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Abstract
Celiac disease (CeD) is a human leukocyte antigen (HLA)-
linked autoimmune-like disorder that is triggered by the
ingestion of gluten or related storage proteins. The majority of
CeD patients are HLA-DQ2.5+, with the remainder being either
HLA-DQ8+ or HLA-DQ2.2+. Structural studies have shown how
deamidation of gluten epitopes engenders binding to HLA-
DQ2.5/8, which then triggers an aberrant CD4+ T cell
response. HLA tetramer studies, combined with structural in-
vestigations, have demonstrated that repeated patterns of TCR
usage underpins the immune response to some HLADQ2.5/8
restricted gluten epitopes, with distinct TCR motifs represent-
ing common landing pads atop the HLA–gluten complexes.
Structural studies have provided insight into TCR specificity
and cross-reactivity towards gluten epitopes, as well as cross-
reactivity to bacterial homologues of gluten epitopes,
suggesting that environmental factors may directly play a role
in CeD pathogenesis. Collectively, structural immunology-
based studies in the CeD axis may lead to new therapeutics/
diagnostics to treat CeD, and also serve as an exemplar for
other T cell mediated autoimmune diseases.
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Introduction
T cells detect pathogens and consequently protect
against microbial infection. Central to this activity is the
www.sciencedirect.com
ability of Tcells to distinguish between self and non-self
peptide antigens. The heterodimeric abT cell receptor
(TCR) expressed on the surface of T cells recognises
peptide (p) antigens presented by the human leukocyte
antigen (HLA) molecule on antigen presenting cells
[1,2]. Each TCR chain possesses three complementarity
determining regions (CDRs) that, to varying degrees,
interact with the pHLA complex, whereby the TCR co-

recognises the peptide and the HLA [3,4]. A consensus
docking polarity underpins this TCRepHLA interac-
tion, which has been linked to T cell signaling con-
straints [4].

Detection of non-self peptide antigens triggers Tcells to
mount an inflammatory response to rid the body of
infection [5,6]. Likewise, a breakdown in tolerance, can
also lead to an aberrant immune response against self-
peptides leading to autoimmune diseases such as mul-
tiple sclerosis, rheumatoid arthritis and diabetes [7e9].

Indeed, many autoimmune diseases are characterised by
a strong genetic association with the HLA locus [7,8].
However, unraveling the mechanistic bases of T cell
mediated autoimmunity has proven challenging due to
the highly polymorphic nature of the HLA, enormous
diversity in the T cell repertoire, the need to identify
the auto-antigens triggering the immune response, plus
additional confounding variables including environ-
mental factors [7,8,10e13]. However, major progress
has been made in understanding the bases underpinning
celiac disease (CeD).
Celiac disease
CeD is a Tcell mediated autoimmune-like disease that
causes tissue damage in the small intestine [14]. CeD is
triggered by the consumption of dietary gluten, the

main storage protein of wheat, barley, and rye, as well as
related proteins [15e17]. CeD poses a very significant
health concern, particularly for westernised countries
where about 1% of the population is impacted [17,18].
Unrecognised CeD that is on the rise [19], is associated
with three-fold increase in all-cause mortality, mostly
attributed to cancers of the upper digestive tract and
lymphoma, as well as sepsis [20e22]. The only treat-
ment presently available is exclusion of foods containing
gluten, namely any food derived from wheat, barley, or
rye [23,24]. However, in longitudinal studies, fewer than
half of adults achieve full histological remission on a
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2 Sequences and Topology
gluten free diet [25] and this carries an increased risk of
cancer and osteoporosis compared to those with normal
small bowel histology [26]. CeD is essentially restricted
to genetically predisposed individuals, specifically those
who possess HLA-DQ2.5 (w95% of patients) or HLA-
DQ8 (w5% of patients), as CeD patients that are
neither HLA-DQ2þ nor HLA-DQ8þ are extremely rare
(< 5%) [27,28]. It is well established that CD4þ Tcell

