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Abstract

Aims/hypothesis. Our aim was to define the molecu-
lar specificity of glutamic acid decarboxylase-specific
T-cells isolated from a patient (patient 40) with recent
onset Type I (insulin-depent) diabetes mellitus.
Methods. The peptide epitope was defined using syn-
thetic peptides to identify the minimal sequence re-
quired for T-cell activation and to determine the ami-
no acids that contribute either to MHC binding or T-
cell receptor signaling. The MHC class Il-restricted
peptide presentation was determined using a panel
of allogeneic antigen-presenting cells and murine fi-
broblast-cell lines transfected to express individual
human class II alleles and by blocking studies with
monoclonal antibodies. The T-cell receptor was also
molecularly characterized.

Results. Despite that patient 40 carries high-risk al-
leles of the DRBI and DQBI loci, his T-cells recog-
nize a glutamic acid decarboxylase-derived peptide
in association with class II, DR53, molecules. Al-

though anchor residues for DR53 molecules have
not yet been determined, it was possible to model epi-
tope binding based on sequence comparisons with
other class II molecules associated with susceptibility
or protection for Type I diabetes.
Conclusion/interpretation. The complete molecular
specification of the MHC-peptide ligand and the T-
cell receptor complex of glutamic acid decarboxy-
lase-specific T-cells will enable analysis of strategies
designed to alter T-cell function. For example, the
role of altered peptide ligands or T-cell receptor-spe-
cific peptides can be studied using a model whose
components reflect the natural affinities of MHC-
peptide and T-cell receptor-ligand interactions select-
ed in response to this important autoantigen. [Diabe-
tologia (2001) 44: 70-80]
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Type I (insulin-dependent) diabetes mellitus is an au-
toimmune disease that is characterized by the specific
destruction of the insulin-producing beta cells in the
islets of Langerhans. Susceptibility to Type I diabetes
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is genetically controlled and, as in many other au-
toimmune diseases, there is a strong risk associated
with inheriting specific alleles of the HLA-DRBI
and DQBI loci of the MHC [1-4]. These loci encode
one polypeptide chain of class II heterodimers that
bind and present antigenic peptides to CD4* T lym-
phocytes. Whereas T-cells bearing T-cell receptors
(TCR) that recognize self-peptides are often found
in the peripheral repertoire, they are normally quies-
cent. In the situation of autoimmune disease, such
self-reactive T-cells become autoaggressive and me-
diate pathologic responses. Characterization of the
MHC-peptide and TCR interactions that are associ-
ated with the development of Type I diabetes could
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be useful for generating new diagnostic and therapeu-
tic strategies. Several beta-cell autoantigens have
been identified as disease targets by detecting auto-
antibodies and T-cell responses in Type I patients.
More than 80% of prediabetic people and patients
with most recent onset of Type I diabetes have auto-
antibodies directed against glutamic acid decarboxy-
lase (GAD) and more than 50 % of recent-onset pa-
tients have T-cell responses to GAD [5-7]. The
GAD-specific T-cells are thought to be involved, at
least indirectly, in mediating pathogenic beta-cell de-
struction. The characterization of such cells is there-
fore of great interest. A major problem in analysing
autoreactive T-cells is their extremely low frequency
in the peripheral blood of patients and attaining T-
cell infiltrates from the pancreas is rarely feasible
[8,9]. It is difficult to isolate members of this very
small peripheral repertoire of GAD-specific T-cells
therefore little is known about T-cells that contribute
to pathogenesis in humans. Despite these difficulties,
it has been possible to establish several GAD-specific
T-cell lines (TCL) or clones from the peripheral
blood mononuclear cells (PBMC) of several patients
with recent onset Type I diabetes [10]. In our pa-
tient-case study we have been able to molecularly de-
fine the specific HLA-peptide complex recognized by
a GAD-specific T-cell line and its clonal derivatives.
Recognition of MHC-peptide ligands by T-cells is
usually associated with a restricted TCR repertoire.
Restricted TCR alpha and beta gene usage has been
described previously in immune responses associated
with several autoimmune diseases, including Type I
diabetes [8,9], multiple sclerosis [11-14], rheumatoid
arthritis [15-17] and psoriasis [18]. The TCRAV and
TCRBYV chain usage was assessed in the GAD-specif-
ic TCL and the TCR receptor alpha and beta se-
quences of individual T-cell clones were also deter-
mined, enabling the complete molecular specification
of all components of the trimolecular HLA-peptide-
TCR complex to be made.

Subjects and methods

Subjects. Patient 40 was hospitalized at the Academic Hospi-
tal, Miinchen-Schwabing and Type I diabetes was defined on
the basis of a clinical diagnosis. The patient had ketone bodies
in the urine, a body mass index below 25 and has been depen-
dent on insulin since he was diagnosed [10]. Molecular HLA
class II typing of the patient and allogeneic normal control do-
nors was done using sequence-specific oligonucleotides after
DNA amplification with HLA-DRBI-, DRB4-, DQAI- and
DQBI-specific primers, as used in the 11" International Histo-
compatibility Workshop [19]. The HLA-DRS53 expression for
donors Kp89 and Kp143 was made by classical HLA serotyp-
ing only because material was not available for molecular char-
acterization.

