binding region (usually derived from the single-chain variable fragment 
[scFv] segment of a monoclonal antibody antigen-binding region), hinge 
area, transmembrane region, and immunoreceptor tyrosine-based acti
vation motif [30,31]. Ideal TAAs should be prevalent on tumor cells and 
are expected to be expressed minimally in normal tissues to avoid off- 
target toxicity [32]. Selection of appropriate TAAs, as target antigens 
for localization, plays a decisive role in the specificity, efficacy, and 
safety of the final CAR [33,34]. 

Owing to its characteristic high specificity and no restriction by 
MHC, CAR cell therapy has gained increasing attention. Initially, CARs 
were mostly used to transform T cells and have been applied to NK cells 
and macrophages [35,36]. Recently, CAR cell therapies, especially those 
of CAR-T cells, have achieved excellent results in treating hematologic 
tumors and have been approved by the US Food and Drug Administra
tion and the European Medicines Agency [37,38]. 

However, concerns, including antigen heterogeneity, limited safety, 
immunosuppressive tumor microenvironment (TME), complex tumor 
vascular system, suboptimal CAR cell delivery, and complicated pro
duction, have severely hindered the development of CAR cells against 
solid tumors [39,40]. Therefore, in this review, we introduce the basic 
structure of CARs and its different cell types. Therefore, in order to 
provide a wider range of research ideas, we mainly summarize the 
modification strategies for solid tumors, analyze the strengths and 
weaknesses of the various approaches and hope that these experiences 
will enlighten a wider range of researchers. 

2. Basic structure and development of CAR 

CAR (Fig. 1) has three functional domains, namely extracellular, 
transmembrane, and intracellular structural domains [41,42]. Func
tionally, the extracellular structural domain comprises an antigen 
recognition domain that binds antigen and a segment of the hinge that 

acts as a linker, whereas the intracellular domain contains a co- 
stimulatory and a signal-transduction structural domain. For prolong
ing the in vivo retention time of CAR cells and enhancing the therapeutic 
effect for tumor treatment, CARs have now been developed to the fifth 
generation. The difference between generations mainly focuses on the 
upgrading of intracellular structures and the introduction of cytokines. It 
should be noted that although the principle of CARs construction is 
unified, most of the current CARs are mainly designed for constructing 
CAR-T cells and may not be the best choice for other cells. In addition, 
the optimal method to introduce CARs via transfection varies by cell 
type. 

2.1. Antigen recognition structural domain 

The antigen recognition structural domain is the basis of CAR- 
specific binding to tumor antigens, and the main structure used is the 
scFv [43,44]. It is usually composed of the variable light (VL) and heavy 
(VH) regions of monoclonal antibodies linked by peptides that possess 
specificity for the antigen [45]. Theoretically, the structural design of 
VL-linker-VH is more in line with the natural structure of antibodies. 
Interestingly, both VL-linker-VH and VH-linker-VL showed similar re
sults for the final recognition result [46]. For the linker, the sequence 
-(Gly-Gly-Gly-Gly-Gly-Ser)3- with -(Gly-Gly-Gly-Gly-Ser) - is the most 
preferred [47–49], whereby such amino acid sequences can link VH to 
VL while remaining flexible. This allows the functional regions of VH 
and VL to still pair together to constitute monovalent antigen-binding 
sites [50]. 

The scFv fragment is monovalent, and the bivalent scFv can be made 
by linking two scFv fragments.The bivalent scFv generally has two 
structures, one forms a single peptide chain containing two heavy chain 
variable regions and two light chain variable regions, called tandem 
antibodies (tandem di-scFvs); the other is to shorten the length of linker 
from 15 to 3–12, so that the VH and VL functional regions from two 
different molecules pair with each other to form a dimer structure, called 
diabodies (diabodies composed of variable regions from two different 
antigens are called bispecific antibodies). Similarly, tandem antibodies 
(tandem di-scFvs) with three heavy chain variable regions and three 
light chain variable regions can be produced.Triabodies can also be 
formed by further shortening the Linker length so that the VH and VL 
functional regions from three different molecules are paired with each 
other. The scFv multimer has an increased antigen-binding valence and 

Fig. 1. The basic structure of CARs by generations.  
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higher affinity than the normal scFv fragment [51]. Unlike bispecific 
antibodies, bispecific diabodies have more advantages and a high 
specificity [52,53]. First, the deletion of fragment crystallizable (Fc) 
fragment minimizes specific binding of Fc receptors (FCR) to immune 
cells. Second, the shorter amino acid sequence minimizes host rejection 
of the heterologous antibody. Third, the smaller molecular weight is 
advantageous for tumor tissue penetration. Finally, diabodies do not 
require cell hybridization, thus avoiding the use of chemical cross- 
linking agents and conferring a higher safety profile with lower immu
nogenicity. Given these advantages, human-derived bispecific anti
bodies may be worthy of more development and exploitation. 

Overall, the presence of scFv confers or enhances the ability of CARs 
to recognize and bind antigens. It not only relieves T cells of their 
dependence on MHC, thereby preventing immune escape by tumor cells, 
but also grants immune cells the ability to recognize non-peptide 
antigens. 

In the structure of CAR, scFv determines the specific recognition of 
CAR-T cells and is a crucial structural domain. One of the key factors for 
the realization of CAR function is the affinity of scFv for its cognate 
antigen [54]. In general, scFv-based CAR-T cells have an affinity for 
their targets that is several orders of magnitude greater than that of 
unmodified TCR-T cells. Fine-tuning of CAR affinity also reduces bind
ing to low levels of antigens on normal tissues and reduces on-target off- 
tumor toxicity, while maintaining sufficient effector function to elimi
nate antigen overexpressing malignant cells. Another advantage of scFv- 
based CAR cells is that they do not rely on antigen presentation by MHC 
to recognize target antigens, which can overcome tumor escape from 
down-regulated MHC molecules and enable CAR cells to recognize non- 
peptide antigens such as glycolipids or tumor-specific glycosylation. In 
addition, ScFv-based CAR-T cells could theoretically be redirected to 
any antigen. However, scFv-based CARs also have many obvious dis
advantages [55,56]. First, since some antigens are not strictly expressed 
in tumor cells, “miss-killing” may occur during treatment, in which a 
portion of normal cells that express the same antigen are killed [57,58]. 
Second, scFvs are less stable and susceptible to external factors, 
including temperature and pH. Therefore, changes in the production 
process and in vivo environment may cause damage to scFvs [59]. 
Additionally, the VH and VL regions of different scFvs are prone to 
crosstalk with each other, resulting in the loss of the original function of 
binding to the target antigen and enhancement of the immunogenicity of 
CARs [60,61]. Particularly, in CAR-T cells, aggregation of CAR induces 
tonic signaling, accelerates T cell depletion, and even reduces T cell 
persistence in vivo [62,63]. Meanwhile, the immunogenicity of murine- 
derived or humanized scFv has been confirmed [64]. Notably, in addi
tion to scFv-based design, other fabrication strategies, including natural 
receptor/ligand-based or nanoantibodies, have made significant con
tributions to the development of CARs [65–67]. 

2.2. Hinges 

The hinge domain has been mainly responsible for connecting the 
antigen recognition domain to the transmembrane structural domain 
[68]. The origin, length, flexibility and composition of the hinge domain 
influence the antitumor activity of CAR and the appearance of side ef
fects [69]. The optimal length of the hinge domain depends on the 
location and accessibility of the antigen and target epitopes. CAR cells 
will be more easily activated if the target epitope is located close to the 
target cell membrane. Adjusting the length of the hinge zone can enable 
CAR cells and target cells to be at an optimal intercellular distance, fa
voring the formation of immune synapses that might otherwise atten
uate CAR signals. It was found that for CD19, carcinoembryonic antigen 
(CEA), and interleukin 13 receptor (IL13Rα2), short hinge domains 
activate CAR-T more readily than long hinge domains. For ROR1, mucin 
1 (MUC1), neural cell adhesion molecule (NCAM), and 5 T4, the long 
hinge domain is required to overcome spatial barriers to access the 
target antigen [70]. Therefore, the optimal hinge domain length varies 

depending on the target epitope. 
The source of the hinge domain also needs to be carefully considered. 

Currently, most CAR hinge domains are derived from the hinge of IgG or 
the CD8α/CD28 extracellular region [71]. IgG-based hinges typically 
use the -CH2-CH3 region of the IgG molecule, mainly IgG1 and IgG4 
[72].The main advantage of this hinge is its excellent structural flexi
bility. However, clinical studies have found that CAR-T cells with IgG- 
derived hinges lack persistence [73]. This might be explained by the 
fact that several amino acid sequences within the CH2 structural domain 
could bind to Fcγ receptors (FcγRs) on innate immune cells, including 
monocytes/macrophages, dendritic cells (DCs), neutrophils, and natural 
killer (NK) cells [74]. This binding interaction may lead to redundant 
innate immune responses including antibody-dependent cell-mediated 
cytotoxicity (ADCC) and phagocytosis resulting in CAR-T cell depletion. 
Additionally, the interaction of Fc with FcγR may also cause ligand- 
independent tonic signaling, which subsequently results in activation- 
induced T-cell death (AICD). Existing studies have typically eliminated 
adverse effects by modifying IgGs-derived hinges, such as replacing the 
IgG1-CH2 framework with the corresponding IgG2 amino acid or de
leting the CH2 domain outright [75,76]. The researchers generated 
several anti-CD19 CARs by using different IgG4-derived spacers [77]: 
one with no mutated CH2 structural domains, one with a complete 
deletion of the CH2 structural domains, and the others with single- or 
double-point mutations in the CH2 region. They found that CARs 
without mutated CH2 were not consistently recognized and persisted in 
a xenograft model, whereas engraftment and persistence were partially 
restored after blocking the interaction through the use of intravenously 
administered immunoglobulin (IVIG). Furthermore, double point mu
tations or complete deletion of the CH2 region increased persistence and 
anti-tumor efficacy compared to CARs containing non-mutated or single 
mutated CH2 regions. Unusually, CAR-T cells had no similar therapeutic 
efficacy or persistence in vivo after similar modifications to their IgG1- 
derived hinges. Aiming to minimize potential immune interactions 
induced by the IgG-derived hinges and to achieve the clinically required 
safety profile, relevant proteins (e.g., CD8 and CD28) that are naturally 
expressed by T cells can be integrated as hinges into the CAR structure 
[78]. It was found that CARs containing the CD28 hinge domain pro
duced significantly more inflammatory cytokines and experienced more 
AICD than CARs containing the hinge domain of CD8α. In addition, more 
markers of T-cell depletion, such as PD-1 and lymphocyte-activated 
gene-3 (LAG-3), were found in CAR-T cells containing the CD28 hinge 
domain. Other researchers reduced the flexibility of the hinge domain by 
removing two consecutive Gly residues in the CD8-derived hinge 
domain in CAR cells [49]. They found that this change resulted in better 
tumor control and lower inflammatory cytokine release in vivo. In 
addition, CAR-T cells with a less flexible hinge domain contributed to a 
downward trend in tumor load and prolonged survival. The exact 
mechanism of the hinge domain's effect on CAR cells requires extensive 
research to further determine [79]. 

2.3. Transmembrane domain 

As a link between extracellular and intracellular structures, the 
transmembrane domain (TMD) is usually derived from selected trans
membrane receptor proteins. [80] An appropriate TMD has a great in
fluence on the timely and stable exchange of information between the 
inside and outside of the cell. Currently, the commonly used sources of 
TMDs in clinical practice are CD4, CD8α, CD28, and CD3ζ. [81–85]. The 
functional importance of TMD in the expression level and stability of 
CARs has been fully confirmed. The researchers analyzed the effects of 
hinge domains and TMDs on the expression level and cytotoxicity of 
CARs. The results showed that the hinge region / transmembrane 
domain co-modified CARs had a stronger effect than the hinge region 
modified CARs. This indicates that the transmembrane region has a high 
effect on the expression and stability of CARs. The dimerization of CARs 
mediated by the transmembrane domain and the interaction with 
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endogenous proteins contribute to the formation of dimers or trimers, 
which ultimately enhance the activation of T cells [86–88]. Multiple 
sources of TMD (including FcεRIγ, CD3ζ, CD28, CD16, NKp44, NKp46, 
NKG2D, DNAM-1, 2 and B4) have been shown to promote signal 
transduction and T cell activation by mediating the dimerization of 
CARs [89–92]. Compared with CD8α TMD, CD28-derived TMD is more 
conducive to the formation of dimers and reduces the antigen density 
required for T cell activation. TMDs similarly affect the cytokine pro
duction of CAR cells. The researchers conducted a series of studies on the 
specific effects of CD8α-derived TMDs of different lengths on CAR-T 
cells. The results showed that CARs with TMDs containing 86 amino 
acids not only produced potent anti-tumor responses but also had a 
desirable safety profile. And the appropriate modification of CARs TMD 
can regulate the secretion of cytokines and also effectively improve the 
toxicity associated with CAR-T cells. With the in-depth study of TMDs, a 
variety of novel TMDs have been developed [93–95]. Researchers 
developed TMDs with the killer cell immunoglobulin-like receptor (KIR) 
and introduced them into T cells, which ultimately showed potent anti- 
tumor activity. Most of the existing TMDs were developed based on 
CAR-T therapies [96]. When applied to construct other CAR cells, suf
ficient evidence and relevant experiments are required to select the most 
appropriate TMD. 

2.4. Intracellular structural domains 

2.4.1. Costimulatory domain 
In general, full activation of T cells requires at least two different 

stimulatory signals. The first activation signal is provided by the binding 
of specific antigenic peptides that bind MHC molecules on antigen- 
presenting cells (APCs) to TCRs. The other activation signal is gener
ally provided when a stimulatory receptor on the T cell binds to a 
cognate ligand on the APC. Incomplete antigenic stimulation leads to 
unresponsive T cells. The first generation of CARs consisted only of the 
antigen recognition domain connected to FcγR or CD3ζ alone [97,98]. 
This simple structure, although exhibiting cytotoxicity to target cells 
both in vivo and ex vivo, showed only limited anti-tumor efficacy and 
poor persistence in clinical trials [99,100]. 

For improving T-cell proliferation and persistence, researchers have 
constructed second-generation CARs by introducing a co-stimulatory 
element (CD28 or 4-1BB) as a “second signal” for T-cell activation 
[101–103]. CD28 is a type I transmembrane glycoprotein that improves 
proliferation, IL-2 release, survival and metabolic activities of naïve T 
cells by regulating the expression and activity of nuclear transcription 
factor (NF-κB), nuclear factor of activated T cells (NFAT), and activator 
protein 1 (AP-1) [102]. It is also involved in cytoskeletal rearrange
ments, actin polymerization and membrane raft repolymerization into 
the immunological synapse, thereby maintaining and facilitating TCR- 
induced signaling.CD28, when used as a co-stimulatory molecule, en
hances T-cell killing but persistence remains unimproved [104]. 4-1BB 
(TNFRSF9, CD137, ILA) is expressed predominantly on activated T 
cells and stimulates T cells by activating the NF-κ B, c-Jun and p38 
downstream pathways to stimulate T cells [105–107]. In contrast to 
CD28, 4-1BB enhances T cell activity by stimulating the proliferation, 
cytokine release and cytolytic activity of effector T cells rather than 
naive T cells and inhibiting AICD [108]. However, 4-1BB shows limited 
killing ability as a co-stimulatory molecule [109–111]. 

For enhancing anti-tumor effects and prolonging in vivo persistence, 
the investigators constructed third-generation CARs by combining two 
co-stimulatory molecules [112,113]. The co-stimulatory molecules used 
with high frequency in CARs were derived from either the Ig superfamily 
(CD28 and ICOS) or the TNF receptor superfamily (TNFRSF) (4-1BB, 
OX40, and CD27) [114]. It has been shown that CAR-T cells containing 
CD28-OX40 display higher levels of expansion and cytotoxicity in vitro 
compared to CAR-T cells lacking OX40. Unfortunately, the clinical 
performance of third-generation CAR-T was not superior to that of 
second-generation CAR-T. This also suggests that simply increasing the 

number of co-stimulatory molecules does not necessarily enhance the 
activation effect of CAR on immune cells. 

For combining immune checkpoint inhibitor therapies and over
coming the immunosuppressive microenvironment of tumors, the fourth 
generation of CARs builds on the second generation by adding the ability 
to express specific cytokines [115–118]. Therefore, they are also known 
as universal cytokine-mediated killing T cells (TRUCK T), which can 
activate T cells while secreting corresponding cytokines (e.g., IL-12, IL- 
15, and IL-18) [119–121] to increase the extent of NK cell and macro
phage infiltration at the tumor site, which further enhances the anti- 
tumor effect [122–124]. In addition, considering the issue of CAR-T 
cell controllability, some researchers have added controllable suicide 
genes (e.g., certain drug-sensitive genes) to the structure of fourth- 
generation CAR-Ts to modulate the survival timeframe of CAR-T cells 
in vivo. Other researchers have proposed designing an active switch for 
CAR-T cells. For example, by incorporating the light-switching protein 
LOV2 (light‑oxygen-voltage domain 2) into the structure of fourth- 
generation CARs, researchers have made it possible for CAR-T cells to 
function only when excited by a specific blue light and to return to a 
“dormant” state in the dark [125]. Based on dual-target therapy and “ 
AND “ logic gates, other researchers have modified CAR-Ts to be lethal 
only when they recognize two antigens, A and B, at the same time. Such 
logic gates can improve CAR-T's precision and reduce off-target toxicity. 

CAR cell therapies are usually engineered in vitro from the patient's 
own cells and then infused back into the body, which has limited the 
scale-up and translation of CAR cell therapies, especially CAR-T cells. As 
a result, researchers have developed a fifth-generation CAR-T, the Uni
versal CAR-T (UCAR-T). UCAR-T empowers CAR-T cells to recognize 
multiple antigens by utilizing two ‘third party’ systems (BBIR CAR or 
SUPRA CAR) that partition the extracellular antigen targeting domains 
and T-cell signaling units [126,127].In addition, Graft-versus-Host Dis
ease (GVHD) is eliminated by in vitro disruption of TCR genes and HLA 
class I genes in T cells obtained from allogeneic healthy recipients 
through gene editing techniques (ZFN, TALEN and CRISPR/Cas9) [128]. 
The main advantage is that there is no need to obtain T cells from the 
patient for customization, which greatly saves treatment time and cost. 
However, this type of general-purpose CAR-T currently has high tech
nical barriers and higher safety requirements. The safety of fifth- 
generation CAR-T is still at an early stage of exploration. 

2.4.2. Activation domain 
The signal activation structural domain is mainly responsible for the 

transduction of T cell activation signals. Currently, CD3ζ is the most 
used source of activation domains in CAR-T cells. The activation struc
tural domain of CD3ζ consists of three immunoreceptor tyrosine- 
activated motifs (ITAMs), which are highly dependent on the activity 
of the lymphocyte-specific protein tyrosine kinase (Lck) [129,130]. 
Upon phosphorylation of Lck each ITAM in CD3ζ recruits zeta-chain- 
associated protein kinase 70 (ZAP70) to be phosphorylated by Lck. 
Activated ZAP70 further phosphorylates the membrane adapter LAT, 
which forms a signaling network with various proteins (e.g. Grb2/Sos 
and PLCγ). In T cells, the number and type of ITAMs may influence the 
signaling process. However, researchers have found that the anti-tumor 
efficacy of a single functional ITAM is sufficient for therapeutic pur
poses. Furthermore, CARs containing a single ITAM outperformed CARs 
containing more ITAMs in vivo, limiting T-cell differentiation, 
increasing the proportion of central memory CAR-T cells, and improving 
persistence [131]. Apart from CD3ζ, CD3δ/ε/γ could theoretically serve 
as structural domains for CARs. The researchers replaced the original 
CD3ζ by three peptide chains, CD3δ/ε/γ, to examine their T-cell acti
vation effects [132]. The results showed that CARs adopting the other 
three peptide chains could reduce the occurrence of CRS, improve the in 
vivo persistence of CAR-T cells, and enhance the safety and efficacy of 
CAR-T therapy. Most of the existing activation domains were developed 
based on the mechanism of T-cell activation and may require adaptation 
when applied to other CARs cells. 
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3. “Family” of CAR cells 

Currently, CAR-T therapies are well developed for cancer treatment. 
Therefore, the utilization of CAR engineering to modify other immune 
cell types has aroused great interest among researchers. Several main
stream CAR cells, such as CAR-NK, CAR-NKT, and CAR-macrophage 
(CAR-M), can exert more potent anti-tumor effects through multiple 
mechanisms (Fig. 2). Moreover, other CAR cell therapies are gradually 

attracting the attention of researchers (Table 1). 

3.1. CAR-T 

As lymphoid stem cells derived from bone marrow, T cells differen
tiate and mature in the thymus and are distributed to immune organs 
and tissues throughout the body via the lymphatic and blood circulation 
[133]. T cells specifically recognize “non-me” or tumor neoantigen 

Fig. 2. Killing mechanism of mainstream CAR cells. Abbreviations: PFN, perforin; GzmB, granzyme; IFN-γ, Interferon-gamma; TNFα, Tumor necrosis factor-alpha; 
TRAIL-R, TNF-related apoptosis-inducing ligand; KIR, Killer inhibitory receptors; KAR, Killer activation receptor; ADCC, Antibody-dependent cellular cytotoxicity. 
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Table 1 
CAR cell family members.  

Type Features Clinical trials 

Identifier Diseases Recruitment Status 

CAR-T Advantages:   

• Longer cycle time  
• Broad spectrum anti-cancer  
• Longer anti-cancer memory  

Challenges:   

• Immune escape  
• Adverse effects such as CRS, neurotoxicity  
• Lengthy preparation process (autologous cells)  
• Transplanted disease and GvHD 

NCT05353530  • Glioblastoma Not yet recruiting 
NCT03851146  • Advanced Cancer Completed 
NCT05373147  • Solid Tumor Recruiting 
NCT04185038  • Central Nervous System Tumor  

• Diffuse Intrinsic Pontine Glioma  
• Diffuse Midline Glioma 

Recruiting 

NCT04162340  • T Cell Lymphoma in Relapse  
• Refractory T-Cell Lymphoma 

Recruiting 

NCT05370430  • Mantle Cell Lymphoma Not yet recruiting 
NCT04653649  • Hodgkin Lymphoma  

• Adult T Cell Lymphoma 
Recruiting 

NCT03638167  • Central Nervous System Tumor  
• Glioma  
• Ependymoma  
• Medulloblastoma  
• Germ Cell Tumor  
• Atypical Teratoid/Rhabdoid Tumor  
• Primitive Neuroectodermal Tumor  
• Choroid Plexus Carcinoma  
• Pineoblastoma 

Recruiting 

NCT05312411  • Osteosarcoma Recruiting 
NCT03874897  • Advanced Solid Tumor Recruiting 
NCT02932956  • Liver Cancer Active, not recruiting 
NCT03423992  • Glioma  

• Malignant Glioma of Brain  
• Recurrence Tumor 

Recruiting 

NCT04795882  • Multiple Myeloma Not yet recruiting 
NCT02905188  • Hepatocellular Carcinoma Active, not recruiting 
NCT03302403  • B Cell Lymphoma  

• B Cell Leukemia  
• Myeloma  
• Hepatocellular Carcinoma  
• Pancreatic Carcinoma  
• Adenocarcinoma of Esophagogastric Junction 

Active, not recruiting 

NCT03884751  • Hepatocellular Carcinoma Completed 
NCT03890198  • Gastric Cancer  

• Pancreatic Ductal Adenocarcinoma 
Terminated 

NCT05013372  • T-cell Non-Hodgkin's Lymphoma Not yet recruiting 
NCT04283006  • Lymphoid Hematological Malignancies Recruiting 
NCT03500991  • Central Nervous System Tumor, Pediatric  

• Glioma  
• Ependymoma  
• Medulloblastoma  
• Germ Cell Tumor  
• Atypical Teratoid/Rhabdoid Tumor  
• Primitive Neuroectodermal Tumor  
• Choroid Plexus Carcinoma  
• Pineoblastoma 

Recruiting 

NCT03198052  • Lung Cancer  
• Other Cancer 

Recruiting 

NCT04581473  • Gastric Adenocarcinoma  
• Pancreatic Cancer  
• Gastroesophageal Junction Adenocarcinoma 

Recruiting 

NCT04541368  • Relapse Multiple Myeloma Not yet recruiting 
NCT04603872  • Multiple Myeloma  

• Non-Hodgkin's Lymphoma 
Recruiting 

NCT05131763  • Hepatocellular Carcinoma  
• Glioblastoma, Medulloblastoma  
• Colon Cancer 

Recruiting 

NCT04572308  • T-cell Acute Lymphoblastic Lymphoma Completed 
NCT04513431  • Stage III Colorectal Cancer  

• Colorectal Cancer Liver Metastasis 
Not yet recruiting 

NCT04706936  • Multiple Myeloma Recruiting 
NCT05396300  • Colorectal Cancer  

• Esophageal Cancer  
• Stomach Cancer  
• Pancreatic Cancer  
• Metastatic Tumor  
• Recurrent Cancer 

Recruiting 

NCT04727008  • Multiple Myeloma Not yet recruiting 

(continued on next page) 
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peptides presented by MHC-I molecules on the surface of target cells, 
mainly through their surface receptor TCR, and rapidly trigger the im
mune function of T cells to kill target cells [134–137]. Particularly, T 
cells are the “heroic fighters” in the body against infections and tumors. 
In other words, T cells are the “heroic fighters” of the body against in
fections and tumors. As mentioned earlier, CAR-T is an expression vector 
that has been genetically engineered to express T-cell killing activation 
signals on T-cell membranes to form chimeric antigen receptors, thus 
allowing T cells to recognize tumor cells independent of MHC-I 
[138–140]. T cells are thus transformed from ordinary soldiers to 
super warriors. 

