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Introduction

Summary

The autoimmune enteropathy, coeliac disease (CD), is triggered by inges-
tion of gluten-containing grains. We recently reported that the chemokine
receptor CXCR3 serves as a receptor for specific gliadin peptides that cause
zonulin release and subsequent increase in intestinal permeability. To
explore the role of CXCR3 in the immune response to gliadin, peripheral
blood mononuclear cells from both patients with CD and healthy controls
were incubated with either pepsin-trypsin-digested gliadin or 11 a-gliadin
synthetic peptides in the presence or absence of a blocking anti-CXCR3
monoclonal antibody. Supernatants were analysed for interleukin-6 (IL-6),
IL-8, IL-10, IL-13, IP-10 (CXCL10), tumour necrosis factor-a and inter-
feron-y. Gliadin broadly induced cytokine production irrespective of the
clinical condition. However, IL-8 production occurred only in a subgroup
of individuals and cells of the phagocytic lineage were the main source.
Induction of IL-8 was reproduced by one of a comprehensive panel of syn-
thetic a-gliadin peptides and was abrogated when CXCR3 was blocked
before stimulation with either gliadin or this peptide in the CD group but
not in the control group, suggesting that gliadin-induced IL-8 production
was CXCR3-dependent gliadin induced IL-8 production only in CD.

Keywords: coeliac disease; CXCR3; gliadin; interleukin-8; peripheral blood
mononuclear cells

(Mig), CXCL10 (IP-10) and CXCL11 (I-TAC), bind to
different domains of CXCR3 and differentially activate

A compromised barrier function, in addition to genetic
predisposition and disproportional immune reactivity to
gluten, is a prerequisite to the pathogenesis of the auto-
immune enteropathy coeliac disease (CD).! We have
observed that gliadin, the immunogenic component of
gluten, induces an increase in intestinal permeability that
is small and transient in non-CD intestinal tissue, but
large and persistent over time in CD intestinal tissue.”
We have recently shown that gliadin-induced tight junc-
tion disassembly is caused by binding of gliadin to the
chemokine receptor CXCR3 and subsequent zonulin
release.” CXCR3 is expressed more abundantly at the
intestinal level (i.e. epithelium and lamina propria) in
patients with CD than in non-CD individuals.’

Besides the intestinal epithelium, CXCR3 is widely
expressed on immune cells, such as activated T cells,* 79
T cells,” eosinophils,® B cells,” plasma cells® and plasmacy-
toid dendritic cells (DC).> Three chemokines, CXCL9

the receptor,'® each inducing distinct biological effects on
receptor internalization, chemotaxis and calcium mobili-
zation.'”"" Not surprisingly, we have reported that the
CXCR3-dependent effect of gliadin on intestinal epithelial
barrier function is not reproduced by CXCL10.?

By breaking down the intestinal barrier, gliadin gains
entrance to the lamina propria. Once in the submucosa,
its recognition as a foreign antigen will activate the host
immune response. Given that gliadin induces a strong
cytokine response in both healthy and CD immune
cells,""? we hypothesized that binding to CXCR3 also
mediates the activation of the immune response to gliadin
after tight junction disassembly, and that differences may
exist in CXCR3-dependent regulation of immunity
between non-CD individuals and patients with CD. We
show here that gliadin markedly activates immune cells,
inducing the production of important pro-inflammatory
cytokines in all individuals regardless of the clinical
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condition. Only some of these effects of gliadin appeared
to be mediated by CXCR3 binding. Interestingly, gliadin-
induced production of interleukin-8 (IL-8), a chemokine
with potent neutrophil chemoattractant and activation
properties,'* appeared to be CXCR3-mediated only in
patients with CD.

Materials and methods

Donors

Blood was drawn from healthy controls (HC) and from
patients with CD in remission. All patients with CD had
been previously diagnosed with CD by biopsy and anti-
body screening, and had been on a gluten-free diet
(GFD) for at least 6 months. To ensure compliance to the
GFD, all participating patients with CD were screened for
the presence of anti-tissue transglutaminase (tTG) and
anti-gliadin antibodies (AGA) as previously described.”
These patients with CD in remission are referred to
throughout this article as CD-GFD. Independent ethics
review board approval was obtained in advance for the
protocol, and volunteers gave their informed consent.

