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1. ABSTRACT

Alterations in presenting self determinants to T
cells may depend upon the availability of sites on the
molecule adjacent to known determinants to different
processing enzymes, or, at the level of amino acid sequence
or conformation of a single determinant. We have studied
three possible ways that could modulate the processing and
presentation of T cell determinants of a diabetes
autoantigen, glutamic acid decarboxylase (GAD) 65, which
could contribute to induction of GAD65-specific regulatory
versus pathogenic T cells in type 1 diabetes (T1D): 1)
enhanced presentation of subdominant/cryptic determinants
to T cells that have not been well-tolerized, which may
activate T cells of high affinity and high aggressiveness; 2)
trimming or truncating flanking residues which may
otherwise provide needed binding energy to determinants
that activate regulatory cells, thus releasing autoaggressive
T cells from suppression; 3) biochemical or chemical
modifications of self antigens in an inflammatory
environment or within activated antigen presenting cells
(APC) which may convert a previously regulatory antigen
or determinant into a disease-causing one that activates
autoreactive T cells at a higher affinity.
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2. INTRODUCTION

There are at least two hard facts that maintain
GADG65-specific T cells on the list of pathogenic, islet
destructive members during type 1 autoimmune
diabetes (T1D): 1) Autoreactive T cell and antibody
responses to GADG65 arise very early and correlate
with the development of T1D; 2) Early, tolerogenic
vaccinations using full length GADG65 protein or its
fragments can prevent its pathogenicity. Spontaneous
arisal of the GADG65-specific response (endogenous
priming) in prediabetic individuals eventuates in
pathogenicity. However, most recent studies have
mainly focused on the regulatory T cell repertoire
induced upon GADG65 or peptide immunization
(exogenous priming), which have obviously under-
evaluated the disease-causative role of GADG6S5. In
this essay, we suggest one possible mechanism that
may assist in transforming GAD’s natural regulatory
status into a disease-prone profile induced by
GAD65-reactive T cells. We would like to argue that
it is the detailed pathway (s) of processing and
presentation of GADG65 T cell determinants that
directs this transformation.
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3. REGULATION DOMINATES IMMUNE
RESPONSE TO GAD65 AS LEARNED FROM GAD65
KNOCKOUT (KO) AND TRANSGENIC STUDIES

GADG65 is found highly expressed in the brain
and is also expressed in human pancreatic islet cells, both
in the cytosol and in the membrane fraction (1). As in NOD
mice, GADG65 is found in the islets as well as in some
mouse [ cell lines (our unpublished data and personal
communication with Dr. Damien Bresson). However, islet
expression of GADG6S is not an absolute requirement for the
development of insulitis and diabetes in NOD mice. Indeed
GADG65-deficient mice which had been backcrossed 4
generations onto a NOD background, presented similar
kinetics and level of lymphocytic infiltration into the
pancreatic islets compared to their GAD65 wild type
littermates (2). Therefore, it was concluded that GAD65
was not the primary target, if there is one, in the islet
autoimmune response. A similar situation was found with a
second major islet antigen, protein tyrosine phosphatase
IA-2 (also known as ICA512), where development of
insulitis and diabetes in NOD mice was not obviously
affected by knocking out both IA-2 and IA-2[] (known as
phogrin), despite a slight decrease of diabetes incidence in
the knockout mice (3, 4). Interestingly, from our
observations, after 5 more generations of backcrossing to
the NOD strain, GAD65.KO mice exhibited a slightly
higher incidence of diabetes than wild type littermates
(unpublished data); however, similar to the study with IA-
2.KO mice, the difference failed to reach statistical
significance.

One could argue that the relatively insignificant
role of GADG65 in the pathogenesis of T1D can be
attributed to the low expression level of this protein in the
pancreatic beta-cells. Leiter and colleagues generated
transgenic mice over-expressing GAD65 under the rat
insulin promote (RIP), allowing for enhanced expression of
GADG65 in the pancreatic beta-cells. The transgenic “A-
line”, with at least two-fold higher islet GAD65 expression,
was clearly resistant to diabetes, whereas the transgenic
“Y-line” expressing a lower amount of GAD6S5 in the islets
was still susceptible and produced more GAD65-specific
IgG2b than the A-line (5). Therefore, it remains a
possibility that enhanced GAD65 expression protects the
islets from autoimmune attack, through either induction of
clonal deletion, or expansion of regulatory T cells;
however, it still needs to be clarified whether in these two
lines, thymic or peripheral GADG65 expression is
comparable, since the RIP could be leaky in the thymus.
Alternatively, because (i) the GADG6S5 transgene was
integrated on different chromosomes between the the two
lines, (chromosome 15 for the A-line and Y-chromosome
for the Y-line), and (ii) notably, homozygote A-line mice
were developmentally lethal, transgenic insertion-induced
mutagenesis may participate in the differences observed
between both lines; however, so far, there is no insulin-
dependent diabetes locus (/dd ) identified in both
chromosomes, 15 and Y.

