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Type 1 diabetes (T1D) is characterized by immune responses against several autoantigens expressed in pan-
creatic β cells. T cells specific for proinsulin and islet-specific glucose-6-phosphatase catalytic subunit–related 
protein (IGRP) can induce T1D in NOD mice. However, whether immune responses to multiple autoantigens 
are caused by spreading from one to another or whether they develop independently of each other is unknown. 
As cytotoxic T cells specific for IGRP were not detected in transgenic NOD mice tolerant to proinsulin, we 
determined that immune responses against proinsulin are necessary for IGRP-specific T cells to develop. On 
the other hand, transgenic overexpression of IGRP resulted in loss of intra-islet IGRP-specific T cells but did 
not protect NOD mice from insulitis or T1D, providing direct evidence that the response against IGRP is 
downstream of the response to proinsulin. Our results suggest that pathogenic proinsulin-specific immunity 
in NOD mice subsequently spreads to other antigens such as IGRP.

Introduction
Type 1 diabetes (T1D) in humans and NOD mice results from 
T cell–mediated autoimmune destruction of insulin-producing  
β cells of the pancreas (1). As T cells specific for a number of anti-
gens have been recognized, it is easy to surmise that the disease is 
initiated by polyclonal activation of T cells to multiple specificities 
caused by a breakdown in normal tolerance to the β cell. However, 
disease initiation may require T cells specific for 1 primary anti-
gen; once the disease is initiated, T cells specific for a number of 
additional antigens may develop by epitope spreading during the 
effector phase and mediate β cell destruction. Two antigens impli-
cated in the pathogenesis of T1D in NOD mice are proinsulin and 
islet-specific glucose-6-phosphatase catalytic subunit–related pro-
tein (IGRP). Cytotoxic T cells specific for either, derived without 
immunization from NOD mice, can transfer T1D (2–5). Whether 
responses to both or just one are required for T1D, and whether 
the responses are independent or related, remain unknown.

Several lines of evidence support the idea that initiation of auto-
immunity in NOD mice is dependent on an immune response 
against insulin (6–8). Transgenic overexpression of proinsulin 2 
in APCs of NOD mice (referred to here as NOD-PI mice) prevents 
insulitis and T1D. This may be due to enhanced negative selection 
of insulin-specific T cells, although the mechanism remains uncer-
tain (6). Also, transfer of hematopoietic stem cells from NOD-PI 
mice prevents T1D in nontransgenic NOD recipient mice (7). Pro-

tection from T1D in NOD-PI mice was confirmed in another study 
of NOD mice expressing mouse preproinsulin 2 under the control 
of an MHC class II invariant chain promoter (9). More recently, it 
was shown that proinsulin 1 and 2 knockout NOD mice are com-
pletely protected from development of anti-islet autoimmunity 
(8), although T1D is accelerated in NOD mice deficient in pro-
insulin 2 alone (10). While these data clearly implicate proinsulin 
in T1D induction, they do not exclude the possibility that other 
autoantigens have similar essential roles. The current study looks 
beyond the significant role for proinsulin to question the relation-
ship between immune responses to proinsulin and other signifi-
cant autoantigens. This is an important issue because in humans 
the development of autoimmune responses to multiple autoanti-
gens makes progression to T1D much more likely and because the 
effectiveness of tolerance induction by specific antigens may be 
affected by the relationship between these immune responses.

Cells that recognize IGRP206–214 are present in the earliest islet 
infiltrates of NOD mice and undergo avidity maturation as islet 
inflammation progresses to overt disease (11, 12). TCR transgenic 
NOD mice have previously been generated using TCRs from the 
IGRP206–214-reactive 8.3 T cell clone (4). These NOD8.3 TCR trans-
genic mice develop T1D at an accelerated rate (4, 13). Consistent 
with a role in disease progression, up to 1% of CD8+ T cells in 
peripheral blood and up to 30% of CD8+ T cells in the islets of 
nontransgenic NOD mice bind IGRP206–214 H2-Kd tetramers (14). 
Interestingly, the number of these cells in the peripheral blood cor-
relates with development of T1D in NOD mice (14).

The clonal dominance and pathogenicity of IGRP206–214-specific 
T cells in NOD mice suggest that these cells may play a crucial 
role in initiation or progression of T1D. To address whether they 
develop independently of T cells specific for proinsulin, we studied 
the fate of IGRP206–214-specific T cells in NOD-PI mice. To address 
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whether tolerance to IGRP prevents T1D, we studied how overex-
pression of IGRP under the control of MHC class II (I-Eακ) pro-
moter in NOD mice affected the incidence of insulitis and T1D. 
Understanding how the response to these autoantigens develops 
will help us to understand how antigen-specific tolerance induc-
tion could prevent T1D.