CAR-T therapies have recently emerged among the most promising 
tumor immunotherapies. This technology has been successfully applied 
in the treatment of several hematologic malignancies, especially those of 
B-cell hematologic tumors [141,142]. CAR-T cell therapies for B-cell 
maturation antigens in patients with multiple myeloma have shown 
favorable clinical responses and excellent safety outcomes [143,144]. 
However, in solid tumors, the effectiveness of CAR-T therapy remains 
limited owing to the immunosuppressive environment and poor tar
geting. T cell trafficking and migration are seriously affected by the 

abnormal vascular system in solid tumors, poor levels of chemokines in 
the tumor environment, and bad chemokine receptor expression on 
CAR-T cells [145–147]. 

Furthermore, the extracellular matrix (ECM) barrier around solid 
tumors and the thick collagen fiber network surrounding some tumors 
prevent CAR-T cells from invading the tumor. Even if CAR-T cells can 
penetrate into the tumor, the immunosuppressive TME affects their 
potency, subsequently leading to CAR-T dysfunction, premature deple
tion, or even failure to kill tumor cells [148–150]. Highly active Treg 
cells, myeloid-derived suppressor cells (MDSC), tumor-associated mac
rophages, neutrophils, and several immunosuppressive factors (espe
cially transforming growth factor [TGF]-β, IL-10, IL- 4, prostaglandin 
E2, indoleamine 2,3-dioxygenase, and adenosine) affect CAR-T cell ac
tivity and function directly or indirectly through distinct and complex 
mechanisms [151–155]. Thus, restoration of CAR-T cell activity has 
been repeatedly demonstrated by inhibiting the production of immu
nosuppressive factors in TME [156–159]. 

Additionally, therapeutic regimens combining checkpoint inhibitors 
to modify CAR-T cells to eliminate the influence of the immunosup
pressive microenvironment have strengthened the anti-tumor efficacy of 

Table 1 (continued ) 

Type Features Clinical trials 

Identifier Diseases Recruitment Status 

CAR-NK Advantages:   

• Natural tumor killing ability  
• No threat of GVHD and CRS  
• Low risk of off-targeting  
• Wide range of sources  
• Simple preparation process  

Challenges:   

• Short cycle time  
• Complex NK cell subpopulation  
• Unknown adverse effects 

NCT04887012  • B-cell Non-Hodgkin Lymphoma Recruiting 
NCT05410717  • Stage IV Ovarian Cancer  

• Refractory Testis Cancer  
• Endometrial Cancer Recurrent 

Recruiting 

NCT05213195  • Refractory Metastatic Colorectal Cancer Recruiting 
NCT05194709  • Advanced Solid Tumors Recruiting 
NCT04639739  • Non-Hodgkin Lymphoma Not yet recruiting 
NCT05008536  • Refractory Multiple Myeloma Recruiting 
NCT05410041  • Non Hodgkin Lymphoma Recruiting 
NCT04847466  • Gastroesophageal Junction Cancers  

• Advanced HNSCC 
Recruiting 

NCT05020678  • Non-Hodgkin Lymphoma Recruiting 
NCT04796675  • Non-Hodgkin's Lymphoma Recruiting 
NCT02839954  • Hepatocellular Carcinoma  

• Non-small Cell Lung Cancer  
• Pancreatic Carcinoma  
• Triple-Negative Invasive Breast Carcinoma  
• Malignant Glioma of Brain  
• Colorectal Carcinoma  
• Gastric Carcinoma 

Unknown 

NCT05137275  • Locally Advanced or Metastatic Solid Tumors Recruiting 
NCT03941457  • Pancreatic Cancer Unknown 
NCT03056339  • B Lymphoid Malignancies Active, not recruiting 
NCT04991870  • Recurrent Glioblastoma Not yet recruiting 

CAR-M Advantages:   

• Natural ability to penetrate TME  
• Ability to reverse TAM  
• Ability to phagocytose cancer cells  
• Ability to present antigens  
• Less off-target toxicity  

Challenges:   

• Limited cycle time  
• Restricted cell numbers and sources  
• Poor cell differentiation and proliferation 

NCT05007379  • Breast Cancer Not yet recruiting 
NCT04660929  • HER2 Overexpressing Solid Tumors Recruiting 

Other 

CAR-cells

Advantages:   

• More possibilities  

Challenges:   

• off-target effects  
• Adverse reactions  
• Cell origin  
• Safety 

NCT05114837  • Lymphoma Not yet recruiting 
NCT03294954  • Neuroblastoma Recruiting 
NCT03774654  • Relapsed or Refractory B-Cell Malignancies Recruiting 
NCT02656147  • Lymphoma Unknown 
NCT04702841  • Malignant Tumors Recruiting 
NCT04842812  • Advanced Solid Tumors Recruiting 
NCT04556669  • Solid Tumors Recruiting 
NCT02830724  • Pancreatic Cancer  

• Renal Cell Cancer  
• Breast Cancer  
• Melanoma  
• Ovarian Cancer 

Recruiting  
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CAR-T cells and enhanced their survival in several preclinical models 
[160,161]. To enhance the TME penetration and anti-tumor properties 
of CAR-T cells, researchers have modified the surface of CAR-T cells with 
hyaluronidase and checkpoint-blocking antibody α-programmed death- 
ligand (PDL)1 by combining bioorthogonal reactions and click chemis
try, and their therapeutic efficacy and safety have been evaluated in two 
solid tumor models (Fig. 3) [162]. Bioorthogonal reactions can occur in 
living cells or tissues without disturbing the biochemical reaction itself 
and are therefore often employed in combination with click chemistry. 
Notably, considering the development of photothermal therapy, 
enhancement of the therapeutic effect of CAR-T on solid tumors by 
modulating the TME with nanophotosensitizers and constructed 
nanophotosensitizer-engineered CAR-T biohybrids (CT-INPs) has been 
proposed [163]. The anti-tumor properties of CT-INPs in Raji tumor- 
bearing mice have also been investigated. The combination of CT-INPs 
and laser treatment showed more potent and durable anti-tumor prop
erties than CAR-T without photosensitizers. Recently, there has been a 
growing interest in a novel form of CAR-T cells called ‘micro-medicine’ 
CAR-T. This concept is based on a specific type of CAR-T cells known as 
synthetase-armed killer (SEAKER) cells. These SEAKER cells possess the 
ability to target tumor cells like immune cells, while also expressing a 
synthetase enzyme. This enzyme activates a prodrug that is adminis
tered systemically, resulting in a powerful anticancer effect at the tumor 

site [164,165]. Another concern of researchers is that CAR-T often in
duces CRS and neurotoxicity. It has been demonstrated that monocyte 
hyperactivation during CRS is a result of CAR T cell-monocyte in
teractions. Therefore, reducing monocyte hyperactivation by controlling 
CAR T cell-monocyte interactions could provide a potential solution for 
the treatment of CRS and neurotoxicity. The investigators thus found 
that surface in situ polyethylene glycolized CAR T cells could eliminate 
CAR T lymphocyte overactivation of monocytes during CRS and prevent 
subsequent inflammatory effects by blocking cell-to-cell interactions 
between CAR T cell nuclei, monocytes, and tumor cells [166]. 

As synthetic biology and genome editing technologies emerge, it has 
become imperative to optimize engineered CAR design to unlock the 
complete anti-tumor potential of CAR-T cells while overcoming obsta
cles in clinical practice, including side effects [167–169]. Over the past 
decade, investigators have extensively explored solid tumor targets for 
CAR-T, including B7-H3, CAIX, carcinoembryonic antigen (CEA) CAM5, 
CD133, CD171, EGFR, EGFRvIII, Fra, PTPN 2, GD2, GPC3, human 
epidermal growth factor receptor 2 (HER2), CD27, IL13Ra2, MUC1, 
PSMA, ROR1, and VEGF-R2, which have provided multifaceted ideas for 
attacking solid tumors [170–176]. The maturation of cell engineering 
and gene editing technology has also helped in improving CAR-T cell 
efficacy and safety, significantly [177]. Although treatment of solid tu
mors using CAR-T is still a struggle, the development of new targets and 

Fig. 3. Schematic representation of hyaluronidase (HAase)- and α-programmed death-ligand (PDL) 1-engineered CAR-T cells (H-P@CAR-T) used to enhance 
immunotherapeutic efficacy in solid tumors. (a) Checkpoint-blocking antibody α-PDL1 and HAase, which degrades tumor extracellular matrix (ECM), are both 
engineered on the surface of CAR-T cells through metabolic glycan biosynthesis and click chemistry reaction. α-PDL1 is conjugated to tumor extracellular acid- 
reactive maleic acid amide bonds and will be released in the low pH tumor microenvironment (TME). (b) H-P@CAR-T cells disrupt the tumor ECM by degrading 
hyaluronic acid, which in turn enhances tumor infiltration. Meanwhile, the checkpoint-blocking antibody α-PDL1 was released from H-P@CAR-T cells in a domi
nantly acidic TME, reversing the immunosuppression of the PD1-PDL1 pathway and thus enhancing anti-tumor activity. Copyright © 2022 The Authors. Published by 
American Chemical Society. 
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innovations in CAR engineering technologies are expected to improve 
the outcomes in patients with advanced solid tumors, further supported 
by a huge number and variety of clinical trials which may significantly 
verify the efficacy and applicability of CAR-T. 

3.2. CAR-NK 

In the past two years, in addition to CAR-T therapies, natural killer 
(NK) cell-based therapies have also been gaining increasing attention. 
NK cells, as essential immune cells in the body, are not only involved in 
anti-tumor, antiviral infection, and immune regulation, but also in hy
persensitivity reactions and autoimmune diseases [178–180]. They are 
often considered as “cousins” of T cells having a similar mode of killing 
target cells with a contrasting feature, where NK cell activity is not 
restricted by the MHC [181,182]. Therefore, NK cells may be safer, more 
effective, and faster, and hence a potential candidate for cellular anti- 
cancer therapy. CAR-NK utilizes genetic engineering to add a receptor 
to NK cells, thereby aiding in tumor cell recognition and its simultaneous 
activation to kill tumor cells. 

The CAR significantly increases the specificity and efficacy of NK 
cells. Based on unique anti-tumor properties, CAR-NK has several ad
vantages over CAR-T [183,184]. Firstly, contrary to CAR-T cells, CAR- 
NK cells greatly retain the inherent ability to identify and target tumor 
cells by their natural receptors. In other words, CAR-NK have both CAR- 
mediated targeted killing ability and their own anti-tumor properties, 
which in turn can identify and kill tumor cells with down-regulated or 
absent CAR targets, reducing the possibility of tumor cells escaping 
killing and improving therapeutic efficacy [185]. Next, it has been 
proven that allogeneic CAR-NK cells are free from immune rejection 
within days to weeks. Therefore, CAR-NK have not demonstrated the 
same safety issues as CAR-T, especially the troubling cytokine release 
syndrome, in any of the clinical trials [186]. Moreover, NK cells are not 
required to be strictly HLA-matched and have no potential to cause 
GvHD, unlike the CAR-T cell immunotherapy [187–189]. In particular, 
allogeneic NK cells are available from a wide range of origins, including 
peripheral blood, umbilical cord blood, induced pluripotent stem cells, 
NK-92, and other NK cell lines [190,191], whereas CAR-T cells are 
mostly obtained from patients' autologous or healthy human donor cells. 

CAR-NK has emerged as a major therapeutic success in recent years, 
demonstrating unique advantages in the treatment of tumors. Results 
from phase I/IIa trials have proven the clinical efficacy of CD19 CAR-NK 
cell therapy in patients with relapsed/refractory non-Hodgkin's lym
phoma and chronic lymphocytic leukemia, without serious toxic effects 
(NCT03056339). Over recent years, investigators have also screened for 
available targets for CAR-NK in metastatic solid malignancies expressing 
tumor-associated antigens including HER2, PSMA, mesothelin, ROBO1, 
HLA-G, or MUC1, including prostate, ovarian, pancreatic, and non-small 
cell lung cancers [192–195]. The immunosuppressive TME is a natural 
barrier that protects tumors from infiltration and elimination by im
mune cells. Targeting immune checkpoint protein (ICP) molecules and 
constructing CARs that can convert immunosuppressive signals into 
activating signals is a promising potential strategy [196]. Recognizing 
that HLA-G is an ideal ICP, researchers constructed an anti-HLA-G CAR- 
NK against the scFv of HLA-G [197]. Subsequent experiments demon
strated that CAR-NK effectively inhibited xenograft tumor growth and 
prolonged median survival in an in situ mouse model. Recently, an 
emerging prognostic tumor marker and potential immunotherapeutic 
target, CD276 (B7-H3) has been designed to modify CAR-NK cells 
[198–202]. Based on this, investigators constructed CAR NK-92 cells 
that could target CD276 (B7-H3) and comprehensively evaluated their 
ability to overcome the immunosuppressive TME [203]. The results 
indicated that CD276-CAR NK-92 cells induced specific cellular inacti
vation in melanoma cell lines with a notable ability to resist various 
immunosuppressive effects of the TME. Additionally, CAR-NK modified 
against c-Met, FRα, GD2, DR4, CXCR1, and HER2-associated antigens 
have also shown good anti-tumor effects [204–207]. Interestingly, using 

a variety of in vivo tumor models and clinical data, the researchers 
revealed that activation of the chimeric antigen receptor (CAR) in NK 
cells facilitates the transfer of CAR cognate antigens from tumors to NK 
cells. This impairs the ability of CAR-NK cells to bind to target cells and 
results in fratricide of trogocytic antigen-expressing NK cells 
(NKTROG+) and NK cell hyporesponsiveness. The researchers respon
ded to this phenomenon by designing a dual-CAR system [208] con
sisting of an activated CAR targeting homologous tumor antigens and an 
NK self-recognition inhibitory CAR, which delivers a ‘don't kill me’ 
signal to NK cells upon engagement with their TROG siblings. In addi
tion, for CAR-NK cell therapy, the mechanisms driving resistance and 
disease recurrence have not been fully elucidated. Researchers have 
revealed a previously unidentified mechanism of resistance through in 
vivo studies, investigating mechanisms that may be associated with 
resistance to CAR-NK cell therapy, characterized by transcriptional 
signatures indicating loss of metabolic adaptations associated with NK 
cell dysfunction [209]. Furthermore, arming CAR-NK cells with IL-15 
enhanced metabolic capacity and effector function and improved anti- 
tumor efficacy (Fig. 4). 

Numerous clinical researches on CAR-NK for solid tumors are also 
underway. However, the breakthrough achievements in CAR-NK ther
apy are currently limited to preclinical studies, and clinical research that 
have progressed are not extensive and lack sufficient data to support 
them. The clinical efficacy of NK cells may be limited by their short 
lifespan in humans, low cytotoxicity, and the inclusion of cell subsets 
with different functional properties, thus suggesting a need for further 
exploration to select appropriate cell subsets for CAR-NK [210–213]. 
This includes ways to prolong in vivo persistence and overcome func
tional failure to further enhance their efficacy. It is believed that with 
the improvement of NK cell knowledge, the continuous development of 
clinical research and the innovative application of combined therapy, 
CAR-NK cell therapy will occupy a stage in the treating solid tumors in 
the future. 

3.3. CAR-M 

Solid tumors prevent the infiltration of immune cells into the 
heterogenous tumor by constructing a TME with immunosuppressive 
properties, thus making them resistant to attack by CAR-T cells. Even if 
some T lymphocytes are capable of infiltrating solid tumors, their im
mune response may be limited by immunosuppressive cells or sup
pressors in the microenvironment, and the complex heterogeneity limits 
the efficacy of CAR-T therapies targeting a single antigen. Macrophages 
are the body's first responders to viral infections and engulf the invaders 
[214,215]. Upgrading modified macrophages may be a way to develop 
cellular therapies for effective treatment of solid tumors. It is worth 
mentioning that genetically engineered CAR-M cells not only target and 
engulf tumor cells but also alter the microenvironment near the tumor 
by secreting pro-inflammatory cytokines and present the tumor antigens 
to the T cells to activate their anti-tumor immune response, namely “ 
One Arrow, three Eagles” [216,217]. 

Macrophages, as key effector cells of innate immunity, are more 
likely to infiltrate tumors in an immunosuppressive microenvironment 
and have a powerful phagocytic effect which distinguishes them from 
other cell therapies (including T cells and NK cells) [218–220]. More
over, as antigen-presenting cells, they can activate the patient's own 
adaptive immune system [221,222]. These properties give macrophages 
the opportunity to surmount the barriers of CAR-T therapy. Related 
studies have also confirmed the ability of CAR-M to infiltrate tumors, 
influence the TME, reduce tumor burden through phagocytosis, and 
improve overall survival in animal models of solid tumors [223,224]. 
However, autologous monocyte-derived CAR-M have been found to be 
limited in number and functionally impaired due to the effects of prior 
therapy [225–228]. To overcome this hurdle, investigators chose pri
mary human hematopoietic stem and progenitor cells as an alternative 
cell source for the preparation of CAR-M [229]. The experimental results 
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confirmed that the prepared CAR MΦs have enhanced cytokine secre
tion capacity as well as desirable phagocytic properties, making them 
suitable for cancer therapy. Chimeric adenoviral vectors were shown to 
break the inherent resistance of primary human macrophages to genetic 

manipulation and confer a sustained pro-inflammatory (M1) phenotype. 
The resulting CAR-Ms reduced tumor load and prolonged overall sur
vival in two solid tumor xenograft mouse models and induced a pro- 
inflammatory tumor microenvironment and enhanced anti-tumor T 

Fig. 4. (A) Schematic timeline of experiments (n = 13 to 15 mice per group; 5 mice were followed for survival and 8 to 10 were assigned for single-cell analyses; 2 
mice per group were sacrificed at each time point). (B) Bar plots of NK and Raji cell percentages in samples collected at multiple time points from mice treated with 
NT, CAR19, or CAR19/IL-15 NK cells. (C) Bioluminescence imaging (n = 5 mice per group). Kaplan-Meier plots (D) showing mice survival and average radiance (E). 
Black asterisks: Raji alone versus CAR19/IL-15. Blue asterisks: NT versus CAR19/IL-15. Purple asterisks: CAR19 versus CAR19/IL-15. (F) Trajectory evolution of NK 
cell products from pre-infusion (day 0) to day 35 post-infusion (n = 8 mice per group, 2 mice analyzed at each time point). No data were available at days 21 to 35 in 
NT and CAR19 groups due to limited in vivo persistence. (G) Relative proportion of NK cell clusters. (H) Heatmap showing the average expression levels of the 
proteomic markers for the five clusters. P values in each square were calculated using unpaired t-test by comparing the levels of marker abundance for cells in their 
cluster versus cells from all other cluster. (I) Heatmap of protein expression at different time points across products. (J) 51Cr-release assay of CAR19/IL-15 day 0 or 
35 days after infusion against K562 or Raji. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. The P values were determined by log-rank (Mantel-Cox; D) and unpaired t-test in (E) 
and (J). Copyright © 2019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. M2- to M1-phenotypic shift in macrophages upon MPEI/pCAR-IFN-γ transfection in vitro. mRNA and protein expression levels of M1 (iNOS, CD86, TNF-α, 
and CD80) and M2 (arginase-1, CD163, IL-10, and CD206) markers in M2 macrophages post in vitro treatments with vehicle (= gene transfection buffer) (group i), 
MPEI complexed with a plasmid encoding anti-CD19 CAR (MPEI/pCD19, group ii), anti-ALK CAR (MPEI/pCAR, group iii), IFN-γ (MPEI/pIFN-γ, group iv), or MPEI/ 
pCAR-IFN-γ (group v), as evaluated using a) qRT-PCR at 24 h (n = 7–8), b) flow cytometry at 48 h (n = 4), c) ELISA at 72 h (n = 3–5), and d) immunofluorescence 
staining at 72 (n = 5). MPEI/pCAR-IFN-γ transfection successfully programmed M2 macrophages to M1 phenotype. Nuclei were stained with DAPI (blue). Scale bars: 
100 μm. LPS-treated macrophages served as the positive control (group vi). The expression of the mRNA of interest was normalized to that of GAPDH. e) Flow 
cytometric analysis of M1-associated marker (CD86) expression in vehicle-, MPEI/pCD19-, MPEI/pCAR-, MPEI/pIFN-γ-, or MPEI/pCAR-IFN-γ-transfected M2 
macrophages post co-culture with Neuro-2a cancer cells (n = 3). *p < 0.05 versus vehicle, †p < 0.05 versus MPEI/pCD19, ‡p < 0.05 versus MPEI/pCAR, p < 0.05 
versus MPEI/pIFN-γ, and p < 0.05 versus MPEI/pCAR-IFN-γ. Statistical significance was calculated using one-way ANOVA with Tukey's significant difference post- 
hoc test. ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide. Copyright © 2021 Wiley-VCH GmbH. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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cell activity in a humanized mouse model [230]. Inducing the genera
tion of CAR cells in vivo through gene vectors is now one of the main
stream ideas in research. Researchers have chosen low-cost and safe 
non-viral vectors to mediate the delivery of genes, which program M2 
TAMs in TME in vivo into M1 macrophages with CAR-expressing and 
anti-tumor phenotypes for the treatment of solid tumors. In vivo injec
tion of a nanocomplex consisting of a macrophage-targeting nanocarrier 
and CAR-interferon-γ-encoding plasmid DNA induces the generation of 
CAR-M1 macrophages and endows them with CAR-mediated cancer 
phagocytosis, anti-tumor immunomodulation and inhibition of solid 
tumor growth (Fig. 5). 

CAR-M has been recognized as a powerful immunotherapy for tu
mors, but many issues need to be overcome to achieve the desired re
sults. Compared with T cells and NK cells, macrophages have a limited 
source, which restricts their future mass production. To address this 
issue, researchers prepared CAR-iMac with high yield and purity using 
induced pluripotent stem cells (iPSC), which have high differentiation 
potential, rapid expansion, and convenient gene editing, as a source 
[231]. It effectively inhibited tumorigenesis in a solid tumor model. In 
addition, although CAR-M has demonstrated its effectiveness in the 
treatment of solid tumors, it still has limited effectiveness in clinical 
treatment due to the immunosuppressive tumor microenvironment. 
Therefore, sustained and controllable M1 polarization is one of the key 
factors for CAR-Macrophage to be able to move toward clinical treat
ment. The researchers focused on Toll-like receptor 4 (TLR4), which has 
the function of polarization and macrophage activation, and genetically 
engineered its intracellular TIR signaling domain into the intracellular 
location of CARs, constructing Macrophage-specific CARs and devel
oping the second-generation CAR-iMAC [232]. Compared with the first 
generation CAR-iMAC, the second generation CAR-iMAC maintained a 
better level of M1 polarization (≈60% CD80 positivity, ≈30% CD163 
positivity) after a period of time of in vivo anti-tumor activity. More
over, other investigators constructed ACOD1-depleted CAR-iMAC by 
screening for the ACOD1/KEAP1/NRF2 pathway to regulate cellular 
metabolism and pro-inflammatory activity in macrophages [233]. In 
mouse models of ovarian or pancreatic cancer, ACOD1-depleted CAR- 
iMAC exhibited enhanced tumor suppression with elevated survival 
rates. Finally, the immunosuppressive microenvironment of tumors is a 
challenge for all immunotherapies targeting tumors. Researchers have 
developed multiple CAR-M modification strategies to target the immu
nosuppressive microenvironment. They first found that targeted 
removal of sialic acid from the surface of tumor cells significantly 
enhanced macrophage sensitivity to tumor cells. Combined with the 
strategy of knocking down Siglec-5 and Siglec-10 (immune check
points), the researchers further constructed DKO-CAR-iMac, which 
significantly inhibited tumor growth and prolonged survival in mice in 
vivo. However, while tumor inhibition could be achieved with either 
DKO-CAR-iMac or sialidase alone, sialidase was not able to further 
enhance the efficacy of DKO-CAR-iMac. In addition, there are several 
issues worth noting. Compared with T cells and NK cells, macrophages 
fail to achieve the ideal differentiation and proliferation ability, which 
can seriously limit their therapeutic effect in vivo and future mass pro
duction [234]. Once macrophages are overactivated in vivo, their 
interleukin secretion (IL-1 and IL-6) can easily cause cytokine release 
syndrome (CRS) reactions. The adverse effects of such reactions have 
been demonstrated in CAR-T cell therapy. 

Tumor vaccines of immune cell origin have recently received much 
attention. It is mainly aimed at preventing or treating tumors by acti
vating immune cells in vitro and preparing them into tumor vaccines. 
Compared with ordinary immune cells, CAR-immune cells have stronger 
anti-tumor effects, including longer-lasting immune memory, higher 
cytokine levels, and stronger immune activation effects. However, the 
high cost and relatively complicated preparation process may be the 
main problems hindering the use of CAR-M for the preparation of tumor 
vaccines. Several CAR-M therapies are already being tested in the 
clinics. One example is the completion of the first subject dosing of CAR- 

M cell therapy CT-0508 in March 2021, one of the few applications of 
engineered macrophages in clinical research (NCT04660929). As a 
highly plastic cell, macrophages have the ability to adapt their proper
ties and functions in response to external stimuli and to bridge innate 
effector functions with adaptive immunity. Further, tremendous ad
vances in genetic engineering have provided greater possibilities to 
reshape the anti-tumor properties of macrophages. 

