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ABSTRACT Spontaneous autoimmune diabetes in non-
obese diabetic (NOD) mice is the result of a CD41 and CD81 T
cell-dependent autoimmune process directed against the pan-
creatic beta cells. CD81 T cells play a critical role in the initiation
and progression of diabetes, but the specificity and diversity of
their antigenic repertoire remain unknown. Here, we define the
structure of a peptide mimotope that elicits the proliferation,
cytokine secretion, differentiation, and cytotoxicity of a diabe-
togenic H-2Kd-restricted CD81 T cell specificity (NY8.3) that
uses a T cell receptor a (TCRa) rearrangement frequently
expressed by CD81 T cells propagated from the earliest insulitic
lesions of NOD mice (Va17-Ja42 elements, often joined by the
N-region sequence M-R-DyE). Stimulation of splenic CD81 T
cells from single-chain 8.3-TCRb-transgenic NOD mice with this
mimotope leads to preferential expansion of T cells bearing an
endogenously derived TCRa chain identical to the one used by
their islet-associated CD81 T cells, which is also identical to the
8.3-TCRa sequence. Cytotoxicity assays using islet-derived
CD81 T cell clones from nontransgenic NOD mice as effectors
and peptide-pulsed H-2Kd-transfected RMA-S cells as targets
indicate that nearly half of the CD81 T cells recruited to islets in
NOD mice specifically recognize the same peptideyH-2Kd com-
plex. This work demonstrates that beta cell-reactive CD81 T cells
mount a prevalent response against a single peptideyMHC
complex and provides one peptide ligand for CD81 T cells in
autoimmune diabetes.

Development of autoimmune insulin-dependent diabetes
(IDDM) in nonobese diabetic (NOD) mice is the result of an
ill-defined CD41 and CD81 T cell-dependent process against the
pancreatic beta cells (1, 2). Although the role of T cells as
effectors of beta cell destruction in diabetes is well established,
the nature of the antigens, cells, and mechanisms that initiate
diabetogenesis in susceptible mice remains poorly understood.

Adoptive T cell transfer studies by using spleen cells from
prediabetic NOD mice have shown that transfer of diabetes into
immunodeficient NOD mice requires both CD41 and CD81 T
cells (3–6). However, splenic CD41 T cells from diabetic mice
and preactivated beta cell-specific CD41 T cell clones can home
into pancreatic islets and kill beta cells in the absence of CD81

T cells (6–9). Because beta cells do not express MHC class II
molecules (10), it has been proposed that naive autoreactive
CD41 T cells differentiate into effector cells by engaging autoan-
tigens shed from the beta cells by a prior insult, in the context of
MHC class II molecules on local antigen-presenting cells (11, 12).

Studies of b2-microglobulin-deficient (b2 m2/2) and anti-CD8
mAb-treated NOD mice (13–16), which do not develop islet
inflammation or diabetes, have suggested that the initial insult
that triggers the shedding of beta cell autoantigens is mediated by
beta cell-cytotoxic CD81 T cells, which are consistently recruited
to islets in NOD mice (17–20). Although there is evidence

suggesting that initiation of IDDM is associated with recognition
of the autoantigen glutamic acid decarboxylase (GAD65) by
CD41 T cells (21, 22), the need for CD81 T cells in this process
is supported by two additional key observations: that restoring
expression of MHC class I molecules on beta cells of b2m2/2

NOD mice restores insulitis susceptibility (23) and that spleno-
cytes from prediabetic NOD mice cannot efficiently transfer
insulitis into b2m2/2 NOD.scid mice (24).

The antigenic specificity(ies) of the CD81 T cells that are
putatively involved in the initiation and progression of IDDM,
however, is (are) unknown. Circumstantial lines of evidence
have suggested that the antigenic repertoire of these T cells is
very restricted. Most of the CD81 T cells that can be isolated
from islets of diabetic NOD mice are cytotoxic to beta cells in
the context of H-2Kd and use T cell receptor (TCR)a chains
with highly homologous complementarity determining region
(CDR)-3 sequences (20). Furthermore, the majority of the
islet-associated CD81 T cells of transgenic NOD mice express-
ing the TCRb chain of a CD81 clonotype that uses a repre-
sentative TCRa-CDR3 sequence (NY8.3) were found to ex-
press a TCRa chain sequence that was identical to the one used
by the clonotype donating the TCRb transgene (25). Strik-
ingly, DiLorenzo et al. (26) have recently shown that a signif-
icant fraction of the CD81 T cells that can be propagated from
the earliest insulitic lesions of NOD mice use TCRa chains that
are very similar, or even identical, to those used by the CD81

T cells that we had previously isolated from diabetic NOD mice
and 8.3-TCRb-transgenic NOD mice (Va17 and Ja42 ele-
ments joined by the N-region sequence M-R-DyE) (20, 25).
Studies of 8.3-TCRab-transgenic NOD mice have demon-
strated that this beta cell-reactive TCR heterodimer is in fact
highly pathogenic, even in the absence of T cells bearing
endogenous TCRs (27).

