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(Bacl(ground: HLA-DQ2/8 heterozygous individuals have the highest risk for development of type 1 diabetes.
Results: The disease-associated HLA-DQ2/8 transdimer exhibits unique peptide binding features compared with other HLA-

Conclusion: This newly identified binding motif predicts islet autoantigen-derived peptides as candidate T cell epitopes.
Significance: Predicting new HLA-DQ2/8 transdimer-specific candidate T cell epitopes sets the stage for testing candidate
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HLA-DQ2 and HLA-DQ8 are strongly predisposing haplo-
types for type 1 diabetes (T1D). Yet HLA-DQ2/8 heterozygous
individuals have a synergistically increased risk compared with
HLA-DQ2 or HLA-DQ8 homozygote subjects that may result
from the presence of a transdimer formed between the a-chain
of HLA-DQ2 (DQAI%05:01) and the PB-chain of HLA-DQS8
(DQBI%03:02). We generated cells exclusively expressing this
transdimer (HLA-DQS8trans), characterized its peptide binding
repertoire, and defined a unique transdimer-specific peptide
binding motif that was found to be distinct from those of HLA-
DQ2 and HLA-DQ8. This motif predicts an array of peptides of
islet autoantigens as candidate T cell epitopes, many of which
selectively bind to the HLA transdimer, whereas others bind to
both HLA-DQS8 and transdimer with similar affinity. Our find-
ings provide a molecular basis for the association between
HLA-DQ transdimers and T1D and set the stage for rational
testing of potential diabetogenic peptide epitopes.

Type 1 diabetes (T1D)? is a chronic autoimmune disease
characterized by activation of CD4 and CD8 T cells and subse-
quent destruction of the insulin-secreting beta cells in the pan-
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creas (1-3). The disease process involves autoreactive T cells
against epitopes found within a diversity of islet auto-antigens,
of which the best studied are insulin (4-7), islet tyrosine phos-
phatase insulinoma-associated 2 (IA-2) (8, 9), and glutamic acid
decarboxylase (65-kDa isoform; GADG65) (10, 11).

In T1D the risk associated with the HLA-DQ2/8 heterozy-
gous haplotype was found to be increased compared with
homozygous HLA-DQ2 or HLA-DQS8 individuals, suggesting
an epistatic or synergistic effect (12—15). Moreover, it has been
shown that this high risk is associated with the presence of
HLA-DQ transdimers formed by the a-chain of HLA-DQ2
(DQAI1°05:01) and the B-chain of HLA-DQS8 (DQB1°03:02,
termed HLA-DQ8trans hereafter) or by the a-chain of HLA-
DQ8 (DQA1°03:01) and the B-chain of HLA-DQ2 (DQBI"02:
01; termed HLA-DQ2trans hereafter). In particular the HLA-
DQ8trans heterodimer confers the highest risk for de-
velopment of T1D (13, 14, 16, 17). Consequently, this trans-
dimer may present a unique repertoire of autoantigen-derived
peptides triggering a pathogenic response that ultimately leads
to beta cell destruction. However, the binding characteristics of
the HLA-DQ transdimers are poorly understood.

In this study we have generated HLA-DQ2trans HLA-
DQ8trans molecules and determined which peptides are
naturally bound to these transdimers. Moreover, we
designed transdimer-specific peptide binding assays and
employed these to determine the requirements for peptide
binding to transdimers in detail. The results demonstrate
that both transdimers have vastly different peptide binding
properties. Finally, we have used the novel binding motifs to
identify potential beta cell autoantigen-derived epitopes specif-
ically presented by HLA-DQS8trans.

EXPERIMENTAL PROCEDURES

Lentivirus Production and Transduction—A set of bicis-
tronic lentiviral vectors containing the a-chain (DQA1°05:01 or
DQAI1°03:01) or the B-chain (DQBI1°03:02, DQBI1"02:01) cod-
ing sequences and, respectively, a GFP- or a puromycin-resis-
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tant gene were generated. Third generation lentiviruses were
produced following standard procedures (18). Briefly, lenti-
viral vectors (pRRL-CMV-GOI-GFP/puro) were co-trans-
fected with “helper” plasmids, encoding HIV-1 gag-pol (HIV-1
rev and HIV-1 VSV-G envelope) into 293T cells. Virus-con-
taining supernatants were harvested after 48 and 72 h, passed
through a 0.45-um filter, and stored until use at —80 °C. Virus
titers were estimated by ELISA for HIV p24 level (ZeptoMetrix
Corp.). For cotransductions of HEK293 cells, virus-containing
supernatants were added to fresh media supplemented with 8
pg/ml Polybrene (Sigma), and cells were incubated overnight.
Transduced cells were cell-sorted for high DQ expression by
FACS using GFP and an anti-DQ antibody (SPV-L3). By this,
HEK293 cells expressed only one type of HLA-DQ mole-
cule; DQA1°05:01/DQB1°02:01 (HLA-DQ2cis), DQA1°03:01/
DQBI°03:02 (HLA-DQS8cis), DQA1°03:01/DQB1°02:01 (HLA-
DQ2trans), or DQA1°05:01/DQB1°03:02 (HLA-DQS8trans).

