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Abstract—Celiac disease is an immune mediated enteropathy elicited by gluten ingestion. The disorder has a strong association with
HLA-DQ2. This HLA molecule is involved in the disease pathogenesis by presenting gluten peptides to T cells. Blocking the pep-
tide-binding site of DQ2 may be a way to treat celiac disease. In this study, two types of peptide analogues, modeled after natural
gluten antigens, were studied as DQ2 blockers. (a) Cyclic peptides. Cyclic peptides containing the DQ2-aI gliadin epitope
LQPFPQPELPY were synthesized with flanking cysteine residues introduced and subsequently crosslinked via a disulfide bond.
Alternatively, cyclic peptides were prepared with stable polyethylene glycol bridges across internal lysine residues of modified anti-
genic peptides such as KQPFPEKELPY and LQLQPFPQPEKPYPQPEKPY. The effect of cyclization as well as the length of the
spacer in the cyclic peptides on DQ2 binding and T cell recognition was analyzed. Inhibition of peptide-DQ2 recognition by the T
cell receptor was observed in T cell proliferation assays. (b) Dimeric peptides. Previously we developed a new type of peptide blocker
with much enhanced affinity for DQ2 by dimerizing LQLQPFPQPEKPYPQPELPY through the lysine side chains. Herein, the
effect of linker length on both DQ2 binding and T cell inhibition was investigated. One dimeric peptide analogue with an interme-
diate linker length was found to be especially effective at inhibiting DQ2 mediated antigen presentation. The implications of these
findings for the treatment of celiac disease are discussed.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Class II major histocompatibility complex (MHC) mol-
ecules are receptors expressed as ab heterodimers on the
surface of antigen presenting cells.1 They bind exoge-
neous peptides (typically after sequential endocytosis,
lysosomal assembly, and exocytosis) and present them
to CD4 + T helper cells, a critical process in the mam-
malian adaptive immune response.1 Genetic susceptibil-
ity to autoimmune disease in human is often linked to
variants of MHC class II molecules.2–4 In celiac disease
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more than 90% of the patients possess the HLA-
DQ2 (DQA1 * 05/DQB1 * 02) molecule, while DQ8
(DQA1 * 03/DQB1 * 0302) is expressed by most of the
remaining patients.5 DQ2 mediated presentation of glu-
ten peptides (after regiospecific deamidation by extracel-
lular transglutaminase 2) to CD4+ T cells is one of the
key events in the pathogenesis of celiac disease.6 The
current treatment of celiac disease is lifelong exclusion
of gluten from the diet. To be on gluten free diet is a ma-
jor challenge for the patient and there is therefore a need
for therapeutic alternatives.

Interference with peptide antigen presentation has been
explored as a treatment for autoimmune diseases such as
type I diabetes, multiple sclerosis, experimental autoim-
mune encephalomyelitis, and rheumatoid arthritis. In
principle, these studies fall into two categories based
on the mode of action of the MHC binding ligands;
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(a) altered peptide ligands7,8 or (b) MHC blockers.9–11

An altered peptide ligand is specifically recognized by
a T cell receptor (TCR), but it elicits a signal which is
qualitatively different from that of the normal agonist
peptide.7 An altered peptide ligand can induce anergy
in T cells, and altered peptide ligands of this kind are
termed MHC antagonists.12 The effect of an altered pep-
tide ligand is specific to a given T cell receptor, and two
different TCRs recognizing the same peptide-MHC
complex may respond differently to the same altered
peptide ligand.7 In contrast, peptide blockers act by
out-competing the MHC binding of the agonist peptide.
Ideally, these compounds should not serve as TCR li-
gands themselves. This can be achieved by steric princi-
ples, either via a bulky ligand which precludes docking
of any TCR onto the ligand-MHC complex or via a
small molecule inhibitor that eliminates the possibility
of ligand-TCR interactions. The altered peptide ligand
approach is less attractive for celiac disease therapy
due to the multiplicity of gluten-derived epitopes as well
as the polyclonal nature of T cells recognizing the same
epitope (unpublished observations). We have previously
reported that peptide blockers can be modeled after glu-
ten epitopes by attachment of bulky groups (e.g., large
functionalized alkyl groups) or by dimerization.13 Cycli-
zation presents another way to prevent T cell recogni-
tion through steric hindrance.14–18 In this report, two
types of hindered peptides—cyclic peptides and dimeric
peptides—are systematically studied as DQ2 binding li-
gands and potential inhibitors of DQ2 mediated antigen
presentation.
2. Results

