Universiteit

w4 Leiden
The Netherlands

Celiac disease : from basic insight to therapy development
Stepniak, D.T.

Citation
Stepniak, D. T. (2006, December 14). Celiac disease : from basic insight to
therapy development. Retrieved from https://hdl.handle.net/1887/5435

Version: Not Applicable (or Unknown)
License:
Downloaded from: https://hdl.handle.net/1887/5435

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/5435

Gastroenterology. 2003 Oct;125(4):1105-13.

Characterization of cereal
toxicity for celiac disease

patients based on protein

homology in grains.

Willemijn Vader, Dariusz Stepniak, Evelien
Bunnik, Yvonne Kooy, Willeke de Haan,
Jan Wouter Drijfhout, Peter A. van Veelen
and Frits Koning.

Department of Inmunohematology and Blood Transfusion,
Leiden University Medical Center, Leiden, the Netherlands;



Characterization of cereal toxicity for
celiac disease patients based on
protein homology in grains

Willemijn Vader, Dariusz Stepniak, Evelien Bunnik, Yvonne Kooy,
Willeke de Haan, Jan Wouter Drijfhout, Peter van Veelen and Frits
Koning

ABSTRACT

Background and aims: Celiac disease (CD) is caused by T cell responses to wheat
gluten derived peptides. The presence of such peptides in other widely consumed
grains, however, has hardly been studied. Methods: We have carried out homology
searches to identify regions with sequence similarity to T cell stimulatory gluten
peptides in the available gluten sequences, the hordeins of barley, the secalins of rye
and the avenins of oats. The identified peptides were tested for T cell stimulatory
properties. Results: With one exception no identical matches with T cell stimula-
tory gluten peptides were found in the other grains. Less stringent searches, how-
ever, identified 11 homologous sequences in hordeins, secalins, and avenins, located
in regions similar to those in the original gluten proteins. Seven of these 11 peptides
were recognized by gluten specific T cell lines and/or clones from CD patients.
Comparison of T cell stimulatory sequences with homologous but non-T cell stimu-
latory sequences indicated key amino acids that upon substitution either completely
or partially abrogated the T cell stimulatory activity of the gluten peptides. Finally,
we show that single nucleotide substitutions in gluten genes will suffice to induce
these effects. Conclusions: These results demonstrate that the disease inducing
properties of barley and rye can in part be explained by T cell cross reactivity against
gluten, secalin and hordein derived peptides. Moreover, the results provide a first
step towards a rational strategy for gluten detoxification via targeted mutagenesis at
the genetic level.
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INTRODUCTION

Celiac disease (CD) is a permanent intolerance for cereal proteins present in the
daily diet [1]. So far, studies have focussed on the toxicity of wheat, in particular the
gliadin and glutenin molecules [2—11]. These storage proteins contain high percen-
tages of proline residues (20%) and glutamine residues (38%). The latter serve as
the nitrogen source for germinating seeds. Other grains contain similar storage pro-
teins, called the hordeins, secalins, and avenins in barley, rye, and oats, respectively.
Clinical studies indicate that barley, and rye cause similar symptoms as wheat,
whereas oats is considered safe for the majority of CD patients [12,13]. The main
difference in composition between oats and the other grains is the lower amount of
proline residues (10%) present in avenin proteins [14]. Furthermore, oats contains a
relatively low content of storage proteins, approximately 10 percent of the total
grain protein as compared to 40-50 percent in wheat barley and rye [15].

The symptoms of CD, comprising diarrhea, weight loss, and fatigue, originate
from a chronic inflammation in the small intestine of patients in response to
ingestion of the cereal proteins. Susceptibility to CD is strongly associated with
HLA-DQ2 (00501, Bo201) and to a lesser extent with HLA-DQ8 [16], and the
presence of CD4+ T cells in the small intestine of patients that recognize gluten in
the context of HLA-DQ2 or HLA-DQS8 [4,17]. These gluten specific T cell responses
were found to be enhanced by the influence of tissue transglutaminase (1TG) [8,18].
The enzyme converts particular glutamine residues in gluten peptides into glutamic
acid, which results in higher affinity of these peptides for HLA-DQ2 or HLA-DQS8
since negative charges are preferred at anchor positions in the peptide binding
groove of this molecule [8,19—21]. A large number of T cell stimulatory peptides
were characterised in gluten proteins in the past years [2—5,7,22,23].

