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Celiac disease IgA modulates vascular permeability in vitro
through the activity of transglutaminase 2 and RhoA
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Abstract Celiac disease is characterized by the presence

of specific autoantibodies targeted against transglutaminase

2 (TG2) in untreated patients’ serum and at their production

site in the small-bowel mucosa below the basement mem-

brane and around the blood vessels. As these autoantibodies

have biological activity in vitro, such as inhibition of angi-

ogenesis, we studied if they might also modulate the

endothelial barrier function. Our results show that celiac

disease patient autoantibodies increase endothelial perme-

ability for macromolecules, and enhance the binding of

lymphocytes to the endothelium and their transendothelial

migration when compared to control antibodies in an

endothelial cell-based in vitro model. We also demonstrate

that these effects are mediated by increased activities of TG2

and RhoA. Since the small bowel mucosal endothelium

serves as a ‘‘gatekeeper’’ in inflammatory processes, the

disease-specific autoantibodies targeted against TG2 could

thus contribute to the pathogenic cascade of celiac disease by

increasing blood vessel permeability.

Keywords Celiac disease � Disease-specific
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Introduction

Celiac disease is an autoimmune-mediated enteropathy

characterized by the presence of gluten-triggered serum

autoantibodies against transglutaminase 2 (TG2) which are

highly specific for the disease [1, 2]. Although present in the

serum of untreated celiac disease patients, the antibodies are

produced in the small-intestinal mucosa [3], where they are

found deposited below the epithelial basement membrane as

well as around mucosal blood vessels [4, 5]. Interestingly, at

the sites where they are sequestered, these autoantibodies

can also bind recombinant TG2 in situ and can thus be

considered biologically functional [5]. Even though celiac

disease has classically been regarded as a T-cell-mediated

inflammatory disorder, new evidence is emerging to indicate

that the celiac-specific autoantibodies might also play a role

in the disease pathogenesis. It has been shown that these

autoantibodies inhibit the differentiation [6] and increase the
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proliferation of epithelial cells [7], reduce the barrier func-

tion of epithelium, and activate monocytes [8], thus possibly

contributing to the small bowel mucosal pathology. Fur-

thermore, the disease-specific autoantibodies have been

reported to induce neuronal cell apoptosis [9] and induce

ataxia-like symptoms when injected into the central nervous

system of mouse [10]. Interestingly, it has also been pub-

lished that patients suffering from gluten ataxia, a

neurological manifestation of celiac disease, have TG2-tar-

geted autoantibody deposits both in the small intestinal

mucosa and also in the brain around blood vessels [11].

Therefore, the celiac-specific autoantibodies may also par-

ticipate in the development of neurological manifestations in

celiac disease and maybe even do so to other extraintestinal

manifestations often occurring in conjunction with celiac

disease.

We have recently shown that celiac-specific autoanti-

bodies inhibit angiogenesis [12], which might possibly

contribute to the altered small bowel mucosal vasculature in

untreated celiac disease patients [13, 14]. As abnormal

angiogenesis is often associated with increased vascular

permeability [15] and further because the functionally active

TG2-targeted autoantibodies in celiac disease are deposited

around small-bowel mucosal blood vessels, we hypothe-

sized that the disease-specific autoantibodies might

modulate vascular permeability. To test this hypothesis, we

investigated whether celiac-specific autoantibodies increase

endothelial permeability in vitro and, if so, whether this

increase is due to altered enzymatic activity of TG2. More-

over, since TG2 is known to enhance RhoA activity [16],

implicated in vascular hyperpermeability [17], we studied

whether RhoA activation is involved in the endothelial

permeability response exerted by celiac autoantibodies tar-

geted against TG2.

Materials and methods

Cell culture

Human umbilical vein endothelial cells (HUVECs; Clo-

netics, San Diego, CA) were cultured in EGM-2 medium

(Clonetics) supplemented with 20% fetal bovine serum

(FBS; Gibco Invitrogen, Paisley, Scotland), 2 mM gluta-

mine (Gibco Invitrogen), 100 U penicillin, 100 lg/ml

streptomycin (Gibco Invitrogen) and 25 lg/ml endothelial

cell growth supplement (Clonetics).

