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ABSTRACT: Poly[lactic-co-(glycolic acid)] (PLGA) is arguably one of the
most versatile synthetic copolymers used for biomedical applications. In vivo
delivery of multiple substances including cells, pharmaceutical compounds, and
antigens has been achieved by using PLGA-based micro-/nanoparticles
although, presently, the exact biological impact of PLGA particles on the
immune system remains controversial. Type 1 diabetes (T1D) is one subtype of
diabetes characterized by the attack of immune cells against self-insulinproducing pancreatic islet cells. Considering the autoimmune etiology of T1D
and the recent use of PLGA particles for eliciting desired immune responses in
various aspects of immunotherapy, for the present study, a combination of
Ins29−23 peptide (a known autoantigen of T1D) and PLGA microparticles was
selected for T1D prevention assessment in nonobese diabetic (NOD) mice, a
well-known animal model with spontaneous development of T1D. Thus,
inoculation of PLGA microparticles + Ins29−23 completely prevented T1D
development, signiﬁcantly better than untreated controls and mice treated by either PLGA microparticles or Ins29−23 per se.
Subsequent mechanistic investigation further revealed a facilitative role of PLGA microparticles in immune tolerance induction. In
summary, our data demonstrate an adjuvant potential of PLGA microparticles in tolerance induction and immune remodulation for
eﬀective prevention of autoimmune diseases such as T1D.
KEYWORDS: type 1 diabetes, immune tolerance, PLGA microparticles, Treg, insulin
still fall short of meeting the required glycemic target.5 The
recent therapeutic development has been to target more
speciﬁcally against autoreactive T lymphocytes that attack
pancreatic β-cells,3 for example, monoclonal antibodies against
the T-cell CD3 receptor (commercial name: teplizumab and
otelixizumab), CTLA4-immunoglobulin-mediated costimulatory inhibitor (abatacept), and fusion proteins that bind CD2
for targeting CD4+ and CD8+ eﬀector memory T-cells
(alefacept). However, aside from their less than satisfactory
outcome in clinical trials,6−8 these drugs are pan immunosuppressants that cannot distinguish autoantigen-attacking T-cells
from other T-cells necessary for daily protection against
environmental pathogens.

1. INTRODUCTION
Diabetes is a chronic metabolic disorder, currently aﬄicting
approximately 500 million people worldwide. In particular, the
rates of type 1 diabetes (T1D, previously known as insulindependent juvenile or childhood-onset diabetes) in people
under the age of 18 years have increased dramatically.1,2 T1D
is an autoimmune disorder characterized by autoreactive Tlymphocyte-mediated immune attack of insulin producing βcells in the pancreatic islets. As islet β-cells are the only source
of insulin in humans and mammals, the loss of β-cell function
and/or β-cell destruction often means insuﬃcient production
of insulin. This leads to elevated blood glucose levels for a
sustained period of time and, ultimately, the onset of
diabetes.1,3
The exact mechanisms that are responsible for causing T1D
are currently unknown, although both genetic and environmental factors are important in T1D progression.4 Nowadays,
the therapeutic option for T1D individuals is limited to insulin
replacement therapy. However, despite the major advancement
that has been achieved in terms of mimicking the endogenous
insulin action with various insulin products, most T1D patients
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The concept of “vaccine” development has been proposed to
induce tolerance against T1D. In fact, exposure to autoimmune
disease-associated antigens has long been used to introduce
immune tolerance in diseases such as multiple sclerosis,9,10
allergy,11 celiac disease,10,12 and T1D.13−15 This approach
oﬀers the possibility to “re-educate” the immune system to
tolerate islet self-antigens (autoantigens) without the need for
systemic immunosuppression. Several autoantibodies against
islet autoantigens, such as insulin, islet cell autoantibodies
(ICAs), glutamate decarboxylase protein (GAD65), and zinc
transporter protein (ZnT8), have all been identiﬁed in T1D
patients, although antigen-based trials that used diﬀerent
autoantigens have been less successful.16,17
Indeed, conventional strategies for eﬀective vaccine development are dependent on the appropriate selection of antigens
and presentation of antigen by immune cells for subsequent
immunomodulatory impact, and the potency of a certain type
of vaccine is often limited by the quantity of antigen that can
be safely used for the inoculation and the antigen presentation
process. However, both criteria can be beneﬁted by the use of
biomaterial-based antigen delivery systems, which would allow
maximal antigen loading as well as suﬃcient antigen
presentation. In recent years, the use of biomaterials for
vaccine delivery has been extensively explored, and the
potential to spatiotemporally regulate the activities of immune
cells by employing biomaterial-based antigen delivery systems
provides a promising platform to improve the eﬃcacy and
safety of conventional vaccines.18−26 As recently been reviewed
by Kwiatkowski et al.,25 multiple nano-/microparticle-based
therapies have been investigated for their impact in modulating
immune systems. For example, for autoimmune diseases,
thiol−polyethylene glycol-coated gold nanoparticles that
simultaneously deliver a myelin peptide antigen MOG35−55
and a nontoxic mucosal ligand resulted in the promotion of
regulatory T-cell (Treg) expansion and suppression of
autoimmune encephalomyelitis.27 Artiﬁcial antigen presentation was another approach, by engineering artiﬁcial antigen
presenting cells28 or using, for instance, iron oxide nanoparticles coated with an islet peptide,29 to achieve desirable Tcell manipulation. However, of all delivery systems, poly[lacticco-(glycolic acid)] (PLGA) nano-/microparticles were the
most used and reported.14,25,26,30
PLGA is one of the most extensively investigated
copolymers in the ﬁeld of biomedical research because of its
biocompatibility and biodegradability.31,32 It is well known that
PLGA particles can be easily fabricated using the prevalent
emulsion-solvent evaporation method.33,34 Furthermore, there
have been reports showing that functionalized PLGA-based
nano- and microparticles could induce cytotoxic T-cell
responses to eliminate tumor cells.19−21,23 On the other
hand, other studies observed tolerogenic properties of PLGA
particles when used in combination with biological
drugs,20,23,35 antigens, and/or immune adjuvants.14,22,24,36−40
More relevantly, it has been long proposed that PLGA
microparticles were more likely to be taken up in
vivo24,28,36,38,40 and that immune adjuvant potential of PLGA
microparticles has also been implicated previously.41
As a result, for the purpose of the present study, we chose to
use PLGA microparticles instead of nanoparticles. The peptide
fragment sequence 9 to 23 of the insulin B chain (Ins29−23), a
known autoantigen with potent immune reactivity for
tolerance induction in T1D,42,43 was then loaded and delivered
in vivo via PLGA microparticles to examine the potential of
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PLGA microparticles + Ins29−23 in T1D prevention. We report
here an immune adjuvant property of PLGA microparticles for
successful induction of immune tolerance in NOD mice by
activating immune-related mechanisms in the thymus and
spleen (Scheme 1). Considering the reported biological safety
Scheme 1. Schematic Representation of Mechanisms Likely
Activated by the PLGA microparticles + Ins29−23 for
Immune Tolerance Inductiona