Antigens. Recombinant human 65kD GAD (hGADG6S), ex-
pressed in the Baculovirus system, was purchased from Synec-
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tics (Stockholm, Sweden). The endotoxin content of this prep-
aration was below 0.3 EU/ml, as determined in the Limulus ly-
sate assay. For initial determination of peptide specificity a set
of 57 20-mer oligopeptides was used with overlaps of 10 amino
acids, spanning the entire protein, and one N-terminal 15-mer
peptide. A set of 13-mer peptides that carried alanine or gly-
cine substitutions at each position (“ala-scan” peptides) was
used to determine amino acid positions of the minimal epitope
influencing HLA and TCR binding. Synthesis was carried out
on Fmoc amino acid Wang resin using a robot system for simul-
taneous multiple solid phase peptide synthesis (SMPS 350;
Zinsser Analytic, Frankfurt, Germany). The purity of peptides
was confirmed by electrospray mass spectrometry (API IIT tri-
ple quadrupole ion-spray mass spectrometer; Sciex, Ontario,
Canada). If necessary, peptides were purified further by pre-
parative HPLC to a purity of at least 95 %.

Generation of T-cell line and clones. All cell cultures were set
up in RPMI medium containing 5 to 10% human serum,
pooled from male donors. The TCL 40/2 was generated from
PBMC of patient 40 using hGADG65 as the stimulating antigen
and PBMC as autologous antigen presenting cells (APC) as
described previously [10]. Long-term cultures of TCL 40/2
were maintained using as APC the PBMC of Kp3 pulsed with
hGADG65 (5 ug/ml) for 3 h before restimulation made on a
weekly basis. The T-cell clones were generated from the TCL
40/2 by limiting dilution, plating 1 or 0.5 cells a well in 96-well
round-bottom plates together with 3 - 10* APC from Kp3, pre-
treated as described above. As a control for some experiments,
TCL 6/7 derived from patient 6 was used: this line recognizes
GAD peptide p270-283 and is restricted by the DRBI1*0401 al-
lele [10].

Proliferation assay. Proliferation assays were made in round-
bottomed 96-well culture plates, using 6-10 - 10° T-cells and
1-10° irradiated (40 Gy) autologous or allogeneic PBMC as
APC. Antigen (hGAD®G65 or peptides) was added to the cul-
tures in a final concentration of 5 ug/ml, unless indicated other-
wise. Mouse fibroblasts transfected with human class II genes
[20] were pulsed with different concentrations of GAD-de-
rived peptide and plated in flat-bottomed, 96-well culture
plates. After an overnight incubation at 37°C, the L-cells
were irradiated at 100 Gy before adding 1-10* T-cells per
well. Data are given as means cpm + SD or as stimulation indi-
ces (SI) calculated as follows: mean cpm of response to peptide
divided by mean cpm with medium only, using duplicate or
triplicate measurements as indicated.

Identification of the HLA restriction element. To identify the
class II restriction element used for presentation of the GAD
peptide, the T-cell clones were probed with a panel of alloge-
neic APC. Class II molecules that are serologically defined as
DR4 or DR7 are composed of alpha chains encoded by the
DRA*0101 allele and beta chains encoded by one of several
different DRBI alleles (i.e. DRBI*0401, *0402, *0405 or
*0701). Class II heterodimers that are serologically defined
with DR53-specific antibodies are encoded by the DRA*0101
allele and one of three different alleles (DRB4*0101, *0102,
*0103) of the DRB4 locus [21, 22]. The DQ heterodimers are
formed by the association of a DQAI-encoded alpha chain
(i.e. *0301 or *0501) and a DQBI-encoded beta chain (i.e.
*0302 or *0201).

Blocking experiments. The isotype of class II molecules recog-
nized by the T-cell clones was studied by antibody blocking ex-
periments. The APC (1 - 10° cells a well) were first incubated
with the various monoclonal antibodies (mab) in different con-
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Table 1. Class II alleles of patient 40 and control donor
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Subject Sex Age HLA class II alleles?

DRBI? DRB4* DQAI* DOBI*
Patient 40 Female 54 0401/0401 0101/0101 0301/0301 0302/0302
Control Kp3 Male 33 0301/0401 0103 0501/0301 0201/0302

2 Class II specificities shared between patient 40 and control donor Kp3

centrations for 30 min at 37 °C. Peptides were then added in a
final concentration of 100 nmol/l and after 3 h at 37°C, the
APC were irradiated (40 Gy). Further conditions for the pro-
liferation assay were the same as described above.

The Mab-recognizing framework determinants on DR mol-
ecules (mab L243) or specifically recognizing DRBI*0401-
(mab 2ab8) encoded molecules were used to inhibit peptide
binding. The murine myeloma protein UPC10 (Sigma, Dei-
senhofen, Germany) was used as a negative control. All re-
agents were prepared as purified Ig from hybridoma culture
supernatants. The hybridoma for the L243 mab was obtained
from the American Type Culture Collection (ATCC; Rock-
ville, Md., USA) and the 2ab8 hybridoma was generated local-
ly (R.W.).

