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Recognition of b-cell antigens by autoreactive T cells is a
critical step in the initiation of autoimmune type1 diabetes.
A complete protection from diabetes development in NOD
mice harboring a point mutation in the insulin B-chain
9–23 epitope points to a dominant role of insulin in diabe-
togenesis. Generation of NOD mice lacking the chromog-
ranin A protein (NOD.ChgA2/2) completely nullified the
autoreactivity of the BDC2.5 T cell and conferred protec-
tion from diabetes onset. These results raised the issue
concerning the dominant antigen that drives the autoim-
mune process. Here we revisited the NOD.ChgA2/2 mice
and found that their lack of diabetes development may
not be solely explained by the absence of chromogranin A
reactivity. NOD.ChgA2/2 mice displayed reduced presen-
tation of insulin peptides in the islets and periphery, which
corresponded to impaired T-cell priming. Diabetes devel-
opment in these mice was restored by antibody treatment
targeting regulatory T cells or inhibiting transforming
growth factor-b and programmed death-1 pathways.
Therefore, the global deficiency of chromogranin A
impairs recognition of the major diabetogenic antigen
insulin, leading to broadly impaired autoimmune responses
controlled bymultiple regulatorymechanisms.

Type 1 diabetes (T1D) is a chronic autoimmune disease
that results from progressive destruction of b-cells in the
pancreatic islets. Recognition of specific autoantigens by
T cells is crucial for the initiation of the disease. Several
islet-specific antigens have been identified as the targets
of autoimmunity in humans with T1D and NOD mice (1).
Major progress was achieved with the generation of a

NOD mouse harboring a point mutation in the insulin B-
chain 9–23 (InsB:9–23) epitope (2). This mutation nulli-
fied the immunogenicity of insulin without influencing its
biological activity. The resulting mouse was completely
resistant to T1D and lacked any signs of autoimmunity in
the islets (2). Subsequent studies indicated that the earli-
est T cells that entered the islet were directed to the
InsB:9–23 peptide (3). T cells specific to InsB:9–23 trans-
ferred diabetes in mice (4), and in humans, these T cells
were detected in the inflamed islets (5,6). Recently, by
an unbiased screen, we found that MHC class II (MHC-
II)-bound peptides derived from insulin were the major
antigens giving rise to T-cell reactivity in the islets and
periphery (pancreatic lymph nodes [panLNs] and spleen)
(7). These findings establish that insulin is a primary
autoantigen critical for initiating diabetogenesis in NOD
mice.

Other antigens, such as GAD65, islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP), islet
amyloid polypeptide (IAPP), islet antigen 2 (IA-2), and
zinc transporter 8 (ZnT8), have been identified, but these
seem to have a lesser impact on diabetogenesis (1,8–10).
NOD mice lacking GAD65, IA-2, IGRP, and IAPP did not
show obvious changes in the development of diabetes
(1,8–10). Therefore, although T-cell responses to these
antigens are involved in diabetes development, they may
not be the major drivers required for the initiation of the
autoimmune process. Our attention was called to chro-
mogranin A (ChgA) by the studies from the Haskins labo-
ratory (11), which indicated that the absence of diabetes
development was associated with a lack of presentation of
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ChgA peptides. A signature diabetogenic CD4 T cell,
BDC2.5, responded weakly to the naturally occurring
ChgA cleavage peptide WE14 (12). Recently, BDC2.5 T
cells were shown to recognize a hybrid peptide generated
by the fusion of the ChgA WE14 N-terminal sequence and
insulin C-peptide, representing a novel mechanism under-
lying T-cell autoreactivity (13).