Taken together, these findings suggest that the CD81 T cells
that are recruited to islets in IDDM predominantly target a
restricted set of local peptideyH-2Kd complexes, and that the
CD81 T cell response in diabetes is not subject to determinant
spreading, a phenomenon commonly seen in CD41 T cell and
autoantibody responses in this and other autoimmune disorders
(1, 2). To test this hypothesis, we have defined the structure of a
peptide mimotope capable of eliciting the proliferation, cytokine
secretion, differentiation, and cytotoxicity of naive CD81 T cells
from 8.3-TCRab-transgenic NOD mice, and have tested the
ability of insulitic CD81 T cells from NOD mice to recognize this
peptide. We demonstrate that a large fraction of the islet-
associated CD81 T cell lines (87%) and clones (45%) recruited
to pancreatic islets specifically recognize the same peptideyH-2Kd

complex. We therefore propose that activation of the CD81 T
cells that contribute to the initiation and progression of IDDM is
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triggered by recognition of one peptideyMHC class I complex on
beta cells or islet-associated antigen-presenting cells.

MATERIALS AND METHODS
Mice, Cell Lines, and Antibodies. 8.3-NOD, recombination

activating gene-2 (RAG-2)-deficient 8.3-NOD, and 8.3-TCRb-
NOD mice, expressing the TCRab or TCRb rearrangements of
the H-2Kd-restricted beta cell-reactive CD81 T cell clone NY8.3
have been described (25, 27). NODyLt and C57BLy6 mice were
bred from stocks purchased from The Jackson Laboratory.
RMA-SKd cells were from B. Wipke and M. Bevan (University
of Washington, Seattle, WA). The KJ16 (anti-Vb8.1y8.2) hybrid-
oma was from P. Marrack (National Jewish Center, Denver, CO).
The GK1.5 (anti-CD4) and 1411–2C11 (anti-CD3) hybridomas
were from the ATCC. Anti-Lyt-2 (CD8a) (53–6.7), anti-L3T4
(IM7), anti-Vb8.1y8.2 (MR5–2), anti-H-2Kd (SF1–1.1), and anti-
H-2Db (KH95) were from PharMingen (San Diego, CA).

Peptides. The peptide libraries were prepared by using multipin
synthesis technology and fluorenylmethoxycarbonyl (Fmoc)
chemistry (Chiron). Single peptides (Table 1) were purified by
RP-HPLC to .90% purity and their sequence confirmed by ion
spray mass spectrometry (Chiron). Peptides were diluted in
RPMI medium 1640 containing 0.25% BSA.

Generation of Spleen- and Islet-Derived CD81 T Cells. Spleen
cells from 8.3-NOD mice were depleted of CD41 T cells (25),
adjusted to 104 CD81 T cellsy100 ml of complete medium (RPMI
medium 1640 containing 10% fetal bovine serum), stimulated
with irradiated NOD islets, peptide-pulsed (1 mgyml) NOD
splenocytes, or plate-bound anti-CD28 and anti-CD3 or anti-
Vb8.1y8.2 mAbs for 3–4 d, and expanded with or without
recombinant IL-2 for 7–14 d (27). CD41 T cell-depleted spleen
cells from 8.3-TCRb-NOD mice were grown by using a similar
protocol, except that they were restimulated once (with peptides)
or twice (with NOD islets). Islet-derived CD81 T cells were
generated within 2 d of diabetes onset as described (25) and used
in cytotoxicity assays or cloned by limiting dilution within 6 d (25).
Islet-derived beta cell-cytotoxic clones from 8.3-NOD mice were
used to screen the peptide libraries. Clones from NODyLt mice
were tested for peptide reactivity within 2 wk of plating. The
average cloning efficiency was 8.37 6 2%.