An additional study was done by von Boehmer’s
group, in which GAD65 was over-expressed under control
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of the invariant chain promoter, for the purpose of
enhancing processing and presentation of GAD65 T cell
determinants on APC so as to achieve better tolerance
(6). The immune response to exogenous GAD65 antigen
was severely suppressed in the transgenic mice, but
insulitis and diabetes were comparable in transgenic and
wild type NOD mice. The authors concluded that
GADG65 is not essential for the development of T1D in
NOD mice. However, it is striking to see that despite the
fact that GADG65 is expressed in multiple organs
(thymus, brain and maybe spleen), tolerance to this
molecule inevitably fails to be maintained in the NOD
strain; whether over-expression of GAD65 in APC will
simultaneously promote GADG65-specific regulation as
well as pathogenesis remains to be clarified. The
endogenous, spontaneous autoimmune T and B cell
responses to GAD65 may have given information
additional to that garnered in this study of the response
to exogenous GAD65 and should be compared between
transgenic and non-transgenic littermates.

In contrast to the above results supporting a
non-essential role of GAD65 in T1D in NOD mice,
Yoon and his colleagues demonstrated, using the
antisense DNA technique, that complete suppression of
GAD expression, both GAD65 and GADG67, in
pancreatic beta cells prevents insulitis as well as
diabetes development (7), suggesting GAD is required
early in disease development. This apparent
contradiction is not due to non-specific effects of the
antisense approach since mouse lines with partial
suppression of GAD were not resistant to diabetes.
However, it was surprising that these partially GAD-
suppressed lines developed insulitis and diabetes at an
almost identical incidence and severity as the non-
suppressed littermates, which leads us to wonder
whether GAD plays distinct role (s) in the beta-cells
affecting early autoimmune event (s) rather than
recruiting autoreactive T cells. One noteworthy
difference in this study (7) was that both GAD65 and
GADG67 isoforms were removed from the beta cells,
whereas, the studies mentioned earlier were focused on
GADGS5 only. It is generally agreed that both GAD65
and GADG67 function similarly in producing GABA (y
amino butyric acid), but only GADG6S is targeted by the
immune system in T1D (8). The comparative studies on
biological and biochemical features as well as functions
of GAD65 and GADG67 in beta cells remain to be
addressed. One hint has emerged from recent structural
comparisons between GAD65 and GAD67 (9). Only the
former molecule has a very flexible and inherently
mobile sequence in the C-terminal region, which may
render this region highly available to endopeptidases
providing an initial favored site of enzymatic target in
the whole molecule. Residues near this target may have
primary access to MHC II grooves. This fits with the
data that p524-543 is a very early response target in
GADG65 (10). Importantly, this C-terminal region is also
targeted by autoantibodies (11) as well as by CD8 T
cells (12) (Figure 1), and tolerance induction using DNA
coding for the C-terminal region, GADsgg.5s5, Was
effective to protect NOD mice from diabetes (13).
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Figure 1. An immunogenic “hotspot” near the C-terminus of GADG65. The C-terminus of GAD65 but not GAD67 is inherently
mobile and flexible, which is likely caused by the acidic loop formed by residues between E517 and E521. This projected,
floating loop may be a favored target of endopeptidases, and thus release the C-terminus from the large GAD structure and allow
it to gain accessibility to MHC II binding (524-543) or to proteasomal degradation and MHC I presentation (546-555).
Furthermore, the mobile feature helps to expose this region to antibody recognition.

4. EXOGENOUS IMMUNIZATION INDUCES
REGULATORY T CELLS, BUT ENDOGENOUS
PRIMING GENERATES PATHOGENIC
EFFECTORS

Due to effective tolerance both in the thymus and
in the periphery, the GADG65-reactive repertoire in the
periphery is dominated by a regulatory T cell population in
non-diabetic individuals, whereas in patients, this repertoire
can be skewed toward pathogenic effectors. This skewing
of the repertoire could be demonstrated by comparing the
immune response after exogenous immunization versus
endogenous priming in susceptible animals. Accordingly,
the spontaneous/endogenous responses arising in NOD
mice are likely to be associated with pathogenesis, whereas
due to the effect of adjuvant as well as increased antigen
dose, exogenous immunization with GAD65 frequently
leads to an expansion of the regulatory T cell repertoire.

