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Abstract
Type 1 diabetes (T1D) results from autoimmune destruction of pancreatic β-cells. Although Th1
cells are key orchestrators of T1D, the function(s) of the more recently identified Th17 subset are
unclear due to inherent plasticity. Herein we analyzed Th17 cells for stability and diabetogenicity
in NOD mice. We found that like Th1 cells, Th17 are a distinct population throughout the pre-
diabetic phase. At diabetes onset there were marked increases in IL-17-producing Th17 cells and
IFNγ-producing Th1 cells in the pancreas as well as in the serum levels of these cytokines,
indicating that these proinflammatory mediators serve as biomarkers of advanced autoimmunity.
Although naturally occurring Th17 cells in diabetic mice did not contribute to diabetes
development in transfer models, islet-specific Th17 cells were diabetogenic independently of
IL-17 and displayed inflammation-induced Th17-to-Th1 reprogramming that could be elicited by
Th1 cells. However, an inability to generate Th1 cells because of Stat4, Ifngr, and Ifng
deficiencies did not prevent diabetes. Instead, TNFα could mediate diabetes in response to either
Th17 cells or Th1 cells. The results identify a previously unknown mechanism by which Th17
cells can contribute to T1D. Our studies also suggest that when developing interventions for T1D,
it will be potentially advantageous to focus on mechanisms common to T cell effectors than on the
signature cytokines of various subsets.
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Introduction
In type 1 diabetes (T1D), tolerance to pancreatic islet β-cells is lost due to genetic and
environmental factors (1). Although multiple cell types participate in the pathogenesis of
T1D, CD4+ T cells, Th1 cells, which produce the signature cytokine IFNγ, play a key role in
orchestrating the autoimmune response in both rodent models and human patients (2).
However, in the non-obese diabetic (NOD) mouse model of T1D, genetic deficiencies in the
expression of IFNγ or IFNγR did not prevent diabetes onset (3–5), suggesting that Th1 cells
may be dispensable. In other autoimmune diseases, such as the EAE model of multiple
sclerosis, IFNγ deficiency not only failed to prevent disease, but exacerbated the pathology
(6). Instead, the more recently identified Th17 subset, that produces IL-17A as a signature
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cytokine (7), is thought to play a dominant role (8, 9). Whether Th17 cells contribute to T1D
is unclear and controversial.

Early studies implying pathogenicity of Th17 cells in T1D showed that treatment of NOD
mice with neutralizing anti-IL-17 antibody or IL-25, which antagonizes Th17 differentiation
in vivo, prevented development of diabetes (10). Furthermore, studies of T1D patient
samples showed an elevated population of peripheral blood monocytes that could promote
Th17 cell differentiation (11). Elevated levels of IL-17 and/or IL-17-producing CD4+ T cells
in the peripheral blood and pancreatic lymph nodes (PLN) of T1D patients have also been
reported (12–15). Conversely, under certain conditions, the in vivo induction of Th17 cells
has been associated with protecting NOD mice from diabetes progression (16, 17). A
complicating issue is the inherent plasticity of Th17 cells. Th17 cells can be reprogrammed
into IFNγ-producing Th1-like cells (18), and in some systems, especially with human Th17
cells, the co-expression of IL-17 and IFNγ appears to mark the most pathogenic cells (19,
20). Both Th1 driving IL-12 and Th17-promoting IL-23 can be important for this
coexpression (21, 22). The plasticity of Th17 cells has confounded efforts to elucidate their
function(s) in T1D in part because the induction of diabetes in NOD.Scid recipients by in
vitro differentiated islet antigen-specific Th17 cells coincided with their acquisition of a Th1
phenotype (23, 24). It is not yet clear if this reprogramming is required for disease induction
or if it is instead a byproduct of the immune/inflammatory response.

To complicate the issue further, each known Th subset produces multiple cytokines, and
their functions may not necessarily depend only on the respective “signature cytokine(s)”.
For instance, recent studies identified GM-CSF as a key effector cytokine of Th17 cells in
EAE (25, 26). It is thus possible that although IL-17, like IFNγ, may contribute to the
inflammatory processes in T1D, other cytokines could ultimately be more critical for the
pathogenesis leading to islet damage and β-cell death.

