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INTRODUCTION 

 
In coeliac disease dietary gliadin induces typical changes in the mucosal 
architecture: the villi of the small bowel become flattened and the crypts 
hyperplastic, this being accompanied by abundant lymphocyte infiltration in the 
lamina propria. The pathogenic mechanisms underlying this HLA-DQ/DR-
associated gluten-induced disease with its typical small-bowel lesion are largely 
unknown, but the characteristic chronic intestinal inflammation has been considered 
to be primarily due to an inappropriate T-cell-mediated immune response to 
ingested gliadin from gluten (Schuppan 2000, Sollid 2000). 

A typical feature of coeliac disease is the appearance of disease-specific IgA 
autoantibodies in the patient’s circulation. These autoantibodies are now known to 
be targeted against tissue transglutaminase (Dieterich et al. 1997), a multifunctional 
enzyme with Ca2+-dependent cross-linking or GTP-dependent signal transducing 
activity (Aeschlimann and Thomazy 2000). It is noteworthy that in the affected 
jejunal mucosa IgA is abundantly deposited in the basement membrane area and on 
subepithelial fibroblasts (Mäki et al. 1995b). In addition, these coeliac disease-
specific IgA antibodies are produced in the intestinal mucosa (Marzari et al. 2001) 
and are found in the circulation prior to the formation of the mucosal lesion and 
even before γδ T-cells are driven to the intraepithelial compartment in 
morphologically normal mucosa (Mäki et al. 1995a, Iltanen et al. 1999). On this 
bases on this it was hypothesized that these autoantibodies could play a role in the 
pathogenesis of coeliac disease if they interfere in the instructive interaction 
between mesenchymal and epithelial cells occurring in the crypt-villus axis. In 
earlier studies the possible role of coeliac disease autoantibodies in the pathogenesis 
of the disease has been neglected, even if their importance in the diagnostics of the 
disease has been acknowledged.  

At present no animal models are available which could be used in the study of 
coeliac disease pathogenesis. The main aim here was therefore to develop an in 
vitro mesenchymal-epithelial cell co-culture model which mimics the mesenchymal 
- epithelial cell interaction taking place at the intestinal crypt-villus axis and to use 
this model to investigate the possible biological functions of coeliac disease-specific 
IgA. In addition, once the coeliac disease autoantigen was characterized, this study 
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sought to establish whether IgA-class tissue transglutaminase autoantibodies can be 
considered specific for coeliac disease. 
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REVIEW OF THE LITERATURE 

 

1. The mucosal epithelium and the crypt-villus axis 

The small intestine is the portion of the alimentary tract between the stomach and 
the large intestine. It has two principal functions: to move and digest the chyme 
which it receives from the stomach; and to absorb nutrient materials released by 
digestion.  

To absorb nutrients efficiently the surface of the mucosa is incremented by the 
presence of enormous numbers of intestinal villi. These more or less finger-shaped 
projections are covered with a one-cell-layer of epithelial cells, which perform the 
absorptive functions of the gut. The surface of the epithelium is additionally 
augmented by the presence of tubular glands formed from mucosal invaginations. 
Between the bases of the villi are the openings of the innumerable crypts of 
Liberkühn. The crypts extend down into the lamina propria almost to the thin layer 
of smooth muscle comprising the muscularis mucosae. Functionally the crypts are 
recognized to be a major site of secretion of water and minerals into the lumen. 

The digestive epithelium is characterized by constant cell renewal and 
differentiation occurring in well-demarcated anatomic units. The epithelial cells 
proliferate in the crypts, where the undifferentiated epithelial stem cells are located. 
The daughter cells produced migrate from the midcrypts upwards through the crypt 
mouth to the villus or downwards to the crypt base (Bjerknes and Cheng 1999). 
Interestingly, the crypts are monoclonal, but the villi are supplied by cells from 
more than one crypt and are thus polyclonal (Ponder et al. 1985, Fuller et al. 1990). 
The cells which migrate toward the villus differentiate into absorptive enterocytes 
or goblet cells, commonly in 3 to 5 days. The cells heading to the crypt base mature 
into Paneth cells or enteroendocrine cells.  

The epithelium is underlined with basement membrane with adjacent fibroblasts. 
Beneath this borderline is the lamina propria, composed of loose connective tissue 
with various immunocompetent cells including dendritic cells, macrophages and 
lymphocytes. All these together with the mucosal epithelial cells form a functional 
unit (Figure 1). 
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Figure 1. A schematic figure of the 
organization of myofibroblasts and epithelial 
cells on the crypt-villus axis. Epithelial cells 
are separated from the underlining 
myofibroblasts by the basement membrane. 
Both epithelial cells and myofibroblasts 
proliferate in the crypt area. Most epithelial 
cells differentiate to absorptive enterocytes 
on their way to the villus tip.  
The composition and structure of the 
basement membrane varies along the crypt-
villus axis. Laminin-2 and fibronectin are 
expressed mainly in the crypt area (red) 
while laminin-5 and tenascin are expressed in 
the villus (blue). In the crypt area the 
basement membrane forms a regular sheet 
but is interrupted with increasing numbers of 
foramina (white) towards the villus tip. Also 
the shape of subepithelial myofibroblasts 
changes from tightly packed and oval in the 
crypts to more sparsely situated and stellate 
in form towards the villus tip. 

