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The recognition of MHC–peptide complexes by T cells is governed
by structural considerations that are determined by the sequences
of the individual components and their interaction with each other.
We have studied the function of a highly diabetogenic CD8 T cell
clone that is specific for insulin B15-23:H-2Kd. We have then related
this to modeled MHC–peptide structures. The native peptide binds
poorly to H-2Kd, because of the small glycine residue at peptide
position p9 that is incapable of productive interactions with the
hydrophobic residues of pocket F. In addition, electrostatic repul-
sions between the peptide glutamate residue at position 7 and
152D of the MHC molecule heavy chain contribute to the poor
binding. However, B chain peptide 15-23 bound to Kd shows
excellent T cell stimulation and the induction of CD8 cytotoxic T
cells. Peptide substitution has also shown that p6G is likely to be
a T cell antigen receptor interaction site. Our studies have shown
that the predictions seen in the models correlate closely with the
observed effects in functional assays and provide insight into how
this peptide, which would not be predicted to stimulate these cells
on H-2Kd binding studies alone, could activate such highly patho-
genic T cells.

The identification of autoantigens in insulin-dependent dia-
betes became a major focus once this disease was recognized

to have an autoimmune basis. A number of different autoanti-
gens including insulin, glutamic acid decarboxylase, and the
tyrosine phosphatase IA-2 had initially been suggested, based on
the finding that specific auto-Abs were present in prediabetic or
newly diabetic patients. Autoantigens have been identified for a
number of pathogenic CD4 T cells in diabetes (1–4). In addition,
the recent crystallization of the unusual MHC class II molecule
I-Ag7 in the nonobese diabetic (NOD) mouse model has given
important insights into the binding of autoantigenic peptides
recognized by CD4 T cells (5, 6).

Most recently, it has been recognized that CD8 T cells play a
vital role in the early stages of the pathogenesis of diabetes. We
have studied a CD8 T cell clone isolated from the islets of young,
prediabetic NOD mice (7) that has been shown to be highly
pathogenic in adoptive transfer. The MHC class I molecules in
the NOD mouse are common to a number of mouse strains.
However, other mice do not develop disease from the existence
of potentially autoreactive MHC class I-restricted T cells. The
autoantigen recognized by these highly pathogenic CD8 T cells
is a peptide of the insulin B chain (amino acids 15–23, identical
in human, mouse I, and II sequences), a sequence that is not in
any way unique to the NOD mouse. Interestingly, it is part of the
B9-23 sequence of the molecule that has been identified as the
antigen for pathogenic CD4 T cells in the NOD mouse (1). In
addition, it has just recently been shown to be an autoantigen for
DQ8-restricted T cells in the peripheral blood of patients with
newly diagnosed type-1 diabetes and prediabetic individuals (8).

Motifs have been established for the binding of peptides to
various murine MHC class I molecules. The motif for H-2Kd

would predict that there should be a tyrosine�phenylalanine at
position 2 and a large hydrophobic residue at position 9 (refs. 9
and 10; see updated version at www.syfpeithi.de). A search
through the preproinsulin molecule had not shown any peptide
to conform to this motif. It was therefore a surprise that the
antigenic peptide, identified by screening a cDNA library, should
be a nonamer of insulin that binds very poorly to H-2Kd. Such
poor binding would therefore make crystallization of this MHC–
peptide complex difficult. To further examine structure–
function relationships, we have made numerous amino acid
substitutions within the peptide and then examined these rela-
tionships via MHC binding, T cell clonal proliferation, and T cell
cytotoxicity, together with molecular modeling. The studies
reported in this manuscript show interesting features in the
interaction of the peptide with the MHC class I molecule H-2Kd

and presumably with the cognate T cell antigen receptor (TCR)
as well.

Materials and Methods
Insulin-Reactive CD8 T Cell Clone. This cloned T cell, derived from
the islets of young NOD mice and designated G9C8, recognizes
the peptide insulin B15-23 complex (7, 11). The clone is main-
tained in Click’s media supplemented with 5% FCS and 5
units�ml of IL-2 (EL4 supernatant) and grown at 37°C in 5%
CO2. The cells are fed with irradiated NOD islets every 2 weeks.