3.4. Other CAR family members 

The multiple immune cells in the body offer a variety of possibilities 
for chimeric antigen receptor engineering. The complex properties of 
these cells may also give researchers additional ideas for fighting tu
mors. Here are a few potential cells that could be used for CAR therapy, 
which hopefully will give researchers several new ideas. 

Treg cells have always served to maintain the body's immune ho
meostasis and negatively regulate the body's immune response, thus 
playing a role in maintaining self-tolerance and avoiding excessive 
damage to the body [235–237]. Unlike the aforementioned CAR cell 
therapies targeting tumors, CAR-Treg targets autoimmune diseases 
where the engineered Treg cells can accumulate in susceptible tissues to 
suppress their autoimmune response [238–240]. The use of CAR-Treg in 
tumor therapy is still in its infancy. Current studies have found that the 
proportion of CAR Treg cells (CAR-Treg cells are inadvertently gener
ated in the absence of a step of exclusion from the heterogeneous T-cell 
population in leukocyte isolation products) is negatively correlated with 
CAR-T cell expansion, but not tumor load (lactate dehydrogenase LDH 
levels) [241]. These data demonstrate that CAR-Treg cells, may serve as 
a new biomarker of clinical efficacy and toxicity and it is possible that 
this subpopulation may be involved in modulating the body's response 
to CAR-T cells. Furthermore, some necessary barriers must be broken 
before CAR-Tregs can be used in the clinic [242,243]. Effectiveness of 
CAR-T therapy is constrained by the side effects of CRS response and 
neuronal cytotoxicity, and such adverse effects are not known for CAR- 
Tregs. Moreover, the screening of CAR-targeting antigens and the 
development of specific antibodies are among the major limitations. 
Finally, the rapid depletion of cells may limit the efficacy of CAR-Treg. 

Further, natural killer T cells (NKT) are a specialized subpopulation 
of T cells which express both TCR and NK cell receptors on their surface 
and can also produce a large number of cytokines, including IL-4 and 
IFNγ [244–247]. These cells can act as killers against tumor cells directly 
or indirectly. With these properties and modifications of specific CARs, 
NKT cells can launch a dual attack on tumor cells specifically through 
CARs and endogenous TCRs [248]. Chondroitin sulfate proteoglycan 4 
(CSPG4), which is overexpressed in 70% of melanomas, is a potent 
target for its treatment [249–251]. Based on this, CSPG4-specific CAR- 
NKT was constructed and evaluated for its ability to fight melanoma 
[252]. Interestingly, CAR-NKT cells exhibited lower cytokine secretion 
but similar specific cytotoxicity compared to that by CAR-T cells. Like 
CAR-T, the suboptimal cycling time of CAR-NKT cells hinders their 
further development. IL-15 has not only been suggested to have a critical 
role in NKT cell developmental processes and homeostatic balance but 
also protects them from hypoxia [253–257]. Thus, the in vivo persis
tence and anti-tumor capacity of CAR-NKT was enhanced by achieving 
IL-15 co-expression with CAR [258], indicating the safety profile and 
application of CAR-NKT cells as anti-cancer treatment in clinical settings 
[259]. Despite the obvious advantages, the number of NKT cells are very 
low in the blood, affecting the applicability of CAR-NKT therapies [260]. 
Researchers have made many attempts to address this problem and have 
proposed several possible solutions. Human hematopoietic stem cells 
(HSCs) are currently one of the main sources for researchers to generate 
iNKTs. HSC-iNKTs are very similar to endogenous iNKTs and can 
effectively inhibit the growth of multiple myeloma and melanoma in 
vivo [260]. In addition, researchers have also attempted to use iPSCs to 
obtain large numbers of iNKT cells. iPSCs derived NKTs are significantly 
superior to iNKTs in terms of cytokine secretion and cytotoxicity [261]. 
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Several CAR-NKT cell therapies are currently in the clinical phase 
(NCT03294954, NCT03774654), which may provide valuable insights 
for the development of CAR-NKT. 

As one of the players in tumor surveillance and anti-tumor immunity, 
γδT cells constitute approximately 1–5% of peripheral blood T lym
phocytes and are mainly distributed in mucosal and epithelial tissues 
[262,263]. They recognize antigens without MHC restriction; therefore 
interference from TCR signaling is not required for consideration 
[264,265]. Additionally, they perform immunosurveillance by naturally 
homing to various tissues [266]. Taken together, CAR-γδT has potential 
value in solid tumor therapy. The transformation of γδT cells into CAR- 
γδT cells makes it possible to achieve precise recognition of specific 
antigens and effective clearance of tumor cells, and their use may 
improve the treatment of solid tumors. In vivo experiments in immu
nodeficient mice also demonstrated that CAR-γδT cells not only failed to 
induce xenograft-versus-host disease but also effectively inhibited the 
growth of B-cell lymphoma, exhibiting both innate and acquired anti- 
tumor capabilities [267]. Although promising, CAR γδ T cell therapy 
needs to overcome obstacles in all aspects of biology, preparation and 
clinical application. First, CAR γδ T cells are more sensitive to activation 
induced cell death (AICD) than αß T cells, which may affect the choice of 
CAR gene delivery modality. Gene transfer techniques need to be further 
optimized in terms of time, frequency and dose when used to produce 
CAR γδ T cells. Furthermore, the limited number of autologous γδ T cells 
is not conducive to CAR cell therapy. The novel allogeneic γδ T cell 
expansion technology may have helped to broaden the source of cell 
supply. In addition, immune checkpoint targeting strategies for CAR γδ T 
cells may need to be readjusted due to the unique co-stimulation re
quirements of γδ T cells. A related clinical study is currently underway 
(NCT04735471). 

Tumor infiltrating lymphocytes (TIL) isolated from tumor tissues 
have strong tumor homing properties and can be used for enhanced 
infiltration and targeting [268,269]. The main sources of TILs are freshly 
excised tumor specimens or allogeneic cells. The process of existing TILs 
therapies can be described as first isolating lymphocytes from the pa
tient's tumor, then activating and expanding or modifying the isolated 
cells in vitro, and finally infusing them back into the patient. Apart from 
melanoma, TILs-based therapy has shown significant potential in ma
lignancies such as non-small cell lung cancer, cervical cancer, bile duct 
cancer, colorectal cancer, breast cancer, head and neck, sarcoma, gall
bladder cancer and others. If TILs are combined with CAR technology in 
the future, they may also be capable of becoming novel immune cell 
therapies for managing solid tumors. 

4. Strategies for enhancing CAR cells 

Currently, immunotherapy is emerging as a highly promising ther
apeutic modality for tumors. In hematologic tumors, CAR cells have 
exhibited surprising clinical results. However, they have failed to 
demonstrate the same effect in solid tumors clinically. Approximately 
90% of cancer-related deaths are caused by solid tumors [270]. Because 
of the high heterogeneity of solid tumors, finding stably expressed 
tumor-specific antigens on different tumor types or on different cells of 
the same tumor is extremely hard and challenging [271–273]. Multiple 
hindrances in the TME (such as abnormal vascular system, accumulated 
immunosuppressive cells and abundant immunosuppressive factors) 
have also made CAR cell therapy ineffective in solid tumors [274–276]. 
As shown in Fig. 6, this section describes the different enhancement 
strategies of CAR cells when used to treat solid tumors (Table 2). 

Fig. 6. Multiple strategies for arming CAR cells.  
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Table 2 
Targeted strategies for solid tumor treatment.  

Strategies Features Clinical trials Diseases 

Tumor-Specific Targets HLA-G  • Precise targeting  
• Diverse selection  
• Off-target effects  
• Unknown adverse effects 

None None 
HER2 NCT03696030  • Malignant Neoplasm 

NCT04903080  • Ependymoma 
NCT04995003  • Advanced Sarcoma 
NCT04842812  • Advanced Solid Tumors 
NCT02442297  • Brain Tumor 

CD105 None None 
GD2 NCT02107963  • Sarcoma  

• Osteosarcoma  
• Neuroblastoma  
• Melanoma 

NCT03721068  • Neuroblastoma  
• Osteosarcoma 

NCT04196413  • Glioma of Spinal Cord  
• Glioma of Brainstem 

NCT04539366  • Neuroblastoma  
• Osteosarcoma 

NCT05298995  • Pediatric Brain Tumor 
CEA NCT05240950  • Colorectal Cancer  

• Metastatic Liver Cancer 
NCT03818165  • Metastatic Pancreatic Carcinoma 
NCT04513431  • Stage III Colorectal Cancer  

• Colorectal Cancer Liver Metastasis 
NCT05415475  • Colorectal Cancer  

• Esophageal Cancer  
• Stomach Cancer  
• Pancreatic Cancer  
• Metastatic Tumor  
• Recurrent Cancer 

NCT02850536  • Liver Metastases 
NCT02416466  • Liver Metastases 
NCT04348643  • Solid Tumor  

• Lung Cancer  
• Colorectal Cancer  
• Liver Cancer  
• Pancreatic Cancer  
• Gastric Cancer  
• Breast Cancer 

ROR1 NCT04842812  • Advanced Solid Tumors 
NCT02706392  • Advanced ROR1+ Malignancies 
NCT04348643  • Solid Tumor  

• Lung Cancer  
• Colorectal Cancer  
• Liver Cancer  
• Pancreatic Cancer  
• Gastric Cancer  
• Breast Cancer 

B7-H3 NCT04385173  • Glioblastoma 
NCT05211557  • Ovarian Cancer 
NCT05341492  • Lung Cancer  

• Triple Negative Breast Cancer 
NCT04077866  • Glioblastoma 
NCT04897321  • Pediatric Solid Tumor 
NCT04483778  • Pediatric Solid Tumor 
NCT05323201  • Hepatocellular Carcinoma 
NCT05241392  • Glioblastoma 
NCT04185038  • Central Nervous System Tumor  

• Diffuse Intrinsic Pontine Glioma  
• Diffuse Midline Glioma 

NCT04670068  • Epithelial Ovarian Cancer 
MSLN NCT04489862  • Non-small-cell Lung Cancer  

• Mesothelioma 
NCT05373147  • Solid Tumor 
NCT04503980  • Colorectal Cancer  

• Ovarian Cancer 
NCT03545815  • Solid Tumor, Adult 
NCT03198052  • Lung Cancer 
NCT04981691  • Refractory Malignant Solid 

Neoplasm 
NCT02414269  • Malignant Pleural Disease  

• Mesothelioma  
• Metastases  
• Lung Cancer  
• Breast Cancer 

(continued on next page) 
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4.1. Tumor-specific targets 

Excellent targeting ability is expected as an essential ability 
possessed by CAR cells. Selection of appropriate tumor-specific antigens 
not only enhances the targeting ability of CAR cells but also ensure their 
safety [277–279]. Consequently, it is a promising strategy to screen for 
TAAs stringently and convert them into activation signals for CAR cells 
to overcome the limitations toward solid tumors (Fig. 5A). Here, several 
TAAs worthy of consideration are discussed. 

4.1.1. HLA-G 
Human leukocyte antigen G (HLA-G) is a newly expressed TAA in 

solid tumors. In adults, HLA-G expression is strictly limited to a few 
tissues, including erythroid precursors and pancreatic islets [280]. HLA- 
G assists tumor cells to escape the surveillance of the immune system 
mainly through IL-T2 and IL-T4 and broadly inhibits most cells involved 
in the immune response [281,282]. Two anti-HLA-G CAR-T cells have 
been designed by limiting the target to the subtypes of HLA-G with 
suppressive effects. Both cells were effective in clearing HLA- 
G–expressing tumor cells in the in vivo experiments, and differentiated 
memory cells were effective after repeated stimulation of tumor cells 
[283]. Toward killing tumor cells, CAR-NK cells can achieve their goal in 
an MHC non-dependent manner compared to CAR-T cells. For this 
reason, researchers have modified CAR-NK cells that can target HLA-G 
scFv based on NK cells.In all four solid tumor models in vitro, CAR-NK 
cells exhibited effective cytolytic effects. For in vivo experiments, the 
growth of xenograft tumors was inhibited, and the median survival of 
mice was significantly prolonged. For Ewing's sarcoma, HLA-G had no 
significant adverse effect on CAR-T [284]. Thus, anti-HLA-G may be a 
viable and potentially effective target that may be useful for treating 
numerous tumor types, which may not express known TAA. 

4.1.2. HER2 
HER2 is overexpressed in >30% of human tumors (including breast, 

ovarian, endometrial, fallopian tube, gastric and prostate cancers) and is 
now a potential target for tumor diagnosis and treatment [285–287]. In 
solid tumors, HER2 overexpression was reported to provide suboptimal 
prognosis [288,289]. Currently, HER2 has been applied to CAR cells to 
target breast cancer, gastric cancer, sarcoma, glioblastoma, ovarian 
cancer, and osteosarcoma [290]. The effectiveness of HER2 has been 

demonstrated for targeting solid tumors [291–293], and a favorable 
safety profile of HER2-CAR-T cells has been reported in a clinical study 
[294]. 

4.1.3. CD105 
CD105, also known as endothelin, is highly expressed on cancer cells 

and on peri- and endothelial tumor cells. It is essential for tumor 
angiogenesis and promotion of tumor growth [295,296], and its over
expression was related to poor prognosis for several types of solid tu
mors [297]. Therefore, CD105 can be used for designing CAR cells 
against solid tumors. In vivo experiments using anti-CD105 CAR-T cells 
reported inhibition of tumor growth and enhanced survival of xenograft 
mice [298]. 

4.1.4. Tumor-associated carbohydrate antigens 
Tumor-associated carbohydrate antigens (TACAs) are a class of 

highly promising anti-tumor targets. In contrast to normal cells, tumor 
cells overexpress various TACAs on their surface, which essentially 
contribute to tumor growth [299–301]. Moreover, high expression 
levels of TACAs can be found in several types of tumors, suggesting their 
potential use as broad-spectrum targets against solid tumors [302,303]. 
Disialoganglioside (GD2) is a TACA-containing glycolipid antigen with 
consistent low expression in normal tissues but higher expression in 
various types of cancers, including neuroblastoma and osteosarcoma 
[304–306]. GD2 did not show a stable expression in other sarcomas, 
gliomas, neuroendocrine tumors, and epithelial carcinomas [307]. It 
induces tyrosine phosphorylation, leading to the activation of multiple 
kinase pathways and promotion of cell proliferation, migration, and 
invasion [308–310]. GD2 knockdown affected tumor formation in vivo 
[311]. Taken together, GD2 has emerged as a top antigenic targets in 
cancer. Several preclinical studies have demonstrated its potential as an 
anti-tumor target [312–315], and a related phase I/II clinical trial 
(NCT03373097) is underway. 

4.1.5. CEA 
CEA, a glycoprotein specifically expressed on tumor cells, is over

expressed in >90% of colon cancers and approximately 50% of breast 
cancers [316–318], where its high expression levels were associated 
with a worsening prognosis [319]. Although CEA is expressed in healthy 
colon tissues, its expression is polarized to the tip of the epithelium and 

Table 2 (continued ) 

Strategies Features Clinical trials Diseases 

NCT01897415  • Pancreatic Cancer 
Exogenous Antigens None None 

Bispecific CAR TanCAR  • Lower risk of off-targeting  
• Higher safety profile  
• Unknown adverse effects  
• Unstable CAR 

NCT04662099  • Multiple Myeloma 
NCT04283006  • Lymphoid Malignancies 
NCT05412329  • Multiple Myeloma 

CAR cell co-infusion therapy NCT03407859  • Therapy Related Leukemia 
Reversal of immunosuppressive 

environment 
Immunosuppressive factors or 
cells  

• Improved anti-tumor properties  
• High potential  
• Little help for CAR function 

NCT04227275  • Prostate Cancer 
NCT04976218  • Solid Tumor, Adult 

Tumor Vessels NCT01218867  • Metastatic Cancer  
• Metastatic Melanoma  
• Renal Cancer 

Environmental Factors None None 
“Pruning” CRISPR/Cas9  • Reversal of immunosuppression  

• Unknown side effects 
NCT04637763  • B Cell Non-Hodgkin Lymphoma 
NCT03545815  • Solid Tumor, Adult 
NCT04037566  • CD19+ Lymphoma 
NCT05397184  • T Cell Malignancies 

RNA interference NCT03060356  • Malignant Melanoma  
• Breast Cancer 

Combination therapy Photoacoustic Therapy  • Improvement of off-target effects  
• Controllable CAR  
• Hard preparation process  
• Safety and efficacy to be 

evaluated 

None None 
Nanotechnology None None 
Immunotherapy NCT04433221  • Sarcoma  

• Osteoid Sarcoma  
• Ewing Sarcoma 

NCT03291444  • Leukemia, Acute Lymphocytic  
• Leukemia, Acute Myelogenous  
• Myelodysplastic Syndromes  
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hardly recognized by circulating antibodies [320].These properties 
provide a theoretical basis for the use of CEA as an anti-tumor target 
[321–324]. The clinical applications of CEA are currently being vali
dated (NCT05240950, NCT03818165, and NCT02850536). 

4.1.6. ROR1 
Because of its overexpression in several types of solid tumors, ROR1 

is an attractive target for CAR engineering [325–327]. It was strongly 
associated with poor prognosis of tumors [328–330], and its potential 
has been recognized in various tumors (including lung, breast, colon, 
pancreas, renal, and ovarian cancers) [331–333]. Considering the 
expression of ROR1 on some normal tissues, researchers have proposed 
that molecules, including ROR1, expressed on both tumors and normal 
tissues can be safely targeted using combinatorial antigen recognition to 
trigger intact T-cell activity. The clinical efficacy of ROR1 as a target for 
CAR cells applied to all kinds of solid tumors is being evaluated 
(NCT02706392, NCT04842812, and NCT05274451). 

4.1.7. B7-H3 (CD276 or B7RP-2) 
B7-H3 protein has restricted expression in normal human tissues, 

including prostate, breast, placenta, liver, colon, and lymphoid organs 
[334–336].However, a high percentage of human malignancies exhib
iting an aberrant expression of B7-H3 have been revealed [336–338]. 
High levels of B7-H3 expression in tumor cells were associated with 
scarce TIL, rapid tumor progression, and poor clinical outcome 
[339,340]. Based on this, CAR-T cells targeting B7-H3 (named B7-H3. 
CAR-Ts) have been designed to control the growth of pancreatic 
ductal adenocarcinoma, ovarian cancer, and neuroblastoma in vitro and 
in metastatic xenograft mouse models, including patient-derived xeno
grafts [341]. Interestingly, 4-1BB co-stimulation in the structure pro
moted PD-1 expression in B7-H3.CAR-Ts and had superior anti-tumor 
activity when targeting PD-L1-expressing tumor cells. B7-H3.CAR-Ts 
inhibited tumor growth through multiple pathways. Currently, their 
clinical safety and efficacy is being evaluated in multiple tumor types 
(NCT05211557, NCT05341492, NCT04077866, NCT04897321, 
NCT04483778, and NCT05323201). 

4.1.8. Mesothelin 
As a classical TAA, mesothelin is expressed in many types of solid 

tumors, including lung cancer and ovarian cancer [342,343]. It exhibits 
great potential as a therapeutic target for cancer owing to its high 
expression levels in tumor cells and low expression levels in normal 
tissues [344,345]. Preliminary insights into the anti-tumor properties of 
MSLN have been revealed [346–350]. Based on the information from 
preclinical trials, multiple clinical products were designed and devel
oped and are being evaluated for anti-tumor properties (NCT05373147, 
NCT02930993, and NCT03030001). 

4.1.9. Exogenous antigens 
All the above-mentioned tumor-specific antigens have potential 

endogenous origin. Hence, whether adding exogenous antigens to solid 
tumor cells to achieve targeting and activation needs to be explored as a 
novel approach. Theoretically, modifying suitable exogenous antigens 
in situ in solid tumors could improve efficacy, stability, flexibility, and 
safety and provide sufficient targets for immune recognition, which 
would significantly broaden the therapeutic scope and enhance the ef
ficacy of CAR cell therapy. Fusogenic nanosystems as antigen modifi
cation vectors were chosen to overcome the lack of target antigen and 
cellular heterogeneity and establish a non-tumor intrinsic antigen- 
dependent broad-spectrum anti-cancer CAR-T cell [351]. A novel, 
fused liposome system containing neutral and positively charged lipid 
molecules and additional lipid components with an extended conjugated 
π-electron system were used [352]. The fused liposome system-based 
CAR-T cells successfully inhibited proliferation and prolonged survival 
in subcutaneous and peritoneal dissemination tumor models. Bacteria 
have been shown to selectively colonize the tumor core and 

preferentially grow in the hypoxic and necrotic tumor microenviron
ment. Several studies in recent years have shown that different tumor 
types commonly colonize with different tumor microbiota. Researchers 
have combined probiotics with CAR-T therapy to create ProCAR, a 
probiotic-guided CAR-T cell platform [353]. In this platform, CAR-T 
cells are designed to sense and respond to antigenic targets synthe
sized by probiotics colonizing solid tumors, enabling in situ discovery, 
recognition and destruction of tumor cells. 

4.2. Bi-specific CAR 

During CAR cell therapy, the process may fail, or the cells may lose 
their antigens. To avoid such errors, synthetic bispecific CAR cells have 
been designed to achieve precise therapeutic effects [354]. Bispecific 
CAR cells are generally constructed in two ways (Fig. 5B). One is the 
CAR monomer, in which two different single-chain antibodies are pre
sent “in tandem” on the surface of a single cell, or when two different 
single-chain antibodies are present monomerically on a single cell (dual- 
signaling CAR therapy) [355,356]. Another is the sequential or simul
taneous infusion of different types of CARs, and its application has been 
confirmed by numerous studies [357–360]. However, the lack of a 
constant region of immunoglobulin G can lead to instability of single- 
chain antibody fragments and even the presence of CAR monomers on 
individual cells, resulting in oligomerization and aggregation among 
cells and ligand non-dependent tension signals. The selection of appro
priate coexisting epitopes is also another issue that needs to be consid
ered. Clinical trials for solid tumors are underway (NCT04662099, 
NCT03706547). 

4.3. Reversal of immunosuppressive environment 

Numerous studies have suggested that an immunosuppressive TME 
will lead to mis-expansion and rapid depletion of CAR cells in humans 
[361–364]. As mentioned previously, fourth-generation CAR cells can 
be modified to produce cytokine-inducing components to eliminate 
these adverse effects (Fig. 5C). The release of cytokines is achieved by 
CAR cells after specific binding to antigens on tumor cells. These cyto
kines activate CAR cells, TIL cells, and other innate immune cells (e.g., 
macrophages and NK cells) [365]. Currently available cytokines include 
IL-12, IL-15, IL-18, IL-21, and other ligands for receptors on immune or 
tumor cells [366–369].Several experiments have demonstrated that 
fourth-generation CAR cells not only have a desirable circulating life
span and expansion rate but can also overcome the immunosuppressive 
TME by activating immune effector cells and promoting their prolifer
ation [370–373]. Meanwhile, the secretion of these cytokines can be 
helpful to enhance the function of immunosuppressive cells. Addition
ally, other cytokines (e.g., CD40L or 4-1BBL) can assist CAR cells in 
weakening the resistance of tumor cells to immune attack. To overcome 
the challenges related to CAR cell migration toward tumor sites, re
ceptor genes for CCR, CXCR, or other chemokines secreted by solid tu
mors may contribute to improving CAR cell-homing ability. 

Tumors create a barrier rich in immunosuppressive factors and cells 
through negative regulatory mechanisms, hindering CAR cell attack. 
TGF-β is a major immunosuppressive factor that significantly inhibits 
immune surveillance in vivo [374]. The effectiveness of inhibiting TGF-β 
to reactivate anti-tumor immune responses has been confirmed 
[375–377], and the therapeutic idea of combining it with CAR-T has 
been achieved [378]. Elimination of immunosuppressive cells (MDSCs 
and Tregs) has likewise demonstrated a strong potential [379,380]. 

The abnormal choroidal system in solid tumors is the important 
barrier that blocks the infiltration of immune cells and suppresses im
mune action [381,382]. Therefore, the main features of the vasculature 
system in complex tumors have been explored. Numerous features were 
associated with the suppression of immune response. First, tumors 
contributed to the compromised expression of ICAM-1 on the surface of 
endothelial cells overexpressing endothelin B receptor by secreting 
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endothelin-1, which conversely interfered with the infiltration of im
mune cells [383,384]. Second, because of abnormal growth rate, the 
tumor vascular system often lacked pericytes to maintain the normal 
morphology of the vessels, which can lead to vascular incompleteness 
and affect the delivery and circulation of immune cells within the tumor 
[385,386]. Lastly, abnormal tumor vascular growth results from over
expression of angiogenic factors, including VEGF and FGF. These 
excessive cytokines promote angiogenesis while suppressing the 
expression of many adhesion factors (e.g., ICAM-1, ICAM-2, VCAM-1, 
and CD34), subsequently affecting CAR cell infiltration [387,388]. 
Based on the above findings, the anti-tumor effect of CAR cells has been 
improved by blocking VEGF receptors [389–391]. Although the current 
clinical results are not satisfactory (NCT01218867), it is possible to 
enhance the infiltration of CAR cells by improving the abnormal 
vascular system. 

The TME, which is low in pH, hypoxic, and rich in immunosup
pressive substances, can significantly affect the normal function of im
mune cells and even reduce cellular activity [392,393]. Therefore, 
reversing this abnormal environment is a way to enhance CAR cell 
function. For instance, hypoxia resists immune cell infiltration and 
attack mainly through hypoxia-inducible factor (HIF) proteins, 
including HIF-1α, HIF-2α and HIF-3α [394–396]. Accordingly, 
enhancement of the anti-tumor response could be achieved by inhibiting 
HIF expression. Several immunotherapeutic studies are based on such a 
concept [397,398]. In addition, reducing or exploiting the level of 
reactive oxygen species in the tumor environment is another strategy to 
enhance the anti-tumor effect of CAR cells [399–401]. Currently, ther
apeutic regimens combining CAR cells with inhibitors are still in the 
development stage but may be implemented in the near future. The 
complex regulatory mechanisms of the immune system contribute 
significantly to the homeostasis of the body; however, they are a “dou
ble-edged sword.” 

