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T cell recognition of autoantigens is critical to progressive immune-
mediated destruction of islet cells, which leads to autoimmune
diabetes. We identified a naturally presented autoantigen from the
human islet antigen glutamic acid decarboxylase, 65-kDa isoform
(GAD65), by using a combination of chromatography and mass
spectrometry of peptides bound by the type I diabetes (insulin-
dependent diabetes mellitus, IDDM)-associated HLA-DR4 molecule.
Peptides encompassing this epitope-stimulated GAD65-specific T
cells from diabetic patients and a DR4-positive individual at high
risk for developing IDDM. T cell responses were antagonized by
altered peptide ligands containing single amino acid modifications.
This direct identification and manipulation of GAD65 epitope
recognition provides an approach toward dissection of the com-
plex CD41 T cell response in IDDM.

Type I diabetes (insulin-dependent diabetes mellitus, IDDM),
like many autoimmune diseases, exhibits exquisite target

organ specificity. IDDM is characterized by immune-mediated
destruction of beta cells in the pancreatic islet, coincident with
the sparing of neighboring alpha and delta cells. The precise
target-cell specificity in this disease implies the existence of
antigenic self proteins derived from beta cells that are recog-
nized by autoimmune T lymphocytes. Extensive analysis of
serum antibodies in patients with IDDM has documented several
self proteins that are candidates for this role (1, 2). The 65-kDa
isoform of human glutamic acid decarboxylase (hGAD65) is
expressed in pancreatic beta cells at high levels, and antibodies
to hGAD65 are present in up to 70% of newly diagnosed
diabetics. These antibodies are also often present for several
years before the development of clinical diabetes, providing a
useful serum marker for prediction of disease onset (1, 3, 4).
Recently, it has been shown that the suppression of GAD
expression in nonobese diabetic (NOD) mice prevents autoim-
mune diabetes (5), directly implicating GAD as a likely partic-
ipant in IDDM progression.

Studies of T cell reactivity to autoantigens in diabetics have
confirmed the immunogenicity of hGAD65 with reports of both
CD41 and CD81 T cell responses (6–14). Approximately 70% of
Caucasoid diabetics express the DRB1*0401, *0404, and *0405
MHC class II alleles. These DR41 alleles are in linkage disequi-
librium with the DQB1*0302 gene, the HLA-DQ marker most
highly associated with IDDM (15). T cell responses to the
hGAD65 proteins that are restricted by HLA-DR molecules
predominate in patients with these HLA disease-susceptibility
haplotypes, and previous studies using overlapping synthetic
peptides identified approximately 10 peptides that were capable
of efficient binding to DR4 molecules. Indeed, three of these
candidate autoantigen epitopes, corresponding to residues 115–
127, 274–286, and 554–566 of hGAD65, were immunogenic

when used to immunize mice transgenic for HLA-DR4 (16). A
separate study, also using DR4-transgenic mice, found that these
same three epitopes also were included in immunodominant
regions (116–130, 271–285, and 551–565) when the GAD65
protein, rather than the peptides, was used as the immunogen
(17). We now report the direct identification of one of these
epitopes by liquid chromatography–electrospray ionization mass
spectrometric (LCyMS) analysis of peptides bound by DR4
molecules on human antigen-presenting cells (APCs). Alter-
ations in this peptide epitope result in a potent antagonist that
interferes with antigen-specific human T cell clones responding
to this diabetes-associated autoantigen.

Materials and Methods
Patient Selection. Patients, between the ages of 14 and 25 who
were recently diagnosed with IDDM and who were being treated
for diabetes at the Virginia Mason Medical Center Section of
Endocrinology, were asked to participate in this study. All
participating patients were typed for HLA class II DR and DQ
alleles, and serum was tested for autoantibodies to hGAD65,
insulin, and IA2, by using standard protocols described previ-
ously. Patients who were DR4-positive and who had autoanti-
bodies to GAD65 were selected for T cell analysis. A nondiabetic
individual, initially identified as positive for autoantibodies to
ICA, GAD65, and IA2 in an ongoing serum-screening project,
HLA-DR4 [HLA-DRB1*0404, *0405; HLA-DQB1*0302,
*0302], also was studied. By using our criteria of a high-risk HLA
genotype and two or more antiislet autoantibodies, we define this
individual as at-risk for IDDM. Intravenous glucose tolerance
tests were performed at the same time the T cell studies were
initiated, and the test results were within normal limits. This
patient continues to be followed in a prediabetes screening
program at the Virginia Mason Research Center.