a

PLGA microparticles may stimulate dendritic cell presentation of the
autoantigen Ins29−23 via the MHC II pathway, which induces CD4+/
TCRβ+ diﬀerentiation in the thymus for negative selection or Treg
generation. In the periphery, immune tolerance was also initiated via
PLGA microparticle-dependent upregulation of splenic Treg population and TGF-β1 production. Both processes enable systemic
immune tolerance of Ins29−23 and ameliorate immune cell inﬁltration
in the pancreatic islets, which results in the prevention of T1D
development.

of PLGA and the insulin peptide fragment Ins29−23, data
reported in the present study may also have positive
implications on therapeutic investigation against T1D in
humans.

2. EXPERIMENTAL SECTION
2.1. Materials. PLGA (Mw: ∼10k) and all cell culture
reagents were purchased from Sigma-Aldrich (Shanghai,
China). The Ins29−23 peptide (SHLVEALYLVCGERGR, Mw:
1.8 kDa, endotoxins < 1 EU mg−1) and Cy5-Ins29−23 were
supplied by Bankpeptide (Hefei, China). Antibodies used for
ﬂow cytometry analysis were from eBioscience (CA, USA) and
antibodies used for immunoﬂuorescence staining were from
Abcam (Shanghai, China). Recombinant interleukin-4 (IL-4),
interleukin-2 (IL-2), and granulocyte-macrophage colonystimulating factor (GM-CSF) were from PeproTech (Rocky,
Hill, USA). The antimouse CD11c magnetic beads were
purchased from Miltenyi Biotec (Beijing, China), and the
Detoxi-Gel Endotoxin Removing Gel was from Thermo Fisher
Scientiﬁc (Beijing, China). Multiple cytokine enzyme-linked
immunosorbent assay (ELISA) was performed by Luminex
(Beijing, China). The MicroBCA protein assay kit was
obtained from Thermo Fisher Scientiﬁc Inc. (Rockford, IL,
USA) and the Tachypleus amebocyte lysate (TAL) was
purchased from Xiamen Horseshoe Crab Reagent Manufactory
Co., Ltd. Female NOD/ShiLtJNju mice were supplied by the
Model Animal Research Center of Nanjing University. All
animal procedures were approved by the Centre of Tianjin
3514
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Animal Experiment Ethics Committee and authority for animal
protection (approval no.: SYXK[Jin] 2011-0008).
2.2. Preparation and Characterization of PLGA
Microparticles. Brieﬂy, 150 mg of PLGA was ﬁrst dissolved
in 10 mL of dichloromethane to prepare the PLGA solution.
Then, the PLGA solution was poured into a rapidly stirring
PVA solution (100 mL, 1% [w/v]) at 8000 rpm for 5 min, and
the mixture was maintained stirring at the same speed
overnight at room temperature to allow the solvent to
evaporate. To prepare Ins29−23-loaded PLGA microparticles,
40 mg of peptide was added to the PLGA solution (containing
100 mg of PLGA) and emulsiﬁed (80 W, 10 min, 30″−30″−
30″−30″) in an ice bath before being added to the PVA
solution. The resultant PLGA microparticles or Ins29−23loaded PLGA microparticles were then centrifuged for 5 min at
7000 rpm, washed with deionized water three times, and
freeze-dried for further use. The morphology of the PLGA
microparticles was determined by scanning electron microscopy (SEM, ZEISS, SUPRA 55VP).
For loading capacity (LC), 2 mg of PLGA-Ins29−23 was
dissolved in a ﬁnal volume of 1 mL, and the value of LC was
calculated as the percentage of weight of total protein minus
unbound protein and divided by the total weight of
microparticles. For encapsulation or loading eﬃciency (LE),
as most peptides were thought to be adopted on the outer
surface of PLGA microparticles, 10 mg of PLGA-Ins29−23 was
used and dissolved in a ﬁnal volume of 50 mL before
ultraviolet (UV) absorbance measurements. LE was calculated
as the percentage of weight of total protein minus weight of
unbound protein divided by the total weight of protein.
2.3. In Vitro Peptide Release. The Ins29−23-loaded PLGA
microparticles (circa 40 mg) were incubated at 37 °C in 10 mL
incubation buﬀer [phosphate-buﬀered saline (PBS) containing
1% bovine serum albumin (BSA) and 1% penicillin/
streptomycin, pH = 7.4] and kept in continuous agitation by
an orbital shaker. Samples were taken at designated time
points, followed by centrifugation at 12,000 rpm for 10 min
(i.e., the volume removed during sampling was replaced with
the same amount of incubation buﬀer), and stored at −80 °C.
The content of peptide within each sample was quantiﬁed
using the BCA protein assay, as previously detailed.18
2.4. In Vitro Antigen Presentation Assessment with
Bone Marrow-Derived Dendritic Cells. Bone marrowderived dendritic cells (BMDCs) were obtained from the hind
limb bones of female NOD mice (8 weeks old), as reported
previously,18 and seeded in six-well plates at a density of 4 ×
106 cells per well. BMDCs were then maintained in complete
cell culture media (RPMI 1640 supplemented with 10% FBS,
100 U/mL penicillin, 100 μg/mL streptomycin, 20 ng/mL
GM-CSF, and 10 ng/mL IL-4) and kept under cell culture
conditions (37 °C, 95% O2/5% CO2). On day 3, the culture
media were carefully removed and replaced, and on day 5 of
culturing, BMDCs were exposed to PLGA microparticles +
Ins29−23, blank PLGA microparticles, and Ins29−23 at a
concentration of 10 μg/mL. On day 7, most semiadhesive
cells have acquired typical dendritic cell (DC) morphology and
were harvested for ﬂow cytometry analysis.
Thus, CD11c+ DCs were isolated by antimouse CD11c
magnetic beads (Miltenyi Biotech) according to the
manufacturer’s instructions. Cells were then exposed to
antimouse MHC II (clone: AF6-120.1), antimouse MHC I
(H-2Kb) (clone AF6-88.5.5.3), antimouse CD80 (clone: 1610A1), and antimouse CD86 antibodies at 1 μg per 2 × 106
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cells for 30 min on ice, following which the cells were washed
twice with cold PBS and analyzed using BD FACSCalibur (BD
Biosciences, San Jose, CA, USA).
2.5. In VitroBMDC Uptake of Ins29−23. BMDCs (1 × 106
