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Peripheral T cell tolerance is promoted by the regulatory cytokine
TGF-β and Foxp3-expressing Treg cells. However, whether TGF-β and
Treg cells are part of the same regulatory module, or exist largely as
distinct pathways to repress self-reactive T cells remains incom-
pletely understood. Using a transgenic model of autoimmune diabe-
tes, here we show that ablation of TGF-β receptor II (TβRII) in T cells,
but not Foxp3 deficiency, resulted in early-onset diabetes with com-
plete penetrance. The rampant autoimmune disease was associated
with enhanced T cell priming and elevated T cell expression of the
inflammatory cytokine GM-CSF, concomitant with pancreatic infiltra-
tion of inflammatory monocytes that triggered immunopathology.
Ablation of the GM-CSF receptor alleviated the monocyte response
and inhibited disease development. These findings reveal that TGF-β
promotes T cell tolerance primarily via Foxp3-independent mecha-
nisms and prevents autoimmunity in this model by repressing the
cross talk between adaptive and innate immune systems.
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Afundamental challenge faced by the immune system is the
requirement for a highly diverse repertoire of T cells to

optimize protection against foreign pathogens while maintaining
tolerance against self-antigens. Thymic negative selection of high-
affinity T cells is a major mechanism by which self-reactive T cells
are eliminated from the repertoire (1), but this process is in-
complete, and autoreactive T cells that reach the periphery must
be regulated to prevent the development of autoimmunity. A
multitude of mechanisms exists to maintain peripheral T cell tol-
erance, including T cell ignorance of self-antigens, CD4+CD25+

Foxp3-expressing Treg cells, and inhibitory signaling pathways (2).
However, the relative contributions and interplay of these various
tolerance mechanisms remain poorly understood.
The cytokine TGF-β is an important regulator of T cell tol-

erance. Mice with impaired or total loss of TGF-β signaling in
T cells develop multifocal autoimmunity that is as severe as the
disease observed in mice with global Tgfb1 deficiency (3, 4),
demonstrating that T cells are critical targets of TGF-β regula-
tion (5–7). However, mice with T cell-specific loss of TGF-β
signaling also exhibit defects in the differentiation of thymic Treg
(tTreg) cells (8), as TGF-β signaling has been shown to promote
the survival of tTreg cell precursors (9). Furthermore, in addition
to its role in supporting the tTreg cell lineage, TGF-β signaling
induces Foxp3 expression and the differentiation of peripheral
Treg (pTreg) cells (10–13), further linking TGF-β to this lineage
of cells that is critical for the maintenance of immune tolerance.
The breach of tolerance that occurs in the absence of T cell-

specific TGF-β signaling is not caused solely by altered differen-
tiation and homeostasis of Treg cells (6, 7), suggesting that a
major mechanism by which TGF-β maintains tolerance is through
directly regulating autoreactive T cells. Additional support for the
direct regulation of autoreactive T cells by TGF-β arises from a
transgenic model of diabetes in which loss of TGF-β signaling
among activated diabetogenic CD4+ T cells, but not Treg cells,
induces disease (14). However, it remains possible that TGF-β
inhibition of T cell activation and differentiation is dependent on
transient expression of Foxp3 induced by TGF-β signaling (13, 15,
16). Indeed, Foxp3 induction in conventional human CD4+CD25−

T cells has been demonstrated to inhibit T cell proliferation and
affect gene expression (17, 18). Furthermore, Treg cells may engage
the TGF-β pathway to promote T cell tolerance via TGF-β pro-
duction and activation of the latent form of TGF-β (19–22). Thus,
the intertwined relationship between the TGF-β–dependent and
Treg cell-mediated immune suppressive pathways raises the question
of whether these two key regulators exist as distinct tolerance mod-
ules or are part of the same module to control self-reactive T cells.
In this study, using models of T cell-specific TGF-β receptor II

(TβRII) or Foxp3 deficiency in the context of the OT-II RIP-mOva
transgenic system, we demonstrated a Foxp3-independent role for
the TGF-β signaling pathway in the regulation of T cell tolerance.
The loss of TGF-β signaling specifically in T cells resulted in the
development of more rapid, fulminant diabetes than did the ab-
sence of Foxp3. The more severe disease that developed in OT-II
RIP-mOva mice with T cell-specific deficiency of TβRII involved a
heightened effector T cell phenotype and the recruitment of a
pathogenic inflammatory monocyte response that was associated
with enhanced T cell production of GM-CSF. These findings re-
veal an essential role for TGF-β in the direct, Foxp3-independent
regulation of autoreactive T cells in the maintenance of peripheral
T cell tolerance.

Results
OT-II T Cells from OT-II RIP-mOva Mice Are Not Ignorant of Their
Cognate Antigen. The use of transgenic mouse models has been
instrumental in elucidating mechanisms of central and peripheral
T cell tolerance. The study of mice coexpressing membrane ov-
albumin (mOva) under the control of the rat insulin promoter
(RIP) and transgenic OT-II T cells, which recognize the oval-
bumin peptide in the context of MHC class II molecule I-Ab,
demonstrated that OT-II T cells encounter their cognate antigen
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during thymic development and are subjected to negative selec-
tion (23). However, despite the process of negative selection,
mature OT-II T cells exist in the periphery of double-transgenic
OT-II RIP-mOva mice. Notably, however, OT-II RIP-mOva mice
do not develop autoimmunity (9, 23), indicating that the periph-
eral OT-II T cells are regulated to prevent diabetes development.
To determine whether T cells from OT-II RIP-mOva mice are

ignorant of their cognate antigen, we compared the activation
profiles of T cells isolated from the nondraining and pancreas-
draining lymph nodes of single-transgenic OT-II mice and
double-transgenic OT-II RIP-mOva mice that had been crossed
to a genetic background deficient in the recombinant activating
gene 1 (Rag1). The majority of T cells from the nondraining and
draining lymph nodes of both OT-II and OT-II RIP-mOva mice
were naive, as defined by high CD62L expression and low
CD44 expression (Fig. 1 A and B). However, examination of the
early-activation marker CD69 revealed a distinct expression
pattern in the draining lymph nodes of OT-II RIP-mOva mice.
Only T cells from the draining lymph nodes of OT-II RIP-mOva
mice exhibited up-regulation of CD69 expression, whereas
T cells from the nondraining lymph nodes of OT-II RIP-mOva
mice and T cells from both anatomic locations in single-transgenic

OT-II mice expressed minimal levels of the marker (Fig. 1 C and
D). These observations demonstrate that T cells from OT-II
RIP-mOva mice are not ignorant of their cognate antigen, a
potential mechanism of peripheral T cell tolerance (24), and
suggest that active tolerance mechanisms are in place to prevent
further activation of the T cells and the development of diabetes.