51Cr Release Cytotoxicity. P815 cells (1 � 106) were incubated with
0.1 �Ci 51Cr-sodium chromate in 100 �l for 2 h, washed, and
resuspended at 104 cells per 50 �l. The cells were incubated at
25°C with different peptide concentrations in round-bottomed
96-well plates for 1 h. G9C8-cloned T cells were added to the
plate in the effector target ratios of 15:1 and 5:1. The cell mixture
was incubated for a further 4 h at 37°C. One hundred microliters
of supernatant was assayed for 51Cr release in a �-counter.
Specific lysis was determined as ((cytotoxic release-minimum
release)�(maximum-minimum)) � 100.

Abbreviations: NOD, nonobese diabetic; TCR, T cell antigen receptor.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org (PDB ID code 1l6q).
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H-2Kd Binding Assay. RMAS-Kd cells were kindly provided by A.
Bothwell (Yale School of Medicine). The method used was
modified from ref. 12. RMAS cells are deficient in transporter
associated with antigen processing (TAP). MHC class I is
stabilized on the surface of these cells by peptide. The RMAS-Kd

cells were incubated at 30°C overnight. Peptide at various
concentrations was added for 1 h at 30°C, and the cells were then
incubated for a further hour at 37°C. After this, the cells were
stained on ice with FITC-conjugated SF1-1.1 mAb that stains
H-2Kd. Binding of peptide is determined by the degree of
staining with SF1-1.1 and reported as mean channel f luores-
cence, as measured by flow cytometry.

Proliferation Assays. Ten thousand cloned T cells were incubated
with 105 irradiated NOD spleen cells together with different
concentrations of peptide for 72 h. One hundred microliters of
supernatant was removed for cytokine assays, and 0.5 �Ci-
tritiated thymidine was added for a further 14-h incubation. The
plates were harvested by using a Skatron (Sterling, VA) 96-well
plate harvester, and thymidine uptake was measured in cpm,
using a Wallac (Gaithersburg, MD) �-plate counter.

IFN-� Assay. IFN-� was measured by ELISA, using mAbs and
recommended protocols (PharMingen).

Peptides. Peptides substituted with all of the amino acids at
positions 5, 6, 7, and 8 were synthesized by Chiron. Alanine-
substituted peptides at each position as well as peptides substi-
tuted with all of the amino acids at position 9 were synthesized
at the W. M. Keck Biotechnology Facility of Yale University
School of Medicine.

Modeling of H-2Kd-Insulin Peptide Complexes. Structural homology
modeling of the H-2Kd molecule with the insulin B15-23 peptide
was performed as described at an ambient pH value of 7.0 (13).
In brief, the sequences of the H-2Kd molecule with the insulin
B15-23 peptide were at first aligned to those of the human
HLA-A2–Tax peptide complex (14). This human allele with a
nonameric peptide was chosen over the slightly more homolo-
gous mouse allele H-2Kb for the following reasons. The binding
motifs for H-2Kd and HLA-A2 are very similar [p2Y�F, p9V�
L�I, vs. p2L, p9V�L�I, respectively (10)], whereas the motif for
H-2Kb is different in the number and physicochemical character
of the anchoring residues, as well as their relative position [p4Y,
p6Y�F, p9L�M�I�V for nonamers (10, 15–17)]. Modeling based
on an H-2Kb-nonamer peptide complex (Protein Data Bank ID
code 2vab) yielded a peptide orientation that could not explain
the cytotoxicity data regarding p6 and p8 (data not shown). In
addition, key residues of the MHC molecule (97R, 99F) that
determine the geometry of the backbone are identical in
HLA-A2 and H-2Kd (Table 1). Second, a modeling of the mouse
�2 microglobulin based on the structure of its human counter-
part afforded us an internal check on how well our modeling
procedure would approximate a real structure. Representations
of all or part of the H-2Kd-insulin B15-23 complex were accom-
plished on a personal computer with the Micron Separations
WEBLABVIEWER program (version 3.5). Unless otherwise stated,
all representations of single antigenic residues in particular
positions depict all heavy chain residues that have at least one
atom at a distance of �5 Å from any atom of the particular
peptide residues. The coordinates of the modeled H2-Kd-insulin
B15-23 complex have been deposited in the Protein Data Bank.