CD8 T cells which are cytotoxic and/or
regulatory may also play a role. Human GAD-specific CD4
T cells can be suppressed by an autologous
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CD8+CD45RA+CD27- T cell population, although their
specificity for antigen (s) is unknown. These CD8 T cells
presumably keep potential autoreactive CD4 T cells under
control (14). While their relationship to CD8 cytotoxic
lymphocytes (CTL) is unknown, such CTL often require
CD4 T helper cells for their induction. Thus, Busick et al
(15) showed that the only spontaneously arising GAD-
specific CTL were directed at determinants adjoining or
overlapping with spontaneously arising CD4 T cells. Of
great interest are the results of Weaver et al (16) that upon
DNA vaccination with insulin vs. GAD65, the progression
of TID is quite different: whereas insulin either
exacerbated disease or had no consequence, provision of a
GADG65 DNA vaccine prevented T1D. It was reported in
this study that both insulin and GAD vaccinations induced
Thl CD4 cells, but only insulin induced IFNy-secreting
CDS8 T cells.

NOD mice exhibit a spontaneous proliferative
response to GAD65 determinants that arises concomitantly
with the onset of insulitis (between 4-8 weeks) (10, 17).
The autoaggressive responses to [leta-cell antigens were
initially directed toward a few C-terminal determinants
within GADG65 and later spread intramolecularly, as well
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intermolecularly to  other candidate diabetogenic
autoantigens. The greatest proliferative response is initially
directed against determinants p524-543 and p509-528,
followed by spreading to other regions of the GAD65
molecule, including p78-97, p246-266, p340-356, p479-
493, p540-556 and p570-585 (10). These determinants have
been termed the “spontaneous” or ‘“endogenous”
determinants of GADG65. It should be noted that TID can
be adoptively transferred with GAD-induced T cell lines
generated from diabetic NOD mice by stimulating with
native GAD protein (18); interestingly, such lines were
directed against one of the major “spontancous”
determinants, p530-543.

A second set of GAD65 CD4 determinants from
NOD mice (including p206-220, p221-235, p286-300 and
p400-410) arise following immunization with “exogenous”
whole GADG65 protein (19, 20). CD4+ T cells expanded by
this set of determinants appear to possess regulatory
properties and can protect NOD mice from diabetes
following adoptive transfers (21, 22). It is also notable that
these CD4+ T cells, by themselves, apparently lack islet-
infiltrating capacity since two different TcR transgenic
lines specific for p206-220 and p286-300, were almost
totally free from insulitis as well as diabetes at 40 weeks of
age. This observation indicates that activation of this type
of regulatory, GAD65-specific T cell and its infiltration
into islets may require a local inflammatory environment
that can only be initiated by pathogenic -effectors.
Additionally, these regulators were found to secrete IL-10
and could suppress the action of islet-specific pathogenic
effectors (23).

Thus, two types of dominant GAD determinants
can be described in the NOD mouse: those that arise
spontaneously, and those that can be induced using whole
antigen immunization in adjuvant. They are almost
mutually exclusive in that the spontaneous set of T cells are
not present in the induced T cell repertoire, and vice-versa.
This clear regional distinction of T cell responses following
exogenous immunization versus endogenous priming
suggests that either the processing environment or the APC
in the draining lymph nodes is different from that in the
inflamed islets and/or the pancreatic lymph nodes. Further
studies concerning the relative importance of these two
types of determinants for diabetes development are
necessary to shed new light on how antigen processing can
contribute to the progressively destructive autoimmune
response targeting the pancreas. Furthermore, it is
noteworthy that both sets of peptides can induce tolerance
and prevent T1D (24, 25), although the mechanisms of
inducing tolerance could be different. Exogenous peptides
could expand the regulatory population during tolerance
induction, while the endogenous peptides might delete or
exhaust high affinity T cells specific for GAD6S.

