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Celiac disease is a T cell-mediated chronic inflammatory
condition often characterized by human leukocyte antigen
(HLA)-DQ2.5 molecules presenting gluten epitopes derived
from wheat, barley, and rye. Although some T cells exhibit
cross-reactivity toward distinct gluten epitopes, the structural
basis underpinning such cross-reactivity is unclear. Here, we
investigated the T-cell receptor specificity and cross-reactivity
of two immunodominant wheat gluten epitopes, DQ2.5-glia-
α1a (PFPQPELPY) and DQ2.5-glia-ω1 (PFPQPEQPF). We
show by surface plasmon resonance that a T-cell receptor alpha
variable (TRAV) 4+-T-cell receptor beta variable (TRBV) 29-1+

TCR bound to HLA-DQ2.5-glia-α1a and HLA-DQ2.5-glia-ω1
with similar affinity, whereas a TRAV4- (TRAV9-2+) TCR
recognized HLA-DQ2.5-glia-ω1 only. We further determined
the crystal structures of the TRAV4+-TRBV29-1+ TCR bound
to HLA-DQ2.5-glia-α1a and HLA-DQ2.5-glia-ω1, as well as the
structure of an epitope-specific TRAV9-2+-TRBV7-3+ TCR-
HLA-DQ2.5-glia-ω1 complex. We found that position 7 (p7) of
the DQ2.5-glia-α1a and DQ2.5-glia-ω1 epitopes made very
limited contacts with the TRAV4+ TCR, thereby explaining the
TCR cross-reactivity across these two epitopes. In contrast,
within the TRAV9-2+ TCR-HLA-DQ2.5-glia-ω1 ternary com-
plex, the p7-Gln was situated in an electrostatic pocket formed
by the hypervariable CDR3β loop of the TCR and Arg70β from
HLA-DQ2.5, a polar network which would not be supported by
the p7-Leu residue of DQ2.5-glia-α1a. In conclusion, we pro-
vide additional insights into the molecular determinants of
TCR specificity and cross-reactivity to two closely-related epi-
topes in celiac disease.

Celiac disease (CeD) is a chronic inflammatory disorder of the
small intestine triggered by ingestion of dietary gluten that affects
�1%of the general population (1, 2). Celiac disease is restricted to
genetically predisposed individuals, with 95% of patients
expressing human leukocyte antigen (HLA) HLA-DQ2.5 (enco-
ded by DQA1*05:01-DQB1*02:01 alleles) and the remainder
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HLA-DQ8 (encoded by DQA1*03:01-DQB1*03:02 alleles) or
HLA-DQ2.2 (encoded by DQA1*02:01 -DQB1*02:02 alleles) (1,
2). Celiac disease pathogenesis is characterized by gluten pre-
sentation by the HLA-DQ2.5/8/2.2 molecules on the surface of
antigen-presenting cells and recognition by CD4+ αβ T cells
(3–12). The gluten peptides that stimulate T cell reactivity,
derived from wheat (gliadin), barley (hordein), and rye (secalin)
are modified by the transglutaminase 2 (TG2) enzyme (13–16).
Transglutaminase 2 is a ubiquitously expressed enzyme that
catalyzes the deamidation of gluten peptides by converting
glutamine residues to glutamate, thereby conferring upon these
peptides the preferred acidic residues for either the P4 or P6
anchor pockets ofHLA-DQ2.5/2.2 andP1 andP9 anchor pockets
for HLA-DQ8 (17–21). These TG2-deamidated gluten peptides
bind with increased affinity to the HLA, thereby stabilizing the
complex thus allowing for sustained antigen presentation by
APCs and, subsequently, more frequent recognition by gluten-
specific CD4+ T cells (5). The CD4+ T cells then provide help
to B cells that bind TG2-gliadin complexes and deamidated
gluten peptides to mature into plasma cells in the gut that
generate deamidated gluten peptide-specific, as well as autor-
eactive TG2-specific, antibodies (8, 22, 23).

In HLA-DQ2.5+ CeD, the main immunodominant gluten
epitopes that elicit strong T cell responses include (using the
nomenclature system developed by Sollid et al. (2020))
DQ2.5-glia-α1a/α2 (PFPQPELPY/PQPELPYPQ), DQ2.5-glia-
ω1/ω2 (PFPQPEQPF/PQPEQPFPW), DQ2.5-hor-1/sec-1
(PFPQPEQPF), and DQ2.5-hor-3 (PIPEQPQPY) (10, 11, 18,
19, 24–30). The responding CD4+ αβ T cell repertoire toward
these epitopes in HLA-DQ2.5+ CeD patients are character-
ized by biased TRAV/TRBV gene expression of T cell re-
ceptor (TCRs) (4, 18, 19, 21, 27).

Owing to thehigh sequence similarity betweenDQ2.5-glia-α1a
and DQ2.5-glia-ω1 epitopes, the TCR repertoires have shared
features such as the predominance of expanded T cell clones
(TCCs) with TRAV4, TRBV20-1, or TRBV29-1 gene usage (18,
19). In addition, frequent usage of these geneswas observed in the
DQ2.5-glia-α2/ω2 and DQ2.5-hor-3 responses (4, 18, 19, 24, 27).
Apart from these genes, there was also frequent TRAV9-1/2 and
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TCR cross-reactivity in celiac disease
TRBV7-2/3 gene usage among the DQ2.5-glia-α1a/α2- and
DQ2.5-glia-ω1/ω2-reactive TCCs (18, 26, 27). The biased gene
usage of CeD TCRs observed across multiple epitopes presented
by the same HLA-DQ2.5 is indicative that these TCRs have a
dependence on interactions with this HLA.