Results
Diabetogenic-Cloned CD8 T Cells Are Stimulated by Insulin B15-23.
The peptide B15-23 of insulin from human, pig, rat, or mouse has
the sequence L Y L V C G E R G and binds very weakly to H-2Kd

as shown in the RMAS-Kd assay (Fig. 1A). Despite this weak

binding, the peptide is able to stimulate proliferation of cloned
G9C8 CD8 T cells coupled with the production of IFN-� (Fig.
1B), and cytotoxicity toward targets expressing H-2Kd (Fig. 1C).
Our original experiments using overlapping peptides had shown
that peptide pools containing the 9-mer B15-23 stimulated the
cloned T cells to a greater extent than the 10-mer B15–24
(LYLVCGERGF) (11). In confirmation that the 9-mer rather
than the 10-mer is the cognate peptide for the T cell clone,
proliferation assays showed that the cells proliferated and pro-
duced 10-fold less IFN-� in response to the 10-mer, and only at
a high concentration of peptide (5 �g�ml), compared with the
9-mer (data not shown). The cytotoxic response was also lower,
and 25 times more peptide was required to produce the same
response as shown in Fig. 1C. Longer peptides can be cleaved by
carboxypeptideases to shorter ones, but to our knowledge, no
one has ever observed the reverse reaction.

Single alanine substitution at each position (p) in the wild-type
peptide results in loss of T cell recognition for peptides substi-
tuted at p1, p2, p3, p4, p6, and very weak stimulation at p8 (Fig.
1D). There is nearly equivalent recognition for alanine substi-
tutions at p5, p7, and p9 (see below).

Modeling of H-2Kd-Insulin B15-23 and Its Amino Acid-Substituted
Variants. The modeled structure of H-2Kd in complex with the
insulin B15-23 peptide, based on the crystal structure of HLA-
A2–Tax peptide, is very similar to the crystal structures of other
mouse and human MHC class I molecules with bound peptides
(14–18). The mouse �2 microglobulin structure, as modeled
from its human counterpart, used as a criterion for the accuracy
of the modeling process, exhibited very similar structure to its
published crystal structure, in all respects. The rms values of the
deviation in position for the �-carbons, the backbone atoms, and
the heavy atoms are 1.33, 1.38, and 2.13 Å, respectively, indi-
cating the accuracy of the structural determination by modeling.

Our modeling indicates that the insulin peptide fits well into
the groove with the p2Y providing the primary anchor, and the
p9G the secondary anchor, mainly through its free carboxylate
end (Fig. 2A, Table 1). The peptide appears to have as TCR
contact residues p1L (partial), p3L, p4V, p5C, p6G, and p8R
(Fig. 2 A). We note that p7E points into the groove and is not at
all accessible for TCR contact. However, the assignment of the
role of each residue in TCR recognition is provided by the
combination of functional and structural studies as described
later in this article.

The many MHC class I structures indicate depressions and
‘‘bumps’’ in the antigen-binding groove, yielding a fair idea of

Table 1. Variations of key residues around pocket B in three
different MHC I heavy chains

Position H-2Kb HLA-A2 H-2Kd

7 Y Y Y
9 V F V
24 E A A
26 G G G
36 F F F
45 Y M F
59 Y Y Y
62 R G E
63 E E Q
64 T T T
67 A V A
74 F H F
97 V R R
99 S Y F