5. CLUSTERED T CELL DETERMINANTS COULD
INCLUDE BOTH REGULATORY AND
PATHOGENIC EPITOPES

One interesting scenario we observed in our
studies of one of the major endogenous peptides, GAD65
p524-543 (p543), is that there are at least two distinct
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determinants: an N-terminal moiety (p524-538 (=p524))
and a C-terminal moiety (p530-543 (=p530)), that are
clustered within this 20mer peptide to which spontaneous
T-cell responses arise in young NOD mice as early as 3-4
weeks of age (10). Importantly, two distinct T-cell
populations could be induced by these two overlapping
peptides, and it appeared that they had opposing functions:
the p530-specific T cells are invasive and may become
pathogenic (18, 26), whereas the p524-specific T cells are
regulatory in nature and can prevent diabetes by adoptive
transfer (27). To further gain knowledge about this tailored
processing mechanism and its possible role in disease and
its prevention, we mapped the fine specificity of clones
specific for either p524 or p530 and defined the minimal
antigenic cores of these two determinants (Dai et al., in
press, EJI, 2008). We found that p543 contains multiple
epitopes sharing a central core sequence, p530-539, which
is bounded by different lengths of flanking residues at the
N- or C-terminus of the core. We also observed that both
types of clones responded similarly to the long p524-543
peptide but did not respond to the core, per se; as the
sequence was further truncated from one or the other end,
the response of the clones decreased. Some flanking N- or
C-terminal residues were more important than others for
certain clones and their removal severely reduced the
response of the clones. Such observations would rather
favor the view that flanking residues surrounding an
overlapping core sequence can differentially affect the
activation of T cells recognizing this region. An alternative
explanation could be that the flanking residues may affect
the affinity of the MHC-peptide-TCR complexes.

In addition, T cells that require N-terminal
residues for activation appear to be inhibitory for those T
cells less-dependent on such flanking residues, possibly
through a competitive mechanism for antigen-MHC
binding (28), or by the secretion of regulatory cytokines
(Enomoto et al., manuscript in preparation). By comparing
the NOD’s T-cell response to the p524-543 peptide with
the congenic, resistant NOR mouse strain, we found that
almost all the responsive T cells in NOR mice required the
N-terminal flanking residues, whereas in NOD mice, this
requirement was dispensable (Dai et al., in press, EJI,
2008). Therefore, enzymatic removal of certain flanking
residues in this region might differ in some APC of the
NOD vs. NOR strains. Thus, differential processing within
such dominant regions may account for the differences in
disease susceptibility observed between NOD and NOR
mice.

A similar scenario was reported in the
autoimmune response to insulin. T cell clones isolated from
the pancreas of NOD mice were found to be reactive to the
insulin B-chain peptide, p9-23, supporting insulin as a
possible dominant target during the autoimmune response
in NOD mice (29). Previous studies performed in Denver
showed that six p9-23-specific T cell clones could
accelerate diabetes in young NOD mice or adoptively
transfer the disease to NOD.scid mice, whereas intranasal
or subcutaneous administration of the p9-23 peptide could
protect NOD mice from T1D (30, 31). The pathogenic
activity of these clones was further demonstrated by
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generating TCR transgenic mice from one of the clones,
BDC12-4.1; however, development of diabetes in the
transgenic mice requires inhibition of various regulatory
pathways (32). In contrast, the studies reported by
Sherwin’s group demonstrated that clones with the same
specificity, the B-chain p9-23 peptide, could inhibit the
islet infiltration of pro-diabetic lymphocytes, and this
inhibitory effect depended on TGF-beta (33). Such a clone,
2H6, was used to generate a TCR transgenic mouse line; it
was found that inhibition of diabetes by this clone required
the expression of TGF-beta receptor on the T cell surface,
indicating a role for TGF-beta signaling in the regulatory
activity of these insulin-specific T cells (34). The
mechanism that leads to distinct differential pathways of
p9-23-specific T cells remains to be learned. It should be
noted that Y16 within the p9-23 peptide was found to be
essential in inducing an anti-insulin response as well as in
initiating an autoimmune response in the pancreas of the
NOD (35). Whether a suitable replacement at the Y16
position could skew the insulin-reactive T cell repertoire
toward a regulatory function is unknown.

In summary, different T-cell repertoires specific
for a dominant region of a self antigen (such as GAD65
p524-543 or insulin B-chain p9-23) can be induced to
function diversely as a consequence of antigen processing.
The overall immune response to this region or to the whole
antigen may be dependent on which repertoire is
preferentially selected in the thymus and at the site of
inflammation.

6. UNIQUE PROCESSING OF A CLUSTERED
DETERMINANT OF GAD65 IS REQUIRED TO
ACTIVATE HIGHLY DIABETOGENIC T CELL
CLONES SUCH AS BDC2.5