2.1. Cyclic peptides containing disulfide linkage

Three Cys-containing variants of the peptide
LQPFPQPELPY were synthesized, CGGLQPFPQPE
LPYGGCA (peptide 1), CGGGGLQPFPQPELPYGGC
A (peptide 2), and CGGGGGGLQPFPQPELPYGGCA
(peptide 3) (the DQ2-aI gliadin peptide is underlined,
and the Gly linkers are shown in italics) (Fig. 1). In each
case the core peptide is flanked by Cys residues with var-
iable Gly2, Gly4, or Gly6 spacers at the N-terminus mak-
ing in total 4, 6, or 8 Gly residues between two Cys
residues so as to systematically vary the torsional flexi-
bility of the core peptide when subjected to intramolec-
ular disulfide crosslinking. Following synthesis, the Cys
residues of each peptide were allowed to crosslink in pH
7 phosphate buffer at 50 �C with periodic vortexing in
the absence of any reducing agent. Quantitative conver-
sion of the linear peptides to cyclic peptides was verified
by reverse phase HPLC, and the identity of the cyclic
product was confirmed by MALDI-TOF MS, which re-
vealed a loss of 2 U in m/z relative to the starting mate-
rial. The DQ2 affinities of these peptides were assessed
by measuring the IC50 values, with lower values corre-
sponding to higher binding affinity to DQ2 (Fig. 3).
The three disulfide bridged cyclic peptides showed simi-
lar binding affinity to DQ2 as the reference acyclic pep-
tide LQPFPQPELPY, demonstrating that the peptides
still bind to DQ2 after cyclization.
2.2. Internally bridged cyclic peptide analogues

Peptides 4 and 5 were designed based on a derivate of the
DQ2-aI gliadin epitope, LQPFPQPELPY (nonamer core
sequence underlined). The Gln residue in position 4 of the
core sequence was substituted with Glu to increase the
binding affinity (4-fold increase), and Lys residues were
introduced in position-2 and -5, producing the sequence
KQPFPEKELPY. Based on the X-ray crystal structure
the introduction of Lys residues should minimally affect
binding to DQ2.19 The side chains of these two Lys resi-
dues were crosslinked intramolecularly through bisfunc-
tional PEG linkers (Fig. 1). In addition, peptides 6 and 7
were also prepared; these peptides were based on a higher
affinity 20-mer gluten peptide LQLQPFPQPELPYPQP
ELPY, which was deduced from the immunodominant
33-mer peptide.13 Two Leu residues were replaced by
Lys residues in this peptide (Fig. 1).

Peptides 4 and 5 were binding with similar affinities,
which is notable as the linker length of peptide 5 is het-
erogeneous. The mass spectrometry analysis of peptide 5
revealed presence of some dimeric species which may
have biased the DQ2 binding analysis. Cyclic peptides
6 and 7 showed higher affinities to DQ2 than peptides
4 and 5 (Fig. 3).

Peptides 1–7 were tested in a T cell proliferation assay
for recognition by a DQ2-aI specific T cell clone TCC
430.1.142 (Fig. 4). Surprisingly, peptide 6 is recognized
at high concentrations. This fact is probably due to
impurities in the peptide. The disulfide bridged peptides
1–3 were also recognized by the DQ2-aI specific T cell
clone. The reason for this is probably that the disulfide
bonds are unstable in the milieu of the cell culture. Pep-
tides 4–7 were also tested for their ability to inhibit
DQ2-mediated antigen presentation of the DQ2-cII gli-
adin epitope GIIQPEQPAQL to T cell clones derived
from celiac disease patients (DQ2-cII specific) (Fig. 5).
As expected, peptides 6 and 7 showed the strongest inhi-
bition among the cyclic peptides. Notably, these two
peptides were even better inhibitors than the reference
peptide KPLLIIAEDVEGEY (P198), which binds to
DQ2 with lower IC50 values than either of the peptides.
The two other cyclic peptides (4 and 5), based on shorter
versions of gliadin epitopes, did not show appreciable
inhibition (Fig. 5). As a control, the inability of any of
these peptides to inhibit DR3 mediated antigen presen-
tation was verified (Fig. 6).