Data derived from ref. 31.
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which positions might also constitute secondary anchors (Fig. 2
A and B). The orientation of several heavy chain residues near
the amino terminus of the peptide allow for anchoring of the
charged amino-terminal group into pocket A, and for favorable
interactions of many polar residues with it (Fig. 2 A). In addition,
several hydrophobic residues make a large pocket B where an
aromatic residue (Y, F) fits well. Furthermore, there are four
depressions as viewed from above, in the manner that a T cell
receptor would approach the H-2Kd-insulin B15-23 complex.
The first one is at p3 [pocket D in the nomenclature of Fremont
et al. (15)], the second between p5 and p6 (pocket C), the third
around p7 (pocket E), and the fourth around p9 (pocket F).
Depending on the peptide, the orientation of certain residues at
specific positions may vary (14). Here p3L fits into pocket C, and
p7E into pocket E, whereas p9G barely enters the spacious
pocket F (Fig. 4, which is published as supporting information on
the PNAS web site, www.pnas.org). The listing of peptides that
are documented to bind to H-2Kd contains several different
residues at p3-p7, with very few aromatics (10). Indeed, only
pocket E is large enough to accommodate such residues (see
below). The backbone of the insulin peptide, as viewed from the
level of the �-sheet floor, curves upward, because of the 97R-99F
combination that is right in the middle of this f loor, as well as the
74F�116F pair that points into the groove at the level of the
p7�p8 backbone residue (Fig. 4). This is a general finding in
many MHC class I alleles, including HLA-A2 and �Aw68, which
have bulky and inflexible residues (R�F�Y) at these positions
(14, 18–20). H-2Kb has the smaller valine and serine residues at
positions 97 and 99, respectively, but maintains F�Y at 74 and
116, thus this rise in the backbone is not as steep (15–17). The
peptide backbone curves into pocket F (p9), as is typical of all
peptides bound to MHC class I molecules (Fig. 4). Consequently,
the TCR contact residues at the carboxyl-terminal part of the
peptide are p6G and p8R, situated at the same level above the
�-sheet floor and next to each other (Fig. 4). This arrangement
shapes the selection of cognate TCRs, as no substitutions are
tolerated at these two positions, as shown by cytotoxicity assays
(Fig. 1D and below).

Anchor Residues at p2 and p9. The fitting of the p2Y residue in
pocket B is particularly tight (Fig. 2B). A close inspection of this
arrangement indicates that two key substitutions from the
HLA-A2 sequence permit an aromatic residue at this pocket: 9F
3V and 67V3A. The residues at these positions make contact
with the p2Y of the peptide, so that the presence of a smaller V
and A makes room for the aromatic residue in pocket B. This
space, however, is not sufficient to accommodate a W, which has
not been observed at this position, either in H-2Kd epitope or in
antigenic peptide extraction and sequencing studies (10). The
proximal aromatic residues 7Y, 36F, 45F, 59Y, and 99F interact
with p2Y�F via aromatic–aromatic interactions (21).

Anchoring at p9 is enhanced by the formation of hydrogen
bonds by residues 143T and 146K with the carboxylate end of the
peptide (Fig. 2 A). In our model, residues 80T and 84Y are not
close enough to form hydrogen bonds to this carboxylate end but
might do so by means of interposed water molecules, as in the
case of HLA-A2–influenza virus matrix peptide with 80T (14).
In addition, the wild-type p9G is too small to fill the p9 pocket.
It is thus no surprise that the binding of the wild-type insulin B
chain peptide 15-23 to H-2Kd is very weak (Fig. 1 A). By contrast,
peptide variants with p9A�V�L�I show much better binding
(Fig. 3A, and data not shown), and the modeled structures reveal
substantial van der Waals interactions of the p9 side chain with
residues lining the p9 pocket (Fig. 5 A and B, which is published
as supporting information on the PNAS web site, and data not
shown). The binding by several variants at p9 does not lead to any
displacement of the peptide backbone of the H-2Kd molecule
(data not shown), and therefore, the TCR recognition of the new
complexes is equal to or greater than that of the wild-type
peptide (Fig. 4). The variant with p9Y does not show significant
binding (Fig. 3A), as this residue does not fit well into the p9
pocket (data not shown). However, even this weak binding is in
the correct orientation for the cognate T cell to recognize the
complex and effect an equivalent cytotoxic reaction toward
H-2Kd target cells bearing this peptide variant (Fig. 3B).

We have also tested and modeled the binding and T cell
proliferation of residue substitutions at p5-p8 (see supporting
text and Figs. 6 and 7, which are published on the PNAS web