BDC2.5 T cells are diabetogenic in NOD mice
(36, 37). The antigenic specificity of this T cell clone
remains unclear, although it has been suggested that an
islet-specific antigen picked up by dendritic cells is
responsible for activation of BDC2.5 T-cells in pancreatic
lymph nodes, the original priming site for induction of
pancreatic inflammation (38). None of the known GAD65
determinants, including p524-543, could activate BDC2.5
T cells as tested by proliferation assay in vitro (our
observation). By screening combinatorial peptide libraries,
Wilson’s group has identified several strong agonistic
peptides that can activate BDC2.5 T-cells at pico-molar
concentrations: these agonists are surprisingly homologous
to a region within the GAD-65 p524-543 peptide (39).
Subsequently, Yoshida et al. identified a panel of
mimotopes which are quite similar to those eluted by
Wilson and colleagues, that also strongly stimulate BDC2.5
T cells as well as several other diabetes-related clones (40).
In previous studies using GADG65 transgenic mice, we have
clearly shown that GAD65 does play a role in tolerizing
BDC2.5 T cells and preventing their infiltration into the
pancreatic islets in NOD mice (41). It is possible that the
BDC2.5 T cells recognize a previously undescribed cryptic
determinant generated following anomalous,
unconventional antigen processing of the p524-543 region.
Accordingly, we successfully activated BDC2.5 T cells
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using APC isolated from mice immunized with p524-543
(40), presumably because experienced APC might be
efficient in processing the p524-543 peptide into a ligand,
suitable for BDC2.5 recognition. One possible mechanism
that could account for the generation of such a ligand by
the p524-543-primed APC cells would involve differential
protein splicing (42, 43); hypothetically, p524-543 peptides
could be spliced and religated by special protein ligases,
omitting a few amino acids flanking the spliced small
fragments. A second mechanism could be due to
differential antigen processing and presentation following
receptor-mediated antigen internalization (44, 45). In this
case, the receptor would be a surface Ig specific for the
p524-543 peptide. Not only is enhanced antigen uptake
relevant, but also a putative unique protease activity in
these APC could play a crucial role in generation of a high
affinity BDC2.5 ligand (46-48). Finally, TCR-peptide-
MHC interaction could be strengthened by modification of
a crucial side chain of the peptide determinant (49, 50). For
example, T cell recognition of an HLA-DR4-restricted
insulin A-chain peptide requires oxidation of two adjacent
cysteine residues and subsequent formation of a disulfide
bond (51).

7. CONCLUSION

The solution to the dilemma of determinant
choice and modification in favoring a regulatory versus a
disease-inducing outcome will probably relate to
understanding the role of adjuvants as well as antigen
processing pathways undergone by whole molecules.

8. ACKNOWLEDGMENT

We want to thank Dr. Damien Bresson from La
Jolla Institute for Allergy and Immunology (LIAI) for
sharing unpublished results on GADG65 expression in
mouse pancreatic islets and also for his critical comments
on this manuscript. We are grateful to Dr. Kent Jensen in
LIAI for sharing reagents and ideas which allowed us to
continue on this path of studying the processing and
presentation of GAD6S.

9. REFERENCES

1. Baekkeskov, S., J. H. Nielsen, B. Marner, T. Bilde, J.
Ludvigsson, A. Lernmark: Autoantibodies in newly
diagnosed diabetic children immunoprecipitate human
pancreatic islet cell proteins. Nature 298:167 (1982)

2. Kash, S. F., B. G. Condie, S. Backkeskov: Glutamate
decarboxylase and GABA in pancreatic islets: lessons from
knock-out mice. Horm Metab Res 31:340 (1999)

3. Kubosaki, A., J. Miura, A. L. Notkins:. IA-2 is not
required for the development of diabetes in NOD mice.
Diabetologia 47:149 (2004)

4. Kubosaki, A., S. Nakamura, A. L. Notkins: Dense core
vesicle proteins [A-2 and IA-2beta: metabolic alterations in
double knockout mice. Diabetes 54 Suppl 2:546 (2005)



[Frontiers in Bioscience 14, 344-351, January 1, 2009]

5. Bridgett, M., M. Cetkovic-Cvrlje, R. O'Rourke, Y. Shi,
S. Narayanswami, J. Lambert, V. Ramiya, S. Baekkeskov,
E. H. Leiter: Differential protection in two transgenic lines
of NOD/Lt mice hyperexpressing the autoantigen GAD65
in pancreatic beta-cells. Diabetes 47:1848 (1998)

6. Jaeckel, E., L. Klein, N. Martin-Orozco, H. von
Boehmer: Normal incidence of diabetes in NOD mice
tolerant to glutamic acid decarboxylase. J Exp Med
197:1635 (2003)

7. Yoon, J. W., C. S. Yoon, H. W. Lim, Q. Q. Huang, Y.
Kang, K. H. Pyun, K. Hirasawa, R. S. Sherwin, H. S. Jun:
Control of autoimmune diabetes in NOD mice by GAD
expression or suppression in beta cells. Science 284:1183
(1999)