responses specific for gluten peptides presented by
HLA-DQ2.5 or HLA-DQ8 molecules play a major role in
CeD, as such Tcells are consistently found in the small
intestine of CeD patients [17].
Presentation of gluten epitopes by HLA-
DQ2.5 and HLA-DQ8
The proline-rich nature of gluten prevents its complete
digestion by gastric proteases of the GI tract [29,30].
CeD patients have gluten-reactive Tcells that recognise
highly immunogenic epitopes within proteolytically-
stable regions of gluten [5,31]. In HLA-DQ2.5-
mediated CeD, peptides derived from the heteroge-
neous mixture of proteins making up wheat gluten (a, b,
g, and u gliadin and glutenins) and homologous se-
quences in rye secalins and barley hordeins can activate T

cells [5,32e35]. These peptides themselves are poor
binders for HLA-DQ2.5, instead glutamine residues are
deamidated to glutamate by tissue transglutaminase 2
(TG2) (Figure 1a), which in turn have chemically
favourable residues for increased binding strength to
HLA-DQ2.5 [36]. Typically, the gluten epitopes are
deamidated at specific glutamine residues that corre-
spond to positions P4 or P6 of the HLA peptide binding
pocket register (Figure 1b) [37] and structural studies
revealed the importance of a hydrogen bond network,
whereby the presence of glutamate leads to higher af-
finity binding to HLA-DQ2.5 (Figure 1c) [38,39]. In

HLA-DQ2.5-associated CeD, most T cell activity is
directed towards five gluten epitopes observed in three
peptides [5]. Regarding wheat, the four main gluten
peptides encompass two overlapping T cell epitopes
within a-gliadin (LQPFPQPELPYPQPQ and epitopes
within: DQ2.5-glia-a1a,PFPQPELPYand DQ2.5-glia-a2,
PQPELPYPQ) and u-gliadin (QPFPQPEQPFPWQP
and epitopes within: DQ2.5-glia-u1, PFPQPEQPF, and
DQ2.5-glia-u2, PQPEQPFPW) [2,5,11,29,32,40]. The
third peptide derived from barley hordein (PEQPI-
PEQPQPYPQQ) incorporates the fifth epitope, DQ2.5-

hor-3a (PIPEQPQPY) [2,5,40]. A number of these
immunodominant epitopes are found within other gluten
peptides [40].

The DQ8-glia-a1 (EGSFQPSQE) epitope is the
immunodominant peptide associated with T cell reac-
tivity in HLA-DQ8þ CeD patients [41,42]. HLA-DQ8
has a strong preference for acid residues occupying the
P1 and P9 pockets of the antigen binding cleft
(Figure 1b) [7]. Hence, glutamic acid residues of the P1
Current Opinion in Structural Biology 2022, 74:102349
and P9 residues to produce the DQ8-glia-a1 epitope
(EGSFQPSQE) engenders this peptide with a high af-
finity for HLA-DQ8, where salt bridges between the
peptide and HLA-DQ8 in the positively charged P1 and
P9 anchor pockets were observed [30].

The identification of the peptide antigens linked to
CeD pathogenesis has enabled the isolation of gluten

reactive T cells by the use of either HLA-DQ2.5þ
or HLA-DQ8þ gliadin epitope tetramer reagents
[1,3,9,39,43e49]. pHLA tetramers, generated by mixing
biotinylated recombinant pHLA molecules with fluo-
rescently labeled streptavidin, have increased avidity for
the pHLAeTCR interaction. Hence, these reagents
have proven highly useful in the detection of gliadin
reactive T cells that would otherwise not be possible if
pHLA monomers were used [9,45]. Tetramers incor-
porating one of five epitopes (DQ2.5-glia-a1a, DQ2.5-
glia-a2, DQ2.5-glia-u1, DQ2.5-glia-u2 or DQ2.5-hor-