The human Burkitt’s lymphoma Namalwa cells (CRL-

1432; LGC Promochem, Borås, Sweden) were cultured in

suspension in a humidified 37�C incubator with a 5% CO2

atmosphere in RPMI-1640 medium containing 7.5% heat-

inactivated FBS, 100 lg/ml streptomycin, 100 U/ml

penicillin, 4 mM L-glutamine, and 10 mM HEPES buffer

(all from Gibco Invitrogen).

For permeability assays, HUVECs were cultured to

confluence on a semipermeable Transwell culture insert

(Costar, Cambridge, MA) coated with collagen I, prepared

as previously described [18].

Purification of serum IgA and IgG autoantibodies

Serum samples from ten IgA-competent celiac patients on

a gluten-containing diet and ten non-celiac controls were

used in the study. All celiac sera were positive for anti-

TG2 and endomysial antibodies whereas all control sera

were negative. Total IgA fractions were purified as

previously described [12]. Affinity purification of TG2-

specific IgA class autoantibodies 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 celiac disease patient IgA

are mediated by antibodies targeting TG2, we affinity

purified TG2-specific IgG class autoantibodies from IgA-

deficient celiac disease patients on a gluten-containing

diet for comparison as previously described [12]. As

control for celiac-patient-derived anti-TG2-specific IgG,

non-celiac total IgG fraction was used. All purified

immunoglobulins, both IgA and IgG, were used in the

experiments at a concentration of 1 lg/ml and incubated

for 24 h unless otherwise stated.

Total IgA fraction from 3 celiac patients and a further 20

celiac serum samples were used in enzyme-linked immu-

noassay (ELISA) studies.

The study protocol was approved by the Ethics Com-

mittees of Tampere University Hospital, Tampere, Finland,

and Heim Pál Children’s Hospital, Budapest, Hungary. All

individuals involved gave their written informed consent.

Antibodies and inhibitors

Commercially available function-blocking monoclonal

anti-TG2 antibody, CUB7402 [19] (NeoMarkers, Fremont,

CA), was used in the experiments at a concentration of

60 ng/ml. As negative control, isotype-matched mouse

IgG1 (Dako, Copenhagen, Denmark) was applied at the

same concentration.

A cell-impermeable TG2 active site inhibitor, R281

[20, 21] was used in experiments in a final concentration

of 200 lM. Inhibitor was added 1 h prior to the purified

serum immunoglobulins.

The cell permeable Rho inhibitor C3 transferase

(Cytoskeletonc, Denver, CO) was added to a final con-

centration of 1.0 lg/ml and administered 1 h before

addition of immunoglobulins.
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Paracellular macromolecular permeability assays

Macromolecule transport across endothelial monolayers

grown on semipermeable inserts was assessed by measur-

ing the flux of both 4-kD and 70-kD FITC-labeled dextran

(500 lg/ml; Fluka Chemicals, Dorset, UK). Different

serum immunoglobulins were administered to the apical

chamber of confluent endothelial cells 12 h prior to the

addition of the endocytosis blocking agent nocodazole

(40 ng/ml; Sigma-Aldrich), whereafter the incubation was

continued for a further 12 h. Nocodazole was used to

specifically study paracellular permeability. Subsequently,

FITC-labelled dextran was added apically and, after 3 h,

the fluorescence of the transported FITC-dextran was

measured from the bottom chambers with a fluorometer

(Victor 2 Counter Plate Reader; Perkin-Elmer Wallac,

Turku, Finland) using 485 and 535 nm as the excitation

and emission wavelengths, respectively.

Lymphocyte adhesion assays and E-selectin expression

To investigate lymphocyte adhesion to confluent endo-

thelial monolayers, study compounds were added apically

as described above. Namalwa lymphocytes were labeled

by incubating them with 15 lg/ml biscarboxyethyl car-

boxyfluorescein acetoxymethyl ester (BCECF; Lambda

Fluoreszenztechnologie, Graz, Austria) for 30 min at

37�C in RPMI 1640 and 5% FBS and carefully washed to

remove non-bound dye. Human B-lymphocyte chemoat-

tractant (50 ng/ml; Sigma-Aldrich) was added to each

basal well and apically administered BCECF-labelled

lymphocytes (1 9 106 cells) were incubated with HUVEC

monolayers for 60 min at 37�C under orbital rotation.

After intensive washing, the adherent lymphocytes were

detached using 5 mmol/l EDTA, harvested, and quanti-

fied with a fluorometer (Victor 2 Counter Plate Reader)

using the same excitation and emission wavelengths

as above.