8. Lernmark, A.: Glutamic acid decarboxylase--gene to
antigen to disease. J Intern Med 240:259 (1996)

9. Fenalti, G., R. H. Law, A. M. Buckle, C. Langendorf,
K. Tuck, C. J. Rosado, N. G. Faux, K. Mahmood, C. S.
Hampe, J. P. Banga, M. Wilce, J. Schmidberger, J.
Rossjohn, O. El-Kabbani, R. N. Pike, A. I. Smith, 1. R.
Mackay, M. J. Rowley, J. C. Whisstock: GABA
production by glutamic acid decarboxylase is regulated
by a dynamic catalytic loop. Nat Struct Mol Biol 14:280
(2007)

10. Kaufman, D. L., M. Clare-Salzler, J. Tian, T.
Forsthuber, G. S. Ting, P. Robinson, M. A. Atkinson, E.
E. Sercarz, A. J. Tobin, P. V. Lehmann: Spontaneous
loss of T-cell tolerance to glutamic acid decarboxylase
in murine insulin-dependent diabetes. Nature 366:69
(1993)

11. Fenalti, G., C. S. Hampe, Y. Arafat, R. H. Law, J. P.
Banga, I. R. Mackay, J. C. Whisstock, A. M. Buckle, M.
J. Rowley: C-terminal clustering of autoantibody and T
cell determinants on the structure of GAD65 provide
insights into the molecular basis of autoreactivity.
Diabetes (2008)

12. Quinn, A., M. F. Mclnerney, E. E. Sercarzz. MHC
class I-restricted determinants on the glutamic acid
decarboxylase 65 molecule induce spontaneous CTL
activity. J Immunol 167:1748 (2001)

13. Han, G., Y. Li, J. Wang, R. Wang, G. Chen, L.
Song, R. Xu, M. Yu, X. Wu, J. Qian, B. Shen: Active
tolerance induction and prevention of autoimmune
diabetes by immunogene therapy using recombinant
adenoassociated virus expressing glutamic acid
decarboxylase 65 peptide GADS500-585. J Immunol
174:4516 (2005)

14. James, E. A., W. W. Kwok: CD8+ suppressor-
mediated regulation of human CD4+ T cell responses to
glutamic acid decarboxylase 65. Eur J Immunol 37:78
(2007)

349

15. Busick, R. Y., C. Aguilera, A. Quinn: Dominant
CTL-inducing epitopes on GADG65 are adjacent to or
overlap with dominant Th-inducing epitopes. Clin
Immunol 122:298 (2007)

16. Weaver, D. J., Jr., B. Liu, R. Tisch: Plasmid DNAs
encoding insulin and glutamic acid decarboxylase 65 have
distinct effects on the progression of autoimmune diabetes
in nonobese diabetic mice. J Immunol 167:586 (2001)

17. Tisch, R., X. D. Yang, S. M. Singer, R. S. Liblau, L.
Fugger, H. O. McDevitt: Immune response to glutamic acid
decarboxylase correlates with insulitis in non-obese
diabetic mice. Nature 366:72 (1993)

18. Zekzer, D., F. S. Wong, O. Ayalon, 1. Millet, M. Altieri,
S. Shintani, M. Solimena, R. S. Sherwin: GAD-reactive
CD4+ Thl cells induce diabetes in NOD/SCID mice. J Clin
Invest 101:68 (1998)

19. Chao, C. C., H. K. Sytwu, E. L. Chen, J. Toma, H. O.
McDevitt: The role of MHC class II molecules in
susceptibility to type I diabetes: identification of peptide
epitopes and characterization of the T cell repertoire. Proc
Natl Acad Sci U S 4 96:9299 (1999)

20. Chao, C. C., H. O. McDevitt: Identification of
immunogenic epitopes of GAD 65 presented by Ag7 in
non-obese diabetic mice. Immunogenetics 46:29 (1997)

21. Kim, S. K., K. V. Tarbell, M. Sanna, M. Vadeboncoeur,
T. Warganich, M. Lee, M. Davis, H. O. McDevitt:
Prevention of type I diabetes transfer by glutamic acid
decarboxylase 65 peptide 206-220-specific T cells. Proc
Natl Acad Sci U S A 101:14204 (2004)

22. Tarbell, K. V., M. Lee, E. Ranheim, C. C. Chao, M.
Sanna, S. K. Kim, P. Dickie, L. Teyton, M. Davis, H.
McDevitt: CD4 (+) T cells from glutamic acid
decarboxylase (GAD)65-specific T cell receptor transgenic
mice are not diabetogenic and can delay diabetes transfer. J
Exp Med 196:481 (2002)