51Cr-Release Assays. RMA-SKd cells were incubated at 26°C
overnight, labeled with sodium [51Cr]chromate for 2 h at 26°C,
and resuspended at 105 cellsyml in RPMI-1640, 0.25% BSA.
Pancreatic islet cells were prepared from 5- to 8-wk-old NODyLt
or C57BLy6 mice, labeled with 51Cr for 2 h at 37°C, and seeded
at 104 cellsywell. 51Cr-labeled RMA-SKd cells (104ywell) were
pulsed with 60 mgyml (for libraries) or 1 mgyml (for peptides) for
1 h at 37°C and used as targets in 51Cr-release assays. Effectors
were added to each well in duplicate at different targetyeffector
ratios. Cultures of RMA-SKd cells with peptides but no T cells
were used as controls. None of the peptides were toxic to beta
cells in the absence of cytotoxic T klymphocyte (CTL). The plates

were incubated at 37°C for 8 h and the supernatants collected for
determination of 51Cr release [% lysis 5 100 3 (test cpm 2
spontaneous cpm)y(total cpm 2 spontaneous cpm)].

H-2Kd-Stabilization Assay. RMA-SKd cells that had been
cultured overnight at 26°C were seeded, in quadruplicate, at 104

cellsywell in 96-well plates, pulsed with peptides in RPMI-1640,
0.25% BSA for 1 h at 26°C, incubated at 37°C for 3 h, washed,
stained with anti-H-2Kd-FITC or anti-H-2Db-FITC, and analyzed
by flow cytometry. Data were calculated by subtracting the mean
fluorescence intensity for H-2Kd or H-2Db on nonpeptide-pulsed
cells from that on peptide-pulsed cells.

Proliferation Assays. Splenic CD81 T cells (2 3 104ywell) were
incubated, in triplicate, with irradiated NOD islet cells or peptide-
pulsed splenocytes in 96-well plates for 3 d at 37°C, pulsed with
1 mCi (1 Ci 5 37 GBq) of [3H]-thymidine during the last 18 h of
culture, and harvested (27).

Cytokine Secretion. Splenic CD81 T cells (2 3 104ywell) were
incubated with irradiated NOD islet cells (105ywell) or peptide-
pulsed (1 mgyml) splenocytes for 48 h at 37°C and the superna-
tants assayed for IL-2, IL-4, and IFN-g by using ELISA kits
(Genzyme).

Peptide-Induced Differentiation of CTL Precursors (CTLp)
into CTL. Naive splenic T cells from RAG-22/2 8.3-NOD mice
(105ywell) were incubated with peptide-pulsed (1 mgyml) spleno-
cytes, incubated for 7 d at 37°C, and tested for cytotoxicity against
islet cells or peptide-pulsed RMA-SKd cells.

Cloning and Sequencing of TCRa mRNAs. The TCRa cDNAs
of NRP- and islet-stimulated CD81 T cells from 8.3-TCRb-NOD
mice were amplified by anchor-PCR, cloned, and sequenced as
described (20). Islet-stimulated lines were analyzed after two
restimulations (at 7-d intervals). Peptide-stimulated lines were
studied after one restimulation (with peptide-pulsed NOD
splenocytes 10 d after priming).

Statistical Analyses. Data was compared by Mann–Whitney u
test, Student’s t test, or x2.

RESULTS
NRP, a Mimotope Targeted by a Diabetogenic H-2Kd-

Restricted TCR. To test the hypothesis that the CD81 T cells
putatively involved in the initiation andyor progression of IDDM
target a restricted set of autoantigenic determinants on beta cells,
it was necessary to determine the nature of peptides targeted by
representative CD81 T cells. To do this, we first attempted to
expand H-2Kd-restricted beta cell-cytotoxic CD81 T cell clones
expressing the appropriate TCRa-CDR3 sequences [i.e., with the
motif: hydrophobic amino acid-R-DyE or GyN-YyS (20)] from
islets of diabetic NOD mice. Unfortunately, all these clones
proliferated slowly, had brief life spans in vitro, and tended to lose
cytotoxic activity shortly after isolation (20). This limitation was
overcome by using islet-associated CD81 T cells from 8.3-NOD
mice as an indefinite source of clonotypic CTLp. 8.3-NOD mice
express a transgenic H-2Kd-restricted beta cell-specific TCR (27)
that uses a TCRa rearrangement that, in addition to bearing the
canonical CDR3 sequence, is very similar or even identical to
TCRa sequences rearranged by a significant fraction of the CD81

T cells isolated from the earliest insulitic lesions of NODyLt mice
(Va17-Ja42 elements often joined by the N-region sequence
M-R-DyE) [the current nomenclature for the Van1 and Ja34
elements of the 8.3-TCRa chain is Va17 and Ja42, respectively
(28)] (26).