Isolation and stimulation of peripheral blood
mononuclear cells

Peripheral blood mononuclear cells (PBMC) were pre-
pared by density gradient centrifugation. The PBMC
(1 x 10°/ml) were incubated with pepsin-trypsin-digested
(PT-) gliadin (1 mg/ml) or medium alone [RPMI-1640
Dutch Modification; (Sigma, St Louis, MO) comple-
mented with 2 mm r-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin and 10% fetal bovine serum
(Invitrogen, Carlsbad, CA)] at 37° in a humidified atmo-
sphere of 5% CO, for 24 hr. In some wells, 10 pg/ml
monoclonal anti-human CXCR3 antibody (clone 49801)
or its appropriate isotype-matched control (clone 11711;
both from R&D Systems, Minneapolis, MN) were added
to the cell cultures 30 min before addition of PT-gliadin
or medium to the wells.

Different aliquots of PBMC were used to either isolate
purified T cells (untouched human T-cell kit; Invitrogen)
or deplete monocytes, B cells, myeloid DC or plasmacy-
toid DC, by capturing the respective cell fractions with
monoclonal mouse anti-human CD14 (clone 61D3; eBio-
science, San Diego, CA), mouse anti-human CD19 (clone
HIB19; BD Biosciences, San Jose, CA), mouse anti-human
BDCA1 (clone AD5-8E7; Miltenyi Biotec, Auburn, CA),
or mouse anti-human BDCA4 (clone AD5-17F6; Miltenyi
Biotec). The PBMC were incubated with FcR blocking
reagent (Miltenyi Biotec) before addition of the appropri-
ate antibody. Subsequently, cells were incubated with
sheep anti-mouse IgG Dynabeads M-450 and tagged cells
were removed with a Dynal magnet (Invitrogen). The

remaining cells (1 x 10%ml) were incubated with PT-gliadin
or medium alone for 24 hr, after which supernatants were
collected for assessment of cytokine levels by Luminex
(Cytokine Core Facility, University of Maryland School of
Medicine, Baltimore, MD).

Preparation of PT-gliadin and synthetic peptides

Gliadin (Sigma) was dissolved in 0-2 M HCL Subse-
quently, the mixture was incubated with pepsin (Sigma)
under continuous stirring at room temperature for 18 hr,
and, at the end of this incubation, the pH was adjusted
to 7-4. The peptic digest was further digested by addition
of purified trypsin (Sigma) and left overnight at 37°. The
solution was boiled for 30 min, divided into aliquots and
lyophilized. The design and synthesis of the ao-gliadin
peptide library, consisting of 25 overlapping, 20-mer pep-
tides, were described previously.” To narrow the search
for those peptides responsible for CXCR3-dependent IL-8
production, a first set of experiments was designed to test
five peptide pools each containing five randomly chosen,
different peptides (Table 1). Peptide pools (20 pg pep-
tide/ml) were incubated with PBMC from HC and
CD-GFD patients in the presence or absence of a blocking
anti-CXCR3 antibody, and supernatants were measured
for IL-8 concentrations. Thereafter, the experiments were
repeated with individual peptides from the pool(s) closely
reproducing PT-gliadin effects (4 pg peptide/ml).

Statistical analysis

Values, given in median (interquartile range), were analy-
sed for statistical significance using two-tailed Mann—
Whitney U-test. Where appropriate, a paired Wilcoxon
test was performed as indicated. Data on PBMC and
subset-depleted parallel cultures were analysed with the
Kruskal-Wallis test and the Dunn’s multiple comparison
test. Differences were considered statistically significant at
P < 0-05.

Results

CD patient population

All patients with CD were known to have normal serum
IgA levels and had both anti-tTG and AGA IgG and IgA ti-
tres within normal limits, with the exception of one patient
who had a slightly elevated AGA IgG titre (19-07 EU).
Therefore, these patients were all in remission.

