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apoptosis. Endothelial cells in the presence of celiac IgA 
showed weak attachment, a high susceptibility to detach 
from fibronectin, and a disorganized extracellular matrix 
due to a reduction of protein cross-links. Furthermore, 
celiac patient IgA led to secretion of active transglutami-
nase 2 from endothelial cells into the culture supernatants. 
Additionally, cell surface transglutaminase 2 mediated inte-
grin clustering in the presence of celiac IgA was coupled 
to augmented expression of β1-integrin. We also observed 
that celiac patient IgA-treated endothelial cells had migra-
tory defects and a less polarized phenotype when compared 
to control groups, and this was associated with the RhoA 
signaling pathway. These biological effects mediated by 
celiac IgA on endothelial cells were partially influenced but 
not completely abolished by R281, an irreversible extracel-
lular transglutaminase 2 enzymatic activity inhibitor. Taken 
together, our results imply that celiac patient IgA antibod-
ies disturb the extracellular protein cross-linking func-
tion of transglutaminase 2, thus altering cell-extracellular 
matrix interactions and thereby affecting endothelial cell 
adhesion, polarization, and motility.
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Introduction

In the small intestine, an organized array of finger-like villi 
provides an extensive epithelial surface area for absorptive 
function. The integrity of the villi relies on an appropriate 
vascular network providing mechanical support and thus 
helping to keep the villi tall [1]. In celiac disease, an auto-
immune disorder triggered by ingested dietary gluten in 
susceptible individuals carrying human leukocyte antigen 

Abstract  We have recently found that celiac disease 
patient serum-derived autoantibodies targeted against trans-
glutaminase 2 interfere with several steps of angiogenesis, 
including endothelial sprouting and migration, though the 
mechanism involved remained to be fully characterized. 
This study now investigated the processes underlying the 
antiangiogenic effects exerted by celiac disease patient 
antibodies on endothelial cells, with particular regard to 
the adhesion, migration, and polarization signaling path-
way. We observed that celiac IgA reduced endothelial 
cell numbers by affecting adhesion without increasing 
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(HLA) DQ2 or DQ8 genotype, the overall architecture of 
the mucosal vasculature is abnormal [2, 3]. The blood ves-
sel alterations occur in the context of small bowel mucosal 
villous atrophy, crypt hyperplasia, and inflammation, these 
constituting typical features of the disease.

Celiac disease is also hallmarked by a strong antibody 
response targeted against dietary gluten-derived deami-
dated gliadin peptides and an autoantigen, transglutami-
nase 2 (TG2) [4–6]. The target of the disease-specific IgA 
class autoantibodies, TG2, is a highly complex multifunc-
tional protein with both enzymatic and non-enzymatic 
functions. As an enzyme, TG2 is able to catalyze post-
translational modifications of glutamine residues on pro-
teins and peptides through transamidation or deamidation 
reactions [7]. The TG2-mediated deamidation reaction is 
of particular importance during the pathogenesis of celiac 
disease, as distinct gliadin peptides can be deamidated by 
TG2, resulting in their increased affinity for HLA DQ2 and 
DQ8, thereby enabling a stronger antigen presentation and 
inflammatory response [8]. As a transamidase, again, TG2 
catalyzes the formation of ε(γ-glutamyl)-lysine crosslinks 
between various proteins, including fibronectin (FN) and 
collagen, and this activity plays an important role in the 
organization of the extracellular matrix [9]. On the other 
hand, the non-enzymatic functions of TG2 include its role 
in cell adhesion via action as an FN co-receptor for β integ-
rins [10] and syndecans [11].

The various functions of TG2 are involved in a variety 
of basic biological processes, including angiogenesis [12, 
13]. The modulation of angiogenesis by TG2 is apparently 
complex, as there are data showing that both increased and 
decreased TG2 enzymatic activity leads to altered angio-
genic response [14–17]. Our group has previously shown 
that celiac disease autoantibodies targeted against TG2 
inhibit angiogenesis [18] and increase vascular permeabil-
ity [2]. It appears that these outcomes involve increased 
enzymatic activity of TG2 [2, 19] and the Rho family of 
small GTPase proteins [2, 20], although the detailed molec-
ular mechanism whereby this occurs is not yet fully under-
stood. This present study sought to provide new insights 
into the molecular mechanism behind the altered endothe-
lial cell biology and inhibition of angiogenesis mediated by 
celiac disease patient antibodies.

Materials and methods

Cell culture and reagents

Human umbilical vein endothelial cells (HUVECs) (Lonza 
Cambrex Bio Science, Walkersville, MD, USA) were 
maintained in EGM-2 medium (Clonetics, San Diego, 
CA, USA) with 2  % fetal bovine serum (FBS) (Gibco 

Invitrogen, Paisley, Scotland) and 15 μg/ml endothelial cell 
growth supplements (Clonetics). Cells between passages 
two and six were used in the experiments. In the experi-
ments, the following chemical compounds administered 1 h 
before the addition of serum IgA were used: a non-revers-
ible and cell-impermeable inhibitor for extracellular TG2 
activity, R281 [21], at a final concentration of 200 μM, and 
a cell-permeable Rho inhibitor C3 transferase (Cytoskel-
eton, Denver, CO, USA) at 1 μg/ml.