Structural studies have provided insights into how TCRs
recognize immunodominant HLA-DQ2.5-gliadin complexes.
To date, these structures have examined TCRs that are
binding to one HLA-DQ2.5-gliadin complex, with this pro-
cess henceforth referred to as specific TCR recognition to
delineate from cross-reactive TCR recognition, whereby
TCRs are binding to more than one HLA-DQ2.5-gliadin. The
three ternary structures of TRAV26-1+-TRBV7-2+ TCRs
specific for DQ2.5-glia-α2 revealed that a conserved CDR3β-
Arg residue formed essential contacts with p5-Leu and po-
sition 7 (p7)-Tyr within DQ2.5-glia-α2 epitope (19). The
ternary structure of a TRAV4+-TRBV20-1+ TCR specific for
DQ2.5-glia-α1a did not contain a conserved Arg residue and
recognition was mainly attributed to CDR3 loop-mediated
interactions at the interface. This indicated a differing mode
of recognition to DQ2.5-glia-α2, as the central region of the
DQ2.5-glia-α1a peptide was not contacted by the TCR.
However, there were also similarities in epitope-specific
recognition of DQ2.5-glia-α1a and DQ2.5-glia-α2 such as
the HLA-interactions mediated by conserved germline-
encoded residues between the related TRAV4 and
TRAV26-1 α-chains (19). In further studies, we showed that
TCRs specific for either DQ2.5-glia-α1a/α2 can cross-react
with bacterial mimics of these gliadin epitopes (9). This
provided structural evidence to suggest that molecular
mimicry may drive cross-reactivity in CeD as the TCR focuses
recognition on a few key peptide residues, as suggested pre-
viously in some T cell-mediated autoimmune diseases
(9, 31–33). Other studies have identified small populations of
cross-reactive DQ2.5-glia-α1a/ω1 TCCs and cross-reactive
DQ2.5-glia-α2/ω2 TCCs in CeD patients (18, 19, 27). Of
note, TRAV4 gene usage was observed in TCCs specific for
DQ2.5-glia-α1a and DQ2.5-glia-ω1, as well as those that were
cross-reactive for these epitopes. In addition, studies have
shown that grain toxicity of barley and rye may result from
cross-reactive T cell responses toward wheat ω-gliadin and
homologous hordein- and secalin-derived peptides (4, 15, 24,
30, 34). However, the disease-relevance of cross-reactive T
cell populations toward gliadin epitopes in CeD is still unclear
(4, 9, 18, 35, 36).
Table 1
TCR gene usage of HLA-DQ2.5+ T cell clones and their CDR loop seque

TCC Vα Jα CDR3α

DQ2.5-glia-α1a/ω1-restricted TCC
XPA5 4 43 CLVGGLARDMR

DQ2.5-glia-α1a-specific TCC
S2a 4 4 CLVGDGGSFSG

DQ2.5-glia-ω1-specific TCCs
W316 9-2 52 CALSGGTSYGK
W321 9-2 52 CALEGSAGGTS

a Complexed with DQ2.5-glia-α1a epitope (LQPFPQPELPYPQ).
The TCCs 1383PA5 (abbrev. XPA5), W316, and W321 were studied in (18). The S2 TCC
sequences were as follows: DQ2.5-glia-α1a (LQPFPQPELPY; 9-mer core amino-acid sequ
ImMunoGeneTics (IMGT) database used to assign TCR gene segments. Gene segments,
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Here, we investigate specific and cross-reactive TCR recog-
nition of disease-relevant gliadin reactive CD4+ TCRs previ-
ously isolated from HLA-DQ2.5-glia-ω1+ and HLA-DQ2.5-glia-
α1a/ω1+ tetramer sorted cells in blood and gut of HLA-DQ2.5+

CeD patients (18). We show that limited CDR3β contacts with
the variable residue at p7 of highly similar wheat-gliadin epi-
topes underpin TCR cross-reactivity. In contrast, epitope-
specific recognition relied on the electrostatic environment
surrounding the p7 residue. Collectively, our results provide
molecular insight into TCR cross-reactivity and specificity to-
ward gluten epitopes in HLA-DQ2.5-mediated CeD.

Results

Gliadin-reactive TCRs

We selected for study one TCR reactive to both DQ2.5-glia-
ω1 and DQ2.5-glia-α1a (XPA5) and two TCRs (W316 and
W321) that were DQ2.5-glia-ω1-specific, which were obtained
in a previous study (18) (Table 1). The XPA5 TCR was derived
from a T cell clone, TCC1383P.A.5 that had equal reactivity to
DQ2.5-glia-α1a and HLA-DQ2.5-glia-ω1 (Fig. 1A). The W316
and W321 TCRs were derived from single cell-sorted gut T
cells of two untreated CeD patients (CD1435 and CD1416)
that stained with the HLA-DQ2.5-glia-ω1 tetramer but not
with the HLA-DQ2.5-glia-α1a tetramer.

To further characterize the fine specificity of the XPA5
TCR, we performed a single alanine scan of both the DQ2.5-
glia-α1a and HLA-DQ2.5-glia-ω1 epitopes with the
TCC1383P.A.5 TCC in a proliferation assay (Fig. 1B). For both
epitopes, the TCC lost reactivity to peptides substituted at p1-
Pro, p2-Phe, p6-Glu, and p8-Pro, whereas substitutions at P7
had no effect.

Cross-reactive XPA5 TCR recognize HLA-DQ2.5-glia-α1a and
HLA-DQ2.5-glia-ω1 with comparable affinity

Toverify epitope-specificities of the specific andcross-reactive
TCRs selected fromHLA-DQ2.5-glia-α1a andHLA-DQ2.5-glia-
ω1 tetramer-sorted cells in CeD patients, we performed surface
plasmon resonance on recombinantly expressed proteins. For
each TCR, steady-state affinities (KD) and kinetics parameters
were determined (Figs. 2 and S1 and Table 2).