Our experiments suggest that immune response to IGRP206–214 
does not develop in NOD-PI mice and NOD mice rendered toler-
ant to IGRP are not protected from insulitis and T1D.

Results
Lack of expansion of IGRP206–214-specific T cells in NOD-PI mice. To assess 
whether tolerance to insulin affects the development of autoreac-
tive T cells specific for other antigens, the frequency of IGRP206–214-
specific T cells in NOD mice was compared with that observed in 
NOD-PI mice, which have minimal insulitis and do not progress 
to T1D (6). T cells that bind IGRP206–214 were readily detected in 

NOD tissues and reached a peak at 15 weeks of age but few were 
detected in the peripheral blood or lymphoid tissues of NOD-PI 
mice at any age (Figure 1).

In NOD-PI mice there is no direct intervention against IGRP; hence 
the inability to detect IGRP206–214-specific T cells in NOD-PI mice 
may be due to the fact that they circulate at a low frequency. To test 
this, we primed 8-week-old NOD and NOD-PI mice with IGRP206–214 
in CFA or with CFA alone. T cells were then expanded by culture with 
antigen for 8 days, and the proportion of IGRP206–214-specific CD8+ 
T cells was determined. IGRP206–214-specific T cells were detected in 
NOD-PI mice primed with IGRP206–214 in CFA (Figure 2A), indicating 
that IGRP206–214-specific CD8+ T cells were present at a low frequency 
and had not been deleted. IGRP206–214-specific CD8+ T cells induced 
by immunization were also observed in NOD mice.

It has previously been shown that progression to destructive insu-
litis and T1D in NOD mice is characterized by an increase in high-
avidity IGRP206–214-specific T cells (12). In contrast, in vitro studies 
suggest that low-avidity cells are significantly less cytotoxic (12). 
The expanded IGRP206–214-specific cells in immunized NOD-PI  
mice could represent high-affinity cytotoxic T cells or simply the 

Figure 1
IGRP206–214 tetramer–positive CD8+ T cell numbers in peripheral 
blood and spleens of NOD and NOD-PI mice. (A and B) Percent-
age of IGRP206–214-positive CD8+ T cells within (A) peripheral blood 
and (B) spleen. Data (mean ± SEM) are from mice 8 weeks (n = 8), 
12 weeks (n = 12) and 15 weeks of age (n = 12). P < 0.005, NOD 
versus NOD-PI in peripheral blood at 12 weeks; P < 0.001, NOD ver-
sus NOD-PI in peripheral blood at 15 weeks; P < 0.02, NOD versus 
NOD-PI in spleen at 15 weeks. (C) Representative tetramer staining 
patterns. The numbers within dot plots indicate percentages of tetra-
mer-positive CD8+ T cells.

Figure 2
T cell responses in NOD and NOD-PI mice after immunization with 
IGRP206–214 peptide. NOD and NOD-PI mice were primed with 25 μg 
of IGRP206–214 peptide in CFA (n = 4) or with CFA alone (n = 2). After 1 
week, splenocytes were collected and cultured with 106 1500-cGy-irra-
diated IGRP206–214 loaded NOD splenocytes in complete RPMI supple-
mented with 10 U/ml rhIL-2 for 6 days. A sample of cultured cells was 
stained with IGRP206–214 tetramer and analyzed by flow cytometry and 
the remainder used as effectors in a cytotoxicity assay. (A) IGRP206–214  
tetramer–positive CD8+ T cells from spleens of NOD and NOD-PI 
mice immunized with IGRP206–214 peptide in CFA or with CFA alone. 
(B) IGRP206–214-specific CD8+ T cells from spleens of NOD-PI mice 
following priming with IGRP206–214 peptide in CFA were cytotoxic, as 
assessed by a standard 4-hour 51Cr release assay.
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low-affinity T cells that remained after deletion of high-affinity 
cells. We tested the ability of the expanded IGRP206–214-specific 
T cells in NOD-PI mice to lyse 51Cr-loaded IGRP206–214 peptide–
pulsed P815 targets. We found the expanded IGRP206–214-specific  
T cells from NOD-PI mice were able to kill the target cells, indicat-
ing that IGRP206–214-specific T cells from NOD-PI mice have cyto-
toxic potential but are “ignorant” of their antigen (Figure 2B).