OT-II T Cell Tolerance Is Associated with Treg Cell Generation and TGF-β
Signaling. Treg cells and the TGF-β pathway are two critical
regulators of T cell tolerance (25–27). To address the respective
roles of these two tolerance mechanisms in our model system, we
first determined the presence of Treg cells by analyzing the lymph
nodes of single-transgenic OT-II and double-transgenic OT-II RIP-
mOva mice for Foxp3-expressing CD4+CD25+ T cells. Indeed,
OT-II RIP-mOva mice, but not OT-II mice that do not express the
mOva as a self-antigen, contained Treg cells (Fig. 2 A and B), in-
dicating that Treg cells may be a key mechanism by which diabetes
development is prevented in OT-II RIP-mOva mice. Notably, the
majority of Foxp3+ Treg cells did not express CD69 (Fig. S1A),
revealing that the enhanced CD69 expression observed in T cells
from the draining lymph nodes of OT-II RIP-mOva mice is due to
the activation of conventional T cells (Fig. 1 C and D). To address
the activity of the TGF-β signaling pathway, we performed flow
cytometric analysis of phospho-Smad2/3 expression in T cells from
the nondraining and draining lymph nodes of OT-II and OT-II
RIP-mOva mice. T cells from the draining lymph nodes of OT-II
RIP-mOva mice exhibited a consistent increase in levels of phos-
pho-Smad2/3 expression compared with their nondraining lymph
node counterparts (Fig. 2 C and D). This shift in phospho-Smad2/3
expression by draining lymph node T cells was more pronounced in
OT-II RIP-mOva mice than in single-transgenic OT-II mice, sug-
gesting that increased TGF-β signaling is in response to T cell in-
teractions with their cognate antigen. These observations suggest
that T cell tolerance in OT-II RIP-mOva mice may be promoted by
Treg cells and/or TGF-β signaling.

TGF-β Promotes T Cell Tolerance via Foxp3-Independent Mechanisms.
Our previous studies showed that T cell-specific deletion of
TβRII, which is encoded by the Tgfbr2 gene, resulted in enhanced
negative selection of OT-II T cells in double-transgenic OT-II
RIP-mOva mice, whereas positive selection of OT-II T cells was
not affected in the absence of mOva expression (9). Importantly,
despite the exaggerated clonal deletion of OT-II T cells, loss of
TGF-β signaling led to antigen-dependent T cell activation and
the development of aggressive autoimmune diabetes (9). However,
TGF-β signaling also promotes tTreg and pTreg cell development.
Thus, the extent to which diabetes development in Tgfbr2−/− OT-II
RIP-mOva mice is through TGF-β regulation of Treg cells versus
direct regulation of autoreactive T cells was unclear.
To address this question in the model of diabetes, we crossed

the Foxp3 scurfy (Foxp3sf) mice to the OT-II RIP-mOva back-
ground. We monitored control OT-II RIP-mOva mice, Foxp3sf
OT-II RIP-mOva mice, and OT-II RIP-mOva mice with T cell-
specific deletion of Tgfbr2 (Tgfbr2−/− OT-II RIP-mOva mice) for
diabetes development. Whereas T cell-specific TβRII-deficient
mice developed diabetes by 2 mo of age, Foxp3 deficiency resulted
in much delayed disease with less than 50% disease penetrance
at 5 mo of age (Fig. 2E). Consistent with our previous study (9),
control OT-II RIP-mOva mice did not develop diabetes (Fig.
2E). Given the role of TGF-β signaling in the survival of tTreg
cell precursors, we analyzed Tgfbr2−/− OT-II RIP-mOva mice for
the presence of Foxp3+ Treg cells and found that Tgfbr2−/− OT-
II RIP-mOva mice did contain Treg cells (Fig. S1B), indicating
that the accelerated diabetes development in Tgfbr2−/− OT-II
RIP-mOva mice is not attributable to an absence of Treg cells.
The distinct kinetics and penetrance of diabetes development

in Tgfbr2−/− and Foxp3sf OT-II RIP-mOva mice indicate that,
under certain circumstances, TGF-β promotes T cell tolerance
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Fig. 1. OT-II T cells encounter antigen in the pancreas-draining lymph nodes
of OT-II RIP-mOva mice. (A) Flow cytometric analysis of CD62L and CD44
expression on T cells from the nondraining and pancreatic lymph nodes from
single-transgenic OT-II Rag1-deficient and double-transgenic OT-II RIP-mOva
Rag1-deficient mice. Numbers indicate the percentage of cells in the re-
spective gates. (B) The graph shows percentages of naive CD62L+CD44lo

T cells from nondraining and pancreatic lymph nodes from OT-II Rag1-
deficient and OT-II RIP-mOva Rag1-deficient mice. Circles represent individ-
ual mice. Error bars indicate the mean ± SEM. Statistical significance was
calculated using a two-tailed unpaired Student’s t test. ns, not significant.
(C) Flow cytometric analysis of CD69 expression on T cells from the non-
draining and pancreatic lymph nodes of OT-II Rag1-deficient and OT-II RIP-
mOva Rag1-deficient mice. Numbers indicate the percentage of cells in the
respective gates. (D) The graph shows the percentage of CD69-expressing
T cells from the nondraining and pancreatic lymph nodes of OT-II Rag1-
deficient and OT-II RIP-mOva Rag1-deficient mice. Circles represent individ-
ual mice. Error bars indicate mean ± SEM. Statistical significance was calcu-
lated using a two-tailed unpaired Student’s t test. *P < 0.05.
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primarily via Foxp3-independent mechanisms. However, a com-
plication of the Tgfbr2−/− OT-II RIP-mOva system is the effect of
TβRII deficiency on T cell negative selection (9). To circumvent
the complication of altered thymic selection on T cell tolerance,
we developed a transfer model of diabetes that allows the in-
ducible termination of TGF-β signaling in mature T cells. OT-II
T cells that coexpress floxed Tgfbr2 and the estrogen-receptor
Cre (ERT2Cre Tgfbr2fl/fl OT-II) were adoptively transferred into
RIP-mOva Rag1-deficient mice, which were treated with tamox-
ifen to induce Tgfbr2 deletion in T cells (Fig. 2F and Fig. S1C). As
observed in the constitutive T cell-specific TβRII-deficient mice
(Fig. 2E), acute Tgfbr2 deletion in T cells led to rampant diabetes
(Fig. 2F). Importantly, the transfer of control or Foxp3sf OT-II

T cells to RIP-mOva Rag1-deficient recipients did not cause
disease in the time frame examined (Fig. 2F). These findings
further reveal an important role for a Foxp3-independent mech-
anism of TGF-β control of peripheral T cell tolerance.