The W316 TCR interacted with HLA-DQ2.5-glia-ω1 and
exhibited low affinity with a KD of �120 μM (Fig. 2A). As
expected, the W321 TCR exclusively bound HLA-DQ2.5-glia-
ω1 (�25 μM) (Fig. 2B) (18). However, the W316 TCR weakly
nces

Vβ Dβ Jβ CDR3β

F 29-1 2 2-2 CSVALGSDTGELFF

GYNKLIF 20-1 2 2-5 CSAGVGGQETQYF

LTF 7-3 1 1-1 CASSQGQDTEAFF
YGKLTF 7-3 2 2-3 CASSLIGGGDSTDTQYF

sequence was from (19). Nomenclature of DQ2.5 gluten epitopes follow (10). Epitope
ence in bold) and DQ2.5-glia-ω1 (QPFPQPEQPFP). Nomenclature of the International
are abbreviated as follows; Vα, TRAV; Jα, TRAJ; Vβ, TRBV; Dβ, TRBD; and Jβ, TRBJ.



Figure 1. Cross-reactivity of TCC1383P.A.5. A, reactivity of TCC1383P.A.5 to titrated amounts of DQ2.5-glia-α1a and DQ2.5-glia-ω1 peptides as observed in
a representative T cell proliferation assay. The y-axis shows counts per minute (CPM), whereas the x-axis shows the concentration of the peptides. The error
bars represent mean ± s.d. of triplicates. Two independent experiments were performed with the same results. B, reactivity of TCC1383P.A.5 to the single
alanine-substituted DQ2.5-glia-α1a and DQ2.5-glia-ω1 peptides tested at 10 μM in triplicates and normalized to the response to WT peptide in T cell
proliferation assays. The data are derived from three independent experiments where the error bars represent mean ± s.d. TCC, T cell clone.

TCR cross-reactivity in celiac disease
bound HLA-DQ2.5-glia-α1a, where the KD was greater than
400 μM (Fig. 2A). Furthermore, the specific W316 and W321
TCRs displayed somewhat distinct binding kinetics with HLA-
DQ2.5-glia-ω1, whereby W316 had faster on and off-rates
(kon = 14,900/M∙s and koff = 1.7/s) compared to those of
W321 (kon = 22,200/M∙s and koff = 0.5/s) (Fig. S1, A and B and
Table 2).

The XPA5 TCR bound to HLA-DQ2.5-glia-α1a and HLA-
DQ2.5-glia-ω1 with comparable affinity with KD of �44 μM
and �41 μM, respectively (Fig. 2C). These moderate affinity
values of the XPA5 TCR resembled that of the cross-reactive
DQ2.5-glia-α1a/ω1 L6 TCR binding to HLA-DQ2.5-glia-α1a
(37 μM) we previously reported (18). Interestingly, the kinetics
of the XPA5 bound to peptide-HLA (pHLA) interactions
differed as XPA5-HLA-DQ2.5-glia-α1a gave slower kinetics
(kon = 52,700/M∙s and koff = 1.7/s) than the kinetics of the
XPA5-HLA-DQ2.5-glia-ω1 interaction (kon = 100,700/M∙s
and koff = 3.6/s) (Fig. S1, C and D and Table 2). This indicates
that the peptide variable p7 residue (p7-Leu/Gln) is affecting
the on- and off-rates of the interaction (Table 2).
Structure of the W316 TCR-HLA-DQ2.5-glia-ω1 complex

To identify the molecular basis for specific recognition of
DQ2.5-glia-ω1, we determined the crystal structure of the
TRAV9-2+-TRBV7-3+ W316 TCR-HLA-DQ2.5-glia-ω1
complex to 3.0 Å resolution (Fig. 3A and Table S1). We pre-
viously solved the structure of the TRAV4+ S2 TCR in com-
plex with HLA-DQ2.5-glia-α1a to which it was specifically
restricted (19). Similar to the S2 TCR ternary structure, the
W316 TCR docked at an angle of �60� across the peptide-
binding cleft of HLA-DQ2.5 with overall buried surface area
(BSA) of �2030 Å2 (Fig. 3). The W316 TCR α- and β-chains
resided above HLA-DQ2.5 β- and α-chains, respectively, and
thus adopted standard canonical docking polarity (Fig. 3) (37).
The relative BSA contributions to the TCR-pHLA interface of
the W316 TCR were CDR1β, CDR2β, and CDR3β loops were
5%, 13%, and 28%, respectively; whereas the CDR1α, CDR2α,
and CDR3α loops accounted for 13%, 7%, and 20% of the BSA,
respectively (Fig. 3B). The W316 TCR interacted with both
α- and β-chains of HLA-DQ2.5. Here, the CDR1β and CDR2β
loops made limited contacts with the HLA-DQ2.5 α-chain
(Table S2). Thus, germline TRBV7-3 regions interacted sub-
optimally with the HLA.

The germline TRAV9-2 chain of the W316 TCR mediated a
salt-bridge between TCR α-framework Lys55, HLA-DQ2.5
Asp66β, and additional interactions with the HLA-DQ2.5
β-chain (Fig. 3C and Table S2). These interactions mediated
by α-framework, CDR1α, and CDR2α loops reveal a potential
basis for frequent usage of the TRAV9-2 gene toward the
HLA-DQ2.5-glia-ω1 determinant. The nongermline CDR3α
loop formed a few polar-mediated interactions with the
J. Biol. Chem. (2022) 298(3) 101619 3



Figure 2. Surface plasmon resonance binding affinity measurements. Sensorgram and dose-response curve fit into one-site specific binding model of
(A) W316, (B) W321, and (C) XPA5 TCR interaction with HLA-DQ2.5-glia-α1a and HLA-DQ2.5-glia-ω1. For KD determination, all SPR data was derived from two
(n = 2) independent experiments, in duplicate. Maximal concentration in dilution series of varied 200 to 400 μM. Dose-response binding curves on the right
show mean ± s.d. from the experiments. HLA, human leukocyte antigen; KD, dissociation constant; NB, no binding; Req, Response at equilibrium; RU,
response units; SPR, surface plasmon resonance; TCR, T-cell receptor.