Purification of serum IgA class antibodies

Serum samples from nine biopsy-proven celiac disease 
patients on a gluten-containing diet and five non-celiac 
healthy controls were included in the present study. All 
celiac sera had anti-TG2 antibody titers above 100  U/ml 
(Celikey; Pharmacia Diagnostic GmbH, Freiburg, Ger-
many) and endomysial antibodies titers 1:≥1,000, while 
all control sera were negative. Total serum IgA were puri-
fied as previously described with anti-Human IgA agarose 
(Sigma-Aldrich, St. Louis, MO, USA) [18] and diluted in 
phosphate-buffered saline (PBS) to a final concentration of 
100 μg/ml. Purified IgA fractions were used in all experi-
ments at a concentration of 1  μg/ml. The study protocol 
was approved by the Ethics Committee of Tampere Univer-
sity Hospital, Tampere, Finland. All patients gave written 
informed consent.

Cell number assay, detachment, and adhesion assay

For the determination of endothelial cell number, 1 ×  104 
HUVECs were plated on 96-well plates (Nunclon, Thermo 
Fisher Scientific, Rockford, IL, USA), pre-coated with 
5 μg of human plasma FN (Sigma-Aldrich) and grown to 
confluence. Thereafter, the cells were starved overnight 
(O/N) in 1 % FBS before a 24-h treatment with IgA. Sub-
sequently, the number of HUVECS was determined by 
[3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl] tetrazolium bro-
mide CellTiter 96 AQueous One Solution Cell Proliferation 
Assay (MTS) (Promega, Madison, WI, USA) following the 
manufacturer’s instructions. Experiments were performed 
in quadruplicate and repeated three times. The results are 
expressed as percentage of HUVECs without any treatment.

In order to study the susceptibility of cells to detach, 
HUVECs grown and treated as above were trypsinized 
(Sigma-Aldrich) for 5 min and carefully washed with PBS. 
The number of adherent cells remaining on the plate was 
determined by MTS assay as above (Promega). Experi-
ments were performed in quadruplicate and repeated three 
times. The results are expressed as percentage of HUVECs 
without any treatment.

Further, to investigate weak versus strong adhesion, 
confluent HUVEC monolayers grown on six-well plates 
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(Sigma-Aldrich) were starved O/N in 1  % FBS, treated 
with IgA for 24 h, and detached with 5 mM EDTA in PBS 
(pH 7.4). Subsequently, 1  ×  104 cells in serum-free cul-
ture media were allowed to adhere for 1 h on FN-precoated 
chamber slides (BD-Falcon, Bedford, MA, USA). The cells 
were carefully washed with PBS (pH 7.4) and then fixed 
with 4  % paraformaldehyde (4  % PFA). Images of cells 
from non-overlapping fields were taken at 20× magnifica-
tion using the Axiovision 3.0 program (Carl Zeiss Vision 
GmbH, Munich, Germany). Weakly adhering cells (round 
cells) were counted manually on captured images. The 
results are given as the percentage of weakly adhering cells 
among all cells.

Quantification of apoptotic cells

The number of cells undergoing apoptosis was quanti-
fied using an Annexin V-FITC kit (Calbiochem, Beckman 
Coulter, Brea, CA, USA), according to the manufacturer’s 
instructions. Briefly, 1 × 104 cells in different culture con-
ditions were collected, washed, resuspended in binding 
buffer, and mixed with Annexin V-FITC and propidium 
iodine. After 5-min dark incubation at room temperature 
(RT), cells were analyzed using a flow cytometer (Expo32 
ADC, Epics_XL-MCL, Beckman Coulter).

Microtiter plate assay for quantification of surface 
and matrix expression of proteins

HUVECs were grown to confluence on commercial 96-well 
plates (Nunclon). After O/N starvation in EGM-2 with 
1 % of FBS, they were incubated for 24 h in the presence 
of purified serum IgA. The cells were then washed with 
Hanks’ balanced salt solution (HBSS) (Sigma-Aldrich), 
fixed with 4  % paraformaldehyde (PFA) (Sigma-Aldrich) 
and blocked with 5  % bovine serum albumin (BSA) 
(Sigma-Aldrich). The plates were then incubated with pri-
mary antibodies against human FN (1:200) (F3648, Sigma-
Aldrich), N-ε-(γ-l-glutamyl)-l-lysine isopeptide (1:200) 
(mab0012, Covalab, Villeurbanne, France), MT1-MMP 
(1:200) (MAB3328, Millipore, Billerica, MA, USA), β1-
integrin (1:200) (MAB1965, Millipore) or vinculin (1:200) 
(7F9, Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h 
at 37 °C. After incubation with primary antibodies, the cells 
were extensively washed and incubated in the presence of 
secondary horseradish peroxidase-conjugated anti-mouse 
or anti-rabbit immunoglobulins (1:2,000) (Dako, Glostrup, 
Denmark) at 37 °C for 1 h. Finally, the peroxidase substrate 
TMB (Sigma-Aldrich) was used and the enzymatic reaction 
was stopped with 2.5  M H2SO4. Absorbance was meas-
ured at 450  nm by spectrophotometer (Multiskan Ascent, 
Thermo Labsystems, Santa Clara, CA, USA).

