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See editorial on page 1111.

ackground & Aims: Celiac disease (CD) is an intesti-
al disorder caused by T-cell responses to peptides
erived from the gluten proteins present in wheat.
uch peptides have been found both in the gliadin and
lutenin proteins in gluten. The only cure for CD is a
ifelong gluten-free diet. It is unknown, however, if all
heat varieties are equally harmful for patients. We

nvestigated whether wheat varieties exist with a nat-
ral low number of T-cell–stimulatory epitopes.
ethods: Gluten proteins present in public databases
ere analyzed for the presence of T-cell–stimulatory
equences. In addition, wheat accessions from diploid
AA, SS/BB, and DD genomes), tetraploid (AABB), and
exaploid (AABBDD) Triticum species were tested for
he presence of T-cell–stimulatory epitopes in gliadins
nd glutenins by both T-cell and monoclonal anti-
ody–based assays. Results: The database analysis
eadily identified gluten proteins that lack 1 or more
f the known T-cell–stimulatory sequences. Moreover,
oth the T-cell– and antibody-based assays showed
hat a large variation exists in the amount of T-cell–
timulatory peptides present in the wheat accessions.
onclusions: Sufficient genetic variation is present to
ndeavor the selection of wheat accessions that con-
ain low amounts of T-cell–stimulatory sequences.
uch materials may be used to select and breed
heat varieties suitable for consumption by CD pa-

ients, contributing to a well-balanced diet and an
ncrease in their quality of life. Such varieties also

ay be useful for disease prevention in individuals at
isk.

eliac disease (CD) is a small intestinal disorder
caused by the ingestion of gluten proteins present in

ood. CD is considered to be a T-cell–mediated disease
nd the molecular basis is well understood. In the upper

art of the gastrointestinal tract gluten proteins are
igested by enzymes into peptides of variable length. In
he small intestine these peptides are deamidated by the
nzyme tissue transglutaminase.1–8 Subsequently, these
eptides can bind to HLA-DQ molecules expressed by
pecialized antigen-presenting cells and be recognized by
luten-specific CD4� T cells.9,10 On activation, these
ells multiply and release inflammatory cytokines that
ause intestinal damage and flattening of the intestinal
pithelium. This results in diarrhea, poor absorption of
utrients,11–13 malnutrition, abdominal pain, and retar-
ation of growth, some of the characteristic symptoms
ssociated with CD. The only cure for patients with CD
s a strict lifelong gluten-free diet. The omission of
luten from the diet is difficult and often results in a
hortage of vitamins. Another problem for patients who
dhere to a gluten-free diet is that many naturally glu-
en-free products are contaminated with gluten because
f its widespread use in the food industry.

Wheat gluten is a group of proteins that can be
artitioned into 2 protein families: the glutenins and the
liadins. The glutenins can be subdivided further into
igh molecular weight (HMW) and low molecular
eight (LMW) glutenins and the gliadins can be divided

nto �-, �-, and �-gliadins.14 At present, many gluten-
erived T-cell–stimulatory peptides are known and they
riginate from the �- and �-gliadins, and the HMW and
MW glutenins.6,10,15–18 Homologue sequences are
ound in the secalins of rye, the hordeins of barley, and
he avenins of oats. Gluten and gluten-like molecules
hus contain many immunogenic peptides. Moreover, the
nique food-industrial properties of gluten are in part
elated to a very high proline content that renders gluten

Abbreviations used in this paper: CD, celiac disease; HMW, high
olecular weight; IFN-�, interferon-�; LMW, low molecular weight;
Ab, monoclonal antibody.
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elatively resistant to enzymatic degradation in the gas-
rointestinal tract.19–21 Hence, many of the immuno-
enic gluten peptides are likely to survive for extended
eriods in the intestine, increasing the probability of
riggering a T-cell response. Thus, the unique properties
f gluten are linked tightly to their disease-inducing
otential in CD patients.
Each wheat plant contains a few (HMW) to several

undred (�-gliadins) copies of gliadin and glutenin
enes,22 but it is unknown whether all these genes
ncode proteins that are equally harmful for patients.
he first indication that heterogeneity may exist in this

espect came from our observation that not all �-gliadins
ontained equal copy numbers of a particular T-cell–
timulatory peptide.23 Moreover, the genus Triticum har-
ors several species, of which Triticum aestivum is the
ost widely used in the food industry. Thousands of
riticum accessions are available in genebanks. The oldest
aterial is diploid and contains either the AA, BB/SS, or
D genome. These grass-like species have a very low

eed yield and drop their seed easily. Because of natural
ybridization between some of these species the tet-
aploid Triticum species with the AABB genotype (pasta
heat) originated. Finally, through spontaneous hybrid-

zation between tetraploid and diploid species around
000 BC, hexaploid wheat (AABBDD) species were
ormed. Further breeding over past centuries led to an
ncrease in gluten content, enhanced crop yield, and
ther properties that are important for the application of
exaploid bread wheat in food production. The existence
f thousands of different Triticum accessions that in all
robability will have a very different gluten protein
omposition raised the question of whether all Triticum
ccessions are equally toxic for CD patients. Recently, 2
ssays have become available that allow a rational screen-
ng of wheat and food products for the presence of
-cell–stimulatory gluten sequences. In the first assay,
luten-specific T-cell clones that have been isolated from
ntestinal biopsy specimens of CD patients are used. In
he second assay, monoclonal antibodies specific for T-
ell–stimulatory gluten peptides are used (this study).24

Here we have used these assays to screen wheat accessions
f various origins and genetic make-up for the presence of
-cell–stimulatory epitopes. The results indicate that there
re considerable differences in the levels of T-cell–stimula-
ory epitopes present among wheat accessions. Together
ith the observation that individual gluten molecules con-

ain highly variable numbers of T-cell–stimulatory se-
uences, these results indicate that through rational screen-
ng and breeding strategies, wheat varieties may be

dentified with a reduced or even absent toxicity profile for t
D patients. This may contribute to an improved and safe
heat-containing diet for CD patients.