cells/mL) were isolated and seeded in confocal laser scanning
microscopy (CLSM) discs at a density of 2 × 106 cells per disc.
On day 5, BMDCs were cocultured with Cy5-labeled Ins29−23
in the absence or presence of PLGA microparticles and
maintained under cell culture conditions (37 °C, 95% O2/5%
CO2) for 2 and 6 h. For peptide uptake quantiﬁcation, ﬂow
cytometry analysis was performed, and the mean ﬂuorescence
intensity (MFI) was measured as the estimation of Ins29−23
internalization. For confocal microscopy, cells were then
washed with PBS and ﬁxed with 3.7% paraformaldehyde for
10−15 min before staining with 488-Phalloidin for 30 min.
Cell nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI), and the cellular uptake was examined under a
confocal microscope (TCS SP5II, Leica, Ernst-Leitz-Strasse,
Germany).
2.6. T1D Prevention Study. Female NOD mice (4
weeks) were immunized subcutaneously under the front left
leg with PLGA microparticles + Ins29−23 (peptide: 100 μg),
blank PLGA microparticles (approximate equivalence to
PLGA used for Ins29−23 loading in the PLGA microparticles
+ Ins29−23 group), Ins29−23 (100 μg), and endotoxin-free PBS
once a week for 5 weeks (from 4 week old to 8 week old) and
maintained in speciﬁc pathogen-free facilities for 30 weeks (n =
20 per group). Random plasma glucose level and body weight
were recorded weekly from week 10 with a OneTouch Ultra
blood glucometer (Lifescan Inc., Milpitas, CA, USA). An
animal was classiﬁed as diabetic if the random plasma glucose
level exceeds 11.1 mmol/L for 2 consecutive weeks. The
intraperitoneal glucose tolerance test (IPGTT) was performed
in mice from all treatment groups at weeks 12 and 20. Serum
was obtained from all mice at the age of week 30, and multiple
cytokine ELISA assay was performed by Luminex according to
the manufacturer’s instruction.
2.7. Lymphocyte Puriﬁcation from the Thymus and
Spleen. NOD mice were sacriﬁced and submerged in 75%
ethanol for several minutes before dissection under aseptic
conditions. The thymus or spleen was grinded in a 70 μm BD
cell strainer in a lymphocyte extract solution and the
lymphocytes were isolated by gradient puriﬁcation (centrifugation at 800g for 30 min). The red blood cell lysis buﬀer was
added for 2 min before being washed with PBS. Cells were
then exposed to antimouse CD3, antimouse CD4, antimouse
CD8, and antimouse TCRβ antibodies for 30 min at 4 °C,
following which they were washed, centrifuged (1800 rpm, 5
min), and stored for ﬂow cytometry analysis. For Treg labeling,
cells were ﬁrst exposed to antimouse CD4 and antimouse
CD25 antibodies. Then, the cells were treated with BD
permeabilization buﬀer at 4 °C overnight, antimouse FOXP3
antibodies were added, and the cells were incubated for further
30 min and analyzed immediately by ﬂow cytometry.
2.8. Peptide Recall T-Cell Proliferation Assay. At week
30, randomly selected NOD mice were sacriﬁced, from which
splenic and thymic T-cells were isolated and labeled with 5
μmol/L 5,6-carboxyﬂuorescein acetate N-succinimidyl ester
(CSFE). The CFSE-labeled T-cells were then seeded in a 24well plate at a density of 2 × 106 cells/well. Recombinant
mouse IL-2 was added (0.5 ng/mL) to all treatment groups
with 10 μg of Ins29−23 and the cells were maintained in culture
for 3 days. T-cell proliferation was then examined by ﬂow
3515
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cytometry, in which percentages of CD4+CFSElow and
CD8+CFSElow cells were analyzed.
2.9. Histological and Immunoﬂuorescence Staining.
Histological staining and immunostaining were carried out
following previous procedures.44,45 The pancreas and spleen
were extracted and paraﬃn-embedded before sectioned (5 μm
width) onto microscopic slides. They were then used for
hematoxylin−eosin (H&E) or immunoﬂuorescence staining.
For immunoﬂuorescence staining, tissue sections were treated
with primary antibodies at 4 °C overnight. The sections were
then washed with PBS and stained with a secondary antibody
for 1−2 h at room temperature and examined under a
ﬂuorescence microscope.
2.10. Detection of Endotoxin. The endotoxin levels of all
samples were measured using a TAL chromogenic endpoint
assay according to the manufacturer’s instruction. Brieﬂy,
standards or samples were plated in designated wells (100 μL),
followed by addition of TAL reagent. The mixture was then
incubated at 37 °C for 1 h. A chromogenic substance was then
added, followed by the azoic reagent for the colorimetric
reaction. The optical density was then recorded for each well at
545 nm by a microplate reader (BioTek, USA). In order to
minimize endotoxin contamination, all plastics were sterilized
and glassware were roasted in an oven at 250 °C for 1 h.
Regarding reagents that cannot be exposed to high temperatures, they were passed through the Detoxi-Gel Endotoxin
Removing Gel for endotoxin removal.
2.11. Statistical Analysis. All data are presented as means
± standard error of means (s.e.m.). Statistical analysis was
performed using GraphPad Prism Software (CA, USA). For
multiple group comparison, one-way analysis of variance
(ANOVA) analysis was employed with Tukey’s post hoc
test. Diﬀerences were considered statistically signiﬁcant, if the
P value was below 0.05.
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Figure 1. Characterization of PLGA microparticles. (A) Representative SEM images of blank PLGA microparticles and Ins29−23-loaded
PLGA microparticles. Scale bar = 2 μm. (B) Size distribution of
microparticles by dynamic light scattering. Red solid line: Ins29-23loaded PLGA microparticles. Red dotted line: blank PLGA microparticles. (C) Cumulative in vitro Ins29−23 release by PLGA
microparticles of diﬀerent molecular weights. Data represent mean
± s.e.m, n = 3.

