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To protect the organism against autoimmunity, self-reactive
effector/memory T cells (TE/M) are controlled by cell-intrinsic and
-extrinsic regulatory mechanisms. However, how some TE/M cells
escape regulation and cause autoimmune disease is currently not
understood. Here we show that blocking IL-7 receptor-α (IL-7Rα)
with monoclonal antibodies in nonobese diabetic (NOD) mice pre-
vented autoimmune diabetes and, importantly, reversed disease
in new-onset diabetic mice. Surprisingly, IL-7–deprived diabeto-
genic TE/M cells remained present in the treated animals but showed
increased expression of the inhibitory receptor Programmed Death
1 (PD-1) and reduced IFN-γ production. Conversely, IL-7 suppressed
PD-1 expression on activated T cells in vitro. Adoptive transfer
experiments revealed that TE/M cells from anti–IL-7Rα–treated mice
had lost their pathogenic potential, indicating that absence of
IL-7 signals induces cell-intrinsic tolerance. In addition to this mech-
anism, IL-7Rα blockade altered the balance of regulatory T cells and
TE/M cells, hence promoting cell-extrinsic regulation and further in-
creasing the threshold for diabetogenic T-cell activation. Our data
demonstrate that IL-7 contributes to the pathogenesis of autoim-
mune diabetes by enabling TE/M cells to remain in a functionally
competent state and suggest IL-7Rα blockade as a therapy for estab-
lished T-cell–dependent autoimmune diseases.

type 1 diabetes | cytokines | immune regulation

Type 1 diabetes is an autoimmune disease caused by a gradual
lymphocytic infiltration of the pancreas that leads to the de-

struction of the insulin-producing β-cells in the islets of Lang-
erhans. Autoreactive CD4+ T cells are known to be essential for
the initiation and progression of islet infiltration and, ultimately,
the destruction of β-cells, resulting in insufficient islet mass to
control blood-sugar levels (1). However, the signals and mech-
anisms that enable autoreactive T cells to overcome the various
inhibitory and tolerance mechanisms that operate to protect the
organism from autoimmune disease are poorly understood.
IL-7 has long been recognized as an essential cytokine for

naïve and memory T-cell homeostasis (2); however, recent
studies are expanding its functions, showing that administration
of IL-7 increases effector functions in tumor-specific and anti-
viral CD8+ T cells by counteracting various suppressive mecha-
nisms (3, 4). In these models, a reduction in T cells expressing the
inhibitory cell-surface receptor Programmed Death 1 (PD-1) (5–
7) was observed and this correlated with improved antitumor
responses and viral clearance. In nonobese diabetic (NOD) mice,
interaction of PD-1 with its ligand PD-L1, which is expressed on
lymphocytes and β-cells, strongly protects against autoimmune
diabetes (8, 9), and this mechanism also maintains islet tolerance
in therapeutic models (10, 11). Taken together, these studies
raise the possibility that physiological levels of IL-7 allow a frac-
tion of diabetogenic T cells to escape inhibitory mechanisms,
such as the PD-1/PD-L1 pathway and, as a consequence, that
blocking IL-7 may be of therapeutic benefit in type 1 diabetes.
To define the role of IL-7 in diabetes, we blocked IL-7 signals

with anti–IL-7 receptor α (IL-7Rα) mAbs in NOD mice and
found that this treatment not only prevented the development of
diabetes, but also reversed established disease. Based on the role
of IL-7 as a T-cell survival factor, we predicted that the un-

derlying mechanism for this therapy would be depletion of islet-
reactive effector/memory T cells (TE/M) cells. However, the an-
tibody treatment did not lead to robust depletion of TE/M cells
and islet infiltrates remained significant. Our data show that IL-
7Rα blockade increased the proportion of PD-1–expressing TE/M
cells and regulatory T cells (Tregs). Although both these mech-
anisms likely contribute to the therapeutic effect, we demon-
strate a unique physiological function of IL-7 in autoreactive T
cells, namely to suppress PD-1–mediated inhibition enabling
them to become pathogenic TE/M cells.

Results
IL-7Rα Blockade Prevents and Reverses Autoimmune Diabetes. IL-7 is
a critical cytokine for the generation and maintenance of virus-
specific memory T cells, but its role in autoimmune disease is
poorly defined. One of the challenges in treating autoimmune type
1 diabetes is that it is a slowly developing chronic disease, and the
efficacy of most treatments highly depends on the stage of the
disease at which the treatment is given (12). To assess whether
blocking IL-7 signals in NOD mice would interfere with disease
development, we administered anti–IL-7Rα mAbs to block IL-7
cytokine activity. For the first set of experiments, we started
treating prediabetic NOD mice with anti–IL-7Rα mAbs at 10 wk
of age, when islet infiltration is established. In control groups, mice
started becoming diabetic at age 14 wk and, as expected, the in-
cidence of diabetes gradually increased over the treatment period,
reaching 60–70% by 24 wk. In contrast, only 10% of mice receiving
anti–IL-7Rα antibodies developed diabetes during the treatment
period (Fig. 1A). Protection from disease was accompanied by
diminished, but not absent, islet infiltration in the treated animals
(Fig. 1 B and C), as determined by histological examination. These
results show that IL-7 is essential for the development of the anti-
islet response, and blocking this cytokine compromises the gener-
ation, survival, and function of pathogenic, islet-reactive T cells.
Although this result established a role for IL-7 in disease de-

