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Costimulation controls diabetes  
by altering the balance of pathogenic  

and regulatory T cells
Hélène Bour-Jordan,1 Benoît L. Salomon,2 Heather L. Thompson,1 Gregory L. Szot,1  

Matthew R. Bernhard,1 and Jeffrey A. Bluestone1

1UCSF Diabetes Center, University of California at San Francisco, San Francisco, California, USA. 2Ben May Institute for Cancer Research,  
University of Chicago, Chicago, Illinois, USA. 

The development of autoimmune diabetes in the nonobese diabetic (NOD) mouse results from a breakdown 
in tolerance to pancreatic islet antigens. CD28-B7 and CD40 ligand–CD40 (CD40L-CD40) costimulatory path-
ways affect the development of disease and are promising therapeutic targets. Indeed, it was shown previously 
that diabetes fails to develop in NOD–B7-2–/– and NOD-CD40L–/– mice. In this study, we examined the relative 
role of these 2 costimulatory pathways in the balance of autoimmunity versus regulation in NOD mice. We 
demonstrate that initiation but not effector function of autoreactive T cells was defective in NOD–B7-2–/– mice. 
Moreover, the residual proliferation of the autoreactive cells was effectively controlled by CD28-dependent 
CD4+CD25+ regulatory T cells (Treg’s), as depletion of Treg’s partially restored proliferation of autoreactive 
T cells and resulted in diabetes in an adoptive-transfer model. Similarly, disruption of the CD28-B7 pathway 
and subsequent Treg deletion restored autoimmunity in NOD-CD40L–/– mice. These results demonstrate that 
development of diabetes is dependent on a balance of pathogenic and regulatory T cells that is controlled by 
costimulatory signals. Thus, elimination of Treg’s results in diabetes even in the absence of costimulation, 
which suggests a need for alternative strategies for immunotherapeutic approaches.

Introduction
The nonobese diabetic (NOD) mouse is the best-characterized 
model for type I diabetes in humans (1). Diabetes in NOD mice is 
mediated by inflammatory autoreactive T cells that recognize pan-
creatic islet antigens and escape central and peripheral tolerance. 
Pancreatic islet antigens are initially presented to pathogenic T 
cells in the pancreatic lymph nodes (LNs) (2), leading to their acti-
vation, expansion, and infiltration into the pancreas, where they 
induce extensive islet damage. Dampening autoreactive T cells has 
thus become a primary therapeutic goal in diabetes as well as other 
T cell–mediated autoimmune diseases and transplantation (3). 
The seminal discovery that costimulation was essential for mount-
ing efficient T cell responses generated great interest and has led to 
therapeutic approaches aimed at costimulatory pathways (4).

Two major costimulatory pathways have been described for 
pathogenic T cell activation in NOD mice: the CD28-B7 and the 
CD40 ligand-CD40 (CD40L-CD40) pathways. CD28 interactions 
with the structurally related ligands B7-1 and B7-2 differentially 
regulate immune responses (4). In fact, treatment of NOD mice 
with anti–B7-2 mAb’s decreased incidence of diabetes (5), and 
NOD mice deficient for B7-2 (NOD–B7-2–/–) were completely pro-
tected from diabetes (6). Similarly, treatment of NOD mice with 
anti-CD40L mAb’s (7) or genetic disruption of CD40L (NOD-
CD40L–/–) (8, 9) prevented the early stages of T cell activation in 
the pancreatic LNs and abrogated disease (7–9). In addition, previ-

ous studies have shown that the CD28 and CD40L pathways are 
linked, since CD40 engagement promotes the upregulation of B7 
on antigen-presenting cells (APCs), and overexpression of B7 on 
APCs can bypass the need for CD40 engagement (10, 11). These 
observations suggested that the two costimulatory pathways con-
trol autoimmunity via a common pathway and that disruption of 
one or both would be expected to lead to similar outcomes.

CD4+CD25+ regulatory T cells (Treg’s) play a fundamental role 
in controlling autoimmunity in the periphery (12, 13). We and 
others have shown that diabetes in the NOD mouse results from 
a breakdown in the balance between autoreactivity and immune 
regulation in the periphery (14–16). Although NOD mice are 
characterized by low numbers of Treg’s (15), these Treg’s provide 
a certain level of protection to NOD mice (14). In addition, it has 
become increasingly clear that CD28 engagement is essential for 
maintaining a functional Treg compartment (14, 17). Indeed, 
whereas blockade of CD28-B7 interactions in NOD mice by 
antagonist therapy (CTLA4Ig or anti–B7-1 plus anti–B7-2 mAb’s) 
or gene targeting (CD28–/– and B7-1/B7-2–/– mice) decreases activa-
tion of pathogenic T cells on a per-cell basis, the disruption of the 
CD28-B7 pathway causes a much more profound defect in Treg’s 
and results in exacerbated diabetes (14, 18). As a consequence, pro-
posed therapeutic approaches for type I diabetes that efficiently 
target the CD28-B7 pathway have raised concerns.

In this study, we further analyzed the relative role of CD28-B7 
and CD40L-CD40 in autoreactivity versus immune regulation. 
The absence of diabetes in NOD–B7-2–/– and NOD-CD40L–/– 
mice provided a unique opportunity to test the hypothesis that 
selective blockade of CD28 versus CD40L costimulatory path-
ways would differentially alter immune responses in NOD mice. 
Our results show that a diabetogenic T cell repertoire is present 
in NOD–B7-2–/– mice but that activation of islet antigen–specific 
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T cells in the pancreatic LNs is altered due to B7-2 deficiency. 
In addition, the residual autoreactive T cells are prevented from 
promoting diabetes by functionally competent CD28-dependent 
CD4+CD25+ Treg’s. Finally, we demonstrated that CD28 defi-
ciency dramatically decreased the number of Treg’s and partially 
restored diabetes in NOD-CD40L–/– mice. Taken together, our 
results suggest a differential role for CD28 and CD40L in con-
trolling autoreactive T cell activation versus immune regulation. 
Moreover, a defect in Treg’s can bypass the need for the two major 
T cell costimulatory pathways to facilitate the development of 
diabetes in individuals prone to autoimmunity, thus providing a 
potentially critical target of immunotherapeutic intervention.