Initial experiments with GAD65 cDNA-transfected and insulin
peptide-pulsed targets suggested that the 8.3-TCR does not
recognize any of these two primary beta cell autoantigens (un-
published results). Because repeated attempts to define the
structure of this TCR’s target antigen by cDNA expression
cloning were unsuccessful, we used positional scanning combi-
natorial peptide libraries (29) to find an agonistic ligand for this
TCR. Because H-2Kd-binding peptides are nonamers and are
usually, albeit not always, anchored on H-2Kd molecules by Y and
L at positions 2 and 9, respectively (30), we designed libraries in

Table 1. Peptide sequences

Protein Sequence

NRP KYNKANWFL
tum KYQAVTTTL
A1 AYNKANWFL
A3 KYAKANWFL
A4 KYNAANWFL
A6 KYNKAAWFL
A7 KYNKANAFL
A8 KYNKANWAL
ST KYEKSNWFL
LL KYEKSNWFM
PH KYSKEVWFV
ELS DKGSNKGFE

ST, Streptococcus thermophylus aminopeptidase C; LL, Lactobacilus
lactis aminopeptidase C; PH, Pyrococcus horikoshii hypothetical protein
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which all the peptides were nonamers and had these anchor
residues. To generate the libraries, we divided 18 amino acids (all
but C and M) into groups of one or two based on the chemical
nature of their side groups. We then made 72 libraries in which
all the peptides per library had one of two possible amino acids
at individual nonanchor positions and a random assortment of 19
amino acids (except C) at the other six positions. Each library
(9.4 3 107 peptides) was then tested (at 60 mgyml) for its ability
to sensitize 51Cr-labeled RMA-SKd cells for lysis by islet-derived
8.3-CD81 CTL clones selected for high proliferative and beta
cell-cytotoxic activity. RMA-SKd cells are H-2Kd cDNA-
transfected cells that lack the transporter associated with antigen-
processing. When incubated at 26°C, these cells transport unsta-
ble empty MHC class I molecules to the surface, where they can
bind exogenous peptides (31). Because chromium release assays
are very sensitive and lysis of targets by CD81 CTL usually
requires recognition of #100 peptideyMHC class I complexes
(32), 60 mgyml of a target peptide-containing library was ex-
pected to contain sufficient target peptide (3 3 107 molecules) to
sensitize RMA-SKd cells for 8.3-CD81 CTL-induced lysis, as-
suming that this was not a saturating concentration. In that case,
the amino acids occupying the fixed positions in libraries eliciting
CD81 CTL-induced lysis can be regarded as those occupying
these positions in the agonistic peptide.

These experiments, which were repeated up to five times,
resulted in the identification of candidate residues for six of the
seven nonanchor positions of a target peptide. Fig. 1 shows the
results of one experiment. Only one library per position was able
to reproducibly elicit the cytotoxicity of 8.3-CD81 CTL; the
residues occupying these positions in target peptide-containing
libraries are shown at the top in Fig. 1. No residues could be
defined for position 5, suggesting that the residue occupying this
position in the peptide is either C or M or does not interact with
the TCR. Screening of the libraries at lower concentrations gave
comparable results, but the differences between positive and
negative libraries were smaller. The negative chromium release
values obtained with some libraries in the experiment shown in
Fig. 1 were not reproducible and were probably caused by
consumption of spontaneously released chromium by the effector
CTL, which was an actively proliferating clone. Taken together,
these results suggested that 8.3-CD81 CTL target one or more
peptides with the following sequence: (KyR)-Y-(NyQ)-(KyR)-
X-(NyQ)-(WyI)-(FyY)-L. Using this information, we designed 12

additional libraries, two for each of the five nonanchor positions
defined by using the first library set. All the peptides in each of
these libraries had one of the two candidate residues per position
and a random assortment of 19 different amino acids at the five
remaining nonanchor positions. We then investigated which of
these libraries (at 60 mgyml) were able to sensitize RMA-SKd cells
for 8.3-CD81 CTL-induced cytotoxicity. Because of the relatively
high degree of background chromium release obtained with these
libraries in initial experiments, we repeated these assays using a
negative control (tumor-derived) H-2Kd-binding peptide [tum
(33); at 60 mgyml] as a reference. As shown in Fig. 2, only one
library per position yielded 51Cr-release values two SDs above
those induced by this negative control. The sequence of the
peptide targeted by 8.3-CD81 CTL was therefore deduced to be
K-Y-N-K-X-N-W-F-L and was designated NRP. For subsequent
experiments, position 5 was assumed to be occupied by A.