velopment, it is clinically more relevant to initiate treatment
once hyperglycemia is apparent. To test whether blocking IL-7
could reverse established diabetes, we administered anti–IL-7Rα
mAbs to a cohort of new-onset diabetic NOD mice and followed
blood-glucose levels. We found that this treatment restored
normoglycemia in ∼50% of treated animals (Fig. 1D). Impor-
tantly, anti–IL-7Rα–treated mice remained normoglycemic long
after the treatment was stopped, far exceeding the estimated
half-life of the antibodies. The eventual relapse is likely caused
by newly activated naïve islet-specific T cells that remained
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present in the lymphoid organs or recently emigrated from the
thymus. Our results add IL-7Rα blockade to the list of only
a handful of treatments capable of reversing the disease (12) and
is unique as a cytokine receptor blockade therapy for the treat-
ment of autoimmune diabetes. Surprisingly, histological analysis
showed only a limited reduction of the islet infiltrates (Fig. 1 E and
F), suggesting that rapid and robust depletion of islet-reactive T
cells may not be the mechanism of IL-7Rα blockade therapy.

IL-7Rα Blockade Does Not Specifically Deplete Islet-Specific TE/M Cells.
Given the well-established role of IL-7 in regulating T-cell sur-
vival and homeostasis (2), we evaluated cell numbers in the
pancreatic and inguinal lymph nodes and spleens of anti–IL-
7Rα–treated NOD mice. Not surprisingly, both total lymphocyte
(Fig. S1A) and CD4+ T cells numbers (Fig. S1 B and C) showed
a tendency to decrease after 2–4 wk of anti–IL-7Rα treatment.
The A7R34 antibody clone (13) we used in this study is a rat
IgG2a isotype that does not cause antibody-dependent cell-
mediated cytotoxicity (14), and hence the observed effects can
be specifically attributed to blocking IL-7 signals.
Two possible explanations for the long-lasting therapeutic ef-

fect seen after IL-7Rα blockade are: (i) within the CD4+ T-cell
population, islet antigen-specific TE/M cells were more sensitive
to the absence of IL-7 and their survival was preferentially
compromised, or (ii) the treatment induced tolerance in di-
abetogenic T cells. Diabetogenic CD4+ T cells in the NOD
mouse can be identified in adoptive transfer experiments (15)
and are predominantly found in the CD44high TE/M cell pop-
ulation (16, 17). Analysis of CD44high TE/M cells showed that the
proportion of this population within CD4+ T cells, excluding
Foxp3+ Tregs, increased over time in anti–IL-7Rα–treated mice
(Fig. 2A), suggesting that the main population affected by
IL-7Rα blockade is naïve T cells, which express intermediate
levels of IL-7Rα. Because of the general decrease in CD4+ T cells
(Fig. S1C), absolute numbers of CD44high cells didn’t show an
increase on day 16 of anti–IL-7Rα vs. rat IgG treatment: averages
were respectively 290,474 vs. 299,552 [pancreatic lymph nodes
(PLNs)]; 211,941 vs. 426,953 [inguinal lymph nodes (ILNs)], and
2,253,943 vs. 2,902,614 (spleen). The CD44high TE/M population
consists of IL-7Rαlow effector cells and IL-7Rαhigh memory cells
(18–20). To directly rule out that IL-7Rα blockade led to se-
lective deletion of CD44high IL-7Rαhigh memory T cells, we
stained CD4+ T-cell populations from isotype and anti–IL-7Rα–

treated mice with fluorescently labeled anti-rat Ig secondary
antibodies to detect cells whose surface was coated with anti–IL-
7Rα antibodies in vivo. Interestingly, both CD44highIL-7Rαhigh
memory and CD44highIL-7Rαlow effector cells were readily
detected, and no selective elimination of memory cells was ob-
served in comparison with isotype-treated controls (Fig. 2B).
Hence, although absolute numbers of memory T cells decrease to
some extent, their relative presence in the CD4+ T-cell pop-
ulation was not diminished by IL-7 deprivation. To further
characterize the impact of blocking anti–IL-7Rα antibodies on
the homeostasis of naïve and memory T cells, congenically
marked naïve and memory T cells from NOD mice were labeled
with the cell division tracker carboxyfluorescein diacetate succi-
nimidyl ester (CFSE) and adoptively transferred to new NOD
recipients. We followed their survival and proliferation after
IL-7Rα blockade and, remarkably, found no differences in the
percentages of naïve and memory T cells (Fig. 2C). Moreover,
although naïve T cells did not significantly divide in the hosts,
memory T-cell proliferation—likely driven by autoantigens—
could not be blocked with anti–IL-7Rα antibodies.
Finally, to exclude the possibility that IL-7Rα blockade se-