For flow cytometric analysis of E-selectin protein

expression, 4 9 105 HUVECs were seeded onto 12-well

plates (Nunc, Roskilde, Denmark), grown to 90% conflu-

ence, and treated with substances under study for 24 h. The

cells were washed with Hanks Balanced Salt Solution

(HBSS; Sigma-Aldrich) and trypsinized. Thereafter, col-

lected cells were washed with HBSS stained with

monoclonal anti-human E-selectin antibody (20 lg/ml,

BBIG-E4-5D11; R&D Systems, Abingdon, UK) for 1 h.

The cells were then washed and incubated with Alexa Fluor

488-conjugated anti-mouse secondary antibody (1:1000;

Molecular Probes, Eugene, OR) for 30 min. Finally, they

were washed and analyzed using a fluorescence-activated

cell sorter (Coulter EPICS XL-MCL; Beckman Coulter,

High Wycombe, UK). For each experiment, duplicates of

1 9 104 cells were counted and the experiment was repeated

three times.

For immunofluorescent staining of the E-selectin,

HUVEC cells were plated on type I collagen-coated four

chamber polystyrene vessel culture slides (BD Biosci-

ences). Confluent cell layers were fixed in 4%

paraformaldehyde, whereafter unspecific binding of anti-

bodies was blocked with 0.5% BSA followed by 60 min

incubation with the anti-human E-selectin antibody (1:200;

R&D Systems) at room temperature. Subsequently, the

cells were incubated with Alexa 568-conjugated secondary

antibody (1:1,000; Molecular Probes) for 60 min and

washed prior to mounting with Vectashield mounting

medium with DAPI (Vector Laboratories, Burlingame,

CA). Samples were viewed with an Axiovision 3.0

program (Carl Zeiss Vision, Munchen-Halbergmoos,

Germany) with a 1009 objective.

Lymphocyte transmigration assays

The lymphocyte transmigration assay was performed sim-

ilarly to the lymphocyte adhesion assay (see above) except

that the incubation time was extended to 3.5 h, whereafter

the amount of fluorescent lymphocytes was measured in

the basal chamber.

Determination of extracellular TG2 activity

The extracellular TG2 transamidating activity was deter-

mined by live cell ELISA. HUVEC cells were plated onto

collagen I pre-coated 96 well plates (Becton Dickinson

Labware, MA) at a density of 2 9 105 cells per well and

grown to confluency. Subsequently, the cells were treated

with IgA for 24 h. The active site-directed TG2 inhibitor,

R281, was administered 1 h prior to adding antibodies at a

concentration of 200 lM.

After incubation with study compounds, TG2 substrate

monodancylcadaverine (5 mM; Sigma-Aldrich) was added

to each well and incubated at 37�C for 2 h. Thereafter, the

wells were washed and fixed with 4% paraformaldehyde.

Following fixation and washings, the amount of incorpo-

rated monodansylcadaverine was detected with rabbit anti-

dancyl antibody (1:200; Gibco Invitrogen). Since the cells

were not permeabilized, the assay only detected extracel-

lularly incorporated monodansylcadaverine and thus

extracellular TG2 activity. As the secondary antibody,

horse radish peroxidise-conjugated polyclonal swine anti-

rabbit immunoglobulins (1:1,000; Dako, Denmark) were

administered to each well and incubated for 30 min at

37�C. Finally, peroxidase substrate, 3,30,5,50-tetramethyl-

benzidine (Slow Kinetic Form, for ELISA; Sigma-Aldrich)

was added and the reaction was stopped by 2.5 M H2SO4.

The absorbance at 450 nm was measured by
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spectrophotometer (Multiskan Ascent; Thermo Labsys-

tems, Vantaa, Finland). To control the confluence of the

monolayers, cells were stained with crystal violet. To test

whether celiac disease IgA has intrinsic activity, the IgA

was bound to the bottom of the wells without HUVECs and

the assay procedure was otherwise performed as described

above.