TCR cross-reactivity in celiac disease
HLA-DQ2.5 α-chain (Table S2). In contrast, the nongermline
CDR3β loop of W316 TCR formed numerous interactions
with the HLA-DQ2.5 β-chain, including those mediated by
CDR3β Gln110 and Asp113 with HLA-DQ2.5 residues
Asp66β, Ile67β, and Arg70β (Fig. 3C and Table S2). Notably, a
hydrogen-bond between the CDR3β Asp113 β residue of the
W316 TCR was formed with Arg70β of HLA-DQ2.5 located
near the p7-Gln of the peptide (Fig. 3C). Interestingly, the
position of Arg70β differs from that of the binary HLA-DQ2.5-
glia-ω1 structure (18). As Arg70β in the W316 TCR-HLA-
DQ2.5-glia-ω1 complex reorientated into the peptide-binding
cleft and interacted with p7-Gln, thus contributing to the
polar network surrounding p7-Gln (Fig. 3C). This polar
network mediated by the CDR3β loop and Arg70β with p7-Gln
Table 2
Steady state binding affinities and kinetics of binding values of each T

HLA restriction/TCR KD (μM) Bmax kon (×103 M

HLA-DQ2.5-glia-α1a
XPA5 43.9 ± 3.5 932 52.671 ± 1

HLA-DQ2.5-glia-ω1
XPA5 40.6 ± 5.3 393 100.745 ± 5
W316 121.6 ± 8.1 415 14.993 ± 8
W321 25.3 ± 1.3 817 22.171 ± 2

KD, dissociation equilibrium constant of TCR-pHLA interaction. KD is calculated using t
injection). KDcal, the calculated dissociation equilibrium constant (= koff/kon - calculated
constant, koff, kinetic off-rate or dissociation constant. t1/2, dissociation half life. R2, statis
model. Similar values for KD and KDcal, validate the kinetic parameters (kon and koff) are

4 J. Biol. Chem. (2022) 298(3) 101619
would be disfavored by the hydrophobic p7-Leu of DQ2.5-glia-
α1a, thereby providing a basis as to why the W316 TCR cannot
recognize DQ2.5-glia-α1a. In support of this, HLA-DQ2.5-
glia-α1a specific recognition by the S2 TCR did not rely on
cooperative CDR3β and Arg70β interactions with p7-Leu
residue (Fig. 3D) (18, 19).

The W316 TCR contacted p3, p5, p7, and p8 positions of
the DQ2.5-glia-ω1 peptide (Fig. 3E). Here, the side-chains of
p3-Pro, p5-Pro, and p8-Pro contacted the CDR3α loop, both
CDR3 loops and the CDR2β loop, respectively. Previously,
alanine-substitution of p7-Gln abolished TCR recognition of
DQ2.5-glia-ω1 peptides, as direct interaction with the p7 po-
sition was lost (18). Namely, the side-chain of the p7-Gln
hydrogen bonded to the backbone of the CDR3β Gln110
CR
−1s−1) koff (s

−1) KDcal (μM) t1/2 (s) R2

7.397 1.67 ± 0.40 32.6 ± 3.5 0.41 0.99

8.282 3.58 ± 1.86 36.4 ± 2.5 0.19 0.99
.162 1.67 ± 0.95 110.1 ± 4.5 0.41 0.99
.313 0.50 ± 0.03 22.5 ± 1.4 1.40 0.99

he response at the binding equilibrium (which is the data point 5 s before the end of
KD from kinetics one-site specific linear model). kon, kinetic on-rate or association
tical goodness of fit calculated from fit to a one-site specific linear regression binding
correct.



Figure 3. DQ2.5-glia-ω1-specific TCR recognition. A, structural overview of TRAV9-2+-TRBV7-3+ W316 TCR bound to HLA-DQ2.5-glia-ω1. The cartoon
chains are colored as follows; HLA-DQ2.5 α-chain in pale green, HLA-DQ2.5 β-chain in pale blue, TCR α-chain in dark pink, and TCR β-chains in dark blue. The
DQ2.5-glia-ω1 peptide is represented as gray sticks. The CDR loops are colored as follows; CDR1α, turquoise; CDR2α, green; CDR3α, purple; CDR1β, red; CDR2β,
orange; and CDR3β, yellow. B, surface representation of TCR footprint with peptide in gray and TCR contact atoms are colored according to the closest CDR
loop and TCR α- and β-framework contacts are colored dark pink and dark blue, respectively. The center of mass of TCR is shown by dots in dark pink for Vα
and dark blue for Vβ domains connected by a black dotted line that indicates the approximate TCR docking angle. The pie chart shows the percentage of
CDR loop and non-CDR (framework) contributions to the buried surface area (BSA). C, key W316 interactions between p7-glutamine of DQ2.5-glia-ω1 (dark
blue) and surrounding HLA-DQ2.5 residues (cyan). Comparison of positioning of p7-adjacent HLA-DQ2.5 residues of ternary W316-HLA-DQ2.5-glia-ω1
complex with binary HLA-DQ2.5-glia-ω1 (PDB: 6MFF) complex (RMSD for HLA-DQ2.5 α-chain residues 1–79 was 0.258 Å2) (18). D, key DQ2.5-glia-α1a-specific
TRAV4+-TRBV20-1+ S2 TCR interactions between p7-leucine of DQ2.5-glia-α1a (dark pink) and surrounding HLA-DQ2.5 residues (cyan). Comparison of
positioning of p7-adjacent HLA-DQ2.5 residues of ternary S2-HLA-DQ2.5-glia-α1a complex (PDB: 4OZI) with binary HLA-DQ2.5-glia-α1a (PDB: 6MFG)
complex (RMSD for HLA-DQ2.5 α-chain residues 1–79 was 0.35 Å2) (18, 19). E, W316 TCR interactions with DQ2.5-glia-ω1 peptide. Binary HLA-DQ2.5 residues
are shown as white stick representation. The oxygen and nitrogen atoms are shown in red and dark blue in stick representations, respectively. Red dashes
represent hydrogen bonds. Purple dashes represent salt-bridge ionic interactions. Black dotted lines represent van der Waals interactions. Amino acid
residues are indicated by their single-letter abbreviations and lower-case p stands for position of peptide residue numbered from N-amino to C-carboxyl
terminus (left to right). HLA, human leukocyte antigen; TCR, T-cell receptor.
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residue. Therefore, specificity of the W316 TCR for DQ2.5-
glia-ω1 was attributed to key polar contacts with p7-Gln that
cannot be formed with p7-Leu of the DQ2.5-glia-α1a peptide.
Cross-reactive TCRs interact with the p7-Leu/Gln of the
DQ2.5-glia-α1a and DQ2.5-glia-ω1 epitopes