Results
B7-2 deficiency compromises the activation of diabetogenic T cells. We 
have previously shown that diabetes is completely abrogated in 
NOD–B7-2–/– mice (6). In this study we examined the cellular 
mechanisms affected by B7-2 deficiency. To assess the activation 
of pathogenic T cells in vivo, we analyzed the ability of autoreactive 
T cells from NOD-BDC2.5 T cell receptor (TCR) transgenic (Tg) 
mice, which carry a highly diabetogenic T cell receptor (19), to be 
activated by islet autoantigens in a B7-2–deficient environment. 
We purified CD4+CD62L+CD25– T cells from NOD-BDC2.5 Tg 

mice and adoptively transferred 5-(and-6)-carboxyfluorescein diac-
etate, succinimidyl ester–labeled (CFSE-labeled) cells into NOD or 
NOD–B7-2–/– recipients. The proliferation of diabetogenic BDC2.5 
T cells was compared 2 weeks after transfer. As previously report-
ed (2), BDC2.5 T cells primarily divided in the pancreatic LNs of 
NOD mice (Figure 1A, upper left) but only marginally divided in 
the peripheral LNs (Figure 1A, lower left) and spleen (data not 
shown), which is consistent with the suggestion that initial islet 
antigen presentation occurs in the pancreatic LNs of NOD mice 
(2). In contrast, proliferation of BDC2.5 T cells was greatly reduced 
in the pancreatic LNs of NOD–B7-2–/– mice (Figure 1, A and B) 
(Student’s t test, P < 1 × 10–8). In fact, an analysis was done 30 days 
after transfer of BDC2.5 cells as well. In this study, the percentage 
of cycled cells in NOD–B7-2–/– recipient was 17%, similar to what 
was found 2 weeks after transfer, as described above. By contrast, 
BDC2.5 cells had divided intensively in NOD mice to the point 
where CFSE was not detectable (data not shown). However, the 
total number of BDC2.5 cells recovered from NOD and NOD– 
B7-2–/– mice was not significantly different in either the pancreatic 
LNs (Figure 1C) or the peripheral LNs (data not shown). These 
results demonstrate that cell activation and cell cycle progres-
sion were dependent on B7-2, while homing and/or survival were 
not affected by B7-2 deficiency. In addition, transfer of diabetic 

Figure 1
B7-2 deficiency alters the initial activation of dia-
betogenic T cells. (A) We sorted BDC2.5 T cells, 
labeled them with CFSE, and transferred 1 × 106  
cells into NOD (left panels) or NOD–B7-2–/–  
(right panels) recipients. After 2 weeks, we 
examined BDC2.5 T cell proliferation in pancre-
atic LNs (top panels) and peripheral LNs (bot-
tom panels). Similar results were observed in 
peripheral LNs and spleen (data not shown). 
A representative experiment is shown. Pancr., 
pancreatic. (B) The results of 5 separate experi-
ments performed as described in A are shown. 
We expressed the results as the percentage of 
cycled CFSE+ cells in the pancreatic LNs cal-
culated as: (number of cycled CFSE+ cells/total 
number of cycled and noncycled CFSE+ cells) × 
100. Each circle represents an individual mouse. 
Horizontal bars represent the mean value for 
each group. (C) We compared the total number 
of BDC2.5 CFSE+ cells (normalized to the num-
ber of endogenous CD4+ cells) recovered in the 
pancreatic LNs in NOD (n = 17) and NOD–B7-2–/–  
(n = 16) recipients. Each circle represents an 
individual mouse. Horizontal bars represent the 
geometric mean. There was no statistical differ-
ence in the total number of BDC2.5 cells in the 
pancreatic LNs in NOD and NOD–B7-2–/– mice 
(t test using geometric mean, P > 0.05). Similar 
results were observed in peripheral LNs (data 
not shown). (D) Single-cell suspensions from 
pancreatic LNs and pancreas of 16- to 18-week-
old NOD and NOD–B7-2–/– mice were stained 
with CD8 and NRP-V7-H-2Kd tetramers. Results 
display NRP-V7-H-2Kd tetramer (filled histo-
gram) and TUM-H-2Kd control tetramer (bold 
line) staining. The percentage of CD8+ tetramer+ 
cells within the mononuclear cell population was 
indicated. N.D., not detected.
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NOD T cells into NOD-RAG–/– and NOD-RAG–/–B7-2–/– recipi-
ents induced diabetes with similar kinetics (Supplemental Figure 
1; supplemental material available at http://www.jci.org/cgi/con-
tent/full/114/7/979/DC1), which suggests that B7-2 was not nec-
essary for the effector phase of disease.

The recent identification of a prevalent population of patho-
genic CD8+ T cells in NOD mice (20) enabled an examination of 
the activation of endogenous pathogenic T cells in the setting of 
the B7-2 deficiency. CD8+ T cells specific for islet-specific glucose-
6-phosphatase catalytic subunit–related protein (IGRP) could be 
readily detected using tetramer technology in the pancreatic LNs 
and the pancreas of 16- to 18-week-old NOD mice (Figure 1D and 
Supplemental Figure 2, left panels). This population of pathogenic 
CD8+ T cells was undetectable in the pancreatic LNs and the pan-
creas of age-matched NOD–B7-2–/– mice (Figure 1D and Supple-
mental Figure 2, right panels). Thus, the results suggest that B7-2 

deficiency alters the activation and expansion of both CD4+ and 
CD8+ diabetogenic T cells.

