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The Journal of Immunology

TLR9 Deficiency Promotes CD73 Expression in T Cells and
Diabetes Protection in Nonobese Diabetic Mice

Ningwen Tai,* F. Susan Wong,† and Li Wen*

TLR9-deficient (TLR92/2) NOD mice develop a significantly reduced incidence of diabetes. This study was to investigate the

molecular mechanisms of the protective role of TLR9 deficiency. Through gene screening and confirmation by both mRNA and

protein expression, we found a significant increase in CD73-expressing immune cells from peripheral lymphoid tissues in TLR92/2

NOD mice. The elevated frequency of CD73-expressing immune cells seemed to be specific for TLR9 deficiency and was MyD88

independent. Moreover, the increased frequency of CD73 expression was limited to the NOD background. Increased frequency of

CD73 expression was also associated with lower levels of proinflammatory cytokines and more anti-inflammatory cytokine

production in CD4+ T cells in TLR92/2 NOD mice. Purified CD73+CD4+ T cells showed stronger immunosuppressive function

in vitro and delayed diabetes development in vivo. The immunosuppression appeared to be mediated by TGF-b. In addition,

elevated frequency of CD73-expressing cells was associated with improved b cell function. Our observations were further

confirmed by protection from diabetes with similar alterations in CD73 in the NY8.3 TCR NOD mouse model crossed with

TLR92/2 mice and by the use of a TLR9 inhibitor in NOD mice. Our novel findings suggest an important immune-regulatory role

of CD73 in regulation of diabetes development and may offer a new therapeutic strategy for specific intervention to prevent type 1

diabetes. The Journal of Immunology, 2013, 191: 2926–2937.

T
ype 1 diabetes (T1D) is an organ-specific autoimmune
disease characterized by T cell–mediated destruction of
the insulin-producing pancreatic b cells (1–3). Growing

evidence has shown that TLRs, which are pattern-recognition
receptors that recognize structurally conserved microbial molec-
ular components, are involved in autoimmune diseases, such as
experimental autoimmune encephalomyelitis, systemic lupus ery-
thematosus, rheumatoid arthritis, and T1D (4–9). TLR9 recog-
nizes unmethylated CpG DNA that is rich in bacteria and also
present in mammalian cells (10, 11), and signaling occurs through
the MyD88 pathway (12–14). We recently reported that TLR9-
deficient (TLR92/2) NOD mice are significantly protected from
T1D development (15). However, the mechanisms by which the

mice are protected from disease have not been fully elucidated.
Zhang et al. (16) have recently found that TLR92/2 NOD mice
expressed lower levels of IFN-a in pancreatic lymph nodes (PLNs)
and reduced frequencies of plasmacytoid dendritic cells (pDC) and
diabetogenic CD8+ T cells compared with wild-type (WT) NOD
mice. The authors concluded that TLR9 activation contributed to
the spontaneous diabetes onset in NOD mice by increasing IFN-a
and promoting diabetic CD8+ T cell activation. However, it is likely
that other mechanisms are also involved in diabetes protection, in
addition to reduction in IFN-a in TLR92/2 NOD mice. The role of
IFN-a in T1D is complex; our previous studies showed that over-
expression of IFN-a promoted diabetes development in one dia-
betes model, whereas it protected against diabetes development in
another (17).
CD73 is a 70-kDa GPI-anchored protein with ecto 59-nucleo-

tidase enzyme activity that catalyses the dephosphorylation of
AMP to generate adenosine (18–20). Adenosine has various im-
munoregulatory activities mediated through four adenosine re-
ceptors (A1AR, A2AAR, A2BAR, and A3AR), which are ex-
pressed in some lymphocyte subsets and endothelial cells (21, 22).
Recent studies showed that CD73 clearly contributes to the gen-
eration of extracellular adenosine in a number of physiologically
relevant experimental models (23–25). However, there are other
functions that include a critical role in host defense (20), in-
volvement in lymphocyte adhesion to endothelium and restriction
of lymphocyte migration into draining lymph nodes (26), co-
stimulation of T cell activation, and control of B cell–follicular
dendritic cell (DC) interaction (27). CD73 expression can be de-
tected in human and mouse T and B lymphocytes, as well as DCs
and macrophages (27). However, it is particularly highly ex-
pressed in regulatory T (Treg) cells, which can suppress effector
T cells by converting AMP to adenosine (28, 29). Despite these
important immune functions, little is known about the role of
CD73 in T1D development, especially in relation to innate im-
munity. In this study, we performed microarray analysis in im-
mune cells from TLR92/2 and WT NOD mice. We found a
significant increase in frequency of CD73-expressing T cells in
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TLR92/2 NOD and TLR92/2 NY8.3NOD mice, and the diabetes
protected phenotype seen in both models was associated with the
upregulation of CD73 and anti-inflammatory functions of CD73+

T cells.

Materials and Methods
Mice

NOD/Caj mice were originally obtained from The Jackson Laboratory and
have been maintained at Yale University for many years. TLR2, TLR4,
TLR9, MyD88, and Toll/IL-1R domain-containing adapter inducing IFN-b
(TRIF)–deficient mice were generated as previously described (10, 30–34).
We backcrossed these innate immune-deficient mice onto the NOD/Caj
genetic background for.10 generations. NY8.3 NOD mice, obtained from
The Jackson Laboratory, have been reported previously (35), and we bred
NY8.3 NOD mice with TLR92/2 NOD mice to obtain TLR92/2 NY8.3
NOD mice. TLR92/2 B6 mice were obtained by breeding TLR92/2 mice
to C57BL/6 mice. All of the mice were kept in specific pathogen-free
conditions in a 12-h dark/light cycle and housed in individually venti-
lated filter cages with autoclaved food and bedding. The use of the animals
and the procedures applied in this study were approved by the Institutional
Animal Care and Use Committee of Yale University.

Natural history of diabetes development

Incidence of diabetes was observed in NOD, TLR92/2 NOD, NY8.3 NOD,
and TLR92/2 NY8.3 NOD mice by weekly screening for urine glucose.
When glycosuria was observed, diabetes was then confirmed by blood
glucose $250 mg/dl (13.9 mmol/l).

Microsatellite analysis of Idd markers

TLR92/2 NOD mice were examined for 32 known Idd markers by PCR
using specific primers for the Idd markers (http://type1diabetes.jax.org),
controls were DNA samples from WT NOD and C57BL/6 mice.

