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Type	1	diabetes	is	characterized	by	destruction	of	insulin-producing	β	cells	in	the	pancreatic	islets	by	effector	
T	cells.	Tregs,	defined	by	the	markers	CD4	and	FoxP3,	regulate	immune	responses	by	suppressing	effector	
T	cells	and	are	recruited	to	sites	of	action	by	the	chemokine	CCL22.	Here,	we	demonstrate	that	production	
of	CCL22	in	islets	after	intrapancreatic	duct	injection	of	double-stranded	adeno-associated	virus	encoding	
CCL22	recruits	endogenous	Tregs	to	the	islets	and	confers	long-term	protection	from	autoimmune	diabetes	in	
NOD	mice.	In	addition,	adenoviral	expression	of	CCL22	in	syngeneic	islet	transplants	in	diabetic	NOD	recipi-
ents	prevented	β	cell	destruction	by	autoreactive	T	cells	and	thereby	delayed	recurrence	of	diabetes.	CCL22	
expression	increased	the	frequency	of	Tregs,	produced	higher	levels	of	TGF-β	in	the	CD4+	T	cell	population	
near	islets,	and	decreased	the	frequency	of	circulating	autoreactive	CD8+	T	cells	and	CD8+	IFN-γ–producing		
T	cells.	The	protective	effect	of	CCL22	was	abrogated	by	depletion	of	Tregs	with	a	CD25-specific	antibody.	Our	
results	indicate	that	islet	expression	of	CCL22	recruits	Tregs	and	attenuates	autoimmune	destruction	of	β	cells.	
CCL22-mediated	recruitment	of	Tregs	to	islets	may	be	a	novel	therapeutic	strategy	for	type	1	diabetes.

Introduction
The complex pathogenesis of autoimmune diabetes in NOD 
mice and humans involves multiple immune components. The 
autoimmune response recurs when β cells are transplanted into 
type 1 diabetic patients or NOD mice (1, 2). Tregs are primary 
mediators of peripheral self-tolerance and are able to suppress 
the proliferative and cytokine responses of other immune cells 
(3). Defects in Treg number and/or function may underlie spon-
taneous development of autoimmune diseases (4). The chemo-
kine receptor CCR4 is highly expressed on Tregs and mediates 
recruitment of Tregs in vivo by its ligand, CCL22 (5). Recruit-
ment of Tregs to human cancers producing CCL22 suppresses 
tumor-specific T cell immunity and contributes to tumor growth 
(6, 7). To determine whether CCL22-mediated recruitment of 
Tregs could counter the autoimmune response to β cells in dia-
betes, we overexpressed CCL22 in β cells in vivo in NOD mice and 
in syngeneic islet transplants.

Results and Discussion
CCL22 protects pancreatic β cells from autoimmune attack in type 1 
diabetes. To drive islet-specific expression of CCL22, we created 
double-stranded adeno-associated virus serotype 8 (dsAAV8) vec-
tors containing mouse CCL22 or GFP cDNA, driven by the rat 
insulin promoter (dsAAV8-RIP/CCL22 and dsAAV8-RIP/GFP,  
respectively). One month after injection of 1.5 × 1011 viral 
genomes (vg) via the pancreatic duct, CCL22 secretion was 
detected in islets isolated from dsAAV8-RIP/CCL22–infected 
mice but not controls. Infection did not impact β cell function, 

since immune-deficient (NOD/SCID) mice showed normal glu-
cose tolerance at 2 and 4 months after injection with dsAAV8-
RIP/GFP (data not shown).

To determine whether β cell–specific expression of CCL22 can 
delay or prevent diabetes, 8-week-old NOD mice were injected 
intraductally with dsAAV8-RIP/CCL22, dsAAV8-RIP/GFP, or PBS. 
NOD mice transduced with dsAAV8-RIP/CCL22 (CCL22-NOD 
mice) were protected from diabetes, with 9 out of 11 mice remain-
ing normoglycemic for up to 160 days. All NOD mice transduced 
with dsAAV8-RIP/GFP (6 out of 6 mice) or injected with PBS  
(PBS-NOD mice) (7 out of 7 mice) developed diabetes within the 
first 100 days (Figure 1A). CCL22-NOD mice maintained normal 
glucose tolerance (Figure 1B) and circulating insulin levels (data 
not shown). Despite extensive insulitis in both CCL22-NOD and 
PBS-NOD mice (Figure 1C), CCL22 expression was associated 
with preservation of insulin-positive cells at 15 days, 1 month, and 
3 months after intraductal injection.