lectively depleted islet-reactive T cells, the numbers of CD4+ T
cells specific for an islet autoantigen (21) in mice cured with anti–
IL-7Rα antibodies were identified with BDC2.5 pMHC class II
tetramers (22). Similar numbers of tetramer-positive cells were
found in the secondary lymphoid organs (Fig. 2D) of anti–IL-
7Rα–treated vs. new-onset diabetic mice. This observation also
held up for islet-specific CD8+ T cells detected with NRPV7
pMHC class I tetramers [new-onset diabetic: 1.8 × 106 ± 7.4 ×
105 lymph node (LN) and 6.4 × 105 ± 1.9 × 105 spleen (SP); anti–
IL-7Rα/cured: 1.2 × 106 ± 6.5 × 105 (LNs) and 4.2 × 105 ± 6.6 ×
104 (SP)]. These results demonstrate that considerable numbers
of islet-reactive T cells remain present in anti–IL-7Rα–treated
mice, indicating that poor TE/M cell survival is not the main
mechanism for the therapeutic effect and suggesting that absence
of IL-7 induces tolerance in the remaining diabetogenic T cells.

Blocking IL-7 Signals Increases Cell-Intrinsic and Cell-Extrinsic Inhibition
of CD4+ T Cells. Two major tolerance mechanisms known to control
pathogenesis in the NOD diabetes model are the cell-
intrinsic inhibitory pathway PD-1/PD-L1 (8–10) and Foxp3+
Tregs (23). Therefore, we analyzed the impact of IL-7Rα
blockade on the presence of PD-1–expressing CD4+ T cells
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Fig. 1. IL-7Rα blockade prevents and
reverses diabetes in NOD mice. (A) Female
NOD mice were treated with anti–IL-7Rα
monoclonal antibodies (n = 8) or PBS (n =
11) for 14 wk, starting at 10 wk of age, and
diabetes incidence was followed. (B) In-
filtration of pancreatic islets in 24-wk-old
nondiabetic mice from A quantified as
percentages of islets showing the indicated
histological scores (see Materials and
Methods) (PBS, n = 3; anti–IL-7Rα, n = 6). (C)
Representative pictures of islets in 24-wk-
old, nondiabetic mice from A at 20× mag-
nification. (D) New-onset diabetic NOD
mice [blood glucose between 250–400 mg/
dL (dotted line)] were treated with anti–IL-
7Rα antibodies (n = 10) or rat IgG (n = 9) for
4 wk (shaded area). Blood-glucose levels
were followed for up to 5 mo. (E) Histo-
logical scores of new-onset NOD mice that
became normoglycemic after anti–IL-7Rα
treatment compared with untreated new-
onset mice. (F) Representative pictures of
islets in new-onset mice or mice cured after
anti–IL-7Rα treatment at 20× magnification.
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and Tregs in NOD mice. After 2–3 wk of treatment, the per-
centage of both PD-1+Foxp3neg cells and Foxp3+ Tregs was in-
creased within the CD4+ T-cell population (Fig. 3 A–C).
Absolute numbers of PD-1+ cells also increased in the draining
lymphoid organs, albeit less significantly because of the overall
decrease in total CD4+ T-cell numbers (Fig. S1C). Average PD-
1+Foxp3neg cell counts 16 d after anti–IL-7Rα vs. rat IgG

administration were respectively 295,322 vs. 231,716 (PLN),
150,529 vs. 268,323 (ILN), and 1,742,726 vs. 1,523,309 (spleen).
Average Treg counts in anti–IL-7Rα vs. rat IgG-treated animals
were 414,637 vs. 383,071 (PLN), 392,669 vs. 538,038 (ILN), and
2,170,155 vs. 2,879,718 (spleen). Because PD-1 expression is
known to be induced after T-cell activation (24), it was not
surprising that anti–IL-7Rα–mediated increases in PD-1 were
largely limited to the CD44high TE/M population (Fig. 3D). En-
hanced numbers of Tregs after IL-7R blockade have been
reported previously (25) and can be attributed to lower IL-7Rα
expression in this population, and hence reduced dependency on
IL-7 for survival. Although Tregs did not contribute to the
therapeutic effect of IL-7Rα blockade in experimental autoim-
mune encephalitis (EAE) (25), increasing Treg numbers in NOD
mice with IL-2 has been shown to prevent and reverse diabetes
(23, 26). Hence, altering the balance of Treg/TE/M with anti–IL-
7Rα antibodies likely strengthened cell-extrinsic regulation of
pathogenic T cells and contributed to the therapeutic effect. To
definitively determine the contribution of Tregs to anti–IL-7Rα–
mediated protection, it would be necessary to restore the per-
centage of Tregs to the same level as rat IgG-treated control
mice. However, current methods to reduce Treg numbers in vivo
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do not allow sufficiently accurate manipulation to achieve closely
matching Treg numbers.
To ask whether the PD-1 pathway continues to provide pro-

tection during anti–IL-7Rα–mediated disease reversal, we trea-
ted a cohort of new-onset diabetic mice with anti–IL-7Rα mAbs
and, once cured, asked if blocking the PD-1/PD-L1 pathway
would restore the disease. The rapid relapse (∼4–5 d) seen after
administration of anti–PD-L1 antibodies (Fig. S2) demonstrates
that even under the cover of anti–IL-7Rα antibody treatment,
the presence of PD-1 on diabetogenic TE/M remains essential
and suggests that increases in PD-1 expression are a powerful
mechanism underlying the therapeutic effect. Because anti–PD-
L1 also rapidly induces diabetes in untreated NOD mice how-
ever (9), it is not feasible to unequivocally prove the role of PD-1
in our therapeutic model.

