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ABSTRACT Susceptibility to type I diabetes is linked to
class II MHC alleles in both mouse and man. However, the
molecular mechanisms by which MHC molecules mediate dis-
ease susceptibility are unknown. To analyze how I-A alleles
predispose to, or prevent, the development of type I diabetes, we
have chosen, as the first step, to investigate the immune response
to an important islet cell protein in diabetes-susceptible and
diabetes-resistant mice. MHC class II alleles conferring suscep-
tibility and resistance to diabetes select completely different sets
of immunogenic epitopes from the [ islet cell autoantigen
glutamic acid decarboxylase 65. Peptide-binding studies, analy-
sis of MHC restriction, and immunization with these peptide
epitopes indicate that the two amino acid substitutions within the
I-Ag chain that distinguish a diabetes-susceptibility from a
diabetes-resistance allele are sufficient to alter peptide binding
and MHC restriction and may also influence antigen presenta-
tion and the selection of the T cell repertoire. The data indicate
that the molecular mechanisms for class II-mediated selection of
immunodominant epitopes are complex and differ for each
individual peptide epitope. Further study of the functional char-
acteristics of the response to these epitopes should provide
insight into mechanisms of MHC-mediated diabetes
susceptibility.

Type I diabetes and several other autoimmune diseases, including
rheumatoid arthritis, show strong association and linkage with
very specific sequence polymorphisms in MHC class II molecules
(1). These polymorphisms are found in several different, suscep-
tible MHC alleles in humans and animals. In nonobese diabetic
(NOD) mice, the MHC class II region encodes a unique I-A
molecule (I-A#7) and a nonexpressed I-E molecule (2, 3). The
I—A%7 allele in NOD mice encodes serine instead of aspartic acid
at position 57. Transgenic introduction of a resistant I-Ag chain,
or a mutated I-A&’ B chain, converts the susceptible into a
resistant phenotype. Several groups have produced NOD mice
that are transgenic for a “nonsusceptible” (aspartic acid at
position 57) MHC class II I-A allele. These I-A transgenic (Tg)
mice on the NOD background exhibit markedly decreased levels
of insulitis and diabetes (4-6). More specifically, Lund and
co-workers (7) have shown that transgenic NOD mice carrying an
[-A¢7 allele mutated at position 56 (His to Pro) or 57 (Ser to Asp)
are partially or completely protected from both diabetes and
insulitis. These results show that I-Ag position 57 is the major
MHC:-linked genetic polymorphism determining susceptibility or
resistance to type I diabetes.

Although associations and linkage of MHC class I and II
genotype with disease susceptibility have been shown in several
autoimmune diseases, the mechanisms of susceptibility are not
understood. Two T cell receptor (TCR) transgenic models re-
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cently have been used to investigate the molecular basis for
resistance to type I diabetes. One (8) found that protective MHC
class II molecules provide resistance via thymic deletion of
diabetogenic T cells. The second study (9) found that resistant
class II alleles cause positive selection of regulatory T cells. Both
results may be correct, but only for their respective TCRs.

A third study (10) found that one diabetogenic TCR (see ref.
9) was positively selected by diabetes-susceptible (I-A#”) as well as
diabetes-resistant (I-A$7FP) class II alleles, and neither allele
negatively selected this TCR in the periphery. Again, these results
apply only to this TCR.

In any event, these studies investigate protection from diabetes
induced by a single transgenic TCR, but do not address how
susceptible class II alleles mediate susceptibility. To understand
susceptibility, it may be necessary to characterize completely the
autoimmune response in type I diabetes. This will require iden-
tifying the critical target autoantigens for type I diabetes, their
peptide epitopes, and the functional characteristics [e.g., T helper
1 (Thl) vs. Th2] of responding T cells. Do susceptible and
resistant alleles select functionally different T cell repertoires
specific for autoantigen epitopes? What are the effects of sus-
ceptible and resistant alleles on antigen processing/presentation,
interaction with CLIP and H-2M molecules, and on proteolytic
processing pathways?

To initiate this approach, we designed alternative experiments
to investigate the molecular mechanisms of MHC-linked disease
susceptibility and protection. NOD wild-type and NOD.PD Tg
mice were used as animal models for type I diabetes-susceptible
and diabetes-resistant MHC genotypes, respectively. NOD.PD
Tg mice express a site-specific mutant I-A’é7 allele in which amino
acids 56 and 57 have been mutated from histidine and serine to
proline and aspartic acid (11). The only difference between
wild-type NOD mice and NOD.PD mice is at positions 56 and 57
of the transgenic MHC class II I-Ag chain. NOD.PD Tg mice
have been fully backcrossed to NOD mice, and these mice do not
develop diabetes.