Immunofluorescent stainings

HUVECs were grown to confluence on FN-precoated cham-
ber slides (BD-Falcon) and subjected to different experi-
mental conditions. For visualization of cross-links, the cells 
were washed with PBS, fixed in 4 % PFA, and then blocked 
with 1 % BSA. Immunolabeling was carried out using anti-
N-ε-(γ-l-glutamyl)-l-lysine isopeptide antibody (1:200) 
(Covalab), which was detected by Alexa Fluor 488 conju-
gated secondary anti-mouse antibody (1:3,000) (Invitrogen, 
Molecular Probes, Leiden, Netherlands). FN staining was 
performed by incubating live cells grown on chamber slides 
(BD-Falcon) with anti-human FN (Sigma-Aldrich) diluted 
1:200 for 1 h at 37 °C. Thereafter, unbound antibodies were 
carefully washed with PBS and the cells were fixed with 
4 % PFA. Subsequently, non-specific binding was blocked 
with 1  % BSA and the bound antibodies detected with 
Alexa Fluor 488 or Alexa Fluor 568 conjugated secondary 
anti-mouse or anti-rabbit antibodies (1:3000) (Invitrogen). 
All stainings were visualized by fluorescent microscopy 
analysis (Olympus Optical Co. Ltd, Tokyo, Japan).

SDS‑PAGE and immunoblotting

For Western-blot analysis, confluent HUVECs under dif-
ferent experimental conditions were resuspended in Lae-
mmli loading buffer (63  mM Tris–HCl, 10  % glycerol, 
2 % SDS, 0.1 % (w/v) Bromophenol Blue, 2.5–5.0 % beta-
mercaptoethanol). Total lysates (10 μl) or cell supernatants 
were separated by 12 % SDS-PAGE electrophoresis under 
reducing conditions. After gel electrophoresis and trans-
fer of the proteins to a nitrocellulose membrane (Hybond 
C-extra, Amersham Biosciences Ltd, Little Chalfont, UK), 
the nitrocellulose sheets were blocked at RT for 1  h in 
5  % non-fat dry milk and incubated O/N at +4  °C using 
specific primary antibodies. The primary antibodies used 
here included mouse monoclonal antibodies against TG2, 
CUB7402 (NeoMarkers, Fremont, CA, USA), β1-integrin 
(MAB 1965, Chemicon), vinculin (7F9, clone sc-73614, 
Santa Cruz Biotechnology, Wembley, UK). Monoclo-
nal antibody against γ-tubulin (GTU-88, Sigma-Aldrich) 
was chosen as the internal loading control. Blots were 
then washed and immunoreactivity detected by sequential 
incubation of the membranes with the appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibody 
(Dako) for 1  h at RT. Thereafter, the membranes were 
analyzed using the chemiluminescence detection system 
(Amersham, ECL plus Western blotting detection system). 
Exposed autoradiography films (Kodak, New Haven, CT, 
USA) were subjected to densitometry investigation using 
Kodak 1D image analysis software (Kodak). The protein 
expression was normalized to γ-tubulin and control taken 
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as 100  %. The calculated values are derived from three 
independent experiments performed in duplicate.

Determination of TG2 activity in culture supernatants

Secreted TG2 enzymatic activity in culture supernatants 
of endothelial cells was measured by 5-biotinamidopen-
tylamine (5-BP) (Thermo Fisher Scientific) incorporation 
into FN (Human FN 96-well Multiwell) (BD Biosciences). 
Supernatants of HUVECs under different experimental 
conditions were collected after 24 h and subsequently incu-
bated with 40 μM 5-BP for 2 h at 37 °C on FN-precoated 
plates. After extensive washing with Tris HCl pH 7.4, 
incorporated 5-BP was detected with a streptavidin bioti-
nylated HRP complex (1:5,000) (Life Science Research 
Pierce Biotechnology). Lastly, the peroxidase substrate 
TMB (Sigma-Aldrich) was used and the enzymatic reaction 
stopped with 2.5  M H2SO4. Absorbance was measured at 
405 nM by spectrophotometer (Multiskan Ascent, Thermo 
Labsystems). In order to verify the presence of TG2 during 
the procedure, some wells were incubated with CUB7402 
(1:200) (NeoMarkers, Fremont, CA, USA) instead of 
5-BP. Data are derived from two independent experiments, 
repeated in quadruplicate.

Integrin clustering assay

Integrin clustering was studied as previously reported [22] 
with minor modifications. Briefly, 2 × 105 HUVECs cells 
cultured under different experimental conditions were 
seeded onto FN-coated (10  μg/ml) chamber slides (BD-
Falcon) in serum-free (SE) or in 1  % serum-containing 
medium (SEM). Cells were left to adhere and grow for 4 h 
in SE and 24 h in SEM. Live cells were incubated with β1-
integrin primary antibody (Chemicon) for 1 h, washed with 
PBS, fixed with 4 % PFA and permeabilized with 0.25 % 
Triton X-100. Thereafter, the cells were blocked with 0.1 % 
BSA in PBS for 25  min, followed by incubation for 1  h 
with the conjugated secondary antibody Alexa Fluor 568 
(Invitrogen). Slides were visualized by fluorescent micros-
copy analysis (Olympus Optical Co. Ltd).

