(@ ITETREL M S CIM O GIA ORIGINAL ARTICLE

doi:10.1111/j.1365-2249.2008.03600.X

Coeliac disease-specific autoantibodies targeted against
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Introduction

Summary

Coeliac disease is characterized by immunoglobulin-A (IgA)-class autoanti-
bodies targeted against transglutaminase 2 (TG2), a multi-functional protein
also with a role in angiogenesis. These antibodies are present in patient serum
but are also found bound to TG2 below the epithelial basement membrane
and around capillaries in the small intestinal mucosa. Based on these facts
and the information that the mucosal vasculature of coeliac patients on a
gluten-containing diet is disorganized, we studied whether the coeliac disease-
specific autoantibodies targeted against TG2 would disturb angiogenesis. The
effects of coeliac disease-specific autoantibodies on in vitro angiogenesis were
studied in angiogenic cell cultures. The binding of the antibodies to cells,
endothelial sprouting, migration of both endothelial and vascular mesenchy-
mal cells, the integrity of the actin cytoskeleton in both cell types and the
differentiation of vascular mesenchymal cells were recorded. In vitro, IgA
derived from coeliac disease patients on a gluten-containing diet binds to
surface TG2 on endothelial and vascular mesenchymal cells and this binding
can be inhibited by the removal of TG2. In addition, coeliac disease-specific
autoantibodies targeting TG2 disturb several steps of angiogenesis: endothe-
lial sprouting and the migration of both endothelial and vascular mesenchy-
mal cells. Furthermore, the autoantibodies cause disorganization of the actin
cytoskeleton in both capillary cell types that account most probably for the
defective cellular migration. We conclude that coeliac disease-specific autoan-
tibodies recognizing TG2 inhibit angiogenesis in vitro. This disturbance of the
angiogenic process could lead in vivo to the disruption of the mucosal vascu-
lature seen in coeliac disease patients on a gluten-containing diet.

Keywords: angiogenesis, coeliac disease, disease-specific autoantibodies,
transglutaminase 2

such as angiogenesis [4,5] and wound healing [6]. TG2 regu-
lates distinct cellular functions, including organization of the

Coeliac disease is an intestinal disorder triggered by dietary
gluten from wheat, rye and barley and is characterized by
small-intestinal lesions with villous atrophy and crypt hyper-
plasia. At cellular level, classical hallmarks include increased
epithelial cell proliferation and decreased differentiation as
well as massive T cell infiltration into the mucosa, which is
thought to be the focal driving force in the disease pathogen-
esis [1,2]. Another characteristic feature for the disease is the
presence of specific immunoglobulin-A (IgA) class autoanti-
bodies in the serum of patients on a gluten-containing diet.
These antibodies are targeted against transglutaminase 2
(TG2) [3], a multi-functional enzyme involved in processes

cytoskeleton, cell adhesion and cell death [7]. Although
present in the serum of coeliac disease patients not on a diet,
the antibodies are produced locally in the small-intestinal
mucosa [8], where they are deposited below the epithelial
basement membrane as well as around mucosal blood vessels
[9-12]. On a gluten-free diet the mucosal antibody deposits,
similar to the serum antibodies, disappear slowly as the
mucosa begins to heal [10]. The mucosa heals without scar-
ring within 1-2 years on a strict gluten-free diet and deterio-
rates again if gluten is reintroduced into the diet.

Contrary to the general view that coeliac disease-specific
gluten-induced IgA class autoantibodies targeting TG2 are
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only bystanders in the disease pathogenesis [1,2], several
facts suggest that TG2 autoantibodies might themselves be
pathogenic. These autoantibodies are functional, because the
IgA deposits in the small bowel, i.e. the antibodies produced
locally and targeting in vivo TG2 in the gut can bind recom-
binant TG2 [12] and because the serum antibodies also
inhibit intestinal epithelial cell differentiation [13]. More-
over, these gluten-triggered autoantibodies induce intestinal
epithelial cell proliferation [14] and increase epithelial per-
meability and activate monocytes [15].

