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Summary

IFN-v is generally believed to be important in the autoimmune pathogenesis of type 1 diabetes
(T1D). However, the development of spontaneous p cell autoimmunity is unaffected in NOD mice
lacking expression of IFN-vy or the IFN-y receptor (IFNyR), bringing into question the role IFN-y
has in T1D. In the current study an adoptive transfer model was employed to define the
contribution of IFN-y in CD4" versus CD8" T cell-mediated B cell autoimmunity. NOD.scid mice
lacking expression of the IFNyR B chain (NOD.scid.IFNyRB"!) developed diabetes following
transfer of B cell-specific CD8* T cells alone. In contrast, B cell-specific CD4* T cells alone failed
to induce diabetes despite significant infiltration of the islets in NOD.scid.IFNyRB"!! recipients.
The lack of pathogenicity of CD4* T cell effectors was due to the resistance of IFNyR-deficient 3
cells to inflammatory cytokine-induced cell death. On the other hand, CD4* T cells indirectly
promoted p cell destruction by providing help to CD8" T cells in NOD.scid.IFNyRB!! recipients.
These results demonstrate that IFN-yR may play a key role in CD4* T cell-mediated § cell
destruction.

Keywords
IFN-y; NOD mice; Type 1 diabetes

Introduction

The development of spontaneous type 1 diabetes (T1D) is the result of autoimmune
destruction of the insulin-producing B cells. The primary immune effectors of {5 cell
destruction are CD8" and CD4™" T cells that exhibit a type 1 phenotype [1]. CD8" T effector
cells kill 3 cells directly through granzyme B-mediated cytotoxicity upon recognition of
MHC-peptide complexes presented on the surface of B cells. Both CD4* and CD8* T
effector cells also mediate  cell destruction indirectly through secretion of proinflammatory
cytokines. IFN-y has long been believed to play a key role in driving the autoimmune
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pathogenesis of T1D [2, 3]. How IFN-vy contributes to 3 cell autoimmunity and T1D
development remains unclear, however.

Studies have shown that blocking IFN-y function in NOD mice with either IFN-y-specific
Abs [4, 5] or soluble IFN-v receptors (IFNyR) [6] reduces the incidence of spontaneous
diabetes and prevents diabetes transfer by splenocytes from diabetic NOD donor mice [7].
Furthermore, transgenic expression of IFN-y by  cells induces autoimmunity resulting in
overt diabetes in otherwise diabetes-resistant mice [8]. In vitro studies have also shown that
IFN-v has cytotoxic effects on 3 cells. Exposure of human and murine islets to IFN-y with
either IL-1f or TNF-a induces B-cell death in vitro [9-14]. IFN-vy alone, however, has no
effect on f cell-death. Notably, (3 cells deficient of STAT-1, a key signaling molecule
activated in 3 cells by IFN-vy, are resistant to apoptosis induced in vitro by IFN-y with either
IL-18 or TNF-a [12, 15, 16].

Nevertheless, despite IFN-vy being the signature cytokine of type 1 effector T cells, the
differentiation of type 1 effector T cells and the development of spontaneous diabetes are
not significantly affected in NOD mice genetically lacking expression of IFN-y [17] or
IFNYR [18, 19]. T cells from IFNyR 3 chain (IFNyRB)-deficient NOD mice
(NOD.IFNyRB!) transfer diabetes as efficiently as wild-type NOD T cells [20]. Although
NOD mice lacking IFNYR a chain expression were reported to remain diabetes-free, it was
later found that disease protection was independent of the IFNyR deficiency, and due to
linked genes derived from the 129 mouse strain genotype [18, 21]. Furthermore, NOD mice
in which the IFN-y-mediated signaling in f cells is selectively disrupted by expression of
dominant negative mutants of IFNyR develop spontaneous diabetes comparable to wild-type
NOD mice [22]. The fact that the lack of IFNYR expression has little or no effect on the
development of spontaneous diabetes in NOD mice is perplexing in view of studies showing
an important role for IFN-v in autoimmune destruction of  cells in vitro and in vivo [2, 3].

In the current study, we employed an adoptive transfer model to determine how IFNyR
deficiency influences the development of diabetes mediated by diabetogenic CD4™" versus
CDS8™ T cells. Our results demonstrate that IFNyR deficiency has a distinct effect on the
development of diabetes mediated by CD4" T cells versus CD8* T cells, which was
previously unrecognized in IFNyR-deficient NOD mice. These findings provide new insight
into the mechanisms by which IFN-y contributes to the pathogenesis of T1D.

Diabetogenic CD8* T cells induce diabetes in IFNyR-deficient NOD.scid mice

Previous studies have demonstrated that systemic deficiency of either the a or  chain of
IFNYR has a minimal effect on the development of spontaneous diabetes in NOD mice [18,
19]. These model systems are limited, however, since the possibility that IFNyR deficiency
has differential effects on CD4* and CD8" T cell-mediated B-cell autoimmunity cannot be
addressed. Accordingly, an adoptive transfer model was employed to individually assess the
impact of IFNYyR deficiency on the pathogenicity of diabetogenic CD4* versus CD8* T
effectors. NOD.scid mice lacking expression of the IFNyR f chain (NOD.scid.IFNyRBM!!)
were used as recipients in this study. Initially, splenocytes from wild-type NOD mice were
adoptively transferred into NOD.scid and NOD.scid.IFNyRB™!! mice, and diabetes
monitored. All of the NOD.scid.IFNyRB™! and NOD.scid recipients developed diabetes
although diabetes onset was delayed in NOD.scid.IFNyRB™!! mice (Fig. 1A). These results
are consistent with previous observations that NOD mice lacking IFNyR expression
continue to develop spontaneous diabetes [18, 19].
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To determine whether IFNYR deficiency selectively affected CD8" T cell-mediated B cell
destruction, TCR transgenic CL4 CD8* T cells specific for influenza hemagglutinin (HA)
were adoptively transferred into NOD.scid.InsHA or NOD.scid.InsHA.IFNyRB™! mice. All
recipients of CL4 CD8* T cells developed diabetes regardless of genotype (Fig. 1B),
although the onset of diabetes was delayed in some of the NOD.scid.InsHA.IFNyRBU!l
recipients. These results demonstrate that CD8* T cells continue to mediate B cell
destruction despite the lack of IFNYR expression in recipient animals.