Reversing the adverse tumor environment has long been considered 
as a classical tumor treatment strategy. Inhibitory cytokines, poor 
physiological environment, and complex vascular system can be one of 
the targets. The effective combination of these targets with CAR cell 
therapy suggests an endless potential, an area for researchers to fully 
explore and an effective means to improve solid tumor treatment. 

4.4. “Pruning” 

In contrast to the approach of adding more elements to CAR cells to 
optimize their function, removing unnecessary or harmful elements 
(including PD-1, which helps tumor cells escape) may potentially help 
enhance anti-tumor effects (Fig. 5D). It is comparable to cutting off dead 
or diseased branches to encourage the growth and development of 
plants. The key to the “pruning” strategy lies in stable gene-editing 
technologies. Among these, the CRISPR/Cas9 system is extremely 
essential, which can enable secured gene editing in CAR cells. The 
expression of PD-1 on T cells is upregulated upon encountering antigen. 
The binding of PD-1 to the ligand PD-L1 leads to immunosuppression, 
which is one of the main mechanisms of tumor immune escape [402]. In 
addition, simple knockdown of the PD-1 gene may increase the risk of 
collapse of peripheral immune tolerance. Therefore, knockdown of PD-1 
and TCR genes is the mainstream choice of researchers. Several clinical 
trials utilizing this technology are currently underway (NCT04637763, 
NCT03545815, NCT05397184). 

Additionally, the immune response has been enhanced by inhibiting 
diacylglycerol kinase (DGK), whose activation leads to the down
regulation of the TCR distal molecule. Knockdown of the two subtypes of 
DGK (DGKα and DGKζ) led to the activation of ERK signaling, thus 
synergistically enhancing the proliferation and immune properties of 
CAR-T cells. [403] Moreover, DGK knockdown conferred protection to 
CAR-T cells from soluble immunosuppressive factors (including TGFβ 
and prostaglandin E2) released by tumor cells. Thus, removing the “spy 
component” of immune cells using CRISPR/Cas9 technology enhanced 

the anti-tumor effect. However, whether such knockdown will have 
other adverse effects needs to be considered and explored carefully for 
clinical application. 

RNA interference, a phenomenon in which small double-stranded 
RNAs specifically degrade or suppress the expression of homologous 
mRNAs to inhibit or shut down the expression of specific genes, may be 
another candidate for “pruning.” It is often used to explore gene function 
and tumor therapy [404–406].Downregulation of the expression of PD-1 
and CTLA-4 in CAR-T cells by RNA interference had no effect on CAR 
expression, and anti-tumor assays confirmed that the transfected CAR-T 
cells exhibited markedly improved anti-tumor ability. Notably, CAR-T 
cells transfected with siCTLA-4 alone failed to show significant 
changes. Thus, “pruning” can help immune cells relieve the immuno
suppression of tumors and can be considered in combination with other 
ideas for fighting solid tumors to enhance the anti-tumor ability of CAR 
cells. 

4.5. Combination therapy 

Various treatment options have both advantages and disadvantages. 
When the inherent deficiencies of these options cannot be improved, a 
combinatorial approach is preferable. But how to select the best com
bination from the many transformation strategies is something that 
needs to be proven in practice. For example, to decrease CAR cell off- 
targeting and reshape the immunosuppressive TME, the combination 
of CAR cell therapy with photoacoustic therapy or nanoengineering is 
worth being considered [407–409]. CAR cells are activated when light 
or ultrasound is applied locally to the tumor; however, when applied 
elsewhere, they will be harmless. Drug-loaded nanoparticles have also 
been employed to improve the anti-tumor effect of CAR-T cells, and the 
efficiency of combination therapy had been confirmed [410]. Addi
tionally, researchers have found that CAR-T cells can reprogram their 
metabolic pathways and promote interaction between CAR-T cells and 
the endogenous immune system, thus activating sustained antigen 
spreading, when stimulated by vaccines [411]. Both the IFN-γ produced 
by CAR-T cells and the IL-12 produced by dendritic cells are crucial for 
antigen spreading. The combination of vaccines and CAR-T cells can 
effectively treat solid tumors with antigen heterogeneity. A single 
treatment modality is considered to have a limited effect only; however, 
a multimodal treatment may achieve greater efficacy. 

5. Conclusions and prospects 

CAR-T cell therapy has emerged as a popular treatment regimen and 
has brought new hope to defeat tumors. Furthermore, it has provided an 
insight into the emergence of other CAR cell family members. Optimized 
CARs design requires a comprehensive understanding of the character
istics of each component individually or in combination to improve the 
rational construction of CARs cells. The following issues need to be 
addressed if CAR cells aim to be further translatable in the clinic: 
cytotoxicity, cellular exhaustion, cellular source, and drug resistance. In 
addition, CAR cells design strategies should be adapted to solid tumors 
due to the strongly immunosuppressive microenvironment and complex 
vascular system. To further enhance the performance of CAR cells, many 
effective strategies have been proposed, such as screening for more 
appropriate tumor-specific antigens, reversing the tumor microenvi
ronment and combination therapy. The effectiveness and feasibility of 
them have been demonstrated in various studies and clinical trials. 
Furthermore, the likelihood of curing a malignant solid tumor with only 
one therapy is extremely low; therefore, combination therapies and real- 
time monitoring approaches should be developed simultaneously. Ac
curate and stable delivery of CAR cells can be achieved using a wide 
range of existing biomaterials (films, particles, scaffolds and micro
needles) [412]. Biomaterials can help immune cells to reach the tumor 
site and provide a location for them to reside, proliferate and perform 
anti-tumor activity [413]. Biomaterials loaded with immunomodulators 
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can further enhance immune cell activity and modulate the tumor 
immunosuppressive microenvironment. The mechanical properties, 
shape, spatial structure and encapsulation technology of the bio
materials are key factors in their ultimate effectiveness. The cost of CAR 
cell therapy should be reduced as technology advances to be acceptable 
to most patients. 

Funding 

This work was supported by the National Natural Science Foundation 
of China (grant numbers 82073385 and 82172706) and the Science and 
Technology Commission of Shanghai Municipality (grant numbers 
20DZ2255200, 21140901900, 21S21900900, and 22S21902700). 

CRediT authorship contribution statement 

Tingrui Zhang: Writing – original draft, Methodology, Investiga
tion, Formal analysis. Zongguang Tai: Writing – review & editing, 
Methodology, Investigation, Formal analysis. Fengze Miao: Methodol
ogy, Investigation. Xinyue Zhang: Resources, Investigation. Jiadong 
Li: Software, Methodology. Quangang Zhu: Writing – review & editing. 
Hua Wei: Writing – review & editing, Supervision, Methodology, 
Conceptualization. Zhongjian Chen: Writing – review & editing, Su
pervision, Methodology, Investigation, Funding acquisition. 

Declaration of competing interest 

The authors declare no competing financial interests. 

Data availability 

No data was used for the research described in the article. 

References 

[1] J.J. Mao, G.G. Pillai, C.J. Andrade, J.A. Ligibel, P. Basu, L. Cohen, et al., 
Integrative oncology: addressing the global challenges of cancer prevention and 
treatment, CA Cancer J. Clin. 72 (2022) 144–164. 

[2] Y. Xiong, C. Xiao, Z. Li, X. Yang, Engineering nanomedicine for glutathione 
depletion-augmented cancer therapy, Chem. Soc. Rev. 50 (2021) 6013–6041. 

[3] X. Guo, N. Yang, W. Ji, H. Zhang, X. Dong, Z. Zhou, et al., Mito-bomb: targeting 
mitochondria for cancer therapy, Adv. Mater. 33 (2021) e2007778. 

[4] J. Herrmann, Adverse cardiac effects of cancer therapies: cardiotoxicity and 
arrhythmia, Nat. Rev. Cardiol. 17 (2020) 474–502. 

[5] J.B. Stone, L.M. DeAngelis, Cancer-treatment-induced neurotoxicity–focus on 
newer treatments, Nat. Rev. Clin. Oncol. 13 (2016) 92–105. 

[6] H. Greenlee, M.J. DuPont-Reyes, L.G. Balneaves, L.E. Carlson, M.R. Cohen, 
G. Deng, et al., Clinical practice guidelines on the evidence-based use of 
integrative therapies during and after breast cancer treatment, CA Cancer J. Clin. 
67 (2017) 194–232. 

[7] G. Kara, G.A. Calin, B. Ozpolat, RNAi-based therapeutics and tumor targeted 
delivery in cancer, Adv. Drug Deliv. Rev. 182 (2022) 114113. 

[8] P. Gotwals, S. Cameron, D. Cipolletta, V. Cremasco, A. Crystal, B. Hewes, et al., 
Prospects for combining targeted and conventional cancer therapy with 
immunotherapy, Nat. Rev. Cancer 17 (2017) 286–301. 

[9] J. Frede, P. Greulich, T. Nagy, B.D. Simons, P.H. Jones, A single dividing cell 
population with imbalanced fate drives oesophageal tumour growth, Nat. Cell 
Biol. 18 (2016) 967–978. 

[10] W. Chang, H. Wang, W. Kim, Y. Liu, H. Deng, H. Liu, et al., Hormonal suppression 
of stem cells inhibits symmetric cell division and gastric tumorigenesis, Cell Stem 
Cell 26 (2020) 739–754 e738. 

[11] J.A. Knoblich, Asymmetric cell division: recent developments and their 
implications for tumour biology, Nat. Rev. Mol. Cell Biol. 11 (2010) 849–860. 

[12] T. Zhang, Z. Tai, Z. Cui, R. Chai, Q. Zhu, Z. Chen, Nano-engineered immune cells 
as “guided missiles” for cancer therapy, J. Control. Release 341 (2022) 60–79. 

[13] N.L. La Gruta, S. Gras, S.R. Daley, P.G. Thomas, J. Rossjohn, Understanding the 
drivers of MHC restriction of T cell receptors, Nat. Rev. Immunol. 18 (2018) 
467–478. 

[14] B.M. Baker, B.D. Evavold, MHC bias by T cell receptors: genetic evidence for MHC 
and TCR coevolution, Trends Immunol. 38 (2017) 2–4. 

[15] Q. Shang, Y. Dong, Y. Su, F. Leslie, M. Sun, F. Wang, Local scaffold-assisted 
delivery of immunotherapeutic agents for improved cancer immunotherapy, Adv. 
Drug Deliv. Rev. 185 (2022) 114308. 

[16] M.E. Aikins, C. Xu, J.J. Moon, Engineered nanoparticles for cancer vaccination 
and immunotherapy, Acc. Chem. Res. 53 (2020) 2094–2105. 

[17] H. Li, Y. Xiao, Q. Li, J. Yao, X. Yuan, Y. Zhang, et al., The allergy mediator 
histamine confers resistance to immunotherapy in cancer patients via activation 
of the macrophage histamine receptor H1, Cancer Cell 40 (2022) 36–52 e39. 

[18] M.N. Ferreira, J.H. Choe, Guiding immunotherapy combinations: who gets what? 
Adv. Drug Deliv. Rev. 178 (2021) 113962. 

[19] J.L. Liang, G.F. Luo, W.H. Chen, X.Z. Zhang, Recent advances in engineered 
materials for immunotherapy-involved combination cancer therapy, Adv. Mater. 
33 (2021) e2007630. 

[20] T. Zhang, Y. Jia, Y. Yu, B. Zhang, F. Xu, H. Guo, Targeting the tumor biophysical 
microenvironment to reduce resistance to immunotherapy, Adv. Drug Deliv. Rev. 
186 (2022) 114319. 

[21] M.H.W. Chin, E. Gentleman, M.O. Coppens, R.M. Day, Rethinking cancer 
immunotherapy by embracing and engineering complexity, Trends Biotechnol. 
38 (2020) 1054–1065. 

[22] S.S. Acimovic, H. Sipova-Jungova, G. Emilsson, L. Shao, A.B. Dahlin, M. Kall, et 
al., Antibody-antigen interaction dynamics revealed by analysis of single- 
molecule equilibrium fluctuations on individual plasmonic nanoparticle 
biosensors, ACS Nano 12 (2018) 9958–9965. 

[23] T. Bridge, S.A. Shaikh, P. Thomas, J. Botta, P.J. McCormick, A. Sachdeva, Site- 
specific encoding of photoactivity in antibodies enables light-mediated antibody- 
antigen binding on live cells, Angew. Chem. Int. Ed. Eng. 58 (2019) 
17986–17993. 

[24] M. Konstantinidou, T. Zarganes-Tzitzikas, K. Magiera-Mularz, T.A. Holak, 
A. Domling, Immune checkpoint PD-1/PD-L1: is there life beyond antibodies? 
Angew. Chem. Int. Ed. Eng. 57 (2018) 4840–4848. 

[25] E.D. Carosella, G. Ploussard, J. LeMaoult, F. Desgrandchamps, A systematic 
review of immunotherapy in urologic cancer: evolving roles for targeting of 
CTLA-4, PD-1/PD-L1, and HLA-G, Eur. Urol. 68 (2015) 267–279. 

[26] G.J. Weiner, Building better monoclonal antibody-based therapeutics, Nat. Rev. 
Cancer 15 (2015) 361–370. 

[27] L.M. Weiner, R. Surana, S. Wang, Monoclonal antibodies: versatile platforms for 
cancer immunotherapy, Nat. Rev. Immunol. 10 (2010) 317–327. 

[28] L. Amini, S.K. Silbert, S.L. Maude, L.J. Nastoupil, C.A. Ramos, R.J. Brentjens, et 
al., Preparing for CAR T cell therapy: patient selection, bridging therapies and 
lymphodepletion, Nat. Rev. Clin. Oncol. 19 (2022) 342–355. 

[29] S.M. Fix, A.A. Jazaeri, P. Hwu, Applications of CRISPR genome editing to advance 
the next generation of adoptive cell therapies for cancer, Cancer Discov. 11 
(2021) 560–574. 

[30] M. Hong, J.D. Clubb, Y.Y. Chen, Engineering CAR-T cells for next-generation 
cancer therapy, Cancer Cell 38 (2020) 473–488. 

[31] S. Rafiq, C.S. Hackett, R.J. Brentjens, Engineering strategies to overcome the 
current roadblocks in CAR T cell therapy, Nat. Rev. Clin. Oncol. 17 (2020) 
147–167. 

[32] G. Xie, N.A. Ivica, B. Jia, Y. Li, H. Dong, Y. Liang, et al., CAR-T cells targeting a 
nucleophosmin neoepitope exhibit potent specific activity in mouse models of 
acute myeloid leukaemia, Nat. Biomed. Eng. 5 (2021) 399–413. 

[33] I.K. Choi, Z. Wang, Q. Ke, M. Hong, D.W. Paul Jr., S.M. Fernandes, et al., 
Mechanism of EBV inducing anti-tumour immunity and its therapeutic use, 
Nature 590 (2021) 157–162. 

[34] W.H. Li, Y.M. Li, Chemical strategies to boost cancer vaccines, Chem. Rev. 120 
(2020) 11420–11478. 

[35] V. Luginbuehl, E. Abraham, K. Kovar, R. Flaaten, A.M.S. Muller, Better by design: 
what to expect from novel CAR-engineered cell therapies? Biotechnol. Adv. 58 
(2022) 107917. 

[36] M. Daher, K. Rezvani, Outlook for new CAR-based therapies with a focus on CAR 
NK cells: what lies beyond CAR-engineered T cells in the race against cancer, 
Cancer Discov. 11 (2021) 45–58. 

[37] M. Elsallab, B.L. Levine, A.S. Wayne, M. Abou-El-Enein, CAR T-cell product 
performance in haematological malignancies before and after marketing 
authorisation, Lancet Oncol. 21 (2020) e104–e116. 

[38] E. Roselli, R. Faramand, M.L. Davila, Insight into next-generation CAR 
therapeutics: designing CAR T cells to improve clinical outcomes, J. Clin. Invest. 
131 (2021). 

[39] A.J. Hou, L.C. Chen, Y.Y. Chen, Navigating CAR-T cells through the solid-tumour 
microenvironment, Nat. Rev. Drug Discov. 20 (2021) 531–550. 

[40] F. Hauth, A.Y. Ho, S. Ferrone, D.G. Duda, Radiotherapy to enhance chimeric 
antigen receptor T-cell therapeutic efficacy in solid tumors: a narrative review, 
JAMA Oncol. 7 (2021) 1051–1059. 

[41] R. Li, C. Ma, H. Cai, W. Chen, The CAR T-cell mechanoimmunology at a glance, 
Adv. Sci. (Weinh) 7 (2020) 2002628. 

[42] T.I. Panagopoulou, Q.A. Rafiq, CAR-T immunotherapies: biotechnological 
strategies to improve safety, efficacy and clinical outcome through CAR 
engineering, Biotechnol. Adv. 37 (2019) 107411. 

[43] K. Fujiwara, M. Masutani, M. Tachibana, N. Okada, Impact of scFv structure in 
chimeric antigen receptor on receptor expression efficiency and antigen 
recognition properties, Biochem. Biophys. Res. Commun. 527 (2020) 350–357. 

[44] T. Ochi, M. Maruta, K. Tanimoto, F. Kondo, T. Yamamoto, M. Kurata, et al., 
A single-chain antibody generation system yielding CAR-T cells with superior 
antitumor function, Commun. Biol. 4 (2021) 273. 

[45] F. Rahbarizadeh, D. Ahmadvand, S.M. Moghimi, CAR T-cell bioengineering: 
single variable domain of heavy chain antibody targeted CARs, Adv. Drug Deliv. 
Rev. 141 (2019) 41–46. 

[46] A. Krokhotin, H. Du, K. Hirabayashi, K. Popov, T. Kurokawa, X. Wan, et al., 
Computationally guided design of single-chain variable fragment improves 
specificity of chimeric antigen receptors, Mol. Ther. Oncol. 15 (2019) 30–37. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0020
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0020
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0070
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0070
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0080
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0080
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0085
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0085
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0085
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0090
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0090
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0095
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0095
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0095
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0100
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0100
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0100
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0105
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0105
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0105
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0110
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0110
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0110
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0110
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0115
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0115
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0115
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0115
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0120
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0120
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0120
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0125
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0125
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0125
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0130
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0130
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0135
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0135
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0140
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0140
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0140
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0145
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0145
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0145
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0150
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0150
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0155
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0155
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0155
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0160
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0160
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0160
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0165
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0165
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0165
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0170
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0170
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0175
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0175
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0175
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0180
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0180
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0180
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0185
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0185
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0185
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0190
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0190
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0190
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0195
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0195
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0205
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0205
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0210
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0210
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0210
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0215
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0215
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0215
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0220
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0220
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0220
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0225
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0225
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0225
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0230
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0230
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0230


Journal of Controlled Release 368 (2024) 372–396

390

[47] S. Stoiber, B.L. Cadilha, M.R. Benmebarek, S. Lesch, S. Endres, S. Kobold, 
Limitations in the design of chimeric antigen receptors for cancer therapy, Cells 8 
(2019). 

[48] S. Rafiq, T.J. Purdon, A.F. Daniyan, M. Koneru, T. Dao, C. Liu, et al., Optimized T- 
cell receptor-mimic chimeric antigen receptor T cells directed toward the 
intracellular Wilms Tumor 1 antigen, Leukemia 31 (2017) 1788–1797. 

[49] A. Zhang, Y. Sun, J. Du, Y. Dong, H. Pang, L. Ma, et al., Reducing hinge flexibility 
of CAR-T cells prolongs survival in vivo with low cytokines release, Front. 
Immunol. 12 (2021) 724211. 

[50] Y. Duan, R. Chen, Y. Huang, X. Meng, J. Chen, C. Liao, et al., Tuning the ignition 
of CAR: optimizing the affinity of scFv to improve CAR-T therapy, Cell. Mol. Life 
Sci. 79 (2021) 14. 

[51] K. Zhong, Z. Liu, H. Li, S. Zhao, Y. Wang, W. Guo, et al., T cell stimulation and 
expansion by SunTag-based clustering of anti-CD3/CD28 scFv, Aging (Albany 
NY) 12 (2020) 11061–11070. 

[52] D.M. Nettelbeck, D.W. Miller, V. Jerome, M. Zuzarte, S.J. Watkins, R.E. Hawkins, 
et al., Targeting of adenovirus to endothelial cells by a bispecific single-chain 
diabody directed against the adenovirus fiber knob domain and human endoglin 
(CD105), Mol. Ther. 3 (2001) 882–891. 

[53] C.U. Zajc, B. Salzer, J.M. Taft, S.T. Reddy, M. Lehner, M.W. Traxlmayr, Driving 
CARs with alternative navigation tools - the potential of engineered binding 
scaffolds, FEBS J. 288 (2021) 2103–2118. 

[54] P.V. Nguyen, K. Herve-Aubert, S. David, N. Lautram, C. Passirani, I. Chourpa, et 
al., Targeted nanomedicine with anti-EGFR scFv for siRNA delivery into triple 
negative breast cancer cells, Eur. J. Pharm. Biopharm. 157 (2020) 74–84. 

[55] E. Faitschuk, V. Nagy, A.A. Hombach, H. Abken, A dual chain chimeric antigen 
receptor (CAR) in the native antibody format for targeting immune cells towards 
cancer cells without the need of an scFv, Gene Ther. 23 (2016) 718–726. 

[56] A.N. Khan, A. Chowdhury, A. Karulkar, A.K. Jaiswal, A. Banik, S. Asija, et al., 
Immunogenicity of CAR-T cell therapeutics: evidence, mechanism and mitigation, 
Front. Immunol. 13 (2022) 886546. 

[57] B. Gorovits, E. Koren, Immunogenicity of chimeric antigen receptor T-cell 
therapeutics, BioDrugs 33 (2019) 275–284. 

[58] X. Han, G.E. Cinay, Y. Zhao, Y. Guo, X. Zhang, P. Wang, Adnectin-based design of 
chimeric antigen receptor for T cell engineering, Mol. Ther. 25 (2017) 
2466–2476. 

[59] D. Gil, A.G. Schrum, Strategies to stabilize compact folding and minimize 
aggregation of antibody-based fragments, Adv. Biosci. Biotechnol. 4 (2013) 
73–84. 

[60] M. Hegde, M. Mukherjee, Z. Grada, A. Pignata, D. Landi, S.A. Navai, et al., 
Tandem CAR T cells targeting HER2 and IL13Ralpha2 mitigate tumor antigen 
escape, J. Clin. Invest. 126 (2016) 3036–3052. 

[61] C. Bao, Q. Gao, L.L. Li, L. Han, B. Zhang, Y. Ding, et al., The application of 
nanobody in CAR-T therapy, Biomolecules 11 (2021). 

[62] A.H. Long, W.M. Haso, J.F. Shern, K.M. Wanhainen, M. Murgai, M. Ingaramo, et 
al., 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling 
of chimeric antigen receptors, Nat. Med. 21 (2015) 581–590. 

[63] W. Sun, J. Xie, H. Lin, S. Mi, Z. Li, F. Hua, et al., A combined strategy improves 
the solubility of aggregation-prone single-chain variable fragment antibodies, 
Protein Expr. Purif. 83 (2012) 21–29. 

[64] A.C. Roque, C.R. Lowe, M.A. Taipa, Antibodies and genetically engineered related 
molecules: production and purification, Biotechnol. Prog. 20 (2004) 639–654. 

[65] P. Safarzadeh Kozani, A. Naseri, S.M.J. Mirarefin, F. Salem, M. Nikbakht, S. Evazi 
Bakhshi, et al., Nanobody-based CAR-T cells for cancer immunotherapy, Biomark. 
Res. 10 (2022) 24. 

[66] G.M. Branella, H.T. Spencer, Natural receptor- and ligand-based chimeric antigen 
receptors: strategies using natural ligands and receptors for targeted cell killing, 
Cells 11 (2021). 

[67] S. De Munter, J. Ingels, G. Goetgeluk, S. Bonte, M. Pille, K. Weening, et al., 
Nanobody based dual specific CARs, Int. J. Mol. Sci. 19 (2018). 

[68] L. Qin, Y. Lai, R. Zhao, X. Wei, J. Weng, P. Lai, et al., Incorporation of a hinge 
domain improves the expansion of chimeric antigen receptor T cells, J. Hematol. 
Oncol. 10 (2017) 68. 

[69] P. Nguyen, E. Okeke, M. Clay, D. Haydar, J. Justice, C. O'Reilly, et al., Route of 
41BB/41BBL costimulation determines effector function of B7-H3-CAR.CD28zeta 
T cells, Mol. Ther. Oncol. 18 (2020) 202–214. 

[70] M. Hudecek, M.T. Lupo-Stanghellini, P.L. Kosasih, D. Sommermeyer, M.C. Jensen, 
C. Rader, et al., Receptor affinity and extracellular domain modifications affect 
tumor recognition by ROR1-specific chimeric antigen receptor T cells, Clin. 
Cancer Res. 19 (2013) 3153–3164. 

[71] A. Dwivedi, A. Karulkar, S. Ghosh, A. Rafiq, R. Purwar, Lymphocytes in cellular 
therapy: functional regulation of CAR T cells, Front. Immunol. 9 (2018) 3180. 