In this study, we analyzed both Th1 and Th17 populations, defined by the production of
IFNγ and IL-17, respectively, during the spontaneous progression to diabetes in NOD mice.
In parallel, we analyzed both in vivo and in vitro developed Th17 cells, including two
different islet antigen-specific TCR Tg Th17 cells, for their diabetogenic potential, stability,
and the requirements for IFNγ and IL-17 for diabetes induction. Our results show that
discrete subsets of IL-17 or IFNγ producing CD4+ T cells are found early in the autoimmune
process and that these cytokines can serve as biomarkers of advanced disease. However,
IL-17 is not required for progression to diabetes and inflammation could support
reprogramming of Th17 cells to Th1 cells to a differing extent, depending upon the TCR.
When Th1 development was prevented, TNFα, but not IL-17 could mediate the
pathogenicity of islet-specific Th17 cells. For Th1 cells, blocking TNFα was also sufficient
to prevent development of diabetes. The data indicate that although both Th1 and Th17 cells
can elicit T1D independently of their signature cytokines, the impact of Th17 cells to T1D
onset can be limited by the overwhelming presence of Th1 cells in the pancreas as well as by
a potentially more constrained overall pathogenicity in vivo.

Materials and methods
Mice

NOD, NOD.Scid, NOD.Thy1.1, NOD.CD45.2, and NOD.Stat4−/− mice were obtained from
the Jackson Laboratory. NOD.BDC2.5 TCR transgenic, NOD.Ifng−/−, NOD.Ifngr−/− mice
were from the Genetically Modified NOD Mouse Core at Harvard Medical School.
NOD.BDC6.9 TCR transgenic mice were a gift from Dr. Kathryn Haskins (University of
Colorado, Denver, CO). The TCR transgenic lines were crossed to NOD.Thy1.1 mice.
NOD.Stat4−/−, NOD.Ifng−/−, and NOD.Ifngr−/− mice were crossed with NOD.BDC2.5
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mice. NOD.Stat4−/− and NOD.Ifngr−/− mice were crossed to generate a double gene-
deficient line. All animals were maintained in a specific pathogen free facility at Sanford-
Burnham Medical Research Institute (SBMRI). Only female mice were used. All
experiments were approved by the Institutional Animal Care and Use Committee of SBMRI.

Differentiation of effector T cells in vitro
CD4+ T cells were isolated from the lymphoid tissues of 6–8 wk old mice using EasySep
kits (StemCell Technologies) according to the manufacturer’s instructions, except that
CD25+ nTregs and γδ T cells were also depleted during the process. Purified CD4+ T cells
were cultured in 6-well plates coated with anti-CD3 (5µg/ml, clone 2c11, BioLegend) and
anti-CD28 (5µg/ml, clone 37.51, BioLegend) with complete RPMI-1640 medium for 5 days.
For Th1 differentiation, the cultures were supplemented with anti-IL-4 (Frederick National
Laboratory) (10µg/ml), rIL-12 (R&D Systems) (5ng/ml), and rIL-2 (Frederick National
Laboratory) (200units/ml). For Th17 differentiation, the cultures were supplemented with
anti-IL-4 (10µg/ml), anti-IFNγ (10µg/ml, purified in house), rTGFβ1 (2ng/ml), rIL-6 (20ng/
ml), rIL-1β (10ng/ml), and rIL-23(5ng/ml) (BioLegend). After 5 days of culture, the cells
were rested in complete medium containing rIL-7 (10ng/ml, Frederick National Laboratory)
for 2 days before purification and cell transfer.

Th17 cell purification
Th17 cells were identified by surface staining of IL-17A and purified by FACS sorting,
using a method modified from a recent report (27). Briefly, in vitro differentiated Th17 cells
or enriched ex vivo CD4+ T cells were stimulated with PMA (Sigma-Aldrich) (25ng/ml) and
ionomycin (0.5µg/ml, Sigma-Aldrich) in complete medium for 3 hours. After washing, the
cells were stained with APC-cojugated anti-CD4 antibody (clone RM4-5, BioLegend) and
PE-conjugated anti-IL-17 antibody (Clone TC11-18H10.1, BioLegend). The anti-IL-17
antibody was used at 2µg/ml concentration. CD4+IL-17surface+ and CD4+IL-17surface− cells
were then sorted by FACS (Supplemental Fig.1).

Adoptive transfer
In vitro differentiated effector CD4+ T cells or ex vivo cells isolated from diabetic NOD
mice were transferred into NOD, NOD.Scid, or NOD.Ifng−/− recipients by i.v. injection in
doses of 0.2-1×106 as indicated for the individual experiments. In some experiments, anti-
IL-17, anti-TNFα, or anti-IFNγ (BioXcell or purified in house), were injected i.p. at
indicated doses and times. Control mouse and rat IgG were purchased from Jackson
ImmunoResearch Laboratories Inc. Diabetes incidence was monitored by blood glucose test
using Bayer’s Contour meters and strips (Bayer); two consecutive readings of higher than
300mg/dl were considered indicative of diabetes.