Recently, we have described that the specificity of tTG in deamidation of gluten
is largely dependent on the presence of proline residues flanking the glutamine
residues. Good target sites for deamidation are represented in the motifs: QXP,
QXXF(YWIL), and QXPF(YWIL), whereas in the motifs QP, and QXXP the presence
of a proline residue inhibits deamidation [2]. These rules for deamidation were
combined with the peptide binding motif of HLA-DQ2, which enabled us to predict
novel epitopes in gluten protein databases [2]. One of the identified epitopes is also
present in the hordeins of barley and the secalins of rye but not in the avenins of
oats. So far, this is the only known T cell stimulatory peptide for CD patients derived
from grains other than wheat. Since the presence of a large number of T cell stimu-
latory peptides in gluten has been established, the question arises whether a similar
repertoire of T cell stimulatory peptides exists in barley, rye and/or oats. This has
been investigated in the present study.
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MATERIALS AND METHODS

Database searches

Databases of gliadins and glutenins (wheat) and hordeins (barley), secalins (rye)
and avenins (oats) were composed by combining the proteins listed in the Swiss
Prot, Swiss new, Pir, Sptrembl, Remtrembl, Tremblnew, Refseqprotein, Owl, Kaba-
tp, Pdbseq and Exprot databanks. The program FASTA was used to align protein
sequences of each database. For epitope alignments, the minimal sequences needed
for T cell recognition were used [3,7]. Selected hordein, secalin and avenin sequen-
ces were prepared as synthetic peptides of 14 amino acid residues.

Synthetic Peptides & Deamidation

Peptides were synthesised by standard Fmoc chemistry on a Syroll peptide synthe-
siser. The integrity of the peptides was checked by rpHPLC and mass spectrometry.
tTG treatment was performed by incubating the peptides (500 ug/ml) with tTG
(1o0pg/ml; Sigma, T-5398) in 50 mM triethylamine-acetate pH 6.5, 2 mM CaCl. at
37°C for 4 h.

Mass spectrometry

Electrospray ionisation mass spectrometry was performed on the synthetic peptides
before and after tTG treatment, using a Q-TOF mass spectrometer (Micromass,
Manchester, UK). Overall conversion was determined by the deamidation induced
mass shift as described previously [18]. In MS/MS experiments precursor ions were
selected with the quadrupole window set to 3 Dalton. The collision gas applied was
argon (pressure 4x105 mbar) and the collision voltage approximately 30 V. The
conversions were assigned to particular glutamine residues by comparison of the
fragmentation spectra of tTG treated and non-treated peptides.

T cell proliferation assays

Proliferation assays were performed in triplicate in 150 pl RPMI1640 (Gibco)
supplemented with 10% human serum in 96-well flat-bottom plates (Falcon) using
104 gluten specific T cells stimulated with 105 irradiated HLA-DQ2-matched allo-
geneic PBMCs (3000 RAD) in the presence or absence of antigen (1-10 pug/ml). After
48 hours at 37°C, cultures were pulsed with 0.5 uCi of 3H-thymidine and harvested
18 hours thereafter.

IFNy production

Cytokines secretion by T cells was determined in culture supernatants that were
collected from T cell proliferation tests on day 2 of cultures. Cytokines were detected
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using the Human Th1/Th2 Cytokine Cytometric Bead Array Kit (BD PharMingen)
and a FACS Calibur flow cytometer (Becton Dickinson).