Peptide Elution and Isolation from Affinity-purified HLA-DQ
Molecules—HLA-DQ2trans and HLA-DQ8trans molecules
were isolated from the transduced HEK293 cells. Peptide elu-
tions were performed as follows. Approximately 10™° cells were
grown in Iscove’s modified Dulbecco’s medium supplemented
with 10% FCS and r-glutamine. All purification steps were per-
formed at 4 °C. The cells were harvested by centrifugation and
washed with PBS, and the cell pellet was stored at —80 °C. Cells
were lysed with lysis buffer (containing 50 mm Tris, 150 mm
NaCl, 5 mm EDTA, 0.5% Nonidet P-40, 10 mMm iodoacetamide,
and protease inhibitors (complete inhibitor mix, Roche Applied
Science)) and subsequently centrifuged for 60 min at 10.000 X
g to remove nuclei and insoluble material. Lysates were pre-
cleared with Sepharose beads and mixed with Sepharose beads
coupled with a pan-DQ antibody (SPV-L3). After 60 min of
incubation the beads were washed with 5 bed volumes lysis
buffer subsequently followed by 4 bed volumes of low salt buffer
(120 mm NaCl, 20 mm Tris-HCI, pH 8.0), 8 bed volumes of high
salt buffer (1 m NaCl, 20 mm Tris-HCIL, pH 8.0), 4 bed volumes of
no salt buffer (20 mm Tris-HCI, pH 8.0), and 4 bed volumes of
low Tris buffer (10 mm Tris-HCI, pH 8.0). The HLA-peptide
complexes were eluted with 5 bed volumes of 10% acetic acid.
To remove high molecular mass HLA molecules, a filtration
step with a Centriprep filtration unit with a cutoff value of 10
kDa was used. The peptide fraction was freeze-dried and redis-
solved in 200 ul of 10% acetic acid. Fractionation was per-
formed with an HPLC system (see below). The material was
eluted using a gradient of 0-50% acetonitrile supplemented
with 0.1%trifluoroacetic acid.

Peptide Identification by Mass Spectrometry (MS)—The
complex MHC-peptide pool was prefractionated on a C18
reverse phase HPLC system (200 um X 15 cm; Reprosil-
C18-AQ 3 wm (Dr. Maisch GmbH, Ammerbuch, Germany).
Fractions were reduced to near dryness, and 95/3/0.1 v/v/v
water/acetonitrile/formic acid was added. Fractions were sub-
sequently analyzed by tandem mass spectrometry. Peptides
were characterized by nanoflow liquid chromatography using
an Agilent 1100 HPLC system (Agilent Technologies) coupled
on line to a 7-tesla LTQ-FT mass spectrometer (Thermo Elec-
tron, Bremen, Germany). The chromatographic system con-
sisted of the following components. ReproSil-Pur C18-AQ3
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pm was used as a resin for the analytical nano column, and
AQUA-C18 5 um was used as a resin for the trapping column.
Columns were prepared in house. The end of the nanocolumn
was drawn to a tip (ID ~5 wm), from which the eluent was
sprayed into the mass spectrometer. Peptides were trapped at 5
pl/min on a 1-cm column (100-um internal diameter, packed
in house) and eluted to a 15-cm column (50-um internal diam-
eter, packed in house) at 150 nl/min in a 60-min gradient from
0 to 50% acetonitrile in 0.1% formic acid. The mass spectrom-
eter was operated in data-dependent mode, automatically
switching between MS and MS/MS acquisition. Full scan MS
spectra were acquired in the FT-ICR-MS with a resolution of
25,000 at a target value of 5,000,000. The two most intense ions
were then isolated for accurate mass measurements by a
selected ion monitoring scan in FT-ICR with a resolution of
50,000 at a target accumulation value of 50,000. The selected
ions were fragmented in the linear ion trap using collision-in-
duced dissociation at a target value of 10,000. In a post analysis
process, raw data were converted to peak lists using Bioworks
Browser software, Version 3.1. For protein identification,
MS/MS data were submitted to the human IPI data base using
Mascot Version 2.4 (Matrix Science) with the following set-
tings: 5 ppm and 0.8-Da deviation for precursor and fragment
masses, respectively; no enzyme was specified. All reported hits
were assessed manually, and peptides with MASCOT scores
<45 were discarded.

HLA-DQ-Peptide Homology Modeling—Homology model-
ing of the complexes between the two HLA-DQtrans mole-
cules and eluted antigenic peptides was performed as previ-
ously described (19). The crystal structures of HLA-DQ2cis
(DQAI'05:01/DQB1°02:01) (20) and HLA-DQS8cis (DQA103:
01/DQB1°03:02) (21) were used as base molecules, and the pep-
tide coordinates in the latter were used for all peptides aligned.
The HLA-DQ trans molecules were obtained by aligning the
Ca of HLA-DQ2cis and HLA-DQS8cis in the B-pleated sheet
regions of the 131 domains of these molecules and making the
transdimers by selecting the a-chain and B-chain of the corre-
sponding cis dimers. Energy minimization of each respective
complex, unless otherwise noted, was carried out via the pro-
gram Discover of Accelrys (San Diego, CA) on Silicon Graphics
Fuel and Indigo instruments using 1000 cycles of the steepest
gradient approach followed by 1000 cycles of the conjugate gra-
dient approach. As outlined previously, homology modeling
can be used to predict the physicochemical features of the pock-
ets of the HLA-DQ2/8 trans molecules to a certain extent, and
this information was used to identify the most likely nine-
amino acid binding core in the eluted peptides. When align-
ment was equivocal, alternative alignments were tried and ver-
ified by energy minimization. All structures were examined for
atomic clashes via the Discover program. Graphical representa-
tions were performed via the WebLabViewer (Version 3.5) and
DSViewer Pro programs of Accelrys. The numbering of the resi-
dues in the amino acid sequences of the DQA and DQB molecules
was done according to the scheme suggested by Fremont et al. (22)
and extended by Bondinas et al. (23), as it ensures structural equiv-
alence across MHC class II loci within the same and throughout
different species. All modeled structures as Protein Data Bank
coordinates are available in the supplemental material.
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FIGURE 1. Expression of HLA-DQ2/8 transdimers on viral-transduced HEK293 cells. Expression of the DQ transdimer molecules on HEK293 cells was
examined by FACS analysis using a phosphatidylethanolamine-conjugated pan-HLA-DQ antibody (clone 1a3, Leinco Technologies). Shown is HLA-DQ expres-
sion on the surface of transduced cells (dark gray) compared with non-transduced HEK293 cells (dashed line), which do not naturally express MHC class Il
molecules. Anisotype control antibody for SPV-L3 was included in the FACS experiments (light gray). Cells were single cell-sorted to obtain clones with high DQ
expression. Clones obtained by this strategy displayed >95% DQ expression, which was stable in time (not shown).