PT-gliadin is a potent stimulus for cytokine
production by PBMC

Production of interferon-y (IFN-7y), tumour necrosis fac-
tor-o« (TNF-a), IL-6, IL-8, IL-10, IL-13 and CXCL10 was
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Table 1. The a-gliadin synthetic peptide library used in this study

Sequences Peptide Pool cxcrint
Pepsin-trypsin-digested gliadin 69
MVRVPVPQLQPQNPSQQHPQ 4012 2 98
PQNPSQQHPQEQVPLVQQQQ 4013 2 112
EQVPLVQQQQFLGQQQSFPP 4014 1 90
FLGQQQSFPPQQPYPQPQPF 4015 4 9%
QQPYPQPQPFPSQQPYLQLQ 4016 5 103
PSQQPYLQLQPFPQPQLPYL 4017 1 94
PFPQPQLPYLQPQPERPQQP 4018 4 93
QPQPFRPQQPYPQPQPQYSQ 4019 5 99
YPQPQPQYSQPQQPISQQQQ 4020 1 112
PQQPISQQRQQAQQQQQQQQQ 4021 4 86
QQRQRAAAQAQAQAQQILQQILQQ 4022 5 55
QLIPCMDVVLQQHNIAHGRS 4024 5 116
QQHNIAHGRSQVLQQSTYQL 4025 2 106
QVLQQSTYQLLQELCCQHLW 4026 1 36
LQELCCQHLWQIPEQSQCQA 4027 3 90
QIPEQSQCQAIHNVVHAIIL 4028 3 76
IHNVVHAIILHQQQKQQQQP 4029 1 93
HQQQKQQQQPSSQVSFQQPL 4030 4 126
SSQVSFQQPLQQYPLGQGSF 4031 3 100
QQYPLGQGSFRPSQQNPLAQ 4032 3 100
RPSQQNPLAQGSVQPQQLPQ 4033 3 108
GSVQPQQLPQFEEIRNLALQ 4034 2 95
FEEIRNLALQTLPAMCNVYI 4035 5 109
TLPAMCNVYIPPYCTIVPFG 4036 2 110
PPYCTIVPFGIFGTNYR 4037 4 108

'Competitive binding assays performed in our previous study,” using
'[_labelled CXCL11 and competitors (pepsin-trypsin-digested-glia-
din or peptides) on CXCR3-expressing membranes from CHO-K1
cell lines. Data are in % binding of CXCLI1 to the cell membranes
in the presence of competitors; values below 100% indicate displace-
ment of CXCL11 by its competitors. More details on the procedure
are described in Ref. 3.

assessed in supernatants of PBMC from HC (n = 10)
and CD-GFD patients (n = 7) cultured with PT-gliadin
or medium alone. The results shown in Fig. 1 indicate
that PT-gliadin is a potent inducer of cytokine produc-
tion in PBMC from both HC and CD-GFD patients.
Three cytokines, IL-6, IFN-y and IL-13, were induced at
significantly higher levels in CD-GFD patients compared
with HC. Interleukin-6 and IFN-y were produced at 50
(38-:8-106) ng/lO(’ cells and 10-3 (9-1-78) pg/lO6 cells in
CD-GFD patients versus 16-6 (7-1-43-9) ng/10° cells
(P < 0-05) and 4-1 (0-1-9-7) pg/10° cells (P < 0-05) in
HC, respectively. Interleukin-13 was produced at very
low concentrations, but significantly higher in CD-GFD
patients than in HC, that is, respectively, 8-8 (6-2-9-9)
pg/10° cells versus 0-7 (0-1-2-3) pg/10° cells (P < 0-05).
Production of TNF-o, IL-8 and IL-10 tended to be
higher in CD-GFD patients compared with HC, but
without reaching significance; TNF-¢, IL-8 and IL-10
were produced at 2213-4 (1933-3327) pg/10° cells,

109-34 (2-5-199-3) ng/10° cells and 1893-4 (1320-2347)
pg/10° cells in CD-GFD patients versus 1255 (1060—
2545) pg/10° cells (NS), 2-8 (2:6-79-8) ng/10° cells (NS)
and 1440 (768-1768) pg/lO6 cells in HC (NS), respec-
tively. It is important to note, though, that IL-8 produc-
tion was induced only in a subgroup of individuals,
namely 30% of HC and 57% of CD-GFD patients.
CXCLI10 was not detected in culture supernatants of
PBMC from either HC or CD-GFD patients in response
to PT-gliadin (data not shown).