Western blotting analysis

Western blotting was performed using the Bio-Rad Mini-

Protein Tetra Cell system (Biorad Laboratories, Espoo,

Finland). Cells were lysed in Laemmli buffer and 10 lg

aliquots per lane were loaded on 10% SDS-polyacrylamide

electrophoresis gels. Proteins were transferred to nitro-

cellulose filters (Hybond C-extra; Amersham Biosciences,

Little Chalfont, UK) and non-specific binding was blocked

with 5% non-fat powdered milk for 1 h at room tempera-

ture. Subsequently, the filters were incubated overnight in

the presence of mouse anti-TG2 antibody, CUB7402

(1:2,000) at 4�C. Monoclonal antibody against c-tubulin

(1:8,000; Sigma Aldrich) was chosen as internal control to

detect equal loading. Blots were then washed, where after

secondary horse radish peroxidise-conjugated anti-mouse

antibody (1:2,000; Dako) was applied for 1 h at room

temperature, washed, developed with enhanced chemi-

luminescence (Amersham Life Sciences, GE Healthcare,

Little Chalfont, UK), exposed to autoradiography film

(Kodak, New Haven, CT) and scanned for densitometry

analysis with Kodak 1D image analysis software (Kodak).

The TG2 expression was normalized to c-tubulin. The

calculated values are from three independent experiments

performed in duplicate with IgA derived from three dif-

ferent celiac disease patients and controls subjects.

Enzyme-linked immunoassay with inhibitor-treated

TG2

Full-length human recombinant TG2 was expressed in

E. coli and purified as described [22]. MaxisorpTM microtiter

plates (Nunc) were coated for 60 min at room temperature

with 0.3 lg human fibronectin (Sigma-Aldrich) diluted in

bicarbonate buffer pH 9.6. The plates were washed three

times with tris-buffered saline, pH 7.4, containing 0.1%

(v/v) Tween 20 (TBS), and incubated with 0.8 lg human

recombinant TG2 in TBS containing 5 mM CaCl2. After

washings, the plates were treated with 200 lM R281 in

TBS for 20 min and celiac antibodies were added to TG2

for 60 min in the presence of R281. Antibody dilutions

were established by previous measurements and were

1:50–1:3,600. Bound antibodies were detected with horse

radish peroxidase-conjugated rabbit anti-human IgA

(1:5,000; Dako) and 100 ll 3,30,5,50-tetramethylbenzidine

substrate (Sigma-Aldrich). The absorbance was read at

450 nm after stopping the reaction with 50 ll 1 M H2SO4.

Wells prepared without R281 were used as controls.

RhoA activation assay

To determine RhoA activity, 4 9 105 HUVECs were see-

ded on 12-well plates (Nunc) and grown to approximately

80%, confluence after which they were exposed to study

substances. RhoA activation measurements were made

using the absorbance-based G-LISA RhoA Activation

Assay Biochem Kit (Cytoskeleton) according to the man-

ufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using the Kruskall–

Wallis test. The data are presented as mean ± standard

error of mean (SEM). A P value \ .05 was considered

statistically significant.

Results

The presence of both celiac disease patient total IgA and

affinity-purified IgA-deficient patient anti-TG2-specific

IgG antibodies significantly increased the paracellular

passage of both 4-kD and 70-kD macromolecules through

the endothelial monolayer when compared to non-celiac

antibodies (Fig. 1a, b). In parallel, IgA and affinity-purified

patient TG2-specific IgG antibodies derived from celiac

patients, but not those from control subjects, significantly

enhanced lymphocyte adhesion to endothelial cells

(Fig. 2a). This enhanced lymphocyte adhesion was

accompanied by upregulated expression of the endothelial

adhesion molecule E-selectin in response to celiac patient

IgA (Fig. 2b–d). Similarly, transendothelial migration of

lymphocytes was also significantly increased in experi-

ments supplemented with both types of celiac disease

patient autoantibodies, total IgA, and affinity-purified

patient TG2-specific IgG antibodies (Fig. 3). In contrast,

the commercial function-blocking transglutaminase 2

antibody CUB7402 had no significant effect on macro-

molecular permeability, lymphocyte adhesion, or their

transendothelial migration (Figs. 1a, b, 2a, 3).

Live cell ELISA for determining the extracellular tran-

samidating activity of TG2 showed that celiac patient IgA,

but not IgA derived from control subjects or commercial

anti-TG2 antibody CUB7402, increased extracellular

activity of TG2 in endothelial cells (Fig. 4a). Celiac patient

IgA did not have intrinsic TG2 activity (data not shown) as

also shown previously [23]. The celiac patient IgA-induced

activation of TG2 could be blocked by the active site-
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directed TG2 inhibitor R281. The expression level of TG2

protein was unaffected by celiac patient IgA, and the active

site-directed TG2 inhibitor 281 had no effect on the bind-

ing of celiac IgA to purified recombinant TG2 (Fig. 4b, c).