Peptide Synthesis—Peptides were synthesized according to
standard Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry
using a Syroll peptide synthesizer (MultiSynTech, Witten, Ger-
many). The integrity of the peptides was checked using reverse
phase HPLC and MS. Peptides to be tested as potential epitopes
were synthesized as 13-mers containing two alanines both at
the N and C termini.

Heat Map—A heat map attempts to visualize all the amino
acid occurrences for all positions in one picture (24). The heat
map represents a two-dimensional data matrix where every row
is an amino acid and every column is a position and gives an
overview of the preferred and non-preferred residues per posi-
tion in the HLA-DQ binding core. One cell in the heat map
matrix will be colored according to the calculated p value for
that position and amino acid. The p value used for each analysis
is 0.05. Only significantly up- and down-regulated residues
according to the given p value 0.05 are colored in, respectively,
a shade of green and red. The non-regulated elements are col-
ored black.

HLA-Peptide Binding Assay—HLA-peptide binding assays
were performed as described previously (25). In short, Fluoro-
Nunc 96-well plates were coated with the pan-DQ-antibody
SPV-L3. Plates were washed, blocked with PBS, 0.5% BSA, and
whole cell lysates (using Nonidet P-40 as detergent) of DQ-
expressing HEK293 cells were incubated at 4 °C overnight.
Titration ranges of the tested peptides (from 0 to 300 um) were
prepared with or without a fixed concentration (0.6 um) of
biotinylated indicator peptide depending on the type of assay
(competition or direct). Subsequently, the peptide sample was
applied to the wells containing binding buffer. After incubation,
plates were washed, and europium-streptavidin in assay buffer
was added to each well followed by incubation while shaking.
After washing, wells were incubated with enhancement buffer.
Plates were read using a time-resolved fluorometer (1234, Wal-
lac). EC,, values were calculated based upon the observed bind-
ing of the tested peptides against the fixed concentration indi-
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cator peptide; the concentration of tested peptide required for
half-maximal inhibition of binding of the reporter peptide indi-
cate the EC,, value.

Construction of Data Base of Beta Cell-expressed Proteins—A
tailored data base of all the known protein sequences of beta cell
proteins was built by extraction of relevant entries from several
databases at the European Bioinformatics Institute with the
SRS system. These databases include: UniProtKB, UniProtKB/
Swiss-Prot, UniProtKB/TrEMBL, UniRef100, UniRef90, Uni-
Ref50, uniParc, refSeq Proteome, IPI, Refseq Proteome
(release), Refseq Proteome (updates), MHCBN, Swall(SPTR),
PIR, RemTrEMBL. The following search terms (keywords)
were included: organism: Homo sapiens AND beta cell, OR
pancreatic islet, OR islet of Langerhans. This data base con-
tained, but was not restricted to, all well known diabetogenic
proteins, including islet-specific glucose-6-phosphatase cata-
lytic subunit-related protein (IGRP), glutamic acid decarboxy-
lase, isoform 65 (GAD65), glutamic acid decarboxylase, isoform
67 (GADG67), IA-2, preproinsulin, phogrin, zinc transporter-8
(ZnT-8), and islet cell autoantigen 69-kDa (ICA69).

RESULTS

Generation of DQ2/8 Cis- and Transdimer-expressing Cells—
To generate cells that selectively express one kind of HLA-DQ
molecule (HLA-DQ2cis, HLA-DQ8cis, HLA-DQ2trans, or
HLA-DQ8trans), lentiviral constructs were generated encod-
ing either the a- or B-chain from HLA-DQ2cis or HLA-
DQ8cis. These constructs were used to infect HEK293 cells that
do not naturally express HLA class II molecules. The resulting
HEK293 cells stably expressed the desired HLA-DQ dimers.
FACS sorting was used to isolate clones with high HLA-DQ
expression. GFP expression correlated with expression of the
HLA-DQALI chains, and an antigen-processing cell (APC)-con-
jugated pan-HLA-DQ antibody (SPV-L3) was used to detect
HLA-DQ expression (Fig. 1).
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TABLE 1
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Alignment and core predictions of length variants of nucleobinding-2-eluted peptides from DQ2trans- and thioredoxin-eluted peptides from

DQ8trans

Shown is an overview of alignments and binding core identifications of length variants eluted from DQ2trans (nucleobinding-2) and DQ8trans (thioredoxin). As a
comparison, length variants eluted from HLA-DQ2cis (B-lymphocyte antigen CD20) and HLA-DQ8cis (secretory granule proteoglycan core protein) are also illustrated.
Anchors are in bold. Acidic and non-acidic residues at the anchor positions are shown in red and blue, respectively.