Ins29−23 by PLGA microparticles, with n = 0.238 ± 0.014, is
thought to be primarily controlled by Fickian diﬀusion (n ≤
0.31).34
3.2. PLGA Microparticles Enhanced the DC uptake
and Presentation of Ins29−23. To examine the cellular
uptake ability of the Ins29−23 peptide in the presence and
absence of PLGA microparticles, Cy5-labeled-Ins29−23 were
loaded onto the PLGA microparticles and cocultured with
BMDCs. We observed a sustained level of antigen uptake over
a period of 6 h, following the coculturing of PLGA
microparticles + Ins29−23 (PLGA[PEP]; Figure 2A,B). This
is consistent with the rapid initial peptide-releasing kinetics we
have observed for the PLGA microparticles (Figure 1C).
Indeed, the antigen uptake capacity of BMDCs that were
cocultured with PLGA(PEP) and of those cocultured with the
Ins29−23 peptide alone were similar at 2 h (94 ± 4% of
PLGA(PEP) over peptide only, P > 0.1). However, at 6 h,
while the antigen uptake level remains relatively unchanged for
the PLGA(PEP) group (104 ± 1% over the 2 h peptide-only
group; 110 ± 1% over PLGA(PEP) at 2 h, P > 0.1), the
ﬂuorescent signal that corresponds to the cellular antigen
uptake showed signiﬁcant drop-oﬀ in BMDCs cultured with
Ins29−23 alone (50 ± 18% over the 2 h peptide-only group, P <
0.05). Our observation is in line with previous reports showing
enhanced cellular uptake of biological drugs or peptide
antigens using PLGA microparticles as delivery vehicles.19−22
Regarding the impact of PLGA on BMDC maturation, so
far, the reports have been conﬂicting. Allen et al. reported an
inhibitory eﬀect of PLGA, albeit without any antigens, on
BMDC maturation, implicating a tolerogenic property of
PLGA per se.36 Similarly, multiple studies from Kishimoto’s
group reported the ability of PLGA nanoparticles to induce
antigen-speciﬁc immune tolerance in B-cells,47 or reduce
undesirable protein-induced hypersensitivity by rapamycinloaded PLGA nanoparticles.22 On the other hand, we have
previously observed the stimulation of PLGA on DC

3. RESULTS AND DISCUSSION
3.1. Characterization of PLGA Microparticles. Figure 1
shows the typical PLGA microparticles fabricated by the
emulsion-solvent evaporation method, as we have reported
previously.33,46 Considering the reported potency and lack of
metabolic activity of Ins29−23,42,43 Ins29−23 was selected as
autoantigen in this study and loaded onto the PLGA
microparticles for tolerance induction against T1D. For both
PLGA and peptide-loaded PLGA microparticles, a spherical
particle shape was observed (Figure 1). The average particle
size ranges between ∼1 and 2 μm in diameter for PLGA
microparticles and ∼2−4 μm for Ins29−23-loaded PLGA
microparticles, with PDI (polydispersity index) values of
0.292 ± 0.082 and 0.241 ± 0.044 for PLGA and Ins29−23
PLGA microparticles, respectively (Figure 1B and Table 1),
corresponding to images obtained by SEM (Figure 1A). The
LE and LC were also assessed as shown in Table 1, indicating
suﬃcient antigen delivery capacity of PLGA microparticles.
The in vitro peptide-releasing proﬁle (Figure 1C) demonstrates a rapid release of Ins29−23 by the PLGA microparticles.
Indeed, by ﬁtting the peptide release proﬁles to several release
models (zero order, ﬁrst order, Higuchi, Weibull, and Ritger−
Peppas), we found that it is better ﬁtted with both Weibull and
Ritger−Peppas equations (Table 2). Regarding the Ritger−
Peppas release model, the equation describes that for the
Fickian diﬀusion process, the n value is 0.30 ± 0.01, and for the
Case-II transport process, the n value equals 0.45 ± 0.02 for
polydispersable particles. As a result, the in vitro release of
3516
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Table 1. Physical Characterization of PLGA and Ins29−23-Loaded Microparticles. Data Are Presented as Mean ± Standard
Deviation (n = 3)
microparticles

size (μm)

PDIa

zeta potential (mV)

LEb

LCc

PLGA
PLGA-Ins29−23

1.6 ± 0.05
3.67 ± 0.24

0.292 ± 0.082
0.241 ± 0.044

−27.9
−10.5

20.66 ± 3.66

9.86 ± 0.15

PDI, polydispersity index. bLE = (total protein − unbound protein)/total protein × 100%. cLC = (total protein − unbound protein)/total weight
of microparticles × 100%.
a

Table 2. Release Models of Peptide-Loaded PLGA Microparticles
PLGA-Ins29−23
zero order
ﬁrst order
Higuchi
Weibull
Peppas

y
y
y
y
y

=
=
=
=
=

R2
R2
R2
R2
R2

12.271 + 0.263t
20.352(1 − e−0.255t)
2.352t0.5 + 8.259
100(1 − e(0.0001(t−0.324)))0.246
9.443tn

=
=
=
=
=

0.748
0.690
0.923
0.982
0.981

n = 0.238 ± 0.014

Figure 2. PLGA microparticles enhance in vitro antigen uptake and presentation in BMCDs. (A) Representative CLSM images of BMDCs that
were cocultured with Cy5-labeled Ins29−23 and Cy5-Ins29−23-loaded PLGA microparticles for 2 and 6 h. Cells were stained with Phalloidin (green)
and DAPI (blue). Scale bar = 2.5 μm. (B) MFI of Cy5 was quantiﬁed in BMDCs by ﬂow cytometry. *P < 0.05 vs Peptide group at 2 h; #P < 0.05 vs
Peptide group at 6 h. Statistical signiﬁcance was assessed using Student’s t-test. (C−F) Expression of DC surface markers following stimulation by
Ins29−23 (Peptide), blank PLGA microparticles (PLGA), PLGA microparticles + Ins29−23 (PLGA[PEP]), and PBS (Control). Statistical
signiﬁcance was assessed using one-way ANOVA with Tukey’s post hoc test. Data represent mean + s.e.m, n = 3−5.