The small-intestinal vasculature in the lamina propria is
composed of a single arteriole which traverses the long axis of
the villi before branching at the tip of the villus to form a
capillary tuft. In addition to providing mechanical support to
the villi, the mucosal microvasculature plays an important
role in the digestion of nutrients, nutrient absorption and
barrier function [16]. The small-intestinal vasculature under-
goes continuous remodelling throughout life, because vessels
are constantly lost and gained at an equal rate [17,18]. This
ongoing angiogenesis involves two cell types, the endothelial
cells and vascular mesenchymal cells, and several phases:
endothelial cell sprouting, migration and the formation of the
endothelial tube, followed by the recruitment and migration
of vascular mesenchymal cells from the surrounding connec-
tive tissue to the endothelial tube, and finally the maturation
of the nascent vessel [19]. Thus, proper capillary development
and function requires controlled behaviour of the endothelial
and the vascular mesenchymal cells as well as their precise
movement and coordination of differentiation. The mucosal
vasculature in the small intestine of a coeliac disease patient
on a gluten-containing diet differs considerably from the
above-described normal vasculature in the healthy small
intestine. As described by Cooke and Holmes as far back as
1984, in coeliac disease-affected mucosa the capillary tufts are
totally missing and the entire vasculature is disorganized [20].
In addition to the gross changes in the appearance of the
vasculature network, even older data describe changes in the
structure of the capillary endothelial cells following alteration
in gluten intake [21,22]. On the basis of the previously men-
tioned reports, the fact that the coeliac patient IgA class
antibodies are functional [13-15], the presence of TG2-
targeted antibody deposits around blood vessels in vivo [9]
and the role of TG2 in angiogenesis [4,5], we hypothesized
that the coeliac disease-specific autoantibodies have a bio-
logical effect in interfering with angiogenesis.

Materials and methods

Purification of IgA and IgG autoantibodies

Total IgA fractions from serum samples from eight coeliac
disease patients on a gluten-containing diet positive for anti-
TG2 antibodies (median titre > 100 U/ml, minimum 56-4,
maximum > 100 U/ml) and three non-coeliac controls
negative for anti-TG2 antibodies (<5 U/ml) were purified

using cyanogen bromide (CNBr)-activated Sepharose
4B (Pharmacia Upjohn, Uppsala, Sweden) coupled with
7 mg/ml rabbit anti-human IgA antibodies (Sigma Aldrich,
St Louis, MO, USA). The serum sample was passed through
the column, after which the column was washed prior to
elution of the IgA with 0-1 M glycine-HCI in 0-5 M NaCl,
pH 2-5. The collected IgA fractions were neutralized with
1 M Tris-HCI pH 8-0 before removal of glycine by passing
the samples through PD-10 columns (Pharmacia Upjohn).
The concentrations were determined by enzyme-linked
immunosorbent assay (ELISA) (Celikey®; Pharmacia Diag-
nostics GmbH, Freiburg, Germany) using affinity-purified
human IgA (Dako, Copenhagen, Denmark) as standard. The
IgA samples were lyophilized and resolubilized in Hank’s
balanced salt solution to a final concentration of 100 pg/ml.

Affinity purification of TG2-specific IgA class autoanti-
bodies was not performed because of the high content of
oligosaccharide side chains in IgA molecules, which leads to
technical difficulties. In order to show that the effects of
coeliac disease patient IgA are mediated by antibodies tar-
geting TG2, we purified TG2-specific IgG class autoantibod-
ies from IgA-deficient coeliac disease patients on a gluten-
containing diet for comparison. Total IgG fractions from
one IgA-deficient coeliac patient not on a diet and one
non-coeliac control subject were purified using Protein G
Sepharose 4 fast flow (Pharmacia Biotech AB, Uppsala,
Sweden), similarly to IgA samples. The collected IgG frac-
tions were neutralized and glycine removed as described
above. The TG2-specific antibodies of the pooled total
IgG fractions were affinity-purified using CNBr-activated
Sepharose 4B coupled with guinea pig TG2 (Sigma-Aldrich),
also as described above. The concentrations were determined
by ELISA. The total IgG sample from the healthy subject and
the TG2-specific IgG from the coeliac disease patient were
lyophilized and resolubilized in Hank’s balanced salt solu-
tion to a final concentration of 100 pg/ml.