3a) [5] have been predominantly used as they comprise
the majority of the T cell antigen response to wheat
gliadin and barley hordein in CeD [1,9,11,43e50]. This
has provided the ability to quantify and characterise, in
gluten-challenged individuals, T cells present in CeD
patients from peripheral blood and diseased tissue,
including the determination of the TCR repertoires
(i.e., T cell TRAV/TRBV gene usage and CDR3a/b se-
quences), thereby leading the way towards structural
studies underpinning TCR interactions central to CeD
[44,45]. These structural studies give us an insight into

molecular features of pathogenic T cells in the
responding CeD repertoire [1,3,10,39,43]. Studies have
shown that tetramers may be used to define immuno-
logical signatures of the gluten-specific CD4þ T cell
response for CeD diagnosis and monitor the efficacy of
epitope-specific immunotherapies directed against
these T cells in CeD [2,11,44,47e49].
Structural basis of HLA-DQ8-mediated CeD
The T cell response to HLA-DQ8-glia-a1 is charac-
terised by biased TCR usage, whereby the largest pop-
ulation of HLA-DQ8-glia-a1 restricted Tcells used the
TRBV9*01 gene most frequently paired with TRAV26-2
[1]. Most of the TRBV9- TCRs used TRBV6-1 with no
apparent TRAV gene preference. The crystal structure
of a TRBV9þ TCR bound to HLA-DQ8-glia-a1
(Table 1, Figure 2) [1] provided a structural framework

for understanding the basis of TRBV91 bias and how
these TCRs specifically recognised the DQ8-glia-a1
peptide [1]. The responding TCR repertoire was also
characterised by a non-germline encoded Arg residue in
the TRAV26-1 CDR3a loop which played a key role in
contacting both the DQ8-glia-a1 epitope and HLA-
DQ8 [43]. The non-germline encoded CDR3b Arg
observed in the TRBV9-TCRs, remarkably, had a similar
role in ternary complex structures. And finally, the
structure of a TRAV20/TRBV9þTCR that was devoid of
www.sciencedirect.com
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Figure 1

Deamidation of gluten peptides enhance binding to HLA molecules. (a) The Ca2+-dependent tissue transglutaminase (TG2) upon recognition of
“Gln-X-Pro” motif mediates deamidation of specific glutamine to glutamate. (b) Left panel, HLA-DQ2.5 peptide-binding cleft pocket 4 (P4) and P6 are
positively charged (+) and show preference for negative (−) acidic glutamate residues. Right panel, HLA-DQ8 peptide binding cleft P1 and P9 have
preference for acidic glutamate residues. “X” indicates any amino acid residue. (c) HLA-DQ2.5-glia-a1a structure (PDB: 6MFG) [53] on the left and HLA-
DQ8-glia-a1 structure (PDB: 2NNA) [30] on the right. The structural overview and TCR docking footprint atop peptide-HLA of (d) S2-HLA-DQ2.5-glia-a1a
(4OZI) [39] on the left and SP3.4-HLA-DQ8-glia-a1 (4GG8) [1] on the right. The cartoon HLA a- and b-chains are pale green and purple, respectively, the
cartoon TCR a- and b-chains are dark pink and blue, respectively, with the peptide as grey stick representation. The CDR loops of the TCR are coloured
as follows; 1a, turquoise; 2a, green; 3a, purple; 1b, red; 2b, orange and 3b, yellow. Surface representation of TCR footprint with peptide in grey and TCR
contact atoms coloured based on closest CDR loop. The non-CDR TCR framework-a (dark pink) and -b contacts (dark blue). The centre of mass of TCR
variable a- and b-domains are represented as dark pink and dark blue spheres with approximate TCR docking angle. Oxygen and nitrogen atoms are
coloured red and blue, respectively. Hydrogen bonds and salt–bridge interactions are shown by dashed black and dark pink lines, respectively. Single
amino acid residue code was used to label HLA residues that interact with the deamidated peptides.
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Table 1

TCR/TCR-like antibody Fab-pHLA-DQ2/8 complexes published to date.