Materials and Methods

Database Searches

A wheat gliadin and glutenin subset was extracted from
he Uniprot database using the SRS program (www.ebi.ac.uk).
ll epitope sequences listed in Table 1 were searched for full

imilarity against this subset using the stand-alone Macintosh
Apple, Cupertino, CA) version of the program PeptideSearch
http://www.mann.embl-heidelberg.de/GroupPages/PageLink/
eptidesearchpage.html).

Description of the Different Wheat
Accessions

The wheat accessions used in this study were obtained
rom the small-grain cereal collection maintained by the Cen-
re for Genetic Resources (Wageningen, The Netherlands).
he wheat accessions used in this study were selected on the
asis of the species known to have played a role in the
volution of bread wheat, and they include all 3 genomes of the
ereal crop with the highest production worldwide of all cereal
rops. Diploid, tetraploid, and hexaploid accessions were used
Table 2). In all figures the numbers of the wheat accessions
hown refer to the numbers of the wheat accessions described
n Table 2.

The accessions were selected from a small-grain cereal col-
ection that contains well over 5000 wheat accessions. The
election criteria were a difference in the following: (1) genetic
ackground, (2) ploidy level, (3) geographic distribution, and
4) growth season (Table 2).

Preparation of Gluten-Containing Samples
From Different Wheat Varieties

Samples of different wheat varieties were ground and a

able 1. Amino Acid Sequences of Previously Identified
T-Cell Stimulatory Epitopes of Gluten Used for
Sequence Alignments With the Gluten Proteins
Present in the Uniprot Database

HLA
restriction Protein Epitope Reference

LA-DQ8 �-gliadin QGSFQPSQQ 10
HMW-glutenin QGYYPTSPQ 17

LA-DQ2 �-gliadin PFPQPQLPY (�-9) 27
PQPQLPYPQ (�-2) 27
FRPQQPYPQ (�-20) 16

�-gliadin PQQSFPQQQ (�-1) 6
FPQQPQQPF (�-2) 16
IQPQQPAQL (�-30) 16

LMW-glutenin FSQQQQSPF (glt- 156) 16
FSQQQQQPL (glt-17) 16
QXPQQPQQF (glu-5) 16
rypsin/pepsin digest was prepared as follows: 2 g of wheat

http://www.ebi.ac.uk
http://www.mann.embl-heidelberg.de/GroupPages/PageLink/peptidesearchpage.html
http://www.mann.embl-heidelberg.de/GroupPages/PageLink/peptidesearchpage.html


fl
f
S
w
w
m
3
s
w
3
B
s
p
F
p
t

i
r
T
T
s
L
s
c
i
t
c
H
o
g
s

I

v
9
s
m
n
(
a
h
c
S
t
n
3

m
e

t
G
w
c
t
b
m
d
B
c
b
h

T

T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

N rcially

September 2005 WHEAT ACCESSION TOXICITY FOR CD PATIENTS 799
our was solubilized in 20 mL 1 mol/L acetic acid and boiled
or 10 minutes. After cooling, 10 mg pepsin A (Sigma P-7012;
igma Chemical Co, St. Louis, MO) was added and the mixture
as incubated for 4 hours at 37°C. Subsequently, the pH level
as adjusted to 7.8 with NaOH, followed by addition of 20
g trypsin (Sigma T-4665). After overnight incubation at

7°C, trypsin inhibitor type II (Sigma) was added and the
ample was dialyzed against water for 48 hours. The dialysate
as centrifuged and the supernatant was fractionated over a
0-kilodalton membrane (Centriprep YM-30, Amicon Inc.,
everly, MA). For the subsequent experiments the fraction

maller than 30 kilodaltons was used. A control sample was
repared from a commercial gliadin preparation (no. 48960;
luka Chemie, Zwijndrecht, The Netherlands) using the same
rotocol. For the T-cell assay the pepsin/trypsin digests were
reated with tissue transglutaminase as described.10

T-Cell Proliferation Assays

To test for the presence of T-cell–stimulatory epitopes
n different wheat varieties, 6 different T-cell clones each
ecognizing a different epitope were used: a Glia-�2/9–specific
-cell clone (recognizing both the Glia-�2 and the Glia-�9
-cell epitope), a Glia-�1–specific T-cell clone, a Glia-�30–

pecific T-cell clone, a LMW-Glt-156–specific T-cell clone, a
MW-Glt-17–specific T-cell clone, and a HMW-glutenin–
pecific T-cell clone. The clones originated from gluten-spe-
ific T-cell lines generated from small intestinal biopsy spec-
mens of different CD patients.7,8,16,17 With the exception of
he HLA-DQ8 restricted, HMW-glutenin–specific T-cell
lone, all T-cell clones are HLA-DQ2 restricted. For the
LA-DQ2–restricted T-cell clones the pepsin/trypsin digests

f the different wheat varieties were treated with tissue trans-
lutaminase to facilitate T-cell recognition of the T-cell–
timulatory gluten peptides.3,8

Proliferation assays were performed in triplicate in 150 �L

able 2. List of Different Diploid, Tetraploid, and Hexaploid W
Stimulatory Epitopes Involved in CD