Cell lines and cultures

Human umbilical vein endothelial cells (HUVECs) were cul-
tured in endothelial growth medium-2 (EGM-2) (Clonetics,
San Diego, CA, USA), 20% fetal bovine serum (FBS), 2 mM
glutamine (Gisco BRL, Paisley, Scotland, UK), 100 U peni-
cillin, 100 ug/ml streptomycin (Gisco BRL) and 25 pg/ml
endothelial cell growth supplement (Clonetics).

C3H/10T1/2 cells (abbreviated in the text as 10T1/2)
(CCL-226) were purchased from the American Type Culture
Collection (LGC Promochem, Bords, Sweden) and were
maintained in Dulbecco’s modified Eagle’s medium (Gisco
BRL) with high glucose, 10% FBS, 2 mM glutamine, 100 U
penicillin and 100 pg/ml of streptomycin.

In vitro angiogenic culture

The in vitro angiogenic cultures were performed as described
previously [23]. Briefly, 24-well plates were coated with
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rat-tail tendon-derived type I native collagen (1-6 mg/ml)
for 1h. 10T1/2 cells and HUVECs were plated on the
collagen-coated wells at a ratio of 1:2 and cultured in EGM-2
medium. To test the effects of different antibodies, the
culture media were supplemented with 1-2 ug of coeliac
disease patient or healthy control IgA, 1-2 ug of anti-TG2-
specific coeliac disease patient IgG or control IgG, or with
60 ng of the mouse monoclonal IgG class TG2 antibody,
CUB7402 [24] (NeoMarkers, Fremont, CA, USA) or negative
mouse IgG1 (Dako). Cultures were maintained at 5% CO, in
a temperature of 37°C and the branching of the cells
was analysed by an inverted-phase contrast microscope
(Carl Zeiss Vision GmbH, Munchen-Hallbergmoos,
Germany) after 3 days of culture. The length of the branches
from four longest tubes in four images taken from randomly
selected microscopic fields was measured by Analysis-
software (Soft Imaging Systems GmbH, Munster, Germany).
All experiments were performed in duplicate and repeated
twice. The experiments with IgA were performed with three
different coeliac disease and non-coeliac patient IgAs.

Western blotting

Proteins were isolated from HUVEC and 10T1/2 co-cultures
using RIPA buffer containing Complete Mini Protease
inhibitors (Boehringer Mannheim, Indianapolis, IN, USA).
Protein lysates were electrophored on NuPAGE Novex 10%
Bis-Tris Gels (Invitrogen, San Diego, CA, USA) and trans-
ferred electrophoretically to Hybond-C Extra membranes
(Amersham Life Sciences, Arlington Heights, IL, USA). The
membranes were blocked and then incubated overnight with
o-smooth muscle actin antibody [25] (Sigma-Aldrich)
(1:1000). After washing, secondary horseradish peroxidase-
conjugated anti-mouse antibody (1:3000) (Dako) was
incubated for 1h before the signal was detected
using the enhanced chemiluminescence detection system
(Amersham Life Sciences). Quantification of the bands was
performed using the Kodak 1D image analysis software
(Kodak, New Haven, CT, USA).

Scratch wound assay

HUVECs and 10T1/2 cells (25 000 cells/well) were plated on
type I collagen-coated 24-well plates (Nunc, Roskilde,
Denmark). When the cells reached confluence, the monolay-
ers were wounded and the antibodies under study were
added. To distinguish migration from proliferation, prolif-
eration was inhibited by mitomycin C (0-02 mg/ml) (Sigma-
Aldrich). After a 24-h culture period the cells were washed,
fixed in 4% paraformaldehyde and stained with 0-5% crystal
violet (Sigma-Aldrich). The migration of the cells was
assessed by counting the number of nuclei observed in the
denuded area of preselected microscopic fields. The experi-
ments were carried out in duplicate and repeated three
times.