23. You, S., C. Chen, W. H. Lee, T. Brusko, M. Atkinson,
C. P. Liu: Presence of diabetes-inhibiting, glutamic acid
decarboxylase-specific, IL-10-dependent, regulatory T cells
in naive nonobese diabetic mice. J Immunol 173:6777
(2004)

24. Tian, J., M. Clare-Salzler, A. Herschenfeld, B.
Middleton, D. Newman, R. Mueller, S. Arita, C. Evans, M.
A. Atkinson, Y. Mullen, N. Sarvetnick, A. J. Tobin, P. V.
Lehmann, D. L. Kaufman: Modulating autoimmune
responses to GAD inhibits disease progression and
prolongs islet graft survival in diabetes-prone mice. Nat
Med 2:1348 (1996)

25. Olcott, A. P., J. Tian, V. Walker, H. Dang, B.
Middleton, L. Adorini, L. Washburn, D. L. Kaufman:
Antigen-based therapies using ignored determinants of beta
cell antigens can more effectively inhibit late-stage



[Frontiers in Bioscience 14, 344-351, January 1, 2009]

autoimmune disease in diabetes-prone mice. J Immunol
175:1991 (2005)

26. Quinn, A., M. Mclnerney, D. Huffman, B. Mclnerney,
S. Mayo, K. Haskins, E. Sercarz: T cells to a dominant
epitope of GADG65 express a public CDR3 motif. Int
Immunol 18:967 (2006)

27. Quinn, A., B. Mclnerney, E. P. Reich, O. Kim, K. P.
Jensen, E. E. Sercarz: Regulatory and effector CD4 T cells
in nonobese diabetic mice recognize overlapping
determinants on glutamic acid decarboxylase and use
distinct V beta genes. J Immunol 166:2982 (2001)

28. Kedl, R. M., W. A. Rees, D. A. Hildeman, B. Schaefer,
T. Mitchell, J. Kappler, P. Marrack: T cells compete for
access to antigen-bearing antigen-presenting cells. J Exp
Med 192:1105 (2000)

29. Wegmann, D. R., M. Norbury-Glaser, D. Daniel:
Insulin-specific T cells are a predominant component of
islet infiltrates in pre-diabetic NOD mice. Eur J Immunol
24:1853 (1994)

30. Daniel, D., D. R. Wegmann: Protection of nonobese
diabetic mice from diabetes by intranasal or subcutaneous
administration of insulin peptide B- (9-23). Proc Natl Acad
Sci US A 93:956 (1996)

31. Daniel, D., R. G. Gill, N. Schloot, D. Wegmann:
Epitope specificity, cytokine production profile and
diabetogenic activity of insulin-specific T cell clones
isolated from NOD mice. Eur J Immunol 25:1056 (1995)

32. Jasinski, J. M., L. Yu, M. Nakayama, M. M. Li, M. A.
Lipes, G. S. Eisenbarth, E. Liu: Transgenic insulin (B:9-23)
T-cell receptor mice develop autoimmune diabetes
dependent upon RAG genotype, H-2g7 homozygosity, and
insulin 2 gene knockout. Diabetes 55:1978 (2006)

33. Zekzer, D., F. S. Wong, L. Wen, M. Altieri, T. Gurlo,
H. von Grafenstein, R. S. Sherwin: Inhibition of diabetes
by an insulin-reactive CD4 T-cell clone in the nonobese
diabetic mouse. Diabetes 46.:1124 (1997)

34. Du, W., F. S. Wong, M. O. Li, J. Peng, H. Qi, R. A.
Flavell, R. Sherwin, L. Wen: TGF-beta signaling is
required for the function of insulin-reactive T regulatory
cells. J Clin Invest 116:1360 (2006)

35. Nakayama, M., N. Abiru, H. Moriyama, N. Babaya, E.
Liu, D. Miao, L. Yu, D. R. Wegmann, J. C. Hutton, J. F.
Elliott, G. S. Eisenbarth: Prime role for an insulin epitope
in the development of type 1 diabetes in NOD mice. Nature
435:220 (2005)

36. Katz, J. D.,, B. Wang, K. Haskins, C. Benoist, D.
Mathis: Following a diabetogenic T cell from genesis
through pathogenesis. Cell 74:1089 (1993)

37. Haskins, K., M. Portas, B. Bergman, K. Lafferty, B.
Bradley: Pancreatic islet-specific T-cell clones from

350

nonobese diabetic mice. Proc Natl Acad Sci U S A 86:8000
(1989)

