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Interleukin-10 gene transfer into insulin-producing f3 cells
protects against diabetes in non-obese diabetic mice

AIJING XU', WEI ZHU?, TANG LI°, XIUZHEN LI', JING CHENG', CUILING LI', PENG YI' and LI LIU'

1Department of Pediatric Endocrinology and Metabolism,

Guangzhou Women and Children's Medical Center, Guangzhou Medical College, Guangzhou, Guangdong 510520;

2Guangdong Provincial Key Laboratory of Medical Molecular Diagnostics, Guangdong Medical College, Dongguan,
Guangdong 523808; 3Depar‘tment of Pediatrics, The Affiliated Hospital of Qingdao Medical College,
Qingdao University, Qingdao, Shandong 266003, P.R. China

Received May 16, 2014; Accepted March 4, 2015

DOI: 10.3892/mmr.2015.3809

Abstract. Type 1 diabetes is an autoimmune disorder, which
occurs due to § cell damage. Interleukin (IL)-10, a pleotropic
cytokine, has been reported to have anti-inflammatory,
immunosuppressive and immunostimulatory properties.
Administration of IL-10 is known to prevent autoimmune
diabetes in non-obese diabetic (NOD) mice. However, the
mechanism of IL-10-induced protection in NOD mice requires
further investigation. The aim of the present study was to
evaluate the protective effect of transgenic IL-10 expression
in pancreatic § cells against autoimmune damage in NOD
mice and to elucidate its mechanism of action. Female NOD
mice (9 weeks old) were intraperitoneally injected with an
adenovirus carrying either IL-10 (Adv-IL-10) or green fluores-
cent protein (Adv-GFP). Blood glucose was monitored weekly
and the expression of IL-10 was evaluated using reverse tran-
scription quantitative polymerase chain reaction. IL-10 and
interferon (IFN)-y expression levels in serum and splenocytes
were analyzed. CD4*CD25*FoxP3* T regulatory (Treg) cells
were determined by flow cytometry. Apoptosis of pancreatic
B cells was determined using a terminal deoxynucleotidyl
transferase deoxyuridine triphosphate nick-end labeling assay
and expression levels of Fas and caspase-3 were estimated
by immunohistochemistry analysis. The results revealed that
mice treated with IL-10 showed less severe insulitis and a lower
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incidence of diabetes compared with the saline control and
Adv-GFP groups. In addition, compared with the control group,
IFN-vy levels were decreased in sera and splenocytes, while
IL-10 expression was increased in sera only. The number of
CD4*CD25*FoxP3* Treg cells was increased in IL-10-injected
mice. Furthermore, the expression levels of Fas and caspase-3
were decreased in IL-10-injected mice compared with that of
GFP-injected and control mice, which was concomitant with a
reduction in B cell apoptosis. In conclusion, the present study
demonstrated that IL-10 gene transfer reduced the expression
of the inflammatory cytokines, attenuated pancreatic insulitis
and inhibited f cell apoptosis. This therefore indicated that
IL-10 reduced the incidence of diabetes in female NOD mice.

Introduction

Type 1 diabetes mellitus (T1D) is an autoimmune disease that
occurs due to autoreactive T cell-induced damage to pancre-
atic insulin-producing { cells. In addition, it was reported that
by the time the first clinical symptoms of T1D become evident,
only 15-20% of P cells remain (1,2). Inflammatory cells in the
islet milieu produce cytokines and cytokine-induced proteins,
which have a critical role in the pathogenesis of insulitis and
T1D. The onset of T1D is typically associated with altered
cytokine expression, from primarily T helper cell (Th)2 to
Thl cytokines, which was thought to occur due to continuous
inflammation in the pancreas (3). Therefore, regulating the
immune system with regard to Th2-like immunity repre-
sents a potential therapeutic strategy for T1D (4). In animal
models of T1D, approaches favoring Th2 activity have led to
diabetes prevention; in addition, there is evidence to suggest
that the administration of these immunoregulatory cytokines
reduces autoimmune diabetes (4-6). The Th2-like cytokine
interleukin (IL)-10 has been extensively investigated and was
suggested to be a potential candidate for effective immune
diversion for diabetes treatment (7).