Enhanced Priming of Pancreas Draining Lymph Node T Cells in the
Absence of TβRII. To gain mechanistic insight into the Foxp3-
independent functions of TGF-β in the control of T cell toler-
ance, we analyzed the phenotype of T cells in the pancreas-
draining lymph nodes of control, Tgfbr2−/−, and Foxp3sf OT-II
RIP-mOva mice. The majority of T cells from the draining lymph
nodes of diabetic Tgfbr2−/− OT-II RIP-mOva mice exhibited an
activated phenotype defined by high expression of CD44 and low
expression of CD62L (Fig. 3 A and B). Diabetic Foxp3sf OT-II
RIP-mOva mice also possessed a significantly higher frequency
of activated T cells in the pancreas-draining lymph nodes com-
pared with age-matched, nondiabetic control OT-II RIP-mOva
mice (Fig. 3 A and B). However, the frequency of CD62LloCD44hi

effector T cells in diabetic Foxp3sf OT-II RIP-mOva mice was
significantly lower than that observed in diabetic Tgfbr2−/− OT-II
RIP-mOva mice, indicating that the absence of TGF-β signaling
has a greater impact on the regulation of T cell priming in the
draining lymph node than does the absence of Treg cells. Con-
sistent with the differences in CD62L and CD44 expression on
T cells from the different strains of mice, T cells from the
pancreas-draining lymph nodes of Tgfbr2−/− OT-II RIP-mOva
mice produced the greatest amounts of IFN-γ (Fig. 3 C and
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Fig. 2. TGF-β promotes T cell tolerance via Treg cell-independent mecha-
nisms. (A) Flow cytometric analysis of Foxp3 and CD25 expression among
lymph node T cells from OT-II Rag1-deficient and OT-II RIP-mOva Rag1-
deficient mice. Numbers indicate the percentage of cells in the respective
gates. (B) The graph shows the percentage of Foxp3+CD25+ cells among
total lymph node T cells in OT-II Rag1-deficient and OT-II RIP-mOva Rag1-
deficient mice. Circles represent individual mice. Error bars indicate mean ±
SEM. Statistical significance was calculated using a two-tailed unpaired
Student’s t test. **P ≤ 0.01. (C) Flow cytometric analysis of pSmad2/3 in
T cells from the nondraining (dotted lines) and pancreatic (solid lines) lymph
nodes of OT-II Rag1-deficient and OT-II RIP-mOva Rag1-deficient mice. The
tinted gray histogram represents the fluorescence minus one (FMO) control.
(D) The graph shows the mean fluorescence intensity (MFI) of pSmad2/3
staining in T cells from the nondraining and pancreatic lymph nodes of OT-II
Rag1-deficient (white squares) and OT-II RIP-mOva Rag1-deficient (black
circles) mice. Lines connect the pSmad2/3 MFI values from the nondraining
and pancreatic lymph nodes of the same mouse. Statistical significance was
calculated using the paired Student’s t test. (E) The graph shows the in-
cidence of diabetes versus age for Tgfbr2−/− OT-II RIP-mOva Rag1-deficient
(circles, n = 16), Foxp3sf OT-II RIP-mOva Rag1-deficient (squares, n = 11), and
control OT-II RIP-mOva Rag1-deficient (triangles, n = 8) mice. (F) RIP-mOva
Rag1-deficient mice were adoptively transferred with ER-Cre Tgfbr2fl/fl OT-II
T cells (circles, n = 12), Foxp3sf OT-II T cells (squares, n = 7), or control OT-II
T cells (triangles, n = 6) and were monitored for diabetes development. The
graph shows the incidence of diabetes versus time after T cell transfer.
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Fig. 3. Enhanced T cell priming in the absence of TβRII in T cells. (A) Flow
cytometric analysis of CD62L and CD44 expression on T cells from the pan-
creatic lymph nodes of nondiabetic control OT-II RIP-mOva Rag1-deficient,
diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient, and diabetic Foxp3sf OT-II
RIP-mOva Rag1-deficient mice. Numbers indicate the percentage of cells in
the respective gates. (B) The graph shows the percentage of activated
CD62L−CD44+ T cells in the pancreatic lymph nodes of nondiabetic control
OT-II RIP-mOva Rag1-deficient, diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-
deficient, and diabetic Foxp3sf OT-II RIP-mOva Rag1-deficient mice. Circles
represent individual mice. Error bars indicate mean ± SEM. Statistical sig-
nificance was calculated using a two-tailed unpaired Student’s t test. *P <
0.05, ****P ≤ 0.0001. (C) Flow cytometric analysis of IFN-γ production by
pancreatic lymph nodes of nondiabetic control OT-II RIP-mOva Rag1-deficient,
diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient, and diabetic Foxp3sf OT-II
RIP-mOva Rag1-deficient mice. Numbers indicate the percentage of cells in
the respective gates. (D) The graph shows the percentage of IFN-γ–producing
T cells in the pancreatic lymph nodes of nondiabetic control OT-II RIP-mOva
Rag1-deficient, diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient, and diabetic
Foxp3sf OT-II RIP-mOva Rag1-deficient mice. Circles represent individual mice.
Error bars indicate mean ± SEM. Statistical significance was calculated using a
two-tailed unpaired Student’s t test. **P ≤ 0.01.
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D), a cytokine that is known to play an essential role in diabetes
development (14, 28–30).

Enhanced Effector Differentiation of Pancreas-Infiltrating T Cells in
the Absence of TβRII. In RIP-mOva mice, the highest concentra-
tion of the mOva antigen is found in the pancreas and the kid-
neys (31). Thus, in contrast to the discrepancy in T cell activation
observed between T cells in the pancreas-draining lymph nodes
of diabetic Tgfbr2−/− and Foxp3sf OT-II RIP-mOva mice (Fig. 3),
where the T cells likely experience lower concentrations of the
mOva antigen, pancreas-infiltrating T cells in both model sys-
tems might exhibit more similar differentiation phenotypes upon
exposure to high amounts of their cognate antigen present in the
target organ tissue. To determine whether the enhanced effector
T cell phenotype in diabetic Tgfbr2−/− OT-II RIP-mOva mice
was consistent in the draining lymph nodes and in the target
tissue, we analyzed the phenotype of pancreas-infiltrating T cells
in diabetic Tgfbr2−/− and Foxp3sf OT-II RIP-mOva mice. Di-
abetic Tgfbr2−/− and Foxp3sf OT-II RIP-mOva mice contained
comparable frequencies of pancreas-infiltrating T cells, which
were significantly higher than observed in nondiabetic OT-II
RIP-mOva mice, which possessed very few pancreas-infiltrating
T cells (Fig. 4A). Infiltration of the pancreas by OT-II T cells was
also observed in the transfer model of diabetes. At the time
points examined, a higher frequency of TβRII-deficient T cells
was found in the pancreas compared with Foxp3sf T cells (Fig.
S2A), which is consistent with the distinct disease manifestation
profiles observed in the transfer setting (Fig. 2F).
Pancreas-infiltrating T cells from both diabetic Tgfbr2−/− and