Diabetogenic CD4* T cells induce insulitis but fail to transfer diabetes in IFNyR-deficient
NOD.scid recipients

Next, the effect of IFNYR deficiency on CD4* T cell-mediated diabetes was investigated.
BDC2.5 CD4* T cells were isolated from the spleen of BDC2.5.NOD.Ca!l mice, which
lack CD8" T cells, and then injected into NOD.scid.IFNyRB™ !l and NOD.scid mice. As
expected, diabetes was induced in all NOD.scid recipients 9 wks post-transfer. Strikingly,
none of the NOD.scid.IFNyRB™! recipients of BDC2.5 CD4* T cells developed diabetes
over 20 wks post-transfer (Fig. 1C). Histological analysis of the pancreases showed that
NOD.scid mice receiving BDC2.5 CD4* T cells developed severe insulitis by 5 wks post-
transfer (Fig. 2). In contrast, insulitis was significantly reduced in NOD.scid.IFNyRB!
recipients with the majority of the islets remaining free of infiltration. By 15 wks post-
transfer, however, NOD.scid.IFNYRB™! recipients exhibited significant insulitis (Fig. 2).

The delayed onset and progression of insulitis in NOD.scid.IFNyRB"!! recipients could be
attributed to inefficient priming of the transferred BDC2.5 CD4* T cells. To test this
possibility, CFSE-labeled BDC2.5 CD4™" T cells were transferred into NOD.scid and
NOD.scid.IFNyRB"™!! mice, and T cell activation and proliferation assessed in the spleen,
mesenteric lymph nodes (MLN), draining pancreatic lymph nodes (PLN) and islets. As
reported previously [23], early proliferation of BDC2.5 CD4* T cells was detected in the
PLN but not the spleen and MLN of NOD.scid.IFNyRB"! and NOD.scid recipients 3 to 4
days post-transfer (data not shown), and few cells were found in the islets at this time. At
day 6 post-transfer, over 50% of BDC2.5 CD4* T cells in the PLN of both
NOD.scid.IFNyYRB™!! and NOD.scid recipients had proliferated and undergone more than
seven rounds of division as measured by CFSE dilution (Fig. 3A). The proliferation of
BDC2.5 CD4* T cells in the PLN was antigen-specific because there were few proliferating
BDC2.5 CD4* T cells (less than 10%) in the spleen and MLN of both groups of recipients
(data not shown). Proliferating T cells in both groups of animals exhibited up-regulation of
CD44 and down-regulation of CD62L (Fig. 3A). Thus, the lack of IFNYR expression by
recipient animals had no effect on priming of the transferred BDC2.5 CD4* T cells in the
draining PLN.

On the other hand BDC2.5 CD4™* T cells displayed a markedly different profile in the islets
of NOD.scid.IFNyRB™! versus NOD.scid recipients. Significant numbers of activated and
proliferating BDC2.5 CD4™ T cells were detected in the islets of NOD.scid recipients (Fig.
3B). In contrast, only few BDC2.5 CD4" T cells were found in the islets of
NOD.scid.IFNyRB"! recipients, which in turn exhibited minimal proliferation and
activation (Fig. 3B). These results indicate that trafficking of the transferred BDC2.5 CD4"*
T cells to the islets is delayed in NOD.scid.IFNyYRB™!! recipients, thereby explaining the
later onset and progression of insulitis in these animals (Fig. 2).

Albeit delayed, NOD.scid.IFNyRB™! recipients of BDC2.5 CD4* T cells developed severe
insulitis (Fig. 2) suggesting that IFNyR-deficient  cells were resistant to ongoing
inflammation. To better assess the functional status of the 8 cell mass in these recipients, an
intraperitoneal glucose tolerance test (IPGTT) was performed [24]. Twenty weeks post-
transfer of BDC2.5 CD4* T cells, NOD.scid.IFNyRB™!! recipients were injected i.p. with

Eur J Immunol. Author manuscript; available in PMC 2014 January 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yietal.

Page 4

glucose and blood glucose levels measured. As expected, recently diabetic NOD mice in
which the majority of (3 cells have been destroyed, failed to control hyperglycemia after
glucose injection (Fig. 4A). Pre-diabetic BDC2.5.NOD.Ca"! mice that are known to
develop destructive insulitis exhibited elevated blood glucose levels that persisted after
glucose administration, reflecting impaired 3 cell function. Despite severe insulitis, blood
glucose was similarly controlled in NOD.scid.IFNyRB™! recipients of BDC2.5 CD4* T
cells and untreated NOD.scid mice that have normal B cell mass and function (Fig. 4A).
Together these results demonstrate that IFNyR-deficient B cells are resistant to CD4* T cell-
mediated destruction.

Lack of pathogenicity of CD4* T cells in IFNyR-deficient mice is due to the resistance of B
cells to IFN-y-induced death

To further assess the extent to which IFNyR-deficient B cells were resistant to CD4* T cell-
mediated killing, NOD.scid.IFNyRB"!! mice were treated with cyclophosphamide (CY)
after the transfer of BDC2.5 CD4* T cells. Treatment with CY accelerates diabetes
development in NOD mice [4, 5] by in part enhancing inflammatory cytokine and
chemokine production by islet infiltrating cells [25]. NOD.scid.IFNyRB"U!! recipients were
injected with CY 20 wks after BDC2.5 CD4* T cell transfer, and monitored for diabetes. As
controls, NOD.scid recipients of BDC2.5 CD4" T cells prior to diabetes onset and pre-
diabetic BDC2.5.NOD.Ca™!' mice with established insulitis were also treated with CY. All
NOD.scid recipients of BDC2.5 CD4* T cells and pre-diabetic BDC2.5.NOD.Ca™!! mice
developed diabetes within 2 wks after one injection of CY (Fig. 4B). In contrast, the
majority of CY treated NOD.scid.IFNyRB!! recipients (12/14) remained diabetes-free,
even after a second injection of CY (Fig. 4B). This result demonstrates that IFNyR-deficient
B cells are highly resistant to BDC2.5 CD4* T cell-mediated destruction, even when the
proinflammatory milieu of the islets is enhanced.