IL-10 is known to be an anti-inflammatory cytokine, which
exhibits potent suppressive effects in preventing autoimmune
disease (8). IL-10 was reported to be effective in the suppres-
sion of cytokine production in T cells (IL-2), natural killer
cells [interferon (IFN)-y] and monocyte/macrophages [IL-1f,
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IL-6,1L-8,IL-12, tumor necrosis factor (TNF)-a and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)]; IL-10
was also implicated in the induction of anergy in T cells (9,10).
It was demonstrated that IL-10 overexpression prevented graft
rejection in transplant organs (7). IL-10 treatment was shown to
inhibit the onset of T1D in non-obese diabetic (NOD) mice and
prevent disease recurrence, which was dependent on the time
and mode of administration (early vs. late, systemic vs. local).
Of note, systemic delivery of the IL-10 gene and IL-10 protein
or virus-mediated IL-10 delivery was suggested to delay the
onset of diabetes symptoms as well as reduce the occurrence
of diabetes in NOD mice (11,12).

IL-10 has been reported to serve as a growth factor for
T regulatory cells (Tregs) (13,14); it was demonstrated that
IL-10 increased the CD4*CD25* cell population in vitro and
invivo (15,16). In addition, a previous study revealed that IL-10
gene transfer prevented IL-1B-induced nitric oxide produc-
tion in f cells in vitro, which were also found to retain their
insulin secretion function, even at high glucose levels (17).
Furthermore, IL-10 overexpression inhibited IL-13-induced
Fas expression and insulin secreting cell apoptosis (18).
These findings supported the functional importance of IL-10
in immune regulation. In addition, evidence suggested that
IL-10 exhibited a partial, direct protective effect on human
islets exposed to pro-inflammatory and Thl cytokines (19).
However, to the best of our knowledge, few direct measure-
ments have been published regarding the anti-apoptotic
mechanism of IL-10 in vivo. Recombinant IL-10 protein treat-
ment requires repeated or continuous administrations due to
its short half-life. Therefore, viral vectors are a promising type
of gene transfer vehicle, as they often mediate highly efficient
gene transfer and stably express genes.

The aim of the present study was to assess the recombinant
adenovirus-based transfer of genes encoding IL-10 to manipu-
late B cell autoimmunity in NOD mice. The present study
aimed to examine if overexpression of IL-10 in NOD mice was
able to prevent the development of diabetes by downregulating
experimental autoimmune disorders.

Materials and methods

Animals. A total of 42 (n=14/group) female NOD mice,
8 weeks of age, were purchased from the Shanghai Laboratory
Animal Center, Chinese Academy of Sciences (Shanghai,
China) and housed in specific pathogen-free conditions.
The animals were housed four per cage in a room, which
was maintained under standard laboratory conditions (12 h
light/dark cycle), at a constant temperature (25+1°C) and a
humidity of 50-60%. Adenovirus treatments of NOD mice
were initiated at age 9 weeks, which was 2 weeks prior to
diabetes onset (from age 11-24 weeks). Diabetes was defined
as two consecutive blood glucose values >250 mg/dl in
NOD mice. A total of seven NOD mice were sacrificed by
cervical dislocation at 12 weeks of age and blood samples
(1 ml) were obtained from the abdominal vein and stored
at -80°C, until further use. The remainder of the mice were
allowed to develop diabetes and were sacrificed 1 week post
diabetes onset or at 30 weeks. All procedures were approved
by the Ethics Committee for the Use of Experimental
Animals at Guangzhou Women and Children's Medical
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Center (Guangzhou, China). All efforts were made to mini-
mize the animals' suffering.