Foxp3sfOT-II RIP-mOva mice produced high amounts of IFN-γ,
although, as observed in the draining lymph nodes, a significantly
higher frequency of T cells from Tgfbr2−/− OT-II RIP-mOva
mice produced the cytokine than in Foxp3sf OT-II RIP-mOva
mice (Fig. 4 B and C). The enhanced production of IFN-γ by
T cells from both the draining lymph node and pancreas of
Tgfbr2−/− OT-II RIP-mOva mice relative to Foxp3sf OT-II RIP-
mOva mice suggested that TβRII-deficient T cells possessed a
more differentiated effector phenotype than their TβRII-sufficient
counterparts from diabetic Foxp3sf OT-II RIP-mOva mice. We
further examined this by analyzing the expression of Ly6C, a
marker that has been shown in viral infection models (32) to define
more terminally differentiated, Th1 phenotype CD4+ T cells among
pancreas-infiltrating T cells in diabetic Tgfbr2−/− and Foxp3sf OT-II
RIP-mOva mice. Indeed, consistent with the phenotype of enhanced
IFN-γ production, pancreas-infiltrating T cells from Tgfbr2−/− OT-II
RIP-mOva mice expressed significantly higher amounts of the
marker Ly6C than did T cells from Foxp3sf OT-II RIP-mOva mice
(Fig. 4D and E). The distinct patterns of Ly6C expression by TβRII-
deficient versus Foxp3sf OT-II T cells was also observed in the
transfer model of diabetes, in which an increased frequency of
TβRII-deficient T cells expressed higher amounts of Ly6C than did
Foxp3sf T cells (Fig. S2 B and C).

Acute Diabetes Triggered by TβRII-Deficient T Cells Is Associated with
an Accumulation of Pancreas-Infiltrating Inflammatory Monocytes.
To gain mechanistic insights into the Foxp3-independent func-
tions of TGF-β in control of T cell tolerance, we profiled the
pancreatic immune cell infiltrates in diabetic Tgfbr2−/− OT-II
RIP-mOva and diabetic Foxp3sf OT-II RIP-mOva mice. Com-
pared with Tgfbr2+/+ OT-II RIP-mOva mice, a substantially in-
creased population of CD11b+Ly6C+ inflammatory monocytes
was present in TβRII-deficient but not in Treg cell-deficient mice
(Fig. 4 F and G). This increase in CD11b+Ly6C+ inflammatory
monocytes was recapitulated in the transfer model of diabetes in
mice that received TβRII-deficient OT-II T cells but not Foxp3sf
or control OT-II T cells (Fig. S2 D and E). In addition, immu-
nofluorescent staining of the pancreata revealed T cell and
macrophage infiltration in Tgfbr2−/− OT-II RIP-mOva mice but

not in control Tgfbr2+/+ OT-II RIP-mOva or C57BL/6 mice (Fig.
4H). Intriguingly, high numbers of monocytes/macrophages are
present in the pancreatic infiltrates of patients suffering from an
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Fig. 4. Acute diabetes triggered by TβRII-deficient t cells is associated with
an enhanced Th1 effector phenotype and the accumulation of pancreas-
infiltrating inflammatory monocytes. (A) The graph shows the percentage of
pancreas-infiltrating T cells in nondiabetic control OT-II RIP-mOva Rag1-
deficient, diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient, and diabetic
Foxp3sf OT-II RIP-mOva Rag1-deficient mice. Circles represent individual mice.
Error bars indicate mean ± SEM. Statistical significance was calculated using a
two-tailed unpaired Student’s t test. ***P ≤ 0.001; ns, not significant. (B) Flow
cytometric analysis of IFN-γ production by pancreas-infiltrating T cells in di-
abetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient and Foxp3sf OT-II RIP-mOva
Rag1-deficient mice. Numbers indicate the percentage of cells in the re-
spective gates. (C) The graph shows the percentage of IFN-γ–producing T cells in
the pancreas of diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient and Foxp3sf
OT-II RIP-mOva Rag1-deficient mice. Circles represent individual mice. Error bars
indicate mean ± SEM. Statistical significance was calculated using a two-tailed
unpaired Student’s t test. *P < 0.05. (D) Flow cytometric analysis of Ly6C ex-
pression by pancreas-infiltrating T cells from diabetic Tgfbr2−/− OT-II RIP-mOva
Rag1-deficient and Foxp3sf OT-II RIP-mOva Rag1-deficient mice. (E) The graph
shows the percentage of Ly6C-expressing T cells in the pancreas of diabetic
Tgfbr2−/− OT-II RIP-mOva Rag1-deficient and Foxp3sf OT-II RIP-mOva Rag1-
deficient mice. Circles represent individual mice. Error bars indicate mean ±
SEM. Statistical significance was calculated using a two-tailed unpaired Stu-
dent’s t test. **P ≤ 0.01. (F) Flow cytometric analysis of Ly6C and Ly6G ex-
pression among CD45+CD11b+ cells in the pancreas of nondiabetic control OT-II
RIP-mOva Rag1-deficient, diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient, and
diabetic Foxp3sf OT-II RIP-mOva Rag1-deficient mice. Numbers indicate the
percentage of cells in the respective gates. (G) The graph shows the percentage
of Ly6C+ monocytes among CD11b+ cells in the pancreas of nondiabetic control
OT-II RIP-mOva Rag1-deficient, diabetic Tgfbr2−/− OT-II RIP-mOva Rag1-deficient,
and diabetic Foxp3sf OT-II RIP-mOva Rag1-deficient mice. Circles represent
individual mice. Error bars indicate mean ± SEM. Statistical significance
was calculated using a two-tailed unpaired Student’s t test. *P < 0.05.
(H) Immunofluorescent staining of T cells and macrophages in the pancreata
of Tgfbr2−/− OT-II RIP-mOva, Tgfbr2+/+ OT-II RIP-mOva, and C57BL/6 mice.
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aggressive subtype of type I diabetes termed “fulminant di-
abetes,” in which hyperglycemia occurs over the course of a few
days (33, 34). Indeed the course of diabetes development is far
more acute in Tgfbr2−/− than in Foxp3sf OT-II RIP-mOva mice
(Fig. 2E), and the transfer of TβRII, but not Foxp3sf, OT-II
T cells induces disease in a short time frame (Fig. 2F). These
observations indicate that TGF-β signaling in T cells is specifi-
cally required to suppress inflammatory monocyte responses, the
lack of which may account for the development of acute diabetes
in mice and humans.