CCL22 enhances influx of Tregs to islets and limits islet autoimmunity. 
By immunostaining, we observed an apparent increase in the 
number of FoxP3+ cells in islets of CCL22-NOD mice at 15 days,  
1 month, and 3 months after injection (Supplemental Fig-
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI43048DS1). Flow cytometric analysis showed that 
the frequency of FoxP3+ cells in pancreata of CCL22-NOD mice 
was significantly elevated by 1 month after injection and more 
markedly elevated at 3 months (Figure 2A). At 1 month after injec-
tion, the absolute number of CD4+FoxP3+ cells was increased in 
the pancreas (Figure 2B) but not in the pancreatic lymph node 
(PLN) (data not shown). No significant differences were observed 
in the absolute numbers of CD4+ or CD8+ effector cells in either 
the pancreas or the PLN (data not shown). The Treg/CD4 effector 
T cell ratio was significantly elevated in PLNs of CCL22-NOD mice 
and showed a nonsignificant increase in pancreas at 1 month after 
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injection (Supplemental Figure 2). Administration of Treg-deplet-
ing (anti-CD25) antibody to CCL22-NOD mice reversed protection 
from diabetes (Figure 2C and Supplemental Figure 3, A and B).  
CCR4 expression on Tregs in the PLNs of CCL22-NOD mice 
appeared higher than that in PBS control mice by 1 month after 
injection (Supplemental Figure 4A), although this difference was 
not statistically significant. These data suggest that interaction of 
CCL22 with CCR4 contributes to the trafficking of Tregs to both 
CCL22-expressing islets and the PLNs.

CD4+ cells in the PLN and pancreas of CCL22-NOD mice pro-
duced more TGF-β (Figure 2D), suggesting that local CCL22 
expression may suppress autoimmunity in part by increasing 
TGF-β production. CCL22-NOD mice did not differ signifi-
cantly from PBS-NOD controls in the proportion of CD8+ cells 
in pancreatic infiltrates at 1 month after injection; however, the 
percentage of IFN-γ–producing CD8+ cells was lower in CCL22-
NOD mice (Figure 2E), suggesting that islet CCL22 expression 
results in decreased activity of effector T cells. Quantification of 
autoreactive CD8+ T cells in blood predicts the onset of diabetes 
(8), and deletion of these cells can prevent diabetes in NOD mice 
(9). Using MHC class I tetramers specific for the β cell autoanti-
gens insulin and islet-specific glucose 6-phosphatase–related pro-
tein (IGRP), we found that the frequency of IGRP-reactive T cells 
in peripheral blood was decreased in CCL22-NOD mice compared 
with that in controls at 15 days and 2 months after injection. Cir-
culating insulin-reactive T cells also appeared lower (Figure 2F), 
although this difference was not statistically significant. Taken 
together, these results suggest that CCL22-mediated recruitment 
of Tregs to islets limits expansion and effector activity of autore-

active T cells. Although transgenic expression of CCL22 in islets 
from birth accelerates diabetes onset in NOD mice (10), we dem-
onstrate here that AAV8-mediated, β cell–specific expression of 
CCL22, starting from 8 weeks of age in vivo protects β cells from 
autoimmune destruction.

CCL22 protects from recurrent autoimmunity in NOD mice. To deter-
mine whether islet CCL22 expression prevents β cell loss in syn-
geneic islet transplants in NOD mice, we created an adenovirus 
(Ad-CCL22) in which expression of a mouse CCL22 cDNA is 
driven by the CMV promoter. Transduction with Ad-CCL22  
(MOI of 10) resulted in islet expression of CCL22 without affect-
ing viability or function in vitro (data not shown). Diabetic NOD 
female mice were transplanted with 500 syngeneic (NOD/SCID) 
islets transduced ex vivo with either Ad-CCL22 or Ad-LacZ or 
left untreated. Survival of syngeneic islet grafts in diabetic NOD 
recipients was markedly improved in mice transplanted with 
CCL22-expressing islets (Figure 3A). Protection from recurrent 
autoimmunity was temporary, as hyperglycemia returned in all 
recipients of CCL22-expressing grafts by 60 days after transplan-
tation, likely due to gradual loss of adenoviral CCL22 expres-
sion (Supplemental Figure 5). Immunostaining revealed many 
insulin-producing β cells in CCL22-expressing grafts but vir-
tually none in controls (Supplemental Figure 6A). Islet CCL22 
expression appeared to similarly protect α cells (Supplemental 
Figure 6A). Ad-CCL22–transduced grafts had a greater num-
ber of FoxP3+ cells than controls, as demonstrated by both flow 
cytometry (Figure 3B) and immunostaining (Supplemental Fig-
ure 6, B and C). Moreover, the ratio of Tregs to CD4+ effector cells 
was significantly greater in CCL22-expressing grafts (Figure 3C).  