To determine the structural requirements that enable
cross-reactivity across the DQ2.5-glia-α1a and DQ2.5-glia-
ω1 epitopes, we solved the ternary structures of the
TRAV4+-TRBV29-1+ XPA5 TCR bound to HLA-DQ2.5-glia-
α1a and HLA-DQ2.5-glia-ω1 to 3.1 Å resolution (Fig. 4A and
Table S1). The two ternary complexes were very similar to
each other (r.m.sd = 0.14 Å2), and so we shall describe the
interactions within the TRAV4+-TRBV29-1+ XPA5 TCR-
HLA-DQ2.5-glia-α1a complex and highlight any salient
differences to the TRAV4+-TRBV29-1+ XPA5 TCR-HLA-
DQ2.5-glia-ω1 ternary complex. The XPA5 TCR followed
conventional polarity docking on HLA-DQ2.5-glia-α1a,
binding at an angle of 55� (Fig. 4B, left) with an overall BSA
J. Biol. Chem. (2022) 298(3) 101619 5



Figure 4. Cross-reactive TCR recognition of DQ2.5-glia-α1a and DQ2.5-glia-ω1 presented by HLA-DQ2.5. Structural overlay of TRAV4+-TRBV29-1+ XPA5
TCR-HLA-DQ2.5-glia-α1a and XPA5 TCR-HLA-DQ2.5-glia-ω1 structures (A). The cartoon HLA-DQ2.5 α- and β-chains are shown in pale green and pale yellow,
respectively, the cartoon TCR α- and β-chains are dark pink and dark blue, respectively, with peptides represented as gray sticks. The CDR loops are colored
as follows; CDR1α, turquoise; CDR2α, green; CDR3α, purple; CDR1β, red; CDR2β, orange; and CDR3β, yellow. Surface representation of XPA5 TCR footprint on
(B) HLA-DQ2.5-glia-α1a (left) and HLA-DQ2.5-glia-ω1 (right), where the peptide is depicted in gray and TCR contact atoms are colored according to closest
CDR loop, TCR α- and β-framework (FW) contacts are colored dark pink and dark blue, respectively. The center of mass of TCR is shown by dots in dark pink
for Vα and dark blue for Vβ domains connected by a black dotted line that gives the approximate TCR docking angle. The pie chart below each footprint
shows the percentage of CDR loop and non-CDR (framework) contributions to the buried surface area (BSA). Key interactions between position (p)7 of
DQ2.5-glia-α1a peptide and neighboring HLA-DQ2.5-β residues with (C) XPA5 TCR and (D) S2 TCR1. XPA5 interactions with (E) DQ2.5-glia-α1a and (F) DQ2.5-
glia-ω1 peptides. The peptides are depicted as gray cartoon with p7 and p9 residue that differs between DQ2.5-glia-α1a and DQ2.5-glia-ω1 peptide shown

TCR cross-reactivity in celiac disease
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of 2320 Å2 at the interface (Table S3). The CDR1β, CDR1β,
and CDR3β loops accounted for, 16%, 11%, and 27% of the
BSA, respectively, whereas CDR1α, CDR2α, and CDR3α
loops contributed to 16%, 5%, and 11% of the BSA, respec-
tively (Fig. 4 and Table S3).

The ternary complexes of the XPA5 TCR enabled us to
provide a structural basis underpinning biased usage of the
TRAV4+ TCR α-chain. Namely, the TRAV4 germline in-
teractions of the XPA5 TCR were mediated by CDR1α
Asn36α-Tyr38α, α-framework Gln55, and CDR2α Tyr57α with
HLA-DQ2.5 β-chain as observed in the previously solved
TRAV4+ S2 TCR-HLA-DQ2.5-glia-α1a complex (Fig. 4, C and
D and Tables S3 and S4) (19). The nongermline CDR3α loop
interacted with both α- and β-chains of HLA-DQ2.5 (Fig. 4B
and Tables S3 and S4). The germline CDR1β and CDR2β loops
interacted minimally with HLA-DQ2.5, whereas the hyper-
variable CDR3β made extensive contacts with the HLA-DQ2.5
β-chain (Fig. 4C and Table S4). Here, the HLA-DQ2.5 residues
Asp66β, Glu69β, and Arg70β located near the critical p7 po-
sition of both epitopes were contacted by both XPA5 TCR
α- and β-chains (Fig. 4C). Notably, a salt-bridge between
CDR3β Asp112β of XPA5 TCR was formed with Arg70β from
HLA-DQ2.5, that was supplemented by polar-mediated con-
tacts between CDR3β Thr113-Glu115, CDR3α Gly108; and
germline CDR1α Asn36-Tyr38, CDR2α Gln55; and Tyr57
residues with Asp66β, Arg70β, and Arg77β of the HLA-DQ2.5
β-chain (Fig. 4C and Tables S3 and S4).