Pathogenic Role of Inflammatory Monocytes in Diabetes Triggered by
TβRII-Deficient T Cells. Whereas inflammatory monocytes are well-
known innate immune cells mobilized during infection for host
defense responses (35), recent studies have revealed that in-
flammatory monocytes are also essential for the induction of tissue
damage in immunization models of autoimmune diseases such as
experimental autoimmune encephalitis (EAE) (36, 37). Although
T cells play an essential role in the immunization models of au-
toimmunity, the potential for directly activating monocytes by
adjuvant-mediated triggering of pattern-recognition receptors re-
mains. We wished to determine whether in a non–adjuvant-based
model of sterile autoimmunity, inflammatory monocytes also
played a pathogenic role in diabetes development. To address this
question, we bred CCR2-DTR mice (38) to the Tgfbr2−/− OT-II
RIP-mOva background to generate Tgfbr2−/− CCR2-DTR OT-II
RIP-mOva mice, which allows for diphtheria toxin (DT) treatment
and depletion of CCR2-expressing Ly6C monocytes. Compared with
untreated mice, DT-treated CCR2-DTR OT-II RIP-mOva mice
exhibited a marked depletion of Ly6C monocytes (Fig. 5A). To de-
termine whether Ly6C monocytes played a pathogenic role in dia-
betes development, Tgfbr2−/− CCR2-DTR OT-II RIP-mOva mice
were subjected to DT treatments starting at weaning (3 wk of age)
and were monitored for blood glucose levels to assess diabetes de-
velopment. As a control for the DT treatment, Tgfbr2−/− OT-II RIP-
mOva mice that did not express the CCR2-DTR transgene were
subjected to the same DT-treatment regimen. Strikingly, depletion of
CCR2-expressing Ly6C monocytes dramatically delayed the kinetics
of onset and penetrance of diabetes development (Fig. 5B).
It has been reported that effector CD4+ T cells may also express

the chemokine receptor CCR2 (39). To address the caveat that
diabetogenic T cells may also be depleted by DT treatment, we
generated RIP-mOva CCR2-DTR Rag1-deficient mice to be used
in the transfer model of diabetes. In this model, only CCR2-
expressing cells in the recipient mice would be ablated by DT
treatment, whereas the transferred diabetogenic T cells would
remain untouched, since the T cells do not express the CCR2-
DTR transgene. As observed in the nontransfer model of diabetes
(Fig. 5B), depletion of Ly6C monocytes by DT treatment inhibited
disease development in the transfer model of diabetes (Fig. 5C).
Notably, whereas the frequency of T cell infiltrates into the pan-
creas was comparable in both sets of recipients (Fig. 5 D and E),
the frequency of Ly6C cells in the pancreas of DT-treated RIP-
mOva CCR2-DTR Rag1-deficient mice was decreased compared
with DT-treated control mice (Fig. 5 F and G). Collectively, these
data demonstrate that the inflammatory monocyte response plays
a pathogenic role in the development of diabetes that is triggered
by loss of TGF-β control of peripheral T cell tolerance.

Pancreas-Infiltrating TβRII-Deficient T Cells Produce Increased Amounts
of GM-CSF, Which Promotes Diabetes Development. Given the
preferential accumulation of inflammatory monocytes observed
in the TβRII-deficient model of diabetes relative to that ob-
served in diabetic Foxp3sf OT-II RIP-mOva mice, we wished to
better understand the nature of the autoimmune response that
leads to such a difference. GM-CSF, encoded by the gene Csf2, is
a proinflammatory cytokine with crucial roles in myeloid cell
homeostasis and monocyte activation (40–43). The cytokine,

which can be produced by a variety of cell types, including T cells
(44), has been demonstrated to contribute to the disease path-
ogenesis in an adjuvant-based model of EAE (45, 46).
In both the TβRII-deficient and Foxp3sf OT-II RIP-mOva

models of diabetes, dysregulation of the T cell response is the
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Fig. 5. Pathogenic role of inflammatory monocytes in diabetes triggered by
TβRII-deficient T cells. (A) Flow cytometric analysis of Ly6C+CCR2+ cells in the
spleens of untreated and DT-treated Tgfbr2−/− CCR2DTR OT-II RIP-mOva Rag1-
deficient mice. Plots are gated on CD11b+ cells, and numbers indicate the
percentage of cells in the respective gates. (B) The graph shows the incidence
of diabetes with age in DT-treated Tgfbr2−/− OT-II RIP-mOva Rag1-deficient
mice with (squares, n = 4) or without (circles, n = 4) the CCR2DTR transgene.
(C) RIP-mOva Rag1-deficient mice with (squares, n = 3) or without (circle, n =
4) the CCR2DTR transgene were treated with DT following the adoptive
transfer of ER-Cre Tgfbr2fl/fl OT-II T cells and subsequent tamoxifen treatment
to induce Tgfbr2 deletion. The graph shows the incidence of diabetes versus
time after T cell transfer. (D–G) Control RIP-mOva and RIP-mOva CCR2DTRCFP
Rag1-deficient mice received ER-Cre Tgfbr2fl/fl T cells and were treated with
tamoxifen to induce deletion of the Tgfbr2 allele. Both sets of recipient mice
were treated with DT to control for nonspecific effects of DT. For simplicity,
DT-treated RIP-mOva Rag1-deficient mice (no depletion of CCR2-expressing
cells) are referred to as “Ctrl,” and DT-treated RIP-mOva CCR2DTRCFP Rag1-
deficient mice in which CCR2-expressing cells are depleted are designated as
“DT-treated.” (D) Flow cytometric analysis of TCRβ+ and CD11b+ cells among
total CD45+ cells in the pancreas of DT-treated control RIP-mOva (Ctrl) and
RIP-mOva CCR2DTR (+DT) Rag1-deficient mice that received Tgfbr2−/− OT-II
cells. Numbers indicate the percentage of cells in the respective gates. (E) The
graph shows the frequency of TCRβ+ cells among CD45+ cells in the pancreas
of DT-treated control RIP-mOva (Ctrl) and RIP-mOva CCR2DTR (+DT) Rag1-
deficient mice that received Tgfbr2−/− OT-II cells. Circles represent individual
mice. Error bars indicate mean ± SEM. Statistical significance was calculated
using a two-tailed unpaired Student’s t test; ns, not significant. (F) Flow
cytometric analysis of Ly6C and Ly6G expression among CD45+CD11b+ cells in
the pancreas of DT-treated control RIP-mOva (Ctrl) and RIP-mOva CCR2DTR
(+DT) Rag1-deficient mice that received Tgfbr2−/− OT-II cells. Numbers indicate
the percentage of cells in the respective gates. (G) The graph shows the fre-
quency of Ly6C+ cells among CD45+CD11b+ cells in the pancreas of DT-treated
control RIP-mOva (Ctrl) and RIP-mOva CCR2DTR (DT-treated) Rag1-deficient
mice that received Tgfbr2−/− OT-II cells. Circles represent individual mice. Error
bars indicate mean ± SEM. Statistical significance was calculated using a two-
tailed unpaired Student’s t test. **P ≤ 0.01.
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critical trigger for disease. We wished to address whether the
GM-CSF pathway contributed to the distinct diabetes profiles in
TβRII-deficient and Foxp3sf OT-II RIP-mOva mice and analyzed
GM-CSF production by T cells in the pancreatic lymph nodes and
pancreas of diabetic TβRII-deficient and Foxp3sf OT-II RIP-mOva
mice. In both models of diabetes, a greater frequency of T cells in
the pancreas than in the pancreatic lymph nodes produced GM-
CSF, and the GM-CSF–producing T cells coexpressed high levels of
IFN-γ (Fig. 6A). As observed for IFN-γ (Fig. 3), a greater frequency
of T cells from the pancreatic lymph nodes of diabetic TβRII-
deficient OT-II RIP-mOva mice produced IFN-γ and GM-CSF
than did T cells from the pancreatic lymph nodes of diabetic
Foxp3sf OT-II RIP-mOva mice, although the difference was not
statistically significant (Fig. 6B). In the pancreas, however, a signif-
icantly greater frequency of T cells from diabetic TβRII-deficient
OT-II RIP-mOva mice coproduced IFN-γ and GM-CSF than did
T cells from diabetic Foxp3sf OT-II RIP-mOva mice (Fig. 6B). In
addition, in the T cell transfer model of diabetes, only TβRII-
deficient OT-II T cells, but not Foxp3sf OT-II T cells, gave rise to
IFN-γ and GM-CSF coproducers (Fig. S3), suggesting that TGF-β
regulates GM-CSF production by a Foxp3-independent mechanism.
To determine whether GM-CSF plays a pathogenic role in di-