To determine whether the failure of BDC2.5 CD4"* T cells to transfer diabetes in
NOD.scid.IFNyRB"™! mice was f cell-intrinsic, two sets of experiments were carried out. In
the first, bone-marrow chimera were established in which 3 cells lacked IFNyR expression.
NOD.scid.IFNyYRB™! and NOD.scid mice were irradiated and reconstituted with bone
marrow from NOD.scid mice to restore IFNYR expression by all hematopoietically-derived
APC [26]. Eight wks after bone marrow reconstitution, animals were adoptively transferred
with BDC2.5 CD4* T cells and monitored for diabetes. All control chimeric NOD.scid
recipients of BDC2.5 CD4* T cells (10/10) became diabetic by 78 days post-transfer (Fig.
5), whereas the majority (6/8) of chimeric NOD.scid.IFNyRB"!! mice receiving BDC2.5
CD4* T cells remained diabetes-free when monitored for over 20 wks (Fig. 5).

Secondly, IFNyR-deficient  cells were tested in vitro for sensitivity to cytokine-induced
death. Wild-type and IFNyR-deficient  cells were incubated with IFN-y plus IL-1 or TNF-
a, and B cell death measured. As shown in Fig. 6, significant death of wild-type f cells was
readily induced by exposure to IFN-y plus either IL-15 or TNF-a. In contrast, the same
treatment had a minimal effect on the viability of IFNyR-deficient 3 cells, similar to 3 cells
exposed to individual cytokines. Studies have also shown that the combination of TNF-a
and IL-1 is cytotoxic to p cells [27]. Interestingly, the death of IFNyR-deficient § cells
treated with TNF-a and IL-1B was significantly reduced compared to wild-type 3 cells (Fig.
6). Together these results suggest that the lack of diabetes in NOD.scid.IFNyRB!! mice
following BDC2.5 CD4* T cell transfer is due to resistance of B cells to proinflammatory
cytokine-induced cell death.

Eur J Immunol. Author manuscript; available in PMC 2014 January 08.
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CD4* T cells accelerate the onset of diabetes induced by CD8* T cells in
NOD.scid.IFNyRB"! mice

Despite the inability of CD4* T cells to kill B cells lacking IFNYRB expression (Fig. 1C),
NOD.IFNyR"™! mice have been shown to develop spontaneous diabetes. This suggests a
scenario in which CD4* T cells in NOD.IFNyR"!! mice provide help to CD8* T cells that
directly destroy p cells. To test this hypothesis, 8.3 CD8" T cells which express a transgenic
TCR specific for glucose-6-phosphatase catalytic subunit-related protein (IGRP) were
transferred alone or with CD4* T cells from NOD mice into NOD.scid.IFNyRB"!! or
control NOD.scid mice. 8.3 CD8* T cells were used based on previous work showing that
CDA4* T cells are required for IGRP-specific 8.3 CD8* T cells to efficiently mediate diabetes
[28]. As expected, diabetes onset was accelerated in NOD.scid recipients injected with both
8.3 CD8* T cells and NOD CD4™* T cells relative to diabetes onset in NOD.scid recipients of
only 8.3 CD8" T cells (Fig. 7). Diabetes onset in NOD.scid.IFNyRB"!! recipients of 8.3
CDS8™* T cells alone was delayed compared to that in NOD.scid recipients. In contrast, co-
transfer of NOD CD4* T cells and 8.3 CD8* T cells significantly accelerated the onset of
diabetes in the NOD.scid.IFNyRB™!! recipients (Fig. 7). These results indicate that CD4* T
cells nevertheless, contribute to B cell destruction in NOD.scid.IFNyRB™! recipients by
providing help to 8.3 CD8* T cells.

Discussion

Despite much effort the role(s) of IFN-y in T1D remains ill-defined. In this study we
employed an adoptive transfer model to dissect the relative contribution of IFN-y in CD4*
versus CD8* T cell-mediated B-cell autoimmunity, and in turn better define the function of
this proinflammatory cytokine in the development of T1D. We found that IFNyR deficiency
prevents diabetes induction by B cell-specific CD4* but not CD8* T cells. Furthermore, the
resistance of IFNyR-deficient animals to CD4* T cell-mediated diabetes was primarily due
to the lack of IFNYR expression by f3 cells.

Consistent with the previous finding reported by Chervonsky and colleagues [20], diabetes
was induced in IFNyR-deficient animals by diabetogenic CD8" T cells (Figs. 1 & 7). The
minimal impact IFNyR deficiency had on the development of diabetes was not surprising
since CD8* T cells are known to primarily destroy B cells by a perforin/granzyme B
mechanism. In contrast, B cell-specific BDC2.5 CD4™* T cells failed to transfer diabetes in
NOD.scid.IFNyRB"! recipients (Fig. 1). Our findings differ from results obtained in an
earlier study in which the development of overt diabetes was unaffected in IFNyR-deficient
NOD mice expressing the 1A97-restricted 4.1 transgenic TCR specific for f cells [29]. The
different results seen between the two studies could be due to the animal models used.
NOD4.1 mice possess significant numbers of CD8* T cells that express the transgenic TCR
B chain paired with endogenous TCR «a chains [30]. Some of these CD8" T cells in IFNYR-
deficient NODA4.1 mice are expected to be 3 cell-specific, and in turn drive B cell destruction.
Since NOD.BDC2.5.Ca™!! mice were used as donors in our study, the transferred BDC2.5
CD4* T cells were monoclonal, and devoid of CD8* T cells.