Treg’s are minimally affected in NOD–B7-2–/– mice. Since CD28 is 
important for the homeostasis of Treg’s (14, 17), we examined 
whether the Treg compartment was affected in NOD–B7-2–/–  
mice. We focused our study on the CD4+CD25+CD62Lhi Treg 
subset, since cells expressing high levels of CD62L seem to have 
the best regulatory activity in controlling autoimmune diabetes 
(21, 22). The disruption of CD28–B7-2 interactions resulted in 
a slight reduction in the number of Treg’s in NOD–B7-2–/– mice 
compared with age-matched NOD mice (Figure 2A). Indeed, Treg’s 
were reduced from 4.3% of CD4+ T cells in NOD spleen to 3.4% in 
NOD–B7-2–/– mice (20% reduction; Student’s t test, P = 0.01) and 
from 4.8% in NOD LNs to 3.5% in NOD–B7-2–/– mice (27% reduc-
tion; Student’s t test, P < 0.00001).

The function of Treg’s from NOD–B7-2–/– mice was examined in 
vitro. CD4+CD25+CD62Lhi Treg’s isolated by FACS sorting from 
NOD and NOD–B7-2–/– mice had a comparable ability to suppress 
anti-CD3–induced proliferation on a cell-per-cell basis in vitro (Fig-
ure 2B). Thus, the number of Treg’s in NOD–B7-2–/– mice was mini-
mally affected, and the regulatory cells functioned normally.

B7-1 blockade restores diabetes in NOD–B7-2–/– mice by a Treg-depen-
dent mechanism. Our data implied that although the costimulation 
provided by B7-1 was sufficient to allow the development and 
function of Treg’s, B7-1 could not compensate for the dependence 

Figure 2
Normal Treg function in NOD–B7-2–/– mice. (A) NOD–B7-2–/– mice have 
reduced percentage of Treg. We analyzed by flow cytometry the percent-
age of CD25+CD62LhiTreg within the CD4+ population in NOD spleen 
(n = 13) and LNs (n = 11) and NOD–B7-2–/– spleen (n = 11) and LNs  
(n = 9). The percentage of Treg’s was slightly but significantly reduced 
in NOD–B7-2–/– mice (t test, P = 0.01 in spleen and P < 0.00001 in LNs). 
(B) NOD and NOD–B7-2–/– Treg’s suppress with similar efficiency in 
vitro. We purified CD4+CD25+CD62Lhi Treg’s from spleen and LNs of 
NOD (open triangles) and NOD–B7-2–/– (filled circles) mice. Decreasing 
numbers of Treg’s were added to CD4+CD25–CD62Lhi T cells stimu-
lated with anti-CD3 mAb’s and APCs, and proliferation was measured 
by incorporation of 3H-thymidine.

Figure 3
Blocking B7-1 but not CTLA-4 restores diabetes in NOD–B7-2–/– mice. 
(A) We treated NOD–B7-2–/– mice with control Ig (triangles; n = 5), 
anti–B7-1 mAb’s (circles; n = 11), or anti–CTLA-4 mAb’s (squares;  
n = 8). We followed blood glucose levels weekly after mice reached 8 
weeks of age to assess the development of diabetes. Similar results 
were observed in males and females and were pooled. The incidence 
of diabetes was 0% in both control Ig and anti–CTLA-4 mAb–treat-
ed groups. (B) NOD–B7-2–/– mice were treated with anti–B7-1 mAb’s 
between 2 and 4 weeks of age. Percentage of Treg’s was analyzed 
2–4 days after the end of the treatment. (C) BDC2.5 cells labeled with 
CFSE were transferred into adult (8- to 10-week-old) NOD mice or 
NOD–B7-2–/– mice treated with control Ig or anti–B7-1 mAb’s. NOD– 
B7-2–/– mice were treated with 7 injections of 50 μg anti–B7-1 mAb’s 
every other day using two different regimens (see Methods for details). 
The 2 groups gave similar results and were pooled. The results are 
expressed as the percentage of cycled BDC2.5 cells in the pancreatic 
LNs (see Figure 1 legend). Histograms represent the mean and stan-
dard deviation for each group.
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of B7-2 in the activation of pathogenic T cells in NOD mice. This 
result suggested that there might be differential expression of B7-1 
and B7-2 in the relevant antigen-presenting tissues. Therefore, we 
analyzed the expression of B7-1 in the pancreatic LNs. B7-1 was not 
detectable in the pancreatic LNs of NOD–B7-2–/– mice (data not 
shown). By comparison, as shown previously, B7-1 was constitutive-
ly expressed in the spleen of NOD–B7-2–/– mice as compared with 
NOD mice (6). Moreover, in contrast, B7-1 expression was increased 
in the pancreatic LNs compared with the spleen of wild-type NOD 
mice (data not shown). Thus, the low expression of B7-1 in the pan-
creatic LNs likely was responsible for the defect in pathogenic T cell 
activation in NOD–B7-2–/– mice. Interestingly, treatment of 2- to 
4-week-old NOD–B7-2–/– mice with anti–B7-1 mAb’s resulted in the 
development of diabetes in these otherwise protected animals (Fig-
ure 3A). Indeed, 90% of NOD–B7-2–/– mice treated with anti–B7-1 
became diabetic by 18 weeks of age. This result suggested that a 
diabetogenic repertoire was present in NOD–B7-2–/– mice but was 
regulated “negatively” by a B7-1–dependent mechanism such as the 
development of Treg’s or the engagement of CTLA-4.