2.3. Dimeric peptides with various linker lengths

Peptide dimerization is another strategy that has been
shown to inhibit proliferation of gluten sensitive T cell
lines in the presence of antigen and DQ2 homozygous
antigen presenting cells. For example, peptide 8
(Fig. 2a) is one of the most potent inhibitors identified
to date.13 We therefore systematically studied the effect
of chain length between the two monomeric units of 8.
Two derivatives of the high affinity gluten peptide
LQLQPFPQPELPYPQPELPY, with L11K and L11C
substitutions, were used as starting materials (Fig. 2b).
Previous studies had confirmed that modifications at this



Figure 1. Structures of synthetic cyclic peptides. Peptide 5 represents a heterogeneous mixture with n = �11. Ac denotes N terminal acetylation; fl

denotes N terminal labeling with 5-(and 6-) carboxyfluorescein.
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position do not affect its binding to DQ2.13 Seven dimeric
analogues of 8 (peptides 9–15) were synthesized using the
maleimide–thiol reaction, succinimide–amine reaction or
both (Fig. 2c). The resulting dimeric peptides have PEG
linkers (peptides 11, 12, 13, 14, and 15) or alkyl linkers
(peptides 9 and 10) ranging from 13 to 89 atoms long be-
tween the a-carbon atoms of the bridging residues in the
two monomers; this corresponds to extended linker
lengths from 14 Å to 98 Å (Table 1). All reactions gave
>70% yields, as verified by LC-MS (data not shown).

First, the binding of the dimeric peptides 8–15 was as-
sessed in peptide exchange experiments using recombi-
nant DQ2 and high performance size exclusion
chromatography at pH 5.5 and pH 7.3 with a DQ2:pep-
tide ratio of 25:1. The percentage of DQ2 bound fluores-
cent peptide is a measure of its DQ2 affinity. Dimeric
peptides with varying linker lengths have comparably
high affinity for DQ2, which achieved equilibrium after
only 5 h (Table 1). All dimeric peptides were able to form
2:1 complexes with two DQ2 molecules bound to one
peptide at pH 5.5 (Table 2). These 2:1 complexes are ob-
served only after 14 h, suggesting that the binding of the
second DQ2 molecule to a 1:1 DQ2-peptide complex is
slow. At pH 7.3, no 2:1 complexes could be observed.

Second, in order to select effective blockers, the dimeric
peptides 8–15 were screened to measure their potency to
stimulate a gluten responsive T cell line P28 TCL2 which
is derived from a celiac patient. Upon incubation of the
dimeric peptides in Figure 2 with DQ2 expressing anti-
gen presenting B cells overnight at 37 �C at 10 lM or
50 lM concentrations, the extent of T cell stimulation
was measured (Fig. 7a). All the dimeric peptides con-
taining cysteine–maleimide bonds stimulated T cell pro-
liferation (peptides 9, 11, 12, 14, and 15), suggesting that
the thiol–maleimide bond was not stable in this biolog-
ical milieu. In contrast, peptides with amide crosslinkers
(e.g., peptides 8, 10, and 13) showed lower T cell stimu-
lation, suggesting their linkers were more metabolically
stable than the cysteine–maleimide linkers, although
the longest peptide 13 showed increased antigenicity at
the highest concentration, 50 lM. Whether this was
due to too much flexibility or metabolic instability or
possible small amounts of monomeric peptide impurities
(<5%) was not investigated.

Next, based on the above results, the T cell inhibitory ef-
fects of peptides 10 and 13 were tested and compared
with peptide 8 which previously had demonstrated effect
in this type of assay.13 All three peptides showed dose
dependent inhibition of antigen presentation using fixed
antigen presenting cells (Fig. 7b).

Last, to test whether peptide 8 was able to inhibit anti-
gen presentation in non-fixed antigen presenting cells,
25 lM peptide 8 was incubated with c-irradiated DQ2
expressing B cells for 2 h. The antigenic peptide was then
added, and cells were incubated for another 10 h. As
shown in Figure 8, T cell proliferation was inhibited
by the addition of peptide 8. Thus, DQ2 blockers of this
type appear to be able to compete with antigenic pep-
tides for surface HLA-DQ2 occupancy in both fixed
and non-fixed antigen presenting cells.
3. Discussion

Our studies have explored the potential of using cyclic
and dimeric peptides as peptide blockers to prevent



Figure 2. Dimeric peptides. (a) The structure of the reference dimeric peptide 8. (b) The structures of the modified monomers L11K and L11C. (c)

The structures of the linkers in dimeric peptides 8–15.
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Figure 4. Recognition of cyclic peptides by T cells. The T cell clone

430.1.142 (specific for the DQ2-aI gliadin epitope) was stimulated by

cyclic peptides harboring the DQ2-aI sequence. (j) P198, (m) peptide

1, (.) peptide 2, (�) peptide 3, (d) peptide 4, (h) peptide 5, (n)

peptide 6, (,) peptide 7, (�) LQPFPQPELPY. The inset shows CPM

in lower ranges for non-stimulatory cyclic peptides. P198:

KPLLIIAEDVEGEY; Mycobacterium bovis 65 kDa heat shock pro-

tein 243–255Y. Mean and SD is shown.
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DQ2 mediated antigen recognition by T cell receptors
that are uniquely found in small intestinal mucosa of ce-
liac disease patients. The lengths of spacers in cyclic pep-
tides and linkers in dimeric peptides were varied to
investigate their effects on DQ2 binding affinity and T
cell recognition.

