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COELIAC DISEASE
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Background and aims: Coeliac disease (CD) is a multifactorial disorder which has an autoimmune
component characterised by the occurrence of disease specific autoreactive antibodies against the
enzyme tissue transglutaminase (tTG). The aim of this study was to investigate whether binding of antibodies to the enzyme influences tTG activity.
Methods: tTG activity was assayed in the presence of immunoglobulin A (IgA) and immunoglobulin G
(IgG) purified from the serum of coeliac patients, CUB 7402 (an anti-tTG mouse monoclonal antibody),
and human anti-tTG monoclonal antibodies derived from both intestinal lymphocytes from three patients
with CD and from peripheral blood lymphocytes from healthy subjects. For our studies we used calcium
treated and untreated recombinant human tTG. Furthermore, the effects of antibodies were determined
by immunohistochemical detection of tTG activity in sections of human umbilical cord.
Results: IgG and IgA from CD patients inhibited tTG activity in vitro in a dose dependent manner, with
a different rate of inhibition among patients. The monoclonal antibody CUB 7402 and human monoclonal antibodies displayed a dose dependent inhibitory effect towards the catalytic activity of the
enzyme, both in vitro and in situ. Preincubation of tTG with CaCl2 caused loss of the inhibitory effect
due to CUB 7402 but not that caused by human monoclonal antibodies.
Conclusions: Purified CD IgA, IgG, as well as human anti-tTG monoclonal antibodies inhibited the
enzymatic activity of human tTG both in vitro and in situ.

issue transglutaminase (tTG, EC 2.3.2.13) belongs to a
family of Ca2+ dependent enzymes that catalyse posttranslational modification of peptides and proteins with
the formation of isopeptide bonds between the γ-carboxamide
group of protein bound glutaminyl residues and e amino
group of lysyl residues, present in the same or different
polypeptide chain, or primary amines.1–3 tTG is widely distributed in vertebrate tissue and is a strongly regulated enzyme
both transcriptionally and functionally.3–6 It appears to play a
critical role in controlling cell and tissue homeostasis, regulating the cell cycle through its involvement in proliferation, terminal differentiation, and apoptosis.7 It is also present in
extracellular compartments where it has a role in the stabilisation of the extracellular matrix and tissue repair by forming
cross links between various substrate proteins.8 Finally, tTG is
involved in the transduction of extracellular signals. In fact,
tTG is a bifunctional enzyme with a transamidating catalytic
activity on peptidyl glutamine residues as well as a guanosine
triphosphate (GTP) hydrolysing activity, analogous to that of
G proteins, in adrenergic receptor transduction pathways.9 10
Other than its physiological roles, tTG mediated posttranslational modifications of proteins may represent a pathogenic mechanism in human diseases characterised by
autoimmune phenomena, including coeliac disease (CD).11–13
CD, or gluten sensitive enteropathy, is a multifactorial
disease affecting approximately 1 in 200 Europeans.14 It is
considered to be the result of a dysregulated T cell mucosal
immune response to wheat gliadin and related prolamines of
other toxic cereals (barley, rye, and possibly oats).14 It affects
genetically susceptible individuals, with human leucocyte
antigen genes playing a major role.15 Autoimmunity is an
increasingly recognised feature of the disease; in fact, CD not
only appears to be strongly associated with a series of
autoimmune conditions, such as insulin dependent diabetes