To address whether the effect of anti-B7-1 was 
related to Treg activity, we examined anti–B7-1– 
treated mice for Treg’s over a 2-week period. As 
seen in Figure 3B, the number of Treg’s decreased 
dramatically to 1.5% of the CD4+ T cell subset com-
pared with 4.6% in the control group during the 
treatment. This result is in agreement with our 
recent reports that CD28 controls homeostasis 
of Treg’s (14, 17) and further suggests that B7-1 is 
necessary and sufficient for the development of a 
normal Treg compartment in NOD–B7-2–/– mice. 
Moreover, treatment of NOD–B7-2–/– mice with 
anti–CTLA-4 mAb’s using a well-established pro-
tocol (23, 24) had no effect on disease incidence 
despite the fact that mice were treated at various 
stages of disease progression (2–7 weeks of age) 
(Figure 3A). These results suggest that induction 
of diabetes following the blockade of B7-1 was due 
to elimination of Treg’s, not CTLA-4 function.

The increase in diabetes following blockade of 
B7-1 in NOD–B7-2–/– mice suggested that CD28 
costimulation was dispensable for the activation of 
autoreactive T cells. We thus analyzed whether B7-1  
blockade would affect the activation of BDC2.5 
cells in the pancreatic LNs of NOD–B7-2–/– mice. 
We treated adult NOD–B7-2–/– mice with anti–B7-1  
mAb’s and transferred BDC2.5 cells labeled with 
CFSE. As shown in Figure 3C, the proliferation of 
BDC2.5 cells was unaffected 2 weeks after transfer, 
although the percentage of CD4+CD25+ Treg’s was 
greatly decreased following B7-1 blockade (0.5% 
Treg’s in anti–B7-1–treated mice compared with 
2.8% in mice treated with control Ig).

Treg’s control activation of diabetogenic T cells in 
NOD–B7-2–/– mice. Our results suggested that 
CD4+CD25+ Treg’s could control a potentially 
pathogenic repertoire in NOD–B7-2–/– mice. 
To directly test this hypothesis, we designed an 
experimental protocol to deplete Treg’s without 
affecting potentially pathogenic T cells that had 
upregulated CD25 as a consequence of antigen 

activation. Complete depletion of Treg’s was achieved by anti-
CD25 (PC61) treatment at the time of transfer of BDC2.5 T cells: 
0.3% Treg’s compared with 2.4% in animals treated with control Ig 
(Supplemental Figure 3A). The number of Treg’s was still dimin-
ished 2 weeks after transfer of BDC2.5 cells in anti-CD25–treated 
mice (1.9% Treg’s compared with 3.5% in animals treated with 
control Ig) (Supplemental Figure 3B). As observed in euthymic 
mice (Figure 1), proliferation of BDC2.5 T cells in the pancreat-
ic LNs was greatly reduced in thymectomized control Ig-treated 
NOD–B7-2–/– mice as compared with NOD mice (Figure 4A). In 
contrast, depletion of Treg’s partially restored proliferation of 
BDC2.5 T cells in the pancreatic LNs of NOD–B7-2–/– mice (Figure 
4A). Indeed, the percentage of divided cells within the BDC2.5 T 
cell population significantly increased after PC61 treatment com-
pared with control mAb’s (Student’s t test, P < 0.05) (Figure 4B). 
BDC2.5 T cell proliferation in the Treg-deficient setting occurred 
in the pancreatic LNs and not in other LNs (Supplemental Figure 
3C), which suggests that depletion of Treg’s resulted in islet anti-
gen–specific activation of diabetogenic T cells in the pancreatic 

Figure 4
Treg’s suppress autoreactive T cell activation in NOD–B7-2–/– mice. NOD–B7-2–/– recipi-
ents were thymectomized to avoid rapid repopulation of the peripheral Treg compartment 
by CD4+CD25+ Treg’s emigrating from the thymus (46) and then treated with anti-CD25 
mAb’s to deplete Treg’s. Moreover, the adoptive transfer of purified naive BDC2.5 T cells 
was delayed 2 weeks after anti-CD25 treatment to allow the antibody to clear from the 
circulation. (A) NOD mice were treated with control Ig (left) and NOD–B7-2–/– mice were 
treated with control Ig (middle) or anti-CD25 mAb’s (PC61) (right). Transfer of BDC2.5 
cells and analysis in the pancreatic LNs was as described in Figure 1A. A representative 
experiment is shown. (B) The results of 3 separate experiments performed as described 
in A are shown. Percentage of cycled CFSE+ cells in the pancreatic LNs was calculated 
as in Figure 1B in NOD, NOD–B7-2–/–, and NOD–B7-2–/– depleted of Treg’s. Each his-
togram represents the mean and standard deviation of each group. The P value for the  
t test between the relevant groups is shown. The same result was obtained when com-
paring geometric means instead of means (t test, P < 0.05). (C) We depleted Treg’s from 
NOD or NOD–B7-2–/– spleen cells using anti-CD25 mAb’s (7D4) and rabbit complement. 
We transferred total spleen cells from NOD–B7-2–/– mice (filled squares; n = 5) or CD25-
depleted spleen cells from NOD mice (open triangles; n = 4) or NOD–B7-2–/– mice (filled 
circles; n = 9) into NOD-SCID recipients. We followed blood glucose levels weekly after 
transfer to assess the development of diabetes.
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LNs rather than nonspecific polyclonal activation in all periph-
eral lymphoid tissues. In addition, 1 of 9 NOD–B7-2–/– recipients 
treated with anti-CD25 mAb’s and engrafted with BDC2.5 T cells 
became diabetic within 2 weeks (data not shown), which further 
underscores the dominant role of CD4+CD25+ Treg’s in control-
ling autoimmune diabetes in NOD–B7-2–/– mice.