Flow cytometry
The conjugated antibodies for FACS were purchased from BioLegend except for anti-T-Bet
(clone 4B10) and RORγ (clone B2D), which were purchased from eBioscience. To recover
cells from the pancreas, the whole organ was minced and treated with colagenase P (Roche)
followed by mechanic disruption and filtering through a cell strainer to obtain a single cell
suspension. Lymphocytes were then harvested by gradient centrifugation over
Histopique-1077 (Sigma). For intracellular cytokine staining, cells were restimulated with
PMA (50ng/ml) and ionomycin (1µg/ml) with GolgiPlug™ (BD Biosciences) for 4 hours.
Cells were stained for surface markers, fixed and permeabilized, and finally stained with
anti-cytokine antibodies. In some experiments, anti-T-Bet and/or anti-RORγ were included
to stain these transcription factors. FACS data were collected on FACS Calibur or LSR-
Fortessa (BD). FACS data were analyzed using FlowJo software (Tree Star).
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Cytokine assays
Blood samples were collected when the animals were dissected. Serum was separated after
natural blood coagulation in vitro, and stored at −80°C. Cytokine levels were determined by
Luminex assays with multiplex reagent kits from Millipore according to manufacturer’s
instructions.

Histology
After dissection, pancreata were fixed with 4% paraformaldehyde at 4°C for overnight. The
fixed samples were then embedded with paraffin, sectioned, and stained with haematoxylin
and eosin (H&E).

Statistical analysis
All statistic analyses (one-way ANOVA, t-Test, and survival analysis) were done using the
Prism program (GraphPad Software, Inc).

Results
The association of Th17 cells with T1D

To address the potential role of Th17 cells in T1D, we analyzed the serum levels of the
effector cytokines of Th17 and Th1 cells, IL-17 and IFNγ, respectively. We compared
samples from a group of recently identified diabetic NOD mice with those from
normoglycemic animals, and found a dramatic increase in the serum levels of both cytokines
upon diabetes onset (Fig. 1A). We then analyzed the CD4+ T cell compartment of diabetic
and non-diabetic mice for the presence of cells with the capacity to produce these cytokines,
and found that cells producing either IL-17 or IFNγ were readily detected in the PLN and
pancreas of both groups of animals, with increased frequencies particularly in the PLN of
the diabetic animals (Fig. 1B). Importantly, there were few IL-17/IFNγ double producers.
Our results parallel recent studies of T1D patients that showed elevated Th17 cells and Th17
activities at T1D onset (12–15).

We then asked when Th1 and Th17 cells develop with respect to the progression of
autoimmunity. We analyzed both effector populations over a wide range of ages in NOD
mice (1.5–35 weeks) in the peripheral lymphoid organs and pancreata of non-diabetic mice.
Surprisingly, we found CD4+ T cells producing IL-17 or IFNγ in these tissues at 1.5 weeks
of age (Fig. 1C), suggesting that both effector populations can develop in the early stages of
the autoimmune process. In the peripheral lymphoid compartment (LN), IL-17 producers
were maintained at relatively stable frequencies until the immediate pre-diabetic phase at
21–35 weeks when IL-17+ cells increased (Fig. 1C). This change was not observed in the
pancreas, and Th17 cell levels were highest in younger animals (≤5 weeks). In contrast, the
frequencies of IFNγ producers increased in all tissues from 11 wks of age. These data show
that although there is an increase in Th17 cell activity associated with disease progression in
the lymphoid compartment, in the target organ, the Th17 population is typically
considerably less frequent than the Th1 population. This finding raises the possibility that,
although Th17 cells arise in response to inflammatory processes, they may be less important
contributors to the autoimmune response against β-cells than Th1 cells until the acute phase
leading to diabetes onset.

Pathogenicity and stability of Th17 cells in T1D
To investigate diabetogenic potential of Th17 cells, we used an adoptive transfer model of
T1D wherein cells are assayed for their ability to elicit diabetes after transfer into NOD.Scid
recipients, which have no preexisting autoimmunity. To ensure that we transferred a pure
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population of Th17 cells, we sorted IL-17 surface-staining positive CD4+ T cells from the
lymphoid tissues of newly diabetic mice. Previous reports indicate that surface IL-17+ cells
represent true Th17 cells in both human and mouse CD4+ T cells (27). In our hands, this
method routinely yields over 90% purity of IL-17 producing cells with no IFNγ-producing
contaminants, verified by intracellular cytokine staining (Supplemental Fig. 1).