Only a small percentage of 8.3 T cells proliferates in the pancreatic lymph 
nodes of NOD-PI mice. Cross-priming and activation of CD8+ T cells 
occurs when epithelial cell antigens are taken up and presented by 
DCs in draining lymph nodes “licensed” by inflammation or by 
activated CD4+ T cells. This is critical for initiation of T1D in exper-
imental models (15). To determine whether IGRP206–214-specific  
T cells recognize cross-presented antigen in the pancreatic lymph 
nodes (PLNs) of NOD-PI mice, the proliferation of IGRP206–214-spe-
cific CD8+ T cells from NOD8.3 TCR transgenic mice was com-
pared in NOD and NOD-PI hosts. We observed significantly lower 
proliferation of transferred cells in NOD-PI hosts as compared 
with NOD (Figure 3). DCs from spleen and bone marrow retained 
their ability to present antigen equally to the DCs from NOD mice, 
showing that transgene expression was not detrimental to APC 
function (Supplemental Figure 1, A and B; supplemental material 
available online with this article; doi:10.1172/JCI29602DS1). These 
findings are consistent with the view that the response to proinsu-
lin contributes to increasing reactivity to IGRP.

We looked for evidence of Tregs as an explanation for these find-
ings. However, we — as other investigators previously found using 
these (6) or similar mice (9) — did not find any evidence for gen-
eration of Tregs by thymic expression of autoantigens. Splenocytes 
from NOD-PI mice did not differ from wild-type cells in their abil-
ity to modulate T1D induced by transfer of diabetic splenocytes. 
NOD8.3 T cells transferred into NOD mice proliferated to a simi-
lar extent whether cotransferred with CD4+CD25+ or CD4+CD25– 
cells from NOD-PI mice (Supplemental Figure 2A), and in vitro 
suppression of CD3-stimulated cells by CD4+CD25+ cells from  
NOD-PI mice was indistinguishable from that achieved using NOD 
Tregs (Supplemental Figure 2B).

IGRP expression in NOD-IGRP mice. The absence of responses 
to IGRP206–214 in NOD-PI mice indicates that IGRP immune 
responses may be downstream of those to proinsulin. However, 
it is possible that this tolerance-induced protection from insu-
litis and T1D could be caused by other β cell autoantigens, not 
just proinsulin. To determine whether this is the case, IGRP was 
expressed under the control of the MHC class II (I-Eακ) promot-
er in NOD mice (NOD-IGRP mice) exactly analogous to NOD-PI 
mice. Five independent NOD-IGRP transgenic lines were estab-
lished. Expression of IGRP was observed in NOD-IGRP mice 
using real-time RT-PCR (Figure 4A).

To further confirm the expression of the IGRP transgene, we 
transferred CFSE-labeled IGRP206–214-specific T cells from NOD8.3 
mice to NOD-IGRP mice and control littermates. As expected, in 
control littermates, transferred cells proliferated only in the drain-
ing PLNs. In contrast, extensive proliferation of the transferred 
cells in NOD-IGRP mice was noted in both the PLN and other 
lymph nodes, which was due to transgenic overexpression of IGRP 
in the APCs. This confirms that IGRP is expressed in the APCs of 
NOD-IGRP mice and that they remain capable of generating the 
206–214 epitope presented to T cells in NOD mice (Figure 4B).

IGRP-specific tolerance. As IGRP206–214-specific T cells were detected 
at a high frequency in islets, lymphoid organs, and peripheral blood 
of NOD mice, we could test for tolerance to IGRP in unprimed 
NOD-IGRP mice. In contrast to control littermates, T cells that bind 
IGRP206–214 were not detected in the peripheral blood of NOD-IGRP 
mice (Figure 5). Furthermore, to assess the impact of transgenic 
IGRP expression on the specificity of islet-infiltrating T cells, islet-
infiltrating T cells from NOD-IGRP mice and control littermates 
were expanded by culturing individually selected islets in complete 
RPMI supplemented with recombinant human IL-2 (rhIL-2) for 
7–9 days. The expanded T cells were stained with IGRP206–214 Kd 
tetramers and analyzed by flow cytometry. There was a complete 
absence of IGRP206–214-specific cells in NOD-IGRP mice, whereas up 
to 40% of the islet-infiltrating CD8+ T cells in the control littermates 

Figure 3
Reduced proliferation of CFSE-labeled IGRP206–214-specific CD8+ T 
cells in NOD-PI mice. CFSE-labeled CD8+ T cells isolated from NOD8.3 
TCR transgenic mice were injected (4–6 × 106 cells/mouse) intrave-
nously into NOD and NOD-PI mice of different ages. Cells were isolated 
from PLN and ILN 3 days later and analyzed for CFSE dilution by flow 
cytometry. (A) Percentage (mean ± SEM) of transferred cells dividing 
in NOD and NOD-PI mice (n = 4–10 mice per group at each time point).  
P < 0.004, NOD versus NOD-PI in PLN at 6 weeks; P < 0.0002, NOD 
versus NOD-PI in PLN at 8 weeks; P < 0.01, NOD versus NOD-PI in 
PLN at 12 weeks. (B) Representative histogram plot. The numbers 
within the histogram plots indicate percentages of CFSE-low cells.
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were specific for IGRP206–214. These results were reproducible in 2 
NOD-IGRP lines that were tested, consistent with tolerance to the 
IGRP206–214 epitope in NOD-IGRP mice (Figure 6).