To analyze whether potentially pathogenic polyclonal T cells 
were being similarly suppressed in NOD–B7-2–/– mice, we depleted 
CD25+ T cells from NOD–B7-2–/– spleen cells and transferred the 
remaining cells into NOD-SCID mice. Whole spleen cells from 
NOD–B7-2–/– mice failed to transfer diabetes into NOD-SCID 
recipients (Figure 4C). In sharp contrast, depletion of CD25+ 
Treg’s from NOD–B7-2–/– spleen cells prior to transfer resulted in 
development of diabetes in 70% of the recipients, with an incidence 
and kinetics of disease similar to what was observed using CD25-
depleted spleen cells from NOD mice (Figure 4C). Taken togeth-
er, these results suggest that CD4+CD25+ Treg’s efficiently sup-
pressed potentially diabetogenic BDC2.5 T cells in the pancreatic 

LNs of NOD–B7-2–/– mice. Thus, 
although it has been suggested 
that CD28 could play a role in 
thymic selection (25–28), a diabe-
togenic repertoire was present in 
NOD–B7-2–/– mice but efficiently 
suppressed by resident Treg’s. 
Moreover, these results suggest-
ed that Treg’s actively suppressed 
rather than tolerized pathogenic 
T cells in NOD–B7-2–/– mice.

CD28 and CD40L differentially 
influence autoreactivity and regula-
tion. The previous experiments 
suggested that although CD28–
B7-2 interactions played an 
important role in the activation 
of naive islet antigen–specific 
T cells, the presence of CD28-
dependent CD4+CD25+ Treg’s 
was the dominant mechanism 
preventing manifestation of the 
disease. Since CD40L interactions 
with CD40 have been described 
as the other major costimulatory 
pathway for diabetogenic T cells 
in NOD mice (7–9), we examined 
how disrupting CD28-depen-
dent Treg’s would affect diabetes 
in the absence of CD40L-CD40 
interactions. NOD-CD28–/–, 
NOD-CD40L–/– and NOD mice 
deficient for both CD40L and 
CD28 (NOD-CD40L–/–CD28–/–) 
were compared for Treg numbers 
and diabetes incidence. Similarly 
to NOD–B7-2–/– mice, NOD-
CD40L–/– mice displayed signifi-
cant yet moderate reduction in 
Treg numbers as compared with 
NOD (Figure 5A). In addition, 
NOD-CD40L–/–CD28–/– mice dis-

played a dramatic decrease in Treg’s as compared with NOD and 
NOD-CD40L–/– mice (Figure 5A).

We found that, in agreement with what has been shown previous-
ly (8, 9), NOD-CD40L–/– mice did not develop diabetes. In contrast, 
the incidence of diabetes was partially restored in NOD-CD40L–/–

CD28–/– mice compared with NOD-CD40L–/– (Figure 5B), although 
with delayed kinetics. Histological analysis further demonstrated 
that whereas infiltration was virtually absent in the pancreatic islets 
of NOD-CD40L–/– mice, severe insulitis was observed in NOD-
CD40L–/–CD28–/– mice (Figure 5C). Thus, the profound defect in 
Treg’s observed in NOD-CD40L–/–CD28–/– mice partially bypassed 
the need for either CD40L or CD28 costimulation in pathogen-
ic T cell activation and development of autoimmunity toward 
the pancreatic islets. However, incidence of diabetes was lower 
in NOD-CD40L–/–CD28–/– mice compared with NOD-CD28–/–  
mice, which suggests that severity of disease was affected by the 
relative decrease in pathogenic T cell activation due to defective 
CD40L costimulation.

Figure 5
CD28 and CD40L differentially affect diabetes in NOD mice. (A) We developed NOD mice deficient for 
CD28 (NOD-CD28–/–), CD40L (NOD-CD40L–/–), or both CD40L and CD28 (NOD-CD40L–/–CD28–/–). We 
compared the number of Treg’s in these different strains. The results are displayed as CD62L (y axis) versus 
CD25 (x axis) staining and are gated on the CD4+ population. One out of 3 representative experiments is 
shown. (B) We compared the incidence of diabetes in NOD (open squares), NOD-CD28–/– (open triangles), 
NOD-CD40L–/– (x’s) and NOD-CD40L–/–CD28–/– (filled squares) mice. (C) We performed histological analysis 
of the pancreas in NOD-CD40L–/– and NOD-CD40L–/–CD28–/– mice and scored the severity of insulitis as 
peri-insulitis (white bars), moderate insulitis (gray bars) and severe insulitis (black bars) in NOD-CD40L–/– 
and NOD-CD40L–/–CD28–/– mice (70 and 37 islets were scored, respectively). (D) CD25-depleted BDC2.5-
CD90.1 T cells were labeled with CFSE and transferred into NOD or NOD-CD28–/– mice. Four days later, 
the proliferation of BDC2.5 cells was assessed in the pancreatic LNs. The histograms are gated on CD4+ 
CD90.1+ cells, and the 3 regions M1–M3 indicate undivided cells, cells that underwent 1 to 3 divisions, and 
cells that underwent 4 or more divisions, respectively.
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To directly assess how a defect in Treg’s affected the autoreactive 
population, we transferred CFSE-labeled CD25-depleted BDC2.5 
T cells into NOD and NOD-CD28–/– mice and compared the 
proliferation of the autoreactive cells in the pancreatic LNs. The 
expansion of BDC2.5 T cells was dramatically accelerated in NOD-
CD28–/– mice as compared with NOD mice (Figure 5D). Indeed, 
the number of undivided cells and cells that underwent 1 to 3 divi-
sions was similar in NOD and NOD-CD28–/–, but the number of 
cells that underwent 4 or more divisions was on average 8 times 
higher in NOD-CD28–/– compared with NOD pancreatic LNs 
(Figure 5D and Supplemental Figure 4A). In addition, the enu-
meration of BDC2.5 T cells revealed that NOD-CD28–/– contained 
5 times more autoreactive BDC2.5 T cells in the pancreatic LNs 
compared with NOD mice (Supplemental Figure 4B). Finally, the 
increased division of autoreactive cells observed in NOD-CD28–/–  
mice was specifically driven by pancreatic islet antigens in the 
draining pancreatic LNs, since no proliferation was observed in 
other peripheral LNs (Figure 5D and Supplemental Figure 4A).