The lack of diabetogenicity by transferred BDC2.5 CD4* T cells in NOD.scid.IFNyRBM!!
recipients was not due to aberrant priming. BDC2.5 CD4* T cells proliferated similarly in
the PLN of NOD.scid and NOD.scid.IFNyRB™!! mice (Fig. 3). Interestingly, the
progression of insulitis by transferred BDC2.5 CD4* T cells was delayed in
NOD.scid.IFNyRB"! recipients. Impaired homing of insulin B chain specific CD8* T cells
to the islets of IFNyR-deficient recipients has also been reported [20]. The delayed onset and
progression of islet infiltration by primed BDC2.5 CD4* T cells is likely due to altered
expression of adhesion molecules in NOD.scid.IFNyRB!! recipients. For instance, IFN-y is
known to control T cell trafficking by regulating several adhesion molecules expressed by
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endothelial cells [31]. Nevertheless, it is very unlikely that the observed delay in insulitis
accounts for the complete lack of B cell destruction by BDC2.5 CD4* T cells. Indeed, CY
treatment of NOD.scid.IFNyYRB™!! mice at a time when the islets were significantly
infiltrated had no effect on diabetes incidence (Fig. 4). This was in marked contrast to
NOD.scid recipients injected with CY, in which the pathogenicity of transferred BDC2.5
CD4* T cells was enhanced. CY has recently been shown to induce proinflammatory
cytokine secretion by islet infiltrating cells and drive B cell autoimmunity [25]; our results
suggest that IFN-vy is a key effector cytokine in this model.

Evidence is provided demonstrating that the resistance of IFNyR-deficient animals to
BDC2.5 CD4* T cell-induced diabetes is B cell-intrinsic. B cells lacking IFNYR expression
were no longer sensitive to cytokine-induced cell death in vivo and in vitro. For instance,
BDC2.5 CD4* T cells failed to transfer diabetes in NOD.scid.IFNyRB"!! mice reconstituted
with “wild-type” NOD.scid bone marrow in which hematopoietic-derived cells expressed
IFNYR but not 3 cells (Fig. 5). Although non-hematopoietic cells, such as endothelial cells,
also lacked IFNYR expression in NOD.scid.IFNyRB"!! bone marrow recipients, our in vitro
experiments argue against a role for these cells affecting the diabetogenicity of transferred
BDC2.5 CD4* T cells. Pakala and colleagues provided data indicating that IFN-vy has no role
in CD4" T cell-mediated destruction of B cells. In this study IFNyR-deficient islet allografts
were implanted into NOD.scid mice receiving BDC2.5 CD4" T cells [32]. The observed
destruction of the IFNyR-deficient islets may reflect allograft-rejection mediated by natural
killer (NK) cells. Numerous studies have shown the importance of NK cells in acute
allograft rejection [33, 34]. Our results clearly demonstrate that in vitro cytokine-mediated 3
cell death required IFNYR expression by 3 cells (Fig. 6), consistent with other studies [11,
29]. p cell death has been shown to be readily induced through the synergistic effects of
IFN-y with IL-18 or TNF-a [12, 15, 35]. It has also been reported that  cells are susceptible
to apoptosis mediated by the combination of TNF-a and IL-1, presumably independent of
IFN-vy [27]. Therefore it was somewhat surprising that IFNyR-deficient § cells exhibited
reduced sensitivity to the cytotoxic effects of TNF-a and IL-1f (Fig. 6), indicating a central
role for IFN-y in cytokine-induced f cell death. How IFN-y-mediated signaling in { cells
governs the susceptibility to TNF-a and IL-1p-mediated death is currently unclear.
However, IFN-vy sensitizes  cells to apoptosis by triggering activation of STAT-1, and
inducing expression of several genes directly or indirectly associated with f cell death,
including IFN-vy regulatory factor-1, caspase-1 and -11 [12, 25]. Furthermore, {3 cells
pretreated in vitro with IFN-y are more susceptible to apoptosis when subsequently exposed
to TNF-a and IL-1p [12, 36]. This scenario may explain the resistance of IFNyR-deficient 3
cells to TNF-a and IL-1B-induced cell death in vitro and CD4* T cell-mediated destruction
invivo.

NOD mice deficient of CD4* T cells fail to develop insulitis and diabetes [37-39]. Why then
do NOD mice lacking IFNYR or selectively expressing a dominant negative IFNyR by
cells continue to develop diabetes [18, 19, 22], if our results indicate that CD4* T cell-
mediated B-cell destruction should be blocked? Co-transfer experiments carried out in this
study demonstrate that IFNyR-deficiency does not impair the helper function of CD4* T
cells. For example, the onset of CD8* T cell-induced diabetes was accelerated in
NOD.scid.IFNyRB™!! recipients when CD4* T cells were co-transferred (Fig. 7). These
results suggest that CD4* T cells indirectly contribute to the development of spontaneous
diabetes in IFNyR-deficient NOD mice by providing help necessary for 3 cell-specific CD8*
T cells to initiate f-cell autoimmunity and destroy f cells via cytotoxic activity.

Taken together, our study demonstrates that IFNyR-deficiency has distinct effects on CD4*
versus CD8* T cell-mediated diabetes, and that IFN-y may play a critical role in CD4* T
cell-mediated destruction of 3 cells. These results may also provide an explanation for the
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“unexpected” development of spontaneous diabetes in NOD.IFNyR™! mice [18, 19] and in
NOD mice selectively expressing a dominate negative IFN-y receptor by  cells [22].

Materials and Methods

Mice

NOD/Lt and NOD.scid mice were bred and maintained under specific pathogen-free
conditions. NOD.IFNyRB"™!! mice deficient in IFNYR B chain expression have been
characterized [19] and were kindly provided by Dr. D. Serreze (The Jackson Laboratories
Bar Harbor, ME). NOD.IFNyRB"!! mice were bred with NOD.scid mice to generate
NOD.scid.IFNYRB™!! mice. NOD.BDC2.5 mice expressing an IA%7-restricted transgenic
TCR have been described [40] and were crossed to NOD.Ca!l mice to generate
NOD.BDC2.5.Ca™! mice. NOD.CL4 mice expressing an H2K-restricted clone-4 TCR
[41] were bred with NOD.scid mice to generate NOD.scid.CL4 mice.
NOD.scid.InsHA.IFNyRB"!! mice were established by breeding NOD.scid.IFNyRBU!l
mice with NOD.scid.InsHA mice [42]. NOD.8.3 mice that express an H2K9-restricted TCR
specific for IGRP [43] have been previously described [28]. All animal experiments were
approved by the University of North Carolina at Chapel Hill Institutional Animal Care and
Use Committees.