Enzymatic degradation of gluten, hordein, secalin and avenin peptides.
The synthetic epitope peptides were digested with the following enzymes: pepsin (P-
6887), leucine aminopeptidase (L-5006), carboxypeptidase A (C-0261), elastase (E-
1250) and dipeptidyl aminopeptidase IV (D-7052), all from Sigma. The original
producer’s protocols were followed. Immediately after digestion the samples were
analysed by MALDI-TOF-MS using a Voyager De-Pro mass spectrometer (Applied
Biosystems).

RESULTS

Matching of gliadin epitopes in gluten

In CD patients T cell reactivity is found against a large panel of epitopes derived
from alpha/beta gliadin, gamma gliadin, and glutenin proteins [2—7,22,23]. In order
to define the immunogenicity of the different gliadin molecules we have performed
database searches with gliadin epitopes to locate the epitopes in these proteins [7].
We observed that individual gliadin molecules contain a variable number of toxic
sequences. In four different alpha/beta gliadin molecules, for example, a variable
number of epitopes was found, ranging from one Glia-a9 epitope in gdao to one
Glia-a9 and three Glia-a2 epitopes in the gdag molecule (Fig. 1A). The epitopes
share the same starting position at residue 777 in the gliadin protein, and are exten-
ded with one, two or three Glia-a2 epitope sequences to the N-terminal side. The
gliadin molecule gdag that contains four epitopes can thus be expected to raise the
strongest T cell response.

Matching of gluten epitopes in rye, barley, and oats

Subsequently, we performed similar searches with the gluten epitope sequences in
hordein, secalin and avenin protein databases to define the toxicity of barley, rye,
and oats. We reported previously that the Glia-y2 epitope is also present in hordein
and secalin [2]. In the present alignments we found that the matched Glia-y2 epi-
topes are positioned in similar regions of the y-gliadin, secalin, and hordein proteins
(Fig. 1B). The presence of a tyrosine residue in gliadin instead of a phenylalanine in
hordein and secalin does not affect T cell recognition of this epitope [2]. In addition,
the secalin protein contains a sequence (sec-y1) that differs only one amino acid
with the Glia-y1 peptide present in the gliadin molecule at the same relative position
(Fig. 1B). No other near-identical matches with gluten epitopes were found.
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Figure 1. Alignments of gliadin, secalin, and hordein proteins. A. The presence and location of the
glia-a9 peptides in gliadin molecules. The accession numbers of the represented gliadin molecules
are gda0_wheat (P02863), Gda2_wheat (P04722), Gda4_wheat (P04724) and Gda9_wheat
(P18573). B. The presence and location of gliadin homologues in secalins and hordeins. The glia-y2
epitope present in y- gliadin (P06659), secalin (S18236), and hor-dein (P17990) aligns in the same
region in these proteins. Furthermore, a secalin homologue of the glia-y1 epitope is present at the
same relative position. C. Clustered glia-a2 and glia-a9 homologues are present at the N-terminus
of a secalin molecule (A23277). * A glia-y2 homologue that is equally recognised by gluten specific
T cells [2].
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Table 1. Gluten epitopes and the homologous peptide sequences in hordein, secalin, and avenin.

Gluten epitopes and homologue peptides No. of patients

Designation Sequence responding
Glia-a2 QPFPQPQLPYPQPQLPY 6/8
Hor-0.2 QQFPQPQQPFPQQP 4/8
Sec-a2 QPFPQPQQPFPQSQ 3/8
Glia-09 QLQPFPQPQLPYPQ 6/8
Hor-0.9 PQQPFPQPQQPFRQ 4/8
Sec-a9 PQQPFPQPQQPFPQ 3/8
Av-09* QYQPYPEQQEPFVQ 3/8
Av-09° QYQPYPEQQQPFVQ 2/8

Glia-020 PQPFRPQQPYPQPQPQ 3/8
Hor-0.20 QQPFPPQQPFPQQP 0/8
Glia-y1 PQQPQQSFPQQQRPF 2/8
Hor-y1 PFPPQQAFPQQPPF 0/8
Sec-y1 PQQPQQSFPQQPQR 1/8
Glia-y2 QQPFPQQPQQPFPQ 1/8
Av-y2* QQPFVQQQQQPFVQ 0/8
Av-y2° QQPFVQQQQPFVQQ 1/8

The fragments of the epitope sequences that were used for database searches, and the
homologue sequences that align are indicated in black, the elongated residues are indicated in
grey. The glutamine residues deamidated by tTG are underlined. Abbreviations are used to
describe the origin of the homologue peptide, hordein (Hor), secalin (Sec), and avenin (Av). T-cell
lines and clones derived from 8 patients were tested. Indicated is the number of patients
responding to the individual peptides.