Therefore, the important question is whether the protec-
tion conferred by deletion of the ChgA gene is only due to
the lack of ChgA reactivity. ChgA has diverse biological func-
tions. As a granulogenic protein, ChgA is expressed in many
endocrine and neuroendocrine tissues, including chromaffin
cells of the adrenal gland, enterochromaffin cells of the gut,
and b-cells of the islets (14,15). ChgA is involved in the
initiation and regulation of dense-core granule biogenesis
and sequestration of the peptide hormone in the neuroen-
docrine and endocrine cells (15,16). Moreover, ChgA is syn-
thesized as a proprotein, giving rise to several biologically
active peptides that have diverse functions (16). Genetic
ablation of ChgA in mice resulted in reduced size and num-
ber of adrenal medullary chromaffin granules, resulting in
altered catecholamines levels and high blood pressure
(17,18). In the pancreas, loss of ChgA affected islet volume,
composition, distribution, and nuclear size of islet cell types
(19). Within the secretory granule, peptides derived from
ChgA, such as betagranin and pancreastatin, were shown to
regulate insulin secretion (20,21). A consistent reduction in
the plasma insulin levels was observed in B6.ChgA�/� mice
upon glucose challenge, indicating a defect in insulin produc-
tion and secretion (22,23). Although B6.ChgA�/� mice
maintained a euglycemic state at steady state, this impair-
ment of insulin production/secretion may influence the pre-
sentation of insulin peptides. Many of the immunogenic
insulin peptides were shown to be released from the islets,
and these sensitized peripheral lymphoid tissues, resulting
in T-cell priming (24,25). Therefore, the impact of ChgA on
insulin presentation should be considered in the context of
diabetes resistance of the NOD.ChgA�/� mice.

In this report, we evaluated the NOD.ChgA�/� mice
and found a reduced level of insulin presentation and
impaired priming of insulin-reactive T cells. We hypothe-
sized that such a broad defect of autoreactivity may be
subjected to immunoregulation, resulting in the protec-
tion of diabetes. Indeed, targeting regulatory T cells or
inhibiting programmed death-1 (PD-1) and transforming
growth factor-b (TGF-b) pathways resulted in the devel-
opment of diabetes in NOD.ChgA�/� mice. This study
indicates that in addition to the lack of CD4 T-cell reactiv-
ity to ChgA, other factors may contribute to the profound
phenotype of the NOD.ChgA�/� mice because of the
broad biological functions of ChgA.

RESEARCH DESIGN AND METHODS

Mice
NOD.ChgA�/� mice were a gift from Kathryn Haskins,
University of Colorado Anschutz School of Medicine

(Aurora, CO). NOD/ShiLtJ (NOD) mice were originally
obtained from The Jackson Laboratory. The mice were
bred, maintained, and used for experiments under specific
pathogen-free conditions in our animal facility in accor-
dance with the Division of Comparative Medicine, Wash-
ington University School of Medicine (St. Louis, MO).

Antibody Treatment and Diabetes Monitoring
For depletion of regulatory T cells, female NOD or
NOD.ChgA�/� mice were given two injections (0.5 mg per
mouse i.p.) of rat anti-mouse CD25 monoclonal antibody,
clone PC61 (Leinco Technologies, Fenton, MO). The injec-
tions were given at 14 and 21 days of age, and mice were
then followed for diabetes development. For PD-1 inhibi-
tion and TGF-b neutralization, NOD or NOD.ChgA�/�

mice were injected i.p. with 250 mg anti–PD-1(RMP1-14)
and 500 mg anti–TGF-b (1D11.16.8) antibodies either alone
or in combination on days 0, 3, 6, and 9. All the antibodies
were diluted in sterile PBS prior to injection. Urine glucose
levels in mice were monitored every day following injection
until days 30. Mice were considered diabetic following two
consecutive readings >250 mg/dL.

Islet Isolation
NOD or NOD.ChgA�/� mice were killed, and the peritoneal
cavity was dissected to expose the common bile duct. Under
a dissection microscope, the bile duct leading into the duo-
denum was clamped. Through the common bile duct, 5 mL
type XI collagenase (0.4 mg/mL; Sigma-Aldrich) was injected
to inflate the pancreas. The inflated pancreas was carefully
removed and digested at 37�C for 12 min. Following diges-
tion, crude islets were washed and collected into a petri
dish. Islets were handpicked under a microscope.