Adoptive transfer of diabetes

Insulitis

CL4 CD8* T cells were purified from the spleen of nondiabetic NOD.scid.CL4 mice by
negative selection according to the manufacturer’s instructions (Miltenyi Biotec), and
adoptively transferred into 6 to 8 wk-old NOD.scid.InsHA and NOD.scid.InsHA.IFNyRB!!
female mice (2x106 cells/mouse). BDC2.5 CD4* T cells isolated from the spleen of 2-3 wk-
old nondiabetic BDC2.5.NOD.Ca!l mice were purified as described above and injected i.p.
(2x108 cells/mouse) into 6 to 8 wk-old NOD.scid.IFNyRB"!! and NOD.scid female mice.

In some experiments 8.3 CD8* T cells were co-transferred with CD4* T cells. Here, 8.3
CD8" and CD4™ T cells were isolated from the spleen of 5 wk-old 8.3-NOD and 12 wk-old
NOD female mice, respectively. NOD.scid and NOD.scid.IFNyRB™! mice 6-8 wks of age
received either 8.3 CD8" T cells (2x10° cells/mouse) alone or both 8.3 CD8" T cells and
NOD CD4* T cells (2x108 cells/mouse).

Pancreases were removed, fixed in 10% formalin buffer (Fisher Scientific), and embedded
in paraffin. Serial sections were stained with H&E and non-overlapping sections evaluated
for insulitis as previously described [44]. Islets were scored as intact (no infiltration), peri-
insulitis (infiltrates surrounding the islet) and intra-insulitis (infiltrates within islets) which
was further scored as <560% and >50% infiltration.

Blood glucose tolerance test

IPGTT was performed as described [45, 46]. Briefly, mice were fasted for 12 hr and tested
for baseline of blood glucose levels prior to glucose administration. Mice were then injected
i.p. with a 10% glucose solution in PBS (3g/kg body weight) and blood glucose levels
measured (Abbott Diabetes Care Inc).

Bone marrow chimera

Bone marrow reconstitution experiments were carried out according to the method of
Tatekawa [26]. Briefly, bone marrow was prepared from femurs and tibias of 6 wk-old
NOD.scid or NOD.GFP mice and depleted of red blood cells. NOD.scid and
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NOD.scid.IFNyRB"! mice 6 wks of age were irradiated with 200 cGy using a gamma
irradiator and injected i.v. with 3x107 bone marrow cells 24 hr after irradiation. Eight wks
post-transplantation, bone marrow reconstitution was confirmed by examining GFP
expression by B cells and T cells. Chimeric NOD.scid and NOD.scid.IFNyRB™! mice were
then adoptively transferred with 2x10% BDC2.5 CD4* T cells purified from
BDC2.5.NOD.Ca!" mice and monitored for diabetes.

In vitro B cell death

Islets were isolated and cytokine-induced 8 cell death was performed as described [47, 48].
Briefly, hand-picked islets were cultured for 4 days at 37°C in complete CMRL-1066
medium with recombinant cytokines (IFN-vy, 100 units/ml; IL-1f, 10 units/ml; and TNF-a,
1000 units/ml) (Peprotech). Islets were dispersed into single cells with 0.2% trypsin and 10
mM EDTA in Hank’s balanced salt solution, and cell death evaluated by flow cytometry
after staining with propidium iodide (Invitrogen).

In vivo T cell proliferation

CFSE-labeled BDC2.5 CD4" T cells (2x10° cells/mouse) were injected i.v. into NOD.scid
and NOD.scid.IFNyRB™! mice. Cells were harvested from the spleen, PLN, MLN and
islets 4 and 6 days post-transfer and stained with mAbs (eBioscience, San Diego, CA)
specific for VB4, CD4, CD44 and CD62L. Proliferation and activation of BDC2.5 CD4* T
cells were analyzed by flow cytometry (DakoCytomation).

Statistical analysis

Diabetes incidence was assessed with a Kaplan—Meier Log Rank Test (Prism,GraphPad, San
Diego, CA). The statistical analysis of B-cell death induced by cytokines was performed by
using the log-rank (Mantel-Cox) test (Prism,GraphPad, San Diego, CA).

Acknowledgments

We thank Mr. Michael Henderson and Ms. Rui Zhang for their technical assistance. This work was supported by a
Career Development Award from American Diabetes Association and Trustee Grant from the Cincinnati Children’s
Hospital Research Foundation (B.W.), and a National Institutes of Health (NIH) Grant (R01Al058014, R.T.). A.G.
was supported by a NIH training grant (5T32 Al07273).

Abbreviations

PLN pancreatic lymph node

TiD type 1 diabetes

IFNYRB IFN-v receptor f chain
References

1. Katz JD, Benoist C, Mathis D. T helper cell subsets in insulin-dependent diabetes. Science. 1995;
268:1185-1188. [PubMed: 7761837]

2. Eizirik DL, Colli ML, Ortis F. The role of inflammation in insulitis and beta-cell loss in type 1
diabetes. Nat Rev Endocrinol. 2009; 5:219-226. [PubMed: 19352320]

3. Thomas HE, McKenzie MD, Angstetra E, Campbell PD, Kay TW. Beta cell apoptosis in diabetes.
Apoptosis. 2009; 14:1389-1404. [PubMed: 19322660]

4. Campbell IL, Kay TW, Oxbrow L, Harrison LC. Essential role for interferon-gamma and
interleukin-6 in autoimmune insulin-dependent diabetes in NOD/Wehi mice. J Clin Invest. 1991;
87:739-742. [PubMed: 1899431]

Eur J Immunol. Author manuscript; available in PMC 2014 January 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yietal.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 9

. Debray-Sachs M, Carnaud C, Boitard C, Cohen H, Gresser |, Bedossa P, Bach JF. Prevention of

diabetes in NOD mice treated with antibody to murine IFN gamma. J Autoimmun. 1991; 4:237—
248. [PubMed: 1909135]

. Nicoletti F, Zaccone P, Di Marco R, Di Mauro M, Magro G, Grasso S, Mughini L, Meroni P,

Garotta G. The effects of a nonimmunogenic form of murine soluble interferon-gamma receptor on
the development of autoimmune diabetes in the NOD mouse. Endocrinology. 1996; 137:5567—
5575. [PubMed: 8940385]