Golgi reorientation assay

Cell polarity assay was performed as previously described 
[23], with minor modifications. Briefly, 2 × 105 HUVECs 
were grown onto FN-coated (10  μg/ml) chamber slides 
(BD-Falcon) until confluent, starved O/N in culture media 
1  % FBS, and subjected to different experimental con-
ditions. After 24  h, endothelial cell monolayers were 
wounded with a pipette tip, washed with PBS and incubated 
in serum-free media for 4  h with the monoclonal β-COP 
antibody (clone M3A5, Sigma-Aldrich). After extensive 

washings, HUVECs were fixed with 4 % PFA, permeabi-
lized, and then blocked with 0.05  % BSA for 1  h at RT. 
Golgi apparatus was detected by Alexa Fluor 568 conju-
gated secondary anti-mouse (1:3,000) (Invitrogen). Actin 
cytoskeleton changes were visualized using FITC-con-
jugated phalloidin (Invitrogen). Images were captured at 
60× using an inverted microscope (IX51; Olympus Optical 
Co. Ltd). To quantify endothelial cell polarization, Golgi 
reorientation at the wounded edges was analyzed. A square 
was drawn over the nucleus and divided into quadrants. 
Quadrant A was assigned to the area of the cell between the 
nucleus and the leading edge. A properly reoriented Golgi 
was indicated by β-Cop staining entirely within quadrant 
A. Analyses were performed on 100 cells per experiment to 
determine the percentage of cells with reoriented Golgi. All 
stainings were visualized by fluorescent microscopy analy-
sis (Olympus Optical Co. Ltd).

Statistical analysis

Statistical analysis was performed using the non-paramet-
ric two-tailed Mann–Whitney U test. Data are presented 
as means + standard error of means. A p value <0.05 was 
considered significant.

Results

Celiac disease IgA affects endothelial cell number, 
adhesion, and detachment

We first addressed the anti-angiogenic properties of celiac 
disease patient IgA (CD IgA) by investigating their effects 
on endothelial cell number. We noted that there was a small 
but statistically significant reduction in the number of 
HUVECs cultured on FN in the presence of CD IgA for 
24 h when compared to cells without treatment or incubated 
with control IgA (H IgA) (Fig.  1a). As the reduction in 
cell number might be due to adhesion defects or increased 
apoptosis, we next investigated these cell parameters in our 
experimental settings. Interestingly, we observed that in 
HUVEC cultures supplemented with CD IgA there was a 
significantly lower number of cells left on the plates after 
detachment by trypsinization when compared to control 
groups (Fig.  1b). Additionally, the percentage of round, 
weakly adherent cells on the FN-coated surface was sig-
nificantly greater among HUVECs treated with CD IgA 
than in control cultures (Fig.  1c). Pre-incubation of the 
cells with the extracellular TG2 enzymatic activity inhibi-
tor R281 was not able to normalize any of the above-men-
tioned effects (Fig. 1a–c). The numbers of apoptotic cells 
in control conditions and after treatment with H IgA or CD 
IgA were comparable (30, 33, and 38 %, respectively).
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The extracellular environment of endothelial cells is altered 
in the presence of celiac IgA

As we found the attachment of HUVECs to FN to be 
abnormal in the presence of CD IgA, we next investigated 

whether the altered expression of FN, a matrix ligand 
of cell surface TG2 [10], might account for these effects. 
Interestingly, we found that even though the overall FN 
expression in total cell lysates was not affected by CD IgA 
when analyzed by Western blotting (data not shown), there 
was a slight decrease in its surface expression measured 
by the microtiter plate assay (Fig.  2a). Moreover, immu-
nofluorescent staining showed differences in the architec-
ture of the extracellular FN network in the presence of CD 
IgA (Fig.  2b). These effects on FN were not reversed by 
inhibiting the extracellular TG2 enzymatic activity with 
R281 (Fig. 2a, b). As FN, among other common extracel-
lular matrix proteins, is polymerized by TG2 cross-link-
ing activity [22, 24, 25], we next determined the relative 
numbers of stable cross-links in our cell cultures. Using a 
microtiter plate assay, we observed a statistically signifi-
cant decrease in N-ε-(γ-l-glutamyl)-l-lysine isopeptide 
bonds in HUVECs incubated with CD IgA autoantibod-
ies when compared to control groups (Fig. 2c). Similarly, 
immunostaining of extracellular cross-links supported this 
finding (Fig. 2d).