Abs and reagents

All of the fluorochrome-conjugated mAbs used in this study were pur-
chased from eBioscience or BioLegend unless otherwise stated. Hybridoma
supernatants containing mAbs, used for cell purification or stimulation,
were generously provided by the late Charles Janeway Jr. (Yale University).
Magnetic beads conjugated with goat anti-mouse IgG, goat anti-mouse IgM,
or goat anti-rat IgG were purchased from Qiagen. RPMI 1640 medium and
heat-inactivated FCS were purchased from Invitrogen and Gemini, re-
spectively.

Immunization

NOD or TLR92/2 NOD mice (2 mo old) were injected s.c. with keyhole
limpet hemocyanin (KLH; Sigma-Aldrich), as a foreign Ag, emulsified in
aluminum hydroxide (Pierce). Mice were sacrificed 7 d after immuniza-
tion, and lymphocytes from draining lymph nodes and spleens were tested
for recall immune responses to the immunized Ag. Two separate experi-
ments were performed (n = 3 to 4 mice/group/experiment).

Intracellular cytokine or cytotoxic protein detection assay

Intracellular cytokine (ICC) assay was performed according to the protocol
provided with kits from eBioscience. Briefly, cells were stimulated with
anti-CD3 (clone 2C-11) and anti-CD28 (clone 37N51) Abs overnight
followed by further stimulation with PMA (50 ng/ml; Sigma-Aldrich) and
ionomycin (500 ng/ml; Sigma-Aldrich) in the presence of GolgiPlug
(eBioscience) for an additional 4 h. The cells were then stained with surface
markers before fixation and permeabilization. Fc receptors were blocked
with 2.4G2 Fc-blocking Ab before staining with the recommended amount
of fluorochrome-labeled Ab for the detection of ICCs or cytotoxic protein
(granzyme B and perforin). The live lymphocytes were first gated according
to the parameters of forward scatter and side scatter. The expression of
cytokine was then analyzed in gated CD4 or CD8 T cells.

Cell proliferation assay

MACS bead-purified splenic CD4+ T cells (105 cells/well) from BDC2.5
TCR-transgenic NOD mice were cultured in the presence or absence of
BDC2.5 mimotope (10 ng/ml) with FACS-sorted splenic CD73+CD4+ or
CD732CD4+ T cells (105 cells/well) from WT NOD or TLR92/2 NOD
mice (7 to 8 wk old, sex matched). Irradiated (3000 rad) total splenocytes
(105 cells/well) from NOD mice were used as Ag presentation cells and
[3H]thymidine was added during the last 18 h of a 4-d culture. Proliferation

was measured by [3H]thymidine incorporation. Neutralizing Ab, anti–TGF-b
(clone 1D11.16.8; BioXCell), or anti–IL-10 (JES5-2A5; BioXCell) was added
in some proliferation assays, as indicated, to test for regulatory cytokine-
mediated immune suppression.

Adoptive transfer

Irradiated (650 rad) 6- to 7-wk-old female NOD mice were used as re-
cipients in adoptive transfer experiments. Splenocytes (8 3 106) from
diabetic NOD mice with or without sorted splenic CD73+CD4+ T cells
(1.73 106) from 6- to 7-wk-old NOD or TLR92/2 NOD mice were injected
(i.v.) into age- and sex-matched recipients (all females). All the recipients
were monitored for glycosuria weekly, and the experiments were termi-
nated 3 mo after the cell transfer unless the mice developed diabetes,
confirmed by blood glucose .250 mg/dl (13.9 mmol/l).

Oral glucose tolerance test

Mice were fasted overnight (free water access) before giving glucose (2 mg/
g body weight) by oral gavage, and blood glucose was measured at different
time points.

Quantitative real-time PCR

Total RNAwas isolated from MACS bead-purified splenic CD4+ and CD8+

T cells or FACS-sorted splenic CD73+CD4+ and CD732CD4+ T cells from
NOD or TLR92/2 NOD mice (7 to 8 wk old, sex matched, both females
and males) using the RNeasy Mini kit (Qiagen) or TRIzol (Invitrogen) and
then reverse transcribed to cDNA using SuperScript III First-Strand Syn-
thesis Kit with random hexamers (Invitrogen). Quantitative real-time PCR
(qPCR) was performed using Bio-Rad iQ5 qPCR detection system ac-
cording to the manufacturer’s instructions (Bio-Rad). The relative mRNA
levels of CD73, TGF-b, IFN regulatory factor (IRF) 1, IRF5, IRF7, IRF8,
CXCR4, hypoxia inducible factor 1a (HIF-1a), suppressor of cytokine
signaling 3 (SOCS3), and insulin-like growth factor 1 (IGF-1) were de-
termined using the 22DDCt method by normalization with the housekeeping
gene GAPDH.

Chloroquine administration test

One-month-old NODmice were injected with chloroquine (Sigma-Aldrich;
20 mg/g body weight) or PBS (i.p.) daily for 5 d and twice/wk thereafter
for an additional 3 wk. Oral glucose tolerance test (OGTT) was performed
1 mo after the treatment. CD73 expression in lymphocytes from different
peripheral lymphoid tissue was also evaluated by flow cytometry. Pan-
creata were taken from the mice after 3-mo treatment with chloroquine (20
mg/g body weight), fixed with formalin, and embedded in paraffin. The
tissue blocks were cut (5 to 6 mm), mounted on microscope slides, and
stained with H&E. Insulitis was scored by an individual in a blinded
fashion.

Adenosine deaminase activity

Adenosine deaminase (ADA) activity was measured in serum and spleen
cell lysates of 7- to 8-wk-old NOD or TLR92/2 NOD mice (age- and sex-
matched, males and females) according to the method by Mishra et al. (36)
with modification. Briefly, splenocytes (10 3 106 cells) were lysed with
PTNG buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1% Triton X-100,
10% glycerol, 1.5 mMMgCl2, and 1 mM EGTA) at 4˚C for 1 h. The protein
concentration was determined by Bio-Rad Protein Assay Kit (catalog
number 500-001; Bio-Rad). The enzyme assay mixture (250 ml) contained
0.1 mM adenosine, 15 mM potassium phosphate buffer (pH 7.4), 1.25%
glycerol, and 25 ml sera or 50 mg protein. The rate of disappearance of
adenosine was taken as an index of ADA activity and followed by mea-
suring the rate of decrease in OD at 265 nm. The ADA activity was rep-
resented by the converted adenosine (nmol/min/ml or nmol/min/mg).