. Kay TW, Campbell IL, Harrison LC. Characterization of pancreatic T lymphocytes associated with

beta cell destruction in the non-obese diabetic (NOD) mouse. J Autoimmun. 1991; 4:263-276.
[PubMed: 1679332]

. Sarvetnick N, Shizuru J, Liggitt D, Martin L, Mclntyre B, Gregory A, Parslow T, Stewart T. Loss of

pancreatic islet tolerance induced by beta-cell expression of interferon-gamma. Nature. 1990;
346:844-847. [PubMed: 2118234]

. Thomas HE, Darwiche R, Corbett JA, Kay TW. Interleukin-1 plus gamma-interferon-induced

pancreatic beta-cell dysfunction is mediated by beta-cell nitric oxide production. Diabetes. 2002;
51:311-316. [PubMed: 11812737]

. Pukel C, Baquerizo H, Rabinovitch A. Destruction of rat islet cell monolayers by cytokines.
Synergistic interactions of interferon-gamma, tumor necrosis factor, lymphotoxin, and interleukin
1. Diabetes. 1988; 37:133-136. [PubMed: 3121415]

Kim WH, Lee JW, Gao B, Jung MH. Synergistic activation of INK/SAPK induced by TNF-alpha
and IFN-gamma: apoptosis of pancreatic beta-cells via the p53 and ROS pathway. Cell Signal.
2005; 17:1516-1532. [PubMed: 15908180]

Suk K, Kim S, Kim YH, Kim KA, Chang I, Yagita H, Shong M, Lee MS. IFN-gamma/TNF-alpha
synergism as the final effector in autoimmune diabetes: a key role for STAT1/IFN regulatory
factor-1 pathway in pancreatic beta cell death. J Immunol. 2001; 166:4481-4489. [PubMed:
11254704]

Campbell IL, Iscaro A, Harrison LC. IFN-gamma and tumor necrosis factor-alpha. Cytotoxicity to
murine islets of Langerhans. J Immunol. 1988; 141:2325-2329. [PubMed: 3139756]

Wachlin G, Augstein P, Schroder D, Kuttler B, Kloting I, Heinke P, Schmidt S. IL-1beta, IFN-
gamma and TNF-alpha increase vulnerability of pancreatic beta cells to autoimmune destruction. J
Autoimmun. 2003; 20:303-312. [PubMed: 12791316]

Kim S, Kim HS, Chung KW, Oh SH, Yun JW, Im SH, Lee MK, Kim KW, Lee MS. Essential role
for signal transducer and activator of transcription-1 in pancreatic beta-cell death and autoimmune
type 1 diabetes of nonobese diabetic mice. Diabetes. 2007; 56:2561-2568. [PubMed: 17620422]

Gysemans CA, Cardozo AK, Callewaert H, Giulietti A, Hulshagen L, Bouillon R, Eizirik DL,
Mathieu C. 1,25-Dihydroxyvitamin D3 modulates expression of chemokines and cytokines in
pancreatic islets: implications for prevention of diabetes in nonobese diabetic mice.
Endocrinology. 2005; 146:1956-1964. [PubMed: 15637289]

Hultgren B, Huang X, Dybdal N, Stewart TA. Genetic absence of gamma-interferon delays but
does not prevent diabetes in NOD mice. Diabetes. 1996; 45:812-817. [PubMed: 8635658]

Kanagawa O, Xu G, Tevaarwerk A, Vaupel BA. Protection of nonobese diabetic mice from
diabetes by gene(s) closely linked to IFN-gamma receptor loci. J Immunol. 2000; 164:3919-3923.
[PubMed: 10725755]

Serreze DV, Post CM, Chapman HD, Johnson EA, Lu B, Rothman PB. Interferon-gamma receptor
signaling is dispensable in the development of autoimmune type 1 diabetes in NOD mice.
Diabetes. 2000; 49:2007-2011. [PubMed: 11118001]

Savinov AY, Wong FS, Chervonsky AV. IFN-gamma affects homing of diabetogenic T cells. J
Immunol. 2001; 167:6637-6643. [PubMed: 11714835]

Wang B, Andre I, Gonzalez A, Katz JD, Aguet M, Benoist C, Mathis D. Interferon-gamma impacts
at multiple points during the progression of autoimmune diabetes. Proc Natl Acad Sci U S A.
1997; 94:13844-13849. [PubMed: 9391115]

Thomas HE, Parker JL, Schreiber RD, Kay TW. IFN-gamma action on pancreatic beta cells causes
class | MHC upregulation but not diabetes. J Clin Invest. 1998; 102:1249-1257. [PubMed:
9739059]

Eur J Immunol. Author manuscript; available in PMC 2014 January 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yietal.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 10

Hoglund P, Mintern J, Waltzinger C, Heath W, Benoist C, Mathis D. Initiation of autoimmune
diabetes by developmentally regulated presentation of islet cell antigens in the pancreatic lymph
nodes. J Exp Med. 1999; 189:331-339. [PubMed: 9892615]

Reddy S, Liu W, Thompson JM, Bibby NJ, Elliott RB. First phase insulin release in the non-obese
diabetic mouse: correlation with insulitis, beta cell number and autoantibodies. Diabetes Res Clin
Pract. 1992; 17:17-25. [PubMed: 1511657]

Matos M, Park R, Mathis D, Benoist C. Progression to islet destruction in a cyclophosphamide-
induced transgenic model: a microarray overview. Diabetes. 2004; 53:2310-2321. [PubMed:
15331540]

Tatekawa T, Ogawa H, Kawakami M, Oka Y, Yasukawa K, Sugiyama H, Kawase |, Soma T. A
novel direct competitive repopulation assay for human hematopoietic stem cells using NOD/SCID
mice. Cytotherapy. 2006; 8:390-398. [PubMed: 16923615]

Rabinovitch A, Sumoski W, Rajotte RV, Warnock GL. Cytotoxic effects of cytokines on human
pancreatic islet cells in monolayer culture. J Clin Endocrinol Metab. 1990; 71:152-156. [PubMed:
2115042]