As cell surface TG2 is susceptible to degradation by 
membrane type 1 matrix metalloproteinase (MT1-MMP) 
[26, 27], we next studied whether increased MT1-MMP 
expression could elucidate the adhesion defects observed in 
endothelial cells grown in the presence of CD IgA. Results 
obtained by the microtiter plate method showed that in 
the presence of CD IgA, the expression of MT1-MMP 
was moderately but significantly increased. This increase 
could not be prevented by the non-permeable TG2 enzy-
matic inhibitor, R281 (Fig.  3a). Since increased expres-
sion of MT1-MMP is related to extensive proteolysis of 
cell surface TG2, resulting in the appearance of three major 
cleavage products of molecular masses of ~75, ~66, and 
~56 kDa in culture media [22], we next collected superna-
tants of HUVECs under different experimental conditions 
to further investigate this issue by Western blotting. Inter-
estingly, we found two main bands, one of which corre-
sponded to intact TG2 (molecular mass of ~75  kDa) and 
the other to higher molecular weight TG2 (molecular mass 
of ~200 kDa) highly expressed in the presence of CD IgA 
(Fig. 3b). Of note, we also found that TG2 secreted from 
endothelial cells cultured in the presence of CD IgA was 
enzymatically active (Fig.  3c). The secretion of TG2 into 
the supernatants was not prevented by R281, whereas its 
enzymatic activity was abolished (Fig. 3b, c).

Celiac IgA has an effect on integrin β1 and vinculin 
expression

Since TG2 has a prominent role in cell adhesion as a β1-
integrin co-receptor for FN in a non-enzymatic fash-
ion [10], we next considered β1-integrin expression in 

Fig. 1   Celiac patient immunoglobulins A (CD IgA) reduces endothe-
lial cell number and affects cell adhesion. a HUVEC cell number in 
cultures without any supplementation and after 24-h treatment with 
CD or healthy IgA (H IgA) analyzed by chemical reduction of MTS. 
b The same experimental setting was used to investigate the num-
ber of adherent cells on the plate after 5 min of trypsinization. For a 
and b, the results were normalized to HUVECs without any treatment 
and indicated by a dashed line. Data are derived from three independ-
ent experiments repeated in quadruplicate. c Quantification of weakly 
adhering cells to fibronectin-precoated chambers as percentage of total 
cell number. Before adhesion, the cells were grown for 24 h without 
any supplementation or with H IgA or CD IgA. Quantification was per-
formed by counting the number of round cells (weak adhesion) in ran-
domly selected microscopic pictures of three independent experiments. 
In all panels, the bars represent the mean and error bars standard 
error of mean. A p value <0.05 was considered significant (*p < 0.05, 
**p < 0.01, and ***p < 0.001) and only statistically significant results 
are reported. The extracellular transglutaminase 2 activity was inhibited 
by administering a site-directed, non-permeable inhibitor, R281
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HUVECs under different experimental conditions. Immu-
nostaining for β1-integrin revealed that in all groups after 
4-h adhesion the cells form similar, punctuate β1-integrin 
patterns, mainly localized on the perinuclear region in 
those receiving CD IgA (Fig.  4a). After 24  h, in control 
cultures β1-integrin was mostly found as punctuate struc-
tures along the entire cell body, especially on the periphery 
of the cells, very likely at focal adhesion sites (Fig. 4b). In 
contrast, endothelial cells treated with CD IgA were char-
acterized by a prominent β1-immunostaining at the periph-
ery of the cell. In addition, we observed that the contact 
area of the cells appeared filamentous and lacked a bright 
β1-integrin signal (Fig.  4b). We also assessed the expres-
sion of β1-integrin by Western blotting and by a microtiter 

plate method after 24-h treatment with serum IgA and 
found it to be increased in HUVECs cultured in the pres-
ence of CD IgA (Fig. 5a–c). Preincubation with the extra-
cellular TG2 enzymatic inhibitor R281 did not affect this 
increase (Fig. 5c).

Adhesion is mediated by the formation of proper focal 
adhesion sites which include the recruitment of a cytoplas-
mic protein, vinculin [28] and we thus next investigated its 
expression. When measured by both the microtiter plate 
method and Western blotting, we noted a reduction in vin-
culin expression in cells treated with CD IgA when com-
pared to controls (Fig. 6a–c). As mentioned previously, this 
decrease was overcome by pre-incubating the cells with 
R281 (Fig. 6b, c).

Fig. 2   In endothelial cells, celiac patient immunoglobulin A (CD 
IgA) affects extracellular fibronectin and cross-links. The relative 
amount of a fibronectin as well as c the extent of N-ε(γ-l-glutamyl)-
l-lysine cross-links were analyzed by a microtiter plate assay in 
HUVECs with no supplementation or after 24-h treatment in the 
presence of CD IgA and healthy IgA (H IgA). The results were nor-
malized to HUVECs without any treatment, indicated by the dashed 
line. Bars represent the mean and error bars indicate standard error 
of the mean. A p value <0.05 was considered significant (*p < 0.05, 
**p < 0.01, and ***p < 0.001) and only statistically significant results 

are reported. Data derived from three independent experiments 
repeated in quadruplicate are shown. b Representative immunofluo-
rescence stainings of fibronectin in live HUVECs alone or incubated 
for 24 h with H IgA and CD IgA. Scale bar 100 μM. d Representa-
tive immunofluorescence stainings of protein cross-links in control 
HUVECs with no treatment or incubated for 24 h with H IgA and CD 
IgA. Cross-links are shown in green and DAPI was used as nuclear 
counterstain (blue). Scale bar 50 μM. The extracellular TG2 activity 
was inhibited by administering a site-directed, non-permeable inhibi-
tor, R281
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Endothelial cell polarization is affected in the presence 
of celiac disease IgA