Flow Cytometry
Islets from NOD or NOD.ChgA�/� mice were dispersed into
a single-cell suspension using a nonenzymatic cell dissocia-
tion solution (Sigma-Aldrich) for 3 min at 37�C. Cells were
incubated in a buffer containing the FcR blocking antibody
(2.4G2) for 15 min at 4�C. Surface staining was performed
with fluorescently labeled antibodies (1:200 [vol/vol]) by
incubating at 4�C for 30 min. Cells were washed twice and
analyzed by BD FACSCanto II Cell Analyzer (BD Bioscien-
ces). For intracellular tumor necrosis factor-a (TNF-a) and
interleukin-1b (IL-1b) staining, single-cell suspension of
islet cells was incubated at 37�C with 10 mg/mL brefeldin A
for 4 h. Following incubation, cells were washed twice, and
surface staining was performed as described above. Follow-
ing surface staining, cells were fixed (Cytofix/Cytoperm; BD
Biosciences) for 30 min at 4�C. Cells were then washed
twice with the perm buffer (Cytofix/Cytoperm; BD Bioscien-
ces) and incubated with TNF-a and IL-1b antibodies for 30
min at 4�C. Data were analyzed using FlowJo 10.0 software
(TreeStar).
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Tetramer Staining
Single-cell suspensions of pooled secondary lymphoid tis-
sues (spleen, pancreatic, mesenteric, inguinal, and axillary
LNs) from individual NOD or NOD.ChgA�/� mice were
prepared, followed by removal of the red blood cells. Tetra-
mer staining was then performed as described previously
(3). Briefly, cells were washed twice with 1� PBS and
stained with allophycocyanin-labeled I-Ag7/InsB12–20 tetra-
mer for 1 h at room temperature (RT) at a concentration
of 10 mg/mL. Cells were washed and then labeled with
anti-allophycocyanin microbeads and purified using a
MACS column (Miltenyi Biotec). Cells bound to the column
were then eluted and washed twice with FACS buffer, and
surface staining was performed using fluorescently conju-
gated antibodies as described above. Following surface
staining, cells were fixed using Foxp3/transcription buffer
(eBioscience) for 30 min at 4�C, washed twice with 1� per-
meabilization buffer (eBioscience), and then stained with
fluorescently conjugated Foxp3 antibody for 30 min at RT.
Cells were washed twice with 1� permeabilization buffer
and analyzed by BD FACSCanto II Cell Analyzer (BD
Biosciences).

Isolation of Peripheral Blood Mononuclear Cells From
Mice
NOD or NOD.ChgA�/� mice were fasted overnight and
injected i.p. with glucose (4 g/kg body wt). Mice were
anesthetized 30 min after the glucose challenge, and
blood was drawn from the heart. Blood was diluted by an
equal volume of DMEM media containing 10% FBS and
then underlayered by an equal volume of Histopaque-
1077 (catalog number H8889; Sigma-Aldrich) in a 5-mL
conical tube. Samples were spun for 35 min at 400g at
RT, and the buffy coat from the interface was collected.
The cells were then washed twice and subsequently used
for antigen presentation assay.

Antigen Presentation Assay
For islet presentation assays, islets from 2–3 NOD or
NOD.ChgA�/� mice were pooled and dispersed nonenzy-
matically. Together with 5 � 104 T-cell hybridoma cells
per well, 5 � 104 islet cells per well were plated in DMEM
containing 10% FBS in a 96-well plate. After 24 h, super-
natants were collected, and the levels of IL-2 in the super-
natant were measured by culturing with CTLL-2, an
IL-2–dependent cell line. Proliferation of CTLL-2 was
measured by incorporation 3[H] thymidine.

For presentation by white blood cells, isolated white
blood cells were cultured overnight with the T-cell hybrid-
omas in a 96-well plate. In some wells, anti–I-Ag7 anti-
body (1 mg/mL) was added as a control for I-Ag7–specific
response. The T-cell response was probed by IL-2 produc-
tion by the CTLL-2 cell line as described above.

ELISPOT Assay
PanLNs from female NOD or NOD.ChgA�/� mice were
harvested and pooled. Single-cell suspensions were made

by digestion of panLNs with Liberase (Roche) (125 mg/
mL) and DNAse (Roche) (50 mg/mL). Cells were cultured
in DMEM with 10% FBS at a concentration of 2 � 106/
mL culture media and supplemented with 20 units/mL
IL-2 and 1 mmol/L InsB:9–23 peptide at 37�C. After 7
days, total live cells were collected from the culture using
Histopaque-1119 (Sigma-Aldrich) and then subjected to the
second round of amplification. In a fresh culture media sup-
plemented with 20 units/mL IL-2 and 1 mmol/L InsB:9–23
peptide, live cells were added along with irradiated spleno-
cytes (3,000 rads) as antigen-presenting cells (APCs) (2 �
106/mL). After 3 days, cells were harvested and then
assayed for reactivity to InsB:9–23 by eliciting a recall
response on either IL-2– or interferon-g–coated 96-well
multiscreen plates (MilliporeSigma) for ELISPOT assay. A
total of 2 � 105 cells per well were plated with 10 mmol/L
InsB:9–23 peptide, and the reactive cells (spots) were
counted using ImmunoSpot software.