Preparation of the recombinant adenovirus. An El- and
E3-deleted, first-generation recombinant adenovirus (repli-
cation-deficient) was used as a vector in these experiments.
The recombinant Adv-IL-10 vector was generated at the
Qingdao University (Qingdao, China) by triple transfection
protocol as previously described (18). Briefly, the IL-10 gene
was cloned into the shuttle vector, pAdTrack-CMV, and the
produced plasmid was linearized with Pmel digestion (New
England Biolabs, Beverly, MA, USA). The linearized plasmid
was co-transfected into Escherichia coli BJ5183 cells with an
adenoviral backbone plasmid, pAdEasy-1. The recombinant
adenovirus encoding murine IL-10 (Adv-IL-10) was confirmed
by restriction endonuclease analysis. The linearized recom-
binant plasmid was transfected into HEK293 cells (kindly
provided by Professor Bing Luo, Medical College of Qingdao
University, China) and high-titer viral stocks were prepared.
The adenovirus vector expressing enhanced green fluorescent
protein was also produced for use as the viral control. Viruses
were then purified from HEK293 cells by freeze/thaw cycles
and cesium chloride (Solarbio Science & Technology. Co.,Ltd.,
Beijing, China) step gradients. All the viral titers were 5.5x10'°
plaque forming unit/ml. Aliquots of the obtained recombinant
adenoviruses were frozen and stored in the ultra-low tempera-
ture freezers (Thermo Forma 900; Thermo Fisher Scientific,
Inc., MA, USA).

Treatment of NOD mice with Adenoviruses. Female NOD mice
were intraperitoneally (IP) injected with 100 ul1 Adv-IL-10 or
Adv-GFP (1x10' pfuv/ml). Age-matched mice were injected
with 100 gl normal saline (Hualu Pharmaceutical Co., Ltd,.
Shandong, China) as controls. The general condition (i.e.
alertness and physical activity) and body weight of mice were
observed and measured weekly.

Incidence rate of TID. During the experimental period, blood
samples (0.5 ml) were taken weekly from the tail vein of NOD
mice and glucose levels were measured using a one-touch ultra
glucometer (Johnson & Johnson Medical Ltd, Suzhou, China).
When glucose levels exceeded 250 mg/dl on two consecutive
occasions (initial measurement and then measured again 24 h
later), animals were considered to have T1D and were sacri-
ficed 1 week post diagnosis for pathological examinations.

Reverse transcription polymerase chain reaction (RT-PCR)
for detecting transgene expression. Prior to sacrifice, spleno-
cytes and liver were isolated from all NOD mice. The spleens
were harvested and pressed through a nylon mesh to produce
a single-cell suspension. The red blood cells were treated
with ACK lysis buffer (Beyotime Institute of Biotechnology,
Shanghai, China) for 5 min. The isolated splenocytes
were washed three times and resuspended in RPMI-1640
(Sigma-Aldrich, St. Louis, MO, USA), supplemented with
10% fetal calf serum (FCS; Gibco Life Technologies,
Carlsbad, CA, USA), penicillin and streptomycin (Gibco
Life Technologies) for the subsequent experiments. Total
RNA (1 pug from liver and spleen) was extracted and purified
using TRIzol® (GE Healthcare, Shanghai, China) according
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to the manufacturer's instructions. Equal amounts (1 ug)
of RNA were then reverse-transcribed into complemen-
tary DNA using a Prime Script RT Reagent kit (Takara
Bio, Inc., Dalian, China). The primers (Sangon Biotech Co.,
Ltd., Shanghai, China) used for PCR were as follows: IL-10
forward, 5'-GGCATGCTTGGCTCAGCACTG-3' and reverse,
5'-GCCCTGCAGTCCAGTAGACG-3' (580 bp). Cycling
conditions were as follows: Initial activation at 95°C for 5 min,
followed by 40 cycles of 95°C for 30 sec, 55°C for 60 sec and
72°C for 60 sec. The RT-PCR products were detected using
1.2% agarose gel electrophoresis (Qiagen, Hilden, Germany).
The products were visualized by staining with ethidium
bromide (Solarbio Biotech Co., Ltd.), observed and photo-
graphed using Bio-Rad gel imaging system (Bio-Rad Gel Doc
2000 UV Chemi Doc; Bio-Rad Laboratories, Inc., Pleasanton,
CA, USA).