mellitus, thyroiditis, and Addison’s disease, but is itself
characterised by autoimmune phenomena. It has long been
known that disease specific antibodies recognise proteins of
the extracellular matrix16 and the target was recently
identified by Dieterich et al as being tTG.17 This observation has
had a large impact on diagnostic strategies for CD18 19 as well as
providing new perspectives in the understanding of the
disease mechanisms at both the local and systemic levels,
reflecting the role of tTG in many crucial biological processes.
Recently, Marzari and colleagues20 isolated a series of
antibodies to tTG by selecting phage display antibody libraries
derived from either intestinal lymphocytes or peripheral blood
lymphocytes from three patients with CD. They showed that
whereas antigliadin responses could be selected from all
libraries, the anti-tTG response was restricted to intestinal
lymphocytes, involving the recognition of two main tTG
epitopes. Here, we have investigated the effect of these
antibodies, as well as that of immunoglobulin (Ig) purified
from coeliac serum, on tTG catalytic activity. We report data
showing that the interaction between anti-tTG antibodies and
tTG inhibits the transamidating activity of the enzyme both in
vitro and in situ. These results are discussed in relation to the
still obscure role played by these autoantibodies in the pathogenesis of CD.
.............................................................
Abbreviations: CD, coeliac disease; tTG, tissue transglutaminase; Ig,
immunoglobulin; GTP, guanosine triphosphate; MDCK, Madin-Darby
canine kidney; EDTA, ethylenediamine-tetraacetic acid; PBS, phosphate
buffered saline; BSA, bovine serum albumin; RT, room temperature;
EGTA, ethylene glycol-bis(β-aminoethyl ether) N,N,N′,N′-tetraacetic acid;
DMC, N,N-dimethylated casein; bio-MDC, biotinylated
monodansyl-cadaverine; TGF-β, transforming growth factor β.
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MATERIALS AND METHODS
Cell culture and DNA transfection
Madin-Darby canine kidney (MDCK) cells (European Cell
Collection, 85011435) were grown in minimum essential
medium (Life Technologies, Milan, Italy) supplemented with
10% fetal bovine serum, 10% Earle’s balanced salt solution, 50
u/ml penicillin, 50 µg/ml streptomycin, and 1% non-essential
amino acids. Cells were maintained in a 5% CO2 humidified
atmosphere. Human tTG cDNA,21 cloned in the eukaryotic
expression vector pSG5 (Stratagene, La Jolla, California, USA),
was used to transfect MDCK cells by calcium phosphate precipitation. A stable cell clone, MDCK-tTG, expressing recombinant tTG was obtained by cotransfecting MDCK cells with
pSV2-Neo (Clontech, Palo Alfo, California, USA) in a 10:1
ratio. Cotransfected cells were cultured in a selective medium
containing 400 µg/ml G418 (Life Technologies).
MDCK-tTG cells were harvested in 10 mM Tris/HCl pH 7.5,
1 mM ethylenediamine-tetraacetic acid (EDTA), and sonicated
for 10 seconds. Protein content was estimated by the method
of Bradford with bovine serum albumin (BSA) (Sigma, St
Louis, Missouri, USA) as the standard.22
IgG and IgA purification
IgG and IgA antibodies from normal and CD patients were
purified using Sepharose beads conjugated with protein A or
rabbit antibodies to human IgA (Sigma). Serum was buffered
with 0.1 M Tris/HCl pH 8.0 and applied to the anti-human IgA
Sepharose equilibrated in the same buffer. The flow through
fraction, containing IgG, was collected and subsequently
applied to protein A Sepharose. Bound antibodies were eluted
with 0.1 M glycine buffer pH 3.0; fractions were collected into
tubes containing 1 M Tris/HCl pH 8.0 to prevent antibody
denaturation. Protein content was determined using the
method of Bradford.22
Monoclonal antibodies
Monoclonal antibodies (single chain antibody fragments) to
tTG were prepared as described previously.20 Briefly, total RNA
was prepared from intestinal biopsies from three previously
untreated CD adult patients, cDNA was synthesised using
random hexamers, and Ig V regions were amplified using specific V region primers and assembled before cloning into the
phagemid vector pDAN5.23 Antibodies to tTG were isolated by
recursive cycles of binding to recombinant human tTG, washing, and elution of phage particles expressing antibody
fragments on their surface. In the present work, clones 2.18,
3.7, and 4.2 were isolated from CD libraries whereas clone D51