Spontaneous CD4+ T cell response to IGRP peptides have been 
reported in NOD mice (16). To test for tolerance to MHC class II– 
restricted peptides in NOD-IGRP mice, we cultured splenocytes 
from 8-week-old NOD and NOD-IGRP mice in the presence of 
100 μg/ml of IGRP4–22 peptide. While spontaneous CD4+ T cell 
response was demonstrated in NOD mice, no response was detect-
ed in NOD-IGRP mice (Supplemental Figure 1C).

It was previously reported that immunizing NOD mice with 
IGRP206–214 peptide did not prevent T1D despite near complete 
depletion of IGRP206–214-specific T cells because it was associ-
ated with an increase in responses against subdominant epitopes 
of IGRP (17). To test whether T1D in NOD-IGRP mice is due to 
expansion of T cells specific for subdominant epitopes of IGRP, 
we used T cells expanded from islets of NOD-IGRP or control 
NOD mice as effectors in a 51Cr release assay against P815 load-
ed with either dominant IGRP206–214 or subdominant IGRP21–29 
and IGRP324–332 peptides. In contrast to T cells from NOD mice, 
T cells from NOD-IGRP mice did not kill targets loaded with 
either dominant or subdominant IGRP peptides (Figure 7A). 
These data show that NOD-IGRP mice demonstrate tolerance 
to both MHC class II– and MHC class I–restricted IGRP pep-
tides. To confirm that CD8+ T cells other than those specific for 
IGRP are able to destroy β cells during the effector phase of T1D,  
T cells were expanded from islets of nontransgenic NOD mice. They 

were sorted by flow cytometry on the basis of whether they bound 
or did not bind H-2Kd IGRP206–214 tetramer. Both tetramer-positive 
and tetramer-negative T cells killed β cells from NOD mice in 51Cr 
release assays (Figure 7B). To test whether T cells specific for pro-
insulin epitope B15–23 expand in the absence of IGRP206–214-specific 
T cells in NOD-IGRP mice, we used T cells expanded from islets of 
NOD-IGRP or control NOD mice as effectors in a 51Cr release assay 
against P815 loaded with INS L9 peptide (LYLVCGERL; modi-
fied [Gly9Leu] from its endogenous counterpart, insulin B15–23, 
to increase MHC class I stability without affecting CTL binding 
ability) or IGRP206–214 peptide. Our results show T cells specific for 
insulin B15–23 peptide did not expand significantly in NOD-IGRP 
mice over NOD mice (Figure 7C).

To test immune responses against insulin, we measured insulin 
autoantibodies (IAAs) in 12-week-old NOD-IGRP, NOD-PI, and 
NOD mice. IAA responses were similar in NOD-IGRP and NOD mice. 
As expected, NOD-PI mice showed no IAA response (Figure 8).

Insulitis and T1D in NOD-IGRP mice. We investigated anti–β cell 
immunity in NOD-IGRP mice to determine whether recognition 
of IGRP represents an important event for the development of 
autoimmunity. NOD-IGRP mice exhibited similar incidence and 

Figure 4
Expression of IGRP in NOD-IGRP mice. (A) Expression of transgenic 
IGRP mRNA in the thymi of NOD-IGRP or nontransgenic control lit-
termates as compared with IGRP mRNA in islets of NOD mice. Total 
RNA from NOD-IGRP mice and nontransgenic control littermates was 
reverse transcribed using random primers. Real-time RT-PCR was 
performed with Assay-on-Demand kits for mouse IGRP and β-actin. 
(B) Functional IGRP expression in APCs of NOD-IGRP mice. CD8+ T 
cells from a NOD8.3 mouse were labeled with CFSE and transferred 
into 6-week-old NOD-IGRP or nontransgenic control littermates (n = 4  
per group). Recipients were sacrificed 3 days later, and their PLNs and 
ILNs were examined for CFSE+ cells. The numbers within the histo-
gram plots indicate percentages of CFSE-low cells.