Thus, to determine the potential eﬀect of PLGA microparticles during Ins29−23 delivery, we have isolated BMDCs
from adult female NOD mice (8 weeks). The CD11c+ DCs
were pooled following magnetic bead selection (Figure 2C),
and expression of antigen presentation cell markers, CD80/
CD86, as well as of major histocompatibility complex class I
(MHC I) and class II (MHC II), was examined by ﬂow
cytometry. We observed no signiﬁcant diﬀerences in MHC I
expression in CD11c+ BMDCs (Figure 2D), which is expected
of the conventional peptide antigen presentation pathway. This
is because antigens presented via the MHC I molecule are
often protein fragments from environmental bacteria and
viruses, while antigens presented by the MHC II pathway are
usually peptide taken up by DCs via endocytosis. Indeed, it has
been reported that Ins29−23 binds to MHC II for subsequent

maturation, though the PLGA nanoparticles were functionalized with hyaluronic acid in the formula.48 PLGA−
acetonitrile (PLGA−AC) nanoparticles were also demonstrated to increase the monocyte population when loaded with
B16 melanoma tumor antigens.21 Moreover, Verbeke et al.
reported the proinﬂammatory property of the gel containing
blank PLGA particles, partly shown as a higher level of IL12p70, a secreted cytokine that was originally discovered for its
ability to induce interferon-gamma (INF-γ) production and
Th1 responses, although a systemic tolerance to T1D was
ultimately reported.37 In addition, PLGA microparticles were
also reported to enhance antigen presentation and T-cell
expansion in vitro,49 all of which are implicative of a
stimulatory role of PLGA particles on antigen presentation.
3517
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Figure 3. T1D prevention study. (A) Random plasma glucose concentrations of all mice up to the age of week 30. (B) Area under the curve
(AUC) of the corresponding plasma glucose levels of mice of all four treatment groups. (C) Proportion of mice that achieved euglycemia following
immunization with Ins29−23 (Peptide), blank PLGA microparticles (PLGA), PLGA microparticles + Ins29−23 (PLGA[PEP]), and PBS (Control).
(D) Average body weight of all mice until the age of week 30. (E,G) Results of IPGTTs of all mice at the age of week 12 (E) and 20 (G). (F,H)
AUC of the corresponding IPGTT values of all mice at the age of week 12 (F) and 20 (H). Data represent mean ± s.e.m, n = 6−10. Statistical
signiﬁcance was assessed using one-way ANOVA with Tukey’s post hoc test. For the survival curve, statistical signiﬁcance was assessed by log-rank
Mantel−Cox and Gehan−Breslow−Wilcoxon tests. ****P < 0.0001, **P < 0.01 vs Control; #P < 0.05 vs PLGA group.

T-cell activation.50 Moreover, as PLGA microparticles have
been reported to facilitate the active endocytosis of monocytes,
including DCs and macrophages, it is also likely to elicit the
MHC II pathway. 24,28,36,38,40,41 The MHC I antigen
presentation pathway is known as CD8 T-cell restricted
(Th1) and antigens presented by MHC II would initiate CD4
helper T-cell (Th2) responses. Considering that the Ins29−23
peptide is part of the insulin B chain and, therefore, could be
regarded as a self-antigen (or autoantigen), presentation of the
Ins29−23 peptide would more likely involve the MHC II
pathway. Indeed, we have detected an elevated level of MHC
II expression in BMDCs that were exposed to Ins29−23 (Figure
2E; 207 ± 35% over Control, P < 0.05) as well as to PLGA
microparticles + Ins29−23 peptide (Figure 2E; 216 ± 19% over
control, P < 0.05). In addition, signiﬁcant elevation of CD80/
CD86 expression levels was observed from BMDCs of the
PLGA microparticles + Ins29−23 peptide (PLGA[PEP]) group
(Figure 2F). Interestingly, PLGA microparticles alone also
enhanced the CD80/CD86 expression levels in BMDCs
(Figure 2F; 178 ± 11% over Control, P < 0.001) but not
MHC II as it lacks the peptide antigen Ins29−23. As BMDCs
cocultured PLGA(PEP) showed increased levels of CD80/86
expression compared to BMDCs cocultured with Ins29−23
(Figure 2F, 184 ± 18% over the peptide group, P < 0.0001),
both the above implicate a stimulatory impact of PLGA
microparticles on DC antigen presentation.
3.3. PLGA Microparticles + Ins29−23 Immunization
Prevented Immune Inﬁltration of Pancreatic Islets and
the Onset of T1D in NOD Mice. Having conﬁrmed that the
PLGA microparticles enhanced the presentation of Ins29−23 via
the MHC II pathway in DCs in vitro, we have subsequently
tested whether the PLGA microparticles + Ins29−23 inoculation
had any impact on diabetes progression in nonobese diabetic