Immunohistochemical staining

Pancreata taken from 6- to 7-wk-old female NOD or TLR92/2 NOD mice
were fixed overnight in periodate-lysine-paraformaldehyde fixative buffer
(2% paraformaldehyde, 0.075 M lysine, 0.037 M sodium phosphate, and
0.01 M periodate). The tissue was then embedded in Tissue-Tek OCT
compound and was snap-frozen. Cryosections (10 mM) were rehydrated
with 13 PBS followed by blocking with 2% donkey serum. The primary
Abs were biotin-labeled anti-mouse CD73 (BioLegend) and guinea pig
anti-mouse insulin (Zymed). FITC-conjugated streptavidin (Invitrogen)
and PE-conjugated goat anti-guinea pig IgG (H+L) (Santa Cruz Biotech-
nology) were used as secondary Abs. Pancreatic sections were examined
and photographed using an Olympus fluorescent microscope BX50
(Olympus).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism software (Graph-
Pad). Diabetes incidencewas compared using the log-rank test. In vitro assays
were analyzed with Student t test or ANOVA, and p , 0.05 was considered
significant.

Results
CD73 is uniquely upregulated in TLR92/2 NOD mice

Consistent with our previous observation that TLR92/2 NODmice
were protected from diabetes development (15), the observation
for diabetes in our recent cohorts also showed that TLR92/2 NOD
mice were significantly protected from diabetes development in
both sexes compared with WT NOD counterparts (Fig. 1A). To
exclude potential effects of carryover genes from the original
TLR9-targeted embryonic stem cells, we examined 32 known Idd

markers (http://type1diabetes.jax.org) by microsatellite analysis, and
all of the markers were shown to be of NOD origin (data not shown)
including Idd2 that is on chromosome 9 and ∼27 cM away from
the TLR9 gene (Fig. 1B). To investigate potentially novel genes in
T cells that contribute to diabetes reduction in TLR92/2 NOD mice,
we performed Illumina mRNA microarray analysis using FACS-
purified T cells from spleens of WT NOD and TLR92/2 NOD
mice. CD73 expression was significantly increased in T cells from
TLR92/2 NOD mice compared with WT NOD mice (accession
number GSE48781, http://www.ncbi.nlm.nih.gov/geo/info/linking.
html). We confirmed CD73 gene upregulation by qPCR not only in
purified CD4+ but also in purified CD8+ T cells (Fig. 1C). Using
flow cytometry, we have also demonstrated that CD73-expressing
splenocytes were significantly increased in frequency in TLR92/2

NOD mice compared with their WT counterparts (Fig. 1D).

FIGURE 1. Elevated CD73 expression in immune cells of TLR92/2 NOD mice. (A) Natural history of diabetes development of NOD and TLR9-/NOD

mice. The incidence of diabetes in TLR92/2 NOD mice was compared with WT NOD mice. Log-rank test for survival was used for statistical analysis. (B)

Microsatellite analysis of Idd2. Idd2 marker (D9Mit25) was analyzed by PCR. The size of PCR product for B6 and NOD mice is 130 and 136 bp, re-

spectively. As shown in the gel, the size of the Idd2 marker in TLR92/2 NOD mice is the same as WT NOD mice. (C) The level of CD73 mRNA expression

was determined by real-time PCR in purified splenic CD4+ and CD8+ T cells from 7- to 8-wk-old mice (both male and females). The expression level of

CD73 mRNAwas normalized to the housekeeping gene GAPDH. The experiment was repeated twice, and the mean6 SEM is presented. Student t test was

used for statistical analysis. (D) Splenocytes from TLR92/2 NOD and WT NOD mice were stained with fluorochrome-conjugated anti-CD73, anti-CD4,

anti-CD8, and anti-B220 Abs. Representative FACS plots are shown in the left panel, a summary of the percentage of CD73-expressing T and B cells is

shown in the top right panel (n $ 16; sex-matched 7 to 8 wk old, males and females), and the absolute numbers of CD73+ cells are shown in the bottom

right panel (n = 5). Student t test was used for statistical analysis. (E) CD73 expression in both B and T lymphocytes of TLR92/2 B6 and WT B6 mice (n$

4; 7 to 8 wk old, both males and females). Student t test was used for statistical analysis. (F) CD73 expression levels of PBMCs from different innate

immune-deficient NOD and WT NOD mice were examined by flow cytometry after staining with anti-CD73, anti-CD4, anti-CD8 and anti-B220 Abs. The

graph illustrates the values obtained from 7- to 8-wk-old mice (n $ 8 mice each strain; 7 to 8 wk old, sex-matched, males and females). Each value

represents mean 6 SEM. One-way ANOVAwas used for statistical analysis. Similar patterns were observed in other peripheral lymphoid tissues (data not

shown). *p , 0.05, **p , 0.01, ***p , 0.001. F, female; M, male.
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Moreover, the frequency of CD73-expressing splenic DCs and mac-
rophages was also increased in TLR92/2 NOD compared with the
equivalent cells from WT NOD mice (data not shown). Similar
results were found in peripheral lymph nodes as well (data not
shown). To determine whether the difference in CD73 expression is
part of a general phenotype of TLR9 deficiency, we examined
TLR92/2 B6 mice and found that the frequency of CD73-expressing
B cells, but not T cells, was modestly increased in TLR92/2 B6
mice compared with B6 WT mice (Fig. 1E). This suggests that the
upregulation of CD73 in the immune cells examined in the absence
of TLR9 is related to the NOD genetic background. To investigate
whether the enhanced CD73 expression is unique to TLR9 defi-
ciency, we then tested CD73 expression in TLR22/2, TLR42/2,
MyD882/2, and TRIF2/2 NOD mice. It is interesting that ele-
vated frequency of CD73-expressing immune cells was unique to
TLR92/2 NOD mice and was MyD88 independent (Fig. 1F), as
none of the tested NOD strains deficient with the innate immune
receptors or adaptors showed the elevation (Fig. 1F). Furthermore,
the elevated frequency of CD73-expressing cells in TLR92/2 NOD
mice was not age dependent, as both young (∼2-mo-old) and aged
(∼6-mo-old) mice showed the same elevation (data not shown).