Less strict alignments of gluten protein sequences with the hordein, secalin, and avenin
sequences allowed us to assign regions in hordein, secalin, and avenin that share
sequence homology with immunogenic regions in wheat proteins. Comparison of gliadin
and secalin sequences indicates similar clustering of T cell epitopes in the N-terminal
regions of these proteins (Fig. 1C).

We selected hordein and secalin peptides on basis of compliance with previously
defined motifs (QXP, QXXF(YWIL), and QXPF(YWIL)) that determine the specificity of
deamidation and are critical for HLA-DQ-peptide binding characteristics of the gluten
epitopes [2]. Moreover, in these alignments several amino acid dissimilarities were
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accepted, including the replacement of tyrosine with phenylalanine, the replacement of
glutamine for a proline, and the replacement of glutamine with glutamic acid (in the
case of avenins) since these changes are frequently found in these proteins. These less
strict alignments resulted in the identification of four hordein, three secalin, and four
avenin peptides that align with the minimal epitopes of the Glia-a2, Glia-a9, Glia-a.20,
Glia-y1, Glia-y2 epitopes (Table 1).

A B
neg neg
tTG-gluten tTG-gluten
Glia-o2 Glia-g2
Hor-g2 Hor-q2
Sec-g2 Sec-q2
Glia-o9 Glia-09
Hor-¢9 Hor-¢9
Sec-q9 Sec-o9
Av-g9* Av-a9" | nec.
Av-9° Av-9°
T T T 1
0 3000 6000 9000 12000 15000 0 1000 2000 3000 4000 5000
[cPvy [pg/mi]
C D
neg
neg tTG-gluten
tTG—quten - Glia-o9
Glia-g.2 Hor-¢.2
Hor-g2 Sec-g2
Sec-¢2
Hor-¢9
Glia-o9
Hor-o9 Sec-o9
Sec-q9 Av-9*
Av-g9* . C—= TCCNB10
Av-q 9P Av-g9 I TCC KL 6
I T T T 1
0 5000 10000 15000 20000 60000 0 10000 20000 30000  4000C
[cPV [CPM]

Figure 2. Stimulation of gluten specific T cells by hordein, secalin and avenin peptides.

A and C: Proliferative response of polyclonal T cell lines derived from two CD patients against hor-
dein, secalin, and avenin peptides. B: IFN-y production by T cell line from patient 1. D: Proliferative
response of T cell clones derived from two other CD patients against hordein, secalin, and avenin
peptides.
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Figure 3. Stimulation of gluten specific T cells by modified gluten epitopes.

Stimulation of T cell clones NV17 (A) and Sim156 (B) by the glutenin-17 epitope (QQPPFSQQQ
QPVLPQ), a natural homologue (QQPPFSQQQQLVLPQ) and two modified variant peptides
(QQPPFSEQEQLVLPQ and QQPPFSEE EEPVLPQ). Deamidation of the glutamine residues in
the peptides by tTG is indicated with an underlined Q.

T cell stimulatory properties of homologue peptides

In order to test the functional relevance of the homologue peptides these were synthe-
sised as 14-mer peptides according to the original hordein, secalin, or avenin sequences
identified (Table 1). Since T cell recognition of the original gliadin peptides is dependent
on deamidation by tTG, we first established the deamidation pattern of the homologue
peptides (Table 1). The results indicate that the original deamidation pattern is preser-
ved in the hordein, secalin and avenin homologue peptides of the Glia-a2, Glia-a.9 epito-
pes. In none of the other homologue peptides, however, identical deamidation patterns
were observed. This is due to the influence of amino acid changes in residues flanking
the target Q-residues, in particular the introduction or replacement of a proline residue
[2]. The latter effect is most prominently seen in the avenin homologues of the Glia-y2
peptides where the replacement of a proline for a glutamine results in a stretch of de-
amidated glutamine residues (Table 1).