HLA-DQ2cis HLA-DQ2trans HLA-DQS8trans HLA-DQS8cis
IPIQEEEEEETE NEEDDMVEMEEER AAEEANAVLGLDTQ DLGQHGLEEDFM
IIPIQEEEEE NEEDDMVEMEEERL ANAVLGLDTQGDHM DLGQHGLEEDFML
IIPIQEEEEEET NEEDDMVEMEEERLR ANAVLGLDTQGDHMV DRNLPSDSQDLGQHGLEEDFML
IIPIQEEEEEETE DPKNEEDDMVEMEEERL ANAVLGLDTQGDHMVM LPSDSQDLGQHGLEEDFM
IIPIQEEEEEETETN DPKNEEDDMVEMEEERLR EANAVLGLDTQGDHMVM LPSDSQDLGQHGLEEDFML
IEIIPIQEEEEE EEDDMVEMEEERL QDLGQHGLEEDFM
IEIIPIQEEEEEE EEDDMVEMEEERLR MVMLSVIPGEAEDK QDLGQHGLEEDFML
IEITIPIQEEEEEET DHMVMLSVIPGEAE SLDRNLPSDSQDLGQHGLEEDFML
IEIIPIQEEEEEETE DVNSDGFLDEQELEAL DHMVMLSVIPGEAED SQDLGQHGLEEDFML
DIEIIPIQEEEEE GFLDEQELEALFTKE DHMVMLSVIPGEAEDK
DIEIIPIQEEEEE VNSDGFLDEQELEAL GDHMVMLSVIPGEAE
EDIEIIPIQEEEEE GDHMVMLSVIPGEAED
EDIEIIPIQEEEEEET EPDSWETLDQQQF GDHMVMLSVIPGEAEDK
EDIEIIPIQEEEEEETE EPDSWET LDOQQFF"
EEDIEIIPIQEEEEEETE EPDSWETLDQQQFFT HPLQVGAVYLGEEE
EPDSWETLDQQQFFTE HPLQVGAVYLGEEEL
HPLQVGAVYLGEEELL
LDQQQFFTEEELKE HPLQVGAVYLGEEELLH
LDQQQFFTEEELKEY
LDQQQFFTEEELKEYE EAPVLAAEPEADK
TLDQQQFFTEEELKE EAPVLAAEPEADKG
EAPVLAAEPEADKGT
EAPVLAAEPEADKGTV
SEAPVLAAEPEADKGTV

* The residues in italics constitute an alternative binding register, although weaker because of p60.

Isolation and Sequencing of HLA-DQ Transdimer-bound
Peptides—HLA-DQ2- and HLA-DQS8 transdimers were iso-
lated from the appropriate HEK293 cells by affinity purifica-
tion. Subsequently, the bound peptides were eluted with acid
and separated from the high molecular weight material by fil-
tration. The resulting peptide pools were fractionated by
reversed phase HPLC, and the peptides present were analyzed
by tandem mass spectrometry.

This resulted in the identification of 313 peptides for HLA-
DQ2trans and 531 peptides for HLA-DQ8trans. Typically, and
in agreement with previous studies, several length variants of
most peptides were found. The 313 peptides eluted from HLA-
DQ2trans represented 79 unique sequences, and the 531 HLA-
DQ8trans peptides represented 180 unique sequences.

Identification of Binding Cores of HLA-DQ Transdimers
Deduced from Eluted Peptides—To identify the putative nine-
amino acid binding cores in the eluted peptides, we made use of
the previously reported peptide binding motifs of HLA-DQ2cis
and HLA-DQScis (21, 26). HLA-DQ2cis prefers large hydro-
phobic and aromatic residues at positions p1/p9 and negatively
charged residues at p4/p6/p7. HLA-DQ8cis has a preference
for acidic residues at positions p1/p9 and secondary aliphatic/
aromatic residues at pl and mainly aliphatic residues at the
central positions (p4/p6). The HLA-DQ transdimers are pre-
dicted to share some of the binding features of HLA-DQ2cis at
the N terminus of the peptide and some of HLA-DQ8cis at the
C terminus.

To confirm this notion, we used molecular simulations to
verify that predictions made on the basis of the properties of
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HLA-DQ2cis and HLA-DQS8cis are likely to be valid for the
HLA-DQ transdimers as well. Altogether, this yielded enough
information on the preference of the putative binding pockets
in the HLA-DQ transdimers to predict the 9-amino acid bind-
ing core for 132 HLA-DQ2trans-eluted peptides and 277 HLA-
DQS8trans-eluted peptides. Table 1 shows examples of the
alignment and core predictions of length variants of nucleo-
binding-2-eluted peptides from HLA-DQ2trans and thiore-
doxin eluted peptides from HLA-DQ8trans. For a number of
eluted HLA-DQ2trans and HLA-DQ8trans peptides (<0.1% of
the eluted unique peptides) core sequences could not be iden-
tified (data not shown). All unique eluted peptides and their
predicted nine-amino acid core and anchor residues are shown
in supplemental Table 1.

Analysis of Binding of Selected Panel of HLA-DQ2trans- and
HLA-DQ8trans-eluted Peptides—To verify the correctness of
the predicted binding cores, we randomly selected a panel of
eight HLA-DQ2trans- and eight HLA-DQS8trans-eluted pep-
tides and tested these for binding to HLA-DQ2trans and HLA-
DQ8trans in a cell-free binding assay. Peptides were synthe-
sized as 13-mers containing the predicted 9-amino acid core
flanked by two alanine residues at both the N and C termini of
the peptide and a biotin label linked to the N terminus of the
peptide. We observed that 15 of the 16 peptides tested bound to
the respective HLA-DQ transdimer from which they had been
isolated (Fig. 2, A and B). In contrast, only 1 of 8 HLA-DQ8trans
peptides bound to HLA-DQ2trans, and 3 of 8 HLA-DQ2trans
peptides bound to HLA-DQS8trans (data not shown). These
data indicate that in the majority of the peptides the prediction
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FIGURE 2. Binding of a selected panel of HLA-DQ2trans and HLA-DQ8trans peptides representing the identified binding cores. Randomly selected
panels of 8 DQ2trans- and 8 DQ8trans-eluted peptides containing the identified binding cores were synthesized as 13-mers containing two extra alanines, both
N-and C-terminally necessary for proper DQ binding. Binding of a titration range (0-300 um) of peptides was tested in a direct binding assay or in a competitive
binding assay using a fixed concentration (0.6 um) of biotinylated indicator peptide. A and B, shown is direct binding of a panel of 8 DQ2trans- and 8 DQ8trans-
eluted peptides to DQ2trans (A) and DQ8trans (B). Cand D, shown is competitive binding of the biotinylated DQ2trans indicator peptide AAEAALEAEEWAA (H)
and DQ8trans indicator peptide AAPHTTQPAVEAA (V) versus the same non-biotinylated peptide to DQ2trans (C) and DQ8trans (D). Data represent mean = S.E.