Regarding XPA5 TCR interactions with the DQ2.5-glia-α1a
peptide, the CDR3β Asp112 residue also contacted hydro-
phobic side-chains of p2-Phe and p5-Pro residues (Fig. 4E).
Moreover, the CDR1α and CDR3α loops interacted with the
p2-Phe and in addition, the CDR3β loop contacted p5-Pro.
The CDR1α loop contacts with p2-Phe were also observed in
the TRAV4+ S2 TCR specific for HLA-DQ2.5-glia-α1a, further
highlighting the conserved selection of TRAV4 encoded TCRs
for this pHLA (19). The CDR1β and CDR3β loops contacted
the side-chain of p8-Pro. In contrast, in the other ternary
complex, the CDR1β loop contacted the backbone of p9-Phe
from DQ2.5-glia-ω1 (Fig. 4F). Notably, the hydrophobic side
chain of the DQ2.5-glia-α1a p7-Leu residue was contacted by
the backbone of CDR3β Gly109 residue. The p7-Gln of DQ2.5-
glia-ω1 peptide was also contacted by the backbone of CDR3β
Gly109 from XPA5 TCR. Thus, the XPA5 forms conserved
interactions with central peptide residues of both DQ2.5-glia-
α1a and DQ2.5-glia-ω1 epitopes and readily accommodates
differences at p7.

In contrast to the W316 TCR-HLA-DQ2.5-glia-ω1 com-
plex, the p7-Gln residue of XPA5-HLA-DQ2.5-glia-ω1
complex was not contacted by Arg70β of the HLA-DQ2.5
(Table S2). Rather, in the XPA5 TCR ternary complexes,
the Arg70β interacted with the TCR α- and β-chains rather
than p7 of either epitope (Tables S3 and S4). Thus, the
as dark pink and dark blue sticks, respectively. The oxygen and nitrogen atom
dashes represent hydrogen bonds. Purple dashes represent salt-bridge ionic inte
residues are indicated by their single-letter abbreviations and lower-case p sta
terminus (left to right). 1Structure previously determined (19). HLA, human leu
cross-reactive XPA5 TCR does not require the electrostatic
pocket formed by Arg70β as observed in the W316 TCR-
HLA-DQ2.5-glia-ω1 complex.
Discussion

Previously, we have described the molecular basis for anti-
gen recognition of HLA-DQ2.5-glia-α1a and HLA-DQ2.5-glia-
α2 by TCCs specifically restricted to these pHLA (19). The
aforementioned HLA-DQ2.5-glia-α1a restricted S2 TCR has
limited interaction with DQ2.5-glia-α1a peptide but alanine
substitution of P2-Phe or P7-Gln abrogates recognition. In
contrast, three ternary structures of TCRs restricted to HLA-
DQ2.5-glia-α2 established the basis for the public selection of a
nongermline encoded CDR3β loop Arg residue with it playing
a role as a lynchpin by contacting both the DQ2.5-glia-α2
epitope and the HLA-DQ2.5 molecule (19). This arginine-
linked lynchpin mechanism of antigen recognition bore a
striking resemblance to what we observed for germline
(CDR1α) and nongermline encoded (CDR3) Arg residues in
TCRs restricted to HLA-DQ8-glia-α1 (38, 39). Hence, we
established that diverse TCRs converge to form a consensus
binding solution for TCR recognition of these gliadin epitopes.
Further, we went on to show that T cell cross-reactivity be-
tween bacterial peptides and gliadin determinants may be a
mechanism by which CeD pathogenesis is initiated. As
opposed to the mechanism we have established here in this
study, with respect to cross-reactivity observed for DQ2.5-glia-
α1a and DQ2.5-glia-ω1, whereby differences at the key TCR
contact residue p7 are tolerated, the bacterial mimic peptides
required conservation of residues at key TCR contact positions
(9).

In the present study, we have now provided insight into the
molecular basis for epitope-specific and cross-reactive TCR
recognition of two highly similar CeD-relevant epitopes,
DQ2.5-glia-α1a and DQ2.5-glia-ω1.

As discussed above, this work builds on our previous study
of a DQ2.5-glia-α1a specific TCR, S2, in complex with HLA-
DQ2.5-glia-α1a. For specific TCR recognition of DQ2.5-glia-
α1a, this TRAV4+ S2 TCR did not rely on making direct
p7-Leu contact, but rather contacted residues surrounding
p7-Leu, such as HLA-DQ2.5 Asp66β and Arg70β (19). This is
in contrast to specific TCR recognition of DQ2.5-glia-ω1 by
the TRAV9-2+ W316 TCR that was mediated by direct
hydrogen-bonding with p7-Gln by Gln110β within the
CDR3β loop. Furthermore, specific DQ2.5-glia-ω1 recogni-
tion was characterized by a shift in Arg70β from HLA-DQ2.5
to interact with p7-Gln, contributing to a polar network of
interactions with and surrounding p7-Gln. This polar
network would be nonpermissive for DQ2.5-glia-α1a, which
possesses a hydrophobic Leu residue at the p7 position.
Accordingly, specific recognition of DQ2.5-glia-α1a by the S2
s are shown in red and dark blue in stick representations, respectively. Red
ractions. Black dotted lines represent van der Waals interactions. Amino acid
nds for position of peptide residue numbered from N-amino to C-carboxyl
kocyte antigen; TCR, T-cell receptor.
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TCR, unlike DQ2.5-glia-ω1, did not rely on the formation of
direct p7 contacts with Arg70β and CDR3β loop of TCR (19).
The more flexible CDR3β loop of the S2 TCR was positioned
away from the DQ2.5-glia-α1a peptide and HLA-DQ2.5
β-chain. Thus, it appears that the hypervariable CDR3β
loop of W316 played a dominant role at the HLA-DQ2.5-glia-
ω1 interface unlike that of S2 TCR with HLA-DQ2.5-glia-α1a.
This finding provides a rationale for the fine-specificity of
TCRs that were previously detected toward two immunodo-
minant epitopes in CeD (18).