(NOD) mice. NOD mice are widely acknowledged as a type 1
diabetic model animal. In general, without intervention, the
incidence of T1D onset occurs in 70−80% female NOD mice
by the age of 30 weeks.51 As for “immune re-education” with
our PLGA microparticles + Ins29−23 “vaccine”, female NOD
mice were administered with low-dose Ins29−23 (with or
without PLGA microparticles), from the age of 4 weeks for 5
consecutive weeks. Mice treated with blank PLGA microparticles and PBS were also included as parallel control groups.
Thus, random plasma glucose levels were recorded every
week and, unsurprisingly, animals immunized with Ins29−23
showed 30% onset of T1D by week 30, similar to previous
reports.42,43 Notably, however, it was evident that mice
inoculated with PLGA(PEP) remained euglycemic (plasma
glucose level < 11.1 mmol/L) until the age of week 30 (Figure
3A−C; AUC: 25 ± 1% over Control, P < 0.01). Indeed,
hyperglycemia was ﬁrst detected in mice from the Ins29−23only group at week 19 and for the PLGA-only group at week
21. However, for both groups, T1D progression still showed
amelioration compared to the controls (AUC: 38 ± 8 and 43
± 12% for PLGA and Peptide groups, respectively, % over
Control, P < 0.05). As expected, the earliest onset of diabetes
was detected in mice from the control group at week 10.
IPGTT was also performed in mice from all four groups at
the age of weeks 12 and 20, and circulating insulin levels at
time points 0 and 30 min (when the peak insulin level is often
observed) are also quantiﬁed. As shown in Figures 3E−H and
S1, all four groups exhibited adequate glucose responsiveness
at week 12 (Figures 3E,F and S1A) with similar levels of serum
insulin (Figure S1C). However, by week 20, only mice from
the PLGA(PEP) group remained glucose responsive, while
mice from all three other groups showed impaired glucose
tolerance (Figures 3G,H and S1B). Moreover, the average
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Figure 4. PLGA microparticles + Ins29−23 immunization ameliorated immune cell inﬁltration of pancreatic islets. (A) Representative images of
immunoﬂuorescence staining (upper panels) and histological staining (lower panels) of pancreatic islets from mice immunized with Ins29−23
(Peptide), blank PLGA microparticles (PLGA), PLGA microparticles + Ins29−23 (PLGA[PEP]), and PBS (Control). For immunoﬂuorescence
staining images, the insulin-secreting β-cells are shown in red, while the glucagon-producing α-cells are shown in green. Cell nuclei were stained
with DAPI and shown in blue. Uninﬁltrated islet areas are labeled with “I” and areas with immune cell inﬁltration are marked with “*”. Scale bar =
100 μm. (B) Islet inﬁltration was quantiﬁed and expressed as the average percentage of inﬁltrated area over the whole islet for each islet for every
treatment group. (C) Average size of islets found in each treatment group. (D) Proportion of inﬁltrated and uninﬁltrated islets for each treatment
group, n = 14−52. (E) Pancreas organ index (ratio of the weight of pancreas over body weight), n = 8−10. (F) ELISA quantiﬁcation of average
serum insulin levels of all treatment groups. Statistical signiﬁcance was assessed using one-way ANOVA with Tukey’s post hoc test, n = 7−10.

better islet survival and, consequently, protection from the
onset of diabetes. It is worth noting that despite signiﬁcant
T1D progression, the degree of islet inﬁltration from the
control group appeared to be lower (Figure 4B, 33%, n = 14).
The reason for this is low islet count, which corresponds to the
considerably fewer number of islets left in mice from the
control group at week 30 in comparison to the other three
groups, despite a similar pancreas organ index among all four
treatment groups (Figure 4E). This, in turn, is likely caused by
the accelerated islet attrition in the control group. Indeed, it is
evident from Figure 4D that mice from the control group have
the lowest islet number, and as islet death is a gradual and
unsynchronized process,52 the remaining islets and their
morphology can only partially represent the severity of
autoimmunity against the pancreatic β-cells and islet loss.
Moreover, the serum insulin level of mice treated with
PLGA(PEP) was also signiﬁcantly higher than the mice
treated with blank PLGA and untreated controls (246 ± 42%
over PLGA, P < 0.01; 549 ± 93% over Control, P < 0.001; 172
± 29% over Peptide, P > 0.05; Figure 4F).
3.4. Eﬀect of PLGA Microparticles + Ins29−23 on
Thymus T-Cell Development. The excellent preventive
property of PLGA microparticles + Ins29−23 is intriguing as
although MHC II mutation has been implicated in T1D
development, the MHC II molecule is in fact incapable of
distinguishing between “self” and “foreign” during antigen
presentation. Furthermore, as most of the internal antigens
presented by MHC II are indeed autoantigens, it is the T
lymphocytes that are responsible for determining the

serum insulin level of mice from the control group is also
signiﬁcantly lower than the other three groups (Figure S1D,E),
indicating deteriorated endogenous insulin secretion. Average
body weights of all four treatment groups were between 25 and
30 g with no major ﬂuctuation, as presented in Figure 3D,
indicating no noticeable systemic toxicity.
As the onset of T1D is mainly caused by autoimmunity
against the pancreatic islets, the morphology of islets was also
examined. As shown in Figures 4A and S2, pancreatic islets
were outlined by white dotted lines for ﬂuorescence staining
images and red dotted lines for histological staining images.
Uninﬁltrated islet areas are marked by “I” and areas that have
been inﬁltrated by immune cells are marked with “*”. Thus, it
is evident that islets from the PLGA(PEP) group showed
minimal immune cell inﬁltration. In contrast, the other three
treatment groups all exhibit various degrees of moderate islet
inﬁltration, corresponding to worsened glycemic control in
these three groups. Furthermore, both ﬂuorescence and
histological staining revealed comparatively low level of
immune cell inﬁltration in islets of PLGA(PEP) mice (23.39
± 1.8%, n = 36; Figure 4B). A moderate degree of islet
inﬁltration was observed from PLGA and Peptide groups
(34.02 ± 2.2%, n = 46 for PLGA; 39.86 ± 1.7%, n = 28 for the
Peptide group; Figure 4B). By double-labeling pancreatic
sections with insulin and CD45, a lymphocyte marker, we also
observed that the inﬁltrated immune cells within the pancreatic
islets are largely of CD45+ lymphocyte origin (Figure S2).
In addition, islets from the PLGA(PEP) group were also
comparatively larger (Figure 4C), again demonstrative of
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Figure 5. Eﬀect of PLGA microparticles + Ins29−23 immunization on T-cell development in the thymus and spleen. (A,E) CD4+ T-cell proliferation
following Ins29−23 peptide restimulation in thymic (A) and splenic (E) lymphocytes isolated from mice immunized with Ins29−23 (Peptide), blank
PLGA microparticles (PLGA), PLGA microparticles + Ins29−23 (PLGA[PEP]), and PBS (Control), n = 4−6. (B,F) Percentage of CD4+/TCRβ+
cells in mouse thymus (B) and spleen (F) of all treatment groups, n = 4−6. (C,G) Percentage of CD8+/TCRβ+ cells in the mouse thymus (C) and
spleen (G) of all treatment groups, n = 4−6. (D,H) Organ indexes of the thymus (D) and spleen (H) in mice from all treatment groups, n = 8−10.
(I−K) CD3, CD4, and CD8 expression in splenic T-cells from mice of all four treatment groups, n = 4−6. Data represent mean + s.e.m. Statistical
signiﬁcance was assessed using one-way ANOVA with Tukey’s post hoc test.