Cytokine production is CXCR3-dependent in PBMC
from a subgroup of CD-GFD but not HC

We have previously shown that gliadin can increase zonu-
lin release and intestinal permeability via binding to the
chemokine receptor, CXCR3.> To investigate whether
CXCR3 is also involved in PT-gliadin-induced cytokine
production in PBMC, cells from HC and CD-GFD
patients were pre-incubated with a CXCR3-blocking
monoclonal antibody or an isotype control for 30 min,
followed by stimulation with PT-gliadin for 24 hr. We
found that CXCR3 was not involved in PT-gliadin-
induced cytokine production in PBMC from HC
(Fig. 2a), but, interestingly, appeared to be involved in
PT-gliadin-induced IL-8 and IL-6 production in cells
from CD-GFD patients (Fig. 2b). Most strikingly, IL-8
production in PBMC from CD-GFD patients, but not
HC, was almost completely abrogated upon CXCR3
blockade, corresponding to a reduction by 98-3 £ 0-4% of
the levels detected in the presence of control antibody
(P < 0-05). After blocking of CXCR3, PBMC from a sub-
group of CD-GFD patients produced lower levels of IL-6
in response to PT-gliadin, accounting for an average
reduction of IL-6 concentrations by 32.7 + 12:1%
compared with levels detected in PBMC that were not
pre-treated with anti-CXCR3 (P < 0-05) (Fig. 2b). The
PT-gliadin-induced production of IL-10, IL-13, TNF-u«
and IFN-y was not significantly affected by pre-incubation
of PBMC from CD-GFD patients or HC with anti-
CXCR3 antibody compared with isotype control-treated
PBMC (NS) (Fig. 2b).

Identification of a-gliadin motif responsible for the
production of IL-8 in PBMC

In an effort to identify the a-gliadin domains responsible
for IL-8 production and its association with CXCR3 bind-
ing, peptides from the synthetic library were divided into
five randomly chosen pools (Table 1) and incubated with
PBMC from CD-GFD patients or HC subjects for 24 hr.
Two of these peptides, QVLQQSTYQLLQELCCQHLW
and QQQQQQQQAQAQQAQILQQILQQ, which had been
previously found to bind to CXCR3 in an I-TAC/CXCLI11
displacement assay,” were included in pool 1 and pool 5,
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Gliadin-induced IL-8 is CXCR3-dependent only in CD patients

HC CD GFD HC CD GFD
HC CD GFD —_ —
L oames T 150+ P = 1504 e
50001 ! ' ' s
@ ° % . @ .
=2 . R _
Ej 4000 . . “’2100' §100- *
£ 30004 35 . e
5 . 2 > .
(% . —— = < 4
= 20004 . o E 504 . < 50+ o 7“—
; . :
S 1000 oot = o = :
[ . D ° —egee eee®
P 0- <0 T 0 N T A T
Mheﬁd“i“u'm Glia'ldin Me&ium Glielldin Medium Gliadin Medium Gliadin Medium Gliadin Medium Gliadin
Kkk Kk ek ke *
400- ok kk 3000_ I—{ || 25_ *k
.
— m —_ .
2 300 ‘ 3 o 3 2
3 S 2000+ . )
S 2 e . & 157
= 200 . > . . >
=2 K= 2 10 .
= . o 10004 . - . e
% 100 °* — o * 2 .
= 0 = N 51
o ° - . o
O-—<=psn T ' e [ T K& T —c:— .: G d
Medium Gliadin Medium Gliadin Medium Gliadin  Medium Gliadin Medium Gliadin Medium Gliadin

Figure 1. Pepsin-trypsin-digested (PT-) gliadin is a potent stimulus for cytokine production by peripheral blood monoonuclear cells (PBMC).
PBMC from healthy controls (HC) and patients with coeliac disease on a gluten-free diet (CD-GFD) were incubated with medium alone or

PT-gliadin (1 mg/ml) for 24 hr. Supernatants were assayed for interleukin-6 (IL-6), IL-8, IL-10, tumour necrosis factor-o. (TNF-c), interferon-y

(IFN-7), and IL-13 production as indicated. Each dot represents a single donor. Horizontal lines are drawn at the median value in each group.