As expected, transferring total splenocytes from diabetic NOD mice induced diabetes in all
NOD.Scid recipients (not depicted). In contrast, CD4+IL-17+ cells sorted from spleens of
diabetic donor mice did not induce diabetes (Fig. 2A), even after extended periods of
observation (up to 7 months). Similarly, when NOD.Scid mice were given purified, in vitro
differentiated WT polyclonal Th17 cells, no diabetes induction was observed (Fig. 2A).
Interestingly, in both cases, donor cells were readily recovered from the lymphoid organs as
well as the pancreas, and many of these cells maintained their IL-17-producing capacity
with very few acquiring an IFNγ-producing phenotype (Fig. 2B, upper and middle panels).
These results demonstrate that both in vitro and in vivo generated polyclonal Th17 cells can
be stable in vivo, and that a lymphopenic environment per se does not drive an apparent
phenotypical change with respect to cytokine production. To further test the contribution of
in vivo-developed Th17 cells to the pathogenesis of diabetes, Th17 cells were depleted from
total splenocytes of diabetic donor mice prior to transfer. As shown in Fig. 2C, this depletion
did not delay diabetes induction, and if anything, somewhat accelerated disease onset.
Together, these data suggest that islet antigen-specific Th17 cells may not have sufficient
representation to play a major role in pathogenesis during progression to T1D.

To increase the number of islet-specific Th17 cells in adoptive transfer experiments, we
differentiated Th17 cells in vitro from BDC2.5 CD4+ T cells. Purified BDC2.5 Th17 cells
efficiently induced diabetes in NOD.Scid recipients (Fig. 2A). Furthermore, these cells could
also induce diabetes in WT NOD recipients (not depicted and Fig. 4C), suggesting that
proliferation in a lymphopenic environment is not a prerequisite for the pathogenesis of islet
antigen-specific Th17 cells. However, consistent with previous reports (23, 24), the donor
cells recovered from PLN and particularly the pancreata of diabetic recipients had acquired
the capacity to produce IFNγ (Fig. 2B, bottom panels). This phenotypical change was
associated with upregulation of T-Bet and downregulation of RORγt expression (Fig. 2D),
suggesting a bona fide lineage reprogramming of Th17 cells to Th1 cells. This
reprogramming was not found in the CD4+ T cells recovered from non-draining peripheral
LN, suggesting that antigen engagement and/or the local inflammatory environment are
necessary for the process.

Reprogramming to Th1 cells and IFNγ are not essential for the pathogenicity of antigen-
specific Th17 cells

To further investigate the process of Th17-to-Th1 reprogramming, we transferred purified in
vitro differentiated BDC2.5 Th17 cells into NOD.Scid mice that were analyzed at different
times after cell transfer. As shown in Fig.3A, the increase in frequencies of reprogrammed
cells was clearly paralleled by increasing levels of pancreatic infiltration. We then initiated
the autoimmune response by transferring a small number of BDC2.5 Th1 cells two days
before the transfer of purified in vitro differentiated polyclonal Th17 cells, which themselves
did not induce diabetes. As shown in Fig. 3B, the transfer of antigen-specific Th1 cells alone
but not Th17 cells alone led to the development of pancreatic infiltrates. Th1 cell transfer
was sufficient to promote the acquisition of IFNγ-production by the polyclonal Th17 cells
(Fig. 3C). These results indicate that reprogramming to a Th1 phenotype can be elicited by
local inflammation orchestrated by Th1 cells.

It is known that signals from IFNγ and from IL-12 via Stat4 are needed for Th1
differentiation (28). To test whether reprogramming of Th17 cells is similarly regulated, we
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crossed the Ifngr−/− and Stat4−/− NOD mice to BDC2.5 mice. Purified in vitro
differentiated Th17 cells from CD4+ T cells from these doubly deficient mice induced
diabetes in NOD.Scid recipients, although with delayed kinetics compared to WT Th17 cells
(Fig. 4A). When the donor cells were recovered from diabetic recipients, the ratio of IFNγ+

vs IL-17+ donor cells was greatly reduced (Fig. 4B, left and middle plots), indicating a more
limited reprogramming of Th17 cells. These results confirm that the reprogramming of Th17
cells to Th1 cells is to a large extent regulated similarly to classical Th1 differentiation. The
conclusion that local inflammatory environment regulates the Th17-to-Th1 reprogramming
is further supported by a recent report that showed a reduced reprogramming of BDC2.5
Th17 cells in IL-12p35 deficient NOD.Scid hosts (29). Nonetheless, acquisition of IFNγ
production by Th17 cells was not fully abrogated, particularly in the pancreas suggesting
that other mechanisms are also involved.