TCR alpha and beta gene usage. Total RN A was extracted from
T-cell lines and clones using the RNAzol B method (CINNA/
BIOTECX, Houston, Tex., USA) and isopropanol precipita-
tion. The RNA was reverse transcribed into first-strand
TCRAV and TCRBV cDNA using specific primers [23] and
the Superscript preamplification system (BRL, Gaithersburg,
Md., USA). Specific amplification of the different Va.and V3
genes of the TCR was done using a panel of primers specific
for 34 TCRAYV gene families, and 32 TCRBYV gene families as
the forward primers, and a TCRAC or TCRBC gene specific
primer as the reverse primer [23]. The PCR products were di-
rectly sequenced using an Autoread sequencing kit of Pharma-
cia with fluorescence labeled TCRAC and TCRBC primers.
For sequencing, the PCR was carried out with biotinylated
TCRAC and TCRBC primers [24].

Results

Mapping of the GAD epitope recognized by T-cell
clones. An uncloned T-cell line (TCL 40/2) reactive
against the hGADG65 protein was originally isolated
from the PBMC of patient 40, obtained at the pa-
tient’s onset of insulin dependency [10]. We estab-
lished several clones from TCL 40/2 by limiting dilu-
tion using PBMC from a normal control donor
(Kp3) as a source of APC (Table 1). Like the parental
line, all clones were found to proliferate in the pres-
ence of the p556-575 peptide, located in the carboxy-
terminal region of the protein (Fig.1). Because this
20-mer peptide was not likely to represent the mini-
mal epitope needed for T-cell activation, a series of
truncated peptides derived from p556-575 were used
to identify the minimal sequence required to activate
the T-cell clones. Whereas the four clones varied in
their proliferative potential from test to test, they
showed remarkably similar patterns of response to
the full panel of peptides. Peptides with truncations

at the amino-terminal end still allowed full stimula-
tion as long as serine at position 562 was present in
the peptide (Fig.1a, b). Truncation of two further
amino acids led to a substantial reduction in prolifer-
ation. In additional experiments it was found that re-
moval of only the serine residue at position 562 did
not reduce T-cell proliferation compared with pep-
tide p556-575, placing the N-terminal border at posi-
tion 563 (Fig.1 and data not shown). Truncation of a
single carboxyterminal amino acid led to a strong re-
duction in the response of all four clones. These re-
sults showed that the minimal epitope required to op-
timally activate these T-cells was p563-575, with the
sequence NPAATHQDIDFLI. The identical fine
specificity of the four clones suggested that they
might represent independent isolates of one single T-
cell clone that dominated the TCL 40/2 culture.

GAD specific T-cells show identical TCR. Although a
substantial number of limiting dilution cultures was
initially established using the PBMC of patient 40,
only one independent line which was isolated fulfilled
the criteria for GAD-specificity. This indicated that
GAD-specific T-cells were extremely rare in the pe-
riphery of this patient. In order to determine the T-
cell heterogeneity of TCL 40/2, TCR repertoire anal-
ysis was carried out to assess how many TCRAV and
TCRBYV families were expressed by the uncloned
population. This analysis revealed that the repertoire
of T-cells contributing to this GAD line was extreme-
ly limited with only two families (TCRAV2 and
TCRAV?2I) clearly discerned in the TCRa repertoire
and only a single family (TCRBV2) represented in
the TCRJ repertoire (data not shown). Repertoire
analysis showed that amplicons for TCRAV2 and
TCRAV21, in addition to TCRBV2, were present in
all clones derived from TCL 40/2. These same ampli-
cons were found in T-cells sorted as single cells by
flow cytometry as well as in T-cells selected by strin-
gent magnetic bead separation following incubation
with a TCRAV2-specific mab (data not shown), clear-
ly showing that both TCRAV sequences were present
in individual T-cells.

The TCR alpha and beta amplicons were se-
quenced to define the functional receptor for these
clones. The TCR alpha and beta chains of all four
clones had identical CDR3 regions, showing that
they were identical isolates of a clonally-expanded
T-cell that dominated TCL 40/2 (Table?2). The
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Peptide Sequence
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Fig.1. GAD-specific T-cells of patient 40 are optimally acti-
vated by a minimal epitope containing the amino acid posi-
tions p563-575 of the GADG65 protein. Truncated peptids of
the 20-mer GAD epitope p556-575 were used to stimulate
the T-cell clones 40/2#5( M), #16 (£2), #21(7]) and #38([J) in a
72 h proliferation assay. Dates are given as a stimulation index,
calculated by dividing the cpm of radioactive thymidine incor-
poration in the presence of peptide by cpm in medium alone.
The following cpm + SD were measured with medium/peptide
p556-575 in two independent experiments (a and b), respec-
tively: clone#5: 434 +31/29815 +307 and 606 + 146/20556 +
3490; clone#16: 756 +138/57909 +4 and 518 + 110/26948 +
3992; clone#21: 673 +55/71562 + 2739 and 637 + 132/31210 =
572; clone#38: 1074 + 8/69280 = 1915 and 671 + 107/35059 =
4990. Proliferation of clone 40/2#38 in the presence of peptides
p556-575 and p563-575 is given as Slin ¢

Table 2. Sequences of TCR alpha and beta chains
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TCRAV2 gene segment was rearranged in frame to
the TCRAJ42 gene segment, whereas the TCRAV21
sequence showed an out of frame rearrangement.
Only a single TCRBYV rearrangement was detected
in the four clones, using the TCRBV2 gene segment
rearranged to the TCRBJI.5 gene segment. Thus,
the functional TCR for the four clones used
TCRAV2J42 combined with TCRBV2J1.5.