*P < 0-05, **P < 0-01, ***P < 0-001, ****P < 0-0001.

respectively. Results showed that peptides within pool 5,
and to some extent pool 4, triggered CXCR3-dependent
IL-8 production in CD-GFD patients. In the attempt to
identify the specific peptide(s) within the two active pools
triggering an IL-8 response, individual peptides from pool
4 and pool 5 were subjected to further testing. Addition-
ally, given that the effects of individual peptides may be
masked in complex polypeptide pools, we also tested the
CXCR3-binding peptide included in the unresponsive
pool 1. These experiments revealed that peptide 4037,
PPYCTIVPFGIFGTNYR from pool 4, corresponding to aa
270-286 of o-gliadin, induced IL-8 production in six of
the 17 CD-GFD patients (35%) and in five of 16 HC
(31%), with net production amounting to 61 (30-3-93-4)
ng/10° cells and 34-3 (30-9-35-5) ng/10° cells, respectively.
In analogy to the effect of PT-gliadin, pre-treatment with
anti-CXCR3 antibodies decreased IL-8 production
induced by the peptide in PBMC from CD-GFD patients
(P < 0-05), but it did not affect IL-8 production in
PBMC from HC (NS) (Fig. 3; for the effects of the indi-
vidual peptides tested in these experiments, see supple-
mentary material Fig. S1).

Cellular source of gliadin-induced IL-8 production

We asked whether the observed differences in CXCR3
involvement in PT-gliadin-induced IL-8 production in
PBMC from HC and CD-GFD patients were the result of
the interaction with distinct cellular sources of IL-8. To

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 432-440

elucidate this point, PBMC from six HC and three CD-
GFD patients, previously identified as ‘IL-8 responders’,
were subjected to selective depletion of monocytes, B cells
or myeloid or plasmacytoid DC, or to T-cell separation as
indicated in the Materials and methods section. Statistical
analysis showed that in HC, relative to unfractionated
PBMC [375 (36:3-47-9) ng/10° cells; set as 100%],
PT-gliadin-induced IL-8 production was significantly
decreased in suspensions depleted of distinct cell subsets
(P < 0-01). Dunn’s multiple comparison test further iden-
tified the suspensions deprived of monocytes or BDCA4*-
plasmacytoid DC as those exhibiting a significant decrease
in IL-8 production to respective values of 52-4 (28-6—
82:6) % (P < 0-05) or 35-3 (24-9-69-8) % (P < 0-05), in
contrast to suspensions deprived of B cells [96-6 (83—116)
% (NS)] or BDCAl"-myeloid DC [86 (80-1-95-5) %
(NS)] (Fig. 4). A similar pattern was observed in PBMC
from CD-GFD patients (P < 0-05), in which cultures
deprived of monocytes or BDCA4'-plasmacytoid DC
produced, respectively, 3-4 (2-7-59-9) % and 29-7 (22-9—
60-7) % of levels detected in unfractionated PBMC. As
seen in HC, IL-8 production was not affected, relative to
unfractionated PBMC [165-2 (126-3-178-5) ng/lO6 cells;
set as 100%], in cultures deprived of B cells [69-9
(67-6-97-2) %, NS] or BDCAl"-myeloid DC [150-1
(46:9-177-9) %, NS]. As a result of the small number of
observations, Dunn’s multiple comparison test did not
give P-values for distinct suspensions from CD-GEFD.
Purified T cells from HC or CD-GFD did not produce
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Figure 2. Pepsin-trypsin-digested (PT-) gliadin-induced production of interleukin-8 (IL-8) is CXCR3-dependent in peripheral blood mononu-
clear cells (PBMC) from patients with coeliac disease fed a gluten-free diet (CD-GFD). The PBMC were pre-incubated for 30 min with a blocking
anti-human CXCR3 antibody (10 pg/ml), followed by incubation with medium alone or PT-gliadin (1 mg/ml) for 24 hr. Supernatants were