Fig. 1. H-2Kd binding of peptide is less sensitive than cytotoxicity or induction of IFN-� secretion. (A) H-2Kd binding assay. Stabilization of H-2Kd by increasing
concentrations of peptide is shown by the mean channel fluorescence of binding with anti-H-2Kd Ab SF1-1.1 on RMAS-Kd cells. The figure shows the mean staining
by using anti-H-2Kd mAb in the presence of different concentrations of the insulin B chain peptide 15-23. The figure shows very poor binding as staining increases
very little over background levels in the absence of peptide shown by the horizontal line. The scale has been chosen because it covers the range of the scale used
for peptides that bind well. (B) Proliferation and IFN-� production by the CD8 T cell clone G9C8 with increasing concentrations of peptide B15-23. The background
level of proliferation on this occasion was 1,927 cpm and for IFN-� production was 0.1 units�ml. (C) 51Cr release cytotoxicity assay showing lysis of P815 targets
by the CD8 T cell clone G9C8, with increasing concentrations of peptide B15-23 (closed circles) and peptide B15-24(open circles). (D) 51Cr release cytotoxicity assay
using peptides substituted at each position by alanine. Nomenclature used indicates the amino acid in the wild-type B15-23 peptide followed by the position
of the amino acid, followed by the substituted amino acid, in this case, alanine (A). Wild-type peptide (closed circles), C5A (open squares), E7A (open triangles),
and G9A (open circles) stimulate cytotoxicity. Substitutions L1A (*), Y2A (open diamond), L3A (©), V4A (X), G6A (�), and R8A (closed squares) abolish cytotoxicity.
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site). Those at p5 can have a profound effect on the ability of the
CD8 T cell clone to recognize insulin B15-23, whereas those at
p7 show only small effects. By contrast, not even conservative
substitutions are tolerated at p6 and p8.

Discussion
Relatively little is known of the autoantigens that CD8� T cells
respond to in type 1 diabetes. In humans, cytotoxic CD8� T cells
responsive to glutamic acid decarboxylase have been studied (22,
23). The insulin B15-23 peptide is the first epitope identified for
an MHC class I allele in type 1 diabetes in which the source of
the peptide is mainly in pancreatic � cells, and the cognate
G9C8-cloned T cells reactive to the peptide have been shown to
be highly pathogenic when transferred into NOD mice. Our
previous studies have shown that CD8 T cells recognizing this
peptide are present in the very early phases of insulitis, long
before clinical diabetes becomes manifest (11). It is therefore
important to understand the structure–function relationships of
the participating molecules in the context of the disease. Inter-
estingly, the B15-23 peptide binds very poorly to the MHC
molecule in question, H-2Kd, and relatively high concentrations
of peptide (0.1–1 �g�ml) are required to induce the cells to
become cytolytic or to proliferate. Although both the B15-23
nonamer and the B15-24 decamer were able to induce cytotox-
icity, it was unlikely that the decamer was the cognate peptide for
the clone, because the stimulation occurred at 100-fold lower
concentration with the nonamer in both cytotoxicity and pro-
duction of IFN-�. It is possible that the decamer stimulates less
well because the nonamer binds in register and the presence of
the F residue in the decamer interferes with TCR recognition.
Indeed, such peptides that extend by one or more residues out
of the carboxyl-terminal pocket of an MHC class I molecule have
been identified by pool sequencing and x-ray crystallography (10,
24, 25). However, the universal mode of TCR binding to MHC
I–peptide complexes would be considerably disturbed by the

Fig. 2. The modeled structure of H-2Kd binding the insulin B chain peptide
15-23. (A) View of the modeled structure of the �1�2 region of the H-2Kd

molecule in complex with the murine insulin B15-23 peptide, as seen from
above (TCR view). Several ways of depiction are shown simultaneously to
appreciate how the peptide fits into the groove. The antigenic peptide is
in space-filling form with its carbon atoms shown in green, nitrogen in
blue, oxygen in red, hydrogen in white, and sulfur in orange. The �1�2
domain of the molecule is depicted according to its secondary structure in
different regions: �-helix in red, �-pleated sheet in turquoise, and random
coil in gray. The solvent-accessible surface of the �1�2 domain is shown in
gray with colorings according to the electrostatic surface potential (blue
for positive, red for negative, and intermediate hues for neutral). Depres-
sions in the surface within the antigen-binding groove (not shown) are
potential pockets. The surface of the heavy chain is made transparent so
that peptide residue p2Y, which is buried in pocket B (see also Fig. 4), as well
as the heavy chain residues making contact with the insulin peptide can be
seen, albeit in a lighter color. These residues are shown with their carbon
atoms in orange. (B) View of pocket B (position p2) containing the insulin
B16Y residue and surrounding heavy chain amino acids, in the complex of
H-2Kd and insulin B15-23, as seen from above (TCR view). The p2Y residue,
nearly completely buried in this pocket, is in space-filling form, whereas the
residues forming the p2 pocket are in stick form with van der Waals surface
representation. Unlike HLA-A2, pocket B in H-2Kd can accommodate an
aromatic residue because of F9V and V67A mutations. In both cases, the
smaller residues are found in H-2Kd, hence the specific difference in the p2
motif. The several aromatic residues from the heavy chain are favorably
situated to interact with p2Y�F. Color, surface electrostatic, and transpar-
ency conventions are as in A.