Figure 5
IGRP206–214 tetramer–positive CD8+ T cell numbers in peripheral blood 
of 12-week-old NOD and NOD-IGRP mice. (A) Percentage of IGRP-
positive CD8+ T cells in peripheral blood (n = 14 per group). P < 0.005, 
NOD-IGRP versus controls. (B) Representative tetramer staining pat-
terns. The numbers within the dot plots indicate percentages of tetra-
mer-positive CD8+ T cells.
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severity of insulitis as compared with nontransgenic littermates. 
These results were similar for 2 independent NOD-IGRP trans-
genic lines (Figure 9). NOD-IGRP mice developed T1D at a rate 
similar to NOD mice, indicating that while they can be pathogenic,  
IGRP-specific T cells are not essential for T1D.

Discussion
T cell reactivity to multiple antigens in the NOD mouse and multi-
ple islet autoantibodies in humans may indicate parallel, unrelated 
targets contributing independently to disease pathogenesis or a 
primary initiating antigen that causes responses to other autoan-
tigens once islet inflammation occurs. Proinsulin overexpressed 
in the thymus in NOD-PI mice prevented expansion of CD8+ T 
cells specific for the major epitope of IGRP, an antigen not directly 
targeted by the tolerance induction treatment. This result favors 
the interpretation that IGRP responses occur only once proinsulin 
responses have been established and that the immune response 
“spreads” from proinsulin to IGRP, although other interpretations 
are also possible. Accumulating evidence has established proinsu-
lin as the primary autoantigen in T1D (6, 8, 9). However, this is 
the first time to our knowledge that the relationship between pro-
insulin and IGRP responses has been directly explored. It is also 
what we believe to be the most direct evidence that the concept 
of spreading of autoimmune responses that is important in other 

diseases, particularly diseases induced by immunization with auto-
antigens (18), applies to the spontaneous development of T1D in 
the NOD mouse. Interestingly, the requirement for responses to 
proinsulin was even present in NOD8.3 mice, which have a pre-
existing repertoire of IGRP206–214-reactive cells. These mice have 
dramatically reduced T1D when crossed with NOD-PI mice  
(B. Krishnamurthy and T.W.H. Kay, unpublished observations). 
CD4+ T cells are necessary for T1D to fully develop in NOD8.3 
mice; we speculate that proinsulin-specific CD4+ T cells help 
NOD8.3 cells to become activated and pathogenic.

The lack of deletion of IGRP206–214-specific CD8+ T cells and 
reduced NOD8.3 T cell proliferation observed in the PLNs of 
NOD-PI mice are consistent with T cell ignorance of IGRP. T cells 
specific for IGRP escaped deletion in the thymus, were not tolerant, 
and were activated by appropriate stimulation. In NOD mice, IGRP 
was presented in the PLN in a way that enabled activation, expan-
sion, migration to the pancreatic islets, and β cell destruction. In 
NOD-PI mice and in non–T1D-prone strains, presentation of IGRP 
was reduced and was insufficient for T cell expansion to occur. 
IGRP206–214-specific T cells remained present at low frequencies but 
were expanded by immunization, raising the possibility that the 
tolerance to IGRP in NOD-PI mice could potentially be broken.

A further test of the hypothesis that proinsulin is upstream of 
IGRP and plays a more primary role in the disease process was to 
determine the effects of IGRP expression in APCs. Unlike NOD-PI 
mice, NOD-IGRP mice developed IAAs and insulitis similar to non-
transgenic control littermates, but without IGRP-specific CD8+ T 
cells in the insulitis lesion. This confirmed that the response to 
proinsulin, but not IGRP, is required for initiation of autoimmu-
nity. Interestingly, transgenic expression of GAD65 did not pre-
vent T1D in NOD mice, although the interpretation of this was 
less clear because the pathogenic significance of autoimmunity to 
GAD65 is less well established than for IGRP (19). Autoantigens in 
T1D, a spontaneous autoimmune disease, may fall into categories 
of initiating and downstream antigens, as is the case in autoim-
mune diseases induced by exogenous antigens such as EAE (20). 
Once autoimmunity is initiated by insulin-specific T cells, T cells 
specific for several other antigens that include but are not restrict-
ed to IGRP may develop and may be important in mediating  
β cell destruction. During this phase the status of CD8 responses 

Figure 6
IGRP206–214-specific CD8+ T cell response in NOD-IGRP mice. Islet-
infiltrating T cells from NOD-IGRP mice and nontransgenic control 
littermates were expanded by culturing individually selected islets in 
RPMI supplemented with 10 U/ml rhIL-2 for 7–9 days. The cultured T 
cells were stained with IGRP or TUM H-2Kd tetramers and analyzed 
by flow cytometry.