Histological and morphological analyses. Pancreatic tissues
from Adv-IL-10- and Adv-GFP-treated NOD mice were
removed, fixed in 10% buffered formalin (Xilong Chemical
Co., Ltd., Guangzhou, China), embedded in paraffin (Junjie
Electronics Co., Ltd., Wuhan, China) and sectioned at 5-ym
thickness. Sections were stained with hematoxylin and eosin
(Beyotime Institute of Biotechnology) to assess pancreatic
islets histology and morphology in the experimental animals.
Between 5 and 10 islets of each pancreatic tissue sample were
observed and the inflammation of the islets was graded. The
grading of insulitis was scored as follows: 0, no inflammation;
1, peri-insulitis; 2, inflammatory infiltration <50% of islet
area; and 3, inflammation >50% of islet area and islet structure
disruption (20).

Analyses of serum cytokine levels. Sera from Adv-IL-10- or
Adv-GFP-treated NOD mice were frozen at -20°C and stored
until further use. Quantitative determination of cytokine (IL-10
and IFN-vy) production was assessed using a murine IL-10
and a murine IFN-y ELISA commercial kits (R&D System,
Inc., Minneapolis, MN, USA). The optical density (OD) value
was determined at 450 nm using an ELISA reader (Bio-Rad
Laboratories, Inc.) at 405 nm. The amount of cytokine present
was determined from standard curves using purified recombi-
nant cytokines.

Analyses of cytokine-secreting splenocytes. Splenocytes
were collected and stimulated with 10 pg/ml Concanavalin A
(Sigma-Aldrich, St. Louis, MO, USA). Following incubation
for 48 h, the culture supernatants were harvested for determi-
nation of IL-10 and IFN-y using ELISA kits (R&D Systems,
Inc.) according to the manufacturer's instructions. All experi-
ments were performed in triplicate for each sample.

Flow cytometric analysis of Treg cells in IL-10-treated
NOD mice.NOD mice were randomly selected for the detection
of Tregs in the spleen. These mice were sacrificed following
IL-10 treatment. Cells from the spleen were prepared and
incubated with 1 pg anti-mouse monocolnal CD4, anti-mouse
monoclonal CD25 and anti-mouse monoclonal Foxp3 conju-
gated with fluorescein isothiocyanate, phycoerythrin (PE) or
CyChrome, respectively (eBioscience, San Diego, CA, USA) on
ice for 30 min. Cells were then washed in phosphate-buffered
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saline (PBS; Solarbio Biotech Co., Ltd.)-2% fetal calf serum
(Gibco Life Technologies). Stained cells were analyzed using
a FACSCalibur flow cytometer (Becton-Dickinson, San Jose,
CA,USA).

Terminal deoxynucleotidyl transferase deoxyuridine triphos-
phate (dUTP) nick-end labeling (TUNEL) assay. TUNEL
staining was performed in order to detect apoptosis using an
in situ cell death detection kit (Roche, Indianapolis, IN, USA).
Paraffin sections (4 ym) were deparaffinized and dehydrated in
serial alcohol concentrations (100, 95, 90, 80 and 70%, diluted
in double distilled water). Protein was digested using proteinase
K (Sigma-Aldrich) at 37°C for 10 min and then incubated with
terminal transferase and digoxigenin-dUTP. Endogenous
peroxidase was quenched with 3% H,0, (Xilong Chemical
Co., Ltd.) in methanol (Xilong Chemical Co., Ltd.) for 5 min.
Labeled end was detected using streptavidin-horseradish
peroxidase conjugate. Specimens were further processed with
3,3-diaminobenzidine coloration (Sigma-Aldrich) and slightly
redyed with Mayer hematoxylin (Sigma-Aldrich). Specimens
were subsequently washed with PBS twice for 5 min each.
The sections were susbequently incubated with 50 x1 TUNEL
reaction mixture at 37°C for 1 h in a humidified chamber.
Following incubation, the slides were rinsed with PBS three
times for 5 min each and the apoptotic cells were visualized
using an Olympus BX40F microscope (Olympus, Melville,
NY, USA). Apoptotic cells were identified by their dark brown
nuclei under a light microscope (Olympus IX81; Olympus,
Tokyo, Japan). The number of apoptotic cells was counted in
five randomly selected fields of vision (magnification, x400) in
a blinded manner.