Fig. 3. Binding to H-2Kd as determined by surface stabilization of H-2Kd in
RMAS-Kd cells, compared with 51Cr release cytotoxicity assays. (A) H-2Kd

binding assay for native peptide and mutants at position 9. Stabilization of
H-2Kd by increasing concentrations of peptide is shown by the mean channel
fluorescence of binding with anti-Kd Ab SF1-1.1. The wild-type peptide con-
taining glycine at position 9 (G9G), shown as closed circles, binds very poorly
to the MHC, and increasing concentrations of peptide do not increase the
staining with the Ab. A similar result is found with the substitution using
tyrosine (G9Y), shown as open triangles. By contrast, substitution of the
glycine by valine (G9V), shown as open circles, improves the binding to the
H-2Kd molecule. (B) 51Cr release cytotoxicity assay for same mutants as in A,
showing that the mutants that bind better to the H-2Kd molecule also stim-
ulate improved cytotoxicity by the G9C8 T cell clone, the best binding found
with G9V (open circles) also stimulating cytotoxicity at a lower concentration
of peptide. However, even the poorly binding wild-type peptide (closed
circles) or the tyrosine-substituted peptide, G9Y (open triangles), will still
stimulate cytotoxicity at levels as low as 0.01 �g�ml.
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presence, at the carboxyl terminus of the insulin peptide, of the
bulky and inflexible phenylalanine residue protruding out of
the p9 pocket. This amino acid protrusion would certainly cause
rearrangement of nearby H-2Kd heavy chain residues and per-
haps instability of the complex, as observed in the HLA-A2–
calreticulin decamer peptide complex [added p10Gly (24)]; thus,
such a complex would most probably not be recognized by the
cognate TCR. Alternatively, the decamer preparations could
have smaller amounts of the nonamer as a breakdown product,
and this minute amount is in fact stimulating to the T cell clone.
Last, but much less likely, both the nonamer and the decamer
could stimulate recognition by the TCR if both p9G and p10F
are able to act as anchor residues to the MHC, but it would be
difficult to explain our peptide substitution data if this were the
case. The two peptide–MHC I complexes herein would have
distinctly different TCR recognition surfaces, making their
nearly equivalent recognition by a single TCR species highly
unlikely.

Homology modeling is a well tested method of approximating
the three-dimensional structure of proteins, as shown in a
number of retrospective studies (26, 27). In essence, the base and
the modeled protein must share at least a 40% identity in amino
acid residues and a similarity of biochemical function. In the case
at hand, we have deliberately chosen a human MHC class I
protein (HLA-A2) that shares considerable identity (74.2% in
the antigen binding �1�2 domain) with the modeled protein,
H-2Kd. In addition, the murine protein has a nearly identical
peptide-binding motif and peptide length and backbone orien-
tation as its human counterpart, HLA-A2, because identical or
very similar residues in the �-sheet floor and the two �-helices
determine the shape and selectivity of the antigenic peptide (14,
18–20). Of all of the different MHC class I proteins whose crystal
structure has been determined, HLA-A2 is the only one that has
such a close similarity to H-2Kd in the peptide binding motif and
consequent identity in the residues lining the antigen-binding
groove (Table 1 and ref. 28). Further discussion is found in the
supporting text.