abetes development in TβRII-deficient OT-II RIP-mOva mice, we
bred Tgfbr2−/− OT-II RIP-mOva mice to Csf2rb−/− mice, which
lack the β chain of the GM-CSF receptor, to generate Csf2rb−/−

Tgfbr2−/− OT-II RIP-mOva mice. Compared with TβRII-deficient
OT-II RIP-mOva mice with an intact GM-CSF signaling pathway,
TβRII-deficient OT-II RIP-mOva mice lacking the β chain of the
GM-CSF receptor exhibited delayed kinetics of diabetes onset and
reduced penetrance of disease (Fig. 6C), demonstrating that GM-
CSF signaling contributes to the pathogenesis of diabetes. Despite
the distinct manifestations of diabetes development, the frequency of
pancreas-infiltrating T cells was not significantly reduced in Csf2rb−/−

compared with control Tgfbr2−/− OT-II RIP-mOva mice (Fig. 6D).
Furthermore, among the pancreas-infiltrating T cells, a comparable
frequency expressed Ly6C (Fig. 6E), indicating similar levels of
Th1 differentiation. In contrast, Csf2rb−/− Tgfbr2−/− OT-II RIP-
mOva mice exhibited a significant reduction in the inflammatory
monocyte population compared with Tgfbr2−/− OT-II RIP-mOva
mice with an intact GM-CSF signaling pathway (Fig. 6F).

Discussion
Despite our understanding of the critical roles that TGF-β and
Foxp3+ Treg cells play in the maintenance of immune tolerance,
the inherent relationship between these two pathways of immune
suppression poses the fundamental question of whether they are
part of the same regulatory module or have distinct mechanisms
of T cell regulation. To address this, we used the transgenic OT-
II RIP-mOva mouse model to compare the relative effects of
TGF-β versus the transcription factor Foxp3, considered the
master regulator of the Treg cell lineage, in the regulation of
peripheral T cell tolerance. We observed that the absence of
T cell-specific TGF-β signaling led to the development of more
rapid, fulminant diabetes in OT-II RIP-mOva mice than did
Foxp3 deficiency. The more aggressive disease that developed in
the absence of TGF-β signaling was associated with an enhanced
T cell effector phenotype and the recruitment of a pathogenic
myeloid cell population that was in part dependent on GM-CSF
signaling. These observations reveal that a Foxp3-independent
mechanism of TGF-β signaling can play a dominant role in the
regulation of peripheral T cell tolerance.
Although central tolerance is a critical aspect in the estab-

lishment and maintenance of immune tolerance, the process of
clonal deletion is incomplete. Indeed, self-reactive T cells exist in
the peripheral T cell repertoire of healthy individuals (47),
demonstrating the necessity for additional tolerance mechanisms
to keep such autoreactive T cells in check. The maintenance of
peripheral T cell tolerance involves multiple pathways, ranging

from immunological ignorance of self-antigens to more active
tolerance mechanisms, such as Treg cells and inhibitory signaling
pathways. T cell ignorance of self-antigens may occur due to
antigen sequestration in tissues or because the self-antigen is
presented at concentrations that are too low to result in pro-
ductive T cell activation. However, the metrics used to define
T cell activation may result in an overestimation of the preva-
lence of immunological ignorance as a mechanism of self-
tolerance. Indeed in the RIP-mOva model system, the lack of
T cell proliferation (48) and the maintenance of a CD62LhiCD44lo

naive T cell phenotype (Fig. 1 and ref. 9) could be interpreted
as ovalbumin-specific T cells being ignorant of their cognate
antigen. However, our findings show that, despite maintaining
a CD62LhiCD44lo naive phenotype, OT-II T cells in the pancre-
atic lymph nodes of OT-II RIP-mOva mice (but not in single-
transgenic mice that do not express RIP-mOva as a self-antigen)
up-regulate the early activation marker CD69, demonstrating
that the T cells are not ignorant of their cognate antigen and thus
indicating that mechanisms of active suppression keep these
autoreactive T cells in check. Indeed, compared with single-
transgenic OT-II mice, double-transgenic OT-II RIP-mOva mice
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Fig. 6. Pancreas-infiltrating TβRII-deficient T cells produce increased amounts
of GM-CSF, which promotes diabetes development. (A) Flow cytometric
analysis of IFN-γ and GM-CSF expression by T cells in the pancreatic lymph
nodes (Upper) and pancreas (Lower) of diabetic Tgfbr2−/− and Foxp3sf OT-II
RIP-mOva Rag1-deficient mice. Numbers indicate the percentage of cells in
the gates. (B) The graph shows the percentage of IFN-γ+GM-CSF+ T cells in the
pancreatic lymph nodes (Left) and pancreas (Right) of diabetic Tgfbr2−/− and
Foxp3sf OT-II RIP-mOva Rag1-deficient mice. Circles represent individual mice.
Error bars indicate mean ± SEM. Statistical significance was calculated using a
two-tailed unpaired Student’s t test. **P ≤ 0.01; ns, not significant. (C) The
graph shows diabetes incidence versus age among Tgfbr2−/− OT-II RIP-mOva
Rag1-deficient mice (circles, n = 16), Tgfbr2−/− Csf2r/− OT-II RIP-mOva Rag1-
deficient mice (squares, n = 7), and control OT-II RIP-mOva Rag1-deficient
mice (triangles, n = 8). (D) The graph shows the frequency of TCRβ+ cells
among CD45+ cells in the pancreas of control (Tgfbr2+/+), Tgfbr2−/−, and
Tgfbr2−/−Csf2r−/− OT-II RIP-mOva Rag1-deficient mice. (E) The graph shows the
frequency of Ly6C-expressing cells among total TCRβ+ cells in the pancreas of
control (Tgfbr2+/+), Tgfbr2−/−, and Tgfbr2−/−Csf2r−/− OT-II RIP-mOva Rag1-
deficient mice. Circles represent individual mice. Error bars indicate mean ±
SEM. Statistical significance was calculated using a two-tailed unpaired Stu-
dent’s t test; ns, not significant. (F) The graph shows the percentage of Ly6C+