In Vitro T Cell Assays. For assays, 105 thawed and irradiated
DRB1*0404, DRB1*0405 or control (non DR4) peripheral
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blood lymphocytes (PBL) in a volume of 100 ml were added to
wells of 96-well V-bottom plates containing peptide or medium
and were allowed to incubate for 2–3 h, at which time 4 3 104

T cells were added for a total volume of 200–250 ml. At 20–24
h of coculture, supernatants were harvested for cytokine deter-
mination and the wells were replenished with fresh medium. At
48 h, wells were radiolabeled with 1 mCi of [3H]thymidine and
cultured for an additional 18 h. The plates were harvested on a
Tomtec (Orange, CT) manual mach III harvester and cpm were
determined by liquid spectroscopy on a Wallac (Gaithersburg,
MD) Microbeta LSC.

Traditional sandwich ELISAs were performed to test the
supernatants for human IFN-g, by using matched antibody sets
obtained from Endogen (Cambridge, MA). The plates were read
at 405 nm on a Microplate reader (Bio-Tek, Burlington, VT).
The concentration of cytokine was estimated from standard
curves by using linear regression.

Derivation of Human T Cell Clones. PBL were primed for 10 days
with a 10 mgyml pool of peptides spanning the C terminus of
human GAD65. At day 10 of culture, T cells were plated at 0.3,
3, and 10 cells per well together with 104 irradiated, autologous,
GAD-pulsed PBL in 10 ml of IL2- and IL7-supplemented
conditioned medium in sterile Terasaki plates. Conditioned
medium consisted of RPMI medium 1640 supplemented with 2
mM L-glutamine, 100 mgyml penicillinystreptomycin, 1 mM
sodium pyruvate, and 15% (volyvol) pooled human serum
obtained from 20–25 healthy, nontransfused male donors. After
10–14 days of incubation in a 37° C, 5% (volyvol) CO2 atmo-
sphere, wells having positive growth were transferred to 96-well
f lat-bottom plates containing 105 irradiated, autologous, GAD-
(555–567)-pulsed PBL, 10 unitsyml IL2 (Intergen, Purchase,
NY), 10 ngyml IL7 (PharMingen), and 0.4 mgyml phytohemag-
glutinin (Sigma). After another 14 days of culture, all wells were
assayed for specificity to GAD-(555–567) by measuring both 3H
uptake and IFN-g production. Wells of interest were further
expanded with autologous PBL plus supplemented conditioned
medium as described above. The restriction elements were
determined by testing an APC panel of BLS-1 cells transfected
with HLA class II genes representative of the donor’s DR
type—i.e., BLS DRB1*0404, *0405, and DRB4*0101. All T cell
clones in this study were found to recognize GAD-(555–567) in
the context of both DRB1*0404 and *0405 gene products and
not DRB4-encoded molecules.

Peptide Response and Antagonism Assays. For prepulse assays,
APCs were preincubated for 2–3 h with suboptimal concentra-
tions of the agonist peptide, washed 3 times, then cultured with
the antagonist peptides as indicated in Fig. 5. Peptides used for
T cell stimulation and MHC-binding studies were synthesized
with an Applied Biosystems 432 Peptide Synthesizer and com-
petition-binding assays were performed as described (16).