The relevance of these homologue peptides for CD patients was established by
testing their T cell stimulatory capacity. Gluten specific T cell lines and clones were
selected from eight CD patients specific for the different gluten epitopes. In T cell
proliferation assays the responses against the original gluten epitopes were compared
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with the responses against the homologue peptides. While none of the non-deamidated
homologue peptides were recognized by gluten specific T cell lines and clones (not
shown), several deamidated peptides induced T cell proliferation and y-IFN production.
T cell stimulation of a polyclonal gluten specific T cell line was obtained with the secalin
homologues of the Glia-a.2, Glia-a9 epitopes and the hordein homologue of the Glia-a9
(Fig. 2A, B). We also observed moderate T cell stimulation with the avenin homologue

A gluten h

QLQPFPQPELPY
QLQPFPEPQLPY
QLQPFPQQQLPY
/3 TG
QLQPFPQQELPY r— e
I T T T T 1
0 20 40 60 80 100
stim. index
QLQPFPQPELPY
QLQPFPQQQLPY
QLQPFPQQELPY
I T T T T 1
0 100 200 300 400 500
stim. index
QLQPFPQPELPY
QLQPFPQQQLPY
QLQPFP_QQELPY
I T T T T 1
0 100 200 300 400 500
stim. index

Figure 4. Stimulation of gluten specific T cell clones with gluten homologue peptides.
A, B and C Stimulation of T cell clones NB10, L6 and L9 respectively by the deamidated Glia-a9

epitope (QLQPFPQPELPY), and variant peptides both before and after treatment with tTG.
Deamidation of the glutamine residues in the peptides by tTG is indicated with an underlined Q.
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of the Glia-a9 epitope (Fig. 2A). The induction of T cell proliferation by the homologue
peptides is mirrored by y-IFN secretion in all cases (Fig. 2A, B and not shown). The Glia-
20, Glia-y1, and Glia-y2 homologue peptides failed to induce T cell proliferation in two
T cell lines that displayed strong reactivity with the original gluten epitope (not shown).
The lack of reactivity of these homologue peptides can be explained by changed
deamidation patterns, and introduction or absence of proline residues at several posi-
tions.

The pattern of T cell recognition by the T cell lines was subsequently confirmed by
stimulation of additional gluten specific T cell lines and clones of 7 patients (Fig. 2C, D).
In a second polyclonal gluten specific T cell line reactivity was observed against 5 pep-
tides (Fig. 2C). Moreover, the secalin-a2, secalin-a.9, and hordein-a9 were recognized
by Glia-a2/Glia-a9 specific T cell clones of two patients. The avenin-a9 peptide,
however, failed to stimulate the gluten specific T cell clones. In total, cross-reactivity
between gluten and hordein, secalin and/or avenin peptides was observed in T cell lines
and/or T cell clones derived from 5 patients. In 3 patients no cross-reactivity was found
(Fig. 2, Table 1 and not shown).

Characterization of natural homologues of the glutenin-17 epitope that lack
T cell stimulatory capacity