TCR/TCR-like
Fab

pHLA restriction TRAV/TRBV usage Affinity (Kd)b General comments

S2 HLA-DQ2.5-glia-a1aa TRAV4-TRBV20-1 70 mM Immunodominant TCR complex: central canonical docking polarity; CDR1a, CDR3a, CDR1b and
CDR3b contact peptide and HLA; CDR2a, CDR2b, FWa and FWb contact HLA [39]

LS2.8/3.15 HLA-DQ2.5-glia-a1aa,c/
P.
fluor-a1a

TRAV8-3-TRBV5-5 91.5 mM/39.6 mM Bacterial mimic TCR complex: central canonical docking polarity; CDR3a and CDR3b contact peptide
and HLA-II; CDR1b and CDR2b contacts peptide; CDR1a, CDR2a, FWa and FWb contacts HLA
[10]

S16 HLA-DQ2.5-glia-a2a TRAV26-1-TRBV7-2 24.8 mM Immunodominant TCR complex central canonical docking polarity; CDR1a, CDR3a, CDR1b and
CDR3b contact peptide and HLA; CDR2a, CDR2b, FWa and FWb contact HLA [39]

D2 HLA-DQ2.5-glia-a2a TRAV26-1-TRBV7-2 15.8 mM Immunodominant TCR complex: central canonical docking polarity; CDR1a, CDR1b and CDR3b
contact peptide and HLA; CDR2a, CDR2b, FWa and FWb contact HLA [39]

JR5.1 HLA-DQ2.5-glia-a2a/P.
aeru-a2a

TRAV26-1-TRBV7-2 79.4 mM/132 mM TCR complexed to immunodominant and mimic epitopes: central canonical docking polarity; CDR1b
and CDR3b contact peptide and HLA; CDR1a, CDR1b, CDR2b, FWa and FWb contact HLA.
[10,39]. CDR1a also contacts mimic peptide.

Fab 3.C11 HLA-DQ2.5-glia-a2a N/A 0.24 mM TCR-like antibody Fab complexed with immunodominant epitope: CDR L1, CDR H1 and CDR H3
contact peptide and HLA; CDR L2-L3 and CDR H2 contact HLA. [63].

1005.2.56 HLA-DQ2.2-glut-L1a TRAV21*02-TRBV7-3 22.2 mM Immunodominant TCR complex; central canonical docking polarity; CDR1a, CDR3a, CDR1b, CDR2b
and CDR3b contact peptide and HLA; CDR2a and FWb contact HLA [12].

594 HLA-DQ2.2-glut-L1a TRAV9-2-TRBV11-2 21 mM Immunodominant TCR complex; central canonical docking polarity; CDR3a and CDR3b contact
peptide and HLA; CDR1a, CDR2a, CDR2b, FWa and FWb contact HLA [12].

SP3.4 HLA-DQ8-glia-a1a TRAV26-2-TRBV9 11.4 mM Immunodominant TCR complex: central canonical docking polarity; CDR3a, CDR1b, CDR2b and
CDR3b contact peptide and HLA; CDR1a, CDR2a and FWb contact HLA [1].

L3-12 HLA-DQ8-glia-a1a TRAV26-2-TRBV9 7.0 mM Immunodominant TCR complex: central canonical docking polarity; CDR1a, CDR3a, CDR1b, CDR2b
and CDR3b contact peptide and HLA; CDR2a and FWb contact HLA [1,43]

S13 HLA-DQ8-glia-a1a TRAV26-2-TRBV9 1.1 mM Immunodominant TCR complex: central canonical docking polarity; CDR1a, CDR3a, CDR1b, CDR2b
and CDR3b contact peptide and HLA; CDR2a, FWa and FWb contact HLA [1,43].