Verdaguer J, Schmidt D, Amrani A, Anderson B, Averill N, Santamaria P. Spontaneous
autoimmune diabetes in monoclonal T cell nonobese diabetic mice. J Exp Med. 1997; 186:1663—
1676. [PubMed: 9362527]

Angstetra E, Graham KL, Emmett S, Dudek NL, Darwiche R, Ayala-Perez R, Allison J,
Santamaria P, Kay TW, Thomas HE. In vivo effects of cytokines on pancreatic beta-cells in
models of type | diabetes dependent on CD4(+) T lymphocytes. Immunol Cell Biol. 2008

Schmidt D, Verdaguer J, Averill N, Santamaria P. A mechanism for the major histocompatibility
complex-linked resistance to autoimmunity. J Exp Med. 1997; 186:1059-1075. [PubMed:
9314555]

Boehm U, Klamp T, Groot M, Howard JC. Cellular responses to interferon-gamma. Annu Rev
Immunol. 1997; 15:749-795. [PubMed: 9143706]

Pakala SV, Chivetta M, Kelly CB, Katz JD. In autoimmune diabetes the transition from benign to
pernicious insulitis requires an islet cell response to tumor necrosis factor alpha. J Exp Med. 1999;
189:1053-1062. [PubMed: 10190896]

Shultz LD, Ishikawa F, Greiner DL. Humanized mice in translational biomedical research. Nat Rev
Immunol. 2007; 7:118-130. [PubMed: 17259968]

Ruggeri L, Aversa F, Martelli MF, Velardi A. Allogeneic hematopoietic transplantation and natural
killer cell recognition of missing self. Immunol Rev. 2006; 214:202-218. [PubMed: 17100886]

Callewaert HI, Gysemans CA, Ladriere L, D’Hertog W, Hagenbrock J, Overbergh L, Eizirik DL,
Mathieu C. Deletion of STAT-1 pancreatic islets protects against streptozotocin-induced diabetes
and early graft failure but not against late rejection. Diabetes. 2007; 56:2169-2173. [PubMed:
17473223]

Chang I, Kim S, Kim JY, Cho N, Kim YH, Kim HS, Lee MK, Kim KW, Lee MS. Nuclear factor
kappaB protects pancreatic beta-cells from tumor necrosis factor-alpha-mediated apoptosis.
Diabetes. 2003; 52:1169-1175. [PubMed: 12716748]

Mora C, Wong FS, Chang CH, Flavell RA. Pancreatic infiltration but not diabetes occurs in the
relative absence of MHC class Il-restricted CD4 T cells: studies using NOD/CIITA-deficient mice.
J Immunol. 1999; 162:4576-4588. [PubMed: 10201997]

Green EA, Wong FS, Eshima K, Mora C, Flavell RA. Neonatal tumor necrosis factor alpha
promotes diabetes in nonobese diabetic mice by CD154-independent antigen presentation to
CD8(+) T cells. J Exp Med. 2000; 191:225-238. [PubMed: 10637268]

Katz J, Benoist C, Mathis D. Major histocompatibility complex class | molecules are required for
the development of insulitis in non-obese diabetic mice. Eur J Immunol. 1993; 23:3358-3360.
[PubMed: 8258349]

Katz JD, Wang B, Haskins K, Benoist C, Mathis D. Following a diabetogenic T cell from genesis
through pathogenesis. Cell. 1993; 74:1089-1100. [PubMed: 8402882]

Morgan DJ, Liblau R, Scott B, Fleck S, McDevitt HO, Sarvetnick N, Lo D, Sherman LA. CD8(+)
T cell-mediated spontaneous diabetes in neonatal mice. J Immunol. 1996; 157:978-983. [PubMed:
8757600]

Eur J Immunol. Author manuscript; available in PMC 2014 January 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yietal.

42.

43.

44,

45.

46.

47.

48.

Page 11

Kreuwel HT, Biggs JA, Pilip IM, Pamer EG, Lo D, Sherman LA. Defective CD8+ T cell
peripheral tolerance in nonobese diabetic mice. J Immunol. 2001; 167:1112-1117. [PubMed:
11441123]

Lieberman SM, Evans AM, Han B, Takaki T, Vinnitskaya Y, Caldwell JA, Serreze DV,
Shabanowitz J, Hunt DF, Nathenson SG, Santamaria P, DiLorenzo TP. Identification of the beta
cell antigen targeted by a prevalent population of pathogenic CD8+ T cells in autoimmune
diabetes. Proc Natl Acad Sci U S A. 2003; 100:8384-8388. [PubMed: 12815107]

Wang B, Gonzalez A, Benoist C, Mathis D. The role of CD8+ T cells in the initiation of insulin-
dependent diabetes mellitus. Eur J Immunol. 1996; 26:1762-1769. [PubMed: 8765018]

McDuffie M, Maybee NA, Keller SR, Stevens BK, Garmey JC, Morris MA, Kropf E, Rival C, Ma
K, Carter JD, Tersey SA, Nunemaker CS, Nadler JL. Nonobese diabetic (NOD) mice congenic for
a targeted deletion of 12/15-lipoxygenase are protected from autoimmune diabetes. Diabetes.
2008; 57:199-208. [PubMed: 17940120]

Nitta T, Itoh T, Matsuoka N, Mera T, Kojima D, Nakano M, Yamashita Y, Yasunami Y.
Prevention of early loss of transplanted islets in the liver of mice by adenosine. Transplantation.
2009; 88:49-56. [PubMed: 19584680]

Gerling IC, Serreze DV, Christianson SW, Leiter EH. Intrathymic islet cell transplantation reduces
beta-cell autoimmunity and prevents diabetes in NOD/Lt mice. Diabetes. 1992; 41:1672-1676.
[PubMed: 1446808]

Liu M, Shapiro ME. A new method for isolation of murine islets with markedly improved yields.
Transplant Proc. 1995; 27:3208-3210. [PubMed: 8539916]

Eur J Immunol. Author manuscript; available in PMC 2014 January 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yietal.