(n=3).

of the binding core was successful. Moreover, the results sug-
gest that HLA-DQS8trans, compared with HLA-DQ2trans, is
less selective in binding peptides.

The results of these direct peptide binding studies were used
to select an indicator peptide for each HLA-DQ transdimer to
establish a competitive peptide binding assay, which allows a
more quantitative comparison of the affinity of HLA-peptide
binding. As indicator peptides, we selected the peptides AAE-
AALEAEEWAA for HLA-DQ2trans and AAPHTTQPAVEAA
for HLA-DQS8trans. Based on the results from the direct pep-
tide binding assay, both are expected to be high affinity binding
peptides (HLA-DQ2trans, 33.1 = 3.5 um; HLA-DQS8trans,
39.6 * 4.8 um), which minimizes the change of detecting false
positive binders in a competitive peptide binding assay. Ini-
tially, these indicator peptides were examined for specific bind-
ing by testing them for self-competition in a competitive pep-
tide binding assay with both HLA-DQ transdimers (Fig. 2, C
and D). The results demonstrate that both indicator peptides
bound to their respective HLA-DQ transdimer but not to the
other transdimer, indicating that they are suitable for use in the
competitive binding assay.

Next, we tested the two panels of selected peptides in the
competitive binding assay to exclude potential false positive
binders in the direct binding assay. The results show that only
one HLA-DQ2trans peptide did not bind properly, as indicated
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by the lack of a correct S-shaped binding curve (EC5, > 100 um)
(Fig. 3). The calculated EC;, values obtained were in general
lower for HLA-DQ2trans (Fig. 3C) than EC,, values for HLA-
DQS8trans (Fig. 3D), but these values cannot be directly com-
pared, precluding assigning differences in overall peptide bind-
ing affinity. In contrast to the direct binding assay, we observed
proper binding to DQ8trans of the peptide harboring the core
nonamer EAGSAVEAE (data not shown). This inconsistency
might be caused by the presence of a biotin in the peptide used
in the direct binding assay, whereas this is absent in the peptide
used in the competitive assay.

Although the results support the notion that the nine-amino
acid binding cores were generally correctly predicted, it is of
note that peptide AAESGTSAADEAA displayed the lowest
affinity for DQ8trans, whereas the residues at the anchor posi-
tions p1/p4/p6/p7/p9 fulfill the HLA-DQ8trans binding motif.
Obviously, other factors also co-determine the binding of the
peptide to the HLA-DQ transdimers.

Identification of Peptide Binding Motifs for HLA-DQ2trans
and HLA-DQS8trans—Based on the identified binding cores of
the eluted peptides, the frequency of the amino acids at the
anchor and non-anchor positions was calculated for both trans-
dimers (data not shown) and compared with the human pro-
teome. Amino acids with a frequency 1.5 times higher than the
same amino acid in the human proteome were considered as
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FIGURE 3. Binding of selected panels of HLA-DQ2trans and HLA-DQ8trans peptides in a competitive peptide binding assay. The two panels of 8 DQ2trans and
DQ8trans peptides were tested in a titration range (0-300 um) for binding in a competitive binding assay using a fixed concentration (0.6 um) of the selected
biotinylated indicator peptides AAEAALEAEEWAA (DQ2trans) and AAPHTTQPAVEAA (DQ8trans). A and Bshow competitive binding of the peptide panels to DQ2trans
and DQ8trans, respectively. Cand D show ECs, values were calculated based on the observed competition between the biotinylated indicator peptides and the test
peptides for DQ2trans and DQ8trans, respectively. ECs, represents the concentration of the test peptide that is required for 50% inhibition of the binding of the

indicator peptide. Data represent the mean = S.E. (n = 3). Shown on the x axes is 1/ECs,, thereby illustrating that large bars represent better binding.

TABLE 2

Amino acid preferences at anchor positions within peptide binding motifs of the DQ2/8 cis- and transdimers
Homology modeling and inspection of the five binding pockets of the DQ2/8 cis and trans molecules revealed their binding preferences (with main preferences in boldface).

Molecule/pocket pl p4 pé p7 P9
DQAI1%05:01/DQBI1%02:01* Aliphatic, Phe, Tyr Acidic Small aliphatic Acidic Trp, Phe, Tyr
(DQ2cis) Gln, Asn, Glu, Pro Aliphatic, Phe, Tyr Asp, Glu, Pro No Arg, Lys, His Val, Leu, Ile, Met
DQAI1%03:01/DQB1*02:01 Acidic Acidic Acidic Acidic Acidic
(DQ2trans) Aliphatic (Val, Leu) Aliphatic (Gly, Val, Ile), Trp Aliphatic (Val, Ala), Met, Pro Aliphatic Aliphatic (Leu), Phe

No Arg, Lys, His
DQAI1%05:01/DQB1*03:02 Aliphatic, Pro Aliphatic, Ser, Thr Aliphatic, Pro Aliphatic Acidic
(DQ8trans) Glu, Met No Gln, Trp Glu
Including Arg, Lys, His
DQA1%03:01/DQB1%03:02" Acidic Aliphatic Small aliphatic Wide spectrum Acidic
Including Arg, Lys
(DQ8cis) Aliphatic, Phe, Tyr Phe, Tyr Asp
No Gln, Asn

All four DQ molecules No Arg, Lys, His, Cys No Arg, Lys, His, Cys

No Arg, Lys, His, Trp, Cys No Arg, Lys, His, Cys

“ Motif obtained from Refs. 25, 26, and 34.
» Motif obtained from Refs. 28 and 35.