Since transient integrin clustering and the establishment 
of mature focal adhesion sites are necessary for cells to 
acquire a polarized phenotype [23], we next sought to 

Fig. 3   Celiac patient immunoglobulins A (CD IgA) increase sur-
face expression of membrane type 1 matrix metalloproteinase 
(MT1-MMP) and promote transglutaminase 2 (TG2) secretion from 
endothelial cells. a The relative surface expression of MT1-MMP in 
endothelial cells without any treatment or in the presence of CD IgA 
or control non-celiac subject immunoglobulin-A (H IgA) was studied 
by a microtiter plate method. Bars represent mean MT1-MMP expres-
sion as fold of control (dashed line) and error bars indicate stand-
ard error of the mean. A p value <0.05 was considered significant 
(***p < 0.001) and only statistically significant results are reported. 
Data are derived from three independent experiments repeated in 
quadruplicate. b A representative Western blot of endothelial cell cul-
ture supernatants under different experimental conditions performed 
with CUB7402 to detect TG2. c The relative activity of secreted 
TG2 was analyzed by microtiter plate assay. Bars represent mean 
5-BP incorporation into fibronectin as fold of control and error bars 
indicate standard error of the mean. A p value <0.05 was considered 
significant (*p  <  0.05, **p  <  0.01) and only statistically significant 
results are reported. Data are derived from two independent experi-
ments repeated in quadruplicate. R281 indicates a non-permeable, 
site-directed TG2 enzymatic activity inhibitor

Fig. 4   Celiac patient immunoglobulins A (CD IgA) affect β1-integrin 
clustering in endothelial cells. Representative immunofluorescence 
stainings of serum-starved endothelial cells (HUVECs) allowed to 
adhere on fibronectin-precoated chambers for 4 h (in 0 % FBS) (a) 
and for 24 h (in 1 % FBS) (b) and immunostained with of β1-integrin 
primary antibody. Differences in β1-integrin (in red) are indicated by 
white circles and DAPI was used as nuclear counterstaining (blue). 
Images were selected from three independent experiments. Scale bar 
20 μM. The extracellular TG2 activity was inhibited by preincubation 
of the cells with the non-permeable site-directed inhibitor, R281
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evaluate this cell parameter by wound healing and Golgi 
reorientation analysis.

In unwounded endothelial cells monolayers, the Golgi 
apparatus is randomly oriented [23]. Upon creating a 
scratch wound edge and allowing for initial cell move-
ment within the denuded space, cells will establish an axis 
of polarity with lamellipodia and Golgi markers facing 
the wound edge. Whereas over 90  % of HUVECs incu-
bated with H IgA exhibited Golgi orientation towards the 
wound edge, only 50 % of HUVECs treated with CD IgA 
displayed such behavior, with a more disrupted pattern of 
F-actin and lamellipodia not projected towards the direc-
tion of the wound (Fig. 7a–c). Incubation of the cells with 
R281 prior to CD IgA treatment seemed to ameliorate the 

defective polarization phenotype even though it did not 
reverse it totally. In contrast, pre-administration of the C3 
transferase inhibitor reversed the polarity defects observed 
in HUVECs with CD IgA, albeit not to control levels 
(Fig. 7a–c).

Discussion

The aim of this study was to find new insights into the 
mechanism of action underlying the antiangiogenic effects 
exerted by CD IgA in the endothelium, in vitro, without 
considering the mesenchymal compartment. We observed 
that the number of endothelial cells was decreased in the 
presence of CD IgA. This was presumably caused by 
enhanced susceptibility to detach from FN and an ability 
to adhere only weakly. Proper cell adhesion relies on the 
integrity and stabilization of the ECM of the cell [29]. 
Interestingly, we found that the presence of CD IgA leads 
to an irregular appearance of the FN network and a reduc-
tion in the number of protein cross-links, suggesting that 
the FN polymerization process catalyzed by extracellular 
TG2 cross-linking activity is disturbed, this accounting 
for the abnormal ECM, altered adhesion properties, and 
reduction in endothelial cell numbers. Of note, inhibition 
of extracellular TG2 by R281 did not modify the CD IgA-
mediated effects. The finding of a decreased ECM cross-
links was unexpected, since our previous works [2, 19] have 
shown that celiac disease autoantibodies increase endothe-
lial TG2 enzymatic activity when measured by incorpora-
tion of primary amines. However, this discrepancy might 
be explained by the fact that transamidation (using a small 
primary amine substrate) and protein crosslinking by 
TG2 take place under different conditions. Thus, bearing 