Immunological Properties of NRP. We next asked whether
NRP had the same agonistic properties as the natural NOD beta
cell autoantigen on naive 8.3-CD81 T cells. As shown in Fig. 3
(A–C Left), naive splenic CD81 T cells from 8.3-NOD mice
(8.3-CD81 CTLp) proliferated, secreted IFN-g (but very low
levels of IL-2 and no IL-4; data not shown), and differentiated
into T cells capable of killing NRP-pulsed (but not tum-pulsed)
RMA-SKd cells, in response to stimulation with irradiated NOD
islet cells. Stimulation of 8.3-CD81 CTLp with NRP-pulsed NOD
splenocytes resulted in qualitatively similar responses; as shown in
Fig. 3 A and B Right, 8.3-CD81 CTLp proliferated vigorously and
secreted high levels of IFN-g and some IL-2 in response to
NRP-pulsed NOD splenocytes. Because the amount of NRP used
in these experiments was probably much greater than the amount
of beta cell peptide displayed on islet cells, it is not surprising that
NRP was more efficient than islets at inducing the different T cell
responses. These responses were NRP-specific and 8.3-TCR-
driven because they did not occur when using tum-pulsed NOD
splenocytes as antigen-presenting cells or splenic CD81 T cells
from nontransgenic NOD mice as responders. Finally, stimula-
tion of 8.3-CD81 CTLp from RAG-22/2 8.3-NOD mice with
NRP-pulsed NOD splenocytes for 7 d in the absence of recom-
binant IL-2 resulted in their differentiation into cells capable of
killing NOD islet cells (H-2Kd) and NRP-pulsed RMA-SKd cells,
but not C57BLy6 islet cells (H-2Kb) or tum-pulsed RMA-SKd

cells (Fig. 3C Center and Right, respectively). A similar pattern of
cytotoxicity was obtained when the effectors were 8.3-CD81 CTL

FIG. 1. Screening of the first-generation peptide libraries. 51Cr-labeled RMA-SKd cells were incubated with 60 mgyml of each of the 72
first-generation libraries at 26°C for 1 h and then challenged with 8.3-CD81 CTL clones at a 1:10 targetyeffector ratio for 8 h at 37°C. The amino
acidsyposition that consistently elicited 8.3-CTL-induced lysis of peptide-pulsed targets are shown at the top.
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grown on NOD islet cells in the presence of IL-2 (Fig. 3C Left).
Thus, like the natural NOD islet cell antigen, NRP is a powerful
agonist of the 8.3-TCR.

TCRa Repertoire of NRP-Stimulated CD81 Splenocytes from
8.3-TCRb-NOD Mice. We next asked whether in vitro stimulation
of splenic CD81 T cells from single-chain transgenic 8.3-TCRb-
NOD mice with NRP would be able to elicit the growth of T cells
displaying the highly restricted TCRa repertoires exhibited by the
islet-associated (but not peripheral) CD81 T cells of these mice
(most express the 8.3-TCRa sequence) (25). A large fraction of
the TCRa sequences used by NRP-stimulated splenic CD81 T
cells from 8.3-TCRb-NOD mice (one restimulation) were iden-
tical to the 8.3-TCRa sequence (14y21 TCRa cDNAs). The same
was true when the splenic CD81 T cells of these mice were grown
on irradiated NOD islet cells (two restimulations; 46y60 cDNAs)

(see the supplemental data on the PNAS web site, www.pnas.org).
This dramatic skewing of the repertoire was induced by NRP or
NOD islet cell antigen, respectively, because it was not observed
in unstimulated splenic CD81 T cells from 8.3-TCRb-NOD mice
(0y21 TCRa cDNAs) (see the supplemental data). These results
therefore demonstrated that NRP elicits the growth of the same
CD81 clonotypes that are induced to proliferate, both in vitro and
in vivo, by the natural beta cell autoantigen.

Immunological Properties of Synthetic and Naturally Occur-
ring NRP Analogs. Next, we investigated which, if any, of the
nonanchor residues of NRP were essential for its immunological
properties. To do this, we generated NRP analogs carrying A
substitutions at each of the nonanchor positions, except position
5 (already an A) and studied their MHC-binding and 8.3-TCR
agonistic properties. We first compared the ability of NRP
analogs, NRP, tum, and a non-Kd-binding peptide (ELS) (Table
1) to stabilize Kd or Db molecules on RMA-SKd cells, as deter-
mined by flow cytometry. As shown in Fig. 4A Left, the mean
fluorescence intensity (mfi) values for Kd on NRP analog-, NRP-,
and tum-pulsed RMA-SKd cells were significantly greater than
those on ESP-pulsed RMA-SKd cells. These differences were
specific for Kd, because the mfi values for Db on peptide-pulsed
RMA-SKd cells were not different than baseline values (Fig. 4A
Right).