The pretreatment of endothelial cultures with TG2

inhibitor R281 was able to inhibit the increased macro-

molecular permeability as well as enhance lymphocyte

adhesion and transendothelial migration exerted by celiac

patient IgA (Fig. 5a–c). Co-administration of R281 with

celiac patient IgA rescued the macromolecule permeability

and lymphocyte transendothelial migration to the level of

control subject IgA (Fig. 5a, c), whereas lymphocyte

adhesion to the endothelial cells was only partially rescued

(Fig. 5b).

As shown in Fig. 6a, supplementation of celiac disease

patient IgA to endothelial cells increased the activity of

RhoA, a well-characterized signaling molecule contributing

Fig. 2 Lymphocyte adhesion on endothelial cells. a Lymphocytes

adhered more prominently to endothelial monolayer treated with

celiac disease (CD) patient-derived antibodies [CD total IgA and CD

anti-transglutaminase 2 (TG2)-specific IgG] when compared to

control (non-CD) antibodies. Commercially available anti-TG2

antibody CUB7402 had no effect. b CD IgA increased the expression

of the endothelial adhesion molecule E-selectin significantly when

compared to non-CD IgA (b) analysed by flow cytometry (b, c) and

by immunofluorescent labelling (d, in red). Experiments were

performed in duplicate and repeated at least three times. Bars
represent mean values and error bars standard error of means. Only

significant differences (P \ .05) between the relevant antibody

groups are depicted

Fig. 1 Endothelial paracellular permeability to macromolecules,

a 4-kD and b 70-kD FITC-dextran, in the presence of celiac disease

(CD) and control patient (non-CD)-derived antibodies as well as

commercially available anti-transglutaminase 2 (TG2) antibody,

CUB7402. Both types of celiac-patient derived antibodies, CD total

IgA and CD anti-TG2-specific IgG, significantly increased macro-

molecular permeability (a, b) when compared to relevant control

antibodies, while CUB7402 had no significant effect. Experiments

were performed after 24 h incubation with the antibodies and the

measurements were carried out 3 h after administration of the

macromolecules. Experiments were performed in duplicate and

repeated at least three times. Bars represent mean values and error
bars standard error of means. Only significant differences (P \ .05)

between the relevant antibody groups are depicted

Celiac IgA increases vascular permeability 3379



to vascular hyperpermeability [17]. The activation of RhoA

by celiac autoantibodies was constitutive, since the activity

was elevated at all time-points measured (data not shown).

Inhibition of Rho activity by C3 endotoxin abolished

the effects of celiac IgA on macromolecular permeability

and lymphocyte transendothelial migration and attenu-

ated the effects on lymphocyte adhesion to endothelial

cells (Fig. 6b–d). C3 did not inhibit basal responses in the

permeability, lymphocyte adhesion, or lymphocyte trans-

migration (Fig. 6b–d).

Discussion

The endothelium serves as a ‘‘gatekeeper’’ in the inflam-

matory process, and the regulation of vascular permeability

is thus critical in this context, but to date the vascular

barrier function in celiac disease has not been thoroughly

investigated. The focus of this study was on whether celiac

disease-specific autoantibodies against TG2, which are

deposited around mucosal blood vessels in the small

intestine of untreated celiac disease patients [4, 5, 14],

modulate blood vessel permeability in an endothelial cell-

based in vitro model. We demonstrated that celiac disease

autoantibodies indeed increase endothelial permeability to

macromolecules and enhance lymphocyte adhesion and

Fig. 3 Lymphocyte transendothelial migration was significantly

increased in the presence of celiac disease (CD)-derived antibodies

[CD total IgA and CD anti-transglutaminase 2 (TG2)-specific IgG]

when compared to relevant control (non-CD) antibodies. Commer-

cially available anti-TG2 antibody CUB7402 had no effect.