The structural modeling performed of the 34 different
variants at p5, p6, p7, p8, and p9 (data shown in supporting
text) provides us with a very good framework from which to
explain the binding data obtained with nearly all of these
variants. The residues on the two �-helices and the �-sheet
f loor are so versatile that they can reorient themselves to
accommodate most substitutions. However, T cell recognition
is quite sensitive to most substitutions including a number that
is conservative or semiconservative. For example, no replace-
ment of p6G is tolerated by the cognate TCR, whereas several
residues (Q, S, V, I, L, and A) can replace the glycine at the
p9 (pocket F) anchor. At p7 all variants bind to H-2Kd better
than the wild-type peptide, yet no cytotoxic effect is evident
for several of these, apparently because of the widely accom-
modating pocket E on the one hand and the retention of a
similar conformation of the resultant H-2Kd–peptide com-
plexes only in the few variants that stimulate cytotoxicity. The
latter include conservative D and nonconservative Q, M, G,
and A and can substitute for p7E that points downwards into
the groove (pocket E). These substitutions can induce cyto-
toxicity at lower peptide doses than that of the wild-type
peptide. The conformation of the region around residues
p6–p8 is crucial, as not even conservative substitutions are
tolerated at p6 or p8.

The poor binding of the peptide to the MHC has important
consequences for the selection and peripheral activation of T
cells responsive to this peptide. In both humans and mice, it has
been shown that there are cells that express autoantigens in the
thymus (29–33), although it is likely that the levels of insulin
there will be low. It is possible that the poor binding may not
allow expression of sufficient H-2Kd–insulin B chain 15-23

peptide complexes to drive negative selection, allowing escape
of these potentially autoreactive T cells, and thus predisposing
to autoimmunity. However, in the endocrine pancreas, much
higher levels of insulin B15-23 peptide would presumably be
available to stimulate these autoreactive T cells. A transgenic
mouse that expressed proinsulin in the thymus was shown to
develop tolerance and did not develop diabetes (34). Although
CD4 T cells reactive to proinsulin were suggested to be
affected in this model, it is equally possible that proinsulin-
reactive CD8 T cells may also have been deleted. Although not
shown in the NOD mouse, in humans, IDDM2 is the second
gene locus found to have major effects on susceptibility to
disease and is located in the insulin gene (INS) Variable
Number of Tandem Repeats (VNTR) regulatory region (35,
36). There are polymorphisms at this locus and, in Caucasoid
populations, class I INS VNTR alleles encoding shorter repeat
sequences predispose to diabetes. In these individuals, lower
levels of INS mRNA and protein are expressed in the thymus
and higher levels are found in the pancreas. In contrast,
individuals with class III INS VNTR alleles encoding many
more repeat sequences, and who have higher levels of INS
mRNA and protein in the thymus and lower levels in the
pancreas, are dominantly protected (29, 33). It was suggested
that the higher levels of INS mRNA may indicate greater levels
of expression and enhance tolerance to preproinsulin in the
thymus (29, 33). Our finding suggests that thymocytes recog-
nizing a poorly binding peptide may escape from negative
selection and cause disease. This escape from the thymus could
indicate that they can be activated peripherally in individuals
who develop diabetes.

In the NOD mouse, there is evidence that CD8 T cells are
involved both in the initiation (37–40) as well as in the final
effector phases of disease (41). Less is known about the early
stages of the human disease. The association of disease with the
MHC class I alleles is less striking than that with MHC class II
alleles in humans. However, there is evidence that the MHC class
I region is important in determining susceptibility to disease, and
that this is not simply because of the linkage disequilibrium with
MHC class II molecules (42, 43). In studies where patients with
newly diagnosed diabetes have undergone pancreatic biopsy or
in postmortem when patients have died within a year after onset
of disease, CD8 T cells were seen to be predominant in islets
(44–46). The early attempts at hemipancreatic isografting with-
out immunosuppression between identical twins, in which the
diabetic twin was transplanted with one half of a pancreas from
the nondiabetic identical twin, showed that disease recurrence
was very rapid, and that within 6 weeks, abundant CD8 T cells
were present in the transplanted pancreas in 3 of 4 cases (47).
Hence, CD8 T cells and their interaction with MHC class I
molecule–peptide complexes are likely to play an important role
in the human disease. Recent studies in the NOD mouse have
indicated that it is of great importance to take into account CD8
T cell priming in the use of oral or nasal immunotherapy (48) and
failure to do this may lead to unexpected effects. It is clear that
further study of this important interaction will be crucial to
development of future preventive immunotherapy for diabetes.
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