MHC Class II-Restricted Peptide Isolation. The GAD65-transfected
PREISS cell line (HLA-DRB1*0401) was grown up to 6 3 108

cells, washed twice in PBS, snap frozen in liquid nitrogen, and
held at 280°C. Cells were lysed in 5 ml of lysis buffer [20 mM
TriszHCl (pH 8.0)y150 mM NaCly1% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS)y5 mg/ml
aprotininy10 mg/ml leupeptiny10 mg/ml pepstatin Ay5 mM
EDTAy0.04% sodium azidey1 mM PMSF] for 1 h at 4°C. Cell
lysate was centrifuged in an Eppendorf tube at 16,000 3 g for 30
min at 4°C. The supernatant was transferred to a clean 15-ml
conical tube and 100 ml of recombinant protein A Sepharose
beads (Amersham Pharmacia) was added, followed by tube
rotation for 4 h at 4°C. After removal of the beads, the
supernatant was incubated overnight at 4°C with 100 ml of
recombinant protein A Sepharose beads to which 2 mg of LB3.1

antibody had been bound. The beads were washed subsequently
two times in lysis buffer, four times in 20 mM TriszHCl (pH
8.0)y150 mM NaCl, two times in 20 mM Tris (pH 8.0)y1 M NaCl,
and three times in 20 mM TriszHCl (pH 8.0). Peptides were
eluted in acid and separated from beads, antibody, and class II
MHC molecules by passage through a 10,000-Da cutoff ultra-
filtration unit (Millipore).

Liquid ChromatographyyTandem MS (LCyMSyMS) Parameters on the
LCQ Ion Trap Mass Spectrometer. Approximately 3 3 107 cell
equivalents (corresponding to 5% of the sample) was loaded
onto a C18 microcapillary column and gradient eluted directly
into a Finnigan LCQ ion trap mass spectrometer (ThermoQuest,
San Jose, CA). Nanoflow HPLC columns with integrated elec-
trospray emitter tips were constructed as described (18). The
LCQ ion trap mass spectrometer was operated in data-
dependent mode (19), in which an initial MS scan recorded mass
to charge (myz) ratios of ions over the range 300–2,000. Then the
five most abundant ions were selected for subsequent collision-
activated dissociation to yield sequence-specific peptide frag-
ment ions. The MSyMS spectra were searched by using the
SEQUEST algorithm (20) against both the single-protein database
of interest and the nonredundant database maintained at the
National Center for Biotechnology Information.

LCyMS Parameters on the Fourier-Transform Mass Spectrometer.
Approximately 1 3 107 cell equivalents were loaded onto a C18
column and gradient eluted directly into a home-built Fourier-
transform ion cyclotron resonance mass spectrometer (18).
HPLC gradient conditions were 0–70% acetonitrile in 0.1%
acetic acid in 40 min. Full-scan mass spectra (300 # myz # 5,000)
were collected at approximately one scan per second, with
typically 5,000–10,000 mass resolving power. The LCyMS data
were searched manually for masses corresponding to the 12, 13,
or 14 charge states of the possible nested set species.

Selected Reaction Monitoring Parameters on the TSQ7000 Triple
Quadrupole Mass Spectrometer. Approximately 3 3 107 cell equiv-
alents were loaded onto a C18 microcapillary column and
gradient eluted directly into a Finnigan TSQ7000 triple quad-
rupole mass spectrometer (ThermoQuest). HPLC gradient con-
ditions were 0–70% acetonitrile in 0.1% acetic acid in 40 min.
The 14 charge state of the peptide hGAD65-(552–572) (myz
605.0) was selected in quadrupole 1 for subsequent collision-
activated dissociation in quadrupole 2; the 13 charge states of
the b19 (myz 725.0), the b20 (myz 762.5), and the b14 fragment
ions (myz 540.5) were monitored sequentially in quadrupole 3.
The y7 fragment ion (myz 370.0) from dissociation of the 13
charge state of hGAD65-(552–570) (myz 650) was used as a
reference. Retention times of fragment ions from hGAD65-
(552–572) were recorded relative to this reference ion. In the
coelution study, roughly 100 amol of the synthetic peptide
hGAD65-(552–572) was spiked into a subsequent run of approx-
imately 2.2 3 107 cell equivalents.

Peptide Synthesis. The synthetic hGAD65 peptides used for mass
spectrometric analyses were synthesized by standard fluorenyl-
methoxycarbonyl chemistry by using a Gilson model AMS422
peptide synthesizer.