Although the BDC2.5 model is widely used to study antigen specific T cell responses in
T1D, this clonotype may not fully reflect the diverse nature of T cell responses in this
complex disease. Thus, we took advantage of another TCR Tg line, BDC6.9 (30), which
recognizes a different antigen than BDC2.5 (31). Purified in vitro differentiated BDC6.9
Th17 cells also elicited diabetes in NOD.Scid recipients (Fig. 4A). Interestingly, however,
the recovered donor cells showed considerably diminished Th1-reprogramming compared to
BDC2.5 Th17 cells in both the draining LN and pancreas (Fig. 4B, left vs far-right panels).
These results support the hypothesis that the TCR-antigen interaction can influence the
extent of reprogramming of Th17 cells. Furthermore, together our data support the
possibility that Th1-reprogramming may be unnecessary for antigen-specific Th17 cells to
induce or contribute to the development of diabetes.

To further test the requirement of IFNγ in the induction of diabetes by antigen-specific Th17
cells, we differentiated Th17 cells from Ifng−/− BDC2.5 NOD mice. Purified Ifng−/− BDC2.5
Th17 cells elicited diabetes in Ifng−/− as well as WT recipients (Fig. 4C), although with
delayed kinetics. This result demonstrates that the availability of IFNγ was not essential for
the disease process. Interestingly, we confirmed that anti-IFNγ treatment of NOD.Scid mice
that received BDC2.5 Th17 cells could prevent their conversion to Th1 cells as well as the
development of diabetes (data not shown) (23, 24). This result suggests that when present,
IFNγ can play a dominant role in diabetes induction. However, when recipients were treated
with neutralizing anti-IL-17 antibody, the Th17-induced disease was not prevented or
delayed (Fig. 4D), indicating that IL-17 does not directly contribute to the pathogenicity of
Th17 cells.

TNFα is required for antigen-specific effector T cell induced diabetes
Since IL-17 was not essential for antigen-specific Th17 cells to induce diabetes, to
determine potential mechanisms that underlie the development of disease, we analyzed the
expression of a panel of cytokines by Th17 cells. We noted that TNFα is highly expressed
by the majority of in vitro differentiated Th17 cells as well as Th1 cells (Fig. 5A). Moreover,
the expression of TNFα was maintained in donor cells after disease induction by either
subset (Fig. 5B and not depicted). To test the involvement of the Th1-specific transcription
factor, T-Bet, in TNFα expressing Th17 cells, we transferred in vitro differentiated
Ifngr−/−Stat4−/− BDC2.5 Th17 into NOD.Scid recipients. Upon diabetes onset, the
expression of T-Bet and cytokines in donor cells were analyzed by intracellular staining. As
shown in Fig 5C, TNFα producing cells did not express detectable levels of T-Bet,
indicating that this transcription factor is not involved in the pathogenicity of Th17 cells.
These results further confirmed that the Th17-to-Th1 reprogramming is blocked in the
Ifngr−/−Stat4−/− BDC2.5 Th17 cells upon disease induction. The data are consistent with
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recent reports that showed that T-Bet is not required for Th17-induced pathology in EAE
models (32, 33).

TNFα is known to be involved in the pathology of T1D as well as in many other
autoimmune or inflammatory disorders (34). To test the potential involvement of this
cytokine in Th17-induced diabetes, we treated recipients of BDC2.5 Th17 cells with
neutralizing anti-TNFα antibody. The treatment resulted in a complete inhibition of diabetes
development (Fig. 5D). Six weeks after the treatment was terminated, hyperglycemia
emerged, consistent with a role for TNFα in diabetes development. Furthermore, when
BDC2.5 Th1 cell recipients were treated with TNFα neutralizing antibody, diabetes induced
by these cells was also significantly delayed (Fig. 5E). These results demonstrate that TNFα
can play a crucial role in mediating the pathogenic autoimmune response of both islet
antigen-specific Th17 and Th1 cells, and that this can occur independently of either IL-17 or
IFNγ.

Discussion
By analyzing IL-17 producing CD4+ T cells in the context of T1D, we have clarified several
aspects regarding the involvement of this subset of cells in this disease. We demonstrate that
islet antigen-specific Th17 cells can mediate acute pathogenesis that can be dependent upon
TNF without also requiring IL-17 or production of IFNγ, which is associated with
reprogramming to a Th1 cell phenotype. Despite the potential plasticity, in vivo Th17 cells
were a discrete population in the lymphoid compartment and pancreas throughout the
development of spontaneous T1D. Although IFNγ/IL-17 double producers have been
associated with pathogenicity in other autoimmune diseases (20), these cells were rare in
spontaneously diabetic mice as well as after adoptive transfer of Th17 cells.