Figure 1
CCL22 expression in islets protects from diabetes development. (A) NOD females were injected at 8 weeks of age with 1.5 × 1011 vg of dsAAV8-
RIP/CCL22, dsAAV8-RIP/GFP, or PBS (as control) via the pancreatic duct. Kaplan-Meier survival curves were derived from blood glucose data 
and compared using the log-rank test (P < 0.001 CCL22 versus PBS control; P < 0.01 versus GFP; P = 0.001 versus untreated). (B) i.p. glucose 
tolerance tests 2 and 4 months after injection of dsAAV8-RIP/CCL22 in NOD mice and untreated NOD/SCID mice as control (n = 4 in each 
group). No significant difference in glucose tolerance was observed after intraductal injection and CCL22 expression. Results are expressed as 
mean ± SEM. (C) Immunostaining for insulin-positive β cells (red) and islet-infiltrating leukocytes by CD45 staining (green) of PBS- and CCL22-
NOD mice at indicated time points. Note the presence of intact islets containing strong insulin staining in CCL22-NOD mice compared with islets 
of PBS-NOD mice. Scale bar: 100 μm.
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More Tregs than effector CD4+ cells were CCR4-positive in both 
CCL22- and LacZ-expressing grafts, and Tregs present in CCL22-
expressing grafts expressed higher levels of CCR4 than Tregs in 
controls (Supplemental Figure 4B). IGRP-reactive T cells were 
found in similar frequencies in both groups (Figure 3D), indicat-
ing that CCL22 expression does not prevent migration of auto-
reactive CD8+ cells to the graft. Administration of anti-CD25 
antibody reversed protection from recurrent autoimmunity in 
recipients of CCL22-expressing islet transplants (Figure 3E). 
These results suggest that CCL22-mediated recruitment of Tregs 
decreases graft failure and recurrence of autoimmune diabetes.

In summary, recruitment of Tregs to islets by CCL22 expression 
delays both spontaneous and recurrent autoimmune diabetes in 
NOD mice. Although insulitis clearly persists in the face of CCL22-
mediated protection from diabetes, we speculate that CCL22 may 

not only enhance recruitment but also functionally activate Tregs 
that are optimally positioned for suppression of relevant targets (as 
suggested by increased CTLA-4 expression after CCL22 treatment; 
Supplemental Figure 7). CCL22 likely recruits CCR4-expressing 
effector cells, perhaps increasing the opportunity for Treg/effector 
cell interaction. Although islet CCL22 expression did not reverse 
disease in diabetic mice (data not shown), it will be of interest to 
assess the ability of other chemokines, such as CCL17, which also 
interacts with CCR4 (5), to prevent or cure diabetes. Recruitment 
of endogenous Tregs to the site of inflammation may obviate the 
need for expansion and infusion of cells for Treg-based diabetes 
therapies (11–13). Manipulating the migration of endogenous 
Tregs by gene- or peptide-delivery approaches may be a novel ther-
apeutic strategy not only for diabetes but for other autoimmune 
diseases and organ transplantation.