was selected from a naïve library23 made from peripheral lymphocytes from healthy donors. The CD antibodies are reported
according to the donor patient, and given reference numbers
2, 3, and 4 followed by the individual clone reference number.
Soluble antibodies were obtained by expression in HB2151
(K12, ara ∆(lac-pro), thi/F′ proA+B+, lacIqZ∆M15), a nonsuppressor Escherichia coli strain. Phages from individual colonies were infected into HB2151, grown to OD600 0.2, induced
with 1 mM isopropyl-β-D-thiogalactopyranoside, and further
grown overnight at 28°C. Antibodies were purified from
supernatants of induced bacterial cultures by Ni-NTA chromatography (Qiagen, Germany) and dialysed against phosphate
buffered saline (PBS) to obtain a concentration of approximately 0.2 mg/ml.
Enzyme linked immunosorbent assay (ELISA) for
anti-tTG antibodies
To measure serum IgA and IgG anti-tTG titres, we used an
ELISA method. U bottomed microtitre plates (Falcon,
Franklin Lakes, New Jersey, USA) were coated with 1 µg of
human recombinant tTG per well in 100 µl of coating buffer
(50 mM Tris/HCl, 150 mM NaCl, 5 mM CaCl2, pH 7.5) for two
hours at 37°C. Wells were washed three times with washing
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buffer (50 mM Tris/HCl, 150 mM NaCl, 10 mM EDTA, 0.1%
Tween-20, pH 7.4). The plates were incubated in washing
buffer overnight at 4°C. Sera, diluted 1:100 in the same buffer,
were added to the wells and incubated for one hour at room
temperature (RT). After three washes, the wells were
incubated with 100 µl of peroxidase conjugated rabbit antihuman IgA or peroxidase conjugated rabbit antihuman IgG
(Dako, Denmark) diluted respectively 1:1000 and 1:3000 in
the same buffer for one hour at RT. Unbound antibodies were
removed with three washes and colour was developed by
addition of 100 µl of 1 M sodium citrate, 1 M citric acid, 1
mg/ml o-phenylenediamine-hydrochloride (Sigma), and
0.06% H2O2 (Carlo Erba, Italy), pH 5, at RT for 30 minutes in
the dark. Absorbances were read on an ELISA reader
(SpectraCount, Packard, Milan, Italy) at 450 nm. All samples
were tested in duplicate. Values were expressed as percentage
of a reference pool of sera obtained from untreated coeliac
patients.
In vitro tTG assay
Enzyme activity was assayed by a radiometric method based
on Ca2+ dependent incorporation of [3H]spermidine (Nen Life
Science Products, Boston, Massachusetts, USA) into N,Ndimethylated casein (DMC). Briefly, the assay mixtures (100
µl) containing 125 mM Tris/HCl buffer, pH 8.0, 10 mM
dithiotreitol, 5 mM CaCl2, 0.16 µM [3H]spermidine (15
Ci/mmol), 0.2 mg DMC and, as enzymatic source MDCK-tTG
cell homogenate (7 µg of proteins), were incubated at 37°C for
one hour. The inhibition studies were performed by preincubation of the enzyme with different amounts of IgG and
IgA in 25 mM Tris/HCl pH 8.0 (final volume 20 µl) at 20°C for
10 minutes. Preincubation of tTG with different amounts of
monoclonal antibodies was performed in the absence or
presence of 5 mM CaCl2. Blanks were simultaneously run with
5 mM ethylene glycol-bis(β-aminoethyl ether) N,N,N′,N′tetraacetic acid (EGTA). The reactions were stopped with 10%
trichloroacetic acid containing 2 mM unlabelled spermidine.
After centrifugation, the precipitates were washed twice with
the same solution, dissolved in 0.5 ml of 0.2 N NaOH, and
finally counted in 5 ml of Pico-Fluor 40 scintillation mixture
(Packard).
In situ tTG activity assay
Umbilical cord cryostat sections (7 µm thick) were mounted
on slides with 2% triethoxysilyl-propylamin (Merck, Germany) in acetone, air dried for 60 minutes at RT, and fixed in
acetone for 10 minutes. Sections were preincubated with 1%
BSA in 100 mM Tris/HCl, pH 7.4, for 30 minutes at RT, and
then for two hours at RT with biotinylated monodansylcadaverine (bio-MDC) (Molecular Probes, Leiden, the Netherlands). This substrate solution was prepared by adding 10 µl of
10 mM bio-MDC and 25 µl of 200 mM CaCl2 solution to 965 µl
of 100 mM Tris/HCl, pH 7.4. The tTG reaction was stopped with
25 mM EDTA for five minutes. Incorporation of labelled substrate was visualised by incubation in a humid chamber for 30
minutes at RT with streptavidin fluorescein isothiocyanate
conjugate (Dako) diluted 1:50 in PBS. Finally, sections were
washed twice in PBS and mounted in 10% glycerol in PBS. In
control sections, 200 mM CaCl2 was replaced by 200 mM
EDTA. Photographs were taken using an Axiophot (Zeiss, Germany) and colour reversal film (Kodak, UK).