The first step in this experimental approach is to characterize
the immunogenic T cell epitopes of islet cell autoantigens in
diabetes-susceptible and diabetes-resistant strains. The islet cell
autoantigen chosen in this study is glutamic acid decarboxylase 65
(GADG65), which has been shown to play an important role in the
pathogenesis of type I diabetes in humans and in NOD mice
(12-15). After identification of the immunogenic epitopes of
GADG65, possible mechanisms for control of MHC-linked sus-
ceptibility/resistance to diabetes were analyzed by studying MHC
restriction, peptide-binding affinity, cytokine response profiles,

Abbreviations: GAD65, glutamic acid decarboxylase 65; TCR, T cell
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and T cell responses to immunization with peptides identified in
susceptible and resistant mice.

The results show that 1-A#” molecules select a completely
different set of immunogenic epitopes of GADG65 for presenta-
tion to CD4 T cells from those identified by the diabetes-resistant
I-A27PD molecules. The two amino acid substitutions within the
I-Ag chain that distinguish NOD wild-type mice from NOD.PD
Tg mice are sufficient to influence dramatically MHC restriction,
peptide binding, selection of the T cell repertoire and/or antigen-
presentation pathways. Previous studies suggested that protective
class II alleles mediated their effects either by positive selection
of regulatory T cells (9) or by thymic deletion of autoreactive T
cells (8). The data in the present study are compatible with these
previous results and provide libraries of peptide epitopes and
peptide-specific T cell hybridomas, which can be used to further
analyze mechanisms of MHC-mediated susceptibility to type I
diabetes.

MATERIALS AND METHODS

Generation and Screening of NOD.PD Tg Mice. The construc-
tion of the NOD.PD transgene and characterization of the
resulting Tg mouse lines have been described in detail elsewhere
(11). All Tg mice in this study were heterozygous for the NOD.PD
transgene. Outcrosses to BALB/c indicate that I-Ag7PP s ex-
pressed at a level 100-150% that of I-A#7.

To identify mice carrying the NOD.PD transgene, three oli-
gonucleotide primers spanning the mutated region were designed
to screen mice in two separate PCRs. Primer EC-PD4 (5'-
CACCAGTTCAAGGGCGAG-3"), which annealed upstream
of the mutated site, served as the 5" primer. Two 3’ primers were
created. Primer EC-PD5 (5'-TTGTAGTACTCGGCGTCC-3")
includes a 4-bp sequence discrepancy at the 3" end that anneals
only to the PD transgene but not to the g7 allele, when the proper
annealing temperature is used. Only DNA from NOD.PD Tg
mice will generate a 161-bp DNA product with primers EC-PD4
and EC-PDS5 (annealing temperature 56°C). Primer EC-PD6
(5'-CCGCAGGGAGGTGGGGAC-3") anneals downstream
from EC-PD5. PCRs using EC-PD4 and EC-PD6 (annealing
temperature 58°C) will yield a 255-bp PCR product in both Tg
and non-Tg mice. The sequence difference between the PD
transgene and I-Ag7 creates an Eagl site in the PD transgene.
Digestion of the 255-bp product from the PD transgene by Eagl
yields 139- and 116-bp fragments, whereas the 255-bp product
from the g7 template remains undigested.

Generation of GADG65-Specific T Cell Hybridomas. Nine-
week-old female NOD (The Jackson Laboratory) and NOD.PD
Tg mice were immunized in the hind footpads and at the base of
the tail with 50 ug of GADG6S protein in incomplete Freund’s
adjuvant (IFA). Ten days later, cells were isolated from popliteal
and inguinal lymph nodes, resuspended at 5 X 10° cells per ml in
RPMI complete medium containing 1% NOD mouse serum, and
restimulated in vitro with 10 ug/ml GADG65. Four days later, the
cells were purified by Lympholyte-M (Cedarland Laboratories,
Ontario, Canada) separation and cultured with 10 units/ml rIL-2
overnight. The GADG65-activated T cells were fused with the BW
5147 cell line by using 50% polyethylene glycol (Sigma). A
detailed protocol for generation of T cell hybridomas has been
described elsewhere (16).