[72] A. Hombach, A.A. Hombach, H. Abken, Adoptive immunotherapy with 
genetically engineered T cells: modification of the IgG1 Fc ‘spacer’ domain in the 
extracellular moiety of chimeric antigen receptors avoids ‘off-target’ activation 
and unintended initiation of an innate immune response, Gene Ther. 17 (2010) 
1206–1213. 

[73] T. Kouro, H. Himuro, T. Sasada, Exhaustion of CAR T cells: potential causes and 
solutions, J. Transl. Med. 20 (2022) 239. 

[74] J. Gergely, G. Sarmay, The two binding-site models of human IgG binding Fc 
gamma receptors, FASEB J. 4 (1990) 3275–3283. 

[75] M. Hudecek, D. Sommermeyer, P.L. Kosasih, A. Silva-Benedict, L. Liu, C. Rader, et 
al., The nonsignaling extracellular spacer domain of chimeric antigen receptors is 
decisive for in vivo antitumor activity, Cancer Immunol. Res. 3 (2015) 125–135. 

[76] N. Watanabe, P. Bajgain, S. Sukumaran, S. Ansari, H.E. Heslop, C.M. Rooney, et 
al., Fine-tuning the CAR spacer improves T-cell potency, Oncoimmunology 5 
(2016) e1253656. 

[77] M. Jonnalagadda, A. Mardiros, R. Urak, X. Wang, L.J. Hoffman, A. Bernanke, et 
al., Chimeric antigen receptors with mutated IgG4 Fc spacer avoid fc receptor 
binding and improve T cell persistence and antitumor efficacy, Mol. Ther. 23 
(2015) 757–768. 

[78] A. Bister, T. Ibach, C. Haist, D. Smorra, K. Roellecke, M. Wagenmann, et al., 
A novel CD34-derived hinge for rapid and efficient detection and enrichment of 
CAR T cells, Mol. Ther. Oncol. 23 (2021) 534–546. 

[79] L. Alabanza, M. Pegues, C. Geldres, V. Shi, J.J.W. Wiltzius, S.A. Sievers, et al., 
Function of novel anti-CD19 chimeric antigen receptors with human variable 
regions is affected by hinge and transmembrane domains, Mol. Ther. 25 (2017) 
2452–2465. 

[80] K. Fujiwara, A. Tsunei, H. Kusabuka, E. Ogaki, M. Tachibana, N. Okada, Hinge 
and transmembrane domains of chimeric antigen receptor regulate receptor 
expression and signaling threshold, Cells 9 (2020). 

[81] Y.D. Muller, D.P. Nguyen, L.M.R. Ferreira, P. Ho, C. Raffin, R.V.B. Valencia, et al., 
The CD28-transmembrane domain mediates chimeric antigen receptor 
heterodimerization with CD28, Front. Immunol. 12 (2021) 639818. 

[82] S. Guedan, A.D. Posey Jr., C. Shaw, A. Wing, T. Da, P.R. Patel, et al., Enhancing 
CAR T cell persistence through ICOS and 4-1BB costimulation, JCI Insight 3 
(2018). 

[83] J. Wang, S. Chen, W. Xiao, W. Li, L. Wang, S. Yang, et al., CAR-T cells targeting 
CLL-1 as an approach to treat acute myeloid leukemia, J. Hematol. Oncol. 11 
(2018) 7. 

[84] J.S. Bridgeman, R.E. Hawkins, S. Bagley, M. Blaylock, M. Holland, D.E. Gilham, 
The optimal antigen response of chimeric antigen receptors harboring the 
CD3zeta transmembrane domain is dependent upon incorporation of the receptor 
into the endogenous TCR/CD3 complex, J. Immunol. 184 (2010) 6938–6949. 

[85] C.J. Fitzer-Attas, D.G. Schindler, T. Waks, Z. Eshhar, Harnessing Syk family 
tyrosine kinases as signaling domains for chimeric single chain of the variable 
domain receptors: optimal design for T cell activation, J. Immunol. 160 (1998) 
145–154. 

[86] N.M. Haynes, M.B. Snook, J.A. Trapani, L. Cerruti, S.M. Jane, M.J. Smyth, et al., 
Redirecting mouse CTL against colon carcinoma: superior signaling efficacy of 
single-chain variable domain chimeras containing TCR-zeta vs fc epsilon RI- 
gamma, J. Immunol. 166 (2001) 182–187. 

[87] D.E. Gilham, A. O’Neil, C. Hughes, R.D. Guest, N. Kirillova, M. Lehane, et al., 
Primary polyclonal human T lymphocytes targeted to carcino-embryonic antigens 
and neural cell adhesion molecule tumor antigens by CD3zeta-based chimeric 
immune receptors, J. Immunother. 25 (2002) 139–151. 

[88] A. Morgenroth, M. Cartellieri, M. Schmitz, S. Gunes, B. Weigle, M. Bachmann, et 
al., Targeting of tumor cells expressing the prostate stem cell antigen (PSCA) 
using genetically engineered T-cells, Prostate 67 (2007) 1121–1131. 

[89] Y. Kasahara, C. Shin, N. Kubo, K. Mihara, H. Iwabuchi, T. Takachi, et al., 
Development and characterisation of NKp44-based chimeric antigen receptors 
that confer T cells with NK cell-like specificity, Clin. Transl. Immunol. 9 (2020) 
e1147. 

[90] M. Soldierer, A. Bister, C. Haist, A. Thivakaran, S.C. Cengiz, S. Sendker, et al., 
Genetic engineering and enrichment of human NK cells for CAR-enhanced 
immunotherapy of hematological malignancies, Front. Immunol. 13 (2022) 
847008. 

[91] M.R. Wu, T. Zhang, A. Alcon, C.L. Sentman, DNAM-1-based chimeric antigen 
receptors enhance T cell effector function and exhibit in vivo efficacy against 
melanoma, Cancer Immunol. Immunother. 64 (2015) 409–418. 

[92] Y. Xu, Q. Liu, M. Zhong, Z. Wang, Z. Chen, Y. Zhang, et al., 2B4 costimulatory 
domain enhancing cytotoxic ability of anti-CD5 chimeric antigen receptor 
engineered natural killer cells against T cell malignancies, J. Hematol. Oncol. 12 
(2019) 49. 

[93] L.F. Olguin-Contreras, A.N. Mendler, G. Popowicz, B. Hu, E. Noessner, Double 
strike approach for tumor attack: engineering T cells using a CD40L:CD28 
chimeric co-stimulatory switch protein for enhanced tumor targeting in adoptive 
cell therapy, Front. Immunol. 12 (2021) 750478. 

[94] S. Choi, M.A. Pegues, N. Lam, C. Geldres, D. Vanasse, J.N. Kochenderfer, Design 
and assessment of novel anti-CD30 chimeric antigen receptors with human 
antigen-recognition domains, Hum. Gene Ther. 32 (2021) 730–743. 

[95] X. Liu, R. Ranganathan, S. Jiang, C. Fang, J. Sun, S. Kim, et al., A chimeric switch- 
receptor targeting PD1 augments the efficacy of second-generation CAR T cells in 
advanced solid tumors, Cancer Res. 76 (2016) 1578–1590. 

[96] W. Hu, X. Huang, X. Huang, W. Chen, L. Hao, Z. Chen, Chimeric antigen receptor 
modified T cell (CAR-T) co-expressed with ICOSL-41BB promote CAR-T 
proliferation and tumor rejection, Biomed. Pharmacother. 118 (2019) 109333. 

[97] R.C. Larson, M.V. Maus, Recent advances and discoveries in the mechanisms and 
functions of CAR T cells, Nat. Rev. Cancer 21 (2021) 145–161. 

[98] C. Arndt, F. Fasslrinner, L.R. Loureiro, S. Koristka, A. Feldmann, M. Bachmann, 
Adaptor CAR platforms-next generation of T cell-based cancer immunotherapy, 
Cancers (Basel) 12 (2020). 

[99] J. Li, W. Li, K. Huang, Y. Zhang, G. Kupfer, Q. Zhao, Chimeric antigen receptor T 
cell (CAR-T) immunotherapy for solid tumors: lessons learned and strategies for 
moving forward, J. Hematol. Oncol. 11 (2018) 22. 

[100] Y. Tian, Y. Li, Y. Shao, Y. Zhang, Gene modification strategies for next-generation 
CAR T cells against solid cancers, J. Hematol. Oncol. 13 (2020) 54. 

[101] N. El Khawanky, A. Hughes, W. Yu, R. Myburgh, T. Matschulla, S. Taromi, et al., 
Demethylating therapy increases anti-CD123 CAR T cell cytotoxicity against acute 
myeloid leukemia, Nat. Commun. 12 (2021) 6436. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0235
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0235
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0235
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0240
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0240
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0240
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0245
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0245
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0245
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0270
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0270
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0270
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0275
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0275
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0275
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0280
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0280
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0280
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0285
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0285
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0295
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0295
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0295
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0300
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0300
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0300
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0305
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0305
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0315
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0315
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0315
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0320
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0320
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0325
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0325
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0325
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0330
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0330
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0330
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0335
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0335
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0340
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0340
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0340
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0345
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0345
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0345
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0355
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0355
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0365
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0365
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0370
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0370
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0385
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0385
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0385
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0385
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0390
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0390
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0390
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0400
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0400
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0400
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0405
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0405
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0405
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0415
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0415
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0415
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0440
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0440
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0440
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0445
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0445
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0445
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0445
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0475
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0475
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0475
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0480
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0480
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0480
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0485
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0485
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0490
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0490
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0490
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0495
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0495
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0495
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0500
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0500
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0505
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0505
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0505


Journal of Controlled Release 368 (2024) 372–396

391

[102] K.M. Cappell, J.N. Kochenderfer, A comparison of chimeric antigen receptors 
containing CD28 versus 4-1BB costimulatory domains, Nat. Rev. Clin. Oncol. 18 
(2021) 715–727. 

[103] O. Levin-Piaeda, N. Levin, S. Pozner, A. Danieli, H. Weinstein-Marom, G. Gross, 
The intracellular domain of CD40 is a potent costimulatory element in chimeric 
antigen receptors, J. Immunother. 44 (2021) 209–213. 

[104] H. Qin, L. Yang, J.A. Chukinas, N. Shah, S. Tarun, M. Pouzolles, et al., Systematic 
preclinical evaluation of CD33-directed chimeric antigen receptor T cell 
immunotherapy for acute myeloid leukemia defines optimized construct design, 
J. Immunother. Cancer 9 (2021). 

[105] J.C. Boucher, G. Li, H. Kotani, M.L. Cabral, D. Morrissey, S.B. Lee, et al., CD28 
costimulatory domain-targeted mutations enhance chimeric antigen receptor T- 
cell function, Cancer Immunol. Res. 9 (2021) 62–74. 

[106] H. Zhang, F. Li, J. Cao, X. Wang, H. Cheng, K. Qi, et al., A chimeric antigen 
receptor with antigen-independent OX40 signaling mediates potent antitumor 
activity, Sci. Transl. Med. 13 (2021). 

[107] C.R. Maldini, D.T. Claiborne, K. Okawa, T. Chen, D.L. Dopkin, X. Shan, et al., Dual 
CD4-based CAR T cells with distinct costimulatory domains mitigate HIV 
pathogenesis in vivo, Nat. Med. 26 (2020) 1776–1787. 

[108] S. Li, J. Zhang, M. Wang, G. Fu, Y. Li, L. Pei, et al., Treatment of acute 
lymphoblastic leukaemia with the second generation of CD19 CAR-T containing 
either CD28 or 4-1BB, Br. J. Haematol. 181 (2018) 360–371. 

[109] O.U. Kawalekar, R.S. O’Connor, J.A. Fraietta, L. Guo, S.E. McGettigan, A. 
D. Posey Jr., et al., Distinct signaling of coreceptors regulates specific metabolism 
pathways and impacts memory development in CAR T cells, Immunity 44 (2016) 
380–390. 

[110] Z. Zhao, M. Condomines, S.J.C. van der Stegen, F. Perna, C.C. Kloss, G. Gunset, et 
al., Structural design of engineered costimulation determines tumor rejection 
kinetics and persistence of CAR T cells, Cancer Cell 28 (2015) 415–428. 

[111] X.S. Zhong, M. Matsushita, J. Plotkin, I. Riviere, M. Sadelain, Chimeric antigen 
receptors combining 4-1BB and CD28 signaling domains augment PI3kinase/ 
AKT/Bcl-XL activation and CD8+ T cell-mediated tumor eradication, Mol. Ther. 
18 (2010) 413–420. 

[112] P. George, N. Dasyam, G. Giunti, B. Mester, E. Bauer, B. Andrews, et al., Third- 
generation anti-CD19 chimeric antigen receptor T-cells incorporating a TLR2 
domain for relapsed or refractory B-cell lymphoma: a phase I clinical trial 
protocol (ENABLE), BMJ Open 10 (2020) e034629. 

[113] E. Drent, R. Poels, R. Ruiter, N. van de Donk, S. Zweegman, H. Yuan, et al., 
Combined CD28 and 4-1BB costimulation potentiates affinity-tuned chimeric 
antigen receptor-engineered T cells, Clin. Cancer Res. 25 (2019) 4014–4025. 

[114] C. Amatya, M.A. Pegues, N. Lam, D. Vanasse, C. Geldres, S. Choi, et al., 
Development of CAR T cells expressing a suicide gene plus a chimeric antigen 
receptor targeting signaling lymphocytic-activation molecule F7, Mol. Ther. 29 
(2021) 702–717. 

[115] G. Agliardi, A.R. Liuzzi, A. Hotblack, D. De Feo, N. Nunez, C.L. Stowe, et al., 
Intratumoral IL-12 delivery empowers CAR-T cell immunotherapy in a pre- 
clinical model of glioblastoma, Nat. Commun. 12 (2021) 444. 

[116] L.V. Hurton, H. Singh, A.M. Najjar, K.C. Switzer, T. Mi, S. Maiti, et al., Tethered 
IL-15 augments antitumor activity and promotes a stem-cell memory subset in 
tumor-specific T cells, Proc. Natl. Acad. Sci. USA 113 (2016) E7788–E7797. 

[117] V. Hoyos, B. Savoldo, C. Quintarelli, A. Mahendravada, M. Zhang, J. Vera, et al., 
Engineering CD19-specific T lymphocytes with interleukin-15 and a suicide gene 
to enhance their anti-lymphoma/leukemia effects and safety, Leukemia 24 (2010) 
1160–1170. 

[118] X. Ma, P. Shou, C. Smith, Y. Chen, H. Du, C. Sun, et al., Interleukin-23 engineering 
improves CAR T cell function in solid tumors, Nat. Biotechnol. 38 (2020) 
448–459. 

[119] A. Hombach, M. Barden, L. Hannappel, M. Chmielewski, G. Rappl, A. Sachinidis, 
et al., IL12 integrated into the CAR exodomain converts CD8(+) T cells to poly- 
functional NK-like cells with superior killing of antigen-loss tumors, Mol. Ther. 30 
(2022) 593–605. 

[120] D.S. Jones 2nd, J.D. Nardozzi, K.L. Sackton, G. Ahmad, E. Christensen, 
L. Ringgaard, et al., Cell surface-tethered IL-12 repolarizes the tumor immune 
microenvironment to enhance the efficacy of adoptive T cell therapy, Sci. Adv. 8 
(2022) pp. eabi8075. 

[121] A. Mansurov, J. Ishihara, P. Hosseinchi, L. Potin, T.M. Marchell, A. Ishihara, et al., 
Collagen-binding IL-12 enhances tumour inflammation and drives the complete 
remission of established immunologically cold mouse tumours, Nat. Biomed. Eng. 
4 (2020) 531–543. 

[122] M. Chmielewski, H. Abken, CAR T cells releasing IL-18 convert to T-bet(high) 
FoxO1(low) effectors that exhibit augmented activity against advanced solid 
tumors, Cell Rep. 21 (2017) 3205–3219. 

[123] T. Zhou, W. Damsky, O.E. Weizman, M.K. McGeary, K.P. Hartmann, C.E. Rosen, et 
al., IL-18BP is a secreted immune checkpoint and barrier to IL-18 
immunotherapy, Nature 583 (2020) 609–614. 

[124] K. Nakamura, S. Kassem, A. Cleynen, M.L. Chretien, C. Guillerey, E.M. Putz, et al., 
Dysregulated IL-18 is a key driver of immunosuppression and a possible 
therapeutic target in the multiple myeloma microenvironment, Cancer Cell 33 
(2018) 634–648 e635. 

[125] N.T. Nguyen, K. Huang, H. Zeng, J. Jing, R. Wang, S. Fang, et al., Nano- 
optogenetic engineering of CAR T cells for precision immunotherapy with 
enhanced safety, Nat. Nanotechnol. 16 (2021) 1424–1434. 

[126] J.H. Cho, J.J. Collins, W.W. Wong, Universal chimeric antigen receptors for 
multiplexed and logical control of T cell responses, Cell 173 (2018) 1426–1438 
e1411. 

[127] J.H. Cho, A. Okuma, K. Sofjan, S. Lee, J.J. Collins, W.W. Wong, Engineering 
advanced logic and distributed computing in human CAR immune cells, Nat. 
Commun. 12 (2021) 792. 

[128] J. Zhao, Q. Lin, Y. Song, D. Liu, Universal CARs, universal T cells, and universal 
CAR T cells, J. Hematol. Oncol. 11 (2018) 132. 

[129] W. Wu, Q. Zhou, T. Masubuchi, X. Shi, H. Li, X. Xu, et al., Multiple signaling roles 
of CD3epsilon and its application in CAR-T cell therapy, Cell 182 (2020) 855–871 
e823. 

[130] J. Feucht, J. Sun, J. Eyquem, Y.J. Ho, Z. Zhao, J. Leibold, et al., Calibration of 
CAR activation potential directs alternative T cell fates and therapeutic potency, 
Nat. Med. 25 (2019) 82–88. 

[131] Y. Duan, J. Chen, X. Meng, L. Liu, K. Shang, X. Wu, et al., Balancing activation and 
co-stimulation of CAR tunes signaling dynamics and enhances therapeutic 
potency, Mol. Ther. 31 (2023) 35–47. 

[132] R.M. Velasco Cardenas, S.M. Brandl, A.V. Melendez, A.E. Schlaak, A. Buschky, 
T. Peters, et al., Harnessing CD3 diversity to optimize CAR T cells, Nat. Immunol. 
24 (2023) 2135–2149. 

[133] E.L. Reinherz, alphabeta TCR-mediated recognition: relevance to tumor-antigen 
discovery and cancer immunotherapy, Cancer, Immunol. Res. 3 (2015) 305–312. 

[134] T.F. Gajewski, H. Schreiber, Y.X. Fu, Innate and adaptive immune cells in the 
tumor microenvironment, Nat. Immunol. 14 (2013) 1014–1022. 

[135] V. Leko, S.A. Rosenberg, Identifying and targeting human tumor antigens for T 
cell-based immunotherapy of solid tumors, Cancer Cell 38 (2020) 454–472. 

[136] X. Liu, C.L. Hartman, L. Li, C.J. Albert, F. Si, A. Gao, et al., Reprogramming lipid 
metabolism prevents effector T cell senescence and enhances tumor 
immunotherapy, Sci. Transl. Med. 13 (2021). 

[137] A.D. Waldman, J.M. Fritz, M.J. Lenardo, A guide to cancer immunotherapy: from 
T cell basic science to clinical practice, Nat. Rev. Immunol. 20 (2020) 651–668. 

[138] N. Gong, N.C. Sheppard, M.M. Billingsley, C.H. June, M.J. Mitchell, 
Nanomaterials for T-cell cancer immunotherapy, Nat. Nanotechnol. 16 (2021) 
25–36. 

[139] R.J. Kishton, M. Sukumar, N.P. Restifo, Metabolic regulation of T cell longevity 
and function in tumor immunotherapy, Cell Metab. 26 (2017) 94–109. 

[140] M.Z. Madden, J.C. Rathmell, The complex integration of T-cell metabolism and 
immunotherapy, Cancer Discov. 11 (2021) 1636–1643. 

[141] M.B. Leick, H. Silva, I. Scarfo, R. Larson, B.D. Choi, A.A. Bouffard, et al., Non- 
cleavable hinge enhances avidity and expansion of CAR-T cells for acute myeloid 
leukemia, Cancer Cell 40 (2022) 494–508 e495. 

[142] J.H. Park, M.B. Geyer, R.J. Brentjens, CD19-targeted CAR T-cell therapeutics for 
hematologic malignancies: interpreting clinical outcomes to date, Blood 127 
(2016) 3312–3320. 

[143] D. Wang, X. Mao, Y. Que, M. Xu, Y. Cheng, L. Huang, et al., Viral infection/ 
reactivation during long-term follow-up in multiple myeloma patients with anti- 
BCMA CAR therapy, Blood Cancer J. 11 (2021) 168. 

[144] S.H. Manjunath, A.D. Cohen, S.F. Lacey, M.M. Davis, A.L. Garfall, J.J. Melenhorst, 
et al., The safety of bridging radiation with anti-BCMA CAR T-cell therapy for 
multiple myeloma, Clin. Cancer Res. 27 (2021) 6580–6590. 

[145] V. Narayan, J.S. Barber-Rotenberg, I.Y. Jung, S.F. Lacey, A.J. Rech, M.M. Davis, et 
al., PSMA-targeting TGFbeta-insensitive armored CAR T cells in metastatic 
castration-resistant prostate cancer: a phase 1 trial, Nat. Med. 28 (2022) 724–734. 

[146] X.Y. Tang, Y.S. Ding, T. Zhou, X. Wang, Y. Yang, Tumor-tagging by oncolytic 
viruses: a novel strategy for CAR-T therapy against solid tumors, Cancer Lett. 503 
(2021) 69–74. 

[147] S. Srivastava, S.N. Furlan, C.A. Jaeger-Ruckstuhl, M. Sarvothama, C. Berger, K. 
S. Smythe, et al., Immunogenic chemotherapy enhances recruitment of CAR-T 
cells to lung tumors and improves antitumor efficacy when combined with 
checkpoint blockade, Cancer Cell 39 (2021) 193–208 e110. 

[148] Y. Zhao, Q. Shao, G. Peng, Exhaustion and senescence: two crucial dysfunctional 
states of T cells in the tumor microenvironment, Cell. Mol. Immunol. 17 (2020) 
27–35. 

[149] D.M. Davies, J. Maher, Crosstown traffic: lymphodepleting chemotherapy drives 
CAR T cells, Cancer Cell 39 (2021) 138–140. 

[150] L. Cherkassky, Z. Hou, A. Amador-Molina, P.S. Adusumilli, Regional CAR T cell 
therapy: an ignition key for systemic immunity in solid tumors, Cancer Cell 40 
(2022) 569–574. 

[151] H. Cheng, K. Ma, L. Zhang, G. Li, The tumor microenvironment shapes the 
molecular characteristics of exhausted CD8(+) T cells, Cancer Lett. 506 (2021) 
55–66. 

[152] X. Pan, L. Zheng, Epigenetics in modulating immune functions of stromal and 
immune cells in the tumor microenvironment, Cell. Mol. Immunol. 17 (2020) 
940–953. 

[153] M.J. Pittet, O. Michielin, D. Migliorini, Clinical relevance of tumour-associated 
macrophages, Nat. Rev. Clin. Oncol. 19 (2022) 402–421. 

[154] K.F. Goliwas, J.S. Deshane, C.A. Elmets, M. Athar, Moving immune therapy 
forward targeting TME, Physiol. Rev. 101 (2021) 417–425. 

[155] R. Ringquist, D. Ghoshal, R. Jain, K. Roy, Understanding and improving cellular 
immunotherapies against cancer: from cell-manufacturing to tumor-immune 
models, Adv. Drug Deliv. Rev. 179 (2021) 114003. 

[156] G. Liu, W. Rui, X. Zhao, X. Lin, Enhancing CAR-T cell efficacy in solid tumors by 
targeting the tumor microenvironment, Cell. Mol. Immunol. 18 (2021) 
1085–1095. 

[157] S. Ninomiya, N. Narala, L. Huye, S. Yagyu, B. Savoldo, G. Dotti, et al., Tumor 
indoleamine 2,3-dioxygenase (IDO) inhibits CD19-CAR T cells and is 
downregulated by lymphodepleting drugs, Blood 125 (2015) 3905–3916. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0510
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0510
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0510
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0515
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0515
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0515
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0535
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0535
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0535
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0540
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0540
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0540
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0550
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0550
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0550
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0580
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0580
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0580
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0615
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0615
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0615
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0630
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0630
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0630
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0635
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0635
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0635
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0640
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0640
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0645
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0645
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0645
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0655
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0655
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0655
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0660
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0660
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0660
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0665
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0665
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0670
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0670
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0675
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0675
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0680
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0680
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0680
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0685
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0685
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0695
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0695
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0700
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0700
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0705
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0705
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0705
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0730
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0730
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0730
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0735
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0735
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0735
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0735
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0740
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0740
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0740
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0745
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0745
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0750
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0750
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0750
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0755
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0755
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0755
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0760
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0760
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0760
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0765
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0765
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0770
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0770
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0775
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0775
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0775
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0780
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0780
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0780
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0785
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0785
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0785


Journal of Controlled Release 368 (2024) 372–396

392

[158] P.A. Beavis, M.A. Henderson, L. Giuffrida, J.K. Mills, K. Sek, R.S. Cross, et al., 
Targeting the adenosine 2A receptor enhances chimeric antigen receptor T cell 
efficacy, J. Clin. Invest. 127 (2017) 929–941. 

[159] C.C. Kloss, J. Lee, A. Zhang, F. Chen, J.J. Melenhorst, S.F. Lacey, et al., Dominant- 
negative TGF-beta receptor enhances PSMA-targeted human CAR T cell 
proliferation and augments prostate cancer eradication, Mol. Ther. 26 (2018) 
1855–1866. 