RESULTS
Effects of CD patient IgG and IgA on tTG activity in vitro
Table 1 shows that addition of 10 µg of IgG and IgA from six
and five CD patients, respectively, into the assay mixture
inhibited the incorporation of [3H]spermidine into DMC catalysed by recombinant tTG expressed in the MDCK-tTG cell
line. A different rate of inhibition among patients was also
observed. In fact, the extent of inhibition due to IgG and IgA
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Patients

% inhibition*

Titres†

IgG
IgG
IgG
IgG
IgG
IgG
IgG

Control
1
2
3
4
5
6

0
13.3
16.0
8.3
24.0
14.0
11.7

(0.5)
(3.7)
(2.5)
(4.3)
(1.0)
(3.1)
(2.0)

2
39
37
89
37
54
90

lgA
lgA
lgA
lgA
lgA
lgA

Control
2
3
4
5
6

0
39.0
22.0
14.5
19.5
11.1

(0.5)
(1.0)
(2.0)
(1.5)
(5.0)
(1.5)

2
92
46
53
30
29

*Values represent the mean of two replicates in two independent sets
of experiments; 1 0 µg of purified IgG or lgA was used in each in
vitro assay tube.
†Titres were measured by ELISA and expressed as percentage of a
reference pool of sera.
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Figure 1 Effect of purified serum IgG from coeliac patients (Nos 3
and 4) and from healthy controls on tissue transglutaminase (tTG)
activity. Increasing amounts of IgG from patient No 4 (titre 24%),
IgG from patient No 3 (titre 89%), and IgG from a pool of control
patients (titre 2%) were incubated with 7 µg of proteins from
Madin-Darby canine kidney (MDCK)-tTG cells at 37°C for one hour
in a 100 µl final volume. The activity of tTG was calculated as a
percentage of basal activity (no IgG addition) within MDCK-tTG
cells. Data are presented as means (SD) from three separate
experiments done in duplicate.

ranged from 8.3 (4.3)% to 24 (1)% and from 11.1 (1.5)% to 39
(1)%, respectively. The data reported in table 1 also showed
that there was no correlation between the degree of inhibition
and serum IgG or IgA titres measured by ELISA. This behaviour was confirmed when a dose dependent inhibition assay
was performed using IgG and IgA from two different patients
(Nos 3 and 4 in table 1). In fact, as shown in fig 1, the inhibition exhibited by IgG from patient No 4 (titre 37%) was dose
dependent and reached 80% when 60 µg of antibody were
used with respect to basal values obtained by preincubating
the enzyme in the absence of antibody. In contrast, IgG from
patient No 3 (titre 89%) exerted 20% inhibition at the higher
concentration used. Finally, IgG purified from healthy controls
had no effect on tTG activity.
Effects of monoclonal anti-tTG antibodies on tTG
activity in vitro
The monoclonal antibody CUB 7402 displayed a dose dependent inhibitory effect towards the catalytic activity of the
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Figure 2 Effect of the monoclonal antibody anti-tissue
transglutaminase (tTG) (CUB 7402) on tTG activity in response to
Ca2+. Increasing concentrations of CUB 7402 were preincubated at
20°C for 10 minutes in 20 µl of 25 mM Tris/HCl, pH 8.0, in the
absence or presence of 5 mM CaCl2, with 7 µg of proteins from
Madin-Darby canine kidney (MDCK)-tTG cells. The samples were
further incubated for one hour at 37°C in a 100 µl final volume. The
activity of tTG was calculated as a percentage of basal activity (no
CUB 7402 added) within MDCK-tTG cells. Data are presented as
means (SD) from three separate experiments performed in duplicate.