Experiments were performed in duplicate and repeated at least three

times. Bars represent mean values and error bars standard error of

means. Only significant differences (P \ .05) between the relevant

antibody groups are depicted in figures

Fig. 4 a Celiac disease patient IgA (CD IgA) significantly increased

the extracellular enzymatic activity of TG2 in endothelial cells when

compared to control patient antibodies (non-CD IgA) whereas

commercial transglutaminase 2 (TG2) antibody, CUB7402 had no

effect. The co-administration of site-directed TG2 inhibitor, R281

prevented the enhancement of the TG2 activity. Bars represent mean

TG2 activity in arbitrary units (AU). b Western blot analysis of TG2

expression in endothelial cells without any treatment (basal) and after

administration of non-CD and CD IgA. Data are representative of three

independent experiments. c Celiac disease (CD) patient IgA (n = 3)

and CD patient serum samples (n = 20) bind to purified TG2 both in

the presence and absence of R281 in enzyme-linked immunoassay
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their transendothelial migration. Since IgA-deficient celiac

patient-derived affinity-purified anti-TG2-specific IgG

class antibodies exerted effects similar to patient total IgA,

it would appear that modulation of the vascular function is

mediated specifically by the TG2-targeted autoantibody

population.

As regards the enhanced lymphocyte adhesion onto

endothelial cells in response to celiac patient IgA, we

observed that it is accompanied by upregulated expression

of the lymphocyte adhesion molecule, E-selectin. Inter-

estingly, there are reports that in untreated celiac disease,

the expression of lymphocyte adhesion molecules such as

Fig. 5 Effects of site-directed

transglutaminase 2 inhibitor

R281 on a 4-kD macromolecule

permeability, b lymphocyte

adhesion, and c lymphocyte

transendothelial migration in the

presence of celiac (CD)- and

control patient (non-CD)-

derived total IgA. TG2

inhibition blocked the effects of

CD IgA on macromolecular

permeability (a) and

lymphocyte transendothelial

migration (c), and attenuated

their effect on lymphocyte

adhesion (b). Bars represent

mean values of experiments

performed in duplicate and

repeated at least three times.

Error bars indicate standard

error of means. P \ .05 was

considered significant
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intracellular adhesion molecule-1, E-selectin, and mucosal

addressin cell adhesion molecule 1 are upregulated in the

intestinal mucosa [24–26]. One could thus hypothesize that

celiac patient IgA sequestered on small-bowel mucosal

blood vessels might enhance the expression of these lym-

phocyte-recruiting molecules and thereby contribute to the

migration of lymphocytes across the endothelial barrier

into the underlying lamina propria.

It is important to note that a commercially available

anti-TG2 antibody, CUB7402, did not exert effects on

endothelial permeability similar to those of celiac patient-

derived total IgA and affinity-purified anti-TG2-specific

antibodies. This discrepancy might be explained by the

different modes of action of the distinct antibodies.

According to our results, celiac patient-derived IgA

increased the transamidating activity of TG2 while

CUB7402 did not. CUB7402 is known to block the enzy-

matic activity of TG2 [19], but in our assay we did not see

such an inactivation when comparing to baseline activity of

TG2, likely because our assay consisted of measuring TG2

activity with a live cell assay performed with confluent cell

cultures, where TG2 has been reported in the literature to

be catalytically inactive [27]. There are divergent results

published on the modulation of TG2 activity by the celiac

Fig. 6 Role of Rho activity in

response to celiac disease (CD)

patient IgA. a RhoA activity in

endothelial cells is significantly

increased after 24 h

administration with CD but not

with control (non-CD) patient

IgA. Co-administration of the

Rho inhibitor C3 endotoxin

together with CD IgA abolished

the effect of celiac antibodies on

the paracellular permeability of

4 kD FITC-dextran (b) and

lymphocyte transendothelial

migration (d), and diminished

lymphocyte adhesion to

endothelial cells (c). Bars
represent mean values of

experiments performed in

duplicate and repeated at least

three times. Error bars indicate

standard error of means.

P \ .05 was considered

significant
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disease patient TG2-targeted autoantibodies. Most of the

articles report diminished TG2 enzymatic activity in

response to celiac patient anti-TG2-specific autoantibodies

[7, 28–30], whereas Kiraly and coworkers report enhanced

enzymatic activity of TG2 in the presence of celiac patient

autoantibodies [23]. Although our results are in line with

those published by Kiraly and coworkers, it is fairly diffi-

cult to explain all the conflicting results above otherwise

than by methodological differences. Since we were able to

prevent the celiac IgA-induced enhancement of TG2

activity by active-site directed TG2 inhibitor R281, and

because celiac IgA did not upregulate TG2 protein

expression in endothelial cells, our results indeed suggest

that celiac patient IgA increases the extracellular tran-

samidating activity of TG2 at least in endothelial cells.

Whether this finding can be generalized to other cell types

and tissues remains to be solved.