Discussion
It has become increasingly clear that a delicate balance of patho-
genic and protective immune responses controls the development 
and clinical manifestation of type I diabetes. Although CD28-B7 
and CD40L-CD40 interactions have been long recognized as the 
two major costimulatory pathways of T cell responses, the poten-
tial control of immunoregulatory mechanisms by costimulatory 
molecules is only starting to be unraveled. In this study, we showed 
that B7-2 was necessary for the optimal activation of diabetogen-
ic T cells in the pancreatic LNs but not for the development of 
a functional Treg compartment. In addition, affecting the Treg 
compartment by complete disruption of CD28 signals or deple-

tion of CD4+CD25+ T cells restored pathogenic T cell activation 
and diabetes. Finally, Treg’s were reduced and insulitis and dia-
betes were restored in NOD-CD40L–/–CD28–/– mice as compared 
with NOD-CD40L–/– mice. These results suggest that CD28–B7-2 
and CD40L-CD40 interactions play a predominant role in dia-
betogenic T cell activation, whereas complete blockade of CD28 
costimulation severely impacts the Treg compartment. Thus, a 
deficient Treg compartment circumvents the need for the two 
major costimulatory pathways to achieve autoimmunity against 
pancreatic islets. In this setting, costimulation requirements could 
be modified by chronic presentation of autoantigen (29). Alter-
natively, costimulatory molecules such as inducible costimulator 
(ICOS), OX40 (CD134), or other as-yet-unidentified costimulatory 
molecules could play a role in T cell activation in the absence of 
CD28 and CD40L. In sum, diabetes is controlled by a balance of 
pathogenic and regulatory T cells, and although costimulatory 
signals regulate both arms of the balance, CD28-dependent Treg’s 
appear to be the dominant factor in the development of the auto-
immune process (Figure 6).

The number of Treg’s in NOD–B7-2–/– mice was slightly reduced 
as compared with NOD mice, and blocking B7-1 interactions with 
CD28 in NOD–B7-2–/– mice decreased the number of Treg’s to lev-
els similar to those in NOD-CD28–/– mice. These results suggest 
that B7-1 and B7-2 additively signal through CD28 to maintain 
Treg homeostasis and that B7-1 is sufficient to maintain a func-
tional Treg compartment in NOD mice. In addition, the devel-
opment of diabetes in NOD–B7-2–/– mice treated with anti–B7-1 
mAb’s demonstrates that low levels of constitutive B7 expression 
play a prominent role in maintaining peripheral tolerance and pre-
venting autoimmunity. This result confirms our previous report 
that blocking the CD28-B7 pathway in NOD breaks peripheral 
tolerance and results in exacerbated diabetes (14, 18). Recently, 
Lohr et al. showed that basal B7 expression on APCs reduced T cell 
responses in vivo and that CD4+CD25+ Treg’s were responsible for 
this effect (30). In addition, low levels of B7-1 expression in the 
pancreatic LNs compared with the spleen of NOD-B7-2–/– mice 
suggest that CD28 signals provided in other tissues is enough to 
maintain a functional Treg compartment in the LNs.

An alternative explanation for the pro-diabetogenic effects of 
blocking B7-1 in NOD–B7-2–/– mice is that this treatment prevents 
CTLA-4 ligation and results in increased activation of autoreactive 
T cells. However, treatment of NOD–B7-2–/– mice with anti–CTLA-4  
failed to reproduce the increase in diabetes secondary to anti–B7-1 
blockade, which suggests that the effects of this treatment are not 
limited to disruption of CTLA-4 engagement. Moreover, CTLA-4  
has been shown to be most effective in controlling secondary 
rather than naive responses (31) that are clearly defective in this 
model. In this regard, our data showed that anti–B7-1 treatment 
was mainly effective when administered early in disease develop-
ment (at 2–4 weeks of age; i.e., before the development of insulitis), 
whereas Mathis and colleagues demonstrated in the NOD-BDC2.5 
TCR Tg model that CTLA-4 controlled autoimmune diabetes 
principally after insulitis was established (32). Finally, NOD mice 
deficient in CD40L, B7-1, and B7-2 do not develop exacerbated 
disease as compared with NOD-CD40L–/–CD28–/– mice (data not 
shown), which suggests that additional disruption of CTLA-4 did 
not dramatically affect the balance of activation and regulation in 
that setting. In this regard, it has been suggested previously that 
B7 molecules could costimulate T cell responses by interacting 
with ligands other than CD28 and CTLA-4 on T cells (33), and this 

Figure 6
Autoimmune diabetes is controlled by a costimulation-dependent bal-
ance of pathogenic and regulatory T cells. In NOD mice, which are 
genetically prone to autoimmunity, autoreactive T cells dominate Treg’s, 
leading to development of autoimmune diabetes. In the absence of 
B7-2 or CD40L, Treg’s are marginally reduced, whereas activation of 
autoreactive T cells is profoundly affected, resulting in the absence 
of diabetes. In contrast, in the absence of CD28 signals, the deficit in 
Treg’s is so severe that disease develops with accelerated kinetics and 
increased severity. Finally, in the absence of CD28 and CD40L signals, 
both diabetogenic T cells and Treg’s are affected, but the absence of 
CD28-dependent Treg’s appears dominant and results in insulitis and 
diabetes, thus bypassing the need for the two major costimulatory path-
ways in the development of the autoimmune process.
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could explain the increased autoimmune response in mice defi-
cient for CD28 and CD40L compared with mice lacking CD40L 
and both B7-1 and B7-2.