Species (number in Figure) Genome

riticum monococcum (1) AA
monococcum (2) AA
speltoides (3) SS, later mutated to BB
speltoides (4) SS, later mutated to BB
squarrosum (5) DD
squarrosum subsp. strangulata (6) DD
turgidum variety dicoccoides (7) AABB
turgidum variety dicoccoides (8) AABB
turgidum group carthlicum (9) AABB
turgidum group carthlicum (10) AABB
aestivum group aestivum (11) AABBDD
aestivum group aestivum (12) AABBDD
aestivum group compactum (13) AABBDD
aestivum group compactum (14) AABBDD
aestivum (15) AABBDD
aestivum (16) AABBDD

OTE. Only Arcade and Minaret have been on the market as comme
scove’s modified Dulbecco’s medium (Bio Whittaker, Ver- f
iers, Belgium) with 10% pooled normal human serum in
6-well flat-bottom plates using 104 gluten-specific T cells
timulated with 105 irradiated HLA-DQ2– or HLA-DQ8–
atched (HMW glutenin) allogeneic peripheral blood mono-

uclear cells (3000 rad) in the presence or absence of antigen
1–10 �g/mL). After 2 days, 3H-thymidine (.5 �Ci/well) was
dded to the cultures, and 18–20 hours thereafter cells were
arvested. 3H-thymidine incorporation in the T-cell DNA was
ounted on a liquid scintillation counter (1205 Betaplate Liquid
cintillation Counter, LKB Instruments, Gaithersburg, MD). For
he detection of interferon-� (IFN-�) production, 50 �L super-
atant was collected from the cultures before the addition of
H-thymidine. IFN-� production was measured using the Cyto-
etric Bead Array (Becton Dickinson, San Diego, CA). The

xperiment was repeated twice for each T-cell clone.

Synthetic Peptides

Peptides were synthesized by standard fluorenylme-
hoxycarbonyl (Fmoc) chemistry on a SyroII (MultiSyntech,
ermany) peptide synthesizer. The integrity of the peptides
as checked by reversed phase (rp) high-performance liquid

hromatography and mass spectrometry. The S-acetyl-mercap-
oacetic acid group was introduced in the resin-bound peptides
y the coupling of a 6-fold equimolar mixture of S-acetyl
ercaptoacetic acid N-hydroxysuccinimide ester and 1-hy-

roxybenzotriazole in N-methylpyrrolidon (NMP) for 2 hours.
iotin was introduced in the resin-bound peptides by a 2-hour
oupling with a 6-fold equimolar preactivating mixture of
iotin and benzotriazol-1-yloxypyrrolidino phosphonium
exafluorophosphate (PyBob).

Monoclonal Antibodies Against T-Cell
Stimulatory Epitopes of LMW and HMW
Glutenin Proteins

For generation of monoclonal antibodies (mAbs) specific

t Accessions Used for Screening of the Presence of T-Cell

Accession number Country of origin
Winter/

spring type

CGN 06602
CGN 10542 Spring
CGN 10682 Israel Spring
CGN 10684 Turkey Spring
CGN 10719 Israel Spring
CGN 10757 Iran Spring
Rec. 965418 (1975) Israel Winter
Rec. 965521 (1975) Israel Winter
CGN 04221 Iran Spring
CGN 08360 Russia Spring
CGN variety Arcade (1989) Belgium Spring
CGN variety Minaret (1983) The Netherlands Spring
CGN 04210 Italy Spring
CGN 08315 Switzerland Spring
CGN 08510
CGN 12393

available varieties.
hea
or the LMW-glutenin–derived T-cell–stimulatory epitope Glt-
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56, mice were immunized with peptides chemically cross-
inked to tetanus toxoid (TTd-DDDXPPFSQQQQSPFS-
mide). For generation of mAbs specific for the HMW-
lutenin–derived T-cell–stimulatory epitope presented by
LA-DQ8 molecules, peptides chemically cross-linked to tet-

nus toxoid (TTd-DDDXPGQGQ(Q/P)GYYPTS(L/Q)QQP-
mide and TTd-DDDXQGQQGYYPTSPQQ(P/S)-amide were
sed for immunization.
Fusion and screening of the hybridomas was performed as

escribed.24

Competition Assays for the Quantitative
Detection of T-Cell Stimulatory Epitopes of
Gluten Proteins

Competition assays were performed as described earli-
r.24 For the competition assay detecting LMW-glutenin, a
iotinylated peptide encoding the LMW-Glt-156 T-cell
pitope was used as the indicator peptide (Bio-XKAKAKAX-
PFSQQQQSPFS-amide). For the competition assay detecting
MW-glutenin, a biotinylated peptide encoding the HMW-

lutenin epitope was used as the indicator peptide (Bio-
KAKAKAKAXQGQQGYYPTSPQQP-amide). For quanti-
cation of the gliadin and LMW-glutenin assays a standard
urve was made by the European gliadin reference IRMM-
8025 in a concentration range of 100 �g/mL to 3 ng/mL. For
he HMW-glutenin assay a standard curve was made using a
rypsin/chemotropism digest of recombinant HMW-glutenin
roteins (kindly provided by P. Shewry, Rothamsted Research,
ampenden, United Kingdom) in a concentration range from

0 �g/mL to 10 ng/mL. The assays were repeated twice.

Protein Analysis by 1-Dimensional Sodium
Dodecyl Sulfate–Polyacrylamide Gel
Electrophoresis and Western Blotting

For protein analysis wheat grains were ground and the
heat flour was resuspended in 8 mol/L urea, 10 mmol/L Tris
Cl, at a pH of 8.0. After 1 hour of head-over-heel rotation

he wheat flour suspensions were spun down and the soluble
raction was used for 1D sodium dodecyl sulfate–polyacrylam-
de gel electrophoresis.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
12.5% acrylamide gel) was performed under standard condi-
ions. After separation, proteins either were stained with Coo-
assie Brilliant Blue or transferred to nitrocellulose. On the

able 3. Database Analysis of Gluten Proteins for the Presen

Number of T-cell stimulatory gluten sequence

0 1 2 3

-gliadins 10 7 7 2
-gliadins 0 1 1 10
MW-glutenin 54 3 0 0
MW-glutenin 1 5 5 4
lots the proteins were visualized with mAbs specific for r
timulatory T-cell epitopes from �- and �-gliadin24 and
MW-glutenin (this study).