Interference of MHC class II restricted antigen presenta-
tion by altered peptide ligands, or peptide or peptidom-
imetic analogues has been explored as possible therapeutic
options in autoimmune diseases.8–11,13–16,18,20–25 This
principle has not been successful mainly due to poor bio-
availability and pharmacokinetics of peptidic com-
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Figure 5. Inhibition of T cell proliferation by the blocking compounds

4, 5, 6, and 7. The T cell clone 437.1.3.17 (specific for the DQ2-cII

gliadin epitope) was stimulated with 2.5 lM GIIQPEQPAQL (P1298,

DQ2-cII gliadin epitope) in the presence of increasing concentration of

peptide blockers (j) P198, (d) peptide 4, (h) peptide 5, (n) peptide 6,

(,) peptide 7. P198: KPLLIIAEDVEGEY; Mycobacterium bovis

65 kDa heat shock protein 243–255Y. Mean and range is shown.
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Figure 6. Inhibition of T cell proliferation by the blocking compounds

4, 5, 6, and 7. The T cell clone RN.46 (DR3-restricted) was stimulated

with 5 lM KTIAYDEEARR (P261, DR3-restricted peptide; Myco-

bacterium tuberculosis 65 kDa heat shock protein 3–13) in the presence

of increasing concentration of peptide blockers (j) P198, (d) peptide

4, (h) peptide 5, (n) peptide 6, (,) peptide 7. P198: KPLLIIAEDVEG

EY; Mycobacterium bovis 65 kDa heat shock protein 243–255Y. Mean

and range is shown.

Table 1. Summary of the DQ2 binding results of dimeric peptides 8–15

Peptides Carbon atoms

in linker

Putative

length (Å)

Binding at

pH 5.5a (%)

Binding at

pH 7.3a (%)

9 13 14.3 72.8 52.1

10 18 19.8 70.9 54.6

8 29 31.9 62.0 46.3

11 29 31.9 63.2 53.3

12 32 35.2 69.3 50.7

13 41 45.1 70.2 54.5

14 53 58.3 70.2 51.8

15 89 97.9 67.8 38.6

a Measurements were made either at pH 5.5 or at pH 7.3. Recombinant

DQ2 (4.7 lM) was mixed with fluorescein-conjugated peptide

(0.185 lM) at 37 �C for 5 h, and the amount of DQ2 bound peptide

was calculated as the percentage (·100%) of total peptide. The results

are presented as mean of the two experiments with errors <5% of the

numerical values.

Table 2. The 2:1 complex formation of two DQ2 molecules binding to

one peptide

Peptides 2:1 Complex formation at pH 5.5a (%)

9 <10

10 18

8 22

11 21

12 22

13 26

14 25

15 26

a Recombinant DQ2 (4.7 lM) was mixed with fluorescein-conjugated

peptide (0.185 lM) at 37 �C for 45 h at pH 5.5. The formation of 2:1

DQ2-peptide complex with two DQ2 molecules binding to one

peptide was reported as the percentage among total DQ2-peptide

complex, that is, [2:1 complex]/([2:1 complex] + [1:1 complex]) ·
100%.
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pounds.20 In celiac disease this should be of a less prob-
lem as the therapeutic compound can be orally adminis-
tered to the intestinal surface, either before or in
conjunction with gluten ingestion. Peptide based thera-
peutics are also susceptible to proteolysis; this challenge
is particularly acute in celiac disease where the com-
pounds must be administered in the upper digestive tract
with intense proteolytic activity. Encouragingly, the T
cell epitopes of gluten in celiac disease are intrinsically
stable toward proteolysis in the gastrointestinal
tract.26,27 Therefore, using the T cell epitope sequences
as a starting point for design of peptide blockers can
ameliorate this problem.