T316 HLA-DQ8-glia-a1a TRAV8-3-TRBV6-1 N/D Immunodominant TCR complex: central canonical docking polarity; with Vb9- TCR shift toward N-
terminus of peptide compared to Vb9+ DQ8-glia-a1 TCRs [43]; CDR1a, CDR3a, CDR1b, CDR3b
and FWb contact peptide and HLA; CDR2a, CDR2b and FWa contact HLA [43].

Bel502 HLADQ8a/8.5c-glia-a1 TRAV20-TRBV9 2.8 mM/19.5 mM Immunodominant TCR complex: central canonical docking polarity with TCR shift 2–3 �A toward
peptide N-terminus when compared Va26-2+:Vb9+ TCRs [3,43]; CDR1a, CDR3a, CDR1b, CDR2b
and CDR3b contact peptide and HLA; CDR2a, FWa and FWb contact HLA [3].

Bel602 HLA-DQ8a,c/8.5-glia-g1 TRAV20-TRBV9 13.9 mM/4.7 mM Immunodominant TCR complex; central canonical docking polarity; TCR shifted 3–4 �A toward
peptide-C-terminus compared to Bel502 TCR; CDR1a, CDR3a, CDR1b, CDR2b and CDR3b
contact peptide and HLA; CDR2a, FWa and FWb contact HLA [3]

T15 HLA-DQ8a,c/8.5-glia-g1 TRAV20-TRBV9 3.6 mM/2.0 mM Immunodominant TCR complex; central canonical docking polarity; Position of TCR similar to Bel602
TCR only differing in docking angle by 8 �; CDR1a, CDR3a, CDR1b, CDR2b and CDR3b contact
peptide and HLA; CDR2a, FWa and FWb contact HLA [3].

TCCs, T-cell clones. N/D, not determined. N/A, not applicable. CDR, complementarity determining region. FW, framework. CDR, complementarity determining region. Fab, fragment antigen-binding. L, light. H,
heavy
a Fine specificity of TCR’s parental T cell clone determined using alanine scan of epitopes in T cell stimulation assays.
b As measured by surface plasmon resonance.
c No structure determined.
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Figure 2

Side views of TCR/TCR-like Ab-pHLA-DQ2/8 complexes solved to date. Peptides are represented as grey sticks from amino terminus to carboxyl ter-
minus, left to right. Amino acids denoted by one-letter abbreviation. Oxygen atoms are shown in red, nitrogen atoms in dark blue. The cartoon of HLA-a
chain is shown in white. The CDR loops of the TCR and TCR-like antibody (bracketed) are coloured as follows; 1a (L1), turquoise; 2a (L2), green; 3a (L3),
purple; 1b (H1), red; 2b (H2), orange and 3b (H3), yellow. Overlay of ternary structures of (a–b) DQ8-glia-a1-specific TCRs; SP3.4, L3-12, S13, T316,
Bel502 (PDB: 4GG6, 4Z7V, 4Z7U, 4Z7W, 5KS9) [1,3,43], (c) DQ8-glia-g1-specific TCRs; Bel602 and T15 (PDB: 5KSA,5KSB) [3], (d) DQ2.5-glia-a1a-
specific TCRs; S2 and LS2.8/3.15 (PDB: 4OZI, 6U3N) [10,39], (e–f) DQ2.5-glia-a2-specific TCRs; S16, D2 and JR5.1 (PDB: 4OZH, 4OZG, 4OZF, 6U3O)
[10,39], (g) DQ2.5-glia-a2-specific TCR-like antibody; 3.C11 (PDB: 6XP6) [63], (h) DQ2.2-glut-L1-specific TCRs; 1005.2.56 and 594 (PDB: 6PX6, 6PY2)
[12]. The superimposed TCR (denoted as TCR*) CDR loops are transparent. Fab, fragment antigen-binding of antibody. L, light chain. H, heavy chain.
The 9mer sequence of the epitopes are as follows; DQ8-glia-a1 (EGSFQPSQE), DQ8.5-glia-g1 (PQQSFPEQE), DQ2.5-glia-a1a (PFPQPELPY), DQ2.5-
P. fluor-a1a (PMPMPELPY), DQ2.5-glia-a2 (PQPELPYPQ), DQ2.5-P. aeru-a2a (VQSELPYPE) and DQ2.2-glut-L1 (PFSEQEQPV). The DQ2.5-glia-a1a/
a2 residues that differ from respective bacterial mimic peptides shown by dark pink sticks. The bacterial mimic DQ2.5-P. fluor-a1a/P. aeru-a2a residues
that differ from that of the homologous gliadin peptide are indicated by blue sticks.
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6 Sequences and Topology
a non-germline encoded CDR3a or CDRb Arg, in
complex with HLA-DQ8-glia-a1, was shown to
compensate for the lack of this residue by using a
CDR1a germline encoded Arg in a structurally analo-
gous manner (Table 1, Figure 2) [3]. For the HLA-DQ8-
glia-a1 restricted TCRs tested, mutation of the non-
germline encoded CDR3 Arg (or germline encoded
CDR1a Arg) resulted in a complete loss of antigen