Results

Matching of Gliadin- and Glutenin-Derived
T-Cell Epitopes With Gluten Proteins

It is unknown if all gluten genes are equally toxic
or CD patients. The sequences of hundreds of gluten
roteins are available through databases. We have
ligned the sequence of 11 T-cell–stimulatory sequences
rom �-gliadin, �-gliadin, LMW-glutenin, and HMW-
lutenin with the gliadin and glutenin proteins present
n the Uniprot database (Table 1). Strikingly, although
ll �-gliadins contained 1 or more T-cell–stimulatory
equences, the large majority of the LMW-glutenin and
ne third of the �-gliadin proteins did not contain the
-cell–stimulatory epitopes for which we searched (Table
). Also, some of the HMW-glutenin proteins contained
o or a few T-cell–stimulatory sequences. The results
lso indicate that although some gluten proteins lack
-cell–stimulatory sequences, others may contain up to
. Thus, considerable variability in the toxicity of indi-
idual gluten proteins is likely to exist.

Detection of T-Cell Stimulatory Epitopes by
T-Cell Based Assays

We previously have described T cells specific
or T-cell–stimulatory epitopes in �-gliadin, �-glia-
in, and LMW-glutenin.7,8,16 We have used these T
ells to screen wheat accessions for the presence of
hese epitopes. For this, 16 wheat accessions were
elected (Table 2). Pepsin/trypsin digests of grinded
eeds of these Triticum accessions were prepared,
reated with tissue transglutaminase, and tested with
-cell clones specific for the Glia-�2/9, Glia-�1, Glia-
30, LMW-Glt-17, and LMW-Glt-156 peptides. The
esults show striking differences in the T-cell re-
ponses to the individual wheat preparations. Repre-
entative results are shown in Figure 1A and D and a
ummary of all results is shown in Table 4. Wheat
arieties either induced low, medium, or high T-cell

f T-Cell Stimulatory Sequences Involved in CD

d in a single database entry
Genes without

T-cell–stimulatory sequences4 5 �6

1 0 2 10/29 (34%)
3 0 2 0/17 (0%)
0 0 0 54/57 (95%)
3 3 3 1/22 (4.5%)
ce o

s foun
esponses, independent of the ploidy level or genome
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ackground of the accessions (Table 4; Figure 1A and
). Very low responses were found for the diploid

ccession 4 and the hexaploid accessions 13 and 16
Table 4). Next we determined if the observed differ-

igure 1. Analysis of gluten proteins of Triticum accessions with dif
B, D) mAb-based competition assay. (A) Stimulation of the LMW-G
or the LMW-Glt-156 T-cell epitope, (C) Western blot stained with t
lia-�2/9–specific T-cell clone, (E) mAb-based competition assay s

he anti-Glia-�9 T-cell epitope–specific mAb. The experiments show
easurement is shown.
nces in proliferative T-cell responses correlated with w
imilar differences in IFN-� production. An �-gliadin
nd an LMW-glutenin T-cell clone were tested against
rotein extracts from wheat accessions 4, 9, 10, 13,
4, and 16; T-cell proliferation and IFN-� production

t levels of T-cell–stimulatory epitopes in the (A, D) T-cell assay and
6–specific T-cell clone, (B) mAb-based competition assay specific
ti-LMW-Glt-156 T-cell epitope–specific MAb, (D) stimulation of the
fic for the Glia-�9 T-cell epitope, and (F) Western blot stained with
A and D were performed in triplicate and the mean � SD of each
feren
lt-15

he an
peci
n in
ere measured simultaneously. In all cases a clear
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orrelation was found between T-cell proliferation
Figure 2A and C) and IFN-� production (Figure 2B
nd D). Together these results indicate that wheat
arieties differ significantly in the level of T-cell–
timulatory epitopes present.

Detection of T-Cell Stimulatory Epitopes by
mAb-Based Competition Assays
Subsequently, pepsin/trypsin digests of ground

eeds of the Triticum accessions were tested with mAbs

able 4. Overview of the Results of Screening of the Differen
Epitopes Involved In CD

Genome

T-cell assay

Glia-�-2/9 Glia-�-30 Glia-�1 LMW-Glt-156

1 AA �� ��� ����� ��
2 AA �/� � �/� �����
3 SS/ BB �/� �/� ��� ��
4 SS/ BB �/� �/� � �/�
5 DD ���� ��� ��� �
6 DD ��� �/� � �/�
7 AABB � �� �� ����
8 AABB � ����� ��� ���
9 AABB �/� � �/� ���
0 AABB ����� ���� �� �����
1 AABBDD � � � ���
2 AABBDD � �/� �� ���
3 AABBDD � �/� �/� �
4 AABBDD ��� �/� �� ��
5 AABBDD ���� ���� �� ���
6 AABBDD �/� �/� � ��

OTE. Pepsin/trypsin digests of the different accessions were teste
esponses are represented relative to the maximum response given b
5%; � corresponds with 5%–20%; �� corresponds with 20%–35
���� corresponds with 100% of the maximum response given b

epresented relative to the maximum amount (�g/mL) detected in a
5%; � corresponds with 5%–10%; �� corresponds with 10%–30%;

he maximum amount of antigen measured in the mAb-based compe
pecific for the T-cell epitopes Glia-�9, Glia-�1,24 and
MW-Glt-156 (this study) in a competition assay as
escribed.24 In agreement with the results of the T-cell
ssay, we observed large differences in the levels of the 3
luten epitopes in the wheat accessions tested (Table 4;
igure 1B and E). Also, with this assay we observed that
arieties 4, 13, and 16 contain low levels of the gluten
eptides (Table 4). Thus, these results confirm the results
f the T-cell–based assay and indicate that not all vari-

eat Accessions for the Presence of T-Cell–Stimulatory

mAb assay

-Glt-17 HMW-glt Glia-�-9 Glia-�-1 LMW-Glt-156 HMW-glt

� � ��� ��� ���� �/�
� �/� � ��� ���� �/�
�� � � �/� � �/�

�/� �/� �/� �/� �/�
� ��� �� ��� �/� �/�

�� �/� �� �/� �/�
�� ��� �/� �� �� �
�� ���� �� ��� �� ���
� ��� �/� �� �� ���
��� ���� ���� ���� ���� ����
� � �/� � �� �/�
� �� ��� ��� ��� ��

�/� � � � �/�
� �� ���� ���� ���� ��
� ����� �� ��� �� ����

��� �/� � ��� ��

the T-cell based and mAb-based assays. For the T-cell assay, the
T-cell clone indicated by �����. Therefore, �/� corresponds with
�� corresponds with 35%–65%; ���� corresponds with 	65%;
T-cell clone. For the mAb assay the amount of antigen detected is
accession indicated by ����. Therefore, �/� corresponds with
corresponds with 30%–60%; ���� corresponds to 60%–100% of

assay.

Figure 2. Correlation between
T-cell proliferation and IFN-�
production after stimulation of
T-cell clones with protein ex-
tracts of 6 wheat accessions.
Two T-cell clones, specific for
the gluten peptides (A, B) LMW-
Glt-156 and (C, D) Glia-�2/9
were tested against protein ex-
tracts of 6 wheat accessions at
a concentration of 2 �g/mL
protein. T-cell stimulation was
determined by measurement of
(A, C) proliferation and (B, D)
IFN-� production. The experi-
ments shown in A and C were
performed in triplicate and the
mean � SD of each measure-
t Wh

LMW

�/
�/
��
�
��
��
��
��
��
��
��
��
�
��
��
�

d by
y the
%; �
y the
given
���
tition
ment is shown.
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ties contain similar amounts of T-cell–stimulatory glu-
en sequences.

Western Blot Analysis of Gluten Proteins in
Wheat Accessions

The �-gliadin and LMW-glutenin–specific MAbs
lso are suitable for the specific detection of �-gliadins
nd LMW-glutenins on Western blots. We therefore
ave used these mAbs to stain gluten proteins expressed
n the wheat accessions. Protein extracts were prepared
rom 5 wheat accessions that were found to contain
ifferent amounts of the T-cell–stimulatory epitopes in
he T-cell and mAb-based competition assays: varieties 6
diploid, DD genome), 7, 9, 10 (tetraploid, AABB), and
4 (hexaploid, AABBDD). Next, the proteins were sep-
rated by 1-dimensional sodium dodecyl sulfate–polyac-
ylamide gel electrophoresis and, after blotting onto
itrocellulose membrane, were stained with the mAb
sed in the competition assays (Figure 1C and F). With
he LMW-glutenin mAb staining was observed for all
ut the diploid (DD) accession 6 (Figure 1C). In this
ccession relatively low levels of the LMW-glutenin–
erived T-cell–stimulatory epitope were detected with
oth the T-cell– and the mAb-based assay (Figure 1A
nd B). Moreover, in accessions 7 and 9 the antibody
tained a protein that was distinct from that in accessions
4 and 10. This correlates with the presence of an
ntermediate level of the T-cell–stimulatory glutenin
pitopes in accessions 7 and 9, as compared with a high
evel of the T-cell–stimulatory epitopes in accessions 10
nd 14 (Figure 1B and C). With the �-gliadin–specific
Ab staining was found for all accessions. However, a

istinct staining pattern was obtained for each variety,
ndicating the presence of different gliadin proteins in
he accessions (Figure 1F). Together these results indi-
ate that the observed differences in the levels of T-cell–
timulatory epitopes found in the wheat varieties are
aused by differences in protein composition between the
heat accessions.

Detection of a T-Cell Stimulatory HMW-
Glutenin Peptide in Wheat Accessions

The baking quality of wheat-derived flours to a
arge extent depends on the presence of HMW-glu-
enins. These HMW-glutenins long have been consid-
red not to be involved in CD but recent evidence has
ndicated that the HMW-glutenins contain T-cell–stim-
latory peptides,17,18 although only 1 such peptide has
een identified at present.17 We therefore also tested the
epsin/trypsin digest of the wheat accessions with a
-cell clone specific for this HMW-glutenin peptide17
nd a mAb raised against this peptide (this study). In a
his case the digests were not treated with tissue trans-
lutaminase because both the T-cell clone and the mAb
referentially respond to native HMW-glutenin (data
ot shown).17 The results (Figure 3, Table 4) indicate
hat large differences exist in the presence of the HMW-
lutenin peptide. The lowest values are found in the AA
nd SS diploid accessions and in some of the tetraploid
ccessions.

Thus, in addition to the gliadins and LMW-glutenins,
onsiderable variability exists with regard to the presence
f the HMW-glutenin peptide in the wheat accessions.