We find that there is a clear correlation between T1D onset and an increased representation
of IL-17 and Th17 cells in NOD mice as has also been found with human patients (12–15).
Further, our data indicate that during spontaneous disease progression, Th1 cells develop in
greater frequencies, with Th17 cells remaining a lesser population, particularly in the
draining PLN and pancreas. Our findings that depletion of Th17 cells does not diminish the
ability of T cells from the lymphoid compartment of diabetic mice to transfer disease
implies that during spontaneous development of T1D recruitment of this subset of cells to
the pancreas may not be critical until the later stages of the autoimmune response that leads
T1D onset. However, in addition to a potentially non-pathogenic role of Th17 cells during
the prolonged pre-diabetic phase of T1D, it is also possible that these cells could have a
protective role in diabetes in some contexts, particularly when they are present in elevated
numbers due to gut colonization with segmented filamentous bacteria (17).

It is intriguing that higher percentages of IL-17 producing CD4 T cells are found in the
earliest pancreatic infiltrates than at later times. These early effector cells are likely to be
induced by the wave of pancreas remodeling that begins at 5 days of age and is accompanied
by substantial β-cell apoptosis (35) that can lead to autoreactive T cell priming (36). It is
possible that these conditions are supportive of Th17 cell differentiation. Since TNFα is
thought to play an important role in initiating T1D (37), it is possible that IL-17 is not
required. Alternatively, IL-17 could contribute to inflammation (38) in synergy with IL-1β
and/or IL-6, which are upregulated with disease progression (39) along with TNFα.
Furthermore, IL-17 could enhance the cytotoxic effect of IL-1β on β-cells (12, 15), as well
as IL-1β/IFNγ-induced and TNFα/IFNγ-induced apoptosis in β-cells (15). However,
neutralization of IL-17 did not prevent the development of diabetes in the context of the
adoptive transfer model suggesting that in the absence of its activity, other proinflammatory
cytokines can support disease development. Further studies with genetically modified NOD
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mice, such as inducible IL-17 deficiency and IL-17 reporters, will be needed to dissect the
mechanisms.

At later stages leading to diabetes onset, our data support the concept that despite Th17-cell
plasticity and the potential for Th1-reprogramming, TNFα can be a major factor in the
development of T1D mediated by Th17 cells. TNFα has been shown to be a critical cytokine
for antigen-specific Th1 and Th2 cells in diabetes induction in adoptive transfer models (40,
41). Thus, currently available data highlight the requirements for strong antigen reactivity
and a common effector function, such as TNFα production, for islet antigen-specific helper
CD4+ T cells to induce diabetes in adoptive recipients. This common effector mechanism
can explain that, even under certain conditions where the Th17-to-Th1 reprogramming is
inhibited, islet antigen-specific Th17 cells are still able to induce diabetes in adoptive hosts
(29). The signature cytokines IFNγ or IL-17 are associated with inflammation and
progression to diabetes, but can be dispensable. Our findings are consistent with a recent
report that for CD4+ T cells, the killing of islet β-cells is dependent upon their production of
TNFα in vivo. Our current ongoing studies are directed at determining which cell types
contribute to TNFα production in our model. It will also be important to address whether
TNFα exerts direct or indirect effects on β-cells themselves, or amplifies the magnitude of
the pathology that culminates with β-cell destruction (42).

On the issue of Th17 cell stability, our data indicate that Th17 cells are not necessarily short-
lived (43), and potentially can be maintained as a stable memory population in vivo. Our
findings demonstrate that local inflammation driven by Th1 cells can induce the
reprogramming of Th17 cells into the Th1 lineage, extending the findings of previous
reports (21–23). Even in the absence of reprogramming to Th1 cells, it is clear that Th17
cells can lose IL-17 production, which could contribute to their more limited representation
compared to Th1 cells during spontaneous T1D development. The loss of IL-17 and
acquisition of IFNγ expression by Th17 cells, although dispensable, clearly can play a role
under conditions that favor Th1 development, which are found in association with islet
inflammation induced by Th1 cells themselves.