Results and Discussion
Recognition of hGAD65 epitopes in the context of the DR4
restriction element was studied by using T cells from eight
patients who were HLA-DR4-positive with recently onset IDDM
(less than 15 months postdiagnosis). One of the most immuno-
dominant of these epitopes corresponded to a region near the C
terminus of hGAD65, which was represented in our antigen
panel by peptides encompassing residues 553–585 (Table 1). Five
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of eight HLA-DR4 patients tested showed robust IFN-g output
after stimulation with peptide-pulsed autologous APCs. The
specificity of this response was verified by lack of stimulation
with other GAD65 peptides in the same experiment for each
patient. Also shown in Table 1 is the T cell response for patient
no. 6211, a nondiabetic HLA-DR4 individual at risk for IDDM,
who also had strong IFN-g cytokine responses to peptides from
this GAD65 region. The observed variability in response be-
tween patients is concordant with previous similar studies and
likely represents both genetic heterogeneity and the natural
history of disease.

T cells from patient no. 6211 were expanded in serial culture
by restimulation with GAD65 peptides incubated with autolo-

gous APCs. Specific T cell responses were present for both
peptides 553–572 (53 pgyml IFN-g) and 555–567 (51 pgyml
IFN-g), but not peptide 569–585 (5 pgyml IFN-g), localizing the
minimal epitope to the 555–567 region. T cell clones were
derived by expansion of this culture. Proliferation and cytokine
response profiles for CD41 T cell clones BRI.4–10 and
BRI.4–11 are shown in Fig. 1. The presence of such T cells from
an individual identified as ‘‘at-risk’’ for diabetes is a likely
reflection of the preclinical stage of an autoimmune response to
islet-related antigens.

Mass spectrometry provides for the direct sequence analysis
and identification of naturally processed peptide antigens asso-
ciated with class I and class II MHC molecules. The presence of
posttranslational modifications on some MHC-associated pep-
tides (21) underscores the importance of direct identification of
the naturally presented species. The combination of offline

Fig. 1. T cell response profiles for human CD41 T cell clones BRI.4–10 and
BRI.4–11. Proliferation was measured by thymidine uptake (Upper) and IFN-g
release was determined by specific ELISA (Lower). Clones were stimulated with
specific GAD peptides or with control peptides derived from tetanus toxoid
(Tet 830–843).

Fig. 2. Identification of GAD65-derived peptides by using data-dependent
MSyMS analysis of an unfractionated HLA-DR4-restricted peptide extract.
(Top) Total ion chromatogram (TIC). (Middle) Data acquisition scheme. For MS
scan no. 4575 myz values for all ions in the 300–2,000 range were recorded (MS
mode), and the instrument control computer automatically selected the five
most abundant ions. Each of these ions was subjected to collision-activated
dissociation to yield peptide sequence-specific fragment ions (MSyMS analy-
sis) over the next five scans. The myz values for these five ions were ignored by
the instrument for a time equal to the observed chromatographic peak width
(2 min for the data shown herein) to minimize redundant MSyMS analyses
(e.g., dissociating the same peptide multiple times). After the next MS scan
(no. 4581), the instrument selected the five most abundant ions, exclusive of
those already identified in scan no. 4575. In this manner, ions having abun-
dances over a wide dynamic range were automatically subjected to MSyMS
analysis. (Bottom Left) MS scan no. 4575, showing ions that were selected for
subsequent MSyMS analysis (numbered in order of abundance). (Bottom
Right) MSyMS spectrum (scan no. 4576) for myz 5 650.3, the 13 charge state
of the hGAD65 peptide 554–570 (corresponding to the first ion selected in MS
scan no. 4575). All MSyMS spectra were searched against both an hGAD65
single-protein database and the nonredundant protein database maintained
at the National Center for Biotechnology Information by using the SEQUEST

search algorithm. The hGAD65 peptide sequence identified by this analysis
was confirmed by manual interpretation of the MSyMS spectrum and by
comparison with a synthetic peptide.