Epitope Screening Using a Europium-Based IL-2 Sandwich
ELISA. The epitope mapping of GAD65 involved three consec-
utive steps (16). T cell hybridomas initially were screened with
GADG65 whole protein. The hybridomas that responded to
GADG65 subsequently were screened with 10 pools (10-12 pep-
tides in each pool) of 15-mer peptides overlapping by 10 aa,
spanning the entire 585-aa sequence to identify the peptide(s)
encoding GADG65 epitopes. The epitope specificity of pool-
positive hybridomas was decoded by using individual peptides
from the regional pools.

A culture condition for screening GADG65-specific T cell hy-
bridomas has been described elsewhere (16). The ability of the

Proc. Natl. Acad. Sci. USA 96 (1999)

hybridomas to respond to antigen (peptide or protein) was
assessed by IL-2 production, as detected by sandwich ELISA.

Competitive Inhibition Peptidle-MHC Binding Assay. The
peptide-MHC-binding assay used in this study was modified from
the protocol originally developed by Nepom and coworkers (17).
M12.C3.g7 and M12.C3.¢7.PD B cell transfectants express exclu-
sively I-A&7 and I-A¢”FP molecules, respectively. These two cell
lines had been subcloned and sorted by fluorescent cell sorter to
obtain the same levels of surface expression of I-A&” and I-Ag7-PD
molecules. M12.C3.g7 and M12.C3.PD transfectants were fixed
with 0.5% paraformaldehyde. The cells then were washed and the
cell pellets were resuspended in 200 wl of citrate phosphate
binding buffer, pH 4.5. Various concentrations of unlabeled
inhibitory peptides then were added to the cell suspensions. After
4 hr of incubation at 37°C, a biotinylated reference peptide was
added and the mixture was incubated for 18-24 hr at 37°C. The
biotinylated peptides used as reference peptides were known to
bind well to their target MHC molecules (18). The reference
peptide for binding to M12.C3.g7 (I-A%7) transfectants was A
repressor 12-24 peptide. The reference peptide for binding to
M12.C3.¢7.PD (I-A#¢7FD) transfectants was ovalbumin 323-339
peptide. After incubation overnight, the cells were washed with
Hanks’ balanced salt solution and lysed with 100 ul of 1%
Nonidet P-40 with protease inhibitors. The cell lysates were
transferred to ELISA plates precoated with I-Ag7-specific mAb
(OX-6) (PharMingen) and incubated overnight at 4°C. After
washing, europium-labeled streptavidin was added at 100 ul per
well and incubated for 1 hr at room temperature. The level of
fluorescence was measured with an LKB-Wallac fluorescence
plate reader (Wallac, Gaithersburg, MD).

Measurement of Antigen-Specific Cytokine Expression by
ELISA. Wild-type NOD and NOD.PD mice were immunized
with 50 ug of GADG65 protein in IFA in the hind footpads and the
base of the tail. Ten days later, draining lymph node cells were
isolated and stimulated in vitro with 20 pug/ml GADG65, a “g7” or
“PD” peptide pool, or individual “g7” or “PD” peptides (20
uM/peptide) for 72 hr. Culture supernatants were harvested, and
cytokine (IFN-y and IL-4) production was determined by immu-
noassay by using purified capture and biotinylated detection
monoclonal pairs (PharMingen).

RESULTS

Mapping of Immunogenic T Cell Epitopes of GAD6S in NOD
Wild-Type Mice and Characterization of the Core Sequences of
These Epitopes. Nine-week-old NOD mice were immunized with
GADG6S protein in IFA to generate T cell hybridomas for epitope
mapping. The immunogenic epitopes of GAD65 identified in
NOD mice and the frequency of GADG65 peptide-specific T cell
hybridomas are shown in Table 1. Five immunogenic epitopes
(p206-220, p221-235, p286-300, p401-415, and p561-575) were
identified. p206-220, p221-235, and p286-300 are the three most
frequent epitopes among the five identified. Forty percent of
GADG65-specific T cell hybridomas recognize p206-220, and 39%
respond to p221-235. Unimmunized NOD mice 9 weeks of age
also were used to perform epitope mapping. In 780 screened T
cell hybridomas, two and one of the hybridomas were specific for
p286-300 and p206-220, respectively. None of the epitopes
identified in this study overlap with the three GAD65 epitopes

Table 1. Immunogenic T cell epitopes of GADG6S identified in
NOD mice

Peptide No. of T cell hybridomas % (n = 74)
206-220 30 41
221-235 29 39
286-300 7 9
401-415 3 4
561-575 5 7
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(p247, p509, and p524) previously described by Kaufman et
al. (13).