recognition [1,3,43]. The sum of these observations
represented a remarkable conserved selection, both
non-germline and germline, of this residue in recogni-
tion of HLA-DQ8-glia-a1.
Structural basis of HLA-DQ2.5-mediated
CeD
Biased TCR usage to some gluten epitopes is also a
feature of HLA-DQ2þ CeD. Namely, the DQ2.5-glia-a2
specific T cell repertoire displays preferential pairing
and usage of TRAV26-1/TRBV7-2 genes, conservation of
a CDR3b motif containing a non-germline encoded Arg
residue, as well as TRAV4 bias across multiple unrelated
individuals with CeD [11,39,46,51,52]. Despite close
sequence homology between DQ2.5-glia-a2 and DQ2.5-
glia-u2 epitopes, the DQ2.5-glia-u2-specific repertoire

is separate and non-overlapping, yet share the same
TRAV4 bias [46]. Biased TRAV4 and TRBV20-1 or
TRBV29-1 gene usage were observed toward both
DQ2.5-glia-a1a and DQ2.5-glia-u1 epitopes [52,53].
Additionally, approximately 5% of the responding Tcells
were cross-reactive thus able to recognise both DQ2.5-
glia-a1a and DQ2.5-glia-u1 epitopes [53].

The structures of TRBV7-2þ TCR-HLA-DQ2.5-glia-
a2 and TRAV4*01þ TCR-DQ2.5-glia-a1a complexes
have been subsequently solved providing a structural
basis underpinning these TCR biases [39,50,51,54],

and also showed differing docking geometries between
these ternary complexes (Table 1, Figure 2). The
conserved presence of the non-germline-encoded Arg
in the HLA-DQ2.5-glia-a2 restricted response
mirrored that observed in the HLA-DQ8-glia-a1. That
is the, non-germline CDR3b Arg made crucial in-
teractions with both the gliadin epitope as well as
HLA-DQ2.5, effectively acting as a lynchpin. Indeed,
mutation of the CDR3b Arg in TRAV26-2/TRBV7-2þ
TCRs abolished recognition of HLA-DQ2.5-glia-a2
[39,50]. Whether such conservation in patterns of TCR

usage underpins the response to distinct gluten de-
terminants remains unclear.
Structural basis of HLA-DQ2.2-mediated
CeD
HLA-DQ2.5 is strongly associated with CeD, yet HLA-
DQ2.2, which differs from HLA-DQ2.5 by a single
polymorphic residue (HLA-DQ2.2-Phe22a, HLA-
DQ2.5-Tyr22a) is weakly associated with being a risk
factor for CeD [6]. The binary HLA-DQ2.2-glut-L1 and
Current Opinion in Structural Biology 2022, 74:102349
HLA-DQ2.5-glia-a2 structures revealed that the dif-
ference in epitope binding preference of HLA-DQ2.5
and HLA-DQ2.2 molecules was attributed to this
single polymorphic residue at position 22 of HLA-DQ2
a-chain (Figure 3) [12]. This DQa22 polymorphism
perturbs a crucial hydrogen (H)-bonding network with
the gluten epitope main chain required for stability
[6,31]. Since HLA-DQ2.2-Phe22a cannot contribute to