of a costimulatory molecule, the TCRs. Only if a T-cell is
double positive for both CD4 and TCR, this speciﬁc T-cell
would become designated for a CD4+ T-cell, and it is the same
for CD8+ T-cells. When we analyzed the percentage of CD4+/
TCRβ+ and CD8+/TCRβ+ cell populations within the thymus
by the age of week 30, we observed that there was an increased
CD4 +/TCRβ + cell count in PLGA(PEP)-treated mice
compared to mice immunized by Ins29−23 only (Figure 5B;
130 ± 8% over Peptide, P < 0.05). However, no signiﬁcant
diﬀerence was detected between the PLGA(PEP) and control
groups (94 ± 6% over Control, P = 0.8; Figure 5B). In
addition, the percentage of CD8+/TCRβ+ cells was higher in
the peptide group than in the others (Figure 5C). It is still
noteworthy that the PLGA(PEP) group had a higher level of
CD4+/TCRβ+ cells in the thymus than the peptide-only group,
which again may implicate an adjuvant property of PLGA on
antigen-induced CD4+ T-cell generation. Moreover, the
average weight of thymus also diﬀers, in that mice from the
PLGA(PEP) group exhibit the highest value of organ index
(ratio of thymus to body weight); in contrast, the thymus from
the control group was rather shriveled and smaller in size
(Figure 5D). In addition, we also double-labeled the thymic Tcells with CD4+/CD3+ or CD8+/CD3+ and, consistently, a
signiﬁcantly higher percentage of CD4+/CD3+ T-cells and an

consequence of a speciﬁc antigen presented by MHC II, that is,
whether to induce immune attack or immune tolerance. As a
result, we have subsequently examined the potential eﬀect of
PLGA microparticles + Ins29−23 on T-cell development in the
thymus and the spleen.
To examine the impact of PLGA(PEP) on T-cell development in thymus, we performed the antigen recall T-cell
proliferation assay in T-cells obtained from mouse thymus of
each treatment group at week 20. As shown in Figure 5A,
thymic T-cells were extracted from all four treatment groups
and labeled with CFSE, a ﬂuorescent dye. These T-cells were
then exposed to Ins29−23 for 3 days. The MFI of CFSE was
then quantiﬁed by ﬂow cytometry, and it is evident that T-cells
of the PLGA(PEP) group showed the lowest MFI value, which
correspond to the most rapid cell turnover (82 ± 6% over
Control, P < 0.05). Surprisingly, cells extracted from mice
treated with blank PLGA microparticles also showed increased
proliferation in the presence of latent Ins29−23 stimulation
(shown by the decreased CFSE MFI value, 82 ± 1% over
Control, P < 0.05), implicating an antigen-dependent adjuvant
role of the PLGA microparticles in T-cell proliferation.
However, the ultimate fate following T-cell diﬀerentiation
(whether it would be CD4+ or CD8+) is determined by
expression of the CD4 or CD8 surface marker in the presence
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Figure 6. PLGA microparticles + Ins29−23 immunization-induced peripheral immune tolerance. (A,B,D,E) Percentage of CD4+CD25+FOXP3+
Tregs in splenocytes in mice at the age of week 20 (A,B) and week 30 (D,E), n = 4−6. (C,F) Serum TGF-β1 levels in mice at the age of week 20
(C) and week 30 (F), n = 6−8. (G−I) CD3, CD4, and CD8 expression in splenic T-cells from mice of all four treatment groups, n = 4−6. Data
represent mean ± s.e.m. Statistical signiﬁcance was assessed using one-way ANOVA with Tukey’s post hoc test.

increased ratio of CD4+/CD8+ T-cells were observed from
both PLGA(PEP) and PLGA groups (Figure 5I−K).
Following T-cell diﬀerentiation, T-cells that have been
activated by MHC II may undergo a process called negative
selection (also known as T-cell deletion), during which they
become apoptotic or inactivated. This would lead to the selfdeletion of T-cells that recognize autoantigens and, thus,
induce immune tolerance against these autoantigens. As
mentioned before, in peripheral organs, we have observed
that lymphocyte inﬁltration is signiﬁcantly ameliorated in
PLGA(PEP)-treated mice compared to the controls in the
pancreas (Figures 4A and S2). It is also possible that the
increase of CD4+ T-cell population in the thymus reﬂects
increased thymic Treg population, but as shown in Figure S3,
we did not observe any signiﬁcant diﬀerences in
FOXP3+CD25+CD4+ cells among all treatment groups.
In the spleen, the lowest percentage of CD4+/TCRβ+ T-cells
was measured from the mouse spleen of the PLGA(PEP)
group (Figure 5F), while, as expected, the control group had
the highest level of CD8+/CD3+ T-cells in the spleen (Figure
6G−I), corresponding to exacerbated immune attack. For the