Serum Insulin ELISA
The capture mouse anti-insulin antibody (1 mg/mL
insulin) (clone 3A6; Novus Biologicals) was used to
coat 96-well ELISA plates overnight at 4�C. Plates
were washed and then blocked with 5% FBS for 1 h at
RT. Following blocking, serum samples were added for
2 h at 37�C. Plates were then washed, and a detection
mouse anti-insulin antibody (1 mg/mL) (clone 8E2-
HRP; Novus Biologicals) was added for 2 h at 4�C.
Antibody binding was visualized using OptEIA TMB
substrate (BD Biosciences). The reaction was stopped
using a diluted phosphoric acid, and absorbance was
read at 450 nm.

Pancreatic Insulin Content
Pancreata dissected from 5-week-old NOD or NOD.ChgA�/�

mice were weighed and minced in a prechilled acid ethanol
solution. Tissues were then homogenized, and the superna-
tant was collected after centrifugation. A 100-mL aliquot of
the aqueous solution was neutralized with 100 mL 1M Tris
(pH 7.5). Neutralized samples were diluted (1:1,000) with
insulin ELISA sample diluent, and insulin content was mea-
sured by ELISA as described above. Insulin content was
expressed as ng/mg of pancreatic tissue.

Statistical Analysis
The mice were age and sex matched for all the experi-
ments. Unpaired two-tailed Student t test was used to
determine the statistical significance in different biologi-
cal replicates between two experimental groups. Log-rank
(Mantel-Cox) test was performed to compare the diabetes
incidence in mice from different treatment groups. Data
are represented as mean ± SEM, and all of the P values
were calculated using GraphPad PRISM 9.1.0, with the
following significance: *P < 0.05, **P < 0.01, ***P <

0.001, and ****P < 0.0001.
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Data and Resource Availability
The data generated and analyzed during this study are
included in the article, and additional data generated are
available from the corresponding author upon reasonable
request. No applicable data sets/resources were generated
or analyzed during the current study.

RESULTS

ChgA Deficiency Results in Reduced Insulin
Presentation
NOD.ChgA�/� mice showed a reduction in the insulin
content of the pancreas relative to the wild-type (WT)
NOD (NOD) mice (Fig. 1A), suggesting a defect in insulin
biosynthesis. We also found a decrease in the serum insu-
lin levels in the NOD.ChgA�/� mice upon glucose chal-
lenge (Fig. 1B). This observation may be explained by
impaired insulin biosynthesis or secretion resulting from
ChgA deficiency. To correlate these findings with the pre-
sentation of insulin and its degradative peptides, we ass-
essed islet presentation of insulin epitopes. Two different
sets of insulin-reactive CD4 T cells recognizing the
InsB:12–20 (9B9) or InsB:13–21 (IIT-3) epitope, as
described previously (4,26), were tested. We used young
male mice (4–6 weeks of age) for the experiment. At this
stage, the major APC in the islet was the islet-resident
macrophage, while the infiltration of other APCs was min-
imal. The absolute numbers of the islet macrophages were
comparable between the NOD.ChgA�/� and NOD mice
(data not shown). We first cultured the T-cell hybridomas
with dispersed islet cells from NOD or NOD.ChgA�/�

mice without pulsing with exogenous antigens. This spon-
taneous presentation of both insulin epitopes was signi-
ficantly reduced in the islets of NOD.ChgA�/� mice
(Fig. 1C). Such a difference was not due to different anti-
gen-presenting capacities, because the exogenous pulse of
islet cells from NOD and NOD.ChgA�/� mice with the
InsB:9–23 peptide elicited similar responses from either
T-cell clone (Fig. 1D). Consistent with the previous study
(11), we confirmed that presentation to the BDC2.5 T
cells was absent in the islets of the NOD.ChgA�/� mice
(Supplementary Fig. 1A).