Figure 7
Cytotoxicity of islet-infiltrating T cells as assessed by a standard  
4-hour 51Cr release assay. (A) T cells expanded from islets of NOD-
IGRP mice (n = 4) or control littermates (n = 4) were assessed for 
cytotoxicity against P815 cells loaded with the indicated peptides. (B) 
T cells expanded from islets of nontransgenic NOD mice were sorted 
by flow cytometry on the basis of whether they bound or did not bind  
H-2Kd IGRP206–214 tetramer. Both tetramer-positive and tetramer-nega-
tive T cells were able to kill β cells from NOD mice. (C) T cells expand-
ed from islets of NOD-IGRP (n = 5) or NOD mice (n = 8) were assessed 
for cytotoxicity against P815 cells loaded with indicated peptides.
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against proinsulin may still be important; however, the response to 
the B15–23 epitope of proinsulin has waned, having been dominant 
in very early insulitis (2). Our data suggests that the responses to 
this epitope do not expand in NOD-IGRP mice. It is also possible 
that T cells specific for many antigens develop simultaneously, and 
not one after the other as we have proposed. Proinsulin-reactive  
T cells would then be essential to drive the expansion of IGRP-
reactive T cells (and T cells reactive to other antigens). In this situ-
ation, proinsulin-reactive T cells remain the primary driver cells, 
even though they may have developed at the same time.

The evidence that IGRP responses occurred only once islet 
immune reactivity was established questions whether IGRP 
responses are truly pathogenic or are simply a reflection of the 
release of β cell antigens. It has long been debated whether auto-
immunity is sometimes the result of rather than the cause of target 
cell damage. There is, however, strong evidence that IGRP206–214-
specific T cells are important during the effector phase of the 
disease. Progression of insulitis to T1D in NOD mice was accom-
panied by cyclic expansion of the circulating IGRP206–214-specific  
T cell pool and by avidity maturation of its islet-associated coun-
terpart. The NY8.3 clone specific for IGRP206–214 was isolated from 
newly diabetic NOD mice and was potently able to cause disease. 
Our data showed progression to T1D in NOD-IGRP mice despite 
apparent lack of CD4 and CD8 responses to IGRP. It is possible 
that residual T cell responses to IGRP not measured by the assays 
we used persist in these mice, and absolute proof about the role of 
IGRP in progression to T1D in NOD mice will require analysis of 
a knockout of IGRP on the NOD background.

It is plausible that the proposed relationship between proinsulin 
(an important antigen early in the pathogenesis of T1D in NOD 
mice) and other antigens such as IGRP and GAD (more important 
in the effector phase) is preserved in humans. IGRP itself has not 
been shown to be a significant antigen in human T1D to date, 
but the concept of initiating and effector antigens may apply in 
human T1D. Serological studies of young at-risk children indicate 
that autoimmunity to insulin generally precedes that to GAD65 
or IA-2/phogrin (21, 22), consistent with a role for insulin as an 
initiator antigen, whereas antibodies to IA-2 often emerge closer 
to diagnosis. At the level of the individual, however, any of these 
3 autoantibodies may appear first, and in older subjects IAAs are 
detected only in a minority of patients at disease onset. It is also 
possible that there is no universal primary or initiating autoan-
tigen in humans, but rather that disease is initiated by differ-

ent autoantigens in different individuals. Progression to T1D is 
faster in individuals with multiple autoantibodies. The presence 
of multiple autoantibodies has been interpreted as meaning that 
the autoantibody responses are true rather than false positives, 
i.e., that the connection drawn between multiple autoantibodies 
and progression to T1D is due to diagnostic test performance. Our 
data, however, suggest that the acquisition of immune responses 
against multiple autoantigens is a necessary step in pathogenesis 
and that the reduced risk of a single autoantibody reflects failure 
of the immune response to spread. This is an important distinc-
tion. The effect of tolerance to proinsulin on immune responses 
to other antigens is a relevant issue in clinical trials of T1D pre-
vention in humans. Our findings suggest that primary prevention 
should be most effective if targeted at initiating antigens such as 
proinsulin. Once insulitis is established, tolerance induction to 
other β cell antigens will need to be considered.

Methods
Mice. NOD-PI mice, NOD mice expressing mouse proinsulin 2 under the 
control of an MHC class II (I-Eακ) promoter, and NOD8.3 mice, NOD 
mice expressing the TCRαβ rearrangements of the H-2Kd–restricted,  
β cell–reactive CD8+ T cell clone NY8.3, have been described previously 
(4, 6). NOD-PI mice were used after breeding to homozygosity. All ani-
mal studies were carried out at St. Vincent’s Institute in accordance with 
accepted standards of humane animal care and were approved by the ani-
mal ethics committee of St. Vincent’s Health (Melbourne, Australia).