[160] S. Li, N. Siriwon, X. Zhang, S. Yang, T. Jin, F. He, et al., Enhanced cancer 
immunotherapy by chimeric antigen receptor-modified T cells engineered to 
secrete checkpoint inhibitors, Clin. Cancer Res. 23 (2017) 6982–6992. 

[161] T. Jiang, X. Chen, X. Ren, J.M. Yang, Y. Cheng, Emerging role of autophagy in 
anti-tumor immunity: implications for the modulation of immunotherapy 
resistance, Drug Resist. Updat. 56 (2021) 100752. 

[162] Y. Zhao, Y. Dong, S. Yang, Y. Tu, C. Wang, J. Li, et al., Bioorthogonal equipping 
CAR-T cells with hyaluronidase and checkpoint blocking antibody for enhanced 
solid tumor immunotherapy, ACS Cent. Sci. 8 (2022) 603–614. 

[163] Z. Chen, H. Pan, Y. Luo, T. Yin, B. Zhang, J. Liao, et al., Nanoengineered CAR-T 
biohybrids for solid tumor immunotherapy with microenvironment 
photothermal-remodeling strategy, Small 17 (2021) e2007494. 

[164] T.J. Gardner, J.P. Lee, C.M. Bourne, D. Wijewarnasuriya, N. Kinarivala, K. 
G. Kurtz, et al., Engineering CAR-T cells to activate small-molecule drugs in situ, 
Nat. Chem. Biol. 18 (2022) 216–225. 

[165] B. Altvater, S. Kailayangiri, C. Spurny, M. Flugge, J. Meltzer, L. Greune, et al., 
T cells as micropharmacies against solid cancers: combining effector T-cell 
mediated cell death with vascular targeting in a one-step engineering process, 
Cancer Gene Ther 30 (2023) 1355–1368. 

[166] N. Gong, X. Han, L. Xue, R. El-Mayta, A.E. Metzloff, M.M. Billingsley, et al., In situ 
PEGylation of CAR T cells alleviates cytokine release syndrome and neurotoxicity, 
Nat. Mater. 22 (2023) 1571–1580. 

[167] L.J.B. Brandt, M.B. Barnkob, Y.S. Michaels, J. Heiselberg, T. Barington, Emerging 
approaches for regulation and control of CAR T cells: a mini review, Front. 
Immunol. 11 (2020) 326. 

[168] A. Hyrenius-Wittsten, K.T. Roybal, Paving new roads for CARs, Trends Cancer 5 
(2019) 583–592. 

[169] S. Arcangeli, K. Mestermann, J. Weber, C. Bonini, M. Casucci, M. Hudecek, 
Overcoming key challenges in cancer immunotherapy with engineered T cells, 
Curr. Opin. Oncol. 32 (2020) 398–407. 

[170] X. Lei, Z. Ou, Z. Yang, J. Zhong, Y. Zhu, J. Tian, et al., A Pan-histone deacetylase 
inhibitor enhances the antitumor activity of B7-H3-specific CAR T cells in solid 
tumors, Clin. Cancer Res. 27 (2021) 3757–3771. 

[171] Y. Jo, L.A. Ali, J.A. Shim, B.H. Lee, C. Hong, Innovative CAR-T cell therapy for 
solid tumor; current duel between CAR-T spear and tumor shield, Cancers (Basel) 
12 (2020). 

[172] H. Chen, F. Wei, M. Yin, Q. Zhao, Z. Liu, B. Yu, et al., CD27 enhances the killing 
effect of CAR T cells targeting trophoblast cell surface antigen 2 in the treatment 
of solid tumors, Cancer Immunol. Immunother. 70 (2021) 2059–2071. 

[173] F. Wiede, K.H. Lu, X. Du, S. Liang, K. Hochheiser, G.T. Dodd, et al., PTPN2 
phosphatase deletion in T cells promotes anti-tumour immunity and CAR T-cell 
efficacy in solid tumours, EMBO J. 39 (2020) e103637. 

[174] Y. Wang, H. Jiang, H. Luo, Y. Sun, B. Shi, R. Sun, et al., An IL-4/21 inverted 
cytokine receptor improving CAR-T cell potency in immunosuppressive solid- 
tumor microenvironment, Front. Immunol. 10 (2019) 1691. 

[175] S.J. Bagley, D.M. O’Rourke, Clinical investigation of CAR T cells for solid tumors: 
lessons learned and future directions, Pharmacol. Ther. 205 (2020) 107419. 

[176] Y.J. Xie, M. Dougan, N. Jailkhani, J. Ingram, T. Fang, L. Kummer, et al., 
Nanobody-based CAR T cells that target the tumor microenvironment inhibit the 
growth of solid tumors in immunocompetent mice, Proc. Natl. Acad. Sci. USA 116 
(2019) 7624–7631. 

[177] D.J. Baker, Z. Arany, J.A. Baur, J.A. Epstein, C.H. June, CAR T therapy beyond 
cancer: the evolution of a living drug, Nature 619 (2023) 707–715. 

[178] I. Mikelez-Alonso, S. Magadan, A. Gonzalez-Fernandez, F. Borrego, Natural killer 
(NK) cell-based immunotherapies and the many faces of NK cell memory: a look 
into how nanoparticles enhance NK cell activity, Adv. Drug Deliv. Rev. 176 
(2021) 113860. 

[179] L. Riggan, F. Ma, J.H. Li, E. Fernandez, D.A. Nathanson, M. Pellegrini, et al., The 
transcription factor Fli1 restricts the formation of memory precursor NK cells 
during viral infection, Nat. Immunol. 23 (2022) 556–567. 

[180] K.L. Clayton, G. Mylvaganam, A. Villasmil-Ocando, H. Stuart, M.V. Maus, 
M. Rashidian, et al., HIV-infected macrophages resist efficient NK cell-mediated 
killing while preserving inflammatory cytokine responses, Cell Host Microbe 29 
(2021) 435–447 e439. 

[181] J.A. Myers, J.S. Miller, Exploring the NK cell platform for cancer immunotherapy, 
Nat. Rev. Clin. Oncol. 18 (2021) 85–100. 

[182] S.M. Poznanski, K. Singh, T.M. Ritchie, J.A. Aguiar, I.Y. Fan, A.L. Portillo, et al., 
Metabolic flexibility determines human NK cell functional fate in the tumor 
microenvironment, Cell Metab. 33 (2021) 1205–1220, e1205. 

[183] Y.T. Kang, Z. Niu, T. Hadlock, E. Purcell, T.W. Lo, M. Zeinali, et al., On-Chip 
biogenesis of circulating NK cell-derived exosomes in non-small cell lung cancer 
exhibits antitumoral activity, Adv. Sci. (Weinh) 8 (2021) 2003747. 

[184] R. Pan, J. Ryan, D. Pan, K.W. Wucherpfennig, A. Letai, Augmenting NK cell-based 
immunotherapy by targeting mitochondrial apoptosis, Cell 185 (2022) 
1521–1538 e1518. 

[185] F. Souza-Fonseca-Guimaraes, J. Cursons, N.D. Huntington, The emergence of 
natural killer cells as a major target in cancer immunotherapy, Trends Immunol. 
40 (2019) 142–158. 

[186] T. Bald, M.F. Krummel, M.J. Smyth, K.C. Barry, The NK cell-cancer cycle: 
advances and new challenges in NK cell-based immunotherapies, Nat. Immunol. 
21 (2020) 835–847. 

[187] M.D. Bunting, M. Vyas, M. Requesens, A. Langenbucher, E.B. Schiferle, R. 
T. Manguso, et al., Extracellular matrix proteins regulate NK cell function in 
peripheral tissues, Sci. Adv. 8 (2022) pp. eabk3327. 

[188] M.D. Bunting, A. Varelias, F. Souza-Fonseca-Guimaraes, I.S. Schuster, K. 
E. Lineburg, R.D. Kuns, et al., GVHD prevents NK-cell-dependent leukemia and 
virus-specific innate immunity, Blood 129 (2017) 630–642. 

[189] S.R. McCurdy, Harnessing allogeneic NK cells: improving outcomes with tailored 
donor lymphocyte infusion, J. Clin. Invest. 132 (2022). 

[190] V.Y.S. Oei, M. Siernicka, A. Graczyk-Jarzynka, H.J. Hoel, W. Yang, D. Palacios, et 
al., Intrinsic functional potential of NK-cell subsets constrains retargeting driven 
by chimeric antigen receptors, Cancer Immunol. Res. 6 (2018) 467–480. 

[191] Y. Gong, R.G.J. Klein Wolterink, J. Wang, G.M.J. Bos, W.T.V. Germeraad, 
Chimeric antigen receptor natural killer (CAR-NK) cell design and engineering for 
cancer therapy, J. Hematol. Oncol. 14 (2021) 73. 

[192] A.L. Portillo, R. Hogg, S.M. Poznanski, E.A. Rojas, N.J. Cashell, J.A. Hammill, et 
al., Expanded human NK cells armed with CAR uncouple potent anti-tumor 
activity from off-tumor toxicity against solid tumors, iScience 24 (2021) 102619. 

[193] J. Liu, S. Yang, B. Cao, G. Zhou, F. Zhang, Y. Wang, et al., Targeting B7-H3 via 
chimeric antigen receptor T cells and bispecific killer cell engagers augments 
antitumor response of cytotoxic lymphocytes, J. Hematol. Oncol. 14 (2021) 21. 

[194] K. Pan, H. Farrukh, V. Chittepu, H. Xu, C.X. Pan, Z. Zhu, CAR race to cancer 
immunotherapy: from CAR T, CAR NK to CAR macrophage therapy, J. Exp. Clin. 
Cancer Res. 41 (2022) 119. 

[195] O. Melaiu, V. Lucarini, L. Cifaldi, D. Fruci, Influence of the tumor 
microenvironment on NK cell function in solid tumors, Front. Immunol. 10 (2019) 
3038. 

[196] X. Jiang, J. Wang, X. Deng, F. Xiong, J. Ge, B. Xiang, et al., Role of the tumor 
microenvironment in PD-L1/PD-1-mediated tumor immune escape, Mol. Cancer 
18 (2019) 10. 

[197] C.I. Jan, S.W. Huang, P. Canoll, J.N. Bruce, Y.C. Lin, C.M. Pan, et al., Targeting 
human leukocyte antigen G with chimeric antigen receptors of natural killer cells 
convert immunosuppression to ablate solid tumors, J. Immunother. Cancer 9 
(2021). 

[198] F. Kontos, T. Michelakos, T. Kurokawa, A. Sadagopan, J.H. Schwab, C.R. Ferrone, 
et al., B7-H3: an attractive target for antibody-based immunotherapy, Clin. 
Cancer Res. 27 (2021) 1227–1235. 

[199] N. Li, M.R. Spetz, D. Li, M. Ho, Advances in immunotherapeutic targets for 
childhood cancers: a focus on glypican-2 and B7-H3, Pharmacol. Ther. 223 (2021) 
107892. 

[200] C. Aggarwal, A. Prawira, S. Antonia, O. Rahma, A. Tolcher, R.B. Cohen, et al., 
Dual checkpoint targeting of B7-H3 and PD-1 with enoblituzumab and 
pembrolizumab in advanced solid tumors: interim results from a multicenter 
phase I/II trial, J. Immunother. Cancer 10 (2022). 

[201] M. Yang, X. Tang, Z. Zhang, L. Gu, H. Wei, S. Zhao, et al., Tandem CAR-T cells 
targeting CD70 and B7-H3 exhibit potent preclinical activity against multiple 
solid tumors, Theranostics 10 (2020) 7622–7634. 

[202] M. Janakiram, U.A. Shah, W. Liu, A. Zhao, M.P. Schoenberg, X. Zang, The third 
group of the B7-CD28 immune checkpoint family: HHLA2, TMIGD2, B7x, and B7- 
H3, Immunol. Rev. 276 (2017) 26–39. 

[203] S. Grote, G. Urena-Bailen, K.C. Chan, C. Baden, M. Mezger, R. Handgretinger, et 
al., In vitro evaluation of CD276-CAR NK-92 functionality, migration and 
invasion potential in the presence of immune inhibitory factors of the tumor 
microenvironment, Cells 10 (2021). 

[204] S. Sivori, D. Pende, L. Quatrini, G. Pietra, M. Della Chiesa, P. Vacca, et al., NK 
cells and ILCs in tumor immunotherapy, Mol. Asp. Med. 80 (2021) 100870. 

[205] J. Xia, S. Minamino, K. Kuwabara, CAR-expressing NK cells for cancer therapy: a 
new hope, Biosci. Trends 14 (2020) 354–359. 

[206] G. Lian, T.S. Mak, X. Yu, H.Y. Lan, Challenges and recent advances in NK cell- 
targeted immunotherapies in solid tumors, Int. J. Mol. Sci. 23 (2021). 

[207] Y.E. Lee, A. Ju, H.W. Choi, J.C. Kim, E.E. Kim, T.S. Kim, et al., Rationally designed 
redirection of natural killer cells anchoring a cytotoxic ligand for pancreatic 
cancer treatment, J. Control. Release 326 (2020) 310–323. 

[208] Y. Li, R. Basar, G. Wang, E. Liu, J.S. Moyes, L. Li, et al., KIR-based inhibitory CARs 
overcome CAR-NK cell trogocytosis-mediated fratricide and tumor escape, Nat. 
Med. 28 (2022) 2133–2144. 

[209] L. Li, V. Mohanty, J. Dou, Y. Huang, P.P. Banerjee, Q. Miao, et al., Loss of 
metabolic fitness drives tumor resistance after CAR-NK cell therapy and can be 
overcome by cytokine engineering, Sci. Adv. 9 (2023) pp. eadd6997. 

[210] J. Ni, X. Wang, A. Stojanovic, Q. Zhang, M. Wincher, L. Buhler, et al., Single-cell 
RNA sequencing of tumor-infiltrating NK cells reveals that inhibition of 
transcription factor HIF-1alpha unleashes NK cell activity, Immunity 52 (2020) 
1075–1087 e1078. 

[211] N. Shimasaki, A. Jain, D. Campana, NK cells for cancer immunotherapy, Nat. Rev. 
Drug Discov. 19 (2020) 200–218. 

[212] X. Zheng, Y. Qian, B. Fu, D. Jiao, Y. Jiang, P. Chen, et al., Mitochondrial 
fragmentation limits NK cell-based tumor immunosurveillance, Nat. Immunol. 20 
(2019) 1656–1667. 

[213] X. Lin, F. Li, Q. Gu, X. Wang, Y. Zheng, J. Li, et al., Gold-seaurchin based 
immunomodulator enabling photothermal intervention and alphaCD16 
transfection to boost NK cell adoptive immunotherapy, Acta Biomater. 146 
(2022) 406–420. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0790
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0790
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0790
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0805
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0805
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0805
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0810
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0810
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0810
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0815
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0815
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0815
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0820
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0820
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0820
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0825
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0825
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0825
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0825
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0830
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0830
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0830
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0840
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0840
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0845
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0845
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0845
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0850
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0850
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0850
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0865
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0865
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0865
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0870
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0870
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0870
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0875
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0875
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0885
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0885
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0895
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0895
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0895
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0905
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0905
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0910
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0910
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0910
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0920
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0920
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0920
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0925
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0925
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0925
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0935
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0935
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0935
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0940
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0940
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0940
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0945
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0945
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0955
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0955
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0955
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0960
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0960
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0960
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0965
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0965
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0965
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0980
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0980
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0980
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0990
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0990
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0990
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf0995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1020
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1020
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1065


Journal of Controlled Release 368 (2024) 372–396

393

[214] C. Chen, M. Song, Y. Du, Y. Yu, C. Li, Y. Han, et al., Tumor-associated- 
macrophage-membrane-coated nanoparticles for improved photodynamic 
immunotherapy, Nano Lett. 21 (2021) 5522–5531. 

[215] P. Zhao, Y. Wang, X. Kang, A. Wu, W. Yin, Y. Tang, et al., Dual-targeting 
biomimetic delivery for anti-glioma activity via remodeling the tumor 
microenvironment and directing macrophage-mediated immunotherapy, Chem. 
Sci. 9 (2018) 2674–2689. 

[216] H. Qian, Y. Fu, M. Guo, Y. Chen, D. Zhang, Y. Wei, et al., Dual-aptamer- 
engineered M1 macrophage with enhanced specific targeting and checkpoint 
blocking for solid-tumor immunotherapy, Mol. Ther. 30 (2022) 2817–2827. 

[217] S. Wang, Y. Yang, P. Ma, Y. Zha, J. Zhang, A. Lei, et al., CAR-macrophage: an 
extensive immune enhancer to fight cancer, EBioMedicine 76 (2022) 103873. 

[218] Y. Geng, J. Hardie, R.F. Landis, J.A. Mas-Rosario, A.N. Chattopadhyay, P. Keshri, 
et al., High-content and high-throughput identification of macrophage 
polarization phenotypes, Chem. Sci. 11 (2020) 8231–8239. 

[219] Y. Xia, L. Rao, H. Yao, Z. Wang, P. Ning, X. Chen, Engineering macrophages for 
cancer immunotherapy and drug delivery, Adv. Mater. 32 (2020) e2002054. 

[220] L. Rao, S.K. Zhao, C. Wen, R. Tian, L. Lin, B. Cai, et al., Activating macrophage- 
mediated cancer immunotherapy by genetically edited nanoparticles, Adv. Mater. 
32 (2020) e2004853. 

[221] D.G. DeNardo, B. Ruffell, Macrophages as regulators of tumour immunity and 
immunotherapy, Nat. Rev. Immunol. 19 (2019) 369–382. 

[222] M.T. Villanueva, Macrophages get a CAR, Nat. Rev. Drug Discov. 19 (2020) 308. 
[223] S. Su, A. Lei, X. Wang, H. Lu, S. Wang, Y. Yang, et al., Induced CAR-macrophages 

as a novel therapeutic cell type for cancer immune cell therapies, Cells 11 (2022). 
[224] Y. Chen, Z. Yu, X. Tan, H. Jiang, Z. Xu, Y. Fang, et al., CAR-macrophage: a new 

immunotherapy candidate against solid tumors, Biomed. Pharmacother. 139 
(2021) 111605. 

[225] M. Kiss, A.A. Caro, G. Raes, D. Laoui, Systemic reprogramming of monocytes in 
cancer, Front. Oncol. 10 (2020) 1399. 

[226] W. Ouyang, Y. Liu, D. Deng, F. Zhou, C. Xie, The change in peripheral blood 
monocyte count: a predictor to make the management of chemotherapy-induced 
neutropenia, J. Cancer Res. Ther. 14 (2018) S565–S570. 

[227] S. Atasheva, C.C. Emerson, J. Yao, C. Young, P.L. Stewart, D.M. Shayakhmetov, 
Systemic cancer therapy with engineered adenovirus that evades innate 
immunity, Sci. Transl. Med. 12 (2020). 

[228] L. Ding, Q. Gao, Z. Xu, L. Cai, S. Chen, X. Zhang, et al., An inter-supplementary 
biohybrid system based on natural killer cells for the combinational 
immunotherapy and virotherapy of cancer, Adv. Sci. (Weinh) 9 (2022) e2103470. 

[229] D. Paasch, J. Meyer, A. Stamopoulou, D. Lenz, J. Kuehle, D. Kloos, et al., Ex vivo 
generation of CAR macrophages from hematopoietic stem and progenitor cells for 
use in cancer therapy, Cells 11 (2022). 

[230] M. Klichinsky, M. Ruella, O. Shestova, X.M. Lu, A. Best, M. Zeeman, et al., Human 
chimeric antigen receptor macrophages for cancer immunotherapy, Nat. 
Biotechnol. 38 (2020) 947–953. 

[231] L. Zhang, L. Tian, X. Dai, H. Yu, J. Wang, A. Lei, et al., Pluripotent stem cell- 
derived CAR-macrophage cells with antigen-dependent anti-cancer cell functions, 
J. Hematol. Oncol. 13 (2020) 153. 

[232] A. Lei, H. Yu, S. Lu, H. Lu, X. Ding, T. Tan, et al., A second-generation M1- 
polarized CAR macrophage with antitumor efficacy, Nat. Immunol. 25 (2024) 
102–116. 

[233] J. Wu, X. Wang, Y. Huang, Y. Zhang, S. Su, H. Shou, et al., Targeted glycan 
degradation potentiates cellular immunotherapy for solid tumors, Proc. Natl. 
Acad. Sci. USA 120 (2023) e2300366120. 

[234] C. Morrison, Industry shows increased appetite for macrophage biology, Nat. Rev. 
Drug Discov. 19 (2020) 295–297. 

[235] Y.R. Mohseni, S.L. Tung, C. Dudreuilh, R.I. Lechler, G.O. Fruhwirth, G. Lombardi, 
The future of regulatory T cell therapy: promises and challenges of implementing 
CAR technology, Front. Immunol. 11 (2020) 1608. 

[236] J.C. Wagner, Q. Tang, CAR-Tregs as a strategy for inducing graft tolerance, Curr. 
Transplant. Rep. 7 (2020) 205–214. 

[237] N. Richardson, G.E. Wootton, A.G. Bozward, Y.H. Oo, Challenges and 
opportunities in achieving effective regulatory T cell therapy in autoimmune liver 
disease, Semin. Immunopathol. 44 (2022) 461–474. 

[238] E. Fritsche, H.D. Volk, P. Reinke, M. Abou-El-Enein, Toward an optimized process 
for clinical manufacturing of CAR-Treg cell therapy, Trends Biotechnol. 38 (2020) 
1099–1112. 

[239] M. Arjomandnejad, A.L. Kopec, A.M. Keeler, CAR-T regulatory (CAR-Treg) cells: 
engineering and applications, Biomedicines 10 (2022). 

[240] M.H. Haddadi, E. Hajizadeh-Saffar, M. Khosravi-Maharlooei, M. Basiri, 
B. Negahdari, H. Baharvand, Autoimmunity as a target for chimeric immune 
receptor therapy: a new vision to therapeutic potential, Blood Rev. 41 (2020) 
100645. 

[241] Z. Good, J.Y. Spiegel, B. Sahaf, M.B. Malipatlolla, Z.J. Ehlinger, S. Kurra, et al., 
Post-infusion CAR T(Reg) cells identify patients resistant to CD19-CAR therapy, 
Nat. Med. 28 (2022) 1860–1871. 

[242] Q. Zhang, W. Lu, C.L. Liang, Y. Chen, H. Liu, F. Qiu, et al., Chimeric antigen 
receptor (CAR) Treg: a promising approach to inducing immunological tolerance, 
Front. Immunol. 9 (2018) 2359. 

[243] J. Rana, D.J. Perry, S.R.P. Kumar, M. Munoz-Melero, R. Saboungi, T.M. Brusko, et 
al., CAR- and TRuC-redirected regulatory T cells differ in capacity to control 
adaptive immunity to FVIII, Mol. Ther. 29 (2021) 2660–2676. 

[244] A. Nelson, J.D. Lukacs, B. Johnston, The current landscape of NKT cell 
immunotherapy and the hills ahead, Cancers (Basel) 13 (2021). 

[245] M. Li, D. Xie, X. Tang, C. Yang, Y. Shen, H. Zhou, et al., Phototherapy facilitates 
tumor recruitment and activation of natural killer T cells for potent cancer 
immunotherapy, Nano Lett. 21 (2021) 6304–6313. 

[246] D.H. Chang, N. Liu, V. Klimek, H. Hassoun, A. Mazumder, S.D. Nimer, et al., 
Enhancement of ligand-dependent activation of human natural killer T cells by 
lenalidomide: therapeutic implications, Blood 108 (2006) 618–621. 

[247] M.M. Berrien-Elliott, M. Becker-Hapak, A.F. Cashen, M. Jacobs, P. Wong, 
M. Foster, et al., Systemic IL-15 promotes allogeneic cell rejection in patients 
treated with natural killer cell adoptive therapy, Blood 139 (2022) 1177–1183. 

[248] A.J. Petty, B. Heyman, Y. Yang, Chimeric antigen receptor cell therapy: 
overcoming obstacles to battle cancer, Cancers (Basel) 12 (2020). 

[249] F. Riccardo, L. Tarone, M. Camerino, D. Giacobino, S. Iussich, G. Barutello, et al., 
Antigen mimicry as an effective strategy to induce CSPG4-targeted immunity in 
dogs with oral melanoma: a veterinary trial, J. Immunother. Cancer 10 (2022). 

[250] R.M. Hoffmann, S. Crescioli, S. Mele, E. Sachouli, A. Cheung, C.K. Chui, et al., 
A novel antibody-drug conjugate (ADC) delivering a DNA mono-alkylating 
payload to chondroitin sulfate proteoglycan (CSPG4)-expressing melanoma, 
Cancers (Basel) 12 (2020). 

[251] F. Riccardo, S. Iussich, L. Maniscalco, S. Lorda Mayayo, G. La Rosa, M. Arigoni, et 
al., CSPG4-specific immunity and survival prolongation in dogs with oral 
malignant melanoma immunized with human CSPG4 DNA, Clin. Cancer Res. 20 
(2014) 3753–3762. 

[252] B. Simon, M. Wiesinger, J. Marz, K. Wistuba-Hamprecht, B. Weide, B. Schuler- 
Thurner, et al., The generation of CAR-transfected natural killer T cells for the 
immunotherapy of melanoma, Int. J. Mol. Sci. 19 (2018). 

[253] F. Watkinson, S.K. Nayar, A. Rani, C.A. Sakellariou, O. Elhage, E. Papaevangelou, 
et al., IL-15 upregulates telomerase expression and potently increases 
proliferative capacity of NK, NKT-like, and CD8 T cells, Front. Immunol. 11 
(2020) 594620. 