It has been earlier suggested that celiac patient auto-

antibodies targeted against TG2 would bind to the catalytic

triad [31], making it thus possible that in our TG2 activity

assay the inhibitor R281, when bound to the active site,

would inhibit the binding of the celiac IgA. Since R281 is a

site-directed irreversible inhibitor requiring Ca2? for its

activity [21], it is likely to trap the enzyme in its open

extended conformation, as has been shown with comparable

inhibitor compounds [32]. However, our binding studies

with fibronectin-bound Ca2?-activated TG2 that mimic

accessibility of extracellular TG2 epitopes demonstrate that

the binding of this inhibitor to TG2 does not render the

celiac patient antibodies unable to recognize the inactivated

enzyme. Although our ELISA results do not tell whether

TG2 adopted the open conformation during the assay or not,

the results directly prove that the celiac epitopes are

still accessible to patient antibodies while the active site

is occupied by the inhibitor, thus the epitope of the

celiac patient antibodies are distinct from the active site

of TG2.

We next sought to study whether an active site TG2

inhibitor, R281, could counteract the endothelial barrier-

disrupting properties of celiac IgA. This seemed indeed to

be the case, as pretreatment of endothelial cultures with

R281 abolished the effects of celiac disease autoantibodies

on macromolecular permeability and lymphocyte transen-

dothelial migration and attenuated the effect on lymphocyte

adhesion to endothelial cells. To our knowledge, there are

only few reports on TG2 or transglutaminases in general in

the context of vascular permeability. However, according to

the literature, at least two members of the transglutaminase

family, transglutaminase 1 and Factor XIII, would actually

appear to preserve the endothelial barrier [20, 33]. Our

findings on the interplay between celiac disease autoanti-

bodies and TG2 thus open a new scenario in the modulation

of vascular biology in celiac disease.

As RhoA has been shown to play a key role in signaling

to increase endothelial permeability [34, 35] and because

TG2 has also been reported to be able to activate RhoA

[16, 36], we sought to establish whether celiac patient

autoantibodies would also activate RhoA. Our findings

indeed show that celiac disease patient IgA activates RhoA

constitutively in endothelial cells. We were also able to

demonstrate that the inactivation of RhoA by C3 endotoxin

reduced the celiac patient IgA-enhanced endothelial barrier

dysfunction to the control level in the case of macro-

molecular permeability and lymphocyte transendothelial

migration, and also significantly although not to the control

level in lymphocyte adhesion to endothelial cells suggest-

ing that patient autoantibodies exert their function through

the RhoA pathway.

Since both the enzymatic inactivation of TG2 and RhoA

reduced macromolecular permeability and lymphocyte

transendothelial migration to the control level, it would

seem that the activation of TG2 and RhoA are operating in

the same pathway activated by celiac patient autoantibod-

ies and that this pathway is the major, if not sole, pathway

activated. Instead, the process of celiac autoantibody-

induced lymphocyte adhesion to endothelial cells seems to

be a more complex process involving more than one sig-

naling pathway as the enhanced lymphocyte adhesion

could only partially be blocked by inhibition of TG2 and

RhoA.

It is interesting to note that celiac patient autoanti-

bodies increase vascular permeability, as shown in this

paper, but also inhibit angiogenesis [12]. This suggests

they operate differently from the classic angiogenic fac-

tor family of vascular endothelial growth factors (VEGF)

which also induce vascular permeability but, instead of

inhibiting, actually induce angiogenesis [37]. The effects

exerted by VEGF are mediated by the same VEGF

receptors and the different cellular responses use over-

lapping signaling pathways [38]. Hence, the pathways

triggered by celiac patient autoantibodies appear to be

distinct from those activated by VEGF and could involve

the modulation of a complex interplay of endothelial cell

TG2 with extracellular matrix and the integrin network

[39]. However, the precise mechanism by which the

celiac patient autoantibodies targeted against TG2 exert

their function remains to be investigated in future

studies.

We conclude that celiac patient autoantibodies targeting

TG2 increase the transamidating activity of TG2 and

activate RhoA and that these changes lead to increased

blood vessel permeability. Consequently, celiac autoanti-

bodies acting in concert with proinflammatory cytokines to

increase blood vessel permeability could potentiate the

small bowel mucosal inflammatory response, eventually

leading to extensive mucosal remodeling in celiac disease
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and also contributing to the development of extraintestinal

manifestations.
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