Although it is well established that Treg’s suppress effector T 
cell proliferation in vitro, the mechanism of suppression by Treg’s 
in vivo is still controversial (30, 34–36). Our results suggest that 
Treg’s control diabetogenic T cells in NOD mice by suppressing 
their initial islet antigen–specific activation and expansion in the 
pancreatic LNs and thus before they could reach later stages of 
differentiation or effector function. This is in agreement with 
several studies showing suppression of proliferation by Treg’s in 
vitro and in vivo (34, 36–38). However, this result is in contrast 
to recent reports suggesting that Treg’s do not affect prolifera-
tion but rather production of IFN-γ in vivo (30, 35, 39). In addi-
tion, Herman and colleagues recently showed that CD4+CD25+ T 
cells expressed the Treg-specific transcription factor Foxp3 and 
regulated diabetogenic T cells directly in the pancreas (40). This 
discrepancy could be explained by the different experimental 
systems used. In spontaneous autoimmune models, low-affinity 
autoreactive T cells are activated by their natural autoantigen in 
the pancreatic LNs. This is in contrast with other TCR Tg mod-
els, where higher-precursor-frequency and high-affinity T cells 
are examined or where activation is maximized by dendritic cells 
loaded with foreign antigen (30, 35, 39). Thus, our results sug-
gest that Treg’s may suppress primary T cell activation in vivo, 
especially under conditions of low-avidity TCR interactions due 
to low-affinity T cell receptors and/or chronic presentation of low 
levels of antigens such as autoantigens.

Depletion of CD4+CD25+ Treg’s partially restored the prolif-
eration of islet antigen–specific T cells in the pancreatic LNs of 
NOD–B7-2–/– mice and promoted diabetes in an adoptive transfer 
setting. Similarly, the defect in Treg’s in NOD-CD28–/– mice result-
ed in accelerated disease and increased number and expansion of 
autoreactive T cells in the pancreatic LNs compared with that in 
NOD mice. Finally, whereas it is known that NOD-CD40L–/– mice 
fail to develop diabetes due to inefficient activation of autoreactive 
T cells (7, 9), our data showed that insulitis and diabetes were 
partially restored in NOD-CD40L–/–CD28–/– mice as a result of 
decreased Treg numbers. Although it has been shown that the 
CD40L-CD40 interaction plays a role in Treg development (41), 
our results strongly suggest that the Treg compartment in NOD 
mice is principally controlled by the CD28-B7 pathway. This is in 
agreement with the recent report that disruption of CD40L-CD40 
interactions affected helper T cells but not Treg’s in NOD mice 
(42). Moreover, enhanced autoimmunity in NOD-CD40L–/–CD28–/–  
mice compared with NOD-CD40L–/– mice reveals that CD28 and 
CD40L control autoimmunity via distinct pathways. This is in con-
trast to the hypothesis that defective CD40 ligation affects T cell 
responses indirectly due to impaired upregulation of B7 molecules 
leading to insufficient CD28 costimulation (10, 11). The observa-
tion that depletion of CD4+CD25+ Treg’s only partially restored the 
proliferation of BDC2.5 T cells and/or the development of diabetes 
could be due to limiting costimulation leading to reduced activa-
tion of pathogenic T cells. Similarly, the absence of BDC2.5 cell 
proliferation following anti–B7-1 treatment in adult NOD–B7-2–/–  
mice could reflect the absence of CD28 costimulation, resulting 
in delayed T cell activation that could not take place within the 
2-week period of our experiment. Alternatively, other Treg popula-
tions such as NKT cells (43, 44) and DX5+ T cells (45) have been 
shown to protect NOD mice from diabetes and could be playing 

a regulatory role in the absence of CD4+CD25+ Treg’s. Finally, it is 
possible that costimulation-regulated Treg’s could function in an 
age-dependent manner in NOD mice, which would thus explain 
the differential efficiency of B7-1 blockade observed in 2- to 4-week-
old versus adult mice.

Taken together, our results have several important implications. 
First, the development of diabetes in NOD mice deficient for both 
CD40L and CD28 demonstrates that Treg’s play a dominant role 
in the balance of autoreactivity versus regulation that determines 
the outcome of disease. Second, in the absence of a functional 
Treg compartment, the two major costimulatory pathways can 
be bypassed for pathogenic T cell activation in individuals prone 
to autoimmunity. Third, while both CD28–B7-2 and CD40L-
CD40 interactions controlled the activation of pathogenic T 
cells, constitutive levels of CD28-B7 interactions played a unique 
role in maintaining an efficient Treg compartment. Therapeutic 
approaches could thus be designed to affect selectively CD28–B7-2 
and CD40L-CD40 interactions while maintaining a residual level 
of CD28 costimulation in order not to eliminate Treg’s. In addi-
tion, it will be essential to establish a careful monitoring of Treg’s 
when patients are treated with drugs blocking costimulatory path-
ways. In conclusion, these results have important consequences 
for the design of immunotherapy aimed at selectively suppressing 
autoimmunity and suggest that it will be essential to maximize 
immune regulation in addition to targeting autoreactive T cells in 
autoimmune-prone individuals.

Methods
Mice. NOD mice were purchased from Taconic. NOD–B7-2–/– and NOD-
CD28–/– mice have been described previously (6, 14, 18). NOD-BDC2.5 TCR 
Tg mice (19) were generously provided by C. Benoist and D. Mathis (Harvard 
Medical School, Boston, Massachusetts, USA). NOD-CD40L–/– mice were 
generously provided by R.A. Flavell (Yale University School of Medicine, 
New Haven, Connecticut, USA). NOD-CD28–/– mice were bred to NOD-
CD40L–/– mice, and F1 heterozygous mice were intercrossed to obtain NOD-
CD40L–/–CD28–/– mice. Genotypes were determined by PCR of tail DNA 
using primers specific for CD28 and CD40L. NOD-BDC2.5-CD90.1 mice 
were derived in our laboratory. All mice were housed in a pathogen-free facil-
ity at the University of California at San Francisco. Experiments complied 
with the Animal Welfare Act and the NIH guidelines for the ethical care and 
use of animals in biomedical research.