[254] L. Zhu, X. Xie, L. Zhang, H. Wang, Z. Jie, X. Zhou, et al., TBK-binding protein 1 
regulates IL-15-induced autophagy and NKT cell survival, Nat. Commun. 9 (2018) 
2812. 

[255] Y.M. Liao, T.H. Hung, J.K. Tung, J. Yu, Y.L. Hsu, J.T. Hung, et al., Low expression 
of IL-15 and NKT in tumor microenvironment predicts poor outcome of MYCN- 
non-amplified neuroblastoma, J. Pers. Med. 11 (2021). 

[256] H. Xu, M. Shi, C. Shao, H. Li, J. Wu, Y. Yu, et al., Development of IL-15/IL- 
15Ralpha sushi domain-IgG4 Fc complexes in Pichia pastoris with potent 
activities and prolonged half-lives, Microb. Cell Factories 20 (2021) 115. 

[257] J. Jiao, K. Ooka, H. Fey, M.I. Fiel, A.H. Rahmman, K. Kojima, et al., Interleukin-15 
receptor alpha on hepatic stellate cells regulates hepatic fibrogenesis in mice, 
J. Hepatol. 65 (2016) 344–353. 

[258] X. Xu, W. Huang, A. Heczey, D. Liu, L. Guo, M. Wood, et al., NKT cells 
coexpressing a GD2-specific chimeric antigen receptor and IL15 show enhanced 
in vivo persistence and antitumor activity against neuroblastoma, Clin. Cancer 
Res. 25 (2019) 7126–7138. 

[259] A. Heczey, A.N. Courtney, A. Montalbano, S. Robinson, K. Liu, M. Li, et al., Anti- 
GD2 CAR-NKT cells in patients with relapsed or refractory neuroblastoma: an 
interim analysis, Nat. Med. 26 (2020) 1686–1690. 

[260] Y. Zhu, D.J. Smith, Y. Zhou, Y.R. Li, J. Yu, D. Lee, et al., Development of 
hematopoietic stem cell-engineered invariant natural killer T cell therapy for 
cancer, Cell Stem Cell 25 (2019) 542–557 e549. 

[261] D. Yamada, T. Iyoda, R. Vizcardo, K. Shimizu, Y. Sato, T.A. Endo, et al., Efficient 
regeneration of human Valpha24(+) invariant natural killer T cells and their anti- 
tumor activity in vivo, Stem Cells 34 (2016) 2852–2860. 

[262] D.C. Deniger, K. Switzer, T. Mi, S. Maiti, L. Hurton, H. Singh, et al., Bispecific T- 
cells expressing polyclonal repertoire of endogenous gammadelta T-cell receptors 
and introduced CD19-specific chimeric antigen receptor, Mol. Ther. 21 (2013) 
638–647. 

[263] R. Parihar, Sensing bad: are co-stimulatory CAR-expressing gammadelta T cells 
safer? Mol. Ther. 25 (2017) 1064–1066. 

[264] J.H. Park, H.K. Lee, Function of gammadelta T cells in tumor immunology and 
their application to cancer therapy, Exp. Mol. Med. 53 (2021) 318–327. 

[265] C.R. Willcox, F. Mohammed, B.E. Willcox, The distinct MHC-unrestricted 
immunobiology of innate-like and adaptive-like human gammadelta T cell 
subsets-Nature’s CAR-T cells, Immunol. Rev. 298 (2020) 25–46. 

[266] D. Cortes-Selva, B. Dasgupta, S. Singh, I.S. Grewal, Innate and innate-like cells: 
the future of chimeric antigen receptor (CAR) cell therapy, Trends Pharmacol. Sci. 
42 (2021) 45–59. 

[267] K.P. Nishimoto, T. Barca, A. Azameera, A. Makkouk, J.M. Romero, L. Bai, et al., 
Allogeneic CD20-targeted gammadelta T cells exhibit innate and adaptive 
antitumor activities in preclinical B-cell lymphoma models, Clin. Transl. 
Immunol. 11 (2022) e1373. 

[268] S. Loi, S. Michiels, S. Adams, S. Loibl, J. Budczies, C. Denkert, et al., The journey 
of tumor-infiltrating lymphocytes as a biomarker in breast cancer: clinical utility 
in an era of checkpoint inhibition, Ann. Oncol. 32 (2021) 1236–1244. 

[269] Z. Wang, S. Ahmed, M. Labib, H. Wang, X. Hu, J. Wei, et al., Efficient recovery of 
potent tumour-infiltrating lymphocytes through quantitative immunomagnetic 
cell sorting, Nat. Biomed. Eng. 6 (2022) 108–117. 

[270] E. Nicolo, F. Giugliano, L. Ascione, P. Tarantino, C. Corti, S.M. Tolaney, et al., 
Combining antibody-drug conjugates with immunotherapy in solid tumors: 
current landscape and future perspectives, Cancer Treat. Rev. 106 (2022) 102395. 

[271] M.O. Bernabeu, J. Kory, J.A. Grogan, B. Markelc, A. Beardo, M. d'Avezac, et al., 
Abnormal morphology biases hematocrit distribution in tumor vasculature and 
contributes to heterogeneity in tissue oxygenation, Proc. Natl. Acad. Sci. USA 117 
(2020) 27811–27819. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1070
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1070
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1070
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1075
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1080
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1080
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1080
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1085
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1085
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1090
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1090
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1090
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1095
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1095
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1100
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1100
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1100
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1105
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1105
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1110
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1115
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1115
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1120
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1120
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1120
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1125
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1125
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1130
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1130
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1130
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1135
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1135
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1135
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1140
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1140
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1140
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1145
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1145
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1145
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1150
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1150
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1150
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1155
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1155
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1155
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1160
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1160
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1160
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1165
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1165
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1165
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1170
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1170
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1175
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1175
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1175
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1180
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1180
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1185
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1185
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1185
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1190
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1190
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1190
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1195
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1195
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1200
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1205
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1205
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1205
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1210
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1210
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1210
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1215
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1215
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1215
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1220
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1220
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1225
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1225
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1225
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1230
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1230
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1230
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1235
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1235
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1235
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1240
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1240
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1245
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1245
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1245
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1250
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1255
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1260
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1265
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1270
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1270
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1270
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1275
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1275
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1275
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1280
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1280
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1280
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1285
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1285
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1285
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1290
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1295
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1295
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1295
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1300
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1300
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1300
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1305
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1305
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1305
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1310
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1315
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1315
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1320
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1320
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1325
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1325
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1325
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1330
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1330
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1330
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1335
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1335
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1335
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1335
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1340
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1340
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1340
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1345
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1345
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1345
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1350
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1355
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1355
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1355
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1355


Journal of Controlled Release 368 (2024) 372–396

394

[272] J. Xu, K. Liao, X. Yang, C. Wu, W. Wu, Using single-cell sequencing technology to 
detect circulating tumor cells in solid tumors, Mol. Cancer 20 (2021) 104. 

[273] Y. Blum, C. Meiller, L. Quetel, N. Elarouci, M. Ayadi, D. Tashtanbaeva, et al., 
Dissecting heterogeneity in malignant pleural mesothelioma through histo- 
molecular gradients for clinical applications, Nat. Commun. 10 (2019) 1333. 

[274] Z. Zhao, X. Xiao, P.E. Saw, W. Wu, H. Huang, J. Chen, et al., Chimeric antigen 
receptor T cells in solid tumors: a war against the tumor microenvironment, Sci. 
China Life Sci. 63 (2020) 180–205. 

[275] J. Zhang, Y. Liu, X. Wang, J. Du, K. Song, B. Li, et al., Nanozyme-incorporated 
biodegradable bismuth mesoporous Radiosensitizer for tumor microenvironment- 
modulated hypoxic tumor thermoradiotherapy, ACS Appl. Mater. Interfaces 12 
(2020) 57768–57781. 

[276] J. Kim, J. Hong, J. Lee, S. Fakhraei Lahiji, Y.H. Kim, Recent advances in tumor 
microenvironment-targeted nanomedicine delivery approaches to overcome 
limitations of immune checkpoint blockade-based immunotherapy, J. Control. 
Release 332 (2021) 109–126. 

[277] A. Nguyen, G. Johanning, Y. Shi, Emerging novel combined CAR-T cell therapies, 
Cancers (Basel) 14 (2022). 

[278] D.W. Kim, J.Y. Cho, Recent advances in allogeneic CAR-T cells, Biomolecules 10 
(2020). 

[279] M. Dal Bo, E. De Mattia, L. Baboci, S. Mezzalira, E. Cecchin, Y.G. Assaraf, et al., 
New insights into the pharmacological, immunological, and CAR-T-cell 
approaches in the treatment of hepatocellular carcinoma, Drug Resist. Updat. 51 
(2020) 100702. 

[280] D. Krijgsman, J. Roelands, W. Hendrickx, D. Bedognetti, P.J.K. Kuppen, HLA-G: a 
new immune checkpoint in cancer? Int. J. Mol. Sci. 21 (2020). 

[281] E.D. Carosella, N. Rouas-Freiss, D. Tronik-Le Roux, P. Moreau, J. LeMaoult, HLA- 
G: an immune checkpoint molecule, Adv. Immunol. 127 (2015) 33–144. 

[282] B. Zoehler, L. Fracaro, L.M. Boldrini-Leite, J.S. da Silva, P.J. Travers, P.R. 
S. Brofman, et al., HLA-G and CD152 expression levels encourage the use of 
umbilical cord tissue-derived mesenchymal stromal cells as an alternative for 
immunosuppressive therapy, Cells 11 (2022). 

[283] F. Anna, E. Bole-Richard, J. LeMaoult, M. Escande, M. Lecomte, J.M. Certoux, et 
al., First immunotherapeutic CAR-T cells against the immune checkpoint protein 
HLA-G, J. Immunother. Cancer 9 (2021). 

[284] B. Altvater, S. Kailayangiri, L.F. Perez Lanuza, K. Urban, L. Greune, M. Flugge, et 
al., HLA-G and HLA-E immune checkpoints are widely expressed in Ewing 
Sarcoma but have limited functional impact on the effector functions of antigen- 
specific CAR T cells, Cancers (Basel) 13 (2021). 

[285] D. Wang, X. Chen, Y. Du, X. Li, L. Ying, Y. Lu, et al., Associations of HER2 
mutation with immune-related features and immunotherapy outcomes in solid 
tumors, Front. Immunol. 13 (2022) 799988. 

[286] C.L. Gu, H.X. Zhu, L. Deng, X.Q. Meng, K. Li, W. Xu, et al., Bispecific antibody 
simultaneously targeting PD1 and HER2 inhibits tumor growth via direct tumor 
cell killing in combination with PD1/PDL1 blockade and HER2 inhibition, Acta 
Pharmacol. Sin. 43 (2022) 672–680. 

[287] J. Tsurutani, H. Iwata, I. Krop, P.A. Janne, T. Doi, S. Takahashi, et al., Targeting 
HER2 with trastuzumab deruxtecan: a dose-expansion, phase I study in multiple 
advanced solid tumors, Cancer Discov. 10 (2020) 688–701. 

[288] A. Godoy-Ortiz, A. Alba-Bernal, J. Pascual, I. Comino-Mendez, E. Alba, Unveiling 
the potential of liquid biopsy in HER2-positive breast cancer management, 
Cancers (Basel) 14 (2022). 

[289] D.Y. Oh, Y.J. Bang, HER2-targeted therapies - a role beyond breast cancer, Nat. 
Rev. Clin. Oncol. 17 (2020) 33–48. 

[290] X. Wu, S. Huang, HER2-specific chimeric antigen receptor-engineered natural 
killer cells combined with apatinib for the treatment of gastric cancer, Bull. 
Cancer 106 (2019) 946–958. 

[291] S.J. Priceman, D. Tilakawardane, B. Jeang, B. Aguilar, J.P. Murad, A.K. Park, et 
al., Regional delivery of chimeric antigen receptor-engineered T cells effectively 
targets HER2(+) breast cancer metastasis to the brain, Clin. Cancer Res. 24 
(2018) 95–105. 

[292] A. Szoor, G. Toth, B. Zsebik, V. Szabo, Z. Eshhar, H. Abken, et al., Trastuzumab 
derived HER2-specific CARs for the treatment of trastuzumab-resistant breast 
cancer: CAR T cells penetrate and eradicate tumors that are not accessible to 
antibodies, Cancer Lett. 484 (2020) 1–8. 

[293] M. Hegde, S.K. Joseph, F. Pashankar, C. DeRenzo, K. Sanber, S. Navai, et al., 
Tumor response and endogenous immune reactivity after administration of HER2 
CAR T cells in a child with metastatic rhabdomyosarcoma, Nat. Commun. 11 
(2020) 3549. 

[294] N. Ahmed, V.S. Brawley, M. Hegde, C. Robertson, A. Ghazi, C. Gerken, et al., 
Human epidermal growth factor receptor 2 (HER2) -specific chimeric antigen 
receptor-modified T cells for the immunotherapy of HER2-positive sarcoma, 
J. Clin. Oncol. 33 (2015) 1688–1696. 

[295] N. Mahapatra, K.D. Uma Rao, K. Ranganathan, E. Joshua, R. Thavarajah, Study of 
expression of endoglin (CD105) in oral squamous cell carcinoma, J. Oral 
Maxillofac. Pathol. 25 (2021) 552. 

[296] N.A. Dallas, S. Samuel, L. Xia, F. Fan, M.J. Gray, S.J. Lim, et al., Endoglin 
(CD105): a marker of tumor vasculature and potential target for therapy, Clin. 
Cancer Res. 14 (2008) 1931–1937. 

[297] H. Hong, Y. Yang, Y. Zhang, J.W. Engle, T.E. Barnhart, R.J. Nickles, et al., 
Positron emission tomography imaging of CD105 expression during tumor 
angiogenesis, Eur. J. Nucl. Med. Mol. Imaging 38 (2011) 1335–1343. 

[298] F. Mo, S. Duan, X. Jiang, X. Yang, X. Hou, W. Shi, et al., Nanobody-based chimeric 
antigen receptor T cells designed by CRISPR/Cas9 technology for solid tumor 
immunotherapy, Signal Transduct. Target. Ther. 6 (2021) 80. 

[299] N. Rodrigues Mantuano, M. Natoli, A. Zippelius, H. Laubli, Tumor-associated 
carbohydrates and immunomodulatory lectins as targets for cancer 
immunotherapy, J. Immunother. Cancer 8 (2020). 

[300] C. Nativi, F. Papi, S. Roelens, Tn antigen analogues: the synthetic way to 
“upgrade” an attracting tumour associated carbohydrate antigen (TACA), Chem. 
Commun. (Camb.) 55 (2019) 7729–7736. 

[301] D.M. Beckwith, M. Cudic, Tumor-associated O-glycans of MUC1: carriers of the 
glyco-code and targets for cancer vaccine design, Semin. Immunol. 47 (2020) 
101389. 

[302] M. Thurin, Tumor-associated glycans as targets for immunotherapy: the Wistar 
institute experience/legacy, Monoclon. Antib. Immunodiagn. Immunother. 40 
(2021) 89–100. 

[303] S. Sungsuwan, Z. Yin, X. Huang, Lipopeptide-coated iron oxide nanoparticles as 
potential glycoconjugate-based synthetic anticancer vaccines, ACS Appl. Mater. 
Interfaces 7 (2015) 17535–17544. 

[304] Z. Rashidijahanabad, X. Huang, Recent advances in tumor associated 
carbohydrate antigen based chimeric antigen receptor T cells and bispecific 
antibodies for anti-cancer immunotherapy, Semin. Immunol. 47 (2020) 101390. 

[305] Y. Zhang, J. Kupferschlaeger, P. Lang, G. Reischl, R.J. Handgretinger, C. Fougere, 
et al., (131)I-GD2-ch14.18 scintigraphy to evaluate option for 
radioimmunotherapy in patients with advanced tumors, J. Nucl. Med. 63 (2022) 
205–211. 

[306] E. Rango, F. Pastorino, C. Brignole, A. Mancini, F. Poggialini, S. Di Maria, et al., 
The pyrazolo[3,4-d]pyrimidine derivative Si306 encapsulated into anti-GD2- 
immunoliposomes as therapeutic treatment of neuroblastoma, Biomedicines 10 
(2022). 

[307] J. Theruvath, M. Menard, B.A.H. Smith, M.H. Linde, G.L. Coles, G.N. Dalton, et 
al., Anti-GD2 synergizes with CD47 blockade to mediate tumor eradication, Nat. 
Med. 28 (2022) 333–344. 

[308] F. Yesmin, R.H. Bhuiyan, Y. Ohmi, S. Yamamoto, K. Kaneko, Y. Ohkawa, et al., 
Ganglioside GD2 enhances the malignant phenotypes of melanoma cells by 
cooperating with integrins, Int. J. Mol. Sci. 23 (2021). 

[309] K.M. Kwon, T.W. Chung, C.H. Kwak, H.J. Choi, K.W. Kim, S.H. Ha, et al., Disialyl 
GD2 ganglioside suppresses ICAM-1-mediated invasiveness in human breast 
cancer MDA-MB231 cells, Int. J. Biol. Sci. 13 (2017) 265–275. 

[310] T. Iwasawa, P. Zhang, Y. Ohkawa, H. Momota, T. Wakabayashi, Y. Ohmi, et al., 
Enhancement of malignant properties of human glioma cells by ganglioside GD3/ 
GD2, Int. J. Oncol. 52 (2018) 1255–1266. 

[311] V.L. Battula, Y. Shi, K.W. Evans, R.Y. Wang, E.L. Spaeth, R.O. Jacamo, et al., 
Ganglioside GD2 identifies breast cancer stem cells and promotes tumorigenesis, 
J. Clin. Invest. 122 (2012) 2066–2078. 

[312] N. Mitwasi, A. Feldmann, C. Arndt, S. Koristka, N. Berndt, J. Jureczek, et al., 
“UniCAR”-modified off-the-shelf NK-92 cells for targeting of GD2-expressing 
tumour cells, Sci. Rep. 10 (2020) 2141. 

[313] J. Sujjitjoon, E. Sayour, S.T. Tsao, M. Uiprasertkul, K. Sanpakit, J. Buaboonnam, 
et al., GD2-specific chimeric antigen receptor-modified T cells targeting 
retinoblastoma - assessing tumor and T cell interaction, Transl. Oncol. 14 (2021) 
100971. 

[314] S. Ly, V. Anand, F. El-Dana, K. Nguyen, Y. Cai, S. Cai, et al., Anti-GD2 antibody 
dinutuximab inhibits triple-negative breast tumor growth by targeting GD2(+) 
breast cancer stem-like cells, J. Immunother. Cancer 9 (2021). 

[315] E. de Billy, M. Pellegrino, D. Orlando, G. Pericoli, R. Ferretti, P. Businaro, et al., 
Dual IGF1R/IR inhibitors in combination with GD2-CAR T-cells display a potent 
anti-tumor activity in diffuse midline glioma H3K27M-mutant, Neuro-Oncology 
24 (2021) 1150–1163. 

[316] R. Molina, V. Barak, A. van Dalen, M.J. Duffy, R. Einarsson, M. Gion, et al., Tumor 
markers in breast cancer- European group on tumor markers recommendations, 
Tumour Biol. 26 (2005) 281–293. 

[317] B. Eker, E. Ozaslan, H. Karaca, V. Berk, O. Bozkurt, M. Inanc, et al., Factors 
affecting prognosis in metastatic colorectal cancer patients, Asian Pac. J. Cancer 
Prev. 16 (2015) 3015–3021. 

[318] A. Abdul-Wahid, M. Cydzik, N.W. Fischer, A. Prodeus, J.E. Shively, A. Martel, et 
al., Serum-derived carcinoembryonic antigen (CEA) activates fibroblasts to 
induce a local re-modeling of the extracellular matrix that favors the engraftment 
of CEA-expressing tumor cells, Int. J. Cancer 143 (2018) 1963–1977. 

[319] H.Y. Chu, C.Y. Yang, P.H. Yeh, C.J. Hsu, L.W. Chang, W.J. Chan, et al., Highly 
correlated recurrence prognosis in patients with metastatic colorectal cancer by 
synergistic consideration of circulating tumor cells/microemboli and tumor 
markers CEA/CA19-9, Cells 10 (2021). 

[320] J.A. Hensel, V. Khattar, R. Ashton, S. Ponnazhagan, Recombinant AAV-CEA tumor 
vaccine in combination with an immune adjuvant breaks tolerance and provides 
protective immunity, Mol. Ther. Oncol. 12 (2019) 41–48. 

[321] S.E. Cha, M. Kujawski, J.Y. P, C. Brown, J.E. Shively, Tumor regression and 
immunity in combination therapy with anti-CEA chimeric antigen receptor T cells 
and anti-CEA-IL2 immunocytokine, Oncoimmunology 10 (2021) 1899469. 

[322] X. Chi, P. Yang, E. Zhang, J. Gu, H. Xu, M. Li, et al., Significantly increased anti- 
tumor activity of carcinoembryonic antigen-specific chimeric antigen receptor T 
cells in combination with recombinant human IL-12, Cancer Med. 8 (2019) 
4753–4765. 

[323] K. Mikkelsen, S.L. Harwood, M. Compte, N. Merino, K. Molgaard, S. Lykkemark, 
et al., Carcinoembryonic antigen (CEA)-specific 4-1BB-costimulation induced by 
CEA-targeted 4-1BB-agonistic trimerbodies, Front. Immunol. 10 (2019) 1791. 

[324] S. Lehmann, R. Perera, H.P. Grimm, J. Sam, S. Colombetti, T. Fauti, et al., In vivo 
fluorescence imaging of the activity of CEA TCB, a novel T-cell bispecific 
antibody, reveals highly specific tumor targeting and fast induction of T-cell- 
mediated tumor killing, Clin. Cancer Res. 22 (2016) 4417–4427. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1360
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1365
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1365
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1365
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1370
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1370
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1370
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1375
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1380
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1385
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1385
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1390
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1390
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1395
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1400
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1400
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1405
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1405
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1410
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1415
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1415
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1415
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1420
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1425
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1430
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1435
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1440
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1440
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1440
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1445
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1445
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1450
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1455
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1460
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1465
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1470
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1475
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1475
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1475
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1480
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1480
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1480
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1485
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1485
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1485
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1490
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1490
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1490
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1495
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1495
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1495
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1500
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1500
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1500
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1505
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1505
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1505
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1510
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1510
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1510
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1515
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1515
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1515
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1520
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1525
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1530
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1535
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1535
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1535
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1540
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1540
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1540
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1545
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1550
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1550
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1550
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1555
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1560
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1565
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1570
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1575
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1580
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1580
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1580
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1585
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1590
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1595
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1600
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1605
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1610
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1615
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1615
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1615
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1620
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1620


Journal of Controlled Release 368 (2024) 372–396

395

[325] S. Srivastava, A.I. Salter, D. Liggitt, S. Yechan-Gunja, M. Sarvothama, K. Cooper, 
et al., Logic-gated ROR1 chimeric antigen receptor expression rescues T cell- 
mediated toxicity to normal tissues and enables selective tumor targeting, Cancer 
Cell 35 (2019) 489–503 e488. 

[326] J. Cao, X. Wang, T. Dai, Y. Wu, M. Zhang, R. Cao, et al., Twist promotes tumor 
metastasis in basal-like breast cancer by transcriptionally upregulating ROR1, 
Theranostics 8 (2018) 2739–2751. 

[327] B. Khaledian, A. Taguchi, K. Shin-Ya, L. Kondo-Ida, N. Kagaya, M. Suzuki, et al., 
Inhibition of heat shock protein 90 destabilizes receptor tyrosine kinase ROR1 in 
lung adenocarcinoma, Cancer Sci. 112 (2021) 1225–1234. 

[328] W.Z. Wang, K. Shilo, J.M. Amann, A. Shulman, M. Hojjat-Farsangi, H. Mellstedt, 
et al., Predicting ROR1/BCL2 combination targeted therapy of small cell 
carcinoma of the lung, Cell Death Dis. 12 (2021) 577. 

[329] M. Cetin, G. Odabas, L.R. Douglas, P.J. Duriez, P. Balcik-Ercin, I. Yalim-Camci, et 
al., ROR1 expression and its functional significance in hepatocellular carcinoma 
cells, Cells 8 (2019). 

[330] A. Ghaderi, A.H. Daneshmanesh, A. Moshfegh, P. Kokhaei, J. Vagberg, J. Schultz, 
et al., ROR1 is expressed in diffuse large B-cell lymphoma (DLBCL) and a small 
molecule inhibitor of ROR1 (KAN0441571C) induced apoptosis of lymphoma 
cells, Biomedicines 8 (2020). 

[331] L. Wallstabe, C. Gottlich, L.C. Nelke, J. Kuhnemundt, T. Schwarz, T. Nerreter, et 
al., ROR1-CAR T cells are effective against lung and breast cancer in advanced 
microphysiologic 3D tumor models, JCI Insight 4 (2019). 

[332] V.C. Jiang, Y. Liu, A. Jordan, J. McIntosh, Y. Li, Y. Che, et al., The antibody drug 
conjugate VLS-101 targeting ROR1 is effective in CAR T-resistant mantle cell 
lymphoma, J. Hematol. Oncol. 14 (2021) 132. 

[333] M. Luu, Z. Riester, A. Baldrich, N. Reichardt, S. Yuille, A. Busetti, et al., Microbial 
short-chain fatty acids modulate CD8(+) T cell responses and improve adoptive 
immunotherapy for cancer, Nat. Commun. 12 (2021) 4077. 