preferred residue. To visualize all the amino acid occurrences
for all positions in one picture, heatmaps were generated (sup-
plemental Fig. 1). For HLA-DQ2trans, the majority of amino
acids at both anchor and non-anchor positions (p1-p9) showed
similar frequencies compared with the human proteome. At
positions p1, p4, p6, p7, and p9, the acidic amino acids Asp and
Glu were dominantly present. In accordance with this strong
preference, the basic amino acids Lys, Arg, and His were virtu-
ally absent at these positions (Table 2 and supplemental Fig. 1).
Strikingly, acidic residues were also frequently found at the
non-anchor positions in the peptides that were eluted from
HLA-DQ2trans. The vast majority of identified peptides con-
tained multiple acidic residues. One extreme example of this is
the 15-mer peptide EDEEKDEEDEEDEDK (derived from cal-
reticulin) harboring 13 acidic residues. Next to the strong pref-
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erence for negative charges, minor preferred amino acids
within the binding motif of HLA-DQ2trans are mostly (small)
aliphatic residues like Gly, Ala, Val, and Leu. In contrast, HLA-
DQ8trans showed a strong preference for acidic residues (Asp,
Gly) at p9 only, whereas at the other anchor positions HLA-
DQ8trans preferred aliphatic residues, like Gly, Ala, Val, and
Leu. Similar to HLA-DQ2trans, HLA-DQS8trans did not
accommodate basic residues, except at position p7.

In conclusion, HLA-DQ2trans and HLA-DQS8trans display
largely distinct peptide binding requirements. Moreover, both
binding motifs are distinct from those previously reported for
HLA-DQ2cis and HLA-DQS8cis (Table 2 and supplemental Fig. 1).

Amino Acid Substitutions at Anchor and Non-anchor
Positions—T o verify the anchor positions p1, p4, p6, p7, and p9,
we tested variant peptides in which the amino acids were sys-
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tematically substituted for Lys (Fig. 4). Single Lys substitutions
at the anchor positions in the HLA-DQ2trans indicator peptide
EAALEAEEW abrogated binding to HLA-DQ2trans, whereas
substitutions at the non-anchor positions had no such effect. In
contrast, only single Lys substitutions at the p9 anchor position
in the HLA-DQ8trans indicator peptide PHTTQPAVE almost

DQ2trans DQS8trans
p1 K K
p4
p6
p7
9
E e I T T
2
£ p2 K K
2
s
w
2 PS5
g |
o P8
g I T t manay
g !
< ! A A
I LR L | WL SR Ll * &Y I LR | X """'i LIt
1 10 100 1000 1 10 100 1000
% Relative binding

FIGURE 4. Amino acid substitutions at anchor and non-anchor positions
within the HLA-DQ2trans and HLA-DQ8trans indicator peptides. Binding
of p1/p4/p6/p7/p9 (anchor) Lys-substituted DQ2trans indicator peptide AAE-
AALEAEEWAA and DQ8trans indicator peptide AAPHTTQPAVEAA to their
respective transdimer is shown. Also, binding of p2/p3/p5/p8 Lys-substituted
DQ2trans indicator peptide and DQ8trans indicator peptide was tested. Bind-
ing of A-substituted indicator peptides to DQ2trans and DQ8trans is shown.
ECs, values were calculated on the basis of competition between the biotiny-
lated indicator peptide and the non-biotinylated Lys-substituted test pep-
tides. EC;, represents the concentration of the test peptide that is required for
50% inhibition of the binding of the indicator peptide. Data represent the
mean = S.E. (n = 3). Shown on the x axes is % relative binding of peptide
without any substitutions (dashed line).

TABLE 3

completely abrogated binding to HLA-DQ8trans. Substitutions
at p1 and p4 had no effect, whereas substitutions at p6 and p7
reduced binding. Single Lys substitutions at a non-anchor posi-
tion had no or little effect. In addition, we tested variant pep-
tides in which two anchor residues were substituted with Lys
and observed that this abrogated binding in all cases regardless
of the positions substituted (data not shown). Double Lys substi-
tutions at non-anchor positions resulted in severe obstruction of
peptide binding to HLA-DQ2trans in 5/6 cases and in 3/6 cases for
HLA-DQ8trans. This is probably due to the many positive charges
on the surface of the HLA class II allele, similar to HLA-DQ2cis
(25). Together, these results indicate that the anchor positions
were correctly identified and highlight the importance of anchor
position p9 for HLA-DQ8trans binding peptides.

Predictive Power of HLA-DQS8trans Binding Motif—The
genetic predisposition for development of T1D is significantly
higher in individuals heterozygous for HLA-DQ2/8, and the
HLA-DQ8 transdimer is suggested to be largely responsible for
the increased risk in heterozygous individuals (13). Therefore,
we tested if the HLA-DQS8trans binding motif could be used to
identify peptides from islet autoantigens that would exclusively
or preferentially bind to the HLA-DQS8 transdimer. For this
purpose, a data base containing islet-expressed proteins (in-
cluding the well known diabetogenic proteins GAD65, IA-2 and
preproinsulin) was generated. We scanned this data base with
our established HLA-DQ8trans binding motif, allowing for sin-
gle (Table 3) or double mismatches (not shown) at anchor posi-
tions that yielded 192 hits. A number of predicted candidate
epitopes were known T cell epitopes in the context of HLA-
DQ2cis, HLA-DQScis, or its mouse equivalent, I-A8” (Table 3,
sequences are in italics). From the 192 unique predicted candi-
date epitopes, we randomly selected 61 (with and without mis-
matches) and determined their binding to HLA-DQS8trans
and/or HLA-DQScis (Fig. 5). The InsB13-21 epitope, which we
published recently as an epitope presented by both HLA-DQ
cis- and transdimers (19), was also a hit and tested for binding.
With one exception, all predicted peptides bound to HLA-
DQ8trans and the majority with EC,, values below 10 um,

DQ8trans predicted candidate epitopes within known diabetogenic proteins

Using the HLA-DQ8trans peptide binding motif with single mismatches at the anchor positions, candidate epitopes were predicted for HLA-DQ8trans using the algorithm
program MOTIEFS. Predictions were made in the known diabetogenic proteins. Sequences in italics are known human or mouse diabetogenic epitopes. The dashes indicate

no hits. IGRP, islet-specific glucose 6 phosphatase catalytic subunit-related protein.