Table 1. T cell reactivity to peptides from GAD65–(553–585) in
DR4-positive patients

Subject
I.D. no.

HLA-DRB1
typing

Time after
diagnosis, mo

IFN-g,
pgyml

IL4,
pgyml

GAD65 Ab
index*

6118 0301, 0404 5 0 0 0.24
6544 0401, 0401 1 6 0 1.1
6616 0301, 0401 14 79 0 0
6545 0301, 0404 1.5 120 0 0.94
6862 0301, 0404 1.5 176 0 0.37
6815 0301, 0401 1.5 264 0 0.07
6434 0401, 0404 0.8 376 0 0.2
7417 0401, 0101 0.5 4 0 0.55
6211 0404, 0405 – 261 0 0.18

*Ratio of autoantibody levels in patient sera relative to standardized index
sera; positive Ab index . .03.
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HPLC fractionation, an epitope reconstitution assay, and
LCyMS has been used previously to identify successfully a
number of MHC class I-restricted peptide antigens (22). How-
ever, this approach has been more difficult to exploit for the
identification of peptide epitopes associated with class II MHC
molecules. Although the reasons for this difficulty are not
entirely clear, it is generally recognized that class II peptides
often occur in nested sets (23–25). Thus, HPLC fractionation
may temporally separate and dilute species that collectively
constitute an epitope, decreasing the ability to detect them by
bioassay. Recent advances in mass spectrometric instrument
control software (26, 27) now allow more rapid and efficient (MS
and MSyMS) analysis of increasingly complex mixtures, effec-
tively eliminating the need for fractionation.

We sought to identify a DR4-restricted hGAD65 epitope from
an unfractionated sample of class II-associated peptides. Previ-
ous studies have shown that transfection of GAD65 into the
human B-LCL line PRIESS [DRB1*0401, *0401] resulted in an
APC capable of stimulating T cell hybridomas derived from mice
transgenic for HLA-DR4 that were immunized with GAD65
peptides (16). To determine the structure of the naturally
processed hGAD65 peptides presented by this transfectant, the
HLA-DR4-associated peptides were purified from 6 3 108 cells.
An aliquot of this peptide extract was analyzed by nanoflow
HPLC micro electrospray ionization mass spectrometry on a
quadrupole ion trap mass spectrometer (19). The total ion
chromatogram recorded in data-dependent mode indicates the
enormous complexity of this sample (Fig. 2 Top). Approximately
5,000 MSyMS spectra were recorded, of which approximately
2,000 showed fragmentation features characteristic of peptides.
These spectra were searched by using the SEQUEST algorithm
(20) against both an hGAD65 single-protein database and the
nonredundant protein database maintained at the National
Center for Biotechnology Information. Approximately 700 spec-
tra were assigned tentatively to protein sequences in the non-
redundant database. The MSyMS spectra of ions with myz values
of 974.812 and 650.313 matched to residues 554–570 of the
hGAD65 protein. These matches were confirmed (i) by manual
interpretation of the MSyMS spectra recorded on the ions at myz
650.313 (Fig. 2 Bottom Right) and myz 974.812 (Fig. 3); (ii)
comparison with MSyMS spectra obtained for a synthetic pep-
tide corresponding to this sequence (data not shown); and (iii)

coelution of the naturally processed and synthetic peptides (data
not shown). Based on a comparison with known amounts of
synthetic peptide, we estimated that the observed signal intensity
for naturally processed hGAD65-(554–570) corresponded to
approximately 2 fmol or 30–50 peptide copies per cell.

Identification of a single peptide species of interest during the
data-dependant LCyMSyMS analysis on a quadrupole ion trap
mass spectrometer (QIT) was followed by an LCyMS analysis of
an aliquot corresponding to 1 3 107 cell equivalents of the
sample on a Fourier-transform ion cyclotron resonance mass
spectrometer (18). The combination of high mass accuracy, high
mass resolving power, and high sensitivity afforded by this
technique allowed for identification of candidate nested-set
peptides at less than 10 copies per cell. Candidate nested-set
peptides were confirmed subsequently by comparison with syn-
thetic peptides either through targeted MSyMS analysis on a
QIT or through selected reaction monitoring analysis on a triple
quadrupole mass spectrometer. This methodology allowed for
the identification of two additional overlapping hGAD65 pep-
tides [hGAD65-(552–570) and (552–572)] present at approxi-
mately 80% and 10%, respectively, of the amount observed for
hGAD65-(554–570).