Discussion

CD is the most common food intolerance in the
estern hemisphere: approximately .5% to 1% of the

opulation is now known to have the disease, although
he symptoms vary widely among patients. Classic symp-
oms include diarrhea, stomachache, and failure to
hrive. These are the result of a lesion in the small
ntestine characterized by villous atrophy. T cells isolated
rom small intestinal biopsy specimens of patients have
een shown to respond specifically to gluten-derived
eptides bound to the disease predisposing HLA-DQ2

igure 3. Detection of HMW-glutenin T-cell epitope in different wheat
ccessions in a (A) T-cell assay and a (B) mAb-based competition
ssay. The T-cell responses were defined as a stimulation index ([T �
PC � antigen]/[T � APC]).
nd/or HLA-DQ8 molecules.9,10 These inflammatory T-
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ell responses are thought to be a key player in disease
evelopment. T-cell–stimulatory gluten peptides are
ound in the �- and �-gliadins and in the LMW- and

MW-glutenins.6,10,15–18 Because different combina-
ions of gluten genes are present in individual wheat
ccessions and varieties, this indicates that such wheat
ccessions also may have a distinct toxicity profile. This
rompted us to analyze a selection of diploid, tetraploid,
nd hexaploid accessions for the presence of a number of
-cell–stimulatory sequences. For this purpose we used
-cell clones isolated from small intestinal biopsy spec-

mens of patients7,8,16,17 and mAbs specific for T-cell–
timulatory sequences present in �-gliadin, �-gliadin,
MW-glutenin, and HMW-glutenin.
The results indicate that large differences exist with

egard to the presence of T-cell–stimulatory gluten
eptides in the wheat accessions investigated, inde-
endent of the ploidy level. To substantiate these
bservations a large number of gluten genes present in
ublic databases were screened for the presence of 11
-cell–stimulatory sequences. In agreement with the

esults of our T-cell and mAb screening, a surprisingly
arge number of gluten genes were found to lack the
-cell–stimulatory sequences for which we searched.
bout one third of the �-gliadin genes encode pro-

eins that lacked T-cell–stimulatory sequences and a
arge proportion of the LMW-glutenins also were
ound to lack the T-cell–stimulatory sequences. It
hould be noted that this does not implicate that such
luten proteins may not have any T-cell–stimulatory
roperties. They may contain a variant of the T-cell–
timulatory sequence for which we searched, and some
f such variants may have T-cell–stimulatory proper-
ies. In contrast to the �-gliadins and LMW-glutenins
he majority of HMW-glutenins and all of the �-glia-
ins were found to contain T-cell–stimulatory se-
uences. Together, these results indicate that individ-
al gluten proteins are likely to have a distinct
oxicity profile.

Several studies have suggested that the �-gliadins
ncode the immunodominant T-cell response inducing
luten peptides, although the �-gliadins and glutenins
ave received much less attention.1,26 Our database
earches, however, indicate that the �-gliadins appear to
ontain T-cell–stimulatory sequences most frequently.
hus, it may prove to be easier to select wheat varieties

hat lack harmful �-gliadins as �-gliadins. This raises
he question of whether the composition of the �-gliadin
ene clusters is sufficiently diverse to allow the identifi-
ation of clusters that are completely free of toxic pep-
ides. In this respect it is worth noting that varieties 4,

3, and 16 appear to contain low levels of all peptides for b
hich we tested, including the �-gliadin peptides. Ap-
arently, depending on which �-gliadin genes actually
re expressed, considerable differences in protein compo-
ition are present between the varieties and this may be
xploited to select for varieties that contain low levels of
-cell–stimulatory �-gliadin peptides. Alternatively, si-

encing of the entire �-gliadin gene locus may be used to
emove �-gliadin–related toxicity from wheat accessions.
uch an approach would be less favored for the LMW-
nd the HMW-glutenins because they are important for
he baking quality of wheat-based doughs.

It is known that early exposure to gluten and a
ouble HLA-DQ2 gene dose both promote CD devel-
pment. In Sweden the addition of gluten to infant
ood led to a 5-fold increase in the occurrence of CD in
he 1980s,27 and HLA-DQ2 homozygous individuals
ave a 5-fold increased risk for developing CD com-
ared with HLA-DQ2 heterozygous individuals.28 A
arge repertoire of abundant immunogenic gluten pep-
ides in the diet, together with a high copy number of
LA-DQ2,29 thus favors the breaking of oral toler-

nce.30 In present-day practice, gluten is introduced
nto the diet of infants at 6 –7 months of age. Because
here is no restriction in the amount of gluten given,
luten intake at age 12 months is between 6 and 9
/day,30 whereas gluten-specific T cells of CD patients
re known to respond to microgram amounts. The
udden introduction of grams of gluten thus may play
n important role in the breaking of oral tolerance. As
e have suggested previously, the current understand-

ng of the development of the disease may call for a
ore gradual and/or reduced intake of gluten in in-

ants.29 The breeding of wheat varieties with a lower
mount of T-cell–stimulatory gluten peptides poten-
ially could aid in reaching that goal.

In general, the results of our study are in agreement
ith the results published recently by the Norwegian
roup31 with 1 exception: we also observed a low to
bsent presence of the �-gliadin peptide in the AA and
B/SS genome. Similarly, we observed a variability in

he presence of �-gliadin–derived peptides. In addition
o the analysis of these ancient haplotypes and AABB-
ontaining varieties, as reported by the Norwegian
roup,31 we also analyzed 6 more modern wheat varieties
hat typically are used for bread making and that contain

genomes: AABBDD. Moreover, we also analyzed the
resence of LMW- and HMW-glutenin–derived pep-
ides and showed considerable heterogeneity in the levels
f these peptides in the wheat accessions as well. We
elieve that this is relevant particularly because the
MW-glutenins are a major factor determining the
aking quality of wheat flour and we reported previously
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hat T-cell responses to LMW-glutenins frequently are
bserved in children.16

In conclusion, our data indicate that with the use of
luten-specific T cells and mAbs directed to T-cell–
timulatory gluten peptides, wheat accessions can be
elected that contain minimal to absent quantities of
articular harmful gluten sequences. This is promising
or future breeding programs aimed at generating new
arieties that will be acceptable for the manufacturing of
ood products for CD patients. Moreover, such varieties
ay prove to be valuable tools for disease prevention in

ndividuals at risk.