Reduced activation of CD73-positive T cells and suppressed
immune response to foreign Ag in TLR92/2 NOD mice

To determine the effect of upregulation of CD73 expression on
T cell function, we first examined T cell activation and memory

markers. The frequency of naive CD4+ T cells (CD44lowCD62L+)
in TLR92/2 NOD splenic CD4+ T cells was higher than in WT
NOD CD4+ T cells, whereas the frequency of memory cells
(CD44highCD62L2) was lower (data not shown). This was more
obvious in CD73-positive CD4+ T cells (Fig. 2A), but also found
in the CD8+ T cells (data not shown). Furthermore, the expression
of the early activation marker CD69 was significantly lower in
CD73+CD4+cells in TLR92/2 NOD compared with WT NOD
mice (Fig. 2B). However, there was no difference in the expression
of CD69 in CD73-negative CD4+ T cells (Fig. 2B) or CD8+ cells
(data not shown). These results suggest that upregulation of CD73
expression in TLR92/2 NOD mice leads to less CD4+ T cell ac-
tivation and fewer memory CD4+ T cells.
We then tested the effect of enhanced CD73 expression on in-

flammatory cytokine production in CD4+ T cells after TCR (anti-
CD3) stimulation. We found that CD73+CD4+ T cells from
TLR92/2 NOD mice produced lower levels of the proinflam-
matory cytokines IFN-g and TNF-a compared with WT NOD
mice (Fig. 3A, 3B). IFN-g and TNF-a levels in CD732CD4+

T cells followed the same pattern; namely, fewer CD732CD4+

T cells from TLR92/2 NOD mice produced proinflammatory
cytokines compared with WT NOD mice after T cell stimulation
(Fig. 3C).
Furthermore, to investigate whether the immune response to

foreign Ag was affected by the enhanced expression of CD73, we
immunized NOD and TLR92/2 NOD mice with KLH emulsified

FIGURE 2. Reduced numbers of activated and memory T cells in TLR92/2 NOD mice. (A) Splenocytes from TLR92/2 NOD and WT NOD mice were

stained with anti-CD4, anti-CD73, anti-CD44, and anti-CD62L Abs. A representative set of FACS plots is illustrated in the left panel, and the summary of

naive (CD44lowCD62Lhigh), effector (CD44highCD62Lhigh), and memory (CD44highCD62Llow) subsets (gated on CD73+CD4+ cells) from TLR92/2 NOD

and WT NOD is shown in the right panel (n = 8; 7 to 8 wk old, sex-matched, males and females). (B) A representative set of FACS plots showing expression

of the early activation marker CD69 on gated CD732CD4+ and CD73+CD4+ splenic T cells is shown in the left panel; the summary of CD69 expression on

gated CD732CD4+ and CD73+CD4+ splenic T cells is illustrated in the right panel (n = 12; 7 to 8 wk old, sex-matched, males and females). Each bar

represents mean 6 SEM. Student t test was used for statistical analysis. **p , 0.01, ***p , 0.001.
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with aluminum hydroxide. Lymphocytes from draining popliteal
LN or spleens of immunized mice were tested for in vitro recall
responses. As shown in Fig. 3D, the responses to KLH in TLR92/2

NOD mice were significantly reduced compared with WT NOD
mice. This result suggests that elevated CD73 expression in im-
mune cells in TLR92/2 NOD mice possibly promoted general
immune tolerance.

CD73+CD4+ cells exhibit increased immunosuppressive
function

To test whether expression of CD73 was associated with altered
numbers or function of Treg cells, we examined the number of
Foxp3+ Treg cells (CD4+CD25+Foxp3+ T cells) and their CD73
expression. Although the frequency of CD4+ Treg cells was
similar in splenocytes of TLR92/2 NOD mice compared with
NOD mice (Fig. 4A, right panel), the percentage of CD73 ex-

pression in Foxp3+CD4+ T cells was significantly higher in
TLR92/2 NOD mice compared with WT NOD mice (Fig. 4A, left
and middle panels). We also found the same results in PLNs
(Supplemental Fig. 1). To test the suppressive function of CD73+

CD4+ cells, we examined the response of diabetogenic BDC2.5
CD4+ T cells to BDC2.5 mimotope in the presence or absence of
FACS-purified CD73+CD4+ and CD732CD4+ T cells from
splenocytes of TLR92/2 NOD or WT NOD mice. CD73+CD4+

cells from both TLR92/2 NOD and WT NOD mice inhibited the
proliferation of effector BDC 2.5 CD4+ T cells, whereas CD732

CD4+ T cells were not inhibitory (Fig. 4B). To investigate the role
of CD73 in immune suppression mediated by Foxp3+ Treg cells,
we tested the suppressive function of CD73+ Treg cells (CD73+

CD4+CD25+Foxp3+) and CD732 Treg cells (CD732CD4+CD25+

Foxp3+) in proliferation of BDC2.5 CD4 T cells as described
above. Not surprisingly, CD73+ Treg cells showed a stronger in-

FIGURE 3. TLR92/2 NOD mice express reduced anti-inflammatory cytokines in splenic CD73+CD4+ T cells and immune responses to KLH immu-

nization are reduced. ICCs were measured using splenocytes from 7- to 8-wk-old TLR92/2 NOD or WT NOD mice (sex-matched males and females). The

cells were costained with anti-CD4 and anti-CD73 Abs. (A) Representative FACS plots for the production of IFN-g are shown in the left panel (gated on

CD73+CD4+ cells), and the mean percentages of IFN-g producing CD73+CD4+ cells are presented in a bar chart in the right panel (n = 6). (B) Repre-

sentative FACS plots of TNF-a–producing CD73+CD4+ cells are shown in the left panel, and the mean percentages of TNF-a–producing CD73+CD4+ cells

are presented in a bar chart in the right panel (n = 5 to 6). (C) Inflammatory cytokine expression in CD732CD4+ T cells. Splenocytes from NOD and

TLR92/2 NOD mice were stimulated with anti-CD3 (1:100) and anti-CD28 (1:300) overnight and then further stimulated with PMA/ionomycin in the

presence of GolgiPlug for an additional 4 h followed by surface (CD4 and CD73) and ICC IFN-g (left panel) and TNF-a (right panel) staining. Student t

test (two-tailed) was used for statistical analysis. (D) NOD mice deficient or sufficient in TLR9 were immunized with KLH as described in Materials and