enzyme expressed in MDCK-tTG cells with respect to basal
values, as shown in fig 2. Because calcium ions influence tTG
activity by inducing structural changes in the protein, we preincubated the enzyme, before the enzymatic assay, with
different amounts of antibodies in 25 mM Tris/HCl pH 8.0 in
the presence of 5 mM CaCl2. Preincubation caused loss of the
inhibitory effect due to CUB 7402.
The same experiments were performed using monoclonal
antibodies to tTG derived from both intestinal lymphocytes
from three patients with CD and from peripheral blood
lymphocytes from healthy subjects. The results reported in fig
3 show that the dose related inhibition caused by 4.2, 2.18, and
3.7 clones was almost the same (ranging from 20% to 40%).
However, when preincubation was performed in the presence
of CaCl2, inhibition was still present; in particular, when 2.18
clone was used, enhanced inhibition was observed.
Finally, only a weak inhibitory effect was evoked by the
anti-tTG monoclonal antibody derived from peripheral blood
lymphocytes from healthy subjects, suggesting that the
anti-tTG antibodies found in CD have special properties which
may play a role in the disease.

0.5 µg

100
1.0 µg
90
1.5 µg
80
70
60
50
40
30
20
10
0 _ 2+
Ca +Ca2+ _ Ca2+ +Ca2+ _ Ca2+ +Ca2+ _ Ca2+ +Ca2+

Relative activity (%)

Table 1 Effects of IgG and lgA purified from the
serum of patients with coeliac disease and controls on
tissue transglutaminase (tTG) activity

179

Antibody 4.2 Antibody 2.18 Antibody 3.7 Antibody D51

Figure 3 Effect of single chain monoclonal antibodies on tissue
transglutaminase (tTG) activity in response to Ca2+. Human
monoclonal antibodies (0.5, 1.0, and 1.5 µg) were preincubated at
20° C for 10 minutes in 20 µl of 25 mM Tris/HCl, pH 8.0, in the
absence (−) or presence (+) of 5 mM CaCl2, with 7 µg of proteins
from Madin-Darby canine kidney (MDCK)-tTG cells. The samples
were further incubated for one hour at 37°C in a 100 µl final
volume. The activity of tTG was calculated as a percentage of basal
activity (no antibodies added) within MDCK-tTG cells. Data are
presented as means (SD) from three separate experiments performed
in duplicate.
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Figure 4 Effect of specific antibodies on tissue transglutaminase
(tTG) activity in human umbilical cord. The signal corresponds to
incorporation of substrate biotinylated monodansyl-cadaverine (A).
Sections treated with the anti-tTG CUB 7402, diluted 1:25 (B), and
with monoclonal antibody 4.2, undiluted (C), showed a significantly
lower signal (original magnification ×400).

Effect of antibodies on tTG activity in situ
tTG activity, as detected in umbilical cord sections by incorporation of the labelled substrate bio-MDC, resulted in the presence of fluorescent signals (fig 4A). Such activity was clearly
affected by addition of antibodies. Anti-tTG CUB 7402 (fig 4B)
and single chain monoclonal antibodies from the intestinal
mucosa of coeliac patients (fig 4C) significantly decreased signalling. Both IgG and IgA from coeliac serum, but not from
controls, significantly decreased the signalling (data not
shown).