References

1. Anderson RP, Degano P, Godkin AJ, Jewell DP, Hill AV. In vivo
antigen challenge in celiac disease identifies a single transglu-
taminase-modified peptide as the dominant A-gliadin T-cell
epitope. Nat Med 2000;6:337–342.

2. Fleckenstein B, Molberg O, Qiao SW, Schmid DG, Von Der MF,
Elgstoen K, Jung G, Sollid LM. Gliadin T cell epitope selection by
tissue transglutaminase in celiac disease. J Biol Chem 2002;
277:34109–34116.

3. Molberg O, McAdam SN, Korner R, Quarsten H, Kristiansen C,
Madsen L, Fugger L, Scott H, Noren O, Roepstorff P, Lundin KE,
Sjostrom H, Sollid LM. Tissue transglutaminase selectively mod-
ifies gliadin peptides that are recognized by gut-derived T cells in
celiac disease. Nat Med 1998;4:713–717.

4. Molberg O, McAdam S, Lundin KE, Kristiansen C, Arentz-Hansen
H, Kett K, Sollid LM. T cells from celiac disease lesions recognize
gliadin epitopes deamidated in situ by endogenous tissue trans-
glutaminase. Eur J Immunol 2001;31:1317–1323.

5. Quarsten H, Molberg O, Fugger L, McAdam SN, Sollid LM. HLA
binding and T cell recognition of a tissue transglutaminase-mod-
ified gliadin epitope. Eur J Immunol 1999;29:2506–2514.

6. Sjostrom H, Lundin KE, Molberg O, Korner R, McAdam SN, An-
thonsen D, Quarsten H, Noren O, Roepstorff P, Thorsby E, Sollid
LM. Identification of a gliadin T-cell epitope in coeliac disease:
general importance of gliadin deamidation for intestinal T-cell
recognition. Scand J Immunol 1998;48:111–115.

7. Vader LW, De Ru A, van der WY, Kooy YM, Benckhuijsen W,
Mearin ML, Drijfhout JW, van Veelen P, Koning F. Specificity of
tissue transglutaminase explains cereal toxicity in celiac disease.
J Exp Med 2002;195:643–649.

8. van de Wal Y, Kooy Y, van Veelen P, Pena S, Mearin L, Papado-
poulos G, Koning F. Selective deamidation by tissue transglutami-
nase strongly enhances gliadin-specific T cell reactivity. J Immu-
nol 1998;161:1585–1588.

9. Lundin KE, Scott H, Hansen T, Paulsen G, Halstensen TS, Fausa O,
Thorsby E, Sollid LM. Gliadin-specific, HLA-DQ (alpha 1*0501, beta
1*0201) restricted T cells isolated from the small intestinal mucosa
of celiac disease patients. J Exp Med 1993;178:187–196.

0. van de Wal Y, Kooy YM, van Veelen PA, Pena SA, Mearin LM,
Molberg O, Lundin KE, Sollid LM, Mutis T, Benckhuijsen WE,
Drijfhout JW, Koning F. Small intestinal T cells of celiac disease
patients recognize a natural pepsin fragment of gliadin. Proc Natl
Acad Sci U S A 1998;95:10050–10054.

1. Nilsen EM, Lundin KE, Krajci P, Scott H, Sollid LM, Brandtzaeg P.
Gluten specific, HLA-DQ restricted T cells from coeliac mucosa
produce cytokines with Th1 or Th0 profile dominated by interferon
gamma. Gut 1995;37:766–776.

2. Nilsen EM, Jahnsen FL, Lundin KE, Johansen FE, Fausa O, Sollid

LM, Jahnsen J, Scott H, Brandtzaeg P. Gluten induces an intes-
tinal cytokine response strongly dominated by interferon gamma
in patients with celiac disease. Gastroenterology 1998;115:
551–563.

3. Przemioslo RT, Lundin KE, Sollid LM, Nelufer J, Ciclitira PJ. His-
tological changes in small bowel mucosa induced by gliadin
sensitive T lymphocytes can be blocked by anti-interferon gamma
antibody. Gut 1995;36:874–879.

4. Shewry PR, Halford NG. Cereal seed storage proteins: structures,
properties and role in grain utilization. J Exp Botany 2002;53:947–
958.

5. Paulsen G, Lundin KE, Gjertsen HA, Hansen T, Sollid LM, Thorsby
E. HLA-DQ2-restricted T-cell recognition of gluten-derived pep-
tides in celiac disease. Influence of amino acid substitutions in
the membrane distal domain of DQ beta 1*0201. Hum Immunol
1995;42:145–153.

6. Vader W, Kooy Y, van Veelen P, De Ru A, Harris D, Benckhuijsen
W, Pena S, Mearin L, Drijfhout JW, Koning F. The gluten response
in children with celiac disease is directed toward multiple gliadin
and glutenin peptides. Gastroenterology 2002;122:1729–1737.

7. van de Wal Y, Kooy YM, van Veelen P, Vader W, August SA,
Drijfhout JW, Pena SA, Koning F. Glutenin is involved in the
gluten-driven mucosal T cell response. Eur J Immunol 1999;29:
3133–3139.

8. Molberg O, Solheim FN, Jensen T, Lundin KE, Arentz-Hansen H,
Anderson OD, Kjersti UA, Sollid LM. Intestinal T-cell responses to
high-molecular-weight glutenins in celiac disease. Gastroenterol-
ogy 2003;125:337–344.

9. Marti T, Molberg O, Li Q, Gray GM, Khosla C, Sollid LM. Prolyl
endopeptidase mediated destruction of t cell epitopes in whole
gluten—chemical and immunological characterization. J Pharma-
col Exp Ther 2005;312:19–26.