Figure 2
CCL22 expression recruits Tregs to pancreatic islets and reduces autoimmune response. (A, B, and D–F) Flow cytometric analysis of cells 
from CCL22-NOD and control mice. (A) The percentage of CD4+ cells that are FoxP3+ in pancreata of CCL22-NOD mice was not significantly 
elevated compared with that of PBS-NOD mice at 15 days but significantly increased by 1 month and further increased at 3 months after injection.  
(B) The absolute number of CD4+Foxp3+ cells was not significantly different at 15 days but was higher in pancreata of CCL22-NOD mice com-
pared with that in PBS-NOD mice 1 month after injection. (C) In CCL22-NOD mice, injection of anti-CD25 antibody resulted in more rapid and 
frequent diabetes development than injection of isotype-matched IgG (CCL22-NOD plus anti-CD25 vs. CCL22-NOD plus IgG; P = 0.01) and 
was not significantly different from that in NOD mice that received anti-CD25 antibody alone or with PBS. (D) Increased frequency of TGF-β+  
cells among CD4+ cells in CCL22-NOD mouse pancreata (3 months) and PLNs (1 month). (E) Decreased frequency of CD8+IFN-γ+ cells in pan-
creata from CCL22-NOD mice at 1 and 3 months after injection compared with that of PBS-NOD mice at 1 month. (F) The frequency of IGRP-  
(n = 7) and insulin (INS)- (n = 5) specific CD8+ T cells was lower in CCL22-NOD mice in peripheral blood 15 days and 2 months after injection. 
The frequency of total CD8+ cells in the blood was not significantly different among CCL22-NOD and control groups (not shown). *P < 0.05,  
**P < 0.01, ***P < 0.001 versus PBS.
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Methods
Viral vector production and amplification. Recombinant dsAAV8 vectors were 
generated at the Children’s Hospital of Philadelphia by triple transfec-
tion protocol as previously described (14). The dsAAV8-RIP/GFP plas-
mid was provided by Paul Robbins (University of Pittsburgh, Pittsburgh, 
Pennsylvania, USA). CCL22 cDNA was from Invitrogen. To generate 
the adenoviral vector Ad-CCL22, pCMV/CCL22 cDNA was cloned in  
pShuttle+/+ plasmid. Adenovirus was produced by cotransfection of 
HEK293 cells with the CCL22 vector and the Adenovirus helper plasmid 
(ABM Good). Adenovirus was purified with the Vivapure Adenopack 100 Kit  
(VivaScience) and titrated by the end-point dilution method of tissue 
culture infective dose. Ad-LacZ was provided by R.G. Korneluk (Chil-
dren’s Hospital of Eastern Ontario Research Institute, Ottawa, Ontario,  
Canada). The endotoxin content of the adenoviral vectors was less than  
1 endotoxin units/ml (EU/ml).

Viral vector administration and islet transplantation. NOD and NOD/SCID 
mice were purchased from The Jackson Laboratory and housed in the Child 
and Family Research Institute animal facility. Animal studies were reviewed 
and approved by the University of British Columbia Committee on Animal 
Care. Injection into the pancreatic duct was performed as described previ-
ously (15). For islet transplantation, pancreatic islets were isolated from 
male NOD/SCID mice by ductal collagenase (Sigma-Aldrich) injection, 
digestion, and purification with the filtration method as described previ-
ously (16). Islets were hand picked and incubated in complete RPMI 1640 
(Gibco) with Ad-CCL22 or Ad-LacZ (MOI of 10) overnight at 37°C. Islets 

were transplanted into the renal subcapsular space of recipient mice under 
isoflurane anaesthesia. Graft failure was determined when blood glucose 
was greater than 15 mM on 2 consecutive days. In some experiments, CD25 
antibody (PC61; AdLab, University of British Columbia; 100 μg i.p.) or rat 
isotype control IgG (AbLab) was injected weekly after AAV8 administration 
or islet transplantation.

Islet function. In vivo islet function was assessed by i.p. glucose tolerance 
test. Mice were fasted for 5 hours and injected with D50 glucose (2 g/kg 
body weight; Baxter Healthcare), and tail blood glucose was measured at  
0, 15, 30, 60, and 120 minutes.

CCL22 protein determination. CCL22 expression in islets was determined 
by Western blot. Ten micrograms of protein from islet lysates were resolved 
on a 20% SDS-polyacrylamide gel at 100 V. After transfer to Immobilon-P 
membranes (Millipore) at 100 V for 1 hour using the Trans-Blot System 
(Bio-Rad), immunoblot analysis was performed using polyclonal anti-
CCL22 antibody (R&D Systems) and detected by chemiluminescence 
(Amersham). CCL22 protein levels were measured by ELISA (R&D Sys-
tems) following the manufacturer’s instructions.