We have previously reported that glutenin epitopes have a large number of natural
homologues in glutenin proteins [3,5]. We have now selected a variant of the glutenin-17
epitope that is not recognized by two independently derived glutenin-17 specific T cell
clones due to a single substitution of a proline residue at relative position P8 with a
leucine residue (Fig. 3). Analysis of the deamidated peptides shows that the specific
deamidation of the glutamine residues at positions P4 and P6 in the glutenin-17 epitope
(PFSEQEQPV) is lost in the homologue peptide, in which all four glutamine residues are
deamidated (PFSEEEELV, Fig. 3). A variant of the T cell stimulatory peptide was
synthesised that incorporates the a-selective deamidation pattern in the homologue
peptide with four glutamic acid residues in the core sequence (PFSEEEEPV). This
modification also led to abrogation of the T cell response (Fig. 3), confirming the
negative effect of a specific deamidation on T cell recognition. Moreover, a synthetic
peptide variant in which the proline at P8 is replaced by a leucine but which does
contain glutamic acid residues at the correct relative positions P4 and P6 as in the
original epitope (PFSEQEQLYV) could not induce T cell recognition (Fig. 3). The effect of
the substitution of the proline is therefore twofold: the resulting a-selective deamidation
and conformational changes both cause abrogation of the T cell response.

Targeted mutations in T cell stimulatory gluten peptides

Next we tested a strategy to destroy T cell stimulatory properties of gluten peptides by
minimal amino acid changes. We selected the Glia-a9 epitope (QLQPFPQPQLPY) that is

86 CHAPTER 4



Table 2. Codon usage in gluten proteins

Codons coding for Proline codon usage in gluten proteins

Leu Pro Gin His - o/B-gliadin  y-gliadin glutenin
ctg ccg cag - ccg 4 1 1

cta cca caa - cca 31 32 23

ctt cct - cat cct 5 4 7

ctc cce - cac cce 1 9 2

Accession numbers for the represented proteins: a/B-gliadin (gi: 1304263 ) y-gliadin (gi:15148397)
glutenin (gi:17425205, and gi:1857649 )

frequently recognized by gluten specific T cells of CD patients. The epitope is recognized
by the T cells when the C-terminal glutamine residue (relative position P6, underlined)
is deamidated by tTG. The other glutamine residues in this peptide are not deamidated
by tTG due to the presence of proline residues at the position Q+1 [2]. Analogous to
avenin protein sequences that lack T cell stimulatory capacity we have introduced amino
acid changes at three positions, a Q to E substitution at p4, a P to Q substitution at p5,
and a P to Q substitution at p5 in combination with a Q to E substitution at p6 to
resemble the original deamidation pattern. The modified peptides were tested both as
the native peptide, and deamidated by tTG in T cell proliferation assays with T cell clo-
nes that recognizes the Glia-a9 epitope (Fig. 4). Specific deamidation of the glutamine
residues in the peptides was determined by mass spectrometry (Fig. 4). The introduction
of a glutamic acid at the relative position P4 instead of a glutamine residue generated a
peptide with higher T cell stimulatory capacity. The peptide induced equal recognition in
the native form compared to the deamidated Glia-a9 epitope, whereas the deamidated
peptide enhanced this T cell response (Fig. 4). Introduction of a negative charge at
relative position P4 is therefore not suitable for elimination of the T cell stimulatory
capacity of this epitope.

The second replacement, however, substitution of the proline at relative position P5
with a glutamine residue, did affect the T cell stimulatory properties of the peptide but
the magnitude of the effect depended on the T cell clone tested (Fig. 4). While a com-
plete abrogation of T cell recognition was observed for one clone (Fig. 4A), in another
clone the substitution led to an approximately 4-fold reduction of T cell responses (Fig.
4B), and in a third no effect was observed (Fig. 4C) Also, the other version of this
peptide, with a glutamine at P5 and a glutamic acid at P6, the latter identical to the
deamidated Glia-a9 epitope, induced similar effects on the T cell clones tested. Thus,
a proline to glutamine substitution in this peptide only partially eliminates the T cell
stimulatory capacity.
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Codon usage coding for proline residues in gluten proteins