Regarding cross-reactive TCR recognition, the TRAV4+

XPA5 TCR formed limited CDR3β loop contacts with p7-Leu/
Gln of the DQ2.5-glia-α1a and DQ2.5-glia-ω1 epitopes.
Further, unlike the reactivity assay findings on DQ2.5-glia-α1a
and DQ2.5-glia-ω1 specific TCCs (18), the p7 residue (Leu/
Gln) was not critical for epitope recognition by the cross-
reactive T cell clone. This suggests that cross-reactivity is
enabled because the TRAV4+ TCR can readily accommodate
P7-Gln or P7-Leu. Similar to the TRAV4+ DQ2.5-glia-α1a-
specific S2 TCR, the Arg70β is positioned away from p7 of
peptide and interacts with the TCR α- and β-chains. Notably,
XPA5 maintained the same interactions as S2 via the TRAV4
germline-encoded CDR1α residues Asn36, Asp37α, and
Tyr38α. However, the ternary complexes of XPA5 and S2
TCRs revealed differing modes of HLA-DQ2.5-glia-α1a
recognition. Importantly, the CDR3β loop of XPA5 formed
numerous interactions with central region of DQ2.5-glia-α1a
peptide and HLA-DQ2.5 β-chain that were absent in the S2
ternary complex. Notably, the CDR3β loop of XPA5 associated
with DQ2.5-glia-α1a in a manner analogous to the CDR3β of
the TRAV8-3+-TRBV5-5+ LS2.8/3.15 TCR with p7-Leu of the
bacterial DQ2.5-glia-α1a mimic peptide (namely, DQ2.5-
P. fluor-α1a) as there was direct CDR3β contact with p7-Leu
(9, 19). Thus, the epitope-specificity of both XPA5 and
LS2.8/3.15 TCRs relies on dominant CDR3β interactions at the
TCR-pHLA interface. This was also the case for the DQ2.5-
P. fluor-α1a, DQ2.5-glia-α2/P.aeru-α2a, and DQ2.2-glut-L1-
specific TCRs as CDR3β contacted key gluten epitope resi-
dues (19, 21). Accordingly, the hypervariable CDR3β loops of
the specific and cross-reactive DQ2-restricted TCRs play a
major role in mediating their interactions with pHLA
complexes.

Previous studies have shed light on molecular mechanisms
that may enable TCR cross-reactivity mainly in the context of
autoimmune disease (31, 40). Molecular mimicry, whereby
TCRs focus binding on key ‘hotspot’ peptide residues
conserved between multiple peptide antigens while missing
the differences, can account for TCR cross-reactivity (32,
40–42). In addition, dominance of the nongermline encoded
CDR3 loop interactions and/or CDR3 loop flexibility has been
shown to enable TCR degeneracy in recognition (9, 19, 40,
43–46). Here, the XPA5 TCR deviates from this notion as the
TCR is ‘ignoring’ the differences between homologous gliadin
epitopes. Overall, our study has provided a mechanistic un-
derstanding of TCR cross-reactivity between closely related
epitopes in CeD.
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Experimental procedures

T cell proliferation assay

The T cell proliferation assays were conducted, as described
previously (18, 47). Briefly, 75,000 APCs (HLA-DQ2.5 homo-
zygous Epstein-Barr virus-transformed cells) were irradiated
(75 Gy) and incubated with peptides at 37

�
C for 24 h. Then,

50,000 T cells were added to the cultures. Forty eight hours
later, the cultures were pulsed with 1 μCi 3H-thymidine. 3H-
thymidine incorporation was measured after 16 to 20 h later
using a scintillation counter. The readout is counts per minute
per well.

Protein expression and purification

The extracellular domains of HLA-DQ2.5 were expressed
via the baculovirus-mediated insect cell expression system
with gliadin epitopes covalently-linked to the N-terminus of
the HLA-DQ2.5 β-chain (19, 21, 38). Sequences of gliadin
epitopes in the HLA-DQ2.5 constructs are as follows: DQ2.5-
glia-α1a (LQPFPQPELPY; 9-mer core amino-acid sequence
underlined), DQ2.5-glia-ω1 (QPFPQPEQPFP), and DQ2.5-
glia-α2 (APQPELPYPQPGS), linked to HLA-DQ2.5 β-chain
via a flexible linker (GSGGSIEGRGGSG) (9, 18, 19). The DQ8-
glia-α1 (SGEGSFQPSQENPQ) epitope was linked to the HLA-
DQ8 β-chain via a flexible linker sequence
(GGGGSIEGRGSGGG) (38). In each pHLA-DQ construct,
there was a C-terminal enterokinase cleavage site (DDDK)
before a leucine-zipper domain containing BirA tag for bio-
tinylation and a polyhistidine (His) tag to assist protein puri-
fication, as previously described (9, 19). This pHLA-DQ
constructs were cloned into pFastBac Dual expression vector,
and the recombinant baculovirus were amplified using Sf9
insect cells (IPLB-Sf21-AE, Invitrogen). We then infected High
Five (BTI-TN-5B1-4, Invitrogen) insect cells for large-scale
expression of recombinant protein, as previously described
(9, 19). The pHLA-DQ protein-containing supernatant was
harvested after 3-days and diafiltrated into TBS-500 (0.01 M
Tris pH 8.0, 0.5 M NaCl) using Cogent M1 TFF system (Merck
Millipore), in line with previously established protocols (19, 20,
38). Next, His-Tag purification via immobilized nickel metal
ion affinity chromatography (Ni-Sepharose six Fast Flow; GE
Healthcare) was performed, and then protein was eluted by
increasing imidazole gradient (0.02 M Imidazole pH 8.0, TBS-
500–0.3 M Imidazole pH 8.0, TBS-150). After this, the protein
was then purified by size exclusion chromatography (Superdex
200; GE Healthcare) and anion-exchange chromatography
(HitrapQ; GE Healthcare). Before crystallization trials, the
purified pHLA proteins were cleaved with enterokinase (New
England Biolabs), then a final step of anion-exchange chro-
matography was performed.