Methods. Lymphocytes from draining popliteal lymph node cells or spleen were isolated 7 d after immunization, and KLH-specific recall immune responses

were examined by [3H]thymidine assays in triplicate. The data are presented as stimulation index, which is the mean cpm in the presence of Ag divided by

the mean cpm in the absence of Ag. Background cpm were ∼3000–7000 cpm. Three to four mice per group (7- to 8-wk-old, sex-matched males) were used

in each experiment, and the experiment was performed twice. KLH-specific proliferation from splenocytes in one experiment is shown. Student t test was

used for statistical analysis. *p , 0.05.
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hibition of BDC2.5 T cell proliferation (Supplemental Fig. 2). In
addition to the inhibition of BDC2.5 T cell proliferation, we also
tested the Th1 cytokines (IFN-g and TNF-a) in the supernatants of
the inhibition assay. As shown in Fig. 4C, higher levels of IFN-g
were detected in the supernatants in which BDC CD4+ T cells
were cocultured with CD732CD4+ T cells compared with those
cocultured with CD73+CD4+ T cells. CD732CD4+ T cells from
NOD mice appeared to produce the highest amount of IFN-g. The
secretion of TNF-a was low under all of the culture conditions

(data not shown). To test which anti-inflammatory cytokines
(TGF-b or IL-10) were involved in the suppression, we examined
the response of diabetogenic BDC2.5 CD4+ T cells to BDC2.5
mimotope in the presence of FACS-sorted splenic CD73+CD4+

T cells from TLR92/2 NOD mice with or without TGF-b or IL-
10–neutralizing Ab. As shown in Fig. 4D, the suppression of
CD73+CD4+ T cells of the proliferation of effector BDC 2.5 CD4+

T cells was diminished by neutralizing TGF-b, whereas no effect
was seen by neutralizing IL-10. These data indicate that immu-

FIGURE 4. Phenotype and function of Treg cells in the absence of TLR9. (A) Upregulation of CD73 expression in Foxp3+ Treg cells in the absence of

TLR9. CD73 expression in gated splenic Foxp3+CD4+ Treg cells is shown (left panel). The mean percentage of CD73+ cells gated on CD4+Foxp3+ cells is

demonstrated in the middle panel, and the mean percentage of CD25+Foxp3+, CD73+Foxp3+, or Foxp3+ cells in the gated splenic CD4+ T cell population is

presented in the right panel (six mice per group; 7- to 8-wk-old, sex-matched males and females). Similar results were found in peripheral lymph nodes

(data not shown). (B) Suppression assay. The function of CD73+CD4+ cells was tested in a suppression assay, in which FACS-sorted splenic CD73+CD4+

and CD732CD4+ T cells from 7- to 8-wk-old NOD or TLR92/2 NOD mice were cocultured (105 cells/well) with purified BDC2.5 CD4+ effector T cells

(105 cells/well) and APC (irradiated NOD splenocytes, 3000 rad; 105 cells/well) in the presence or absence of BDC mimotope (10 ng/ml). Ag-specific

response of BDC2.5 CD4+ T cells was measured by [3H]thymidine incorporation in the last 16–18 h of the 4-d culture. Results are presented as a percentage

of suppression of cell proliferation (stimulation index) in the presence of CD73+CD4+ or CD732CD4+ T cells compared with BDC2.5 CD4+ T cells alone.

The data from one of the four separate experiments are presented. (C) IFN-g production in the culture supernatants of experiments in (B) was measured by

Luminex. Student t test (two-tailed) was used for statistical analysis. (D) Suppression of CD73+CD4+ T cells depends on TGF-b. FACS-sorted splenic

CD73+CD4+ T cells from 7- to 8-wk-old TLR92/2 NOD mice were cocultured (105 cells/well) with purified BDC2.5 CD4+ effector T cells (105 cells/well)

and APC (irradiated NOD splenocytes, 3000 rad; 105 cells/well) in the presence or absence of neutralizing Ab (anti–TGF-b or anti–IL-10, 10 mg/ml) and

BDC mimotope (10 ng/ml). Ag-specific response of BDC2.5 CD4+ T cells was measured by [3H]thymidine incorporation in the last 16–18 h of the 4-d

culture. Results are presented as a percentage of suppression of cell proliferation in the presence or absence of CD73+CD4+ T cells with or without

neutralizing Ab compared with BDC2.5 CD4+ T cells alone. (E) Delayed diabetes development in adoptive transfer experiments. Splenocytes (8 3 106

cells/mouse) from new-onset diabetic NOD mice were i.v. injected into irradiated (650 rad) young female NOD mice (6 to 7 wk) with or without sorted

CD73+CD4+ cells (1.7 3 106 cells/mouse) from female NOD or TLR92/2 NOD mice of similar age. Diabetes was monitored by testing for glycosuria

twice a week, and diabetes was confirmed by blood glucose measurement ($250 mg/dl); six mice per group. Log-rank test for survival curve was used for

statistical analysis. (F) TGF-b production. Sorted CD73-positive or -negative CD4 T cells (106/ml) from spleen of WT or TLR92/2 NOD mice were

stimulated with anti-CD3 (2C11; 1:100) and anti-CD28 (37.51; 1:100) for 3 d. Secreted TGF-b in the culture supernatants was measured by ELISA (R&D

Systems). *p , 0.05, **p , 0.01, ***p , 0.001.
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nosuppressive function of CD73+CD4+ T cells is TGF-b depen-
dent and IL-10 independent.
To further test the immunosuppressive effect of CD73+CD4+

in vivo on diabetes development, we adoptively transferred spleno-
cytes from diabetic NOD mice with or without FACS-purified
CD73+CD4+ cells from either TLR92/2 NOD or WT NOD mice
into irradiated young (∼6-wk-old) female NOD mice (n = 6/group).
Both CD73+CD4+ cells from TLR92/2 NOD and WT NOD donors
significantly delayed diabetes development, although CD73+CD4+

cells from TLR92/2 NOD mice induced further delay in diabetes
onset (Fig. 4E). In line with the delayed diabetes onset, CD73+

CD4+ cells from TLR92/2 NOD mice also secreted higher amounts
of TGF-b after anti-CD3 and anti-CD28 stimulation (p = 0.023;
Fig. 4F). Furthermore, CD73+CD4+ cells from TLR92/2 NODmice
expressed higher levels of TGF-b mRNA and significantly lower
mRNA expression levels of several transcription factors regulating
inflammatory cytokines, including IRF1, IRF5, IRF7, and IRF8,
compared with the same subset of T cells fromWT NODmice (Fig.
5A). These data suggest that CD73+CD4+ cells from TLR92/2

NOD mice exert stronger immunosuppressive function that is likely
to be mediated by the higher levels of the anti-inflammatory cyto-
kine TGF-b.