Fig. 3. MSyMS spectrum (scan no. 4578) for myz 5 974.8, the 12 charge state
of hGAD65-(554–570). Note that all abundant fragment ions observed corre-
spond to b-type (fragment ions containing the N terminus) and y-type (frag-
ment ions containing the C terminus) sequence-specific ions. Predicted type b-
and y-fragment ions, respectively, for hGAD-(554–570) are shown above and
below the sequence. Ions observed in the mass spectrum are underlined.

Fig. 4. Competitive peptide binding to HLA-DR4 (DRB1*0101yDRB1*0401)
molecules. Purified DR4 molecules were incubated with 0.1 mM biotinylated
peptide standard (IAFTSEHSHFSLK) in the presence of various concentrations
of GAD65 analogs, compared with hGAD65-(555–567) (NFFRMVISNPAAT).
A nonbinding peptide standard (KSAVLEGTLTAEK) was used as a negative
control.
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The GAD-(554–570) sequence (VNFFRMVISNPAATHQD)
contains a prototypic DR4-binding motif (28–31) in which F-557,
V-560, S-562, and A-565 correspond to the P1, P4, P6, and P9
anchors—corresponding to the four main binding pockets in the
DR4 molecule. Fig. 4 shows the binding properties of hGAD65-
(554–570) analogs to HLA-DR4 molecules. As predicted, both
hGAD65-(554–570) and the minimal epitope hGAD65-(555–567)
[identified in the murine DR4 transgenic studies (16)] are strong
binders; radical substitution (F 3 R) at the P1 anchor abrogates
binding, consistent with the predicted motif (Fig. 4A).

Based on this motif, additional peptide analogs were synthe-
sized, in which putative T cell contact residues on the peptide
were modified. Conservative substitutions were introduced at P3
(methionine to norleucine at GAD559), P5 (isoleucine to me-
thionine or leucine at GAD561), and P7 (asparagine to glu-
tamine at GAD563) to alter the strength of the antigenic signal
delivered for T cell antigen receptor (TCR) recognition without
changing the class II-binding profile. As expected, binding each
of these substituted peptides to DR4 class II molecules was
comparable to that of the unmodified sequence (Fig. 4B). Each
of these modified peptides also was tested for the ability to
trigger proliferation or IFN-g release from T cell clones
BRI.4–10 and BRI.4–11. No T cell stimulation was observed,
consistent with the predicted loss of agonist activity by changes
at TCR contact residues of the peptide epitope (data not shown).

A number of studies have suggested the possibility for rational
design of peptide antagonists by altering amino acid residues at
TCR contact sites within an immunogenic epitope, to subtly alter
the overall avidity of the TCR–MHC-peptide interaction (32,
33). Mechanistically, this altered interaction appears to interfere
with the duration of TCR signaling events and therefore the
efficiency of substrate phosphorylation and subsequent intra-
cellular signaling (34–36). To determine whether the modified
GAD65 peptides were capable of antagonizing the T cell re-
sponse to hGAD65, APCs were prepulsed with the agonist
hGAD-(555–567) peptide and then incubated with each of the
modified peptides. Methionine substitution at P5 resulted in
significant antagonism of the antigen-specific T cell response
(Fig. 5). The T cell proliferative response of T cell clone
BRI.4–10 was reduced by 80% when APCs were incubated with
the Met-561 antagonist peptide. A control peptide derived from

tetanus toxin 830–843, as well as the P3 and P7 substituted
peptides, had no effect. The IFN-g cytokine response of clone
BRI.4–10 was antagonized similarly, with a much greater sen-
sitivity to the Met-561 altered peptide ligand (APL; Fig. 5 Right).
The Met-561 APL also antagonized T cell responses of clone
BRI.4-11 by more than 90% (Fig. 5 Lower). No antagonistic
affect was observed with human T cell clones specific for
influenza virus hemagglutinin, an unrelated antigen (data not
shown).