DISCUSSION
The recent identification of tTG as the main endomysial
autoantigen recognised by IgA from patients with CD17
allowed the implementation of ELISA based tests, initially
based on guinea pig tTG and subsequently on human tTG, in
the clinical diagnosis of CD.18 19 24 Interestingly, IgA from
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coeliac sera preferentially bind Ca2+ activated tTG,24 25 suggesting the recognition of conformational epitopes in the enzyme.
The mechanism of formation of these antibodies is not
presently understood. It has been proposed that gliadin
specific T cells provide cognate help for their production by
tTG specific B cells26 to explain the strict gluten dependence.
Similarly, the possible role of these autoantibodies in the
pathogenesis of mucosal damage is uncertain.27 Although
most evidence suggests a gliadin triggered Th1 mechanism of
damage,14 it is very important to address the question of their
possible contribution to the intestinal lesion, given the strong
disease specific presence of tTG antibodies and the role played
by this enzyme in several crucial biological processes. So far
only indirect evidence has been provided: it has recently been
shown that transforming growth factor β (TGF-β) dependent
differentiation of T84 crypt epithelial cells in a fibroblast coculture model can be prevented by the addition of anti-tTG
IgA.28 These authors suggested that blocking tTG prevented
the generation of the active form of TGF-β which relies on tTG
for its maturation, and they further speculated that anti-tTG
antibodies may also affect the differentiation of the coeliac
epithelium. In this paper, we have directly addressed the issue
of whether anti-tTG antibodies can modulate the activity of
the enzyme in any way.
Our results demonstrate for the first time that IgA and IgG
from serum of CD patients as well as monoclonal anti-tTG
antibodies, especially those obtained from CD patients, display
inhibitory effects towards the catalytic activity of human tTG
both in vitro and in situ. Inhibition of recombinant human
tTG activity was shown in all sera tested although the degree
of inhibition was different from case to case. Moreover, the
extent of such inhibition did not correlate with the titre of
antibodies measured by ELISA. Take together, the data
indicate that more than one epitope is recognised by sera from
different patients. Also interesting were the data obtained
with monoclonal antibodies produced by B cells present in the
coeliac lesion. Antibodies obtained from a phage antibody
library produced both from peripheral blood and from CD
patients recognised different tTG epitopes. These antibodies
were isolated from three CD patients and shown to recognise
two main conformational tTG epitopes.20 In the present study,
four monoclonal antibodies were chosen for the inhibition
experiments: clones 2.18 and 4.2 belonging to the two categories as above, 3.7 with uncertain attribution, and D51 derived
from healthy donor peripheral lymphocytes. Interestingly, all
of the monoclonal antibodies from CD patients showed
inhibitory activity whereas D51, obtained from non-coeliac
subjects, did not show any inhibitory activity, implying that
tTG antibodies from healthy subjects may not bind to epitopes
related to substrate combining sites of tTG.
tTG is subject to fine regulation, involving calcium and GTP
which, respectively, activate and inhibit transamidating activity by inducing conformational changes.6 29 Recently, using
experimental approaches and computer modelling, a three
dimensional model was proposed in which the protein core
domain, containing the catalytic site, becomes accessible to
macromolecular substrates as a consequence of calcium
binding.30 The catalytic domain extends from amino acid 140
to 454, also containing the three putative calcium binding
regions comprising residues 146–162, 229–234, and 434–
452,31 while the GTP binding site was located in the region
1–180.32 We have tested the consequences of the presence of
calcium ions during preincubation of recombinant human tTG
with monoclonal antibodies from patients. Calcium did not
interfere with the inhibitory activity implying that the change
in conformation induced by calcium ions did not affect the
antibody binding site: indeed, in one case stronger inhibition
was observed. In contrast, preincubation with calcium ions
before assay blocked the inhibition induced by CUB 7402. It is
known that CUB 7402 maps the linear epitope 447–478 of tTG
which overlaps the calcium binding region 343–452: calcium
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could thus mask the binding site of the antibody interfering
with its inhibitory activity.
Although inhibition was shown in in vitro experiments, the
potential importance of this finding in the in vivo situation is
suggested by in situ inhibition of tTG activity in umbilical cord
tissue. Even so, it is difficult to predict the relevance in the
pathogenesis of the coeliac lesion. Firstly, the inhibition we
have observed is far from complete and the residual enzymatic
activity could well be sufficient to fulfil all tTG biological functions; and secondly, it has recently been reported that tTG
knockout mice have a normal small intestinal architecture,33
suggesting that the biological function of tTG may be replaced
by other enzymes, although it cannot be excluded that
anti-tTG antibodies may also inhibit these putative enzymes.
In conclusion, we have shown that CD related anti-tTG
autoantibodies can inhibit enzyme activity. Further research is
required to clarify to what extent this could play a role in the
modulation of T cell activity and/or, independent of T cells,
contribute to the mucosal lesion in CD.
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