IL-7 Counteracts PD-1–Mediated Tolerance in TE/M Cells. To un-
derstand the functional consequences of blocking IL-7 signals in
T cells, we isolated CD4+ T cells from NOD mice that were
treated with anti–IL-7Rα mAb or control Abs and evaluated
cytokine production after ex vivo restimulation. We found that
IFN-γ production was severely impaired after 10 d of IL-7Rα
blockade (Fig. 4A). Interestingly, IL-17 and IL-2 production
were much less affected, suggesting IL-7 is mainly required for
the Th1 response (Fig. 4A). Next, we directly compared the di-
abetogenic capacity of CD4+ TE/M cells isolated from anti–IL-
7Rα–treated and control mice by adoptively transferring equal
numbers of these cells to NOD.SCID recipients and following
diabetes incidence, without further treatment of the recipients.
Strikingly, CD4+ TE/M cells isolated from IL-7Rα–treated NOD
mice failed to transfer diabetes to NOD.SCID recipients, unlike
transferred control cells (Fig. 4B). Total CD4+ T cells (excluding
CD25+ cells to eliminate Tregs) isolated fromanti–IL-7Rα−treated
and controlmice behaved similarly, albeit withmuch slower kinetics
(Fig. 4C). The failure of these cell populations to cause diabetes was
not a result of poor survival or “grafting” after adoptive transfer,
because equal numbers of memory T cells were recovered from the
lymphoid organs 8–10 wk later (Fig. S3A). Furthermore, similar
numbers of Tregs developed in recipients of treated vs. control
CD4+ T cells (Fig. S3B), indicating that cell-intrinsic regulation of
TE/M cells plays an important role in anti–IL-7Rα–mediated ther-
apy. In support of this, PD-L1 blockade accelerated diabetes onset
in NOD.SCID mice that received CD4+TE/M cells isolated from
anti–IL-7Rα–treated mice (Fig. 4D), demonstrating that increased
cell-intrinsic, PD-1–dependent inhibition of islet-reactive cells
contributed to their loss of pathogenicity.
To directly demonstrate a causal relationship between IL-7

signaling and absence of PD-1 expression, we isolated naïve
CD4+PD-1neg T cells from NOD mice and stimulated these
cells in vitro with anti-CD3 and anti-CD28 antibodies in the
absence or presence of recombinant IL-7. We found that IL-7
diminished PD-1 expression on activated T cells in a dose-de-
pendent manner (Fig. 5 A and C). Although PD-1 was initially
induced in IL-7–containing cultures, further increases in surface
expression of the receptor at the later stages of the response
(days 4–6) were suppressed in the presence of the cytokine (Fig.
5 B and C). This activity of IL-7 was not limited to NOD T cells,
because T-cell receptor Tg T cells from DO.11 mice responded
similarly (Fig. S4). IL-7 may thus directly control PD-1 ex-
pression. It is noteworthy here that Jak3−/− T cells, which are
impaired in transducing signals from IL-7 and other γc cyto-
kines, show enhanced PD-1 expression after activation (27).
CD4+ T cells activated in the presence of IL-7 also showed
increased functional competence, as demonstrated by enhanced
IFN-γ production upon restimulation on day 6 (Fig. 5D); this
result further underscores an important role for IL-7 in the
promotion of Th1 responses.
Finally, to ask if a correlation exists between PD-1 and hu-

man type 1 diabetes, we compared PD-1 expression on CD4+

T cells from peripheral blood of diabetic patients vs. healthy
controls. Interestingly, diabetic patients showed a decreased

presence of PD-1+ CD45RA− memory T cells (Fig. S5). These
data suggest that some of these PD-1− antigen-experienced
cells may be islet-specific, providing a rationale for developing
methods to increase expression of the inhibitory molecule PD-1
in diabetes patients.