The major MHC-II1 APC in the islets is the islet mac-
rophage. To ascertain that the reduced insulin presenta-
tion was not caused by intrinsic differences in the islet
macrophages of the NOD.ChgA�/� mice, we examined
the expression level of MHC-II, costimulatory molecules
(CD40 and CD80), and PD-1 ligand, as well as the produc-
tion of IL-1b and TNF-a (Fig. 1E). The MHC-II expression
and the differentiation state in the islet macrophages
were comparable between NOD and NOD.ChgA�/� mice.
Thus, the reduced insulin presentation was correlated
with impaired insulin production in the islets of
NOD.ChgA�/� mice.

In addition to islets, we examined the presentation of
insulin peptides by blood leukocytes isolated from mice
upon glucose challenge. We have recently shown that

upon glucose challenge, insulin and its degradative pepti-
des are rapidly captured by the circulating APCs and can
then prime autoreactive T cells in the lymphoid tissue
(24,25). Mice were fasted overnight and then i.p. injected
with glucose. After 30 min, blood leukocytes were isolated
and cultured with the insulin-reactive CD4 T-cell hybrido-
mas in the absence of exogenous antigen. We found a dra-
matic reduction in the presentation to both IIT-3 and
9B9 T cells by the blood leukocytes in NOD.ChgA�/�

mice (Fig. 1F). The presentation was completely blocked
by the addition of the anti–I-Ag7 antibody, indicating that
the uptake and the presentation of insulin peptides were
MHC-II dependent (Fig. 1F). Thus, ChgA deficiency also
resulted in a decrease of immunogenic insulin peptides
that can seed the peripheral lymphoid tissues.

Reduced Priming of Insulin-Reactive T Cells in the
NOD.ChgA2/2 Mice
We next examined whether the reduced presentation of
insulin peptides affected the activation of peripheral insu-
lin-reactive CD4 T cells in NOD.ChgA�/� mice. The
InsB:12–20 and InsB:13–21 epitopes, contained in the
InsB:9–23 peptide, corresponded to two specific sets of
CD4 T cells. The T cells specific to InsB:12–20 were
primed in the peripheral LNs, invaded islets, and caused
pathogenic responses, whereas those reactive to the
InsB:13–21 epitope remained largely unresponsive (3,4,7,
24,27–29). We therefore, examined the activation status
of the T cells reactive to InsB:12–20 by using a specific
I-Ag7–based tetramer (3). We assessed the T cells pooled
from secondary lymphoid tissues and found a significant
reduction in the frequency of the T cells specific to
InsB:12–20 expressing CD441CD62L� in NOD.ChgA�/�

mice, indicating impaired T-cell priming (Fig. 2A and B).
Priming of naïve autoreactive T cells in the panLNs is

essential for the initiation of diabetes in NOD mice
(30,31). It has been shown that excision of panLNs in
young NOD mice or treatment of pregnant mice with
LTbR-Ig protein, which completely ablates lymph node
development, protects the mice from diabetes (30,31). We
next examined whether the priming of insulin-reactive T
cells is affected in the panLNs of the NOD.ChgA�/� mice
using a previously described protocol (7). Specifically, we
cultured panLN cells isolated from NOD or NOD.ChgA�/�

mice with the InsB:9–23 peptide for 10 days followed by
recall with the same peptide. The T-cell responses were
indicated by interferon-g and IL-2 production measured by
ELISPOT. We found no T-cell reactivity to InsB:9–23 in the
panLNs of the NOD.ChgA�/� mice, indicating impaired
priming of insulin-specific T cells in the draining lymph
node (Fig. 2C). The impaired T-cell priming correlated with
limited T-cell infiltration into the islets of the NOD.ChgA�/�

mice. Consistent with the previous results (11), we found a
very low level of CD451 leukocytes (Supplementary Fig. 1B)
as well as CD4 T cells (Supplementary Fig. 1C) in the islets
of 8-week-old female NOD.ChgA�/� mice. This corresponded
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Figure 1—NOD.ChgA�/� mice display impaired insulin presentation. A: Pancreatic insulin content in 5-week-old NOD or NOD.ChgA�/�

mice assessed by ELISA. Data (mean ± SEM) summarize results from three independent experiments. Each dot represents individual
mouse. B: ELISA analysis of serum insulin levels in NOD or NOD.ChgA�/� mice under indicated conditions. Data (mean ± SEM) are
representative of two independent experiments. Each dot represents individual mouse. C: Islet cells from 4- to 6-week-old male NOD
or NOD.ChgA�/� mice are evaluated for their spontaneous presentation to two different CD4 T-cell hybridomas (IIT3 and 9B9). Islet
cells (5 � 104) were cultured with the IIT3 or 9B9 T cells (5 � 104) without pulse with exogenous antigens. The T-cell responses were
probed by measuring IL-2 production in the culture supernatants. Data (mean ± SEM) summarize results from 2–4 independent experi-
ments. Each dot represents a biological replicate of islet cells pooled from 2–3 mice. D: Presentation to the IIT-3 and 9B9 T cells by islet
cells from NOD or NOD.ChgA�/� mice pulsed with 10 mmol/L InsB:9–23 peptide. Data (mean ± SEM) summarize results from three inde-
pendent experiments. Each dot represents a biological replicate of islet cells pooled from 2–3 mice. E: Flow cytometry analysis of I-Ag7,
CD40, CD86, and PD-1 ligand (PD-L1) expression, as well as TNF-a and IL-1b production by islet macrophages (gated on live
CD451F4/801CD11c1) from 5-week-old male NOD or NOD.ChgA�/� mice. Data are representative of two independent experiments. F:
Spontaneous presentation of insulin peptides to IIT3 and 9B9 CD4 T-cell hybridomas by blood leukocytes isolated from NOD or
NOD.ChgA�/� mice after glucose challenge. Data (mean ± SEM) summarize results from three independent experiments. Each dot rep-
resents a biological replicate of blood leukocytes from 1–3 mice. A–F: P values were calculated by unpaired two-tailed Student t test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CPM, counts per minute.
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to a lack of diabetes development in these mice in our colony
(Supplementary Fig. 1D).

Targeting Regulatory Mechanisms Promotes Diabetes
Development in NOD.ChgA2/2 Mice
The above findings suggest that ChgA deficiency may
broadly impair T-cell autoreactivity. The autoimmune pro-
cess in the NOD mice is known to be controlled by
diverse regulatory mechanisms. We therefore hypothe-
sized that the lack of diabetes development in the
NOD.ChgA�/� mice may be due to dominant immuno-
regulation. We first targeted regulatory T cells that were

shown to control the onset of diabetes in NOD mice
(32,33). Treatment of young NOD.ChgA�/� mice with the
anti-CD25 antibody (clone PC61) rendered them suscepti-
ble to autoimmune diabetes, although the progression of
diabetes was slower compared with that in WT NOD mice
(Fig. 3A and B).

We next examined other immunoregulatory mecha-
nisms. Inhibition of PD-1 has been shown to induce acute
diabetes in NOD mice (34,35). We administrated the
monoclonal PD-1 blockade antibody to female NOD and
NOD.ChgA�/� mice (8–10 weeks of age) and found that
although the NOD mice rapidly became diabetic, the