Immunohistochemical analysis. Fas staining was performed
in order to determine the presence of apoptosis pathway
protein and caspase-3 staining was used to detect early
apoptosis. Briefly, the pancreata were fixed overnight in
10% formalin and embedded in paraffin. Tissues were then
sectioned (4 um-thick) and deparaffinized. The endogenous
peroxidase activity was quenched by 3% hydrogen perox-
idemethanol (Boster Biological Technology, Ltd., Wuhan,
China) for 10 min at room temperature. Samples were then
incubated overnight with primary antibodies against rabbit
anti-caspase-3 polyclonal antibody and rabbit anti-Fas rabbit
polyclonal antibody (1:100; BD Pharmingen, San Diego, CA,
USA) at 4°C. Following washing with PBS, samples were incu-
bated with biotinylated secondary antibody (Boster Biological
Technology, Ltd.) for 20 min at 37°C. Slides were visualized
with diaminobenzidine (Boster Biological Technology, Ltd,
Wuhan, China), counterstained with hematoxylin, dehydrated
through increasing concentrations of alcohol, cleared in xylene
and then observed with microscope (Olympus). Images were
captured using a Sony 3CCD color video camera (Sony, Tokyo,
Japan).

Statistical analysis. Values are presented as the mean + stan-
dard error of the mean. Parametric tests or non-parametric
tests were performed to determine statistically signifi-
cant differences between groups, as appropriate, using
SPSS 17.0 software (International Business Machines,
Armonk, NY, USA). Student's t-test was used for statistical
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Figure 1. Cumulative incidence rate of T1D in NOD mice administered Adv-IL-10, Adv-GFP or saline. During the experimental period, blood samples were
obtained from the tail veins of NOD mice weekly and glucose levels were measured using a glucometer. Diabetes diagnosis was defined by a blood glucose level
>250 mg/dl on two consecutive measurements, >24 h apart. The incidence rate of T1D was reduced from 71.4% in the saline and Adv-GFP groups to 28.6% (P<0.05).
TI1D, type 1 diabetes mellitus; NOD, non-obese diabetic; Adv-IL-10, adenovirus carrying interleukin-10; Adv-GFP, adenovirus carrying green fluorescent protein.
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Figure 2. IL-10 gene transfer reduces insulitis. (A) Pancreatic sections were stained with hematoxylin and eosin, then assessed for insulitis. For each mouse, five
random sections were scored (n=7 per group; magnification, x400). A representative image from each group is shown. (B) Histograms depict the percentage of normal
islets (stage 0, unfilled bar), peri-insulitis (stage 1, light gray bar), insulitis involving <50% of the islet in cross-section (stage 2, dark gray bar) or insulitis involving
>50% of the islet (stage 3, black bar). IL-10, interleukin-10; Adv-GFP, adenovirus carrying green fluorescent protein; Adv-IL-10, adenovirus carrying IL-10.

analysis of the data. P<0.05 was considered to indicate a statis-
tically significant difference between values.

Results

IL-10 gene transfer protects pancreatic f5 cells from autoimmune
attack in TID. To determine whether IL-10 gene overexpression
delayed or prevented diabetes, 9-week-old NOD mice were IP
injected with Adv-IL-10. As shown in Fig. 1, the incidence of
diabetes in Adv-GFP-injected NOD mice was 57.1% at 20 weeks,
which increased to 71.4% by 30 weeks of age. By contrast, only

28.6% of Adv-IL-10-injected NOD mice developed diabetes
throughout the entire experimental protocol (Fig. 1).