0. Piper JL, Gray GM, Khosla C. Effect of prolyl endopeptidase on
digestive-resistant gliadin peptides in vivo. J Pharmacol Exp Ther
2004;311:213–219.

1. Shan L, Molberg O, Parrot I, Hausch F, Filiz F, Gray GM, Sollid LM,
Khosla C. Structural basis for gluten intolerance in celiac sprue.
Science 2002;297:2275–2279.

2. Anderson OD, Litts JC, Greene FC. The alpha-gliadin gene family.
I. Characterization of ten new wheat alpha-gliadin genomic
clones, evidence for limited sequence conservation for flanking
DNA, and southern analysis of the gene family. Theor Appl Genet
1997;95:50–58.

3. Vader LW, Stepniak DT, Bunnik EM, Kooy YM, de Haan W,
Drijfhout JW, van Veelen PA, Koning F. Characterization of cereal
toxicity for celiac disease patients based on protein homology in
grains. Gastroenterology 2003;125:1105–1113.

4. Spaenij-Dekking EH, Kooy-Winkelaar EM, Nieuwenhuizen WF, Dri-
jfhout JW, Koning F. A novel and sensitive method for the detec-
tion of T cell stimulatory epitopes of alpha/beta- and gamma-
gliadin. Gut 2004;53:1267–1273.

5. van Eckert R. The PWG gliadin, a new reference material. Pro-
ceedings of the 16th meeting Working Group on Prolamin Analy-
sis and Toxicity. Sitges, Spain, 2000:25–27.

6. Arentz-Hansen H, Korner R, Molberg O, Quarsten H, Vader W,
Kooy YM, Lundin KE, Koning F, Roepstorff P, Sollid LM, McAdam
SN. The intestinal T cell response to alpha-gliadin in adult celiac
disease is focused on a single deamidated glutamine targeted by
tissue transglutaminase. J Exp Med 2000;191:603–612.

7. Ivarsson A, Persson LA, Nystrom L, Ascher H, Cavell B, Daniels-
son L, Dannaeus A, Lindberg T, Lindquist B, Stenhammar L,
Hernell O. Epidemic of coeliac disease in Swedish children. Acta
Paediatr 2000;89:165–171.

8. Mearin ML, Biemond I, Pena AS, Polanco I, Vazquez C, Schreuder
GT, de Vries RR, van Rood JJ. HLA-DR phenotypes in Spanish
coeliac children: their contribution to the understanding of the

genetics of the disease. Gut 1983;24:532–537.



2

3

3

D
d
N

t
f
f
g
Q
a

806 SPAENIJ–DEKKING ET AL GASTROENTEROLOGY Vol. 129, No. 3
9. Vader W, Stepniak D, Kooy Y, Mearin L, Thompson A, van Rood
JJ, Spaenij L, Koning F. The HLA-DQ2 gene dose effect in celiac
disease is directly related to the magnitude and breadth of
gluten-specific T cell responses. Proc Natl Acad Sci U S A 2003;
100:12390–12395.

0. van Overbeek FM, Uil-Dieterman IG, Mol IW, Kohler-Brands L,
Heymans HS, Mulder CJ. The daily gluten intake in relatives of
patients with coeliac disease compared with that of the general
Dutch population. Eur J Gastroenterol Hepatol 1997;9:1097–
1099.

1. Molberg O, Uhlen AK, Jensen T, Solheim Flaete N, Fleckenstein
B, Arentz-Hansen H, Raki M, Lundin KEA, Sollid LM. Mapping of
gluten T-cell epitopes in bread wheat ancestors: implications for

celiac disease. Gastroenterology 2005;128:393–401. I
Received October 7, 2004. Accepted May 26, 2005.
Address requests for reprints to: Liesbeth H. A. Spaenij-Dekking,

epartment of Immunohematology and Blood Transfusion, E3-Q, Lei-
en University Medical Center, PO Box 9600, 2300 RC Leiden, The
etherlands. e-mail: e.h.a.spaenij-dekking@lumc.nl.
Supported by the Celiac Disease Consortium, an Innovative Clus-

er approved by the Netherlands Genomics Initiative and partially
unded by the Dutch Government (BSIK03009), the Stimulerings-
onds Voedingsonderzoek Leiden University Medical Center, by
rants from the European Community (QLRT-2000-00657 and
LRT-2002-02077), and by the Center for Medical Systems Biology,
center of excellence approved by the Netherlands Genomics
nitiative/Netherlands Organization for Scientific Research.


	Natural Variation in Toxicity of Wheat:Potential for Selection of Nontoxic Varieties for Celiac Disease Patients
	Materials and Methods
	Database Searches
	Description of the Different Wheat Accessions
	Preparation of Gluten-Containing Samples From Different Wheat Varieties
	T-Cell Proliferation Assays
	Synthetic Peptides
	Monoclonal Antibodies Against T-Cell Stimulatory Epitopes of LMW and HMW Glutenin Proteins
	Competition Assays for the Quantitative Detection of T-Cell Stimulatory Epitopes of Gluten Proteins
	Protein Analysis by 1-Dimensional Sodium Dodecyl Sulfate –Polyacrylamide Gel Electrophoresis and Western Blotting

	Results
	Matching of Gliadin-and Glutenin-Derived T-Cell Epitopes With Gluten Proteins
	Detection of T-Cell Stimulatory Epitopes by T-Cell Based Assays
	Detection of T-Cell Stimulatory Epitopes by mAb-Based Competition Assays
	Western Blot Analysis of Gluten Proteins in Wheat Accessions
	Detection of a T-Cell Stimulatory HMW- Glutenin Peptide in Wheat Accessions

	Discussion
	References