Protein Full motif Mismatch p1 Mismatch p4 Mismatch p6 Mismatch p7 Mismatch p9
IGRP — — — — PnhSsPclE —
GAD65 — — — — — MviSnPAat
GAD67 — — — — — MviSnPAat
IA-2 — qpsArPAaE PkrpgPAgE — PpvTpVIE PtgSaPAaq
falTaVAeE" PsarpAAeE EepAqAnmD* EkpAsPAvq
PasTrPlID VIITIVAIa
ValAgVAgl
PPI — — — — — —
Phogrin — falTaVAeE — LarThtAqD EpgAaAfgE PeaSsPArp
PssAfAdvE PlIApAApq
EetAgVEnv
EeqSIPAga
PnsSfVAqr
PIpAtVAdf
ZnT-8 — — — — — —
ICA69 — qepAkAAsD EdehvVAsD PmgAqgEpD VvaSdAdID —
PmKkkIVEKE VgkTdkEhE
EnreaVApE
PtagtPEpE

“ From Ref. 36.
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FIGURE 5. Binding of predicted HLA-DQ8trans candidate epitopes with double mismatches to all four HLA-DQ2/8 molecules. Prediction of potential
DQ8trans epitopes within the top known diabetogenic proteins was performed with double mismatches at the anchor positions of the DQ8trans binding motif
using the algorithm program MOTIFS. A selection of 46 potential DQ8trans epitopes was tested for binding all four DQ2/8 cis and trans molecules. EC5, values
were calculated on the basis of competition between the biotinylated indicator peptide and the test peptides. Data represent the mean = S.E. (n = 3). Shown
onthexaxesis 1/ECs,, thereby illustrating that large bars represent better binding. Red bars represent HLA-DQ8trans-specific peptides. PP/, preproinsulin; IGRP,

glucose-6-phosphatase catalytic subunit-related protein.

indicative for high affinity binding. Several peptides were found
to bind 100 -1000 times more strongly to HLA-DQ8trans than
to HLA-DQS8cis (examples PKRPGPAGE (IA-2,5, ;39) and
MVISNPAAT (GAD65,5_s5-4), whereas other peptides bound
strongly to both HLA-DQ8trans and HLA-DQ8cis (for example,
PSSAFADVE (phogring,,_s,s) and QPSARPAAE (IA-2,¢; _460))-
In contrast, only a few bound to HLA-DQ2cis or HLA-DQ2trans.
These data support the accuracy of the HLA-DQ8trans binding
motif for prediction of candidate epitopes in islet autoantigens that
either selectively bind HLA-DQ8trans or both HLA-DQ8trans
and HLA-DQScis.

DISCUSSION

It is widely accepted that T1D is an autoimmune disease
where auto-reactive T cells are the mediators of islet damage.
Individuals carrying HLA-DQ2 (DQAI105:01/DQB1°02:01)
and/or HLA-DQS8 (DQAI1°03:01/DQB1°03:02) have an in-
creased risk for the development of celiac disease (CD) and
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T1D. The role of these HLA-DQ molecules with regard to bind-
ing and presentation of beta cell autoantigen-derived peptides
in T1D is still unclear. It is well established that individuals
heterozygous for HLA-DQ2 and HLA-DQS8 have by far the
highest risk for development of T1D, and this has been linked to
the formation of transdimers between the HLA-DQ2 «-chain
and the HLA-DQ8 B-chain (HLA-DQS8trans) in particular (13,
14, 17, 27). This indicates that such HLA-DQ transdimers can
bind and present a unique (set of) auto-antigen-derived pep-
tide(s) that lead to beta cell destruction in the pancreas and the
development of T1D. It is also conceivable that T cell responses
toan exogenous antigen (e.g. viruses) are restricted by the trans-
dimer leading to induction or aggravation of T1D through
molecular mimicry. However, in this study we focus on identi-
fication of beta cell autoantigen-derived peptides. For the iden-
tification of such autoantigen derived peptides, it would thus be
useful to know the peptide binding properties of such
transdimers.

JOURNAL OF BIOLOGICAL CHEMISTRY 9521



HLA-DQ8trans and Susceptibility to T1D

HLA-DQ8 homozygous

- One HLA-DQ dimer expressed
- Small repertoire of autoreactive T cells
- One affinity/avidity

HLA-DQ2/8 heterozygous

- Four different HLA-DQ dimers expressed

- Unique and overlapping DQ8c and DQ8t
binding peptides

- Stimulates broader T-cell repertoire

- Different affinities/avidities

FIGURE 6. Proposed concept for the high risk association of HLA-DQ2/8 heterozygosity with development of T1D. HLA-DQ8 homozygous individuals
only express a single HLA-DQ dimer on the surface of APCs, resulting in the presentation of a select number of epitopes and induction of a small repertoire of
autoreactive CD4 T cells. Individuals heterozygous for the high risk-associated HLA-DQ2/8 haplotype can express multiple HLA-DQ dimers on APCs, conse-
quently resulting in the presentation of a diversity of auto-antigen-derived epitopes and induction of a broader repertoire of autoreactive CD4 T cells. This may

underlie the association of HLA-DQ2/8 with development of T1D.