A

CB

Figure 2—Defective priming of insulin-specific T cells in the secondary lymphoid tissues of NOD.ChgA�/� mice. A: FACS plots depicting
the gating strategy of the InsB12–20 tetramer1 CD4 T cells in the secondary lymphoid tissue. B: Representative FACS plots showing the
activation status of the InsB12–20 tetramer1 CD4 T cells in the secondary lymphoid tissues of NOD or NOD.ChgA�/� mice. Data show the
percentage of the CD441CD62L� cells among the InsB12–20 tetramer1 CD4 T cells as gated in panel A. The bar graph summarizes results
from three independent experiments. Each dot represents individual mouse. C: ELISPOT assay showing IL-2 and interferon-g (IFN-g) pro-
duction by CD4 T cells from the panLN cells of female NOD or NOD.ChgA�/� mice challenged and recalled with the InsB:9–23 peptide.
Data (mean ± SEM) summarize results from three independent experiments. Each dot represents a biological replicate of panLN cells
pooled from 3–5 mice. B and C: P values were calculated by unpaired two-tailed Student t test. **P< 0.01, ***P< 0.001.
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Figure 3—Depletion of regulatory T cells promotes diabetes development in NOD.ChgA�/� mice. A and B: Diabetes incidence in female
NOD (A) or NOD.ChgA�/� (B) mice that were either left untreated or treated with two injections of the anti-CD25 antibody (ab) at age 14
and 21 days. Data are from two independent experiments. C: Diabetes incidence in female NOD or NOD.ChgA�/� mice treated with the
anti–PD-1 ab. Mice were given four injections of the anti–PD-1 ab every 3 days and then followed for diabetes. Data are from three inde-
pendent experiments. P values were calculated by the log-rank (Mantel-Cox) test. **P < 0.01, ****P < 0.0001.
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NOD.ChgA�/� mice did not respond to the treatment
(Fig. 3C). This phenomenon could be explained by the
lack of intraislet T cells in the NOD.ChgA�/� mice, which
were the major target of the anti–PD-1 antibody for trig-
gering acute diabetes (36).

We reasoned whether the failure of T cells to enter the
islets of NOD.ChgA�/� mice was due to an additional reg-
ulatory mechanism in the tissue microenvironment, as
previously shown in various models of solid tumors
(37,38). Selected tumors did not respond to checkpoint
blockade because of a regulation mediated by TGF-
b–activated stroma, which prevented T-cell entry into
tumor parenchyma (37–39). In tumor-bearing mice, coin-
hibition of TGF-b and PD-1 ligand pathways led to
increased infiltration of lymphocytes in the tumor and
induced a pronounced antitumor response (37,38). To
explore this possibility in NOD.ChgA�/� mice, we initi-
ated a short-term treatment of TGF-b neutralization
using a monoclonal antibody that inhibits all three iso-
forms of TGF-b (TGF-b1, 2, and 3). Analysis of islets of
NOD.ChgA�/� mice following treatment with the anti–TGF-
b antibody revealed a significant increase in the infiltration
of immune cells (Fig. 4A and B). We observed increased fre-
quencies of CD4 and CD8 T cells as well as dendritic cells in
anti–TGF-b antibody–treated NOD.ChgA�/� mice as com-
pared with the untreated mice (Fig. 4A and B).

We next treated NOD and NOD.ChgA�/� mice with
anti–TGF-b blocking antibody either alone or in combination
with the anti–PD-1 antibody and followed diabetes progres-
sion for 30 days (Fig. 4C). As shown above, anti–PD-1 treat-
ment alone in NOD.ChgA�/� mice had no effect; however,
neutralization of TGF-b together with anti–PD-1 rendered
most of the NOD.ChgA�/� mice susceptible to diabetes
within a few days of treatment. Importantly, under the dual
antibody treatment, the incidence of T1D as well as the pro-
gression of diabetes in the NOD.ChgA�/� mice followed
kinetics similar to those in the NOD mice (Fig. 4D). Although
TGF-b neutralization alone increased infiltration of T cells
into the islets of NOD.ChgA�/� mice, this treatment did not
cause diabetes onset in either strain during the monitoring
period (Fig. 4C and D). Notably, the synergistic effect of
coadministration of anti–TGF-b and anti–PD-1 antibodies
on diabetes incidence was specific to NOD.ChgA�/� mice;
there was no acceleration of diabetes progression in WT
NOD mice treated with anti–TGF-b and anti–PD-1 antibod-
ies as compared with anti–PD-1 antibody alone (compare
Fig. 3C with Fig. 4D). In summary, neutralization of TGF-b
enabled autoreactive T cells to enter the islet and synergisti-
cally acted with PD-1 blockade to promote the development
of clinical diabetes in NOD.ChgA�/� mice.

DISCUSSION

This study shows that ablation of ChgA in NOD mice
caused a reduction in the presentation of the other major
autoantigen, insulin. A significant decrease in insulin pep-
tide presentation subsequently led to impaired priming of

insulin-specific autoreactive T cells, an unexpected conse-
quence of ChgA deficiency. The NOD.ChgA�/� mice mani-
fested a broad impairment in autoimmune responses,
which were dominated by regulatory pathways. Targeting
such pathways, including regulatory T-cell, TGF-b, and
PD-1 pathways, rendered NOD.ChgA�/� mice susceptible
to diabetes.