Fine mapping of peptide epitopes identified in NOD mice was
performed by using variant peptides that were truncated gradu-
ally from the N and C termini of the epitopes. Three p206-220-
specific and three p286—300-specific T cell hybridomas were used
for characterizing the core sequences of their respective peptide
epitopes. Five p221-235-specific T cell hybridomas were used for
identifying their core sequence. The same core epitope was
identified for all the hybridomas of a given specificity. The length
of the peptide core of p206—220 and p221-235 needed for optimal
T cell response is 10 residues, defined as 208-217 (Fig. 1) and
223-232 (data not shown). The peptide core for p286-300 is
shorter, and a seven-residue peptide (p289-295) is able to induce
a T cell response (data not shown).

Mapping of Immunogenic T Cell Epitopes of GAD65 in
NOD.PD Tg Mice and Identification of MHC Restriction of
These T Cell Hybridomas. The generation and screening of T cell
hybridomas from NOD.PD mice (diabetes-resistant strain) were
accomplished by using a protocol identical to that described in the
previous section. Nine-week-old NOD.PD mice were immunized
with GADG65 in IFA to generate GAD65-specific T cell hybrid-
omas. Table 2 shows the number and frequency of GADG65-
specific T cell hybridomas generated from NOD.PD mice. Eight
immunogenic epitopes of GAD65 were identified in NOD.PD
mice. Five of these T cell epitopes had been found previously in
wild-type NOD mice. However, three of the epitopes (p456—470,
p331-345, and p551-565) are newly identified epitopes. P456—
470 is the dominant epitope of GAD65 derived from NOD.PD
mice. Fifty-two percent of GADG65-specific T cell hybridomas
derived from NOD.PD mice responded to p456—470.

Because endogenous I-Ag” molecules also are expressed on the
surface of antigen presentation cells (APC) in NOD.PD Tg mice,
it is essential to determine the MHC restriction of the T cell
hybridomas derived from NOD.PD mice. To determine MHC
restriction, we tested the response of individual T cell hybridomas
to a specific peptide presented by M12.C3.g7 or M12.C3.¢g7.PD B
cell transfectants. M12.C3.g7 and M12.C3.g7.PD transfectants
express exclusively I-A&7 and I-A&7FP molecules, respectively. If T
cell hybridomas responded more strongly to their specific antigen
presented by I-A#” or I-A&7FP molecules, these T cell hybridomas
were considered to be restricted to I-A&7 or to I-A&7FP molecules.
The results of these experiments with hybridomas from NOD.PD
mice are shown in Fig. 2. For the five epitopes, p206-220,
p221-235, p286-300, p401-415, and p561-575, the T cell hybrid-
omas gave a much stronger response to peptide plus I-A8” and
gave a weak or no response to peptide plus I-A&7FP. We therefore
refer to these five I-A&7-restricted T cell epitopes as “g7” epitopes.
For the other three epitopes (p456—470, p331-345, and p551-

Peptide Sequence .

5|0 l?O 150

no antigen
206-220 TYEIARYEVLLEYVT {o
207-220  YEIAPVFVLLEYVT
208-220 EIAPVFVLLEYVT L=
209-220 IAPVFVLLEYVT
210-220

APVFVLLEYVT
206-219 TYEIAPVFVLLEYV [T
206-218 TYEIAPVFVLLEY
206-217 TYEIAPVFVLLE
206-216 TYEIAPVFVLL

Fic. 1. Identification of the peptide core sequence to p206-220-
specific T cell hybridomas. T cell hybridomas were stimulated with 5
wng/ml wild-type or variant peptides for 48 hr. The ability of the
hybridomas to respond to antigen was assessed on the basis of the level
of IL-2 production, as detected by ELISA. The stimulation index is the
ratio of IL-2 level from culture supernatants with peptides to that of
culture supernatants without peptides. The underlined sequence rep-
resents the peptide core sequence of that epitope.
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Table 2. Immunogenic T cell epitopes of GADG65 identified in
NOD.PD transgenic mice

Peptide No. of T cell hybridomas % (n = 81)
456-470 42 52
331-345 5 6
551-565 8 9
206-220 3 4
221-235 2 2
286-300 11 13
401-415 3 4
561-575 7 8

565), T cell hybridomas had much stronger responses to peptide
plus I-A7PP_ but not 1-A&7 molecules. These three [-As7PD-
restricted T cell epitopes therefore are designated as “PD”
epitopes. Several T cell hybridomas with the same peptide
specificity were tested for MHC restriction and uniformly gave
the same pattern for all eight epitopes. The degree of responses
to p221-235 showed some extent of variation between tested T
cell hybridomas. However, these p221-235-specific hybridomas
consistently gave a stronger response to the peptide plus I-Ag’
than T-A®7PP. These g7-restricted and PD-restricted T cell
epitopes of GADGS5, with their amino acid sequences, are listed
in Table 3.