assayed for IL-6, IL-8, IL-10, tumour necrosis factor-o (TNF-u), interferon-y (IFN-y) and IL-13 concentrations. (a) Blocking of the chemokine
receptor, CXCR3, did not change PT-gliadin-induced cytokine production in PBMC from healthy controls (HC), whereas (b) blocking of CXCR3
affected greatly the PT-gliadin-induced IL-8 and, to a much lesser extent, IL-6 production in PBMC from CD-GFD patients, while IL-10, IL-13,
TNF-« and IFN-y production was unchanged. Each dot represents a single donor. Medians and interquartile ranges for each group of donors are

also shown. *P < 0-05 relative to isotype control.

IL-8 in response to PT-gliadin (not shown), which ruled
out the contribution of this lineage to IL-8 production,
and cytokine production in general, in the context of a
non-adaptive response to this molecule. Altogether, these
data indicate that cells from the phagocytic lineage, i.e.
the CD14" and BDCA4" subsets, were required for glia-
din-induced IL-8 production in both HC and CD-GFD
patients. Production of IL-6, IL-10 and TNF-a was also
associated with these two main PBMC subsets (data not
shown).

436

Discussion

Gliadin is a complex glycoprotein present in gluten-
containing grains, wheat, rye and barley.'® Gliadin exists
in three variants, o-, y- and o-gliadin, the «-gliadin
variant being most prevalent.'” «-Gliadin is a multi-
functional, complex protein that contains multiple
motifs which account for its reported cytotoxic, immu-
nogenic and intestinal permeability effects via, respec-

tively, a 13-mer peptide (aa 31-43),"®' a 33-mer

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 432-440
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Figure 3. Production of interleukin-8 (IL-8) in response to a comprehensive panel of a-gliadin peptides. Eleven peptides from the «-gliadin syn-
thetic peptide library were separately tested as outlined in the Materials and methods section to identify the sequence(s) responsible for IL-8
induction by peripheral blood mononuclear cells from 16 healthy controls (HC) and 17 patients with coeliac disease fed a gluten-free diet (CD
GFD). The effect of peptide 4037, corresponding to aa 270-286 of u-gliadin, is shown. Each dot corresponds to a single donor. *P < 0-05 relative
to isotype control (iso) from responders (six out of 17 patients). The IL-8 response to the entire set of tested peptides is shown in Fig. SI.
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Figure 4. Identification of monocytes and plasmacytoid dendritic cells as cellular sources of gliadin-induced interleukin-8 (IL-8) production.
Peripheral blood mononuclear cells (PBMC) from healthy controls (HC) and patients with coeliac disease fed a gluten-free diet (CD-GFD) were
subjected to depletion of monocytes (CD14"), B cells (CD19"), myeloid (BDCA1") or plasmacytoid (BDCA4") dendritic cells as indicated, or
untouched T cells were separated as indicated in the Materials and methods. All fractions were incubated in the presence of medium alone
(unstimulated) or pepsin-trypsin-digested (PT-) gliadin (1 mg/ml) for 24 hr. Supernatants were assayed for IL-8. Each dot corresponds to a sin-
gle donor. Median values are indicated as horizontal lines. Kruskal-Wallis test comparing all suspensions in each group of subjects showed signif-

icant differences both in HC (P < 0-01) and CD GFD (P < 0-05). *P < 0-05 at the Dunn’s multiple comparison post-test.

peptide (aa 57-89),”° and two 20-mer CXCR3-binding
peptides [QVLQQSTYQLLQELCCQHLW (aa 120-140)
and QQQQRQQAQQQAQQQILQQILQQ (aa 160-180)].” In
this study, we identify another 17-mer peptide, PPYC-
TIVPFGIFGTNYR (aa 270-286), responsible for CXCR3-
dependent production of IL-8 in CD. This observation
adds to the multiple functions of o-gliadin mentioned
above, and provides a mechanistic explanation for its
reported capability to induce a rapid and sustained neu-
trophil influx in experimental models of gliadin chal-
lenge in CD patients in remission,ZI_23 a phenomenon
possibly mediated by the production of a potent neutro-
phil chemoattractant and activator such as IL-8.