Discussion
Although interfering with T-cell receptor and costimulatory sig-
nals required for activation of naïve self-reactive T cells has been
successful to prevent autoimmunity in some models (28), it has
typically not been effective once disease is established. One sus-
pected reason for this failure is that TE/M cells may be the main
pathogenic cells perpetuating the response. Memory cells are
much less dependent on costimulatory signals for their activation
(29), making them difficult to control and underscoring the need
for novel approaches to target these cells. Importantly, memory
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Fig. 4. CD4+ T cells isolated from anti–IL-7Rα-treated mice lose effector
function and diabetogenicity. (A) Prediabetic NOD mice were treated for
10 d with anti–IL-7Rα antibodies or rat IgG and 1 × 105 CD4+ T cells isolated
from lymph nodes and spleen were restimulated with anti-CD3 (1 μg/mL)
and bone marrow-derived dendritic cells (1 × 105) for 15 h. Supernatants
were collected and cytokines detected by ELISA. Results are pooled from two
independent experiments (n = 6). *P ≤ 0.05; ***P ≤ 0.0005; ns, not signifi-
cant. (B) CD25−CD44highCD4+ TE/M cells were isolated from lymph nodes and
spleen of anti–IL-7Rα– (n = 5) or control-treated (n = 4) nondiabetic NOD
mice and 2.5 × 105 (experiment 1) or 1.2 × 106 (experiment 2) cells from
individual donors were transferred to NOD.SCID recipients. Diabetes in-
cidence was followed without further antibody treatment of the recipients.
Graph shows pooled data from two independent experiments. P = 0.004. (C)
Total CD25−CD4+ T cells were isolated from prediabetic (14-wk-old) NOD
mice that were treated for 2–4 wk with anti–IL-7Rα (n = 8) or rat IgG (n = 6)
and 3.7 × 106 cells from individual mice were transferred to NOD.SCID
recipients and diabetes incidence followed in the absence of further anti-
body treatment. Graph shows pooled data from two independent experi-
ments. P = 0.046. (D) CD44high CD4+ TE/M cells were isolated from new-onset
diabetic NOD mice that were cured with anti–IL-7Rα blockade, as in Fig. 1D.
The 5 × 105 TE/M cells isolated from each individual donor were split in two
and adoptively transferred to two NOD.SCID recipients. Matching recipients
were treated with rat IgG or anti–PD-L1 antibodies and graph shows days to
diabetes onset for each individual treated vs. control pair. Mice that did not
become diabetic were killed on the indicated days. P < 0.0001.
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T cells are critically dependent on instructive signals from specific
cytokines, such as IL-7, for their generation and maintenance (18,
20, 30); hence, interfering with these proteins may represent
a strategy for treating autoimmune disease.
In this study we show that treatment of NOD mice with anti–

IL-7Rα mAbs can prevent and cure diabetes. Importantly, this
effect was not a result of preferential depletion of memory or
antigen-specific diabetogenic T cells. Because TE/M cells isolated
from anti–IL-7Rα–treated mice were unable to transfer disease
to NOD.SCID recipients, the treatment works through inducing
a mechanism of cell-intrinsic tolerance that could be transferred
to a new host, independent of Tregs. TE/M cells present in

animals after anti–IL-7Rα treatment expressed increased levels
of the inhibitory receptor PD-1, and inhibiting the interaction of
PD-1 with its ligand PD-L1 restored disease in cured mice,
providing a strong correlation between this critical inhibitory
mechanism and therapeutic efficacy. Because IL-7Rα is also part
of the heterodimeric receptor for thymic stromal lymphopoietin,
it cannot be excluded that anti–IL-7Rα antibodies also com-
promise some functions of this cytokine in vivo. However, thymic
stromal lymphopoietin has been described as protective for au-
toimmune diabetes in NOD mice (31).
Recent studies are starting to reveal novel, specific functions of

IL-7 in T-cell responses. Liu et al. showed that blockade of IL-7
at the onset of EAE resulted in reduction of disease severity
because of a selective reduction of IL-17 production (25). This is
likely not the mechanism of disease reversal in NOD mice, as
Th17 cells are not considered the pathogenic population in this
model. In fact, Th17-skewed BDC2.5 transgenic effector cells
become IFN-γ–producing Th1 cells after transfer to NOD.SCID
mice and inhibition of IL-17 does not prevent diabetes in this
transfer model (32). Our data, in accordance with a recent study
on EAE (33), suggest that IL-7 blockade mainly affects Th1 cells
(Figs. 4 and 5). We propose that Th1-skewed TE/M cells become
dysfunctional in the absence of IL-7 signals and increased ex-
pression of PD-1 is one cell-intrinsic inhibitory mechanism un-
derlying their inability to secrete IFN-γ. Thus, our data may be
related to recent observations showing that administration of
a high dose of IL-7 enhances antitumor and antiviral responses by
counteracting inhibitory mechanisms in T cells (3, 4). In addition,
our study indicates that under physiological conditions, IL-7
reduces PD-1 expression and maintains TE/M cells in a function-
ally responsive state by regulating their antigen responsiveness.
The expression of PD-1 on CD8+ memory T cells has been

widely reported in the setting of chronic virus infections, such
as HIV, and hepatitis B and C viruses, where antigen exposure
is prolonged because the infection is not effectively cleared (24,
34). Blockade of PD-1/PD-L1 interaction results in increased
numbers of cytokine-producing virus-specific CD8+ T cells and
a reduction in viral titers (7). Therefore, PD-1 expression
on memory CD8+ T cells has been a feature of functional
impairment or exhaustion. Although exhaustion of memory
CD4+ T cells has not been described, we propose that auto-
immune settings give rise to such a population, because
autoreactive T cells are also chronically exposed to antigen.
Interestingly, exhausted memory T cells show low IL-7Rα ex-
pression (35), and we speculate that a causal relation exists
between the absence of IL-7 signals and the up-regulation of
PD-1. In autoimmune diabetes, changing levels of IL-7 in the
draining PLNs or in the pancreas itself, perhaps induced by
inflammation (36), may allow a fraction of islet-reactive TE/M
cells to escape PD-1–mediated control and cause tissue dam-
age. The rapid reversal of hyperglycemia we observe after anti–
IL-7Rα administration in new-onset diabetic mice certainly
indicates effects of the treatment in the pancreas. This result is
feasible because it has been demonstrated that PD-L1 is
expressed on the β-cells (5) and, hence, induction of PD-1 in
the infiltrating pathogenic T cells could provide immediate
protection from further islet loss.
We have exploited the idea that IL-7 plays a critical role in the