We then compared the ability of each NRP analog to elicit the
proliferation of, and cytokine secretion by, 8.3-CD81 CTLp. As
shown in Fig. 4 B–D, introduction of A substitutions at five of six
positions in NRP caused variable reductions in the peptide’s
ability to trigger the proliferation of, and IFN-g and IL-2 secre-
tion by, 8.3-CD81 CTLp: the A4 and A8 analogs induced no
responses in these assays, whereas the A1, A3, and A6 analogs
induced partial responses. Cytotoxicity assays using peptide-
pulsed RMA-SKd cells as targets and NRP-activated 8.3-CD81

CTL as effectors revealed that, with the exception of the A3, A4,
and A8 analogs, which were not recognized at all (A4 and A8) or
only partially (A3), the A1, A6, and A7 analogs were almost as
efficient as NRP at eliciting the cytotoxic activity of 8.3-CD81

CTL (Fig. 4E). It thus appears that the agonistic activity of NRP
is highly susceptible to amino acid substitutions at five of its seven
nonanchor positions. These data suggest that N at position 3, K
at position 4, and F at position 8 are major 8.3-TCR-contact
residues, and that K at position 1 and N at position 6 are
secondary 8.3-TCR contact residues. Database searches yielded
three naturally occurring NRP-homologous peptides (ST, LL,
and PH, all from bacteria, Table 1), but none of these peptides
was able to elicit 8.3-CD81 T cell activation (not shown).

NRP Reactivity of Islet-Derived CD81 T Cells from NODyLt
Mice. Once we had shown that NRP was a full agonist of the
8.3-TCR, we proceeded to test the hypothesis that the CD81 T
cell response in spontaneous diabetes in NODyLt mice is pre-
dominantly directed against one peptideyMHC class I complex.
We asked whether CD81 T cell lines propagated from islets of
eight acutely diabetic NODyLt mice (in recombinant IL-2 for #8
d, to prevent the selective expansion of individual clonotypes)
could recognize NRP. As shown in Fig. 5A, most of these lines
[seven of eight (87.5%), Fig. 5C] killed NRP-, but not tum-pulsed,
RMA-SKd cells in vitro. The NRP reactivity of these lines was not
caused by nonspecific recognition of the peptide by irrelevant
TCRs, because polyclonal CD81 and Vb8.11CD81 CTL lines
derived from NOD spleens killed neither NRP- nor tum-pulsed
targets (Fig. 5A). This observation indicated that the islet-
associated CD81 T cells of most NODyLt mice contain clono-
types capable of recognizing the NRPyKd complex. We then
generated 31 CD81 CTL clones from five CTL lines propagated
from islets of nine additional acutely diabetic NOD mice (one or
two mice per line) and tested all these clones for their ability to
kill NRP- or tum-pulsed RMA-SKd cells (limiting dilution assays
are not feasible here because the number of CD81 CTL that can
be isolated from islets of single diabetic mice is often very low).
Of the 31 clones tested (at a 1:1 targetyeffector ratio), 14 were

FIG. 3. Immunological properties of NRP. (A) Proliferation of
CTLp from 8.3-NOD and NODyLt mice in response to NOD islet-cells
(Left) or NOD splenocytes pulsed with NRP or tum (Right) (P , 0.05
for islet cell- or NRP- vs. tum-induced proliferation of 8.3-CTLp, and
NRP-induced proliferation of 8.3-CTLp vs. NODyLt T cells). (B)
Cytokine secretion by 8.3-CTLp in response to NOD islet cells or
splenocytes pulsed with 1 mgyml of NRP or tum (Center and Right)
(P , 0.009 for IFN-gyIL-2 secretion induced by NRP vs. tum). (C)
Differentiation of 8.3-CTLp from RAG-22/2 8.3-NOD mice into CTL.
The panel shows 51Cr-release assays by using NRP- or tum-pulsed
RMA-SKd cells (Left and Center) or NOD or B6 islet cells as targets,
at a 1:10 targetyeffector ratio (Right) (P , 0.05 for NRP vs. tum
reactivity or NOD vs. B6 islet cell reactivity).

FIG. 2. Screening of the second-generation peptide libraries.
RMA-SKd cells were pulsed with each of the 12-sec generation
libraries or tum and tested in cytotoxicity assays as in Fig. 1. The amino
acids that elicited 51Cr-release values .2 SD above those elicited by
tum (horizontal line) are shown at the top. NT, not tested.
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cytotoxic against NRP-pulsed, but not tum-pulsed, RMA-SKd

targets (Fig. 5B). The overall percentage of NRP-reactive clones
per line was 45% [1clonesyline: 2y4, 5y12, 1y7, 2y4, and 4y4]
(Fig. 5C). These results thus demonstrate that CD81 T cells
mount a prevalent response against one peptideyMHC class I
complex in spontaneous IDDM.