Assessment of diabetes and insulitis. Blood glucose levels were measured 
every week with a One Touch II glucose meter (Lifescan). Mice were con-
sidered diabetic after 2 consecutive measurements over 300 mg/dl. For 
histological analysis, pancreases were snap-frozen in OCT. Multiple 5-μm 
sections were stained with hematoxylin and eosin and scored blindly for 
severity of insulitis as previously described (14).

Antibodies and other reagents. Anti-CD3e (145–2C11), anti–B7-1 (16.10A1), 
anti–CTLA-4 (4F10), anti-CD25 (PC61), and anti-CD4 (GK1.5) mAb’s were 
produced in our laboratory. Control rat IgG and hamster IgG were obtained 
from Jackson ImmunoResearch Laboratories. Anti–CD25-phycoerythrin 
mAb (7D4) was obtained from Southern Biotechnology Associates Inc. 
Anti–CD4–peridinin-chlorophyll-protein (RM4.5) and anti–CD62L-
allophycocyanin mAb’s were purchased from BD — Pharmingen. CFSE was 
purchased from Molecular Probes Inc. NRP-V7-H-2Kd and TUM-H-2Kd 
tetramers (20) were generously provided by Pere Santamaria (University of 
Calgary, Calgary, Alberta, Canada).

In vivo mAb treatment. Mice were treated with 50 μg anti–B7-1 mAb’s every 
other day for 14 days at 2–4 weeks of age or with 50 μg anti–CTLA-4 mAb’s 
every other day for 14 days at 2–4 weeks of age or 5–7 weeks of age, as indi-
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cated in the figure legends. Similar results were observed in mice treated 
at these two age-periods and were pooled. The efficiency of this treatment 
in vivo was well established as exacerbating ongoing immune responses 
in experimental autoimmune encephalitis, tumor immunity, and other 
immune response settings (23, 24). In all experiments involving mAb treat-
ments in vivo, control mice received either PBS, control rat IgG, or hamster 
IgG at the same regimen. Similar results were observed with control IgG 
treatments and PBS treatments.

Cell sorting and flow cytometry. Single-cell suspensions were prepared 
from the spleen and LNs of indicated mice. Treg’s were sorted on a Mo-
Flo cytometer (DakoCytomation) to greater than 95% purity based on the 
phenotype CD4+CD62LhiCD25+. Naive CD4+ T cells were sorted based on 
the phenotype CD4+CD62LhiCD25–. Flow cytometric analyses were per-
formed on a FACSCalibur flow cytometer with CELLQuest software (BD 
— Pharmingen). For tetramer staining, single-cell suspensions were pre-
pared from pancreatic LNs and pancreas (after digestion with collagenase 
and DNase) from 16- to 18-week-old mice as previously described (6), and 
tetramer staining was performed as previously described (20).

Adoptive transfer experiments. Sorted naive BDC2.5 T cells were labeled 
with 1.5 μM CFSE, and 1 × 106 cells were transferred via retro-orbital injec-
tion. In some experiments, recipient mice were thymectomized and treated 
by intraperitoneal injection with 500 μg anti-CD25 mAb’s (PC61) or con-
trol rat IgG 2 weeks prior to adoptive transfer of BDC2.5 cells. In some 
experiments, recipient mice were treated by intraperitoneal injection with 
50 μg anti–B7-1 mAb’s or control hamster IgG every other day for 14 days 
either until 1 week before adoptive transfer of BDC2.5 cells or with the 
same regimen until 1 week before transfer and for 2 weeks after transfer. 
Similar results were observed with these two regimens and were pooled.

Ten to 28 days after adoptive transfer, BDC2.5 T cell proliferation was 
examined by flow cytometry by analyzing CFSE dilution within the CD4+ 
T cell population in LNs and pancreatic LNs. The number of BDC2.5 
cells that had gone into cell cycle was calculated as the number of events 
in each CFSE peak divided by the number of cell division corresponding 
to this peak (i.e., number of events divided by 2 for one division, num-
ber of events divided by 4 for two divisions, etc.). The total numbers of 
divided and nondivided BDC2.5 T cells were normalized to the number 
of endogenous CD4+ T cells.

Depletion of CD25+ cells from spleen and LN cells and adoptive transfer 
into NOD-SCID, NOD, or NOD-CD28–/– recipients was performed as previ-
ously described (14). In some experiments, CD25-depleted BDC2.5 CD90.1 
cells were labeled with CFSE as above prior to transfer, and proliferation in 
vivo was assessed 4 days later.

In vitro assay for Treg function. Effector CD4+CD62LhiCD25– T cells and 
CD4+CD62LhiCD25+ Treg’s were sorted from indicated mice. DMEM-glu-
tamax medium supplemented with 100 U/ml penicillin, 100 U/ml strep-
tomycin, nonessential amino acids, 10 mM HEPES (all from UCSF Cell 
Culture Facility, San Francisco, California, USA), 5% heat-inactivated FCS 
(Summit Biotechnology), and 50 μM β-mercaptoethanol (Invitrogen Life 
Technologies) was used for cell culture. A total of 5 × 104 effector T cells 
was stimulated with 3 μg/ml anti-CD3ε in the presence of 5 × 104 irradi-
ated APCs from NOD-TCRa–/– mice. Treg’s were added to the culture to 
obtain Treg’s/naive cells ratios of 1:1 to 1:64. Proliferation was measured 
after 72 hours by overnight incorporation of 3H-thymidine (NEN; Perkin 
Elmer). Proliferation experiments were performed in triplicate wells.
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