Gene transfer of IL-10 reduces insulitis in prediabetic NOD
mice. It was investigated whether the insulitis of NOD mice
was suppressed following IP injections of Adv-IL-10 plasmid
complexes. As shown in Fig. 2A, severe mononuclear cell
infiltration was observed in and around islets in control mice
groups. By contrast, IL-10-injected mice displayed reduced
mononuclear cell infiltration and insulitis was only observed at
the periphery of islets (peri-insulitis). Average insulitis scores
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Figure 3. IL-10 messenger RNA expression in liver cells and splenocytes of non-obese diabetic mice, as determined by RT-PCR. Total RNA (5 pg) of liver
and splenocyte samples from non-obsese diabetic mice was used for RT-PCR. Lanes are representative results from each group as follows: M, DL2000
marker; 1 and 2, liver from mice injected with Adv-IL-10 or Adv-GFP, respectively; 3, saline-injected mice; 4 and 5, isolated splenocytes from mice injected
with Adv-IL-10 or Adv-GFP, respectively. Experiments were performed in triplicate (n=3 per group). IL-10, interleukin-10; RT-PCR, reverse transcription
polymerase chain reaction; Adv-GFP, adenovirus carrying green fluorescent protein; Adv-IL-10, adenovirus carrying IL-10.
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Figure 4. Cytokine protein expression levels in sera and splenocyte media of non-obese diabetic mice. (A) Serum INF-y and IL-10 levels in mice administered
saline, Adv-GFP or Adv-IL-10. (B) INF-y and IL-10 levels in culture medium of splenocytes from saline- and Adv-IL-10-treated groups in the absence (black)
or presence (white) of Concanavalin A activation. “P<0.05 vs. saline-treated group. INF-y, interferon-y; IL-10, interleukin-10; Adv-GFP, adenovirus carrying

green fluorescent protein; Adv-IL-10, adenovirus carrying IL-10.

for mice receiving the IL-10 virus were decreased compared
with those of the control mice groups (Fig. 2B). The transfer of
the IL-10 gene into islets can lessen the degree of lymphocytic
infiltration. These results indicated that systemic overexpres-
sion of IL-10 protected pancreatic islets against immunological
destruction.

RT-PCR detection of IL-10 messenger (m)RNA in NOD mice.
To evaluate whether transgene expression of IL-10 was involved
in the development of autoimmune diabetes, a RT-PCR assay
of total RNA prepared from the liver and splenocytes of NOD
mice was developed to detect transcripts of IL-10 genes. The
results showed that mRNA levels of IL-10 in the liver and
splenocytes were increased in the Adv-IL-10-treated mice
compared with those of mice in the control groups (Fig. 3).
This demonstrated that Adv-IL-10 expressed IL-10 genes with
high efficiency.

Effect of Adv-IL-10 delivered immunomodulatory cyto-
kines on TID. In order to determine whether the balance of
Th1/Th2 responses was affected by IL-10 expression, Thl
and Th2 cytokine levels were determined in serum samples
and in media from splenocytes isolated from animals 3 weeks
following saline or Adv-IL-10 administration. As shown in
Fig. 4A, serum levels of IFN-y were significantly decreased
in mice injected with Adv-IL-10 compared with the saline and
Adv-GFP control groups (P<0.05); however, serum levels of
IL-10 were increased in the Adv-IL-10-treated group (P<0.05).
In addition, the production of IFN-y by activated splenocytes
was substantially lower in Adv-IL-10-treated mice (P<0.05);
however, IL-10 levels were not significantly different between
the saline- and Adv-IL-10-treated groups (Fig. 4B).

Treg cell activity in vivo. Previous studies have highlighted
the role of IL-10 in the function of Treg cells (15,16). The
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Figure 5. IL-10 overexpression protects islets from [3 cell apoptosis. (A) Representative images of terminal deoxynucleotidyl transferase deoxyuridine triphos-
phate nick-end labeling assay for apoptotic 3 cells following treatment with saline, Adv-GFP or Adv-IL-10 (magnification, x400). (B) Percentage of apoptotic
P cells was determined in each group. Values are presented as the mean + standard error of the mean of five randomly selected fields of vision (n=7 per group).
IL-10, interleukin-10; Adv-GFP, adenovirus carrying green fluorescent protein; Adv-IL-10, adenovirus carrying IL-10.
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Figure 6. Immunohistochemical detection of Fas and caspase-3 protein expression in pancreatic islets from saline-, Adv-GFP- and Adv-IL-10-treated
mice (magnification, x400). Adv-IL-10, adenovirus carrying interleukin-10; Adv-GFP, adenovirus carrying green fluorescent protein.