Generation of transgenic NOD-IGRP mice. A 1,068-bp fragment encompass-
ing the protein coding region of mouse IGRP was amplified by PCR using 
NIT-1 insulinoma cell line cDNA as template. The PCR product was sub-
cloned into the pGEM T easy vector, verified by sequencing, and excised 

Figure 8
Spontaneous anti-insulin response. IAAs in 12-week-old female NOD 
(n = 10), NOD-PI (n = 10), and NOD-IGRP (n = 13) mice. Horizon-
tal line indicates upper limit of normal for IAAs. Dotted lines indi-
cate mean for each group. P < 0.03, NOD versus NOD-PI; P = NS,  
NOD versus NOD-IGRP.

Figure 9
Insulitis and T1D in NOD-IGRP versus control mice. (A) Histological 
grading of insulitis in pancreas sections of 100-day-old mice (n = 8 
per group). P = NS, NOD-IGRP versus controls. (B) Incidence of 
T1D in NOD-IGRP mice (founder lines NOD-IGRP 69, n = 39; and 
NOD-IGRP 101, n = 18) and control littermates (n = 33). P = NS, 
NOD-IGRP versus controls.
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between HindIII and Pst-I. This, along with a 1.8-kb fragment encoding the 
5′ flanking sequence nucleotides –1,903 to –39 of the MHC class II (I-Eακ) 
promoter and a 650-bp fragment encoding polyadenylation signal, was 
cloned into bluescript KS–. The transgene fragment between BssHII sites 
was purified. The purified transgene construct was injected into fertilized 
NOD ova and reimplanted into foster mothers using standard techniques 
in the transgenic mouse facility at the Walter and Eliza Hall Institute. Off-
spring were screened by PCR of genomic DNA using 2 sets of transgene-
specific primers, the first spanning MHC class II (I-Eακ) promoter and 
IGRP (forward, 5′-TAGGACCTGGTTGCAAGGAA-3′; reverse, 5′-AGGAC-
GATGGCCAAACAATA-3′) and the second spanning introns 2 and 3 
within the IGRP gene (forward, 5′-TGCGTCTGGTATGTCATGGT-3′;  
reverse, 5′-TGCATTGTGGTCAGTGAGGT-3′).

Expression analysis. Total RNA was prepared from frozen tissue sam-
ples using TRIzol reagent (Invitrogen). Total RNA (1 μg) was reverse 
transcribed using random primers. Real-time RT-PCR analysis was per-
formed with Assay-on-Demand kits (Applied Biosystems) for mouse IGRP 
(mIGRP) and β-actin (housekeeping gene). Analysis was performed on a 
Rotor-Gene-3000 (Corbett Research; Corbett Life Science).

Peptides and tetramers. The peptides IGRP206–214 (VYLKTNVFL), IGRP4–22 
(LHRSGVLIIHHLQEDYRTY), IGRP22–29 (TYYGFLNFM), IGRP324–332 
(SFCKSASIP), INS L9 (LYLVCGERL), and TUM (KYQAVTTTL) were syn-
thesized by Auspep. H-2Kd tetramers were made by ImmunoID. Tetramer 
specificity was validated by staining spleen cells from NOD8.3 mice.

Tetramer staining. Islet-infiltrating T cells were expanded by culturing 
individually selected islets in RPMI (Invitrogen) supplemented with antibi-
otics, 2 mM glutamine, nonessential amino acids, 50 μM mercaptoethanol, 
10% FCS (complete RPMI), and 10 U/ml rhIL-2 for 6–9 days. The cultured 
T cells from islets or single-cell suspensions from peripheral blood, spleen, 
and PLNs were stained with 0.5 μg IGRP206–214 or TUM H-2Kd tetramers 
for 3 hours on ice in PBS/2% FCS, then with FITC-conjugated anti-CD8 
(clone 53-6.7; BD Biosciences — Pharmingen) and PerCP-conjugated anti-
B220 (clone RA3-6B2; BD Biosciences — Pharmingen) for 30 minutes, all 
on ice. Stained cells were analyzed by flow cytometry (FACSCalibur; BD). 
Tetramer positivity was determined using a lymphocyte gate and exclu-
sion of B220+ cells. Tetramer-positive cells are expressed as percentage of 
CD8+B220– cells minus the percentage of TUM tetramer–positive cells. 
Data were analyzed using CellQuest software (version 5.1.1; BD).

CFSE labeling and adoptive transfer. CD8+ T cells from NOD8.3 mice were 
purified using magnetic beads (Miltenyi Biotec). T cells were resuspended 
in PBS containing 0.1% BSA (Sigma-Aldrich) at 107 cells/ml. For labeling, 
1 μl of a CFSE (Invitrogen) stock solution (5 mM in DMSO) was incubated 
with 107 cells for 10 minutes at 37°C. After incubation, cells were washed 3 
times with RPMI supplemented with 5% FCS. In each experiment, 5 × 106 
cells in 200 μl PBS were injected intravenously into the tail veins of NOD 
or NOD-PI hosts. Hosts were sacrificed 3 days later, and their PLNs and 
inguinal lymph nodes (ILNs) were examined for CFSE+ cells.