pathogenesis of autoimmune diabetes to test the therapeutic ef-
ficacy of IL-7Rα blockade in established disease. We show that
this approach to induce PD-1–dependent tolerance may be suc-
cessful for the treatment of autoimmune diseases, by itself or in
combination with other tolerance-inducing strategies. Importantly,
Tregs, which represent another powerful mechanism of peripheral
tolerance, are less sensitive to IL-7 deprivation because of low
expression of IL-7Rα (25). This finding is reflected in a pro-
portional increase of Tregs within the CD4+ T-cell population
after IL-7Rα blockade, and is likely an added benefit to this
therapy. Finally, it should be noted that Tregs typically express
higher levels of PD-1 than naïve T cells and it may be of interest to
investigate whether this is related to decreased IL-7 signaling.

Fig. 5. IL-7 inhibits PD-1 expression in vitro. Naïve PD-1−Foxp3−CD4+ T cells
(gray, filled) were isolated from NOD/Foxp3-GFP mice and stimulated in vitro
with anti-CD3 (10 μg/mL) + anti-CD28 (1 μg/mL) antibodies with (red) or
without (blue) the indicated amounts of recombinant IL-7. (A) Histograms
show PD-1 expression on activated (CD44high) T cells in the presence of in-
creasing amounts of IL-7 and (B) at different times after stimulation with and
without IL-7 (10 ng/mL). (C) Graph shows fold change in mean fluorescent
intensity (MFI) of PD-1 staining relative to the normalized value (= 1) of
cultures without IL-7. Data are pooled from four independent experiments.
(D) Cells were stimulated for 6 d with or without IL-7 (10 ng/mL), as in A and,
after harvesting and washing, restimulated with anti-CD3 mAb and sple-
nocytes for 18 h (in the presence of BFA for the last 5 h). Dot plots show IFN-γ
production determined by intracellular cytokine staining. Results are rep-
resentative for two independent experiments.
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In conclusion, our data show that physiologic levels of IL-7
contribute to the pathogenesis of autoimmune disease in a model
of spontaneous diabetes development in lymphosufficient animals,
and suggest that a previously unrecognized link between IL-7
and the PD-1/PD-L1 tolerance pathway underlies IL-7’s role
in autoimmunity.

Materials and Methods
Mice. Female NOD mice were purchased from The Jackson Laboratory or
Taconic. NOD.SCID, NOD.Thy1.1, NOD/Foxp3GFP (37), and DO.11.10 mice
were bred in our facility. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the University of California
at San Francisco.

Antibody Treatments. Anti–IL-7Rα (A7R34) and anti–PD-L1 (MIH5) antibodies
for in vivo blocking experiments were produced by the hybridoma cell lines
and purified in our laboratory. Rat IgG was used as a control. For IL-7Rα
blockade experiments, 0.5 mg anti–IL-7Rα was administered twice weekly
intraperitoneally. Organs were harvested for analysis 2–3 d after the last
antibody administration. Anti–PD-L1 antibodies were given as described
previously (10). Further details can be found in SI Materials and Methods.

Diabetes Assessment and Histology. Diabetes incidence was followed by urine
analysis and measuring of blood-glucose levels. Mice with two consecutive
readings between 250 and 400 mg/dL were considered new-onset diabetic
and used for experiments attempting to reverse the disease. Histological
analysis was performed by fixing pancreata in formalin and staining sections
with H&E; 10 sections per pancreas were blindly scored for insulitis (0 = no
infiltrate, 1 = 0–25%, 2 = 25–75%, 3 = > 75%). Further details can be found
in SI Materials and Methods.

Tetramer Staining, Flow Cytometry, Cell Sorting, and Adoptive Transfers. Islet
antigen-specific T cells present in secondary lymphoid organs were detected
after enrichment with BDC2.5 pMHC tetramers (National Institutes of Health
tetramer core facility) following a method described previously (22). Phe-
notypic analysis of cell populations was performed by multiparameter flow
cytometry using fluorescently labeled antibodies. For adoptive transfer
studies and in vitro experiments, naïve (CD25negCD44lowIL-7Rαhigh) and
memory (CD25negCD44highIL-7Rαhigh) CD4+ T cells from donors were labeled
with antibodies and isolated with a high-speed cell sorter (MoFlo, Dako-
Cytomation). Further details can be found in SI Materials and Methods.

In Vitro Stimulation and Cytokine Assays. Naive PD-1negFoxp3neg CD4+ T cells
were isolated from NOD/Foxp3 GFP mice and stimulated with anti-CD3 and
anti-CD28 antibodies in the presence or absence of recombinant murine IL-7.
Cytokine production was determined by ELISA or intracellular cytokine
staining and flow cytometry. Further details can be found in SI Materials
and Methods.

Statistics. Statistically significant differences between groups were de-
termined using the Mantel–Cox log-rank test (for diabetes incidence), one-
tailed Mann–Whitney U test (for cell numbers and percentages), two-tailed
unpaired t test (for cytokine assays), and χ2 test (for Fig. 4D). Horizontal bars
in graphs indicate statistical significance (P < 0.05) and P values are indicated.
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SI Materials and Methods
Mice. Female nonobese diabetic (NOD) mice were purchased
from The Jackson Laboratory or Taconic. NOD.SCID, NOD.
Thy1.1, NOD/Foxp3GFP (1), and DO.11.10 mice were bred in
the authors’ facility. Mice were housed in the specific pathogen-
free facility of the University of California at San Francisco and
all animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of the University of California at
San Francisco.