the H-bond network, unlike HLA-DQ2.5-Tyr22a, the
HLA-DQ2.2 has an additional selectivity constraint
toward epitopes containing p3-Ser needed for compen-
satory H-bonds with nearby HLA residues (Figure 3)
[6,12,31]. These differences in epitope specificity then
resulted in markedly different T cell responses towards
HLA-DQ2.2 [6,12]. Nevertheless, the ternary struc-
tures of DQ2.2-glut-L1-specific TCRs showed that the
CDR3b loops dominated the TCRepHLA interface
with both TCRs contacting key p5-Gln of peptide
(Figure 2h) [12]. Interestingly the DQ2.2-glut-L1-

specific TRAV9-2þ-TRBV11-2þ TCR contained a
CDR3b Trp (Trp111b) that formed analogous in-
teractions with to those mediated by CDR3b Arg of the
DQ2.5-glia-a2-specific TCRs despite differing natures
of the peptides [12,39]. Thus, a single polymorphism
within the antigen-binding cleft of HLA-DQ2.2 de-
termines disease penetrance by altering frequency of
peptides that can bind, which subsequently impacts on
the nature of the T cell response.
Evidence for TCR cross-reactivity to gliadin
and microbial peptides in CeD
The presence of HLA-DQ2.5, HLA-DQ8 or HLA-DQ2.2
alleles is insufficient to cause disease, and accordingly
environmental risk factors likely contribute to disease

burden, although the mechanisms of such associations
are ill-defined. Of relevance, there have been reports of a
link between both gastrointestinal infection and altered
gut microbiota (dysbiosis) with CeD [13,18,55e62].
Recently, proteolytic activity attributed to Pseudomonas
aeruginosa, an opportunistic pathogen isolated from CeD
patients, has been shown to process gluten into T cell
reactive epitopes whereas bacterial species from healthy
controls inactivates these reactive epitopes by further
proteolytic breakdown [55].

These observations spurred a structurally-driven inves-
tigation into TCR cross-reactivity between gluten and
bacterial epitopes. Through previous structural and
functional studies of TCR-HLA-DQ2.5 complexes [39],
the regions of the DQ2.5-glia-a1a and DQ2.5-glia-a2
peptides that were important for either HLA-DQ2.5 or
TCR binding were determined. With these constraints
in hand, bacterial protein databases were mined to find
matches against DQ2.5-glia-a1a and DQ2.5-glia-a2
peptides [10]. A series of candidate “hits” from a

number of bacteria, including Bordetella sp. and Pseudo-
monas sp., pathogens of clinical relevance were obtained.
www.sciencedirect.com

www.sciencedirect.com/science/journal/0959440X


Figure 3

Single HLA-DQa22 polymorphism affects epitope specificity of HLA-DQ2 molecules. (a) Interactions between HLA-DQ2.2 and DQ2.2-glut-L1
peptide enabled by HLA-DQ2.2-F22a in the 594-HLA-DQ2.2-glut-L1 complex (PDB: 6PY2) [12] and (b) interactions between HLA-DQ2.5 and DQ2.5-glia-
a2 enabled by HLA-DQ2.5-Y22a in the JR5.1-HLA-DQ2.5-glia-a2 complex (PDB: 4OZF) [39]. Peptide residues are shown as grey sticks and cartoon
without main chain atoms. Oxygen atoms are shown in red, nitrogen atoms in dark blue. Red areas of the HLA-a chain are polymorphic between HLA-
DQ2.2 and HLA-DQ2.5. Cartoon HLA-DQ2-a chain (light green) and -b chain (violet). TCR omitted from figure for clarity. Amino acid residues are denoted
by single-letter codes.
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Intriguingly, two of the Pseudomonas peptides were
derived from the same parent protein, succinylgluta-
mate desuccinylase (SGDS), and had an overlap in their
sequence, which mirrored that of DQ2.5-glia-a1a and
DQ2.5-glia-a2 in gliadin. CeD TCC showed cross-
reactivity to some of the peptides within the panel,