Fig. 5   Celiac patient immunoglobulins A (CD IgA) increase β1-
integrin expression in endothelial cells after 24-h treatment. a Quan-
tification of Western-blot analyses of β1-integrin in whole endothelial 
cell lysates under different experimental conditions. Protein expres-
sion was normalized to γ-tubulin and control was taken as 100 %. The 
dashed line indicates HUVECs without any treatment. Bars represent 
mean of data derived from four independent experiments repeated 
in duplicate and error bars indicate standard error of the mean. A p 
value <0.05 was considered significant (*p  <  0.05) and only statis-
tically significant results are reported. b Representative Western blot 
of β1-integrin in whole endothelial cell lysates under different experi-
mental conditions. c The relative amount of β1-integrin was analyzed 
by microtiter plate method in unpermeabilized HUVECs alone or 
incubated with CD IgA and healthy (H IgA) subject’s immunoglobu-
lins. The dashed line indicates HUVECs without any treatment. Bars 
signify mean and error bars standard error of the mean. A p value 
<0.05 was considered significant (**p < 0.01, ***p < 0.001) and only 
statistically significant results are reported. Data are derived from 
three independent experiments repeated in quadruplicate. The extra-
cellular transglutaminase 2 activity was inhibited by administering a 
site-directed, non-permeable inhibitor, R281

◂
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in mind that the cross-linking activity of TG2 is required 
for FN assembly and deposition [22, 30], we may specu-
late that this function of TG2 is inhibited in the presence 
of CD IgA and leads to decreased expression and abnor-
mal appearance of extracellular FN. A recent work, again, 
reporting that major auto antigenic epitopes in TG2 recog-
nized by celiac patient autoantibodies are clustered in the 
N-terminal half of the enzyme [31], in part corresponding 

to the FN binding site of TG2, allows us to alternatively 
explain our findings by the inability of anti-human-FN anti-
body to recognize FN when it is complexed to TG2 and CD 
IgA. In this regard, our preliminary unpublished data would 
imply that this indeed might be the case, since in the pres-
ence of CD IgA the detection of FN associated with TG2 is 
reduced.

It has also been reported that treatment of FN-TG2 
matrix with TG2 autoantibodies from celiac disease 
patients reduces cell attachment [32]. Mesin and cowork-
ers have hypothesized that anti-TG2 IgA could displace 
TG2 from the FN meshwork, and such a mechanism could 
explain the altered cell adhesion properties [31, 33]. In con-
trast to this claim, we observed in our in vitro experimen-
tal settings that when TG2 is immobilized on FN, it is not 
released in the presence of CD IgA (unpublished results) 
nor could any interference be measured between the celiac 
autoantibodies and FN binding in the presence of Ca2+ 
[31], which is abundantly available for TG2 in extracel-
lular conditions. On the other hand, we saw augmented 
secretion of TG2 in endothelial cell culture supernatants 
treated with CD IgA, independent of the TG2 extracellu-
lar activation, since administration of R281 was not capa-
ble of preventing this effect. However, we can exclude the 
involvement of MT1-MMP in this process because only a 
moderate increase in its expression was observed on the 
endothelial cell surface of HUVECs-CD IgA which did 
not promote the proteolytic degradation of TG2. Interest-
ingly, the secreted TG2 was proved to possess transamidase 
activity. In this regard, a recent work has suggested that the 
release of TG2 could possibly lead to increased enzymatic 
activity as the enzyme is brought into solution [31], which 
would explain our previously reported findings of increased 
TG2 activity in the presence of celiac IgA. Nevertheless, 
the increased TG2 amino incorporation activity observed in 
the presence of celiac patient autoantibodies was measured 
in an endothelial culture system after supernatants were 
removed, this pointing towards another mechanism. In 
addition, externalized TG2 is rapidly incorporated into the 
ECM [27], as could have occurred in our experimental set-
tings, this explaining the increased TG2 transamidase activ-
ity so far observed in the presence of celiac autoantibodies. 
However, our view is that this might not be the case, since 
TG2 secretion induced from endothelial cells by CD IgA 
was not accompanied by a higher expression of extracel-
lular TG2.

Cell-secreted and surface TG2 have different but com-
plementary roles in promoting cell adhesion. At the cell 
surface, in a non-enzymatic fashion, TG2-FN-mediated 
integrin clustering potentiates outside-in signaling, while 
TG2-FN-mediated syndecan-4 binding leads to inside-out 
integrin signaling to promote cell adhesion and spread-
ing. Functional collaboration between integrin, syndecans, 