Identification of peptide residues influencing T-cell ac-
tivation. Present within the minimal GAD peptide
p563-575 are amino acids that contribute to MHC
binding and others that interact with the TCR; both
are necessary for T-cell activation. Variant peptides
were synthesized carrying alanine exchanges at all
amino acid positions of the minimal sequence
p563-575. Those positions that were occupied by ala-
nine in the native peptide were exchanged with gly-
cine. These so called “ala-scan” peptides were pre-in-
cubated with APC from donor Kp3 which were then
washed and used to stimulate T-cells in proliferation
assays. The results of replicate tests for clone 40/
2#38 are shown in Fig.2. Again, even though the pro-
liferative potential of this clone varied from test to
test, the response pattern was very similar. Exchange
of alanine for the two terminal residues (NP) at the
amino terminus and L at the carboxy terminus, as
well as the internal H residue, was generally well tol-
erated whereas exchange for alanine or glycine at all
other amino acid positions led to substantial or com-
plete loss of T-cell stimulation. Thus, eight amino ac-
ids of this hGADG65 epitope, NPAATHQODIDFLI
(underlined) were identified that were essential for
T-cell activation, either through their influence on
HLA binding or on TCR triggering. Variable influ-
ences were noted in repetitive tests when the N and
C termini were exchanged, indicating that they were
supportive but not essential for T-cell activation. The
substitution of alanine for these residues did not
cause full alteration in the characteristics of the pep-
tide, although some reduction in proliferation was
noted occassionally.

Definition of the MHC restriction element for
p563-575. Immunophenotyping of the GAD-specific
T-cell clones with mab specific for lymphocyte sub-

Variable region CDR3-LOOP Joining region

TCRAV2 C AV N I A G G S Q G NL I F TCRAJ42
TGTGCCGTG AACATTGCTGGCGGAAGCCAAGGAAATCTC ATCTTT

TCRBV2 C S A S A G W N Q P Q H F TCRBJ1.5
TGCAGTGCT AGTGCGGGTTGGAGCAATCAGCCCCAG CATTTT

Germ-line V and J sequences not contributing to the CDR3
loop are noted on the left and right sides, respectively. The
CDR3 loop for each sequence is comprised of germ-line en-
coded amino acids and N region additions for the TCR alpha

and germ-line and N-D-N region encoded amino acids for the
TCR beta chain: germ-line nucleotide sequences are given in
normal type, N nucleotides are underlined. Amino acid se-
quences are given in bold
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Fig.2. Definition of the residues contributing to HLA and
TCR binding using “ala-scan” peptides. In a proliferation as-
say, PBMC of the HLA class II matched control donor Kp3
were pulsed with variant peptides of the minimal epitope car-
rying systematic alanine or glycine substitutions at each posi-
tion. These peptide-pulsed APC were then used to stimulate
the T-cell clone 40/2#38. Data are given as a stimulation index,
calculated as described in Fig. 1. The following cpm + SD were
measured with medium/peptide p563-575: (a) 683 + 89/
17974 + 1687 and (b) 385 + 29/94705 + 5172

sets showed that all clones were of the CD4* subtype
(data not shown). This phenotype indicated that the
clones would recognize their antigenic peptides in as-
sociation with HLA class II molecules, consistent
with their activation by externally-pulsed APC. Pa-
tient 40 carries DRB1*0401 and DQBI1*0302 alleles
that are associated with an increased risk of Type I di-
abetes (Table 1). We therefore assumed that mole-
cules encoded by one of these risk-associated alleles
would serve as the MHC restriction element for pep-
tide presentation. To evaluate this possibility, we test-

Table 3. Stimulation of clone 40/2#38 with allogeneic APC
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ed the proliferation of the clones in response to pep-
tide-pulsed APC derived from unrelated donors that
expressed different DRBI and DQBI alleles (Ta-
ble 3). The APC from donor Kp3, having
DRBI1*%0401, DQA1*0301 and DQBI*0302 alleles in
common with patient 40, strongly stimulated T-cell
clone 40/2#38 in the presence of the peptide
p563-575. The APC-expressing class II molecules en-
coded by the closely related DRBI*0402 (Kp89),
*0403 (Kp143) and *0404 (Kp95) alleles were also
able to activate the T-cells. Donors Kp89 and Kp95
carried DQAI*0301 and DQBI1*0302 alleles but this
was not the case for Kp143. Instead, Kp143 shared
only the DQAI*0301 allele of patient 40 but so did
Kp31 whose peptide-pulsed APC failed to induce
proliferation. Furthermore, APC of donors Kp79
and Kp86 also induced strong T-cell proliferation, de-
spite their failure to express any shared DRBI,
DQBI or DQAI allele with patient 40. Several other
mismatched APC provided no or only weak stimula-
tion of the T-cells. Thus, the response pattern could
not be associated with the sharing of any risk-associ-
ated class II molecule.