Mechanism by which CD73 is increased by TLR9 deficiency
and effect on ADA activity

Induction of CD73 is associated with several factors, including
HIF-1a and IGF-1 (37). IGF-1 can enhance HIF-1a expression,
which in turn inhibits TLR9 and CXCR4 expression but elevates
SOCS3 expression (38). To explore the mechanism by which

CD73 expression is modulated, in particular potential HIF-1a–
TLR9–CD73 cross talk, we performed qPCR to detect the gene
expression in purified CD4+ T cells from NOD and TLR92/2 NOD
mice. As shown in Fig. 5B, CD4+ cells from TLR92/2 mice had
increased IGF-1 transcript, enhanced HIF-1a and SOCS3 expres-
sion, but reduced CXCR4 expression.
As CD73 (ecto-59-nucleotidase) catalyzes the terminal step in

extracellular adenosine formation from AMP, we examined ADA
activity in both sera and cell lysates of total splenocytes from
NOD and TLR9/NOD mice. The concentration of adenosine was
calculated based on ADA activity. Despite the elevated CD73
expression in TLR92/2 NOD mice, we did not find any difference
in ADA activity in serum and lymphocyte lysates between WTand
TLR92/2 NOD mice (Fig. 5C, 5D).

Upregulation of CD73 and reduction of diabetes development
in TLR9-deficient NY8.3NOD mice

As CD8+ T cells also upregulated CD73 expression at both mRNA
and protein levels in the absence of TLR9 in NOD mice (Fig. 1),
we studied CD73 expression and diabetes development in NY8.3
CD8 TCR-transgenic NOD mice that develop highly accelerated
diabetes. We generated TLR92/2 NY8.3 NOD mice by breeding
NY8.3 NOD with TLR92/2 NOD mice and investigated the nat-
ural history of diabetes development in TLR92/2 NY8.3 NOD
mice. There was no difference in the incidence of diabetes de-
velopment between female TLR92/2 NY8.3 and NY8.3 mice;
however, the onset of diabetes was significantly delayed in male
TLR92/2 NY8.3 mice compared with WT male NY8.3 mice (Fig.
6A). To investigate whether TLR9 deficiency in NY8.3 NOD mice

FIGURE 5. Gene expression of CD4 T cells in the presence or absence of TLR9. (A) The levels of TGF-b, IRF1, IRF5, IRF7, and IRF8 mRNA ex-

pression were determined by qPCR. RNAs were prepared from sorted CD73+CD4+ cells from 7- to 8-wk-old mice followed by reverse transcription. qPCR

was performed to determine the mRNA levels of TGF-b, IRF1, IRF5, IRF7, and IRF8, which were normalized to the housekeeping gene GAPDH. The

experiment was done three times, and the mean6 SEM is presented. Student t test was used for statistical analysis. (B) The levels of CXCR4, HIF-1a, IGF-

1, and SOCS3 mRNA expression were determined by qPCR in purified splenic CD4+ T cells from 7- to 8-wk-old NOD and TLR92/2 NOD mice (n = 9/

group, sex-matched males and females). GAPDH was used as the internal control for normalization. (C and D) Levels of calculated adenosine in serum and

spleen cell lysates from 7- to 8 wk-old mice (sex-matched, males and females). ADA activity was measured, and the concentration of adenosine was

calculated, as adenosine has a very short t1/2. Comparison of serum adenosine levels between NOD and TLR92/2 NOD mice is shown in (C), and

comparison of adenosine levels in splenocyte lysates is shown in (D). *p , 0.05, **p , 0.01.

2932 TLR9 NEGATIVELY REGULATES CD73 AND PREVENTS T1D DEVELOPMENT
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/191/6/2926/1380375/1300547.pdf by guest on 19 April 2024



affects CD73 expression, we examined CD73 expression in lym-
phocytes. Similar to the original TLR92/2 NOD mice, the fre-
quency of CD73 expression was also significantly increased in

NY8.3 CD8+ T cells and, to a lesser extent, increased in other im-
mune cell subsets (B cells and CD4+ T cells) in male TLR92/2

NY8.3 mice compared with WT male NY8.3 mice (Fig. 6B).

FIGURE 6. Male NY8.3 mice had delayed diabetes development and elevated CD73 expression in the absence of TLR9. (A) TLR92/2 NY8.3 mice were

generated by breeding TLR92/2 NOD mice with NY8.3 NOD mice, and the natural history of diabetes development was observed. The incidence of diabetes

in TLR92/2 NY8.3 mice was compared with NY8.3 mice (males shown above, females shown below; **p, 0.01, survival curve). (B) CD73 expression was

examined in TLR92/2 NY8.3 and WT NY8.3 mice (males shown above, females shown below). Splenocytes from 3-mo-old nondiabetic TLR92/2 NY8.3

and NY8.3 mice were stained with anti-CD73, anti-CD4, anti-CD8, and anti-B220 Abs and analyzed by flow cytometry (n = 4 to 5/group; *p, 0.05, Student

t test). (C) IFN-g production of CD4+ and CD8+ T cells. Splenocytes fromWT NY8.3 or TLR92/2 NY8.3 NOD mice were used for ICC staining as described

in Materials and Methods. The cells were also costained with anti-CD4 and anti-CD8. At least four mice were studied in each group. The results from male

mice are shown in the top panel and females in the bottom panel. *p, 0.05, **p, 0.01, Student t test. (D) TNF-a production of CD4+ and CD8+ T cells was

studied in the same way as for IFN-g. The results from male mice are shown in the top panel and females in the bottom panel. At least four mice were studied

in each group. **p, 0.01, Student t test. (E) Granzyme B expression in CD8+ T cells from NY8.3 and TLR92/2 NY8.3 NOD mice. Splenocytes from 2- to 3-

mo-old NY8.3NOD or TLR92/2 NY8.3 mice were stimulated with anti-CD3 (1:100 hybridoma supernatant) and anti-CD28 (1:300 hybridoma supernatant)

overnight and followed by further stimulation with PMA/ionomycin in the presence of GolgiPlug for an additional 4 h prior to surface (CD8 and TCRb) and

intracellular granzyme B staining. The cells were analyzed by flow cytometry, and the figure shows the percentage of granzyme B expression in gated CD8+