Therapeutic interference with MHC based peptide
presentation can be done via altered peptide ligands
(antagonistic peptides) or peptide blockers. Peptide
antagonists are inappropriate for effective treatment of
celiac disease due to the vast heterogeneity of gluten epi-
topes and gluten reactive TCRs. However, one can take
advantage of gluten epitopes by transforming them into
MHC blocking compounds. In addition to proteolytic
stability, there are several additional advantages to
designing DQ2 blockers by mimicking naturally occur-
ring gluten antigens. The structural features in prototyp-
ical antigenic gluten peptides that contribute to DQ2
binding as well as T cell receptor recognition have been
extensively investigated, and are known to be orthogo-
nal.13 This orthogonality enables the design of blockers
that hinder TCR recognition while maintaining or even
strengthening DQ2 interactions. Blockers that are close
structural analogues of disease-related antigenic pep-
tides are likely to retain the pharmacokinetic properties
of the antigens themselves. Because gluten antigens are
consumed as part of the human diet, drugs modeled
after natural gluten peptides may also be able to reach
the target tissues of the small intestine via oral adminis-
tration. Gluten peptide mimetics could preserve the nat-
ural DQ2 specificity of the antigens themselves,13 thus
minimizing potential cross-reactivity with other MHC
alleles. Cyclization represents an attractive strategy for
the design of MHC class II inhibitors. Cyclic peptides



Figure 7. DQ2 dependent T cell stimulation of T cell line P28 TCL2 by dimeric peptides 8–15. (a) T cell stimulation caused by dimeric peptides 8–15

in the absence of antigen or by antigen peptide LQLQPFPQPELPYPQPELPY (Ag) at 50 lM or 10 lM. The background in the absence of blockers

is 170 CPM. h 50 lM dimeric peptide; 10 lM dimeric peptide or antigen. (b) Blocking compounds 8, 10, and 13 block T cell proliferation caused

by 10 lM antigen peptide LQLQPFPQPELPYPQPELPY in a dose dependent fashion. h 50 lM dimeric peptide, 10 lM antigen; 10 lM dimeric

peptide, 10 lM antigen; j 0 lM dimeric peptide, 10 lM antigen; 50 lM dimeric peptide, 0 lM antigen.

Figure 8. Dimeric peptide 8 shows blocking efficacy in non-fixed,

c-irradiated antigen presenting cells. HLA-DQ2 expressing B cells were

c-irradiated and incubated with 25 lM dimeric peptide 8 for 2 h before

the addition of antigen peptide LQLQPFPQPELPYPQPELPY. After

an additional 10 h, the peptides were removed and P28 TCL2 T cells

were added to assess the quantity of antigen peptide-DQ2 complexes

on the B cell surface. h Antigen only; j Antigen + peptide 8.
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are proteolytically more stable compared to their linear
counterparts.16 When it comes to receptor binding, pep-
tide cyclization brings two conflicting structural features
into play. On one hand, the conformational constraints
imposed by cyclization might hinder binding of the epi-
tope to the receptor/the MHC class II molecule. On the
other hand, the entropic constraint due to cyclization
could lock the peptide into its bound conformation,
thereby enhancing affinity for its receptor. A favorable
conformation is typically a polyproline II helix for epi-
topes bound to MHC class II molecules.19,28 To test
whether cyclization affects peptide-DQ2 interaction,
cyclic peptides containing the DQ2-aI peptide
LQPFPQPELPY were synthesized through disulfide
linkage with various lengths of linkers. Disulfide bond-
ing is a convenient way for constructing cyclic peptides
to test the effect of cyclization on DQ2 binding, but as
the disulfide cyclized peptides appeared to be unstable
in the cell culture conditions employed, these peptides
could not be used for testing the effect on prevention
of T cell activation. For this purpose, we generated more
stable cyclic peptides by connecting two internal lysine
residues via bis-functional polyethylene glycol (PEG)
linkers. These compounds were active as MHC blockers,
and two of them based on a 20-mer gliadin peptide are
among the best DQ2 blockers we have observed. Still
we believe the efficacies of these are insufficient to give
in vivo effect much because their binding affinities are
too low. Gliadin T cell peptide epitopes are in general
mediocre binders to DQ2,29 and we hope that by specif-
ically introducing anchor residues optimal for DQ2,
compounds of therapeutic potential may be developed.