DISCUSSION

Although the precise sequence of events leading to IDDM in
humans and mice remains ill defined, a growing body of evidence
suggests that initiation of the disease requires both CD81 and
CD41 T cells (13, 16, 23, 24). Temporal studies have shown that
the CD41 T cells involved in the early stages of the disease process
recognize a few epitopes on the autoantigen GAD65 and that, as
the disease progresses, this response quickly spreads to other
epitopes of this and other beta cell autoantigens (21, 22). The
antigenic specificity and repertoire diversity of the CD81 T cells
putatively involved in the initiation and progression of IDDM,
however, are unknown. Here, we have defined a peptide mimo-

tope that is recognized by a non-GAD65ynoninsulin-reactive
highly diabetogenic H-2Kd-restricted TCR that is beta cell-
specific and uses a TCRa rearrangement frequently used by
CD81 T cells propagated from the earliest insulitic lesions of
NODyLt mice (27). Using this mimotope as target antigen in
cytotoxicity assays, we have shown that a large fraction of the
islet-associated CD81 T cells in diabetic NODyLt mice recognize
the same peptideyH-2Kd complex. These results therefore dem-
onstrate that CD81 T cells mount a prevalent response against
one peptideyH-2Kd complex in IDDM and provide a valuable
new reagent for understanding the biology of pathogenic auto-
reactive CD81 T cells in autoimmunity.

Circumstantial lines of evidence have previously suggested that
the antigenic repertoire of islet-associated CD81 T cells at the
onset of both insulitis and diabetes in NOD mice is very restricted.
We found that most of the CD81 clonotypes that we could
propagate from islets of prediabetic and acutely diabetic NODyLt
mice were cytotoxic to beta cells in the context of H-2Kd and that
these cells used TCRa chains with highly homologous CDR3
sequences (20). Although we found no evidence for restricted Vb,

FIG. 5. NRP reactivity of islet-associated CD81 T
cells from NODyLt mice. (A) NRP and tum reactivity
of islet- and spleen-derived CD81 T cell lines from
8.3-NOD andyor NODyLt mice. CD3-activated and
Vb8.1-act. are control CD81 CTLs generated by stim-
ulation of NOD splenic CD81 T cells with plate-bound
anti-CD28 and anti-CD3 or anti-Vb8.1y8.2 mAbs. The
figure shows results of cytotoxicity assays obtained
with one islet line, two splenic lines, and the average
values obtained with seven NRP-reactive and one
nonreactive islet lines (at a 1:10 targetyeffector ratio)
(P , 0.03). The tum reactivity of the 1lines was caused
by one line that displayed some cytotoxicity against
tum-pulsed targets. (B) NRP reactivity of islet-derived
CD81 T cell clones from NODyLt mice. Assays were done at a '1:1 targetyeffector ratio. A clone was defined as positive if it triggered 51Cr-release
values from NRP-pulsed targets at least 2 SD above those triggered by tum-pulsed targets. The figure shows results of assays obtained with one
clone and average values corresponding to 14 NRP-reactive clones (P , 0.004 for NRP vs. tum reactivity) and 17 non-NRP-reactive clones. (C)
Percentage of NRP-reactive CTL lines and clones from NODyLt mice (P , 0.0001 for % of NRP- vs. tum-reactive clones).

FIG. 4. Alanine-scanning mutagenesis of NRP. (A) H-2Kd-stabilization assay. RMA-SKd cells were pulsed with peptides, stained with anti-Kd

or anti-Db mAbs, and analyzed by flow cytometry (P , 0.02 for Kd-binding of all peptides vs. ESP). Data shown correspond to cells pulsed with
1 mgyml of peptide, but the different peptides displayed comparable differences in their ability to stabilize Kd molecules at lower concentrations.
(B) Proliferation of 8.3-CD81 CTLp in response to peptide-pulsed NOD splenocytes [P , 0.05 for analog peptide- (except A4 and A8) vs.
tum-induced]. (C and D) Secretion of IFN-g (C) and IL-2 (D) by 8.3-CTLp in response to peptide-pulsed NOD splenocytes [P , 0.009 for analog
peptide- (all except A4 and A8) vs. tum-induced IFN-g secretion; P , 0.009 for A1, A6 and A7 vs. tum-induced IL-2 secretion]. (E) Cytotoxicity
of NRP-differentiated 8.3-CTL against peptide-pulsed RMA-SKd cells at a 1:10 targetyeffector ratio (P , 0.05 for A1-, A3-, A6-, and A7- vs.
tum-induced).
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Va, Jb, or Ja gene usage in this study, we noticed that most of the
TCRa-CDR3 sequences used by these cells encoded the N-
region-encoded motif: hydrophobic residue-R-DyE or NyG-YyS
(20). It is noteworthy that the TCRa chains expressed by CD81