Histological analysis of the pancreas. Pancreata were fixed in 4% 
paraformaldehyde overnight. Paraffin sections (5-μm thick) were 
immunostained using guinea pig anti-insulin and rabbit anti-glucagon 
antibodies (Dako) as well as goat anti–guinea pig Alexa Fluor 594 and 
goat anti-rabbit Alexa Fluor 594 (Molecular Probes) as secondary antibod-
ies. Leukocyte immunostaining was performed after antigen retrieval by 
steaming for 30 minutes in Dako Target Retrieval Solution, using rat anti-

Figure 3
CCL22 expression prevents recurrent autoimmunity in NOD mice after syngeneic islet transplantation. (A) Diabetic NOD mice were transplanted 
with Ad-CCL22 (n = 9), Ad-LacZ (n = 6), or untreated islets as controls (n = 5). Kaplan-Meier survival curves were derived from blood glucose 
data and compared using the log-rank test (P < 0.01 versus untreated and LacZ). (B) Flow cytometric analysis of draining renal lymph nodes 
(rLNs) and islet grafts of CD4+FoxP3+ cells (CCL22, n = 7; LacZ, n = 3) 10 days after transplantation. ***P < 0.001. (C) The ratio of CD4+FoxP3+ 
Tregs to CD4+ FoxP3– effector cells (Treg/CD4eff ratio) was determined in the grafts and renal lymph nodes of CCL22 (n = 15) and LacZ (n = 6)  
recipients 10 days after transplantation. **P < 0.01. (D) Detection of IGRP-specific CD8+ T cells in islet grafts and renal lymph nodes from recipi-
ents of CCL22-expressing (n = 7) and LacZ-expressing (n = 2) grafts. P = NS. (E) Depletion of Tregs in recipients of CCL22-expressing grafts 
using anti-CD25 antibody (anti-CD25, n = 7; IgG, n = 6). Survival curves were compared using the log-rank test. P = 0.01.
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mouse CD45 antibody (BD Pharmingen) or anti-mouse FoxP3 antibody 
(eBioscience) and anti-rat Alexa Fluor 488 secondary antibody (AdLab, 
University of British Columbia). Images were captured using an Olympus 
Bx61 microscope and In Vivo or DP software.

Flow cytometry. Pancreata were excised and digested with 1,000 U/ml of 
collagenase (Sigma-Aldrich) in Hank’s buffer solution (Life Technologies) 
for 20 minutes at 37°C. The resulting cell homogenate was filtered through 
a 40-μm filter basket and washed in PBS. Harvested grafts and lymph nodes 
were strained through a 40-μm filter and washed before incubation with 
antibodies. Monoclonal antibodies to CD8 (53-6.7) and CD4 (RM4-5) were 
purchased from BD Biosciences. Antibodies to FoxP3 (clones MF-14 and 
150D) and CCR4 (clone 2G12) were obtained from BioLegend. Antibodies 
to IFN-γ (XMG1.2) and CTLA4 were from eBioscience, and antibody to anti–
TGF-β (1D11) was from R&D Systems. Tetramers with IGRP206–214 or Insu-
lin B15–23 epitopes were generated and provided by the Cellular Immunology 
Core facility at the Child and Family Research Institute. For intracellular 
staining, cells were fixed and permeabilized using the Cytofix/Cytoperm Kit 
(BD Biosciences). For intracellular cytokine staining, cells were stimulated 
in culture medium containing 100 ng/ml PMA, 1 μg/ml ionomycin, and 
10 μg/ml brefeldin A (Sigma-Aldrich) at 37°C for 4 hours. Absolute cell 
number was determined by adding 50,000 counting beads (CountBright, 
Invitrogen) per sample before flow cytometry. A FACSCalibur cytometer 
(BD Biosciences) and CellQuest software (BD Biosciences) were used for 
flow cytometry, and data were analyzed using FlowJo 7.2.5 software.

Statistics. Graft survival curves were generated using Kaplan-Meier life-
table analysis and were compared using the log-rank test. Other statisti-

cal analyses were performed using Student’s 2-tailed t test. P < 0.05 was 
considered statistically significant. Data in bar graphs are represented 
as mean ± SEM.
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