T cells (TCRb+). (F) OGTT. OGTTwas performed in 3-mo-old male nondiabetic NY8.3 and TLR92/2 NY8.3 mice after fasting overnight with free access to

water. Each value represents mean6 SEM of at least four mice. Student t test was used for statistical analysis. **p, 0.01, ***p, 0.001. F, female; M, male.
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However, there was no significant difference in CD73 expression in
all of these immune cell subsets in female mice of these two strains
(Fig. 6B). This sex difference in CD73 expression in the TLR92/2

NY8.3 mice was not observed in TLR92/2 NOD mice in which
diabetes development in both female and male TLR92/2 NOD
mice was significantly reduced. In addition, male TLR92/2 NY8.3
NOD T cells produced significantly less proinflammatory IFN-g
and TNF-a compared with male NY8.3 NOD mice. This contrasted
with moderate reduction in IFN-g production by female CD8+

TLR92/2 NY8.3 NOD T cells in which there was little difference
in the secretion of proinflammatory cytokines from CD4+ and CD8+

T cells in female mice of the two strains (Fig. 6C, 6D).
We next tested whether TLR9 deficiency affected NY8.3 CTL

effector function, which may have contributed to the diabetes pro-
tected phenotype. Granzyme B expression was not different in
CD8+ T cells between male and female TLR92/2 NY8.3 mice,
nor between WT and TLR92/2 NY8.3 mice (Fig. 6E). Perforin
expression was very low in male and female mice of both strains
(data not shown). Our results suggest that diabetes protection in
the absence of TLR9 is more likely to be associated with upreg-
ulation of CD73 and reduction of inflammatory cytokines.

Improved islet b cell function in TLR92/2 NY8.3 mice

To test islet b cell function, we performed OGTTs in nondiabetic
male TLR92/2 NY8.3 and male NY8.3 mice. As expected, the
TLR92/2 NY8.3 mice showed enhanced glucose tolerance com-
pared with NY8.3 mice (Fig. 6F). Similar results were obtained
with i.p. glucose tolerance tests (data not shown). In contrast, there
was no difference in the glucose tolerance test results between
female NY8.3 mice and female TLR92/2 NY8.3 mice by OGTT
and i.p. glucose tolerance tests (data not shown).

TLR9 blockade enhanced b cell function in NOD mice

Our results presented above provide evidence that NOD or NY8.3
NOD mice had delayed and reduced diabetes development and
expressed enhanced b cell function in the absence of TLR9
through genetic targeting. To test whether blockade of TLR9 sig-
naling using small molecules could also enhance b cell function as
described above, we treated NOD mice with chloroquine, a TLR9
inhibitor. We then tested b cell function by OGTT. As shown in
Fig. 7A, inhibition of TLR9 by chloroquine significantly improved
glucose tolerance. Interestingly, chloroquine treatment also in-
duced CD73 expression on both CD4+ and CD8+ T cells, although

FIGURE 7. Blockade of TLR9 by chloroquine (CQ) enhanced b-cell function and induced CD73 expression in T cells. (A) OGTT. Young NOD mice (4-

wk-old female; n = 4) were treated with CQ (20 mg/g body weight) for 4 wk as described in Materials and Methods. OGTTs were performed to determine

the effect of CQ on the b-cell function. (B) Induced CD73 expression in CD4+ and CD8+ T cells in spleen, PLNs, and mesenteric lymph nodes (MLN) from

NOD mice in (A) treated with PBS or CQ. Each value represents mean 6 SEM, and Student t test was used for statistical analysis. (C, female, and D, male)

Severity of insulitis was ameliorated by CQ treatment. One-month-old NOD mice were treated with CQ (20 mg/ml) or PBS for 3 mo. Pancreata were fixed

in formalin immediately ex vivo and embedded in paraffin. The 8-mm sections were cut and stained with H&E. Insulitis was examined under light mi-

croscopy (.120 islets were examined for each group) and scored: 1, ,25% infiltration; 2, 25–50% infiltration; 3, 50–75% infiltration; and 4, .75%

infiltration. One-way ANOVA was used for statistical analysis. *p , 0.05, **p , 0.01; Student t test for each time point.
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not to the same level as seen in TLR9 deficiency (Fig. 7B). More-
over, chloroquine treatment significantly suppressed insulitis devel-
opment (Fig. 7C, 7D). Our results support a recent report that
chloroquine can inhibit diabetes development (16).

Detection of CD73 expression in islet cells

To test whether islet b cells express CD73, we stained the cryose-
ctions of pancreas from 7- to 8-wk-old WTand TLR92/2 NOD mice
with anti-CD73 and anti-insulin, respectively. Although CD73 was
expressed within islets, and not in insulin-producing b cells (Fig. 8A),
the expression was not significantly different when WT or TLR92/2

NOD mice were compared (Fig. 8A). To investigate which cells
express CD73, we extracted infiltrating immune cells from islets of
5-mo-old male mice and stained with mAbs to TCRb, CD4, CD8,
B220, CD19, and pDC A-1 (a marker for pDC). Interestingly, all of
the immune cells examined expressed CD73, and it is intriguing that
.80% of CD4+ T cells from islet infiltrates expressed CD73, more
than the equivalent cells in the spleens and PLNs (Fig. 8B, 8C).

Discussion
Our previous report showed that TLR92/2 NOD mice were sig-
nificantly protected from development of autoimmune diabetes

(15). In this study, we have demonstrated a novel mechanism of
the protection that is mediated by CD73. In the absence of TLR9,
a significant number of immune cells, especially CD4+ and CD8+

T cells, converted from CD732 to CD73+ in NOD mice. The
conversion appeared to be unique to TLR92/2 NOD mice, as its
expression in immune cells remained unchanged or was lower in
other TLR, MyD88, and TRIF mutant NOD mice compared with
WT NOD mice. Furthermore, the CD73 expression in an in-
creased proportion of CD4+ and CD8+ T cells was limited to the
NOD background because CD73 expression was basically un-
changed in diabetes-resistant TLR92/2 B6 mice compared with
WT B6 mice. This increased expression of CD73 was associated
with increased production TGF-b, together with decreased pro-
duction of TNF-a and IFN-g. Furthermore, CD73+CD4+T cells
from the TLR92/2 NOD mice had an increased capacity to sup-
press the proliferation and inflammatory cytokine production of
CD4+ Ag-specific BDC2.5 T cells in response to peptide. It was
particularly interesting to note that when TLR92/2 NOD mice
were crossed with the CD8+ TCR-transgenic mouse NY8.3, a
highly accelerated diabetes model, CD73 expression was signi-
ficantly upregulated in CD8+ T cells of male TLR92/2 NY8.3
mice, which was coincident with delay in autoimmune diabetes