Our results suggest an interesting scenario, wherein stable Th17 cells arise during the early
pre-diabetic phase of spontaneous autoimmunity and possibly persist as memory cells but do
not necessarily contribute substantively to T1D pathogenesis. With progressive
inflammation, the plasticity of Th17 cells becomes evident and they can be reprogrammed
into Th1 cells particularly in the microenvironment of the pancreas. Importantly, however,
neither this reprogramming nor its associated phenotypical changes are prerequisites for the
pathogenicity of antigen-specific T cells that were once Th17 cells. An alternative
possibility is that during the spontaneous progression of autoimmunity in T1D, autoreactive
islet-specific CD4+ T cells may not naturally develop into the Th17 lineage in vivo. Instead,
the Th17 cells we observed could be nonpathogenic bystander cells that may even
counteract the pathogenic effector cell responses, possibly through a contribution of TNFα
production to the maintenance of Tregs (44). The propensity of islet antigen-specific
autoreactive CD4+ T cells to develop into Th1 cells might thus be determined by the nature
of their antigen engagement including TCR signal strength, as well as the nature of the local
environment in the pancreatic lymph nodes, the islets, or both. This concept is supported by
our studies demonstrating the differential behavior of BDC2.5 and BDC6.9 Th17 cells that
are specific for distinct islet antigens, as well as by previous studies of diabetogenic CD4+ T
cell clones derived from diabetic NOD mice, which displayed a Th1 phenotype (45).
Therefore, the contribution(s) of TNFα and IFNγ to pathogenesis could differ at the level of
individual T cell clones.
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On the basis of our findings we hypothesize that the potency of the reactivity of T cells to
autoantigens rather than their phenotypes as either Th1 or Th17 cells per se is an underlying
factor in the pathogenic potential of these subsets in the autoimmune response and disease
progression. The identification of TNFα as a key mediator and cytokine of Th1- and Th17-
induced diabetes supports the concept that a common pathway can underlie pathogenesis at
the acute stage that precipitates T1D. Our studies therefore suggest that although the subset-
associated cytokines IFNγ and IL-17 can serve as biomarkers of disease progression, a
broader focus on shared T cell effector mechanisms could be critically important when
considering potential therapeutic interventions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Both Th1 and Th17 are stable populations, increased activities of which correlate
with diabetes onset
Female NOD mice were analyzed for serum cytokine levels and cytokine producing CD4+ T
cells. (A) Serum samples were collected from normoglycemic (gray bars) and newly
diagnosed diabetic NOD mice (black bars). Levels of IL-17 and IFNγ were analyzed by
Luminex cytokine assays. Data shown were from one test with 4 samples per group. (B)
Cells from PLN and pancreas of newly diagnosed diabetic mice, as well as those from non-
diabetic age-matched controls, were analyzed for cytokine production by intracellular
cytokine staining. Shown are examples of IL-17 and IFNγ staining of CD4-gated cells, from
1 each of 10 diabetic and non-diabetic mice at 20 weeks of age. (C) IL-17- and IFNγ-
producing CD4+ T cells from LN, PLN, and pancreata of pre-diabetic NOD mice at different
ages. Percentages of both populations were calculated and grouped according to the ages
indicated. Shown are percentages of IL17- and IFNγ-producing cells (left and right panels,
respectively). Each age group consists of 22 to 26 mice.
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FIGURE 2. Only in vitro differentiated islet antigen-specific Th17 cells elicit diabetes in adoptive
recipients
(A and B) IL-17 producing cells were purified by FACS sorting from in vitro Th17-
differentiated WT NOD CD4+ T cells (polyclonal, black circles) or BDC2.5 CD4+ T cells
(gray diamonds), or from PLN and SP of spontaneous diabetic NOD mice (Ex vivo Th17
cells, gray triangles). Purified cells were transferred into NOD.Scid recipients by i.v.
injection (0.5×106 per recipient). Blood glucose levels were monitored for diabetes
incidence (A). Donor cells were recovered from PLN and pancreas of recipients and
analyzed for cytokine production at disease onset (for BDC2.5 Th17 cell recipients) or 10-
week to 7-month after cell transfer (for polyclonal or ex vivo Th17 cell recipients,
representative plots from a 10-week post cell transfer mouse is shown) (B). Shown are
representative FACS plots of 5 to 10 recipients/group from different experiments with
gating on Thy1.2+ CD4+ cells for polyclonal cells, Thy1.1+ CD4+ cells for BDC2.5 cells;
gates for the cytokine analyses were determined from the controls in each respective
experiment (B). (C) Total cells from SP and PLN of diabetic mice were pooled. IL-17-
producing CD4+ T cells were depleted by FACS sorting (Th17-depleted). Th17-depleted
(gray diamonds), or non-depleted (black circles) cells were transferred into NOD.Scid
recipients (4×106 per recipient, n=5/group) that were then monitored for development of
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diabetes. (D) Purified in vitro differentiated BDC2.5 Th17 cells were transferred into