Diabetes Assessment and Histology. Diabetes incidence was fol-
lowed by urine analysis (Diastix; Bayer) and measuring of blood-
glucose levels with a Contour glucose meter (Bayer). Mice with
two consecutive readings between 250 and 400 mg/dL were
considered new-onset diabetic and used for anti–IL-7 receptor-α
(IL-7Rα) treatment. Histological analysis was performed by fix-
ing pancreata in 10% (vol/vol) buffered formalin and staining
5-μm sections with H&E; 10 sections per pancreas were blindly
scored for insulitis. Scores are as follows: 0 = no infiltrate, 1 =
0–25%, 2 = 25–75%, 3 = > 75%. Digital images were captured
with an Optiphot microscope equipped with an Axiocam digital
camera and analyzed using Adobe Illustrator CS2.

Antibody Treatment. Anti–IL-7Rα (rat IgG2a, clone A7R34) and
anti–PD-L1 (Programmed Death-1 ligand) (rat IgG2a, clone
MIH5) antibodies for in vivo blocking experiments were pro-
duced by the hybridoma cell lines and purified with Protein G
Sepharose 4 Fast Flow (GE Healthcare) in our laboratory. Rat
IgG (Jackson ImmunoResearch Laboratories) was used as
a control. For IL-7Rα blockade, 0.5-mg anti–IL-7Rα antibodies
in PBS were administered twice weekly intraperitoneally. Anti–
PD-L1 antibodies were given as described previously (2).

Antibodies. Fc receptors were blocked with anti-CD16/CD32
antibodies, prepared in our laboratory from the hybridoma cell
line, before all antibody staining procedures. The following
antibodies coupled to the indicated fluorochromes were used for
detection of murine activation markers and cytokine receptors:
anti–CD3ε-Pacific Blue (17A2; eBioscience); anti–CD4-PerCP
(RM4-5; BD) or –Alexa-700 (eBioscience); anti–CD8-PercP (53-
6.7; BD); anti–CD11b-FITC (M1/70; BD); anti–CD11c-FITC
(HL3; BD); anti–CD25-FITC, -APC (7D4; BD) or –APC-
eFluor780 (PC61; eBioscience); anti–CD44-APC or –APC-
eFluor780 (IM7; eBioscience); anti-CD45R/B220 (RA3-6B2;
eBioscience); anti–CD127-biotin (A7R34; eBioscience); CD90.1-
PercP (OX-7; BD); CD90.2-PercP (30-H12; Biolegend); CD279-
PE (J43; eBioscience) or –PE-Cy7 (RMP1-30; Biolegend); anti–
FoxP3-FITC (FJK-16s; eBioscience); polyclonal anti-rat Ig (BD);
streptavidin-PE and -APC (eBioscience); Armenian hamster
control IgG2 PE (BD).

Tetramer Staining, Flow Cytometry, Cell Sorting, and Adoptive
Transfers. Islet antigen-specific T cells present in secondary
lymphoid organs were detected after enrichment with BDC2.5
pMHC tetramers [I-Ag7 BDC 2.5 mimotope sequence 2
RTRPLWVRME (National Institutes of Health tetramer core
facility)] following a method described previously (3). IGRP-
specific CD8+ T cells were identified by direct staining with
NRPV7 tetramers [H-2K(d) sequence KYNKANVFL (National
Institutes of Health tetramer core facility)]. Tetramer-positive
cells were quantified using percentages obtained by flow cy-

tometry and absolute counts of (enriched) cells. Phenotypic
analysis of cell populations was performed by multiparameter
flow cytometry. Fluorescence intensities were measured on an
LSRII or Fortessa flow cytometer and data were analyzed with
FACSDiva (BD Biosciences) or FlowJo software. For adoptive
transfer studies and in vitro experiments, naïve (CD25neg

CD44low) and TE/M (CD25negCD44high) CD4+ cells from donors
were labeled with antibodies and isolated with a high-speed cell
sorter (MoFlo, DakoCytomation). To track cell division in vivo,
cells were labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) before adoptive transfer, following a previously
described protocol (4).