The TCRs constructs with artificial cysteine disulfide bond
in the constant regions of TCR α- and β-chains (48) were
expressed in Escherichia coli BL21 (DE3) (19, 21, 38, 49). The
αβ TCRs were purified from inclusion bodies and, subse-
quently, refolded as described previously (9, 38, 50). Briefly, the
TCR α- and β-chains were injected in a refolding solution
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containing (10 mM Tris pH 8.0, 2 mM EDTA, 5 M Urea,
0.4 M L-Arginine, 0.5 mM oxidized glutathione, and 5 mM
reduced glutathione) and left stirring for 3 to 5 days at 4 �C.
Subsequently, the refolding solution was dialyzed into 10 mM
Tris pH 8.0 for 3 to 4 days, and then protein underwent crude
anion exchange chromatography (DE52, GE Healthcare), fol-
lowed by size-exclusion chromatography (Superdex 200; GE
Healthcare), hydrophobic interaction chromatography (Hitrap
Phenyl HP, GE Healthcare), and anion exchange chromatog-
raphy (HitrapQ, GE Healthcare).

Crystallization, X-ray diffraction data collection, and
processing

Sitting drop vapor diffusion crystallization experiments were
performed at 20 �C. The three TCR-HLA-DQ2.5-glia-α1a/ω1
complexes were concentrated to 10 to 14 mg ml−1 in 0.01 M
Tris at pH 8.0 and 0.15 M NaCl. Crystals that gave quality
diffraction were grown from mother liquor solution, consisting
of 0.25 M (NH4)2SO4, 0.1 M Tris at pH 8.0, and 24% PEG 3350
for the W316-HLA-DQ2.5-glia-ω1 structure. The crystals of
XPA5-HLA-DQ2.5-glia-α1a/ω1 structures were obtained from
mother liquor composed of 0.12 to 0.14 M CaOAc, 0.01 M
Tris at pH 8.0, and 16 to 18% PEG 3350. All three structures
were formed in crystallization droplets with 0.5 μl of protein
solution and 0.5 μl of respective mother liquor. In addition, the
crystallization droplets for the XPA5-pHLA ternary complex
structures were supplemented with 0.2 μl additive solution
(0.01 M oxidized glutathione and 0.01 M reduced glutathione),
as previously described (19). Crystals typically appeared after 3
to 7 days, were cryoprotected in 20% ethylene glycol and flash
frozen in liquid nitrogen. X ray diffraction datasets were ob-
tained at the MX2 beamline at the Australian Synchrotron
(51). Data processing was performed using XDS (52) and
merged using Scala of the CCP4 program suite (53, 54). The
structures were solved via molecular replacement with Phaser
(55) using search models from previously published structures
of HLA-DQ2.5-glia-α1a/ω1 (PDB IDs: 6MFG, 6MFF) (18), S2
TCR (PDB: 4OZI), or using a model hybrid TCR structure
constructed from the TCR α- and β-chains of BC8B and S16
TCRs (PDB IDs: 6CUG, 4OZH), respectively (19, 56). Model
building, refinement, and validation were performed using
Coot version 0.9 (57) Phenix program suite version 1.18.2-
3874 (54, 55, 58–60). PyMOL version 2.1 (http://www.pymol.
org/) was used to construct the structural figures.

Surface plasmon resonance

Surface plasmon resonance experiments were performed at
25 �C on Biacore T200 (GE Healthcare) with a Streptavidin
Sensor chip (SA) (GE Healthcare). HBS-EP buffer (10 mM
Hepes pH 7.5, 150 mM NaCl, 2 mM EDTA, and 0.005%
Tween 20) was used as a running buffer in all subsequent
binding experiment with a flow rate of 30 μl/min. Biotinylated
HLA-DQ2.5-glia-α1a, HLA-DQ2.5-glia-ω1, mouse MHC-I
molecule H2Db-Na181-191 (background control), and HLA-
DQ2.5-glia-α2/DQ8-glia-α1 (negative controls) were coupled
to SA chip using HBS buffer (10 mM HEPES pH 7.5, 150 mM
NaCl) at a flow rate of 5 μl/min. Subsequently, an injection of
1 mM of biotin was performed to block the remaining free
streptavidin binding sites. On average 3000 Response Units of
protein were immobilized.

The XPA5, W316, and W321 TCRs were injected over the
surface in a series of eight concentrations with a maximum of
200 to 400 μM (contact time: 60 s; dissociation time: 200s)

Experiments were performed in duplicates, and the equi-
librium dissociation constant, KD, was determined from either
two or three independent experiments using GraphPad Prism
version 8.0.
Data availability

The structures were deposited in the PDB database (PDB
codes for ternary complexes; W316-HLA-DQ2.5-glia-ω1,
7SG0; XPA5-HLA-DQ2.5-glia-α1a, 7SG1S3SS; and XPA5-
HLA-DQ2.5-glia-ω1, 7SG2).

Supporting information—This article contains supporting
information.
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