Earlier studies showed that DQ-specific mab were
not able to block proliferation of TCL 40/2, support-
ing that DQ molecules are not involved in peptide-
presentation [10]. Because MHC class II molecules
could be promiscuous in their binding and presenta-
tion of GAD peptides [25], it seemed feasible that
the DRBI molecules encoded by the various DR4
and DRY7 alleles might be capable of presenting the
p563-575 epitope. Functional blocking studies were
done using a mab specific for DR4 molecules to as-
sess whether they were part of the p563-575 ligand.
The APC from donor Kp3 were pre-incubated with
the DR4-specific or control mabs, then pulsed with
peptide p563-575 for three hours, irradiated and

HLA class II alleles®

Experiment 1

Experiment 2

APC DRBI* DRB4™® DQAI* DQBI* medium® peptide? SI¢ medium® peptide? SI¢
Kp3  0401/0301  positive  0301/0501  0302/0201 669 + 91 32663 = 15129 49 2651 19075 £ 1060 72
Kp89 0402/1303 positive  0301/0501  0302/0301 857 £558 50274 +2178 59 354 +3 10627 £ 2554 30
Kp143 0403/1501 positive  0301/0102  0301/0602 419 + 73 45009 + 2852 107 362 £ 57 9688 + 387 27
Kp95 0404/1001 positive  0301/0101  0302/0501 382+6 21388 +£3930 60 373 +123 4906 = 571 132
Kp79 070111301 positive  0103/0201 0201/0603 1248 + 711 43767 £ 9893 35 534 +£101 10443 £1553 20
Kp86 0701/0101 positive  0101/0201 0201/0501 1718 £329 68250 £ 1013 40 763 £ 98 20056 + 4361 26
Kp20 0801/1 501 negative 0102/0401 0402/0602 1579 + 832 7532 £ 1510 5
Kp31 1101/1101 negative  0301/0501  0301/0501 534 £ 99 1477 + 223 3
Kp35 0301/1501 negative  0102/0501 0201/0602 364 £ 28 371 £ 205 1
Kp51 1301/1502 negative  0103/0103  0603/0603 326 + 99 279 + 163 0

2 Class II specificities shared between patient 40 and control
donors are highlighted in boldface

® The presence of DR53 molecules was established by serology
and/or molecular typing. Donors Kp3, Kp89, Kp143, Kp95,
Kp79, Kp86 were DRS53 positive and Kp20, Kp31, Kp35 and
Kp51 were found to lack DR53 expression. At the molecular
level Kp3 has a DRB4*0103 allele and Kp95, Kp79 and Kp86
were found to have *0101 alleles

¢ Data are given as means + SD for duplicate measurements in
each experiment

4PBMC were pulsed with 5 ug/ml of peptide 563-575

¢ Stimulation index, calculated according to formula in meth-
ods
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Fig.3. Inhibition of peptide presentation by mabs directed
against MHC class II molecules. The proliferative response of
T-cell clone 40/2#38 was measured in the presence of mabs spe-
cific for class Il molecules. Mab 1.243 reacts with DRBI-encod-
ed heterodimers of all specificities and mab 2ab8 reacts with
heterodimers with DRB1*0401-encoded beta chains. Two con-
centrations of antibody (5 pg/ml and 50 ug/ml) were evaluated.
Data are presented as means cpm + SD. Significant inhibition
at p < 0.05 was not seen with either mab, as compared to the
murine myeloma protein UPC10 control and p556-575 in me-
dium alone

Fig.4 A, B. DR53 molecules present the p563-575 GAD pep-
tide. Mouse fibroblast L-cells transfected with the
DRBI*0401 and DRA*0101 genes (DR4-L-cells) express
DR4 molecules at their cell surface and L-cells transfected
with the DRB4*0101 and DRA*0101 genes (DR53-L-cells) ex-
press DR53 molecules at their surface. A Clone 40/2#38 was
analyzed in a proliferation assay using peptide-pulsed
(p563-575) PBMC from donor Kp3 and both L-cell transfec-
tants as stimulating cells. B The DRBI*0401-restricted TCL
6/7 derived from patient 6 (10) was restimulated with GAD
peptide p270-283 using PBMC from donor Kp3 and both L-
cell transfectants. Data are presented as mean cpm + SD of
replicates
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used to restimulate the T-cells. Neither the monomor-
phic mab, 1.243, which binds efficiently to most
DRBI-encoded molecules nor the DR4-specific
mab, 2ab8, was able to significantly inhibit the pro-
liferation of clone 40/2#38, even at high concentra-
tions, indicating that the DRBI-encoded molecules
were not responsible for peptide presentation
(Fig.3).

The MHC haplotypes encoding DR4 and
DR7 molecules also carry a common DRB4 se-
quence that encodes a second DR beta chain. Like
DRBI-encoded chains, these DRB4-encoded chains
can pair with the DRA-encoded alpha chains to
form class II heterodimers. This second type of DR
molecule binds mabs or alloantisera that have a des-
ignated DRS53 specificity [21, 22]. Serological or mo-
lecular typing of the APC donors showed that all
APC capable of stimulating clones 40/2#38 expressed
DR53 molecules, whereas those APC not able to ac-
tivate the T-cells were DRS53 negative (Table 3). The
molecular subtyping of DR53 showed that three do-
nors whose APC could induce T-cell proliferation,
following peptide pulsing, carried DRB4*0101 alleles
in common with patient 40; however, donor Kp3,
whose cells were used to maintain the clones in
long-term culture, carried a DRB4*0103 allele (Ta-
ble 3). Nevertheless, because these two DR B4 alleles
have almost identical peptide-binding regions [22],
they are probably functionally equivalent. Thus, the
response pattern suggested that DRS3 molecules
might serve as the restriction element for these T-
cells.