NOD.Scid recipients. After 7 days, Thy1.1+ CD4+ donor cells recovered from LN, PLN, and
pancreas of recipients were analyzed for the expression of IFNγ and the transcription factor
T-bet by intracellular staining and FACS. Shown are plots from 1 recipient representative of
6.
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FIGURE 3. Local inflammation in pancreas can induce the reprogramming of Th17 cells into
Th1 cells
(A) Purified in vitro differentiated BDC2.5 Th17 cells were transferred into NOD.Scid
recipients (0.5×106/recipient). At different time points after cell transfer, mononuclear cells
recovered from pancreata were enumerated (right panel). Cytokine production of donor cells
was analyzed by intracellular staining and FACS; the ratios between IFNγ+ and IL-17+ cells
were calculated (left panel). Three to four recipients were analyzed at each time point in the
same experiment. (B) Purified in vitro differentiated WT (polyclonal, Thy1.1) Th17 cells
were transferred into NOD.Scid recipients (0.5×106 per recipient) alone, or 2 days after a
pre-transfer of BDC2.5 Th1 cells (Thy1.2, 0.2×106). Pancreas samples were harvested 5
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days after Th17 cell transfer, fixed and analyzed by histology using H&E staining. Shown
are representatives of 3 recipients per group. (C) Th17 cells and Th1 cells were generated
and transferred to NOD.Scid recipients as in (B). Recipients of Th17 alone were analyzed 14
days after cell transfer. Recipients given Th17 cells after BDC2.5 Th1 cells were analyzed
11 days after Th1 transfer, when diabetes was diagnosed. Donor cells were recovered and
analyzed for cytokine expression. Th17 and Th1 cells were distinguished by Thy1.1 vs
Thy1.2 staining, respectively. Shown are representative FACS plots of 5 recipients per
group in two experiments.
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FIGURE 4. Neither Reprogramming nor IFNγ is required for the pathogenicity of islet antigen-
specific Th17 cells
(A and B) Purified in vitro differentiated WT BDC2.5 (gray diamonds), WT BDC6.9 (gray
triangles), or Ifngr−/−Stat4−/− BDC2.5 (DKO, black circles) Th17 cells were transferred
into NOD.Scid recipients (0.5×106/recipient, n=5/group). Diabetes incidence was monitored
(A). Upon disease onset, the donor cells were analyzed for cytokine expression (B, upper
panels, representative from each group). The ratios between IFNγ+ and IL-17+ donor cells
were calculated (B lower panels). (C) Purified in vitro differentiated Ifng−/− BDC2.5 Th17
cells were transferred into WT NOD (gray diamonds) or NOD.Ifng−/− black circles)
recipients (0.5×106 per recipient, n=3 for WT, n=4 for Ifng−/−). Diabetes incidence was
monitored after cell transfer. (D) Purified in vitro differentiated BDC2.5 Th17 cells were
transferred into NOD.Scid recipients (0.5×106 per recipient). The recipients were then
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treated with anti-IL-17 neutralizing antibody (black circles) or control mouse IgG (gray
diamonds) (300µg/dose and 2 doses/week, 5 recipients per group). Diabetes incidence was
monitored after cell transfer.
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FIGURE 5. TNFα is expressed at high levels in both in vitro differentiated Th1 and Th17 cells,
and is required for the induction of diabetes
(A) CD4+ BDC2.5 T cells were activated under Th17 (left panel) or Th1 (right panel)
differentiation conditions in vitro. The cells were analyzed for the expression of IL-17,
IFNγ, and TNFα by intracellular staining and FACS. Shown are representative plots of 10
experiments. (B) Purified in vitro differentiated BDC2.5 Th17 cells were transferred into
NOD.Scid recipients (0.5×106 per recipient). At different time points, recipient mice were
dissected, and donor cells were analyzed for cytokine expression by intracellular staining. At
day 9 after cell transfer, the recipients became diabetic. The data shown are representative of
3 mice per time point in one experiment. (C) Purified in vitro differentiated Ifngr−/−Stat4−/−

BDC2.5 Th17 cells were transferred into NOD.Scid recipients (0.5×106 per recipient, n=5).
Ten days after cell transfer, all recipients became diabetic. Recipient mice were dissected,
and donor cells were analyzed for the expression of T-Bet and cytokines by intracellular
staining. (D) Purified in vitro differentiated Ifngr−/−Stat4−/− BDC2.5 Th17 cells were
transferred into NOD.Scid recipients (0.5×106 per recipient). The recipients were then
treated with anti-TNFα neutralizing antibody (black circles) or control rat IgG (gray
diamonds) (300µg/dose and 2 doses/wk, 5 recipients per group in one experiment). The last
antibody treatment was administered at the 21-day after cell transfer (indicated by the
arrow). Diabetes incidence was monitored after cell transfer. (E) In vitro differentiated
BDC2.5 Th1 cells were transferred into NOD.Scid recipients (0.2×106 per recipient). The
recipients were then treated with anti-TNFα (black circles) or control rat IgG (gray
diamonds) (300µg/dose and 2 doses/week, 5 recipients per group in one experiment). The
last antibody treatment was administered at the 21-day after cell transfer (indicated by the
arrow). Diabetes incidence was monitored after cell transfer.
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