cells among CD45+CD11b+ cells in the pancreas of control (Tgfbr2+/+), Tgfbr2−/−,
and Tgfbr2−/− Csf2r−/− OT-II RIP-mOva Rag1-deficient mice. Circles represent
individual mice. Error bars indicate mean ± SEM. Statistical significance was
calculated using a two-tailed unpaired Student’s t test. *P < 0.05.
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contain Foxp3+ Treg cells and exhibit enhanced TGF-β signaling
in the pancreatic lymph nodes. Our comparison of the effects of
T cell-specific loss of TGF-β signaling versus Foxp3 deficiency on
the development of autoimmunity demonstrates that in the OT-II
RIP-mOva system TGF-β signaling is the dominant pathway
controlling T cell tolerance.
The condition of lymphopenia has been associated with multi-

ple autoimmune diseases in human patients, such as rheumatoid
arthritis, systemic lupus erythematosus, and Sjogren’s syndrome
(49). However, lymphopenia alone does not trigger the develop-
ment of autoimmune disease, as the activity of immune suppres-
sive pathways can control autoreactive T cell responses, and a
second “hit” in addition to lymphopenia is thought to be required
to trigger autoimmunity. Indeed, our findings demonstrate that
OT-II RIP-mOva Rag1-deficient mice (which are by definition
lymphopenic) do not develop diabetes until either the TGF-β or
Foxp3+ regulatory modules are perturbed. The TGF-β pathway, in
particular, has been shown to be critical for the inhibition of T cell
responses in lymphopenic settings (50, 51). Importantly, a notable
difference between Tgfbr2−/− and Foxp3sf OT-II RIP-mOva mice
is the enhanced lymphopenia observed in OT-II RIP-mOva mice
with T cell-specific deficiency of TGF-β signaling. We have pre-
viously reported that the TGF-β pathway plays an important role
in promoting the survival of low-affinity T cells and that the ab-
sence of T cell-specific TGF-β signaling results in a peripheral
T cell homeostasis defect in Tgfbr2−/− OT-II RIP-mOva mice (52)
that is not present in Foxp3sfOT-II RIP-mOva mice with an intact
TGF-β signaling pathway. This discrepancy in the degree of lym-
phopenia may contribute to the enhanced effector differentiation
observed in Tgfbr2−/− OT-II RIP-mOva mice. However, the re-
sults from our T cell transfer model of diabetes further demon-
strate that, in comparable lymphopenic environments, direct
regulation of T cells by TGF-β signaling is a critical factor in
preventing autoimmunity, as wild-type OT-II T cells and Foxp3sf
OT-II T cells (which have intact TGF-β signaling but cannot un-
dergo conversion into Treg cells or up-regulate transient expres-
sion of Foxp3) did not induce disease in the examined time frame.
Our findings demonstrate an important role for Foxp3-

independent TGF-β regulation of peripheral T cell tolerance in
OT-II RIP-mOva mice. Ultimately, however, Foxp3 deficiency
also leads to diabetes development in the OT-II RIP-mOva
system, which raises the question of how these distinct immune
suppression pathways control autoreactive T cell responses. A
key regulatory checkpoint is likely during T cell priming in the
lymph node, when T cells encounter their cognate antigen and
undergo activation before trafficking to the appropriate non-
lymphoid tissues. Notably, it has been demonstrated that
removal of the pancreas-draining lymph nodes in young, pre-
diabetic NOD mice is sufficient to prevent diabetes develop-
ment, demonstrating the critical role of lymph node T cell
priming in the establishment of an autoimmune response (53).
Both Treg cells (54, 55) and TGF-β signaling (56) have been
implicated in the regulation of T cell activation in tissue-draining
lymph nodes. Indeed, our findings demonstrate that both the
absence of T cell-specific TGF-β signaling and Foxp3 deficiency
result in increased T cell activation in the pancreas-draining
lymph nodes in comparison with control OT-II RIP-mOva
mice. However, T cell activation is far more pronounced in the
absence of T cell-specific TGF-β signaling than in the absence of
Treg cells. Whereas T cells in the pancreatic lymph nodes of
Foxp3sf OT-II RIP-mOva mice produce very little cytokine,
pancreatic lymph node TβRII-deficient T cells already produce
copious amounts of the Th1 cytokine IFN-γ, which is known to
promote diabetes development (14, 28–30). The limited (al-
though significantly increased relative to control OT-II RIP-
mOva mice) activation of T cells in the draining lymph nodes
of Foxp3sf OT-II RIP-mOva mice is consistent with observations
in another transgenic model of diabetes, in which Treg cells had

little effect on T cell activation in the draining lymph node but
were nonetheless important for the prevention of disease devel-
opment (57). However, even in the pancreas, TβRII-deficient
T cells produce more IFN-γ than do T cells from Foxp3sf OT-II
RIP-mOva mice, indicating a more differentiated Th1 phenotype.
In addition, in comparison with pancreatic T cells from diabetic
Foxp3sfOT-II RIP-mOva mice, pancreatic TβRII-deficient T cells
express much higher levels of the surface marker Ly6C, the ex-
pression of which has been shown to define more terminally dif-
ferentiated Th1 cells in viral infection models (32). Collectively,
these observations indicate that direct regulation by TGF-β is
important for restraining the degree of effector differentiation of
autoreactive T cells. Whether the differences in effector T cell
differentiation in the pancreas and the distinct manifestations of
diabetes observed in Tgfbr2−/− versus Foxp3sf OT-II RIP-mOva
mice are attributable to differences due to the absence of TGF-β
signaling during the initial priming phase or whether TGF-β
continues to regulate effector T cell differentiation in tissues re-
mains to be determined.
We find that the acute, fulminant diabetes that develops in