In Vitro Stimulation and Cytokine Assays. Naïve PD-lnegFoxp3neg

CD4+ T cells were isolated from NOD/Foxp3GFP mice and
stimulated with 1–10 μg soluble anti-CD3 (145-2C11; BD) and
1 μg anti-CD28 (37.51; BD) antibodies in the presence or ab-
sence of recombinant murine IL-7 (Peprotech). Cells were cul-
tured in RPMI 1640 media (Invitrogen) supplemented with
1 mM each of L-glutamine, nonessential amino acids, sodium
pyruvate, Hepes, penicillin, streptomycin (Invitrogen), 50 μM
2-ME, and 10% FCS (Omega Scientific), and incubated at 37° in
5% CO2. Cell cultures were set up in round-bottomed 96-well
plates (BD Falcon) and harvested after 2, 4, and 6 d for flow
cytometric analysis of PD-1 expression. Death cells were ex-
cluded from the analysis by staining with 4′6-diamidino-2-phe-
nylindole (Invitrogen). Cytokine production after restimulation
of the cells with anti-CD3 Ab and splenocytes [treated with
mitomycin c (Sigma)] was determined by intracellular cytokine
staining and flow cytometry; Brefeldin A (Epicentre) was added
to the cultures for the final 4–5 h of the assay. To determine
cytokine production by ex vivo restimulated cells from treated
NOD mice, CD4+ T cells were isolated from lymphoid organs
using an EasySep CD4− selection kit (Stemcell Technologies)
according to the manufacturer’s instructions. Next, 1 × 105 pu-
rified CD4+ T cells were cultured with anti-CD3 antibodies
(1 μg/mL) and 1 × 105 NOD bone marrow-derived dendritic cells
(generated as described in ref. 4) in round-bottomed 96-well
plates. Duplicate cultures were set up and IL-2, IFN-γ, and IL-17
concentrations were determined in supernatants by ELISA, ac-
cording to the manufacturer’s instructions (BD PharMingen).

PD-1 Staining in Type 1 Diabetes Patients. Venous blood was drawn
with ethical approval from patients attending the clinical type 1
diabetes service at the University Hospital Birmingham National
Health Service Foundation Trust, United Kingdom. Patients had
been clinically diagnosed with type 1 diabetes according to the
1997 American Diabetes Association guidelines. Venous blood
was also drawn from healthy volunteers, matched as closely as
possible for age and sex. Mononuclear cells were isolated from
fresh blood samples by buoyant density centrifugation and ana-
lyzed by multicolor flow cytometry using antibodies against CD3,
CD4, CD45RA, CD25, and PD-1. Data were acquired using
a Cyan ADP Analyzer and processed using FlowJo software.

Statistics. Statistically significant differences between groups were
determined using the Mantel–Cox log-rank test (for diabetes in-
cidence), one-tailed Mann–Whitney U test (for cell numbers and
percentages), two-tailed unpaired t test (for cytokine assays), and χ2
test (for Fig. 4D) using Prism software. Horizontal bars in graphs
indicate statistical significance (P< 0.05) andP values are indicated.
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Fig. S1. Lymphocyte numbers after anti–IL-7Rα treatment. Prediabetic NOD mice (10–12 wk) were treated twice a week with anti–IL-7Rα or rat IgG antibodies
for the indicated periods of time. (A) Total cell numbers, (B) percentage of CD4+ T cells, and (C) CD4+ T-cell numbers in pancreatic (PLN) and inguinal (ILN)
lymph nodes and spleen are shown. Each symbol represents an individual mouse. Data are pooled from two independent experiments per timepoint. *P ≤ 0.05;
**P ≤ 0.005; ***P ≤ 0.0005.
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Fig. S2. The PD-1/PD-L1 pathway maintains tolerance after IL-7Rα blockade. New-onset diabetic NOD mice were treated as in Fig. 1D. Cured mice (three
consecutive blood-glucose readings < 250 mg/dL for 1 wk) were treated with anti–PD-L1 antibodies or rat IgG every other day (starting on day 0; shaded area
shows treatment period). Graph shows blood-glucose levels from individual mice.
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Fig. S3. CD4+ T-cell survival and regulatory T cell (Treg) presence in adoptively transferred NOD.SCID mice. TE/M cells were isolated from anti–IL-7Rα or PBS-
treated NOD donors, as in Fig. 4B, and transferred to NOD.SCID recipients. PLNs were harvested 8–10 wk later and histograms show (A) CD44highIL-7Rαhigh

memory T cells and (B) Foxp3+CD25+ Tregs present within the CD4+ T-cell gate. Dot plots are representative of three individual mice.

%
 o

f M
ax

IL-7
none

PD-1

day 4 day 6

Fig. S4. IL-7 reduces PD-1 expression on activated CD4+ DO.11 T cells. Naïve DO.11 T cells (filled histograms) were isolated from lymph nodes and spleens by
high-speed cell sorting and stimulated in vitro, as in Fig. 5. Histograms show PD-1 expression on activated (CD44high) T cells on day 4 and 6 after stimulation
with (red) and without (blue) IL-7 (10 ng/mL).
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Fig. S5. Reduced PD-1 expression in type 1 diabetes patients. Fresh ex vivo peripheral blood mononuclear cells isolated from type 1 diabetes patients or
healthy controls were analyzed by multicolor flow cytometry (see SI Materials and Methods). (A) Comparison of PD-1 staining on CD4+ T cells from type 1
diabetes patients or healthy controls. The difference seen in the total CD4+ population (P = 0.0214) is not attributable to PD-1 expression on Tregs because the
difference is maintained after gating on CD4+CD25− cells (P = 0.0180). Presented data derive from 16 type 1 diabetes patients and 13 healthy controls, with
mean ages of 29 and 27, respectively. There was no correlation of PD-1 levels with donor age, hemoglobin A1C or blood-glucose levels. (B) Representative
CD45RA staining on gated CD4+ lymphocytes showing PD-1 expression is largely restricted to memory cells.
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