Inspired by the success of synthetic multivalent ligands
in generation of high affinity binding interaction in other
biological systems,30–34 we initiated the strategy of
dimerizing antigenic ligand through the residue in the
middle of the sequence.13 The first dimer peptide dem-
onstrated surprisingly elevated binding affinity to DQ2
and surpassingly effective inhibition of antigen presenta-
tion.13 This enhancement of binding affinity could be
either caused by multivalency effect (i.e., one peptide
binding to two DQ2 molecules) or by proximity effect
(i.e., the clustering of multiple binding epitopes increases
the local concentration of binding registers). In the case
of proximity effect a 1:1 stoichiometry of ligand–recep-
tor interaction will be observed as opposed to the multi-
valency effect where a 2:1 stoichiometry will be seen. The
current work explored dimeric peptides by varying the
linker length between the two monomeric units. We
observed two binding phases in the binding interaction
between these dimeric peptides and DQ2 at pH 5.5 using
high-performance size exclusion chromatography. In the
first phase (5 h), 1:1 binding stoichiometry to DQ2 was
observed with negligible 2:1 complex formation, even
when the linker between the two monomeric units was
as long as 100 Å. The binding equilibrium was reached
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after the first phase. In the second phase which lasts for
more than 40 h, 1:1 DQ2-peptide complex slowly con-
verts to 2:1 DQ2-peptide complex with �20% conver-
sion achieved after 48 h (Table 2). The dimer peptides
with longer linker length tend to show higher percentage
of 2:1 DQ2-peptide complex formation in the second
phase, that is, about 10% in the case of peptide 9 and
about 26% in the case of peptide 15. Interestingly, this
two-phase binding kinetics was not observed at pH
7.3; no 2:1 DQ2-peptide complexes were observed after
48 h. The observation that this enhanced affinity is pri-
marily caused by the fast phase at acidic pH and that
no 2:1 complexes were found at neutral pH disfavors
the multivalency mechanism. Rather, proximity effect
caused by the clustering of multiple epitopes might ex-
plain this property.34 When two binding monomeric
units are brought in vicinity an enhanced binding affin-
ity can be achieved. Owing to the promising enhanced
binding affinity, synthesis of dimeric, multimeric or even
dendritic peptides carrying multiple binding epitopes
seems to be an effective venue in the search of DQ2
blockers.

In summary, herein we presented alternative approaches
to systematically study hindered peptide analogues for
the purpose of DQ2 blockage. The current strategies
provide understanding of cyclic and dimeric peptide
analogues in both DQ2 binding interaction and inhibi-
tion of antigen presentation, which might assist further
pharmacological studies in more disease related physio-
logical conditions, and inspire the development of more
feasible drug leads in celiac disease as well as other auto-
immune diseases.
4. Experimental

4.1. Peptide synthesis, labeling, and purification

Peptides used in this study were synthesized primarily
using Boc/HBTU chemistry starting from N-a-t-Boc-LL-
aminoacyl-phenylacetamidomethyl (PAM) resin. While
still attached to the resin, peptides were labeled at their
N-termini with 5- (and 6-) carboxyfluorescein, 1-(3-dim-
ethylaminopropyl)-3-ethyl-carbodiimide hydrochloride
(EDCÆHCl), and 1-hydroxy-7-azabenzotriazole (HOAt)
in 1:1:1 ratio in dimethyl formamide (DMF) as the sol-
vent.13,35 Following cleavage of the peptidyl resin in tri-
fluoroacetic acid/trifluoromethanesulfonic acid/thioanisole
(TFA/TFMSA/thioanisole 10:1:1, v/v/v) for 4 h, the
crude peptides were precipitated in cold ether and dis-
solved in 1:1 v/v acetonitrile/water. The peptides were
purified by reverse-phase HPLC on a semi-preparative
C18 column using a water–acetonitrile gradient in 0.1%
(v/v) TFA. The identity and purity of the peptides were
confirmed by liquid chromatography coupled electro-
spray mass spectrometry (LC–MS). The peptides were
lyophilized and stored at �20 �C. Prior to use, peptide
stock solutions were prepared in 10 mM PBS with
0.02% sodium azide.

Peptides 4 and 5 (Fig. 1) were synthesized using an auto-
mated synthesizer (Multipep, Intavis AG) with Fmoc/
PyBOP chemistry starting from TentaGEL SRAM
resin. Before cleavage of peptides from the resin, the
N-termini were acetylated and the peptides were cyc-
lized. The protecting group on Lys residues, 1-(4,4-di-
methyl-2,6-dioxycyclohex-1-ylidine)ethyl (Dde), was
selectively removed with 1% hydrazine in DMF. Peptide
4 was cyclized with bis-dPEG7-acid (HO2CCH2CH2