In this study we took an approach previously applied to HLA-
DQ2cis and HLA-DQS8cis (25, 28) to define the peptide binding
properties of the HLA-DQ8- and HLA-DQ2 transdimers. We
observed that the peptide binding properties of the two trans-
dimers are distinct from each other and from the previously
defined binding motifs for HLA-DQ2cis and HLA-DQ8cis
(Table 2 and supplemental Fig. 1). HLA-DQS8trans disfavored
basic amino acids and displayed a strong dependence for acidic
amino acids at anchor position p9 and mainly aliphatic residues
at the other anchor positions, clearly distinguishing it from
HLA-DQ8cis, HLA-DQ2trans, and HLA-DQ2cis. Whereas it is
known that HLA-DQ2cis shares a preference for acidic amino
acids, particularly at positions p4, p6, and p7 (25, 29), our pres-
ent results indicate that HLA-DQ2trans has an even stronger
preference for acidic amino acids along the entire binding core.
This may be attributed to the nature of the binding pockets in
HLA-DQ2trans as well as the predicted presence of several
basic amino acids surrounding the peptide binding groove in
the HLA-DQ2transdimer.

Because genetic epidemiology defined HLA-DQS8trans as
most strongly associated with the risk of development of T1D,
we next investigated whether the HLA-DQS8trans peptide bind-
ing motif could be used to predict autoantigen-derived peptides
that would (preferentially) bind to HLA-DQS8trans. Using an
algorithm search engine, the beta cell data base was searched
for peptides that (partially) fulfilled HLA-DQS8trans binding
motif. Binding studies revealed that ~20% of the predicted pep-
tides preferentially bound HLA-DQ8trans, whereas most of the
other peptides also bound to HLA-DQ8cis but rarely to HLA-
DQ2cis and HLA-DQ2trans. This results from the fact that
both DQS8cis and DQ8trans share the HLA-DQS8 beta chain
(DQB1°03:02), which is predicted to encompass positions p5 to
p9 in the transdimer and, thus, form the p9 pocket, which has a
strong preference for acidic residues in both HLA-DQS8cis and
HLA-DQ8trans. Nevertheless, the observation that 20% of the
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predicted candidate epitopes specifically bind HLA-DQ8trans
implicates that this HLA-DQ transdimer has unique binding
characteristics.

In a recent report we demonstrated that the HLA-
DQ8transdimer is functional, as it could present gluten-derived
peptides to CD4 T cell clones isolated from a small intestinal
biopsy of a CD patient that expressed the HLA-DQ8transdimer
but neither HLA-DQ2cis nor HLA-DQS8cis (30). In the same
study we observed that several of such CD4 T cell clones spe-
cifically responded to stimulation with gliadin-derived peptides
in either HLA-DQ8cis or HLA-DQ8trans, whereas a glutenin-
specific CD4 T cell clone preferentially responded to stimula-
tion with its cognate peptide in HLA-DQ8trans. These results
underscore our present observations that a large percentage of
the predicted epitopes bind to both HLA-DQ8cis and HLA-
DQS8trans, whereas only a minority bind preferentially to HLA-
DQS8trans. Together this provides a possible explanation for the
observed high risk associated with the HLA-DQ2/8 heterozy-
gous phenotype as compared with the lower risk associated
with the HLA-DQ8cis-positive phenotype (Fig. 6). Our current
and previous results demonstrate that HLA-DQS8cis-positive
individuals potentially present a repertoire of autoantigen-de-
rived peptides that could become the target of autoreactive T
cells. HLA-DQ2/8 heterozygous individuals, on the other hand,
can form four distinct HLA-DQ heterodimers, each with their
own specific peptide binding properties (Table 2 and supple-
mental Fig. 1). We have strong evidence that HLA-DQ2/8
heterozygous APCs express both cis- and transdimers on their
surface; in earlier studies we isolated gluten-specific HLA-
DQ2cis- and HLA-DQ8cis-restricted CD4 T cell clones
responding to their cognate gluten peptide in the presence of
HLA-DQ2/8 heterozygous APCs (31, 32). Thus, next to the
transdimer(s) (30), the cis dimers are also expressed on HLA-
DQ2/8 heterozygous APCs. Such individuals can thus present a
much more diverse repertoire of autoantigen-derived peptides
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that could trigger T cell responses. Although some of those T
cells may be specific for autoantigen-derived peptides specifi-
cally binding to HLA-DQS8trans, other T cells may cross-react
with other peptides bound to either HLA-DQS8cis or HLA-
DQS8trans. Thus, there are multiple mechanisms that can act
simultaneously.

In this respect it is important to note that it has been shown
that CD4 T cells can cross-react with the same peptide bound to
either HLA-DQ2cis or HLA-DQ2trans as well (33). In agree-
ment with this, we observed that DQ2cis and DQ2trans share
peptide binding properties (Table 2). Thus, it is likely that iden-
tical peptides can bind to both dimers. This may in turn allow T
cells to cross-react between DQ2cis and DQ2trans also. Thus, a
combination of a larger autoantigen-derived peptide repertoire
together with extensive cross-reactivity between HLA-DQ cis-
and transdimers might underlie the strong association between
the development of T1D and the presence of HLA-DQ2/8
heterozygosity.

Several CD4 T cell epitopes derived from beta cell proteins
have been described, but their relative importance in human
disease pathogenesis is unclear. For a better understanding of
the involvement of autoantigen-derived peptides in the patho-
genesis of T1D, detailed knowledge about the involvement of
the HLA-DQ molecules involved is crucial. This study identi-
fies an autoantigen-derived peptide repertoire that is partly
unique for HLA-DQS8trans and partly shared with HLA-
DQ8cis. Obviously, the significance of the identified autoanti-
gen-derived peptides will have to be tested in functional exper-
iments in which patient-derived CD4 T cells are tested for
reactivity with the identified DQS8trans-specific candidate
epitopes, a study that falls beyond the scope of the present work.
Nevertheless, such studies might reveal which peptides are
capable of eliciting pathogenic CD4: T cell responses in the con-
text of the disease-associated HLA-DQ molecules, which
would be a crucial step toward the development of preventive
or curative measures.
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