present study investigated the effect of IL-10 gene therapy on
the function of Tregs. NOD mice were treated with Adv-IL-10
or saline and flow cytometry was then used to investigate
the presence of Tregs in pancreatic islets. Flow cytometric
analysis showed that the number of CD4*CD25"Foxp3* Treg
cells in the Adv-IL-10 group (7.03+0.30%) was signifi-

cantly increased compared with the saline (6.63+0.44%) or
Adv-GFP (6.58+0.53%) controls (P<0.01; n=7).

IL-10 therapies prevent 3 cell apoptosis. As shown in Fig. 5,
the apoptotic rate of § cells was decreased in mice treated with
IL-10. The apoptosis rate of {3 cells was lower in the Adv-IL-10
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group (14.10+2.70%) compared with the Adv-GFP group
(32.80+7.5%) and the normal control group (35.40+6.10%;
P<0.05) by TUNEL assay (Fig. SA and B). Consistent with the
results of the TUNEL staining assay, staining for caspase-3
showed a significant reduction in caspase-3 expression in
IL-10-treated mice (28.6+4.64%; n=7) compared with the
control (48.8+10%) and Ad-GFP (42.5+7.8%) groups These
data indicated that IL-10 blocked general apoptotic pathways
via inhibition of caspase-3. Therefore, the present study
examined whether the decreased apoptosis observed in the
islets of mice treated with Adv-IL-10 were associated with
the downregulation of the anti-apoptotic protein Fas (Fig. 6).
Immunohistochemical staining revealed that Fas and caspase-3
protein expression were markedly reduced in the pancreatic
islets of mice treated with the Adv-IL-10 compared with mice
in the Adv-GFP- and saline-treated groups.

Discussion

T1D occurs due to cell-mediated autoimmune-associated
damage of pancreatic insulin-producing f cells (21).
Pro-inflammatory cytokine-mediated pancreatic f cell
disruption is a critical pathological event in the pathogenesis
of TID (22). It was reported that Thl cells were involved
in establishing autoimmunity in NOD mice; in addition,
endogenous Th2 cells were suggested to have a protective
effect on the development of diabetes in mice (23). IL-10
exhibited pleiotropic effects in immunoregulation and inflam-
mation (24); in addition, IL-10 was reported to have various
roles in mediating autoimmune responses, which were depen-
dent on the dosage and site of administration. For example,
systemic administration of IL-10 was found to restrict the
progression of insulitis and prevent the onset of diabetes (25).
In NOD mice, systemic administration of recombinant
adeno-associated virus (rAAV)- or plasmid-expressed IL-10
resulted in the prevention of spontaneous diabetes (11,26). A
previous study suggested that IFN-y/TNF-a synergism may be
the final effector molecules involved in autoimmune diabetes
in NOD mice (27). Serreze et al (23) reported that non-specific
immunostimulatory agents prevented the development of
diabetes in NOD mice, which was reported not to be depen-
dent on the expression of the Thl cytokine IFN-v, rather than
a Thl to Th2 cytokine shift (23).

The present study aimed to examine the regulatory mecha-
nisms of IL-10-induced protection against diabetes in NOD
mice and it was observed that the injection of Adv-IL-10 into
prediabetic NOD mice was able to significantly attenuate
insulitis progression and the development of diabetes. RT-PCR
revealed that IL-10 was highly expressed in islets of prediabetic
NOD mice. In addition, the present study provided evidence
to suggest that systemic IL-10 gene transfer suppressed the
Thl cell response in NOD mice islets as wells as significantly
reduced the expression of Thl-type cytokine IFN-vy in sera
and in activated splenocytes. These results suggested that
inhibition of IFN-y expression by IL-10 may, at least in part,
contribute to the anti-inflammatory properties of IL-10 in islet
inflammation.