Another APL, Leu-561, partially antagonized the proliferative
and cytokine responses of T cell clone BRI.4–11 only when used
at high concentrations; however, no antagonism of clone
BRI.4–10 was observed with this peptide. Interestingly, peptide
Leu-561, like Met-561, represents a relatively conservative struc-
tural change at the P5 position, suggesting a crucial role for
this central TCR contact site in the recognition of hGAD65-
(555–567).

These data demonstrate the rational design of potential
peptide antagonists for the GAD-(555–567) epitope, in which
substitutions at the peptide P5 residue, a predicted TCR contact
site, resulted in APLs that interfere with T cell activation in
response to an immunodominant IDDM-associated autoantigen.
The GAD-(555–567) epitope is one of several antigenic targets
in the human T cell response to islets that occurs in IDDM.
Approximately 70% of Caucasians with IDDM carry DRB1*04y
DQB1*0302 haplotypes. Although only a very small number of
human CD41 T cell clones to diabetes autoantigens restricted by
this haplotype have been studied, all use the DR molecule as the
restricting element. This restriction presumably reflects the
predominant expression of DR relative to DQ and other human
class II molecules, or may indicate some preferential role in
disease progression. The T cell clones used in this report were
expanded initially in culture by using APCs consisting of pe-
ripheral blood mononuclear cells incubated with the intact
GAD65 protein. This cloning strategy thus ensured that the
epitope we report by direct structural determination using a
human B cell line is also expressed as a normal product of
antigen processing in nontransformed human cells.

Two clinical trials have recently reported the testing of an APL
in multiple sclerosis (MS), where the APL was derived by
modification of an immunodominant peptide from myelin basic

Fig. 5. T cell response to GAD-(555–567) in the presence of altered peptide ligands. Proliferative responses (Left) and INF-g release (Right) are shown for T cell
clones BRI.4–10 (Upper) and BRI.4–11 (Lower).
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protein (MBP; refs. 37 and 38). Notably, the immune and clinical
responses to APL administration were complex and variable. In
the report by Kappos et al. (37), patients receiving a high APL
dose showed hypersensitivity reactions, some patients developed
TH2 responses to the native MBP peptide, and only patients
receiving a low APL dose showed partial reduction in lesions
defined by magnetic resonance imaging. Bielekova et al. (38)
report on a smaller group similarly treated, in which three of
eight patients developed exacerbations of MS after APL admin-
istration, possibly because of cross-recognition of native MBP
induced by treatment. These clinical studies indicate the
potential for variance between in vitro antagonism studies and
in vivo use in a complex autoimmune setting, and emphasize a
cautionary note for applications in human diabetes which, like
MS, is a progressive autoimmune disorder with intricate T cell
interactions.

In the past, identification of peptide epitopes potentially
contributing to human autoimmune disease has relied on anal-
ysis of MHC-binding properties and T cell response profiles,
generally by using synthetic peptides corresponding to arbitrary
or predictive motifs within an antigenic protein. The direct

identification of the naturally processed peptides corresponding
to autoantigens is more difficult because of the rarity of specific
peptide–MHC complexes that are sufficient to stimulate auto-
reactive antigen-specific T cells. In this report, we describe the
resolution of this barrier in the identification of an hGAD65
target epitope as an IDDM-associated autoantigen presented on
HLA-DR4 molecules. T cell responses to this epitope are present
in a majority of our patients who are DR4-positive and have
IDDM, indicating that this epitope represents one of the deter-
minants recognized by CD41 T cells during the autoimmune
events associated with IDDM. Identification of synthetic peptide
analogs that act as functional antagonists of specific T cell
activation for hGAD65-specific T cells will facilitate analysis of
autoantigen recognition in the complex T cell response associ-
ated with IDDM.
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