Page 12
A C
100+ 1004 100 *
= -0 scid = O Scid.InsHA = O Scid
£ 45 * ScidFNRBS- = 7] @ ScidInsHAIFNYRB: & g @ Scid IFNYRB--
8 8 8
% 50 2 501 o 504
3 3 3
2 S 25 s 25
g% * 3 * g
0 0 T T T - T J 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 25 50 75 100 125 150

Days post-transfer Days post-transfer

Days post-transfer

Figure 1. IFNyR deficiency in NOD.scid recipients prevents diabetesinduction by BDC2.5 CD4*

T cells

A. Diabetes incidence in NOD.scid (Scid, n=10) and NOD.scid.IFNyRB"™!! (Scid.IFNyRB-/
-, n=10) mice adoptively transferred with splenocytes (1x107 cells/mouse) from diabetic

NOD mice; *P<0.0001. B. Diabetes incidence in NOD.scid.|

nsHA (Scid.InsHA, n=8) and

NOD.scid.InsHA.IFNyRB™! (Scid.InsHA.IFNyRB—/-, n=8) recipients of purified CL4
CD8* T cells (2x108 cells/mouse) from the spleen of NOD.scid.CL4 mice; *P<0.0144. C.
Diabetes incidence in NOD.scid (Scid, n=5) and NOD.scid.IFNyRB™! (Scid.IFNyRB-/-,

n=6) recipients of purified BDC2.5 CD4* T cells (2x106 cell
NOD.BDC2.5.Ca™!! mice; *P<0.0011.
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Figure 2. NOD.scid.IFNyRB"U!! recipients of BDC2.5 CD4" T cells exhibit delayed onset and
progression of insulitis

Pancreases were harvested from NOD.scid.IFNyRB™!! (IFNyRB~/-) recipients of BDC2.5
CD4* T cells and evaluated for insulitis 5 and 15 wks post-transfer. Insulitis in NOD.scid
(Scid) recipients of BDC2.5 CD4* T cells was examined 5 wks post-transfer. The data
presented in the figure shows the percentage of infiltrated islets of total islets examined in
individual animals. At least 50 islets per mouse were examined and bars represent individual
animals.
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Figure 3. IFNyR deficiency has noimpact on the priming of BDC2.5 CD4* T cellsin the
pancreatic lymph nodes of NOD.scid.| FNyRBMU!'r ecipients

CFSE-labeled BDC2.5 CD4* T cells were adoptively transferred into NOD.scid (Scid) and
NOD.scid.IFNyYRB™!! (IFNyRB-/-) mice. Cells were harvested from the PLN and islets 6
days after T cell transfer and stained with Abs specific for V4, CD44, and CD62L.
Proliferation and activation of BDC2.5 CD4* T cells in the PLN (A) and the islets (B) were
measured by CFSE dilution and the expression of CD44 and CD62L. Data shown are
representative of 3 experiments.
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Figure 4. B cellsin NOD.scid.l FNyRB™!! recipients of BDC2.5 CD4™ T cells exhibit normal
function, and areresistant to diabetesinduction by CY-treatment

(A) NOD.scid.IFNyRB"!! (Scid.IFNyRB-/-) recipients of BDC2.5 CD4* T cells (n=6)
were injected (i.p.) with glucose solution (3 g/kg body weight) 20 wks post-transfer.
NOD.scid (Scid) mice (n=4) with no T cell transfer, NOD (Diabetic NOD) mice (n=2) with
recent onset of diabetes; and 10 wk-old pre-diabetic BDC2.5.NOD.Ca™!! (BDC.Ca) mice
(n=5) were injected with glucose and served as controls. Blood glucose levels (mg/dl) were
measured after glucose injection. (B) NOD.scid.IFNyRBU!! (Scid.IFNyRB-/-, n=14)
recipients of BDC2.5 CD4* T cells were injected with CY (200ng/kg body weight) 20 wks
post-transfer. Pre-diabetic NOD.scid (Scid, n=4) recipients were injected with CY 5 wks
after T cell transfer. Pre-diabetic BDC2.5.NOD.Ca™!! (BDC.Ca, n=5) mice receiving the
same treatment were used as controls. Data show the percentage of diabetes free animals.
*P<0.0001 for NOD.scid.IFNyRB"! recipients versus NOD.scid recipients or
BDC2.5.NOD.Ca™! mice. Data are representative of 3 experiments.
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Figure 5. Chimeric NOD.scid.l FNyRB"U!! mice are resistant to diabetesinduced by BDC2.5
CD4* T cells

NOD.scid.IFNyRB"! and NOD.scid mice were irradiated and reconstituted with bone
marrow from NOD.scid mice. Eight weeks after bone marrow reconstitution, the chimeric
NOD.scid.IFNyRB™! (Scid.IFNyRB—/-, n=8) and NOD.scid (Scid, n=10) mice were
adoptively transferred with purified BDC2.5 CD4* T cells (2x10° cells/mouse) and followed
for the development of diabetes. The percentage of diabetes-free animals is shown.
*P<0.0034. Data are representative of 2 experiments.
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Figure 6. IFNyR-deficient B cellsareresistant to proinflammatory cytokine-induced cell death in
vitro

Fresh islets isolated from NOD.scid (white bar) or NOD.scid.IFNyRB"! (black bar) mice
were cultured for 4 days in the presence of cytokines indicated. Cytokine-induced death of 8
cells was determined by FACS after staining with propidium iodide. *P=0.0056;
**p=0.0122; ***P=0.0282. Data are representative of 3 experiments.
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Figure 7. CD4* T cells accelerate the onset of diabetesinduced by CD8* T cellsin

NOD.scid.l FNyRB™!! mice

NOD.scid (A) and NOD.scid.IFNyRB™! (B) mice (6 to 8 mice per group) were adoptively
transferred (i.p.) with 8.3 CD8" T cells (8.3) alone (2x108 cells/mouse;) or purified CD4* T
cells (CD4) (2x106 cells/mouse) from 12-wk-old pre-diabetic NOD mice or co-transferred
with both CD4* and 8.3 CD8" T cells (CD4+8.3). The data show the percentage of diabetes-
free animals. *P=0.0121 for NOD.scid recipients of 8.3 versus CD4+8.3. 1P=0.0109 for
NOD.scid.IFNYRB"!! recipients of 8.3 versus CD4+8.3. Data shown are representative of
two experiments.
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