Our present study and previous work shows that proline residues in gluten epitopes are
often crucial for T cell recognition [2]. We demonstrate that the substitution of proline
for glutamine and leucine can lead to abrogation of the T cell stimulatory capacity of
a gliadin and a glutenin derived peptide respectively. At the DNA level the conversion of
a proline residue into a glutamine residue can be achieved by the mutation of a single
nucleotide (Table 2). Two codons encoding for proline, CCG, and CCA, can be
transformed into a codon coding for a glutamine by substitution of the middle cytosine
for an adenine. The same mutation in the two other codons coding for proline (CCT,
CCC) results in codon that encodes a histidine, which would be less favourable in the
modification of gluten proteins. We have therefore determined the codon usage for
prolines in 3 classes of gluten proteins, an a-gliadin molecule containing the Glia-a9
epitope, a y-gliadin molecule containing the Glia-y2 epitope, and a glutenin molecule
containing the glutenin-17 epitope (Table 2). The codon frequency for prolines in these
proteins shows a predominant usage of CCA. A single nucleotide substitution yields
CAA, the codon that encodes a glutamine residue (Tables 2 and 3). These gluten genes
thus contain numerous sites where site directed mutagenesis would eliminate proline
residues by substitution with glutamine residues.

The examples of mutations shown in this study can indeed be achieved by
substitutions of one nucleotide (Tables 2 and 3). The replacement of the proline in the
Glia-a9 epitope by a glutamine, which results in reduced T cell stimulatory properties
(Fig. 4) can be achieved by substitution of the middle cytosine in the codon CCG with an

Table 3. Single nucleotide substitutions in gluten genes result in gluten peptides with diminished
(Glia-09) and absent (Glt-17) T cell stimulatory properties.

Glia-09 - mutated Glia-a9 Glt-17 — homologue Glt-17
P cca P cca P cca P cca

F ttt F ttt F ttt F ttt

P ccg P ccg S tca S tcg

Q cag Q cag Q cag Q cag

P ccg — Q cag Q caa Q caa

Q caa Q caa Q caa Q caa

L cta L cta Q caa Q caa

P cca P cca P cca - L cta

Y tat Y tat \Y gtt \Y gtt
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adenosine (Table 3). Similarly, the difference between the T cell stimulatory glutenin
epitope and the non T cell stimulatory homologue peptide that contains a leucine (codon
CTA) instead of a proline (codon CCA) is caused by a cytosine to thymidine substitution
(Table 3).

DISCUSSION

The presence of a large number of T cell stimulatory peptides in gluten has been
established [2-7,22,23]. This raises the question whether a similar repertoire of T cell
stimulatory peptides exists in barley, rye and/or oats. In the present study we have
searched for such peptides based on the assumption that gluten specific T cells might
cross react with homologous peptides in barley, rye and/or oats. We have therefore
compared T cell stimulatory wheat derived sequences with barley, rye, and oats derived
sequences present in databases. Apart from the previously described Glia-y2 epitope [2],
none of the other T cell stimulatory gluten peptides had an identical match in the
hordeins, secalins, or avenins. Less stringent searches, however, readily identified
peptides with sequence similarity. Several of these peptides stimulated gluten specific
T cells. To our knowledge this is the first demonstration that T cell cross reactivity
between gluten peptides and related peptides in the hordeins and secalins can be related
to the toxicity of barley and rye for celiac disease patients. Obviously, T cell reactivity
against additional peptides that are exclusively present in hordeins and/or secalins
could aggravate the T cell response upon ingestion of these grains by patients. The
demonstration of the existence of such epitopes in other grains requires further
investigation.

Comparison of the hordein and secalin peptides characterized in the present study
demonstrates that T cell recognition is influenced by the nature of the sequences
flanking the nine amino acid core of the peptides. The distinct recognition of the secalin
homologue peptide of the Glia-o2 peptide, but not of the hordein homologue peptide,
for example, is due to amino acid differences outside the core of the peptides.