Coeliac disease and angiogenesis

Immunofluorescent stainings

For co-localization studies of coeliac disease-specific type
IgA and TG2 both HUVECs and 10T1/2 cells were plated
separately on type I collagen-coated four-chamber polysty-
rene vessel culture slides. At approximately 80% confluence
both cultures were exposed to either coeliac disease or non-
coeliac patient IgA for 24 h. Subsequently, the cells were fixed
in 4% paraformaldehyde. After washing, the cells were incu-
bated for 30 min with 0-1 M sodium citrate buffer (pH 5) or
with 1 M potassium thiocyanate (KSCN). Consequently,
after blocking with 0-5% bovine serum albumin, the cells
were stained with mouse CUB7402 antibody (1:200), which
was detected with Alexa Fluor 568 conjugated secondary
anti-mouse antibody (1:1000) (Molecular Probes, Leiden,
the Netherlands) and finally with fluorescein isothiocyanate
(FITC)-conjugated anti-human IgA antibody (1:40) (Dako)
prior to mounting.

In further experiments, extracellular TG2 was removed
from the cells using 0-25% chloroacetic acid (Fluka Chemie
AG, Buchs, Switzerland) in 0-2 M NaCl, pH 2-7, after treat-
ment with KSCN according to the protocol described by
Salmi etal. [12]. Chloroacetic acid disrupts the tight
binding of TG2 to fibronectin and removes TG2 from cell
surfaces. Thereafter, the cells were stained similarly for TG2
and IgA.

The co-localization of IgA with TG2 on the cell surface
was analysed from images taken using the Axiovision 3-0
program (Carl Zeiss Vision GmbH) by Image] [26,27]
using ImageJ Colocalization Finder-Plugln to show
Pearson’s correlation and the overlap coefficient of
co-localization.

For intracellular actin stainings the cells were fixed as
above and permeabilized with 0-2% Triton X-100 (Sigma-
Aldrich). After blocking, the cells were incubated with Alexa
FITC-conjugated mixed isomers of phalloidin (Molecular
Probes) 1:200 for 30 min at room temperature and washed
three times in PBS prior to mounting. Samples were viewed
with a confocal laser microscope.

Statistical analysis

Statistical analysis was performed using the non-parametric
two-tailed Mann—Whitney U-test. The data are presented as
mean = standard error of the mean (s.e.m.). A P-value <
0-05 was considered significant.

Ethical considerations

The study protocol was approved by the Ethics Committee of
Tampere University Hospital, Tampere, Finland and of Heim
Pal Children’s Hospital, Budapest, Hungary. All subjects gave
written informed consent.
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Fig. 1. Affinity-purified coeliac disease
immunoglobulin-A from a patient on a
gluten-containing diet (a) and transglutaminase
2 (b) are co-localized (c) on the surfaces of
capillaries formed in in vitro angiogenic
cultures, as described in Material and methods.
Scale bar 200 um; co-localization 95%.

Results

Coeliac disease patient IgA binding to capillary cell
types in culture

Double immunofluorescence stainings and co-localization
analyses were performed in order to verify the binding of
coeliac disease patient IgA to cell surface TG2. The staining
showed that IgA derived from a coeliac disease patient on a
gluten-containing diet binds to the cell surfaces of both
HUVECs and 10 T1/2 cells, where it co-localizes with TG2
(co-localization percentage > 90) (Fig. 1). When cell surface
TG2 was removed from the surface of both cell types, the
binding of IgA to the cell surface was abolished completely
(data not shown).

The effects of coeliac disease patient autoantibodies on
in vitro behaviour of endothelial cells

We first tested the effects of all the antibodies on endothelial
cell sprouting on collagen I, where control cells aggregate
and form sprouts before fusing into tube-like structures
[28]. IgA derived from coeliac disease patients on a gluten-
containing diet reduced the length of endothelial sprouts
significantly, by approximately 50%, compared with sprouts
formed in the presence of non-coeliac IgA (mean 439 um,
se.m.=32um versus mean 863 llm, s.e.m.=82um,
P <0-001) (Fig. 2). Similarly, affinity purified patient TG2-
specific IgG reduced endothelial sprouting significantly
when compared with non-coeliac IgG (mean 409 um,
s.e.m.=66 Um versus mean 949 um, s.e.m.=154 um,
P=0-0028) (Fig.2). In contrast to coeliac disease patient
autoantibodies, commercially available monoclonal anti-
TG2 antibody, CUB7402, failed to exhibit such an effect
(mean 759 um, s.e.m.=40um versus mean 853 um,
s.e.m. =59 um) (Fig. 2).