Numerous previous studies have reported that Tregs have
a critical role in the maintenance of peripheral pancreatic
self-antigen tolerance (28-33). The decreased ability of Tregs
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to suppress autoreactive T cells was indicated to be associated
with disease progression in mice and humans (34). Injection
of polyclonal CD4*CD25*Foxp3* Treg cells into NOD mice
was reported to prevent diabetes (35). Previous studies have
indicated that systemic IL-10 overexpression in NOD mice
enhanced the CD4*CD25* Treg population and attenuated
diabetes development (16). In addition, rAAV-IL-10 treatment
was demonstrated to have a positive dose-dependent effect on
the number of regulatory cells in vivo (16). The results of the
present study demonstrated that the Adv-IL-10-treated group
had an increased number of CD4*CD25* Treg cells in the
splenocyte population compared with that of the saline- and
Adv-GFP-treated control mice. This therefore indicated
that (3 cell-specific IL-10 expression reduced the occurrence
of disease-inducing lymphocytes, at least in part, through
maintaining the number of Treg cells in pancreatic islets.
It was therefore hypothesized that IL-10 treatment may also be
involved in regulating the immune response, resulting in the
prevention of diabetes.

Apoptosis is the primary mechanism of 3 cell death in NOD
mice (36). It was demonstrated that [3 cell apoptosis induced a
gradual decrease in the number of f3 cells in rodent models of
T1D (37). Autoreactive T lymphocytes are essential effector
cells in murine autoimmune diabetes (38), which results in the
induction of {3 islet cells apoptosis (39,40). Pro-inflammatory
cytokines promote cell death via complex signaling path-
ways (41,42), which result in the direct activation of caspases,
the primary effector molecules of programmed cell death. The
synergistic effect of IFNy and TNFa was reported to induce
classical caspase-dependent apoptosis in murine insulinoma
and pancreatic islet cells (27,40); however, independently
these cytokines exhibited no significant effects. The process
of apoptosis involves caspase activity. Caspase-3 activation
induces apoptosis in all cells previously examined, including
P cells, and is an early mediator of Fas signaling (42,43). Fas
(CD95) is a member of the TNF receptor superfamily. Normal
human pancreatic [ cells do not constitutively express Fas;
however, numerous studies on isolated rodent and human islets
have demonstrated cytokine-induced Fas upregulation in the
P cells (44,45). IL-10 has been reported to inhibit apoptotic
pathways in different cell types (46-48), although there have
been few studies regarding the protective effect of IL-10
against pro-inflammatory cytokine-induced p cell apoptosis.
The present study demonstrated that the apoptosis of 3 cells
was decreased in islets of Adv-IL-10-treated mice, which
indicated that IL-10 production protected f§ cells from death.
This was consistent with previous studies that reported the
direct protective effect of a combination of Th2 cytokines on
human islet cells (19), as well as the anti-apoptotic effect of
IL-10 in human promyeloid cells (46), cardiomyocytes (47)
and endothelial cells (48). In addition, the present study
demonstrated that IL-10 treatment protected f cells against
apoptosis through inhibition of caspase-3 activity and attenu-
ated cytokine-induced expression of Fas. IL-10 was previously
demonstrated to suppress Fas-induced apoptosis by reducing
caspase-3 activity via Fas-associated death domain-like
interleukin-1-converting enzyme-like inhibitory protein
upregulation and the downregulation of caspase-8 activity (49).
It has been suggested that the inhibition of pro-inflammatory
cytokine-mediated caspase-3 activation by IL-10 may be crit-
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ical for pancreatic f3 cell protection and survival. Therefore, the
results of the present study may implicate IL-10 as a potential
therapeutic agent for the treatment of T1D.

In conclusion, the present study demonstrated that IL-10

gene transfer protected against autoimmune diabetes in the
pancreatic (3 cells of NOD mice. The mechanism of which
involved enhancing the anti-apoptotic and anti-inflammatory
capacity of islets without altering the status of systemic
immunity. Furthermore, these results suggested that genetic
manipulation of IL-10 levels in islets may be a potential thera-
peutic strategy for the treatment of T1D.
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