FIGURE 8. CD73 expression in pancreatic islets. (A) Frozen sections of pancreas from NOD and TLR92/2 NOD mice (n = 3/group; 6- to 7-wk-old, female)

were stained with CD73 (green) and insulin (red) as described in Materials and Methods. The sections were examined and photographed using an Olympus

fluorescent microscope BX50 (Olympus) after staining (original magnification 3200). (B and C) CD73 expression in CD4+ and CD8+ T cells. Splenocytes,

PLNs, and isolated infiltrating immune cells from islets of 5-mo-old male NOD mice were stained and examined by flow cytometry. (B) One representative

FACS plot is shown. (C) Summary of the percentage of CD73-expressing cells in CD4+ and CD8+ T cells (n = 5). *p , 0.05, **p , 0.01, ***p , 0.001.
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development in male TLR92/2 NY8.3 NOD mice. Upregulation
of CD73 was not observed in the female TLR92/2 NY8.3 mice
that were not protected from diabetes. It is not clear at this stage
what the reason is for this sex difference, a phenomenon not seen
in TLR92/2 NOD mice.
CD73 is an ecto-59-nucleotidase that converts AMP to adeno-

sine that has immunoregulatory properties. The expression of CD73,
together with CD39, which breaks down ADP to AMP, generates
adenosine. Adenosine produced by these enzymes is one means by
which Treg and other CD4+ T cells expressing CD73 can suppress
effector T cells (28, 29, 39, 40). Thus, the production of adenosine
might have been one explanation why CD73+CD4+ T cells, espe-
cially from TLR92/2 NOD mice, were immunosuppressive to dia-
betogenic T cells, reducing proliferation in vitro and preventing
diabetes induction in vivo. However, to our surprise, TLR9 defi-
ciency did not alter the level of adenosine production, despite the
fact that TLR9 deficiency specifically upregulates CD73 expres-
sion. It is likely that other mechanisms including suppression of
proinflammatory cytokine production by diabetogenic T cells may
also be operative.
It was not clear at this point why CD73 was upregulated in the

absence of TLR9. We showed CD4+ cells from TLR92/2 mice had
increased IGF-1 transcripts, enhanced HIF-1a and SOCS3 ex-
pression, but reduced CXCR4 expression. This may suggest that
TLR9 deficiency results in the induction of IGF-1, which induces
HIF-1 expression and enhances CD73 expression while inhibiting
CXCR4 expression and inducing SOCS3.
Our study suggests that TLR9 acts as a negative regulator for

CD73 expression and immune regulatory function. Hall et al. (41)
have recently reported that TLR92/2 B6 mice had increased CD4+

Foxp3+ Treg cells, related to alterations in the balance of effector
and regulatory cells induced by gut flora DNA. In our diabetes
model systems, we did not observe an increase in Foxp3+ Treg
cells, although we found a significant increase in CD73 expression
on Foxp3+ Treg cells. It is interesting that CD39, the partner of
CD73, remained unchanged in the presence or absence of TLR9
both in the NOD and B6 genetic backgrounds (data not shown).
Further investigation is required to address how TLR9 signaling
affects the expression of CD73 and its immunological and bio-
logical functions. Elucidation of these questions will bring new
understanding of modulation of TLR9 signaling in innate immu-
nity of T1D and possibly lead to novel immunotherapies.
TLR9 appears to regulate islet b cell function directly or in-

directly in NOD mice. In the absence of TLR92/2, NY8.3 NOD
male mice showed significantly enhanced glucose tolerance
compared with their WT counterparts, which suggests that b cell
function was improved in these mice. Importantly, the incidence
of diabetes in male TLR92/2 NY8.3 NOD mice was also signif-
icantly delayed. It is not clear at this point why TLR9 deficiency
has this protective effect on male NY8.3 NOD mice. However,
blockade of TLR9 with chloroquine led to improved b cell
function and significant reduction in insulitis in both male and
female NOD mice. Our data showed that insulin-producing b cells
do not express CD73; however, it is interesting that there are more
CD73-expressing immune cells, in particular CD73+CD4 T cells,
in pancreatic islets than in peripheral lymphoid organs, and this
was not obviously affected by the presence or absence of TLR9.
The lack of difference in this CD73 expression could be related to
the fact that CD73 expression is high on the immune cells in the
islets of WT NOD mice. Regardless, our data suggest a very active
immune-suppressive response in the target tissue. It is conceivable
that CD73+ cells interact with islet b cells directly or indirectly
through production of anti-inflammatory cytokines, which result
in the improvement of b cell function and protection of the mice

from diabetes development. It is also possible that the increased
expression of CD73 in immune cells does not contribute to the
improved b cell function in TLR92/2 mice and that this is a
separate, unlinked finding but contributes to the diabetes-protected
phenotype in the absence of TLR9.
There is a growing interest in targeting TLRs for the prevention

and treatment of cancer, inflammation, and autoimmune diseases.
Several compounds are undergoing preclinical and clinical eval-
uation including TLR7 and TLR9 activators in boosting immune
responses against infection and cancer and inhibitors of TLR2,
TLR4, TLR7, and TLR9 in the treatment of sepsis and inflam-
matory diseases (42–44). A recent study showed that systemic
administration of TLR agonists could suppress both allergic and
islet autoimmune responses and modify experimental asthma and
spontaneous autoimmune diabetes in NOD mice (45). Our current
study demonstrated a novel role of TLR9 in regulating CD73 ex-
pression, which mediates T1D suppression. In addition, our study
and the study by Zhang et al. (16) demonstrated that blockade of
TLR9 with chloroquine may provide a novel therapeutic means to
prevent T1D.
In summary, we report that TLR9 acts as a negative regulator of

CD73 in NOD and NY8.3 NOD mice and that by reducing TLR9,
either in TLR92/2 mice or by treatment with a TLR9 inhibitor,
CD73 was markedly upregulated, and the immunosuppressive func-
tion of CD73+ T cells was also significantly enhanced. Our find-
ings suggest that CD73 plays an important role in diabetes pro-
tection, and this study indicates that CD73, linked to TLR9, may
be a novel target for therapeutic intervention for prevention of
T1D in humans.
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