150 p206-220 . 221-235
100 1
50+ 5
Y 0
20 p286-300 is p401-415‘
10
5 5
0
p561-575 p456-470

2 2
15

1 1

5 5

0

331-345 20 551-565
15
10
5

o
0 5 10 15
pg/ml

80
60
40
20
0

IL-2 Fluorescence Units (10'3)

N

0 5 10 15
pg/ml

F1G. 2. MHC restriction of GAD65-specific T cell hybridomas. T
cell hybridomas were stimulated with various concentrations of spe-
cific peptides presented by M12.C3.g7 (®) or M12.C3.g7.PD (O) cells
for 48 hr. The ability of the hybridomas to respond to antigen was
assessed on the basis of the level of IL-2 production. The x axis
represents the concentration of peptide, and the y axis represents the
arbitrary fluorescence units obtained from the IL-2 ELISA.
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Table 3. g7 and PD epitopes and their amino acid sequences

Epitope Peptide Sequence

g7 206-220 TYELAPVEVLLEYVT
221-235 LKKMRFIIGWPGGSG
286-300 KKGAAAIGIGTDSVI
401-415 PLOCSALLVREEGLM
561-575 ISNPAATHQDIDFLI

PD 456-470 WLMWRAKGTTGFEAH
331-345 LVSATAGTTVYGAFD
551-565 GDKVNFFRMVISNPA

The Binding of g7 and PD Peptide Epitopes of GADG65 to I-A%’
and I-A#7PP MHC Class II Molecules. If allele-specific peptide
binding to MHC is found for diabetes-susceptible (g7) and
diabetes-resistant (PD) epitopes, it would indicate that epitope
selection may play a key role in determining MHC-linked disease
susceptibility and resistance. If not, other mechanisms may be
involved in the control of MHC-mediated disease susceptibility.

To test the hypothesis of selective binding of T cell epitopes, we
measured the relative binding avidity of each g7 and PD epitope
to I-Ag7 and I-A¢7PP molecules by using a competitive peptide—
MHC-binding assay. The binding results for the five g7 epitopes
showed that some g7 peptides preferentially bound to I-As’
molecules, whereas others did not show such preferential binding
(Fig. 34). Three g7 epitopes, p206—220, p286—300, and p401-415,
bound preferentially to I-A8” molecules. Peptide 206—220 bound
exclusively to I-A&7 molecules. Peptide 286-300 and p401-415
bound more strongly to I-A&7 than I-A¢7PP molecules. The other
g7 peptides (p221-235 and p561-575) did not bind preferentially
to either I-Ag” or I-A#”PP molecules. Peptide 221-235 bound

Proc. Natl. Acad. Sci. USA 96 (1999)

Table 4. Relative binding capacity of GAD65 immunogenic
epitopes to I-A¢7 and 1-A&7PD class IT molecules

I . Binding
mmunogenic

Peptide epitope of To I-Ag7 To I-Ag7-FPD
206-220 g7 +++ -
221-235 g7 ++++ ++++
286-300 g7 ++++ +
401-415 g7 ++++ +++
561-575 g7 + +
456-470 PD + ++++
331-345 PD + ++++
551-565 PD - ++

++++, 50% inhibition obtained with 0-50 uwM inhibitory peptide;
+++, 50% inhibition obtained with 51-250 uM inhibitory peptide;
++, 50% inhibition obtained with 251-500 uM inhibitory peptide; +,
50% inhibition obtained with greater than 501 uM inhibitory peptide;
—, no inhibition detected.

strongly to I-A¢” and 1-A87PP molecules, and p561-575 bound
weakly to both I-Ag7 and I-A$7PP molecules.

In contrast to the binding characteristics of the g7 epitopes, all
three PD epitopes preferentially bound to I-A$”PP molecules
(Fig. 3B). Peptides 456—470 and p331-345 bound much more
strongly to I-Ag7PP molecules than to I-A&’. Peptide 551-565
bound exclusively to I-A&7PP molecules. The ICs for all three PD
epitopes binding to M12.C3.g7 are more than 500 uM (data not
shown in Fig. 3B). Table 4 shows the level of relative binding
capacity for g7 and PD epitopes, based on the approximate ICs
value for each epitope.