We show here, in line with previous studies, that
gliadin, the environmental trigger for CD, is capable of
inducing prominent pro-inflammatory cytokine and
chemokine production by immune cells not only in
CD-GFD patients but also in HC. Our data showing
PT-gliadin-induced production of IL-8, a potent neutro-

12,13

phil chemoattractant and activator, are unexpected.
First, we show that PT-gliadin induces production of
IL-8 only in a subpopulation of individuals, regardless
of clinical condition, and at higher median levels in
CD-GFD patients compared with HC, albeit without
reaching statistical significance. In contrast, the other
cytokines tested were induced in all individuals, and in
the case of IFN-y and IL-6, at significantly higher levels
in CD-GFD patients than HC. Second, PT-gliadin-
induced IL-8 production appeared to depend on CXCR3
engagement in all responder CD-GFD patients but not
in HC. These data suggest that IL-8 production in
response to PT-gliadin is regulated differently between
responsive CD-GFD patients and HC. Third, we show
that cells of the mononuclear phagocyte system, i.e.
monocytes and BDCA4" plasmacytoid DC, were respon-
sible for IL-8 production in response to PT-gliadin both
in CD-GFD patients and HC. This finding rules out the
idea that the differential involvement of CXCR3 in CD

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 432-440 437
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is the result of the activation of distinct cellular sources
of IL-8.

CXCR3 is involved in the early mucosal steps of the
response to gliadin (i.e. increased intestinal permeability),
which set the stage for the subsequent cascade of events,
including neutrophil recruitment,*** IL-15 production,**
intraepithelial lymphocyte recruitment® and, finally,
activation of the adaptive immune response eventually
leading to autoimmunity.” It is noteworthy that, among
HC and CD-GFD patients, those individuals who were
‘IL-8 responders’ showed consistent responses to gliadin
upon repeated sampling (data not shown), indicating that
IL-8 responsiveness is an intrinsic feature of PBMC from
these individuals, and only minimally affected by experi-
mental and environmental variables.

Using a pool-wise approach, we tested 25 synthetic
peptides spanning the o-gliadin sequence (Table 1), 11
of which were individually selected for further examina-
tion. This allowed us to identify aa 270-286 (peptide
4037) as an immunomodulatory gliadin domain respon-
sible for CXCR3-dependent production of IL-8 in a sub-
group of CD-GFD patients, but not in HC. The fact
that none of the other tested peptides showed similar
effects, including the two CXCR3-binding peptides that
we previously identified as zonulin-releasing peptides,’
suggests a distinct specificity of this immunomodulatory
effect. However, as complex peptide pools can enhance
or mask the activity of individual peptides, we cannot
exclude that peptide(s) within the non-responsive pools,
hence not selected for further examination, might con-
tribute to IL-8 induction in our model. Intriguingly, the
peptide identified as inducing CXCR3-dependent IL-8
production does not appear to bind to CXCR3 accord-
ing to our previously described CXCR3 binding assay
using radiolabelled CXCLI11.”> Given that peptide 4037
showed CXCR3-mediated IL-8 production only in a sub-
group of patients with CD but not HC, we concluded
that the most likely explanation is that the patients carry
a structural/conformational change in CXCR3 that allows
gliadin peptide 4037, that did not show binding activity
to the conventional receptor’, to bind with higher affin-
ity to the modified receptor. Alternatively, it can be
speculated that, similar to other CXCR3 ligands, CXCL9
and CXCL10," this peptide may use a different domain
of CXCR3 for its function, and so would be unable to
compete with CXCLI11 in a conventional CXCR3 bind-
ing assay.