To test directly whether DR53 molecules were in-
deed part of the MHC-peptide ligand, we studied
the ability of peptide-pulsed mouse fibroblast L-cells
to restimulate clone 40/2#38. Mouse L-cells transfect-
ed with the DRA*0101 gene in combination with the
DRBI*0401 allele express DR4 molecules at the cell
surface (DR4-L-cells), whereas cells transfected with
DRA*0101 and the DRB4*0101 allele express
DR53 molecules (DRS3-L-cells) [20]. Significant
proliferation of clone 40/2#38 was detected following
stimulation with peptide p563-575-pulsed DR53-L-
cells, whereas no proliferation was detected using
the DR4-L-cells (Fig.4a). Control experiments
showed that the DR4-L-cells were capable of activat-
ing GAD-specific T-cells using the DRBI1*0401-re-

50-
B
40-

307

207

cpm (x 1079

Kp3 DR53 DR4
PBMC L-cells L-celis
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Table 4. Comparison of amino acids 70, 71 and 74 in DRBI? and corresponding residues in DRB4® alleles

Locus Allele Amino acid position® Pocket charge Disease association?
70 71 74

DRBI* 0301 Q" K* R* positive susceptible
0401 Q" K* A" positive susceptible
0402 D E A" negative susceptible
0405 Q" R* A" positive susceptible
0403 Q" R* E neutral protective
0406 Q" R* E neutral protective
1501 Q" A" A" neutral protective

DRB4* 0101 R* R* E positive “susceptible”
0102 R* R* E positive “susceptible”
0103 R* R* E positive “susceptible”

2 The amino acid positions 70, 71 and 74 have been determined ¢ Acidic = —; basic = + ; neutral =n

to be predictive of DRBI alleles associated with susceptibility
or protection for Type I diabetes [4]

® The corresponding positions in the DRB4 alleles have been
determined by sequence alignment using the IMGT/HLA Se-
quence Database (www.ebi.ac.uk/imgt/hla/align.html)

stricted TCL 6/7 [10]. Following pulsing with GAD
peptide p270-283, a significant proliferative response
was measured with the DR4-L-cells but not with pep-
tide-pulsed DR53-L-cells (Fig.4b).

Responses of T-cells from both patients to the mu-
rine L-cells, pulsed with their respective GAD pep-
tides, were much lower than the responses measured
using peptide-pulsed PBMC of donor Kp3 as APC.
Because L-cells are xenogeneic to human T-cells, op-
timal interactions do not occur between species-spe-
cific adhesion molecules and costimulatory proteins
that are required for optimal activation of human T-
cells [26].

Considerations regarding DRS53-peptide complexes.
Alleles of the DRB4 locus have not been reported to
be associated with an increased risk of Type I diabe-
tes [1-4]. Recently, however the features of DRBI-
encoded molecules that contribute to the risk of or
protection from Type I diabetes have been reassessed
[4]. This analysis showed the importance of the DRP4
pocket; in particular, the charges of amino acids locat-
ed at positions 70, 71 and 74. The DRP4 pockets with
a net-positive or net-negative charge due to these
three residues were encoded by alleles associated
with an increased risk of disease, whereas neutral
DRP4 pockets were encoded by alleles associated
with protection against disease. If DRB4-encoded
molecules fold to form structures similar to DRBI
molecules then the corresponding region in
DR53 heterodimers could also be important for pep-
tide selection. We therefore analysed the homologous
positions in DRB4-encoded molecules after making
sequence alignments with selected DRBI molecules
that are associated with susceptibility for or protec-
tion against Type I diabetes (Table 4). Based on our
reassessment [4] the net positive charge of the
DRBI1*%0301-, *0401- and *0405 alleles and the net

dBased on the DRBI patterns, the DRB4 alleles would be pre-
dicted to be associated with susceptibility

negative charge of DRBI*0301, *0401 and *0405-en-
coded molecules and the net negative charge of
*0402-encoded molecules confer risk, whereas the
balanced charges at positions 71 and 74 produce net
neutral pockets in *0403 and *0406-encoded mole-
cules, giving protection. The protection-associated al-
lele DRBI*1501 has only neutral residues at these
positions. The homologous regions of the DR53 hete-
rodimers, encoded by the three DRB4 alleles, have
the features of molecules associated with susceptibili-
ty, because the corresponding residues yield a net
positive charge in every case.

The peptide-binding motif of DR53 molecules has
not yet been determined and only a few peptides
that bind to DR53 molecules have been defined.
Those peptides known to date are listed in Table 5.
An interesting feature of one group of peptides is
the presence of one or more negatively charged resi-
dues. We speculate that a pocket equivalent to
DRP4 in the DR53 heterodimers preferentially ac-
commodates negative residues because of its net pos-
itive charge. Based on this, we made a theoretical
alignment of these peptides, centering them around
the negatively charged residues. Because several of
the DR53-binding peptides have more than one neg-
atively charged residue, different registers are feasi-
ble. In one alignment, the P4 residue would often
have an aliphatic neighbor at position 5. In a second
register, a positively charged residue would often be
placed at position 5.