Cytokine Production by T Cells Stimulated with g7 and PD
Epitopes. I-Ag” and [-A8”PP molecules identify completely dif-

(A) 100 p206-220 p221-235 100 p286-300 100 p401-415 p561-575
=
g P 75 75 75 75
- v 50
)
M12.C3.g7§ 25 50 50 0 50
a8y = o 25 25 25 25
§'25|||||| OFTTTTT OTTTT7TT O T TTTT 0
255333 553335 °23833% -S8838% -s3333sd
o 100 100 100 100 100
2 D 75 75 75 759
MI12.C3.g7.PD & 22 5% 50 so- 50
0 ) & o0 25 _
= 25 0 25 0
& 0T OfTT7TTT1 -25 O¥TTr o771 25F7T77T7T7
o o o (=]
283888 °~888828 58888 °~S8888E 283838
(B) UM uM 1M UM HM
g 100 p456-470 100 p331-345 100 p551-565
MI2.C3.g7PD 5 7 75 &
(1-A87-PD) _g 50 50 50
— 25 25 25
o
L OTTTTT O¥TTTTT 0 v
=) =) =
888888 888833 288888
uM uM uM
F1G. 3. The binding of g7 (4) and PD (B) epitopes to I-Ag7 and I-A87-PP molecules. M12.C3.g7 and M12.C3.g7.PD cells were used, respectively,

as binding targets in this competitive peptide/MHC-binding assay. The inhibitory peptides are shown on the top of each pair of experiments. The
X axis represents various concentrations (uM) of inhibitory peptides, and the y axis represents the percentage of inhibition, which was calculated
by the following formula: % of inhibition = [(R — R1)/R] X 100%, where R = signal from assays containing only reference peptide, and Ry =
signal from assays containing reference peptide and inhibitory peptide.
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Table 5. Cross-immunization experiments

% of % of peptide-specific
peptide-positive  hybridomas responding

Immunizing peptide hybridomas to GADG5 protein

456-470 (PD epitope)  448/405 = 89% 0/41= 0%
331-345 (PD epitope) ~ 458/504 = 91% 0/48 = 0%
206-220 (g7 epitope)  144/168 = 85% 40/48 = 83%

NOD mice were immunized with two PD epitopes (p456-470 or
p331-345), 50 png emulsified in complete Freund’s adjuvant (CFA), to
generate PD epitope-specific. I-Ag7 restricted T cell hybridomas. In
another group, NOD mice were immunized with a g7 epitope (p206—
p220), 50 pg in CFA, to generate p206-220-specific, I-Ag7-restricted
T cell hybridomas. The percentage of peptide-positive hybridomas
represents the ratio of the number of peptide-responding T cell
hybridomas to the total number of screened hybridomas. The per-
centage of peptide-specific hybridomas responding to GADG65 protein
represents the ratio of the number of peptide-responding T cell
hybridomas responding to GADG65 to the total number of peptide-
responding T cell hybridomas that were screened.

ferent sets of immunodominant GAD65 epitopes to T cells, but
the functional significance of this difference is not clear. To
evaluate the qualitative aspects of GADG65-specific immune re-
sponses, NOD wild-type and NOD.PD mice were immunized
with 50 pg of GADG6S in IFA, and cytokine production was
determined 72 hr after restimulation in vitro of T cells from
draining lymph nodes with either native antigen, a peptide pool,
or individual peptide epitopes.

The cytokine response data (data not shown) demonstrated
that large amounts of IFN-ywere secreted by T cells derived from
both NOD wild-type and NOD.PD Tg mice when stimulated with
GADG5 protein. T cells in NOD mice produced more IFN-y
when stimulated with g7 but not PD peptide pools. Peptide
206-220-specific T cells secreted the highest concentration of
IFN-y among the other g7 epitope-specific T cells derived from
NOD mice. T cells in NOD.PD mice produce more IFN-y when
stimulated with PD but not g7 peptide pools. P456—470-specific
T cells secreted the highest concentration of IFN-y among the
other PD epitope-specific T cells derived from NOD.PD mice.

Small amounts of IL-4 were secreted by T cells derived from
both NOD wild-type and NOD.PD Tg mice when stimulated with
GADG6S protein. T cells derived from NOD.PD mice produce
slightly more IL-4 than those derived from NOD mice. IL-4 could
not be detected when NOD- and NOD.PD-derived T cells were
stimulated with peptide pools and individual peptide epitopes.