While the identified secalin and hordein peptides had high sequence identity with
the gluten peptides, more pronounced differences were present in the avenin
homologues. A general lack of proline residues in the core of the avenin peptides and the
presence of glutamic acid residues instead of glutamine residues are the most common
differences observed. Moreover, the presence of glutamic acid in the avenin peptides at
positions that are not HLA-DQ2 anchor positions could have an adverse effect on the
binding properties of these peptides for HLA-DQ2. The consequence of the absence of
proline residues in avenin proteins for presentation by HLA-DQ2 and T cell recognition
is manifold. First we find a selective deamidation of the peptides by tTG, which can be
explained by the effect of proline residues on the specificity of the enzyme [2]. This leads

PROTEIN HOMOLOGY EXPLAINS CEREAL TOXICITY FOR CD PATIENTS 89



to the unfavorable introduction of negative charges for binding and presentation by
HLA-DQ2. Second, a proline residue also directly affects the peptide binding properties,
because it introduces a bulge and rigid conformation in the peptide structure. Moreover,
the relative position P6 in the peptide binding groove of HLA-DQ2 functions as an
anchor that prefers the binding of a proline residue [20,21]. Finally, proline residues are
known to confer resistance against protein degradation by proteases of the gastro-
intestinal tract. Consequently, the characterized gluten epitopes localize in proline-rich
regions of the gluten proteins [22]. The lack of proline residues in avenin molecules thus
results in higher susceptibility of the oats proteins for degradation by proteases in the
gastrointestinal tract. In fact, we have studied the degradation of the identified hordein,
secalin and avenin peptides by gastrointestinal tract enzymes and found that the only
peptides that are clearly sensitive to breakdown are the avenin Av-y2 peptides that are
cleaved by elastase (results not shown). Thus, the rapid degradation of potential harmful
avenin peptides may help to prevent the initiation of an immune response against oats
in the small intestine. Notably, the treatment of gluten with an enzyme specific for
proline rich sequences has recently been suggested to destroy the toxic properties of
gluten [24].

The observed differences between the protein composition of cereals, and the resul-
ting effect on stimulation of gluten specific T cells, led us to test a strategy for destroying
the T cell stimulatory capacity of peptides in cereal proteins. First we studied a natural
homologue of a glutenin epitope that fails to induce a T cell response due to the presence
of a leucine residue instead of a proline residue in the T cell stimulatory epitope (Fig.
3A). The results demonstrate that the presence of the proline in the T cell stimulatory
peptide causes selective deamidation, and a distinct conformation of the peptide, which
are both required for T cell recognition.

We also specifically modified the Glia-a9 epitope that is recognized by the large
majority of CD patients [6,7]. While the substitution of the proline residue in the core of
the peptide could reduce and even abrogate T cell recognition, this was not the case for
all T cell clones tested. Additional substitutions will thus be required to completely
abolish the T cell stimulatory capacity of such peptides. Moreover, at present we cannot
exclude the possibility that the modified gluten peptides will be immunogenic and may
thus cause novel T cell responses.

Our results indicate that the unique composition of cereal proteins that contain high
amounts of glutamine and proline residues is the basis of the toxicity of wheat, barley
and rye for CD patients. Yet, this study shows differences in the immunogenicity of
individual gluten proteins (Fig. 1A). Strategies to detoxify wheat and other cereal
proteins should therefore first select these less immunogenic gluten molecules and
subsequently focus on the elimination of residual T cell stimulatory sequences. We
demonstrate that the substitution of a proline residue with a glutamine residue can
destroy the T cell stimulatory capacity of a gluten peptide. Proline and glutamine are the
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two most abundant amino acids in gluten and the comparison of gluten sequences with
those of other grains demonstrates that proline to glutamine substitutions are frequently
found (Table 1 and not shown). The effects of such amino acid substitutions on the
unique properties of gluten may thus be acceptable. In practice, this substitution can be
accomplished by mutagenesis of a single nucleotide in the codon coding for a proline
(Tables 2 and 3). The codon usage for proline residues in immunogenic wheat proteins
thus makes such an approach feasible.

In conclusion, we have characterised novel T cell stimulatory sequences in barley
and rye on basis of T cell cross reactivity with gluten proteins. Such cross reactive T cell
response are likely to play a role in the observed toxicity of these cereals for CD patients.
Moreover, we demonstrate that subtle changes in gluten genes would eliminate some of
the T cell stimulatory properties of gluten molecules. Whether this will be applicable to
the generation of safer wheat strains, remains to be determined.
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