The first register shown for the GAD p563-575 se-
quence would be highly compatible with the model
for peptides binding to DRBI*0401 molecules [32],
in which P1, P4, P6, and P7 are embedded deep in
the binding groove. Our “ala scan” studies (Fig.2)
showed an influence of all of these residues, with a
full loss of function following alanine exchange. Fur-
thermore, the “ala scan” results would support the
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Table 5. Potential alignments of DR53-binding peptides
Peptide Peptide register Refer-
6 5 4 3 2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 "¢
GAD.y; 575 N P A ATHGOQDTI DF L I
N P A AT H QDTI DF L I
PDC-E2,; 17 G DLULAETIETDTI K AT I 27
G D L L A E 1 E T D K A T 1
G D L L A E I E T D K A T I
PDC-E24 4 G DLI AEVTDTEKAT V 28
G D L 1 A E VvV T D K- A T V
OGDC-E2,4 1 D EV V CETITDTI KT S V 28
D E V VvV C E 1 T D KT S V
NY-ESO-1,5;_3 VL.LKETFTV S GNTILTTI RTLT 29
L-plastinsg, sos N N A K Y A1 8 M A R K I G A 30
N N A K Y A I S M A" R* K 1 G A
N N A K" Y A1 S M A R K I G A
gliadin, VR VP VP QL QP QNZPS QQOQZP QE 31
gliadiny, 4, Q VPLVQQQOQTFTLSGO QQQPTFTPTP Q
gliadin,, o, P QP F RP QOQPYZ?POQPOQPOQYS QTP
gli adinyo; 50 P S S Q VS F QOQPTLIOQOQQYUZPTLGA QG S

contention that P-2, P-1, P3 and P5 would be impor-
tant TCR contacts because their substitution led to
full loss of T-cell proliferation (Fig.2).

Negative residues are present in only half of the
peptides listed in Table 4, thus the remaining peptides
can not be directly aligned on this basis. Perhaps, the
L-plastin sequence can be accommodated through a
neutral alanine residue and an adjacent hydrophobic
or, alternatively, positively charged residue. The pep-
tides derived from gliadin are so unique that, at first
glance, it does not seem feasible to accommodate
them to this model of DR53 binding. A tissue trans-
glutaminase that changes glutamine (Q) to glutamic
acid (E), however, is an important autoantigen in celi-
ac disease [33, 34] and such deamidated residues have
been shown to be critical for binding gliadin peptides
to DQ8 molecules [35]. Thus, deamidation of some
glutamine residues in the gliadin peptides might pro-
vide appropriate acidic residues for DR53 binding.

Discussion

Glutamic acid decarboxylase represents one of the
major autoantigens associated with the development
of Type I diabetes in humans [36]. Whereas autoanti-
bodies are prevalent in Type I diabetic patients in the
prediabetic stage, it is believed that autoreactive T-
cells are pivotal in the pathogenic process that leads
to beta cell destruction [37]. From animal studies,
CD4" T helper-1 cells seem to be essential in initiat-
ing the autoaggressive attack, although they alone
are not sufficient for causing beta-cell destruction
[38-40]. The CD4 T-cell responses of prediabetic
people and recent onset diabetic patients have been

investigated in vitro using GAD-derived peptides to
induce proliferation in PBMC [41, 42]. This approach
has allowed several stimulatory peptides to be de-
fined but their processing from intact GAD protein
and presentation by APC leading to T-cell induction
in patients in vivo remains to be confirmed. We have
used an alternative strategy to identify GAD-specific
T-cells that could be involved in the development of
pathogenic responses. The PBMC of Type I diabetic
patients were stimulated with full-length protein, re-
quiring APC processing and presentation to occur in
order to achieve T-cell stimulation. Thereafter, we
defined the peptide epitopes and MHC-restricting
molecules.

In our case study we have molecularly character-
ized the class II ligand and its complementary TCR
for GAD-specific, CD4" lymphocytes that were iso-
lated from patient 40. The original T-cell line was es-
tablished from this patient using a blood sample that
was taken within a few days of the time point in which
the patient required initial insulin substitution. These
GAD-responding T-cells could be classified as Thl
cells based on their secretion of high concentrations
of IFN-vy in the absence of 1L.-4 [10]. The four T-cell
clones derived from the line were also of the CD4
phenotype and expressed identical TCR alpha and
beta chains; thus they represented repetitive isolates
of one T-cell clone. As would be expected, all four
clones showed specificity for the same minimal pep-
tide (p563-575] and had similar patterns of reponse
to the “ala scan” peptides that were used to identify
the residues contributing to HLA class II binding
and T-cell receptor triggering.

Because patient 40 carried both DRBI1*0401 and
DQBI*0302 alleles that are strongly associated with
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arisk of disease, we expected that these T-cells would
recognize the GAD peptide in association with class
IT molecules encoded by one of these alleles. To our
surprise, however, we found that a class II het-
erodimer with a beta chain encoded by the DRB4 lo-
cus served as the restriction element for these T-cells.
This was shown by allogeneic APC panel studies and
with mab blocking experiments to exclude a role of
DRBI-encoded molecules. Earlier studies showed
no influence of DQ-specific antibodies on T-cell func-
tion [10]; the lack of DQ involvement was further
substantiated by our results of the allogeneic APC
panel study. A direct involvement of DR53 molecules
in peptide presentation was supported by the studies
showing that peptide-pulsed DR53 transfected mu-
rine L-cells could stimulate the T-cells of patient 40,
defining the specific ligand for the T-cell clones. Be-
cause the DRB4 locus is present in HLA-DR4, DR7
and DRY haplotypes [22] and these haplotypes carry
different DRBI1, DQAI and DQBI alleles, they only
have the capacity to encode functionally equivalent
DR53 heterodimers in common. Thus, the presence
of the shared DRB4 locus explains why the GAD-
specific T-cells of patient 40 were stimulated by allo-
geneic APC derived from donors having
DRBI1*0401, *0402, *0403, *0404 and *0701 alleles.
Appropriate APC from DRY donors were not avail-
able for comparison.