Cross-Immunization of Wild-Type NOD Mice with PD
Epitopes. “Cross-immunization” in this study refers to the injec-
tion of PD epitopes into NOD wild-type mice. The purpose of this
experiment was to determine whether T cells specific for PD
epitopes exist in the periphery of wild-type NOD mice. This
procedure might allow us to test the hypothesis of T cell repertoire
selection we proposed previously. NOD mice were immunized
with two PD epitopes (p456—470 or p331-345) emulsified in
complete Freund’s adjuvant (CFA) to generate PD epitope-
specific, [-A¢7-restricted T cell hybridomas. As a positive control,
NOD mice were immunized with a g7 epitope (p206-220) in CFA
to generate p206-220-specific, I-A¢’-restricted T cell hybridomas.
The results of cross-immunization experiments are summarized
in Table 5. Eighty-nine and 91% of screened T cell hybridomas
derived from NOD mice immunized with PD epitopes respond to
their priming peptides, p456—470 and p331-345, respectively.
Although the PD epitope-specific, [-A&’-restricted T cells exist in
the periphery of NOD mice, all of them failed to respond to
GADG5 protein at levels as high as 50 pg/ml. In the control
group, 85% of screened T cell hybridomas derived from NOD
mice primed with p206-220 responded to the given peptide.
Unlike PD epitope-specific, I-A&”-restricted T cell hybridomas,
the majority (83%) of the g7 epitope-specific, I-A&’-restricted T
cell hybridomas responded well to 10 ug/ml GAD65 protein.

Proc. Natl. Acad. Sci. USA 96 (1999) 9303

DISCUSSION

The experiments reported here demonstrate that I-Ag’ and
[-A¢7PD molecules identify completely different epitopes of
GADG65 to T cells. These studies in I-Ag Tg mice clearly dem-
onstrate that a 2-aa difference in the a-helical domain of the
B-chains of 1-A87 and 1-A87FP can dramatically affect the speci-
ficity of autoreactive T cell responses to the islet cell antigen
GADG6S. These differences may be central to our understanding
of the disease susceptibility mediated by I-A87 and the protective
effect mediated by I-A87FP alleles.

N- and C-terminal truncation data demonstrate the minimum
number of residues required for T cell responses. Although the
truncation experiments do not identify the potential sites for T
cell and MHC contact with peptides, this information helps us
predict a potential peptide-binding motif for I-A8’ molecules.
I-A?-binding (19) and HLA-DRB1*0405-binding (20-22) motifs
have been identified by acid elution of peptides from MHC
molecules. HLA-DRB1*0405 encodes a B-chain lacking an as-
partic acid at position 57, similar to the I-A#¢7 allele in NOD mice.
In comparing the immunogenic peptides identified in our study
with the I-Ag” and DRB1*0405 peptide-binding motifs, none of
these peptides completely fit the characterized DRB1*0405 and
1-A¢” motifs. However, it is not unusual for the amino acid
sequence of immunogenic epitopes not to correlate with the
sequence of predicted motifs. Because the motifs are based on
peptide elution studies and thus select for abundant peptides, it
is likely that the motifs correspond to peptides that bind with high
affinity. It is possible that some autoreactive T cells specific for
high-affinity, motif-fitting GAD65 peptides may have been elim-
inated in the thymus by negative selection. As a result, these
peptides may not be detected as immunogenic for peripheral T
cells.

The data shown in Fig. 3 and Table 4 demonstrate that peptide
binding alone cannot account for the immunodominance of
different epitopes of GAD65 identified by I-A$” and I-Ag7-PP
molecules. Peptide 206-220, the most dominant epitope selected
by I-A&” molecules, is not the epitope that has the highest binding
affinity among the g7 epitopes. In addition, two g7 epitopes are
able to bind well both I-A&” and I-A#”-PP molecules. Even though
these two sets of epitopes show some degree of preferential
binding to their I-A molecules, only p206-220 (g7 epitope) and
p551-565 (PD epitope) show exclusive binding to I-A&” and
I-Ag7PD molecules, respectively. These observations imply that
other mechanisms are involved in the selection of distinct T cell
epitopes by susceptible and resistant MHC alleles.

It has been proposed that the development of insulin-
dependent diabetes is controlled by the Th1 vs. Th2 phenotype of
autoreactive Th cells: Th1 cells would promote diabetes, whereas
Th2 cells would protect from disease (23, 24). However, cytokine
experiments reveal that there are no qualitative differences in the
cytokine profiles of T cells derived from NOD and NOD.PD mice
after stimulation with GADG65. T cells from both strains produce
Th1-like cytokines. It is surprising that a large amount of Thl
cytokine (IFN-y) was produced by GAD65-specific T cells in
diabetes-resistant NOD.PD mice. One explanation may be that
although GADG65-specific T cells secrete inflammatory Thl cy-
tokines in NOD.PD mice, other islet antigen-specific T cells may
secrete Th2-like cytokines that delay or block the process of type
I diabetes. The age of the mice is also critical for the disease
process. T cells of the same antigen specificity may have different
cytokine profiles at different ages. Furthermore, immunogenic
epitopes from autoantigens have been shown to differ in mice of
different ages because of epitope spreading (13). It is also possible
that distinct T cell epitopes of islet cell antigens may elicit
different effector functions.