Preparation of DCs. Bone marrow–derived DCs were prepared by cultur-
ing bone marrow cells in the presence of recombinant mouse GM-CSF 
(rmGM-CSF) and rmIL-4 (5 ng/ml) for 8 days as described previously (23). 
Splenic DC isolation was performed as described by Vremec et al. (24). 
Spleen fragments were digested for 20 minutes at room temperature with 
collagenase-DNase and then treated for 5 minutes with EDTA to disrupt  
T cell–DC complexes. Light density cells were enriched by centrifugation on 
a 1.077 g/cm3 Nycodenz layer (Nycomed) for 10 minutes at 1,700 g. Non-
DCs were depleted by incubating in optimized concentrations of mAbs 
(anti-CD3 [KT3.1.1], anti-Thy1 [T24/31.7], anti-B220 [RA36B2], anti–GR-1 
[RB68C5], and anti-erythrocyte [TER119]) followed by removal of the Ab-
binding cells with anti–rat Ig–coupled magnetic beads (Dynabeads; Dynal). 
The resulting DCs were greater than 70% CD11c+ and I-Ag7+.

In vitro T cell proliferation assay. Splenic 8.3 CD8+ T cells (2 × 104 cells/well) 
were incubated in triplicate with IGRP206–214- (0.1 μM) or TUM-pulsed (0.1 
μM) bone marrow– or spleen-derived DCs (104 cells/well). The cells were cul-
tured in 96-well round-bottomed plates in 200 μl complete RPMI (complete 
RPMI) for 3 days at 37°C in 5% CO2. Each well was pulsed with 1 μCi of 
[3H]-thymidine during the last 18 hours of culture. For spontaneous CD4+ 
response, splenic T cells from NOD and NOD-IGRP mice were cultured in 
the presence or absence of 100 μg/ml IGRP4–22 peptide as described previ-
ously (16). For inhibition assay, sorted CD4+CD25– T cells (2 × 104) from the 
spleens of NOD mice were cultured with varying numbers of sorted CD4+ 

CD25+ T cells from the spleens of NOD-PI or NOD mice in the presence of 
104 NOD spleen–derived DCs and antibody to CD3 (clone 2C11; 5 μg/ml).

Generation of IGRP-specific CTL. Mice were primed with 25 μg IGRP206–214 
peptide in CFA (Sigma-Aldrich). After 1 week, regional lymph nodes were 
collected and cultured with 106 1,500 cGy–irradiated IGRP206–214-loaded 
NOD splenocytes in complete RPMI supplemented with 10 U/ml rhIL-2 
for 6 days. Cytotoxicity was assessed by standard 51Cr release assay using 
P815 cells as targets.

51Cr release assay. Whole islets or cells of the H-2d mastocytoma line P815 
were loaded with 150 μCi [51Cr]sodium chromate (Amersham Biosciences) 
for 90 minutes, washed, and resuspended in complete RPMI. P815 cells  
(5 × 103 cells/well) loaded with indicated peptide or islets (10 per well) were 
incubated with T cells in triplicate for 4–16 hours at 37°C in round-bot-
tomed 96-well plates. The radioactivity of the harvested supernatants was 
measured in a Cobra gamma counter (PerkinElmer).

Histological scoring and diabetes incidence. Pancreata were dissected, snap-
frozen in OCT (Miles-Yeda) in a hexane/liquid nitrogen bath, and stored 
at –70°C. Serial 5-μm cryostat sections were cut, fixed in acetone, and 
air dried. Immunohistochemical staining for insulin was performed as 
described previously (25). Islets were scored as follows: 0, no lesions; 1, 
peri-islet infiltrates; 2, <25% islet destruction; 3, >25% islet destruction; 
4, complete islet destruction. Mice were monitored for diabetes by weekly 
measurement of urinary glucose levels using Diastix (Bayer). Those sus-
pected of hyperglycemia were confirmed by measurement of blood glucose 
levels using ACCU-CHEK Advantage II strips (Roche Diagnostics). Mice 
with blood glucose levels greater than 15 mM were considered diabetic.

IAA assay. IAAs were measured with a 96-well filtration plate micro-IAA 
assay as described previously (26).

Statistics. Data were analyzed using 1-way ANOVA with Bonferroni’s post test 
for comparison of multiple columns. Cumulative incidence of diabetes was 
determined by Kaplan-Meier estimates, and statistical analysis of difference was 
determined by log-rank test. A value of P < 0.05 was considered significant.
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