The data presented here suggest that there are substan-
tial differences in the mechanisms of IL-8 production in
non-CD individuals and patients with CD, which involve
distinct signalling pathways downstream of the chemokine
receptor, CXCR3. Interleukin-8 is rapidly released in the
early phase of inflammation,”” is produced by a broad
variety of cells, including epithelial cells,”**° monocytes
and macrophages,®® T cells,”’ and endothelial cells,’* and

is tightly regulated at the transcriptional and post-
transcriptional levels.”> That IL-8 may play a crucial role
in gliadin-induced disease is suggested in a number of
studies showing rapid neutrophil recruitment to the gut
mucosa of CD-GFD patients exposed to gliadin,”»** and
significantly elevated numbers of mucosal neutrophils
even at baseline in CD-GFD patients.”! This might be
associated with, and accounted for, by persistently ele-
vated zonulin levels and intestinal permeability, which
have indeed been shown to remain elevated in CD-GFD
patients.>**

Specific PT-gliadin peptides can also be presented by
HLA molecules on antigen-presenting cells in both
patients with CD and HC. This has been shown to be the
prevailing mechanism for gliadin-induced production of
the pro-inflammatory cytokines, IL-1 and TNF-a, and for
CXCR3-independent production of other cytokines in the
cascade, such as IL-6 and IL-8. The present findings
showing inhibition of IL-8 production after blocking of
the CXCR3 receptor in CD-GFD patients but not non-
CD individuals, suggest a peculiar mechanism of IL-8 reg-
ulation in CD. Possible explanations include (i) structural
and functional differences in the CXCR3 receptor in CD-
GFD patients relative to HC, at least in selected lineages,
(ii) deviant signalling downstream of CXCR3, and (iii)
the modulation of CXCR3 activity through a mechanism
of receptor dimerization and cross-talk, as previously sug-
gested for distinct (patho-)physiological processes.’®
Structural diversities by alternative splicing have been
reported for CXCR3, splice variants CXCR3-alt’® and
CXCR3-B’”® being associated with differential responses
to CXCR3 ligands. In particular, CXCR3-alt surface
expression is impaired compared with full-length CXCR3,
and although CXCR3-alt-expressing cells show defective
chemotaxis to CXCR3 ligands, proximal G coupling is
still conserved. Hence, in this case the structural altera-
tions of CXCR3 are associated with a decreased level of
expression and impaired, but not abrogated, physiological
function. Splice variant CXCR3-B is structurally different
from CXCR3 in the N-terminal region. In this case, the
receptors have opposite biological activities, suggesting
that they trigger different signal transduction pathways.’”
The antibody used for CXCR3 blocking in this and other
studies most probably recognizes both forms (R&D Sys-
tems, technical service, personal communication), but we
cannot exclude possible, yet unreported, differences in
binding affinity for either molecular form of the recep-
tor.”” With respect to the possible regulation of CXCR3
activity through receptor dimerization and cross-talk,
engagement of CXCR4 by its ligand, CXCL12, has been
shown to be essential for plasmacytoid DC to gain
CXCR3 responsiveness.”” We can hypothesize that
CXCR3-dependent IL-8 production in CD might involve
the association of CXCR3 with receptors and signalling
pathways that skew the response to specific ligands, in
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this case gliadin, to a different biological outcome.
Whether CXCR3-dependent IL-8 production is associated
with CD-linked mutations in the CXCR3 gene sequence,
which in turn might affect its dimerization with an as yet
unidentified co-receptor(s) and/or cause differential sig-
nalling, is under investigation.

In conclusion, our findings demonstrate that in addi-
tion to its reported cytotoxic,'®" immunogenic*® and
intestinal permeabilizing activities,” PT-gliadin is a potent
agonist of IL-8 and other cytokine production irrespective
of the clinical condition. Unlike other cytokines, IL-8 is
only induced by PT-gliadin in a responder subgroup, a
pattern that appears to be more frequent among CD-GFD
patients than individuals without CD. Furthermore, only
in CD-GFD patients, but not in non-CD individuals, is
IL-8 induction by PT-gliadin mediated by CXCR3
engagement. By testing a synthetic library spanning the
o-gliadin sequence, we have identified a peptide, PPYC-
TIVPFGIFGTNYR, that fully reproduces this effect. Given
the abundant mucosal CXCR3 expression in patients with
CD,” the data presented here may explain the reported
increased neutrophil influx in CD and may point towards
a substantial role of IL-8 in disease pathogenesis in at
least a subgroup of patients. Further investigation is
required to elucidate the differential involvement of
CXCR3 observed in this study.
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