We next sought to determine whether coeliac disease
patient autoantibodies also affect the migration of endothe-
lial cells. To this end, we performed scratch wound assays
with endothelial cells in the presence of coeliac disease

patient IgA, IgA-deficient coeliac disease patient anti-TG2-
IgG and CUB7402 as well as their corresponding controls.
Both types of coeliac disease-specific autoantibodies, total
IgA and anti-TG2-specific IgG, reduced significantly the
number of migrating endothelial cells when compared

with their controls (mean 26, s.e.m.=1 versus mean 101,
s.e.m. =2, P<0-001, mean 23 s.e.m.=2 versus mean 108,
s.e.m. =3, P<0-001 respectively) (Fig.3). Commercial
anti-TG2-specific antibody, CUB7402, exerted an effect
similar to that of the coeliac patient antibodies (mean 36,
s.e.m. = 1 versus mean 77, s.e.m. =3, P <0-001) (Fig. 3).
We performed phalloidin—FITC staining to visualize the
actin cytoskeleton in endothelial cells in order to study
whether the inhibited endothelial cell migration could be
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Fig. 2. The length of endothelial cell branches in cultures
supplemented with coeliac disease patient and non-coeliac

subject immunoglobulin-A (IgA), coeliac disease patient
anti-transglutaminase 2 (TG2) IgG from an IgA-deficient patient and
healthy control IgG as well as CUB7402 and irrelevant mouse IgG.
*P < 0-001; #not significant; CD: coeliac disease.
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Fig. 3. The effects of coeliac disease patient and healthy control
subject immunoglobulin-A (IgA), coeliac patient affinity-purified
anti-transglutaminase 2 (TG2) IgG and healthy control IgG as well as
CUB7402 and control mouse IgG on the number of migrating
endothelial cells. *P < 0-001; CD, coeliac disease.
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Coeliac disease and angiogenesis

due to a disarranged actin cytoskeleton. The staining showed
clearly a disorganization of the actin stress fibres in cells
treated with coeliac disease patient IgA and anti-TG2-1gG
as well as CUB7402, but not in cells treated with control
antibodies (Fig. 4).

The in vitro effects of coeliac disease patient
autoantibodies on vascular mesenchymal cells

We investigated whether coeliac disease patient IgA or anti-
TG2-1gG also disrupts in vitro capillary formation in an
angiogenic cell culture composed of both endothelial and
mesenchymal cells. IgA derived from coeliac disease
patients on a gluten-containing diet also inhibited branch-
ing significantly in co-culture conditions, reducing the
length of branches by approximately 50% when compared
with cultures treated with control IgA (mean 860 um,
se.m.=42 um versus mean 1503 um, s.e.m.=118 um,
P < 0:001), similarly to coeliac patient anti-TG2-specific IgG
(mean 780 um, s.e.m.=70um versus mean 1606 um,
s.e.m.=109 um, P<0-001) (Fig.5). The commercial
monoclonal TG2 antibody, CUB7402, had an inhibiting
effect on capillary branches similar to that of coeliac disease

CuB7402

mouse IgG

Fig. 4. The organization of actin stress fibres in endothelial cells cultured in medium containing coeliac disease patient (a) or non-coeliac patient
immunoglobulin-A (IgA) (b), coeliac patient affinity-purified anti-transglutaminase 2 (TG2) IgG (c) and healthy control IgG (d) as well as
CUB7402 (e) or control mouse IgG (f). Arrows point in the direction of the movement. Scale bar 20 pm; CD, coeliac disease.
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Fig. 5. The length of the capillary branches in cocultures of human
umbilical vein endothelial cells and 10T1/2 cells cultured in the
presence of coeliac disease patient and non-coeliac patient
immunoglobulin-A (IgA), IgA-deficient coeliac disease patient
anti-transglutaminase 2 (TG2) IgG and healthy control IgG as well as
commercial TG2 antibody CUB7402 and its relevant control.