[334] W.T. Zhou, W.L. Jin, B7-H3/CD276: an emerging cancer immunotherapy, Front. 
Immunol. 12 (2021) 701006. 

[335] S. Seaman, Z. Zhu, S. Saha, X.M. Zhang, M.Y. Yang, M.B. Hilton, et al., Eradication 
of tumors through simultaneous ablation of CD276/B7-H3-positive tumor cells 
and tumor vasculature, Cancer Cell 31 (2017) 501–515 e508. 

[336] D. Cai, J. Li, D. Liu, S. Hong, Q. Qiao, Q. Sun, et al., Tumor-expressed B7-H3 
mediates the inhibition of antitumor T-cell functions in ovarian cancer insensitive 
to PD-1 blockade therapy, Cell. Mol. Immunol. 17 (2020) 227–236. 

[337] E. Picarda, K.C. Ohaegbulam, X. Zang, Molecular pathways: targeting B7-H3 
(CD276) for human cancer immunotherapy, Clin. Cancer Res. 22 (2016) 
3425–3431. 

[338] H.L. MacGregor, A. Sayad, A. Elia, B.X. Wang, S.R. Katz, P.A. Shaw, et al., High 
expression of B7-H3 on stromal cells defines tumor and stromal compartments in 
epithelial ovarian cancer and is associated with limited immune activation, 
J. Immunother. Cancer 7 (2019) 357. 

[339] B. Huang, L. Luo, J. Wang, B. He, R. Feng, N. Xian, et al., B7-H3 specific T cells 
with chimeric antigen receptor and decoy PD-1 receptors eradicate established 
solid human tumors in mouse models, Oncoimmunology 9 (2020) 1684127. 

[340] N.M. Kendsersky, J. Lindsay, E.A. Kolb, M.A. Smith, B.A. Teicher, S.W. Erickson, 
et al., The B7-H3-targeting antibody-drug conjugate m276-SL-PBD is potently 
effective against pediatric cancer preclinical solid tumor models, Clin. Cancer Res. 
27 (2021) 2938–2946. 

[341] H. Du, K. Hirabayashi, S. Ahn, N.P. Kren, S.A. Montgomery, X. Wang, et al., 
Antitumor responses in the absence of toxicity in solid tumors by targeting B7-H3 
via chimeric antigen receptor T cells, Cancer Cell 35 (2019) 221–237 e228. 

[342] T. Tokatlian, G.E. Asuelime, J.Y. Mock, B. DiAndreth, S. Sharma, D. Toledo 
Warshaviak, et al., Mesothelin-specific CAR-T cell therapy that incorporates an 
HLA-gated safety mechanism selectively kills tumor cells, J. Immunother. Cancer 
10 (2022). 

[343] L.N. Broer, D.G. Knapen, F.V. Suurs, I. Moen, D. Giesen, S.J.H. Waaijer, et al., (89) 
Zr-3,2-HOPO-mesothelin antibody PET imaging reflects tumor uptake of 
mesothelin targeted (227)Th-conjugate therapy in mice, J. Nucl. Med. 63 (2022) 
1715–1721. 

[344] M.E. Molloy, R.J. Austin, B.D. Lemon, W.H. Aaron, V. Ganti, A. Jones, et al., 
Preclinical characterization of HPN536, a trispecific, T-cell-activating protein 
construct for the treatment of mesothelin-expressing solid tumors, Clin. Cancer 
Res. 27 (2021) 1452–1462. 

[345] U.B. Hagemann, C. Ellingsen, J. Schuhmacher, A. Kristian, A. Mobergslien, 
V. Cruciani, et al., Mesothelin-targeted thorium-227 conjugate (MSLN-TTC): 
preclinical evaluation of a new targeted alpha therapy for mesothelin-positive 
cancers, Clin. Cancer Res. 25 (2019) 4723–4734. 

[346] Z. Liang, J. Dong, N. Yang, S.D. Li, Z.Y. Yang, R. Huang, et al., Tandem CAR-T 
cells targeting FOLR1 and MSLN enhance the antitumor effects in ovarian cancer, 
Int. J. Biol. Sci. 17 (2021) 4365–4376. 

[347] E. Schoutrop, I. El-Serafi, T. Poiret, Y. Zhao, O. Gultekin, R. He, et al., Mesothelin- 
specific CAR T cells target ovarian cancer, Cancer Res. 81 (2021) 3022–3035. 

[348] Z. Zhang, D. Jiang, H. Yang, Z. He, X. Liu, W. Qin, et al., Modified CAR T cells 
targeting membrane-proximal epitope of mesothelin enhances the antitumor 
function against large solid tumor, Cell Death Dis. 10 (2019) 476. 

[349] G. Wang, X. Zhou, G. Fuca, E. Dukhovlinova, P. Shou, H. Li, et al., Fully human 
antibody VH domains to generate mono and bispecific CAR to target solid tumors, 
J. Immunother. Cancer 9 (2021). 

[350] X. Liu, M. Onda, N. Watson, R. Hassan, M. Ho, T.K. Bera, et al., Highly active CAR 
T cells that bind to a juxtamembrane region of mesothelin and are not blocked by 
shed mesothelin, Proc. Natl. Acad. Sci. USA 119 (2022) e2202439119. 

[351] Z. Sun, R. Li, Y. Shen, S. Tan, N. Ding, R. Xu, et al., In situ antigen modification- 
based target-redirected universal chimeric antigen receptor T (TRUE CAR-T) cell 
therapy in solid tumors, J. Hematol. Oncol. 15 (2022) 29. 

[352] A. Csiszar, N. Hersch, S. Dieluweit, R. Biehl, R. Merkel, B. Hoffmann, Novel 
fusogenic liposomes for fluorescent cell labeling and membrane modification, 
Bioconjug. Chem. 21 (2010) 537–543. 

[353] R.L. Vincent, C.R. Gurbatri, F. Li, A. Vardoshvili, C. Coker, J. Im, et al., Probiotic- 
guided CAR-T cells for solid tumor targeting, Science 382 (2023) 211–218. 

[354] A. Thakur, J. Scholler, E. Kubicka, E.T. Bliemeister, D.L. Schalk, C.H. June, et al., 
Bispecific antibody armed metabolically enhanced headless CAR T cells, Front. 
Immunol. 12 (2021) 690437. 

[355] Z. Grada, M. Hegde, T. Byrd, D.R. Shaffer, A. Ghazi, V.S. Brawley, et al., TanCAR: 
a novel bispecific chimeric antigen receptor for cancer immunotherapy, Mol. 
Ther. Nucl. Acids 2 (2013) e105. 

[356] E. Zhang, P. Yang, J. Gu, H. Wu, X. Chi, C. Liu, et al., Recombination of a dual- 
CAR-modified T lymphocyte to accurately eliminate pancreatic malignancy, 
J. Hematol. Oncol. 11 (2018) 102. 

[357] A.A. Hombach, G. Rappl, H. Abken, Blocking CD30 on T cells by a dual specific 
CAR for CD30 and colon cancer antigens improves the CAR T cell response against 
CD30(− ) tumors, Mol. Ther. 27 (2019) 1825–1835. 

[358] Y. Feng, X. Liu, X. Li, Y. Zhou, Z. Song, J. Zhang, et al., Novel BCMA-OR-CD38 
tandem-dual chimeric antigen receptor T cells robustly control multiple myeloma, 
Oncoimmunology 10 (2021) 1959102. 

[359] C. Chen, K. Li, H. Jiang, F. Song, H. Gao, X. Pan, et al., Development of T cells 
carrying two complementary chimeric antigen receptors against glypican-3 and 
asialoglycoprotein receptor 1 for the treatment of hepatocellular carcinoma, 
Cancer Immunol. Immunother. 66 (2017) 475–489. 

[360] S. Genssler, M.C. Burger, C. Zhang, S. Oelsner, I. Mildenberger, M. Wagner, et al., 
Dual targeting of glioblastoma with chimeric antigen receptor-engineered natural 
killer cells overcomes heterogeneity of target antigen expression and enhances 
antitumor activity and survival, Oncoimmunology 5 (2016) e1119354. 

[361] A. Rodriguez-Garcia, A. Palazon, E. Noguera-Ortega, D.J. Powell Jr., S. Guedan, 
CAR-T cells hit the tumor microenvironment: strategies to overcome tumor 
escape, Front. Immunol. 11 (2020) 1109. 

[362] L. Zhu, J. Liu, G. Zhou, T.M. Liu, Y. Dai, G. Nie, et al., Remodeling of tumor 
microenvironment by tumor-targeting nanozymes enhances immune activation of 
CAR T cells for combination therapy, Small 17 (2021) e2102624. 

[363] M. Boulch, M. Cazaux, Y. Loe-Mie, R. Thibaut, B. Corre, F. Lemaitre, et al., 
A cross-talk between CAR T cell subsets and the tumor microenvironment is 
essential for sustained cytotoxic activity, Sci. Immunol. 6 (2021). 

[364] F. Guo, J.K. Das, K.S. Kobayashi, Q.M. Qin, A.F. T, R.C. Alaniz, et al., Live 
attenuated bacterium limits cancer resistance to CAR-T therapy by remodeling 
the tumor microenvironment, J. Immunother. Cancer 10 (2022). 

[365] R. Huang, X. Li, Y. He, W. Zhu, L. Gao, Y. Liu, et al., Recent advances in CAR-T 
cell engineering, J. Hematol. Oncol. 13 (2020) 86. 

[366] E. Lanitis, G. Rota, P. Kosti, C. Ronet, A. Spill, B. Seijo, et al., Optimized gene 
engineering of murine CAR-T cells reveals the beneficial effects of IL-15 
coexpression, J. Exp. Med. 218 (2021). 

[367] S.A. Batra, P. Rathi, L. Guo, A.N. Courtney, J. Fleurence, J. Balzeau, et al., 
Glypican-3-specific CAR T cells coexpressing IL15 and IL21 have superior 
expansion and antitumor activity against hepatocellular carcinoma, Cancer 
Immunol. Res. 8 (2020) 309–320. 

[368] C. Corti, K. Venetis, E. Sajjadi, L. Zattoni, G. Curigliano, N. Fusco, CAR-T cell 
therapy for triple-negative breast cancer and other solid tumors: preclinical and 
clinical progress, Expert Opin. Investig. Drugs 31 (2022) 593–605. 

[369] D. Duan, K. Wang, C. Wei, D. Feng, Y. Liu, Q. He, et al., The BCMA-targeted 
fourth-generation CAR-T cells secreting IL-7 and CCL19 for therapy of refractory/ 
recurrent multiple myeloma, Front. Immunol. 12 (2021) 609421. 

[370] O.O. Yeku, T.J. Purdon, M. Koneru, D. Spriggs, R.J. Brentjens, Armored CAR T 
cells enhance antitumor efficacy and overcome the tumor microenvironment, Sci. 
Rep. 7 (2017) 10541. 

[371] M.P. Avanzi, O. Yeku, X. Li, D.P. Wijewarnasuriya, D.G. van Leeuwen, K. Cheung, 
et al., Engineered tumor-targeted T cells mediate enhanced anti-tumor efficacy 
both directly and through activation of the endogenous immune system, Cell Rep. 
23 (2018) 2130–2141. 

[372] Y. Liu, S. Di, B. Shi, H. Zhang, Y. Wang, X. Wu, et al., Armored inducible 
expression of IL-12 enhances antitumor activity of glypican-3-targeted chimeric 
antigen receptor-engineered T cells in hepatocellular carcinoma, J. Immunol. 203 
(2019) 198–207. 

[373] L.A. Kankeu Fonkoua, O. Sirpilla, R. Sakemura, E.L. Siegler, S.S. Kenderian, CAR 
T cell therapy and the tumor microenvironment: current challenges and 
opportunities, Mol. Ther. Oncol. 25 (2022) 69–77. 

[374] C. Liu, H. Lai, T. Chen, Boosting natural killer cell-based cancer immunotherapy 
with selenocystine/transforming growth factor-beta inhibitor-encapsulated 
nanoemulsion, ACS Nano 14 (2020) 11067–11082. 

[375] H.S. Sow, J. Ren, M. Camps, F. Ossendorp, P. Ten Dijke, Combined inhibition of 
TGF-beta signaling and the PD-L1 immune checkpoint is differentially effective in 
tumor models, Cells 8 (2019). 

[376] A.E. Foster, G. Dotti, A. Lu, M. Khalil, M.K. Brenner, H.E. Heslop, et al., Antitumor 
activity of EBV-specific T lymphocytes transduced with a dominant negative TGF- 
beta receptor, J. Immunother. 31 (2008) 500–505. 

[377] L. Gorelik, R.A. Flavell, Immune-mediated eradication of tumors through the 
blockade of transforming growth factor-beta signaling in T cells, Nat. Med. 7 
(2001) 1118–1122. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1625
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1630
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1630
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1630
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1635
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1635
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1635
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1640
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1640
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1640
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1645
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1645
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1645
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1650
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1655
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1655
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1655
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1660
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1660
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1660
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1665
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1665
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1665
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1670
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1670
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1675
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1675
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1675
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1680
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1680
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1680
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1685
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1685
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1685
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1690
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1695
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1695
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1695
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1700
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1700
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1700
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1700
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1705
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1705
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1705
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1710
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1715
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1720
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1725
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1730
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1730
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1730
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1735
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1735
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1740
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1740
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1740
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1745
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1745
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1745
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1750
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1750
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1750
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1755
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1755
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1755
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1760
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1760
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1760
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1765
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1765
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1770
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1770
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1770
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1775
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1775
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1775
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1780
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1780
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1780
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1785
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1785
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1785
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1790
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1790
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1790
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1795
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1800
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1805
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1805
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1805
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1810
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1810
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1810
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1815
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1815
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1815
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1820
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1820
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1820
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1825
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1825
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1830
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1830
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1830
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1835
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1840
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1840
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1840
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1845
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1845
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1845
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1850
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1850
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1850
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1855
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1860
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1865
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1865
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1865
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1870
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1870
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1870
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1875
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1875
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1875
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1880
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1885
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1885
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1885


Journal of Controlled Release 368 (2024) 372–396

396

[378] N. Tang, C. Cheng, X. Zhang, M. Qiao, N. Li, W. Mu, et al., TGF-beta inhibition via 
CRISPR promotes the long-term efficacy of CAR T cells against solid tumors, JCI 
Insight 5 (2020). 

[379] P.J. Eggenhuizen, B.H. Ng, J.D. Ooi, Treg enhancing therapies to treat 
autoimmune diseases, Int. J. Mol. Sci. 21 (2020). 

[380] S.A. Nalawade, P. Shafer, P. Bajgain, M.K. McKenna, A. Ali, L. Kelly, et al., 
Selectively targeting myeloid-derived suppressor cells through TRAIL receptor 2 
to enhance the efficacy of CAR T cell therapy for treatment of breast cancer, 
J. Immunother. Cancer 9 (2021). 

[381] Y. Zhao, K.K. Ting, J. Li, V.C. Cogger, J. Chen, A. Johansson-Percival, et al., 
Targeting vascular endothelial-cadherin in tumor-associated blood vessels 
promotes T-cell-mediated immunotherapy, Cancer Res. 77 (2017) 4434–4447. 

[382] Z. Liu, Y. Wang, Y. Huang, B.Y.S. Kim, H. Shan, D. Wu, et al., Tumor vasculatures: 
a new target for cancer immunotherapy, Trends Pharmacol. Sci. 40 (2019) 
613–623. 

[383] O. Ciesielski, M. Biesiekierska, B. Panthu, V. Vialichka, L. Pirola, A. Balcerczyk, 
The epigenetic profile of tumor endothelial cells. Effects of combined therapy 
with antiangiogenic and epigenetic drugs on cancer progression, Int. J. Mol. Sci. 
21 (2020). 

[384] N. Maishi, K. Hida, Tumor endothelial cells accelerate tumor metastasis, Cancer 
Sci. 108 (2017) 1921–1926. 

[385] Y.M. Meng, X. Jiang, X. Zhao, Q. Meng, S. Wu, Y. Chen, et al., Hexokinase 2- 
driven glycolysis in pericytes activates their contractility leading to tumor blood 
vessel abnormalities, Nat. Commun. 12 (2021) 6011. 

[386] T. Lechertier, L.E. Reynolds, H. Kim, A.R. Pedrosa, J. Gomez-Escudero, J. 
M. Munoz-Felix, et al., Pericyte FAK negatively regulates Gas6/Axl signalling to 
suppress tumour angiogenesis and tumour growth, Nat. Commun. 11 (2020) 
2810. 

[387] M. Bourhis, J. Palle, I. Galy-Fauroux, M. Terme, Direct and indirect modulation of 
T cells by VEGF-A counteracted by anti-angiogenic treatment, Front. Immunol. 12 
(2021) 616837. 

[388] Y. Zhang, R.A. Brekken, Direct and indirect regulation of the tumor immune 
microenvironment by VEGF, J. Leukoc. Biol. 111 (2022) 1269–1286. 

[389] E. Lanitis, P. Kosti, C. Ronet, E. Cribioli, G. Rota, A. Spill, et al., VEGFR-2 
redirected CAR-T cells are functionally impaired by soluble VEGF-A competition 
for receptor binding, J. Immunother. Cancer 9 (2021). 

[390] H. Xing, X. Yang, Y. Xu, K. Tang, Z. Tian, Z. Chen, et al., Anti-tumor effects of 
vascular endothelial growth factor/vascular endothelial growth factor receptor 
binding domain-modified chimeric antigen receptor T cells, Cytotherapy 23 
(2021) 810–819. 

[391] W. Wang, Y. Ma, J. Li, H.S. Shi, L.Q. Wang, F.C. Guo, et al., Specificity redirection 
by CAR with human VEGFR-1 affinity endows T lymphocytes with tumor-killing 
ability and anti-angiogenic potency, Gene Ther. 20 (2013) 970–978. 

[392] C.S. Yuan, Z.W. Deng, D. Qin, Y.Z. Mu, X.G. Chen, Y. Liu, Hypoxia-modulatory 
nanomaterials to relieve tumor hypoxic microenvironment and enhance 
immunotherapy: where do we stand? Acta Biomater. 125 (2021) 1–28. 

[393] S.H. Lee, J.R. Griffiths, How and why are cancers acidic? Carbonic anhydrase IX 
and the homeostatic control of tumour extracellular pH, Cancers (Basel) 12 
(2020). 

[394] A. Lequeux, M.Z. Noman, M. Xiao, K. Van Moer, M. Hasmim, A. Benoit, et al., 
Targeting HIF-1 alpha transcriptional activity drives cytotoxic immune effector 
cells into melanoma and improves combination immunotherapy, Oncogene 40 
(2021) 4725–4735. 

[395] M.A. Goyette, I.E. Elkholi, C. Apcher, H. Kuasne, C.V. Rothlin, W.J. Muller, et al., 
Targeting Axl favors an antitumorigenic microenvironment that enhances 

immunotherapy responses by decreasing Hif-1alpha levels, Proc. Natl. Acad. Sci. 
USA 118 (2021). 

[396] Z. Fu, A.M. Mowday, J.B. Smaill, I.F. Hermans, A.V. Patterson, Tumour hypoxia- 
mediated immunosuppression: mechanisms and therapeutic approaches to 
improve cancer immunotherapy, Cells 10 (2021). 

[397] F. Luo, F.T. Lu, J.X. Cao, W.J. Ma, Z.F. Xia, J.H. Zhan, et al., HIF-1alpha inhibition 
promotes the efficacy of immune checkpoint blockade in the treatment of non- 
small cell lung cancer, Cancer Lett. 531 (2022) 39–56. 

[398] C.M. Bailey, Y. Liu, M. Liu, X. Du, M. Devenport, P. Zheng, et al., Targeting HIF- 
1alpha abrogates PD-L1-mediated immune evasion in tumor microenvironment 
but promotes tolerance in normal tissues, J. Clin. Invest. 132 (2022). 

[399] S. Li, C. Zhu, X. Zhou, L. Chen, X. Bo, Y. Shen, et al., Engineering ROS-responsive 
bioscaffolds for disrupting myeloid cell-driven immunosuppressive niche to 
enhance PD-L1 blockade-based postablative immunotherapy, Adv. Sci. (Weinh) 9 
(2022) e2104619. 

[400] H. Wang, K. Wang, L. He, Y. Liu, H. Dong, Y. Li, Engineering antigen as 
photosensitiser nanocarrier to facilitate ROS triggered immune cascade for 
photodynamic immunotherapy, Biomaterials 244 (2020) 119964. 

[401] K.B. Kennel, F.R. Greten, Immune cell - produced ROS and their impact on tumor 
growth and metastasis, Redox Biol. 42 (2021) 101891. 

[402] Z. Wang, N. Li, K. Feng, M. Chen, Y. Zhang, Y. Liu, et al., Phase I study of CAR-T 
cells with PD-1 and TCR disruption in mesothelin-positive solid tumors, Cell. Mol. 
Immunol. 18 (2021) 2188–2198. 

[403] I.Y. Jung, Y.Y. Kim, H.S. Yu, M. Lee, S. Kim, J. Lee, CRISPR/Cas9-mediated 
knockout of DGK improves antitumor activities of human T cells, Cancer Res. 78 
(2018) 4692–4703. 

[404] P. Ofek, G. Tiram, R. Satchi-Fainaro, Angiogenesis regulation by nanocarriers 
bearing RNA interference, Adv. Drug Deliv. Rev. 119 (2017) 3–19. 

[405] X. Chen, L.S. Mangala, C. Rodriguez-Aguayo, X. Kong, G. Lopez-Berestein, A. 
K. Sood, RNA interference-based therapy and its delivery systems, Cancer 
Metastasis Rev. 37 (2018) 107–124. 

[406] D. Bastin, A.S. Aitken, A. Pelin, L.A. Pikor, M.J.F. Crupi, M.S. Huh, et al., 
Enhanced susceptibility of cancer cells to oncolytic rhabdo-virotherapy by 
expression of Nodamura virus protein B2 as a suppressor of RNA interference, 
J. Immunother. Cancer 6 (2018) 62. 

[407] Q. Chen, Q. Hu, E. Dukhovlinova, G. Chen, S. Ahn, C. Wang, et al., Photothermal 
therapy promotes tumor infiltration and antitumor activity of CAR T cells, Adv. 
Mater. 31 (2019) e1900192. 

[408] F. Zhang, S.B. Stephan, C.I. Ene, T.T. Smith, E.C. Holland, M.T. Stephan, 
Nanoparticles that reshape the tumor milieu create a therapeutic window for 
effective T-cell therapy in solid malignancies, Cancer Res. 78 (2018) 3718–3730. 

[409] Y. Luo, Z. Chen, M. Sun, B. Li, F. Pan, A. Ma, et al., IL-12 nanochaperone- 
engineered CAR T cell for robust tumor-immunotherapy, Biomaterials 281 (2022) 
121341. 

[410] N. Siriwon, Y.J. Kim, E. Siegler, X. Chen, J.A. Rohrs, Y. Liu, et al., CAR-T cells 
surface-engineered with drug-encapsulated nanoparticles can ameliorate 
intratumoral T-cell hypofunction, Cancer Immunol. Res. 6 (2018) 812–824. 

[411] L. Ma, A. Hostetler, D.M. Morgan, L. Maiorino, I. Sulkaj, C.A. Whittaker, et al., 
Vaccine-boosted CAR T crosstalk with host immunity to reject tumors with 
antigen heterogeneity, Cell 186 (2023) 3148–3165 e3120. 

[412] P. Wen, W. Wu, F. Wang, H. Zheng, Z. Liao, J. Shi, et al., Cell delivery devices for 
cancer immunotherapy, J. Control. Release 353 (2023) 875–888. 

[413] C. Zhu, Q. Wu, T. Sheng, J. Shi, X. Shen, J. Yu, et al., Rationally designed 
approaches to augment CAR-T therapy for solid tumor treatment, Bioact. Mater. 
33 (2024) 377–395. 

T. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1890
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1895
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1895
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1900
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1905
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1905
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1905
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1910
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1910
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1910
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1915
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1920
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1920
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1925
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1925
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1925
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1930
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1935
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1935
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1935
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1940
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1940
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1945
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1945
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1945
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1950
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1955
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1955
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1955
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1960
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1960
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1960
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1965
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1965
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1965
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1970
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1975
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1980
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1980
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1980
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1985
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1990
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1990
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1990
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf1995
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2000
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2005
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2010
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2015
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2020
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2020
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2025
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2030
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2035
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2040
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2045
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2050
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2055
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2060
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2065
http://refhub.elsevier.com/S0168-3659(24)00128-7/rf2065

	Adoptive cell therapy for solid tumors beyond CAR-T: Current challenges and emerging therapeutic advances
	1 Introduction
	2 Basic structure and development of CAR
	2.1 Antigen recognition structural domain
	2.2 Hinges
	2.3 Transmembrane domain
	2.4 Intracellular structural domains
	2.4.1 Costimulatory domain
	2.4.2 Activation domain


	3 “Family” of CAR cells
	3.1 CAR-T
	3.2 CAR-NK
	3.3 CAR-M
	3.4 Other CAR family members

	4 Strategies for enhancing CAR cells
	4.1 Tumor-specific targets
	4.1.1 HLA-G
	4.1.2 HER2
	4.1.3 CD105
	4.1.4 Tumor-associated carbohydrate antigens
	4.1.5 CEA
	4.1.6 ROR1
	4.1.7 B7-H3 (CD276 or B7RP-2)
	4.1.8 Mesothelin
	4.1.9 Exogenous antigens

	4.2 Bi-specific CAR
	4.3 Reversal of immunosuppressive environment
	4.4 “Pruning”
	4.5 Combination therapy

	5 Conclusions and prospects
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