OT-II RIP-mOva mice with T cell-specific loss of TGF-β signaling
engages a heightened Th1 effector program and a pathogenic
inflammatory monocyte response. Indeed, there is evidence that
the innate immune response, particularly macrophages, also plays
a role in autoimmune diabetes (58). Intriguingly, high numbers of
monocytes/macrophages are present in the pancreatic infiltrates
of patients suffering from fulminant diabetes (33, 34), which is
noted for its aggressive and rapid disease progression. The path-
ogenic monocyte response in Tgfbr2−/− OT-II RIP-mOva mice is
in part dependent on GM-CSF, a cytokine with established roles
in myeloid cell homeostasis and monocyte activation (40–43).
GM-CSF also promotes the development of autoimmune diseases
such as arthritis and EAE (45, 46, 59, 60), both of which are as-
sociated with pathogenic myeloid cell responses (36, 37, 61). In-
deed, GM-CSF signaling has been demonstrated to trigger an
inflammatory signature in monocytes that contributes to their
pathogenic function in autoimmunity (62). However, the direct
activation of innate immune cells through pattern-recognition
receptors is another plausible pathogenic mechanism in the
adjuvant-based models (45, 46, 59, 62). In contrast, our findings
demonstrate that in a spontaneous, non–adjuvant-based model of
autoimmunity a dysregulated T cell response in a setting of sterile
inflammation is sufficient to induce a pathogenic myeloid cell
population that critically contributes to disease development. We
observed a significantly higher frequency of GM-CSF–producing
T cells in the pancreas of diabetic Tgfbr2−/− than in diabetic
Foxp3sf OT-II RIP-mOva mice. The TβRII-deficient T cells that
produced GM-CSF also coexpressed high levels of IFN-γ, and
these T cells are reminiscent of populations of IFN-γ+GM-CSF+

T cells found to be enriched in the cerebrospinal fluid of multiple
sclerosis patients and the synovial fluid of juvenile idiopathic ar-
thritis patients (63–65). That this population of IFN-γ+GM-CSF+

coproducers is preferentially increased in pancreas-infiltrating
T cells from diabetic Tgfbr2−/− OT-II RIP-mOva mice suggests
that direct TGF-β control of T cells is particularly important in the
regulation of GM-CSF production. Interestingly, Smad3-deficient
T cells have been reported to produce enhanced amounts of GM-
CSF (66), and the addition of TGF-β to cultures of human T cells
can inhibit the production of GM-CSF (64). Future studies will
determine whether TGF-β suppression of GM-CSF occurs via in-
direct or direct mechanisms and whether the Smad proteins have
redundant roles in the regulation of this proinflammatory cytokine.
In conclusion, in this study, using a transgenic model of au-

toimmune diabetes, we have demonstrated a direct, Foxp3-
independent mechanism of autoreactive T cell regulation by the
TGF-β signaling pathway. These observations refine our un-
derstanding of two key regulatory modules in the control of
peripheral T cell tolerance.
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Materials and Methods
Mice.Mice with T cell-specific deficiency of TβRII (designated “Tgfbr2−/−mice”)
were generated by crossing Tgfbr2-floxed mice with the CD4-Cre transgene.
OT-II RIP-mOva Rag1-deficient mice were crossed with Tgfbr2−/− mice to
generate Tgfbr2−/− OT-II RIP-mOva Rag1-deficient mice. Foxp3sf mice were
crossed to OT-II RIP-mOva Rag1-deficient mice to generate Foxp3sf OT-II RIP-
mOva Rag1-deficient mice. Tgfbr2−/− OT-II RIP-mOva Rag1-deficient mice
were further crossed to CCR2DTR mice or Csf2rb−/− mice to generate Tgfbr2−/−

CCR2DTR OT-II RIP-mOva Rag1-deficient mice or Tgfbr2−/− Csf2r−/− OT-II RIP-
mOva Rag1-deficient mice. ERT2-Cre Tgfbr2fl/fl OT-II Rag1-deficient, Foxp3sf
OT-II Rag1-deficient, RIP-mOva Rag1-deficient, and RIP-mOva CCR2DTR Rag1-
deficient mice were used for transfer experiments. All mice are fully back-
crossed to the C57BL/6 background. All mice were maintained under specific
pathogen-free conditions, and animal experimentation was conducted in
accordance with Institutional Animal Care and Use Committee (IACUC) guide-
lines. Additional information is provided in SI Materials and Methods.

T Cell Transfer Model of Diabetes. OT-II, ERT2-Cre Tgfbr2fl/fl OT-II, or Foxp3sf
OT-II lymph node and spleen cells (all 1–2 × 106) were adoptively transferred
into recipient mice. The following day, mice were subjected to the first of
five consecutive daily i.p. injections of tamoxifen (Sigma). Tamoxifen was
dissolved in ethanol and corn oil and administered to each mouse at 1 mg/d.

Diabetes Monitoring. Blood glucose concentrations in experimentalmice were
monitored one or two times per week using the Bayer Contour Meter and
Bayer Contour Test Strips. Mice with two consecutive readings of blood
glucose concentration >250 mg/dL were considered diabetic.

Monocyte Depletion. For depletion of CCR2-expressing cells, mice were treated
i.p. with DT (Sigma) at a dose of 10 ng/g bodyweight every 3 d for the duration
of blood glucose monitoring. For Tgfbr2−/− CC2RDTR RIP-mOva Rag1-deficient
mice, DT treatments were started at weaning. For the transfer model of dis-
ease, DT treatments were started following the final tamoxifen treatment.

Immune Cell Isolation from Pancreas. The pancreas was digested by incubation
with 1 mg/mL Collagenase P (Roche) dissolved in 10% FBS HBSS (Gibco) with at
37 °C for 12 min. Digested pancreas samples were washed twice with 10% FBS
HBSS and then once in 10% FBS RPMI-1640 medium (Memorial Sloan Kettering
Core Media Preparation Facility). Islets were hand-picked and further treated
with an enzyme-free Cell Dissociation Buffer (Gibco) for 10 min at 37 °C.

Flow Cytometry. All samples were collected using an LSRII flow cytometer
(Becton Dickinson), and flow cytometric data were analyzed using FlowJo
software (Tree Star, Inc.). Detailed information about all antibodies used and
staining procedures is provided in SI Materials and Methods.

Immunofluorescent Staining of Pancreas. Pancreas tissues were fixed in 2%
paraformaldehyde (PFA) overnight, followed by embedding in optimum cutting
temperature (O.C.T.; Tissue-Tek) compound, and were cut into 14-μm sections.
The pancreas sections were blockedwith 3%BSA and stained with fluorophore-
conjugated CD3 (clone 17A2; BioLegend) and F4/80 (clone BM8; BioLegend)
antibodies at room temperature for 2 h. Then the sections were counterstained
with DAPI and mounted with Vectashield mounting medium (Vector Labora-
tories). The images were captured by a Leica SP-5 upright confocal microscope
and subsequently processed in Adobe Photoshop and Illustrator.

Statistical Analysis. The paired Student’s t test was used to calculate statistical
significance between pSmad2/3 levels in T cells from nondraining versus
draining lymph nodes. Unpaired Student’s t test was used to calculate sta-
tistical significance for differences among other measurements between
groups. A P value of ≤ 0.05 was considered statistically significant.
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