*P < 0-001; CD, coeliac disease.

patient autoantibodies (mean 1041 um, s.e.m.=84 um
versus mean 1517 um, s.e.m. =101 um, P <0-001) (Fig. 5).

Because coeliac disease patient IgA and anti-TG2-IgG
inhibited the migration of endothelial cells, we studied
whether vascular mesenchymal cell migration was also
affected. The wound closure assays showed that coeliac
disease IgA inhibited significantly the migration of vascular
mesenchymal cells, by 67% when compared with control IgA
(mean 99 cells, s.e.m. =3 versus mean 300 cells, s.e.m. =3,
P <0:001) (Fig. 6). Coeliac disease anti-TG2-IgG (mean 93
cells, s.e.m. = 3 versus mean 311 cells, s.e.m. =3, P<0-001)
and CUB7402 had a similar effect (mean 136 cells, s.e.m. =3
versus mean 313 cells, s.e.m. =5, P < 0-001) (Fig. 6).

As in the case of endothelial cells, there was a complete
disorganization of the vascular mesenchymal cell actin
cytoskeleton in the presence of coeliac disease patient IgA
and anti-TG2-1gG or CUB7402 (Fig. 7).

We also analysed the effects of the coeliac disease-specific
autoantibodies on the expression level of vascular mesenchy-
mal cell differentiation marker a-smooth muscle actin in
mesenchymal 10T1/2 cells which differentiate when co-
cultured with endothelial cells [29]. Western blotting experi-
ments showed that none of the tested antibodies affected the
expression of oi-smooth muscle actin in 10T1/2 cells (Fig. 8).

Discussion

In this study we provide evidence that coeliac disease-
specific autoantibodies have a role in the disease pathogen-

esis by hindering angiogenesis. Angiogenesis commences
with sprouting of endothelial cells, which is followed by
migration of endothelial cells along the formed sprout and
the formation of the endothelial tube [30]. Subsequently,
mesenchymal cells migrate from the surrounding connective
tissue to surround the endothelial tubes [19], after which
they differentiate into vascular smooth muscle cells or peri-
cytes [31]. Our findings show that coeliac disease-specific
autoantibodies inhibit all the previously mentioned steps
of angiogenesis except vascular mesenchymal cell dif-
ferentiation. In addition, we show that the autoantibodies
caused the disorganization of the actin cytoskeleton in both
capillary cells types. As proper actin dynamics is a prerequi-
site for the migration of cells [32] we believe that the coeliac
disease-specific autoantibody-induced cytoskeletal disar-
rangement might explain the inhibited cell migration. The
deranged behaviour of the endothelial cells induced by the
autoantibodies could lead to the abnormal appearance of the
entire vasculature network seen in the small-intestinal
mucosa if left without treatment in coeliac disease patients.

The present results show that the inhibited angiogenesis
observed is due specifically to coeliac disease patient-specific
anti-TG2 antibodies. Removal of TG2 from the cell surface
of both endothelial and vascular mesenchymal cells
strengthened this conception further by abolishing the
binding of coeliac disease patient IgA to these cells. In
addition, the effects exerted by the patient IgA class auto-
antibodies were strikingly similar to those seen using anti-
TG2-specific IgG autoantibody derived from the serum of
an IgA-deficient coeliac disease patient who had similar
intestinal lesions or using commercial monoclonal anti-
TG2 antibody CUB7402. These findings are thus in line
with our other recent results, showing the gluten-dependent
TG2-specific autoantibodies to be specifically of primary
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Fig. 6. The number of migrating 10T1/2 cells in the presence of
coeliac patient immunoglobulin-A (IgA), IgA-deficient coeliac patient
anti-transglutaminase 2 (TG2) IgG and CUB7402 or their
corresponding controls. *P < 0-001; CD, coeliac disease.
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Fig. 7. Actin stress fibres organization in vascular mesenchymal cells cultured in a medium containing coeliac patient immunoglobulin-A (IgA) (a),
non-coeliac patient IgA (b), coeliac patient anti-transglutaminase 2 (TG2) IgG (c), control IgG (d), CUB7402 (e) or control mouse IgG (f). Arrows

indicate the direction of movement. Scale bar 20 wm; CD, coeliac disease.