Cross-immunization experiments with the PD epitope p456—
470 demonstrated that this peptide is also immunogenic in
wild-type NOD mice if the peptide epitope is used for immuni-
zation and T cell stimulation. However, I-A&-restricted T cell
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hybridomas specific for p456—470 (which were not identified in
NOD wild-type mice after immunization with native protein)
responded only to synthetic peptide, not the protein antigen. In
identical studies of the second PD epitope, p331-345, similar
findings were observed. Why do PD peptide-specific, I-A&’-
restricted T cell hybridomas respond only to GAD65 peptide, but
not whole protein? Three possibilities may explain this phenom-
enon. First, the PD epitopes may be functionally recessive (cryp-
tic) in NOD mice. In other words, these two PD epitopes may not
be processed and presented efficiently on the surface of I-Ag7-
expressing APC in NOD wild-type mice. Thus, antigen-specific T
cells never have the opportunity to meet the processed peptide
antigens. It is evident that the hierarchy of display of peptide
determinants on a protein antigen can differ greatly in different
alleles of MHC molecules, as well as in the same MHC molecule
on APC in different locations (25, 26).

Second, differences may exist in the frequency of peripheral
TCR in NOD wild-type and NOD.PD Tg mice that are specific
for the naturally processed peptide/MHC complex (derived from
protein antigen), the synthetic peptide/MHC complex, or both.
Viner et al. (27) showed that the interaction of free peptides with
class I MHC molecules can generate complexes that are anti-
genically dissimilar to those resulting from intracellular process-
ing of intact antigens. It is possible that the T cells responding to
synthetic peptide antigens are different from T cells that are able
to recognize naturally processed epitopes. This phenomenon has
been described as type A (response to peptide and protein
antigen) and type B (exclusively to peptide) T cells by Unanue and
his colleagues (28). The third possibility is that these PD epitope-
specific, I-A&’-restricted T cells have a very low binding affinity to
PD epitopes on I-A&” molecules. Therefore, the T cells respond-
ing to PD epitopes in NOD mice can be detected only after
administration of a large amount of peptides in adjuvant or
aqueous form (data not shown).

Based on the results of this study, it is possible that selective
binding of T cell peptide epitopes, the ability to process/present
antigen, and selection of a distinct T cell repertoire may all be
involved in the control of MHC-linked susceptibility. Suscepti-
bility alleles (I-Ag7) predispose to type I diabetes by allowing
binding and presentation of pathogenic self-peptides as well as
allowing the development of an autoreactive T cell repertoire in
the periphery. In contrast, the lack of pathogenic T cell responses
in resistant strains (individuals) is due to the absence or suppres-
sion of one or more of these three capabilities. Furthermore, the
control mechanisms involved in the selection of autoantigen T cell
epitopes are complex and appear to differ for each peptide
epitope. For p206-220, peptide binding plays an important role
in recognition of this epitope by T cells in diabetes-susceptible
mice. On the other hand, p221-235 binds equally well to I-A%” and
[-A¢7PD molecules. Therefore, other mechanisms also can play
critical roles in MHC control of disease susceptibility. These
include on/off rate of the peptide/MHC complex, the half-life of
this complex, and the effect of H-2M molecules on antigen
presentation by susceptible and resistant alleles. All of these
factors can have major effects on peptide/MHC complex surface
expression and on Th1/Th2 differentiation.

The present experiments cannot resolve these three possibili-
ties. To further analyze this problem, it will be necessary to
measure on/off rates of individual peptide epitopes for each
MHC allele; the effect of H-2M molecules on antigen presenta-
tion; and the time course of the peptide-specific T cell response
and its functional characteristics, by using tetramers of I-A#’- and
I-A27PD_gpecific peptide complexes, to trace each antigen-specific
T cell. Generation of TCR Tg mice for the three g7- and two
PD-dominant epitopes will permit further characterization of the
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response to these five epitopes. The knowledge from these studies
will help us understand how I-A alleles predispose to or prevent
the development of type I diabetes.
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