T cells derived from young prediabetic NODyLt mice preferen-
tially used the N-region-encoded MyA-R-DyE motif in the
CDR3 region (20). Importantly, DiLorenzo et al. (26) have
recently shown that a significant fraction of the CD81 T cells that
can be propagated from the earliest insulitic lesions of NODyLt
mice (at 4–6 wk of age) also use this N-region encoded motif in
the CDR3 of their TCRa chains (7 of 16 TCRa chains used the
M-R motif and 5 of these used the M-R-EyD motif). In fact, a
significant number of the clonotypes described by DiLorenzo et
al. (i.e., 4 of 16 TCRa chains) used a TCRa rearrangement that
is very similar, or even identical, to TCRa rearrangements that we
had previously cloned from CD81 T cells isolated from several
different NODyLt mice (Va17-M-R-EyD-Ja42) (19, 20). Be-
cause NRP was defined by using a clonotype expressing a
Va17-M-R-D-Ja42 TCRa rearrangement, it is tempting to spec-
ulate that these early insulitic CD81 T cells were also NRP
reactive, although this remains to be determined.

The hypothesis that NRP-reactive CD81 T cells using the
Va17-M-R-D-Ja42 TCRa rearrangement might be among those
triggering the onset of IDDM (perhaps in concert with GAD65-
or insulin-specific CD41 T cells) is consistent with three other
observations. First, transgenic NOD mice expressing an NRP-
reactive TCR that uses this TCRa rearrangement (8.3-NOD
mice) develop a dramatically accelerated form of diabetes (27).
Second, this transgenic TCR can trigger the onset of diabetes in
RAG-22/2 8.3-NOD mice, which express a monoclonal reper-
toire completely devoid of MHC class II-restricted TCR speci-
ficities (27). And third, the vast majority of the islet-associated
CD81 T cells of single-chain 8.3-TCRb-transgenic NOD mice
express endogenously derived TCRa chains with the Va17-M-
R-D-Ja42 sequence (25). Importantly, experiments reported
here have demonstrated that this dramatic skewing of the intra-
islet CD81 T cell repertoire in these 8.3-TCRb-transgenic NOD
mice is indeed induced by a single peptideyH-2Kd complex:
short-term in vitro stimulation of the peripheral CD81 T cells of
these mice (which express a heterogeneous TCRa repertoire)
with either NOD islets or NRP selectively induced the growth of
clonotypes bearing the Va17-M-R-D-Ja42 rearrangement. Be-
cause productive collaboration between CD41 T-helper cells and
CD81 CTLp does not require recognition of epitopes from the
same antigen (34), this hypothesis that NRP-reactive clonotypes
may play a critical role in disease initiation is perfectly compatible
with a primary role for GAD65 and insulin in this process (21, 22,
35): disease-initiating CD41 and CD81 T cells may very well
collaborate by targeting peptides derived from different autoan-
tigens.

Although we have evidence suggesting that NRP-reactive
CD81 T cells do not recognize peptides from at least two primary
beta cell autoantigens, GAD65 and insulin, the nature of the
autoantigen donating NRP or a related sequence remains un-
known. Peptide sequences deduced by screening combinatorial
peptide libraries have usually been remarkably close to naturally
occurring peptides (36, 37), but we cannot assume that the NRP
sequence is identical or even similar to the naturally occurring
autoantigen. Nevertheless, NRP exhibits the very same immuno-
logical properties as the natural islet cell autoantigen (prolifera-
tion, cytokine secretion, cytotoxicity, and TCRa repertoire se-
lection). In addition, single amino acid substitutions at three of
the peptide’s seven nonanchor residues completely abrogate most
of its immunological properties, suggesting that the residues
occupying these positions are the same ones occupying these
positions in the natural antigen.

In conclusion, we have shown that in NOD mice, CD81 T cells
mount a prevalent response against one peptideyMHC class I
complex on beta cells. This polarization of the beta cell autore-

active CD81 T cell response in IDDM is in striking contrast with
the TCR heterogeneity of islet-reactive CD41 T cells isolated
from NOD mice, which do not show skewed TCR usage, use
heterogeneous CDR3 sequences, and undergo determinant
spreading as the disease progresses (1, 2, 38). Availability of NRP,
the first peptide ligand for diabetogenic CD81 T cells, should
facilitate studies on the precise role and developmental biology of
these T cells in spontaneous IDDM in NOD mice.
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