Fig. 6   Celiac patient immunoglobulins A (CD IgA) reduce vinculin 
protein expression in endothelial cells. a The relative amount of vin-
culin in HUVECs alone or incubated with CD IgA and healthy (H 
IgA) subject’s immunoglobulins was studied by microtiter plate assay 
after 24-h treatment. b Quantification of Western-blot analyses of vin-
culin in whole endothelial cell lysates under different experimental 
conditions. Protein expression was normalized to γ-tubulin and con-
trol was taken as 100 %. The dashed line indicates HUVECs without 
any treatment. In a, b, bars represent the mean and error bars indicate 
standard error of the mean. A p value <0.05 was considered signifi-
cant (*p < 0.05, **p < 0.01) and only statistically significant results 
are reported. Data are derived from three independent experiments 
repeated in quadruplicate. c Representative Western blot of vinculin in 
whole endothelial cell lysates under different experimental conditions 
is shown. The extracellular transglutaminase 2 activity was inhibited 
by administering a site-directed non-permeable inhibitor, R281
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and TG2 is reflected by the alteration of integrin cluster-
ing and focal adhesion assembly [34, 35]. We found that 
in endothelial cells the presence of CD IgA induced the 
formation of punctate β1-integrin structures after 4  h of 
adhesion mostly localized around the perinuclear area. 
After 24 h, a more pronounced alteration in integrin dis-
tribution was observed. In fact, cells incubated with CD 
IgA displayed distinct filaments between the cells coupled 
to marked β1-integrin immunostaining at the periphery of 
the cells, in contrast to controls, where more homogene-
ous punctate arrangements were observed, this probably 
corresponding to focal adhesion sites. This would suggest 
that CD IgA induces constitutive clustering and activation 
of integrins different from the transient integrin clustering 
required for cell adhesion [34]. This activation was related 

to increased expression of β1-integrin in the presence of 
CD IgA.

It has been shown that integrin clustering promotes 
RhoA activation [34], and this activation is involved in 
increased vascular permeability in the presence of CD IgA, 
at least in vitro [2]. Since RhoA affects polarity in migrat-
ing cells [23], we next studied directional cell motility in 
HUVECs under different experimental conditions. We 
found that endothelial cells when treated with CD IgA lose 
polarization when compared to control groups. It is note-
worthy that the effects exerted by CD IgA were reversed 
with prior incubation of the cells with C3 transferase inhib-
itor but not completely by R281, suggesting an important 
involvement of the RhoA signaling pathway in the polari-
zation defects described above. We however cannot entirely 

Fig. 7   Celiac patient immuno-
globulins A (CD IgA) inhibit 
endothelial cell polarization and 
migration. a Quantification of 
cell polarization in HUVECs 
on fibronectin incubated with 
CD IgA and healthy (H IgA) 
subject’s immunoglobulins after 
24-h treatment by Golgi-reori-
entation assay. Bars signify the 
percentage of HUVECs which 
had reoriented Golgi towards 
the wound edge and error bars 
indicate standard error of the 
mean. A p value <0.05 was con-
sidered significant (*p < 0.01, 
**p < 0.001) and only statisti-
cally significant results are 
reported. More than 500 cells 
were selected over three inde-
pendent experiments. b, c Rep-
resentative immunofluorescence 
stainings of Golgi by B-COP 
antibody (red) in HUVECs 
under different experimental 
conditions. Actin cytoskeleton 
was visualized by phalloidin 
(green) and DAPI (blue) was 
used as nuclear counterstaining. 
Images were selected over three 
independent experiments. The 
white dashed lines represent the 
edge of the wound. b Scale bar 
100 μM and c scale bar 20 μM. 
The extracellular TG2 activity 
was inhibited by administering 
a site-directed non-permeable 
inhibitor, R281. Similarly, C3 
transferase was administered to 
inhibit small Rho GTPases in 
the phenotype
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exclude the collaboration of other members of the Ras fam-
ily, since C3 transferase inhibits the activity of all small 
GTPases. Moreover, we observed that endothelial cells 
treated with CD IgA had rounded and less organized focal 
adhesion sites when compared to controls (unpublished 
data) together with decreased expression of the late adhe-
sion molecule vinculin. It is of note that R281 was able to 
ameliorate the expression level of vinculin, suggesting a 
role for extracellular TG2 enzymatic activity on vinculin 
expression.

Although a limitation of our study was that we used 
untreated celiac disease patient’s total serum IgA that 
likely includes different pools of antibodies in addition to 
anti-TG2, such as anti-actin, anti-desmin, anti-reticulin 
autoantibodies [36] as well as anti-deamidated gliadin pep-
tide antibodies, our net results would imply that CD IgA 
antibodies disturb the extracellular protein cross-linking 
function of TG2, thus altering endothelial cell–ECM inter-
actions and thereby affecting endothelial cell adhesion, 
polarization, and motility. These alterations are possibly 
attributable to altered focal adhesion sites triggered by 
abnormal ECM organization, the cells seeking to overcome 
the defect by modulating the expression of β1-integrin, and 
increased RhoA activity.

Finally, we were intrigued to find that CD IgA pro-
moted the secretion of TG2 into the culture medium from 
endothelial cells and this secreted TG2 was enzymatically 
active. Even though the role of TG2 in the extracellular 
compartment implies its involvement mainly in the stabili-
zation of the ECM and in cell adhesion, we cannot exclude 
the existence of other undefined functions. In this regard, 
we might hypothesize that in pathological conditions such 
as celiac disease, the secretion of TG2 might be related to 
immune-modulatory functions linked to its active state.

If CD IgA antibodies act on vascular function in vivo 
similarly to what we have described in the present study 
in vitro, we could explain the altered small bowel mucosal 
microvasculature in untreated celiac disease patients [37]. 
Further studies are thus clearly called for in order to better 
clarify the mechanism herein proposed, this possibly help-
ing to elucidate the anti-angiogenic effects exerted by CD 
IgA in the pathogenesis of the disease.
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