(CH2CH2O)7CO2H) (Quanta BioDesign), while peptide
5 was cyclized with Poly(ethyleneglycol)bis(carboxym-
ethyl)ether (HO2CCH2(OCH2CH2)nOCH2CO2H) aver-
age Mn �600 (Aldrich). Cyclization was achieved by
mixing peptidyl resin in DMF with either of the dicarbox-
ylic acids (2 equiv), PyBOP (4 equiv), and diisopropyleth-
ylamine (DIPEA) (8 equiv). This mix was incubated
overnight, after which a negative ninhydrin test was ob-
tained. Peptides were deprotected and cleaved from the
polymer support by treatment with 95% TFA, 2.5% tri-
isopropylsilan, and 2.5% water for 4 h. Peptides were pre-
cipitated by the addition of cold tert-butyl methyl ether,
dissolved in water, and lyophilized. The peptides were
analyzed by reverse phase HPLC and MALDI-TOF
mass spectrometry. The peptides were aliquoted and
lyophilized before storage at �20 �C. It should be noted
that peptide 5 represents a mixture of peptides with differ-
ent lengths of the linker, due to the polydispersity of the
PEG linker used for synthesis.

Cyclic peptides with disulfide bridges (1, 2, and 3 in
Fig. 1) were prepared in pH 7 phosphate buffer at
50 �C with periodic vortexing. Internally bridged cyclic
peptides 4 and 5 in Figure 1 were cyclized as described
above. Cyclic peptides 6 and 7 were prepared by incu-
bating purified carboxyfluorescein labeled
LQLQPFPQPEKPYPQPEKPY peptide with bis-dPEG
N-hydroxylsuccinimide ester at a 1:1 ratio in anhydrous
DMF containing 5% v/v DIPEA. The cyclized product
was confirmed by LC–MS. The concentrations of car-
boxyfluorescein labeled peptides were determined by
UV–Vis spectrophotometry at 495 nm using the absorp-
tion coefficient factor 80,200 cm�1M�1.

Dimeric peptides were synthesized from pure mono-
meric carboxyfluorescein labeled peptides L11C or
L11K (Fig. 2b). Monomeric subunits (L11C–L11C,
L11C–L11K, or L11K–L11K depending on the func-
tional groups of the linkers) were mixed with bis-func-
tional linkers purchased from Quanta Biodesign or
Pierce Biotechnology, (e.g., hydroxysuccimidyl maleim-
ido propionate (SMP), bis(sulfosuccinimidyl)suberate
(BS3), bis-dPEG5-NHS, bis-dPEG9-NHS, MAL-
dPEG4-NHS, MAL-dPEG12-NHS, MAL-dPEG24-
NHS, and bis-MAL-dPEG3, where NHS denotes
N-hydroxylsuccinimide ester, and MAL denotes malei-
mide), at 1:1:0.9 ratio (monomer1:monomer2:cross-
linker) in anhydrous DMF with 5% v/v DIPEA. For
monitoring the formation of dimeric peptides as well
as purification of the desired product, C18 reverse phase
HPLC was used. The dimeric product peaks eluted
approximately 2 min after the monomeric starting mate-
rial, as confirmed by LC–MS. The concentration of each
fluorescent dimeric peptide was quantified by using the
absorption coefficient factor 160,400 cm�1M�1 at
495 nm.
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4.2. Peptide exchange assay

Peptide exchange assays were conducted as previously
described.13 In brief, soluble recombinant DQ2 mole-
cules with a gliadin epitope fused to the N-terminus of
the b-chain were expressed and purified. Prior to use
in exchange experiments, recombinant DQ2 molecules
were treated with �2% w/w thrombin in PBS pH 7.3
at 0 �C for 2 h to release the covalently linked epitope
for peptide exchange measurements. Thrombin treated
DQ2 was incubated with fluorescein-conjugated pep-
tides in a 25:1 ratio (i.e., 4.7 lM DQ2 with 0.185 lM
fluorescent peptide) at 37 �C in a 1:1 mixture of PBS
buffer (10 mM sodium phosphate, 150 mM NaCl, pH
7.3, supplemented with 0.02% NaN3) and McIlvaine’s
citrate–phosphate buffer (pH 5 or pH 7) such that the fi-
nal pH was either 5.5 or 7.3, respectively. Peptide bind-
ing was measured by high performance size exclusion
chromatography (HPSEC) coupled with fluorescence
detection with excitation at 495 nm and emission at
520 nm. The DQ2-peptide 1:1 complex eluted at
�8.5 min, with free peptides emerging �2 min later.
When present, the 2:1 DQ2-peptide complex eluted
�0.5 min before the 1:1 complex. Peak areas corre-
sponding to the DQ2-peptide complex and the free pep-
tide were used to calculate the fractional yield of the
DQ2-fluoresceinated peptide complex. At least two
independent measurements were conducted, with an er-
ror <5%.