importance, in spite of the presence of antibodies targeted
against other molecules [33]. Recently it has been shown that
a fraction of autoantibodies of coeliac patients on gluten-
containing diet cross-reacts with TG2 and deamidated
gliadin peptides [34]. Based on this novel finding, it is theo-
retically possible that patient autoantibodies recognizing
deamidated gliadin peptides modulate the function of TG2
and thereby anti-gliadin antibodies could also play a role in
vivo. Furthermore, in coeliac disease-affected mucosa TG2
might be complexed to hitherto unknown antigenic struc-
tures and thus antibodies targeting these complexes might
also be involved in inhibiting angiogenesis.

The effects of coeliac disease patient autoantibodies on
angiogenesis can be explained by the altered function of TG2
in response to autoantibody binding. It has not been shown
conclusively whether the coeliac disease-specific IgA bound
in vivo to TG2 represses [35] or enhances [36] the target
enzyme activity. However, in the light of recent results
reporting that blocking the cross-linking function of TG2
does not inhibit angiogenesis [5], it seems unlikely that the
inhibitory effects of coeliac patient autoantibodies on angio-
genesis could be due to decreased enzymatic activity as a

result of antibody binding. In contrast, exogenous addition
of active TG2 to angiogenic cultures resulted in a dose-
dependent reduction in vessel formation [5], suggesting that
the effects exerted by coeliac disease patient autoantibodies
might be mediated by increased TG2 activity.

On the other hand, overexpression of either catalytically
active or inactive TG2 in cells leads to reduced cell migration

control
non-coeliac IgA
coeliac IgA
mouse IgG
CUB7402

50kD o-sma

37kD - 40D

Fig. 8. Coeliac disease patient immunoglobulin-A (IgA) or CUB7402
do not affect the differentiation of vascular smooth muscle
cells/pericytes, as indicated by the expression of a-smooth muscle
actin (o-sma).
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[37] and altered overall organization of the actin cytoskel-
eton [38], the same phenomena that we see in cells treated
with coeliac disease autoantibodies. Thus coeliac disease
patient autoantibodies may also inhibit angiogenesis by
interfering with the non-enzymatic functions of TG2.
However, further experiments are needed to clarify the
mechanism behind the effects exerted by the autoantibodies.

In addition to being present in the serum and small intes-
tinal mucosa of coeliac disease patients on a gluten-
containing diet, the disease-specific autoantibodies can also
be found in other organs. The autoantibody deposits have
been identified around blood vessels in the liver [9] and
interestingly, mild liver abnormalities are common in
patients with coeliac disease, but they usually resolve with a
gluten-free diet [39]. Furthermore, there are data suggesting
that hepatic failure in coeliac disease patient with severe
liver disease can be reversed with dietary treatment [39].
Moreover, the autoantibodies are also present in the brain
vessels of coeliac disease patients suffering from neurologi-
cal symptoms [40]. It is of interest that the coeliac patient
autoantibodies have been shown to induce neuroblast apo-
ptosis [41] and also cause gluten ataxia, a neurological
manifestation of coeliac disease, when injected into mouse
brain [42]. Taken together, it might be possible that the
disease-specific autoantibodies are involved in the extraint-
estinal manifestations of coeliac disease by hindering
local angiogenesis or otherwise affecting the function of
capillaries.

Based on the results presented in this paper and on earlier
studies showing a role for the coeliac disease-specific auto-
antibodies in the disease pathogenesis, coeliac disease might
thus be included in the group of other autoimmune diseases,
such as myasthenia gravis [43] or pemphigus vulgaris [44],
in whose pathogenesis the disease-specific autoantibodies
have been shown experimentally to play a fundamental role.
We present here new evidence to indicate that the gluten-
induced disease-specific autoantibodies might constitute an
important contributor in the development and persistence
of the flat mucosal lesion seen in coeliac disease, in addition
to activated T cell-driven mechanisms.
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