38. Hoglund, P., J. Mintern, C. Waltzinger, W. Heath, C.
Benoist, D. Mathis: Initiation of autoimmune diabetes by
developmentally regulated presentation of islet cell
antigens in the pancreatic lymph nodes. J Exp Med 189:331
(1999)

39. Judkowski, V., C. Pinilla, K. Schroder, L. Tucker, N.
Sarvetnick, D. B. Wilson: Identification of MHC class II-
restricted peptide ligands, including a glutamic acid
decarboxylase 65 sequence, that stimulate diabetogenic T
cells from transgenic BDC2.5 nonobese diabetic mice. J
Immunol 166:908 (2001)

40. Yoshida, K., T. Martin, K. Yamamoto, C. Dobbs, C.
Munz, N. Kamikawaji, N. Nakano, H. G. Rammensee, T.
Sasazuki, K. Haskins, H. Kikutani: Evidence for shared
recognition of a peptide ligand by a diverse panel of non-
obese diabetic mice-derived, islet-specific, diabetogenic T
cell clones. Int Immunol 14:1439 (2002)

41. Dai, Y. D., K. P. Jensen, A. Lehuen, E. L. Masteller, J.
A. Bluestone, D. B. Wilson, E. E. Sercarz: A peptide of
glutamic acid decarboxylase 65 can recruit and expand a
diabetogenic T cell clone, BDC2.5, in the pancreas. J
Immunol 175:3621 (2005)

42. Hanada, K., J. W. Yewdell, J. C. Yang: Immune
recognition of a human renal cancer antigen through post-
translational protein splicing. Nature 427:252 (2004)

43. Vigneron, N., V. Stroobant, J. Chapiro, A. Ooms, G.
Degiovanni, S. Morel, P. van der Bruggen, T. Boon, B. J.
Van den Eynde: An antigenic peptide produced by peptide
splicing in the proteasome. Science 304:587 (2004)

44. Lanzavecchia, A.: Mechanisms of antigen uptake for
presentation. Curr Opin Immunol 8:348 (1996)

45. Regnault, A., D. Lankar, V. Lacabanne, A. Rodriguez,
C. Thery, M. Rescigno, T. Saito, S. Verbeek, C. Bonnerot,
P. Ricciardi-Castagnoli, S. Amigorena: Fcgamma receptor-
mediated induction of dendritic cell maturation and major
histocompatibility complex class I-restricted antigen
presentation after immune complex internalization. J Exp
Med 189:371 (1999)

46. Serreze, D. V., S. A. Fleming, H. D. Chapman, S. D.
Richard, E. H. Leiter, R. M. Tisch: B lymphocytes are
critical antigen-presenting cells for the initiation of T cell-
mediated autoimmune diabetes in nonobese diabetic mice.
J Immunol 161:3912 (1998)

47. Falcone, M., J. Lee, G. Patstone, B. Yeung, N.
Sarvetnick: B lymphocytes are crucial antigen-presenting
cells in the pathogenic autoimmune response to GADG65
antigen in nonobese diabetic mice. J Immunol 161:1163
(1998)



[Frontiers in Bioscience 14, 344-351, January 1, 2009]

48. Dai, Y., K. A. Carayanniotis, P. Eliades, P. Lymberi, P.
Shepherd, Y. Kong, G. Carayanniotis: Enhancing or
suppressive effects of antibodies on processing of a
pathogenic T cell epitope in thyroglobulin. J Immunol
162:6987 (1999)

49. Doyle, H. A., M. J. Mamula: Posttranslational
modifications of self-antigens. Ann N Y Acad Sci 1050:1
(2005)

50. Mamula, M. J., R. J. Gee, J. 1. Elliott, A. Sette, S.
Southwood, P. J. Jones, P. R. Blier: Isoaspartyl post-
translational modification triggers autoimmune responses
to self-proteins. J Biol Chem 274:22321 (1999)

51. Mannering, S. L., L. C. Harrison, N. A. Williamson, J.
S. Morris, D. J. Thearle, K. P. Jensen, T. W. Kay, J.
Rossjohn, B. A. Falk, G. T. Nepom, A. W. Purcell: The
insulin A-chain epitope recognized by human T cells is
posttranslationally modified. J Exp Med 202:1191 (2005)

Key Words : Antigen, Processing, Presentation, Epitope,
Determinant, GAD65, Type 1 Diabetes, NOD mouse,
Review

Send correspondence to: Yang D. Dai , Division of
Immune Regulation, Torrey Pines Institute for Molecular
Studies, La Jolla, California 92121, USA, Tel: 858-455-
3745, Fax: 858-455-3715, E-mail: ydai@tpims.org

http://www.bioscience.org/current/vol14.htm

351