including the two Pseudomonas SGDS peptides and the
Figure 4

Convergent non-germline CDR3–arginine interactions at TCR–pHLA inte
S16 TCR-HLA-DQ2.5-glia-a2 complex (PDB: 4OZH) [39]. Peptide residues th
representation. Oxygen atoms are shown in red, nitrogen atoms in dark blue. T
(3a) and b- (3b) loop are coloured magenta and yellow, respectively. Amino a

www.sciencedirect.com
parental protein, indicating correct antigen processing
and presentation of the peptides [10]. The crystal
structures of TCRs in complex with two different bac-
terial peptides presented by HLA-DQ2.5 displayed
highly similar interactions observed for the same TCRs
bound to HLA-DQ2.5 presenting the original gluten

epitopes (Table 1, Figure 4) [36]. Overall, the data
rface. (a) SP3.4 TCR-HLA-DQ8-glia-a1 complex (PDB: 4GG6) [1] and (b)
at contact TCR CDR3-arginine (Arg) residue are shown as grey stick
he cartoon HLA a- (light green) and b-chain (violet). The cartoon CDR3 a-
cid residues are denoted by single-letter codes.
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demonstrated that molecular mimicry was the basis for
the cross-reactivity of these gliadin restricted T cells
with the bacterial peptides. Taken together, this study
indicates that prior exposure to microbial antigens may
be a contributing factor in the development and/or
persistence of CeD pathology.
Future directions and challenges
Collectively, all of the ternary structures of CeD-related
TCR-HLA-DQ2-gluten and TCR-HLA-DQ8-gluten
complexes determined to date display standard canon-
ical TCR docking mode over pHLA despite differences
and TRAV/TRBV usage and CDR3 loop sequences

(Table 1) [1,3,10,12,39,43]. These structures have
shown that although the diverse TCR gene usage for
TCRs specific for DQ2.5-glia-a1a, DQ2.5-glia-a2,
DQ2.2-glut-L1, DQ8-glia-a1 or DQ8.5-glia-g1 do form
unique interactions, there is also a convergence into
consensus binding solution observed amongst many
TCRs particularly those using Arg residues in pHLA
recognition (Table 1, Figure 4) [39]. These studies have
provided a basis for the biased TRAV/TRBVusage, CDR3
motif selection and some insight into epitope-specificity
of the responding T cells in HLA-DQ2/8-mediated

CeD. The extent of TCR cross-reactivity between
gluten epitopes remains to be established, although it
was interesting to observe TCR cross-reactivity across
bacterial mimics of gluten epitopes.

A key consideration is how such structural information
can lead to future diagnostics/therapeutics to monitor or
treat CeD. The commonalities at the TCRepHLA
interface suggest that small molecule blockers may
represent one possible modality. Developing biologics to
bind to the HLA-DQ2.5-gluten complex is also a
distinct possibility. Indeed, it was shown recently that

an antibody that specifically recognises HLA-DQ2.5-
glia-a2 on plasma cells of the gut has an extremely
high affinity, binds in a TCR-like fashion and blocks T
cell activation at low concentrations [63]. The crystal
structure of the Fab fragment of TCR-like antibody
bound to HLA-DQ2.5-glia-a2 docked and interacted
reminiscent of the prototypical DQ2.5-glia-a2-specific
TCRs (Figure 2g). Further structural work is required
to provide a more comprehensive and general under-
standing of the fundamental TCRepHLA interactions
driving CeD. This may have implications in under-

standing pathogenesis of other autoimmune diseases
with strong HLA genetic associations.
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