Few T-cell responses that are restricted by
DR53 molecules have been reported; thus the func-
tion of DRB4-encoded molecules in antigen presen-
tation is not well understood. Recently, DR53 mole-
cules have been shown to be associated with suscepti-
bility to celiac disease and they were found to bind a
surprising number of gliadin-derived peptides [31].
Whereas the majority of gliadin-reactive T-cell clones
was reported to be restricted by DQ molecules, T-
cells responding to APC derived from DR4 [43] and
DR?7 [44] donors have also been reported, opening
the possibility that they also might recognize some
gliadin-derived peptides in association with DRS53
heterodimers.

The “ala scan” peptides allowed demarcation of
the residues required for MHC-binding and interac-
tions with the TCR. Although we were not able to
distinguish those amino acids that serve as HLA an-
chors from those that make contact with the TCR by
direct competitive peptide binding assays, specula-
tions could be made based on the alignment consider-
ations made using DR BI*0401-encoded molecules as
a model [32]. Several studies have analysed peptides
that bind to DR53 molecules [27-31, 45] and a com-
parison of these sequences revealed some residues
that are potential candidates for DR53 binding. Neg-
atively charged residues were characteristic for sever-
al peptides; as we suggest, these residues bind in a pu-
tative positively charged class II pocket that is equiv-
alent to the DRP4 pocket of DRBI-encoded mole-
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cules [32]. The DRP4 pocket has been shown to
have characteristic features of charge that are associ-
ated with susceptibility or protection against Type I
diabetes [4]. This same pocket has also been shown
to be characteristic for rheumatoid arthritis-associat-
ed molecules, whereby a propensity to bind peptides
with negatively charged P4 residues has been corre-
lated with disease risk [46]. Further studies will be
necessary to etablish whether our proposed align-
ment accounts for peptide binding by DRS53 mole-
cules.

Although particular DQ alleles confer the highest
MHC-linked genetic risk of Type I diabetes, it has
not yet been possible to isolate DQ-restricted T-cell
lines or clones from Type I patients. To date, only
DR heterodimers have been found to restrict GAD
peptide presentation to T-cell lines or clones isolated
from patients who spontaneously develop the dis-
ease. Furthermore, a recent study only found DR-re-
stricted, GAD-specific T-cells in two patients who
had congenital rubella and developed Type I diabetes
[47]. Nevertheless, a number of DQ-binding peptides
have been identified that stimulate T-cells in DQ-
transgenic mice and some of these peptides have
also been shown to induce proliferation in PBMC of
Type 1 patients and control donors carrying
DQ*0302 alleles [42, 48]. Perhaps DQ-restricted T-
cell lines or clones are not easily obtained because
they develop at different times, are more sequestered
in the pancreas, or play a regulatory role that is not
adequately assessed by peptide-driven proliferation.

Recent studies showing that GAD protein is the
major autoantigen contributing to the development
of Type I diabetes in the NOD mouse [49, 50] under-
scores the importance of this autoantigen in the
pathogenic process leading to islet-cell destruction.
Several GAD epitopes that are presented by I-A%-
encoded molecules have been identified which stimu-
late T-cells in the NOD mouse [51, 52] and, recently,
the crystal structure of a GAD peptide/I-A#’ complex
was determined [53]. In fact, the GAD peptide that
we identify here as a component of the DR53-ligand
seen by the T-cells of patient 40 was found to bind to
I-A%-encoded molecules of the NOD mouse [53].
The P9 pocket of I-A¢”-encoded molecules seems to
be critical for peptide binding. The presence of a neg-
atively charged residue in I-A¢’-binding peptides ap-
pears to compensate for the lack of a charged residue
at position 57 in the P9 pocket. Variations in charge in
residue 57 in DQ beta chains, likewise, are associated
with susceptibility or protection against Type I diabe-
tes [54, 55]. The observation that peptide p563-575
can bind to I-A%’-encoded molecules suggests that it
might also bind to a human DQ homolog through a
negatively charged residue. To date, however,
p563-575 has not been identified as a DQ-binding
peptide in transgenic mouse studies [42, 48] nor by
DQ-binding assays [25].
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Our analyses combined with those of others [5-10,
42] show that multiple epitopes are spread through-
out the GAD protein and that different individual-
ized class II peptide ligands characterize the respons-
es in different patients. This case study extends this
complexity one step further since it shows that a hith-
erto unexpected class II heterodimer restricts the re-
sponse of GAD-specific T-cells. While alleles of
DRB4 have not been associated with the risk of Type
I diabetes, DR53 heterodimers have structural fea-
tures that are associated with susceptibility to Type I
diabetes as well as for rheumatoid arthritis [46].
Thus, many different GAD-peptide/class II ligands
can be formed that have the capacity to activate auto-
reactive T-cells. Having the complete molecular spec-
ification of an HLA-peptide-TCR complex of a GAD
reactive T-cell clone opens the possibility to study
whether altered peptide ligands or TCR-specific pep-
tides can influence the activity of such T-cells.
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