PLGA(PEP) group, the decreased percentage of splenic
CD4+/CD3+ was also quantiﬁed compared to controls (Figure
6G−I in the spleen). As negative selection could occur during
T-cell maturation and diﬀerentiation in the thymus before they
reach the periphery and take eﬀect, it is possible that the
ameliorative impact of PLGA(PEP) on T1D progression may
be partly attributable to its potential impact on thymus T-cell
negative selection, which is worthy of future exploration.
Interestingly, blank PLGA microparticles alone induced
substantial proliferation of splenic CD4+ T-cells (Figure 5E),
once again emphasizing the role of PLGA microparticles in
CD4+ T-cell regulation.
3.5. PLGA Microparticles + Ins29−23-Induced Peripheral Immune Tolerance by Stimulating Splenic Treg
Proliferation and Function. Regarding the peripheral
immune tolerance induction, we detected a stimulatory impact
of PLGA microparticles on splenic Treg augmentation and
TGF-β1 release (Figure 6A−C), both of which are crucial
regulators of immune tolerance. However, the stimulatory
eﬀect was lost by week 30 (Figure 6D−F), highlighting the fact
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Figure 7. PLGA microparticles + Ins29−23-induced peripheral immune responses by regulating systemic cytokine production. Multiplex ELISA
quantiﬁcation of serum cytokine IL-10 (A), TNF-α (B), IL-12p70 (C), INF-γ (D), IL-17A (E), IL-1β (F), IL-6 (G), and IL-4 (H) levels of all
treatment groups. Data represent mean ± s.e.m, n = 6−9. Statistical signiﬁcance was assessed using one-way ANOVA with Tukey’s post hoc test.

which are responsible for the moderate preventive impact of
blank PLGA microparticles on T1D onset. This is further
supported by studies reporting that proinﬂammatory adjuvants,
such as GM-CSF, a chemoattractant able to activate antigenpresenting cells while recruiting circulating lymphocytes and
neutrophils, and CpG,53 a Toll-like receptor 9 agonist54 that
stimulates proinﬂammatory eﬀects such as interferon gamma
(IFN-γ) production and nuclear factor kappa B (NF-κB)
signaling, have all been implicated in inducing immune
responses in autoimmune diseases and allergy.38 Furthermore,
as discussed earlier, one of the reasons that NOD mice develop
T1D is that they were born with a defect in DC maturation
and, therefore, antigen presentation (which is rather similar to
T1D patients with MHC II mutation and dysfunction);14 this
inadequate antigen presentation would lead to ineﬃcient T-cell
recognition of autoantigens and impaired generation of CD4+/
TCRβ+ T-cells which, in turn, renders the T-cell negative
selection process ineﬀective. Furthermore, it has been recently
reported that IL-12 exposure-elicited IFN-γ could prevent the
onset of T1D in NOD mice by inhibiting Th-17 cells and their
associated proinﬂammatory cytokine secretion,55,56 while it
was also reported that IL-12 (with IL-2 and IL-15) may also
stimulate the activity of natural killer (NK) cells from the
peripheral blood of T1D children and IL-10 synthesis, thereby
inhibiting autoimmune reaction.57 In addition, the pathogenic
role of Th-17 cells as well as of Il-17 may also be responsible
for diabetes development,58−60 indicating, as expected, more
complicated signaling crosstalk and regulation of diﬀerent
immune mediators in autoimmune reactions.
As a result, the autoantigen, in this case, insulin, would be
treated as foreign and attacked by “untrained” T-cells. PLGA
microparticle delivery of Ins29−23 and the Ins29−23 peptide per
se, to a certain extent, was able to compensate for the
insuﬃcient autoantigen presentation by enhancing the DC
function and MHC II presentation and “re-introducing” the

that timing is critical for the successful induction of immune
tolerance and T1D prevention.
This was conﬁrmed by the results obtained by multiplex
serum cytokine ELISA (Figure 7), in which signiﬁcantly
increased levels of IL-10, a regulatory cytokine known to be
crucial in autoimmune and allergic responses by promoting
phagocytic uptake and Th2 responses, were detected in both
PLGA(PEP) and PLGA groups (Figure 7A, 262 ± 25 and 321
± 30% for PLGA[PEP] and PLGA, respectively, over Control,
P < 0.01). Similarly, the serum concentration of TNF-α was
lower in animals of the PLGA(PEP) and PLGA groups, as
compared to controls (Figure 7B; 70 ± 3 and 69 ± 6% for
PLGA[PEP] and PLGA respectively, over Control, P < 0.05).
Counterintuitively, perhaps, we also observed increased
serum levels of IL-12p70 (901 ± 287% over Control, P < 0.01)
and INF-γ (452 ± 115% over Control, P < 0.01) in the
PLGA(PEP) group in comparison to controls, both of which
are regarded as proinﬂammatory, and stimulate antigen
presentation from DCs and macrophages (Figure 7C,D). In
addition, both PLGA(PEP) and PLGA groups showed
elevated serum levels of IL-17A, a cytokine secreted by Th17
cells, which has been reported to respond to INF-γ (Th1) and
TGF-β (Tregs) (Figure 7E). No signiﬁcant diﬀerences were
detectable in the serum levels of IL-1β (Figure 7F), IL-6
(Figure 7G), or IL-4 (Figure 7H) among all four treatment
groups.
Importantly, it is worth noting that PLGA microparticles per
se induced substantial elevation of serum IL-10 (Figure 7A),
TGF-β1 (Figure 6C), and, arguably, IL-17A (Figure 7E) levels,
highlighting a tolerance-inducing property of PLGA microparticles in the periphery. Simultaneously, PLGA microparticles alone only weakly stimulated serum INF-γ (as well
as IL-17A), implicating a comparatively weak (partly due to
the lack of antigen in the PLGA microparticles-only [PLGA]
group) but stimulatory eﬀect on antigen presentation, both of
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self-antigen to T-cells for negative selection and achieve “reeducation” of the immune system. For PLGA microparticles
per se, the observed immune tolerance induction, albeit not
much eﬀective without an autoantigen, is likely to be primarily
mediated by activating the peripheral immune tolerance
mechanism.

4. CONCLUSIONS
In summary, we report here a possible adjuvant property of
PLGA microparticles for immune tolerance induction against
T1D progression. Considering that the immune adjuvant is
crucial to eliciting desirable responses for the modulation of
adaptive immunity and that T1D is one common form of
autoimmune diseases, PLGA microparticles could potentially
be useful for the treatment of other autoimmune diseases, such
as the devastating multiple sclerosis or lupus erythematosus.
Furthermore, with both PLGA and insulin peptide fragment
being proved to be relatively safe in humans, data presented in
this study would also have a positive implication on the
development of T1D prevention approaches in humans.
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