Antigen presentation is affected by the availability of
the antigen and the activation state of the antigen-
presenting cells. Upon glucose challenge, there was a pro-
found reduction in insulin presentation by white blood
cells of NOD.ChgA�/� mice. A partial reduction in the
presentation of diabetogenic antigens may have a pro-
found impact. Diabetes development was absent in
I-Ag71/� NOD mice, indicating that reducing the presen-
tation by half was sufficient to completely block the auto-
immune process (3). Impaired insulin presentation in the
islets and peripheral blood correlated with the reduction
of the insulin levels in both the pancreas and serum of
the NOD.ChgA�/� mice. Although these findings support
an important role of ChgA in regulating insulin biosynthe-
sis and/or secretion, the underlying molecular mecha-
nisms remain largely unexplored. Considering that many
of the insulin epitopes are derived from the degradative
compartment, the crinosome (7,24), we speculate that the
defect in the secretory granule also affected the crinopha-
gic pathway and therefore the overall reduced presenta-
tion of insulin epitopes.

In addition to the impairment in the local presenta-
tion, we found a major defect in the peripheral priming of
insulin reactive T cells in NOD.ChgA�/� mice. Previous
studies have also demonstrated the absence of BDC2.5
T-cell activation in the periphery of NOD.ChgA�/�. These
findings together show impaired peripheral priming of
T cells reactive to multiple diabetogenic epitopes. Because
peripheral priming is essential for the mobilization of T
cells into the islet, this may be a major mechanism for
the lack of entrance T cells in the islet of NOD.ChgA�/�

mice.
Although we did not find major differences in the acti-

vation state of islet macrophages in young NOD.ChgA�/�

mice, other studies have documented a role for ChgA-
derived peptides in the regulation of inflammation (15,
16,40). Peritoneal macrophages from NOD.ChgA�/� mice
produced significantly lower amounts of TNF-a, IL-1b,
IL-12, IL-6, MCP1, and iNOS upon lipopolysaccharide
stimulation (41,42). Treatment of mice with pancreasta-
tin, a dysglycemic peptide derived from ChgA, signifi-
cantly increased proinflammatory cytokines in peritoneal
macrophages and in the white adipose tissue (42). Impor-
tantly, NOD.ChgA�/� mice are also protected from dex-
tran sulfate sodium–induced colitis (41). However, anti-
inflammatory functions of some ChgA-derived peptides
have been also reported (43). Thus, in addition to antigen
recognition, ChgA may also directly regulate autoreactiv-
ity via a complex mechanism. Whether and how these
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bioactive peptides contribute to diabetogenesis has not
been examined, but it is possible that their deficiency
may be associated with diabetes resistance in the
NOD.ChgA�/� mice.

We consider that the impaired presentation of
insulin in the NOD.ChgA�/� mice results from multi-
ple factors and may not be limited to insulin. Other

b-cell antigens that are part of the secretory granule
may also be affected and require future inves-
tigation.
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Figure 4—Anti–TGF-b and anti–PD-1 dual antibody (ab) treatment render NOD.ChgA�/� mice susceptible to autoimmune diabetes.
A: Representative FACS plots showing the percentage of indicated immune cell populations in the islets of NOD.ChgA�/� mice either
treated with four injections of anti–TGF-b ab every 3 days or left untreated (control). Infiltration of leukocytes was analyzed 15 days postin-
itiation of treatment. B: Quantification of the percentage of indicated cell populations among total islet cells as described in panel A. Data
(mean ± SEM) are pooled from three independent experiments. Each dot represents individual mouse. C: Experimental design of the
anti–TGF-b and anti–PD-1 ab treatment. D: Incidence of diabetes in 8–10 week old NOD or NOD.ChgA�/� mice treated with anti–TGF-b
either alone or in combination with anti–PD-1. Data are pooled from three independent experiments. P values were calculated by unpaired
two-tailed Student t test. *P< 0.05. DC, dendritic cell; ns, not significant.
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