4.3. Competitive DQ2-peptide binding assay

Detergent-solubilized DQ2 molecules were purified from
HLA homozygous (DQA1 * 0501/DQB1 * 0201) Ep-
stein–Barr virus-transformed B lymphoblastoid cell lines
as previously described.36 The indicator peptide
(KPLLIIAEDVEGEY; Mycobacterium bovis 65-kDa
heat shock protein 243–255Y) was 125I-labeled by the
chloramine-T method.37 The labeled indicator peptide
(30,000 cpm; 1–5 nM) and various concentrations of
unlabeled peptides were incubated overnight with 70–
200 nM DQ2 at 37 �C in the presence of a cocktail of
protease inhibitors at pH 5.2. After incubation, com-
plexes of peptide and DQ2 molecules were separated
from unbound peptides on Sephadex G-50 (Amersham
Biosciences AB) spin columns as described previously.38

Radioactivity was measured, and the concentrations of
competing peptides required to give 50% inhibition of
binding of the indicator peptide (IC50) were calculated.
The IC50 values were determined by three 3-fold titra-
tion experiments.

4.4. T cell reagents

Gluten reactive T cell lines (TCL) and T cell clones
(TCC) established from small intestinal biopsies of
celiac disease patients were used.29,39 This includes the
T cell line P28 TCL2 (which is reactive to DQ2-aI,
DQ2-aII, and DQ2-aIII epitopes of the deamidated
33-mer peptide) and the T cell clones TCC 437.1.3.17
(specific for the DQ2-cII epitope) and TCC 430.1.142
(specific for the DQ2-aI epitope). In addition a DR3-re-
stricted T cell clone, TCC RN.46 (specific for the 3–13
epitope of Mycobacterium tuberculosis heat shock pro-
tein 65, KTIAYDEEARR), was used.

4.5. T cell proliferation assays

T cell proliferation assays were performed mainly as
described previously.13 HLA-DR3/DQ2 homozygous
Epstein–Barr virus transformed B-lymphoblastoid cell
lines (VAVY or CD114) were used as antigen presenting
cells. The cells were fixed with 1% paraformaldehyde for
10 min or with 0.05% glutaraldehyde for 90 s using
0.2 M glycine to quench the reaction. The antigen pre-
senting cells were incubated with the appropriate pep-
tides overnight in 60 or 65 ll media containing 10%
fetal bovine serum/2% human serum or 15% human ser-
um, penicillin, and streptomycin at a cell density of
2 · 106 cells/ml in 96-well flat bottom plates. The next
day, the volume was doubled to yield a cell density of
1 · 106 cells/ml, and the cells were seeded in duplicates
of 50 ll each in a U-bottom 96-well plate. An equal vol-
ume of T cells (50 ll of 1 · 106 cells/ml) was added to
each well, and cells were incubated at 37 �C and 5%
CO2 for 48 h, at which time 0.5 lCi/well of [methyl-3H]-
thymidine (Amersham, TRK120) or 1 lCi/well of
[methyl-3H]thymidine (Hartmann Analytic) was added.
Cells were incubated for an additional 12–16 h and then
frozen or harvested directly. After thawing, incorpo-
rated thymidine was collected on a filter mat (Wallac)
using a Tomtec cell harvester and counted using a Wal-
lac 1205 Betaplate or Wallac 1450 MicroBeta TriLux
liquid scintillation counter. For testing of whether the
cyclic peptides which harbored the DQ2-aI sequence
were recognized by a DQ2-aI-specific T cell clone, the
same assay was performed except that triplicate wells
containing 7.5 · 104 antigen presenting cells were
prepulsed overnight with peptide in a volume of 100 ll
before 5 · 104 T cells per well in 50 ll were added the
following day.

For T cell assays using c-irradiated B-lymphoblastoid
cells, VAVY cells were c-irradiated (12,000 rads) with
a cesium irradiator, resuspended to 2 · 106 cells/ml,
and incubated with or without 25 lM peptide 8 for 2 h
in a flat bottom 96-well plate. Antigen peptide
LQLQPFPQPELPYPQPELPY was then added at 0.1
or 0.03 lM and incubated for an additional 10 h. The
volume was doubled and each well was transferred into
an Eppendorf tube. The cells were centrifuged at 800g
for 3 min at 4 �C. Next, the supernatant was aspirated,
the cells were resuspended to 1 · 106 cells/ml, and the
T cell proliferation protocol described above was used
to measure 3H-thymidine incorporation into P28
TCL2 T cells.
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