 

 

 

 

1.1 Mucosal epithelium 
The mucosal epithelium is composed of columnar absorptive enterocytes, goblet 
cells, undifferentiated crypt cells, Paneth cells, enteroendocrine cells, tuft cells and 
intraepithelial lymphocytes.  

 

1.1.1 Mucosal epithelial cells 
Absorptive enterocytes, which are about 25 µm in height and 8 µm in width, and 
columnar in shape, constitute the major component in the mucosal epithelium. Their 
surface has numerous tightly packed microvilli covered with glycocalyx and a thick 
mucus layer. The absorptive enterocytes characteristically express brush border 
enzymes; saccharidases and alkaline phosphatase in addition to expression of 
structural proteins such as villin and cadherin (Chantret et al. 1991, Smith 1991). 

At their apices, the enterocytes are connected to adjacent epithelial cells mainly by 
junctional complexes consisting of three major types: tight junctions (zonula 
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occlulens), adhesion junctions (zonula adherens), and desmosomes (macula 
adherens). The tight junction, which completely encircles the apical end of 
absorptive cells as a belt-like band, plays a role in separating the external and 
internal environments and functions as a selective barrier. It also divides the cell 
membrane into two different poles, the apical site situated above the junctional 
complex and the basolateral site beneath it. The molecules essential to the formation 
of the intercellular adhesion junctions (zonula adherens) in all solid tissues belong 
to the cadherin superfamily. E-cadherin is the predominant intercellular adhesion 
molecule expressed in intestinal epithelial cells (Takeichi 1991). At the cell surface 
E-cadherin-formed dimers interdigitate with other E-cadherin molecules on adjacent 
epithelial cells, resulting in the formation of cell adhesion ‘zippers’ at adherens 
junctions (Overduin et al. 1995, Shapiro et al. 1995). E-cadherin has been thought 
to be mainly involved in homotypic cell-cell interactions, but a role in the 
heterophilic interaction with αEβ7 integrin on the surface of intraepithelial 
lymphocytes has also been suggested (Cepek et al. 1994). 

Goblet cells, present in both the small and large intestine, increase in number from 
the proximal to the distal portion of the intestine and are located on the villi and in 
the crypts. The main function of these cells is to produce and secrete mucus into the 
intestinal lumen. 

Enteroendocrine cells are distributed throughout the gastrointestinal tract. Their 
main function is to release hormones into capillaries in the connective tissue in 
response to changes in the external environment.  

Tuft cells, also called caveolated cells or fibrovesicular cells, have many caveolae 
or pits between the bases of microvilli which extend down to the level of the 
nucleus. The function of these pits is not known, but they are suspected to act as 
chemical sensors for the lumenal milieu.  

 

1.1.2 Intraepithelial lymphocytes 
One of the functions of the intestinal mucosa is to defend the body against 
infectious pathogens; an immunological barrier is therefore created and maintained 
by the immune defense system. Part of this effector limb of the gut-associated 
lymphoid system comprises the intraepithelial lymphocytes (Cerf-Bensussan et al. 
1997). These cells are located within the epithelial cell layer above the basement 
membrane, being separated from adjacent enterocytes by a 10 to 20 nm space. In 
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the normal adult jejunum the average number of intraepithelial T-cells/100 
absorptive cells is 23 (95% CI 17-29) (Kaukinen et al.1998).  

Like T cells in general, also intraepithelial lymphocytes can be divided into two 
classes based on the type of T-cell receptor they express. In the intestine αβ T cells 
prevail both in the intraepithelial compartment and in the lamina propria. From 2% 
to 10% of all intraepithelial T-cells are γδ positive, while less than 1% are found in 
the lamina propria (MacDonald 1992). Among all mucosal T-cells, irrespective of 
their T-cell receptor expression, 5 to 15% express CD4 (helper/inducer phenotype), 
the rest being positive for CD8 (cytotoxic/suppressor phenotype).  

Although in general the functions of intraepithelial lymphocytes in the mucosal 
immune defence are unclear, possibilities include cytotoxicity, lymphokine 
secretion, regulation of renewal of the mucosal epithelium and tolerance. 

 

1.2 The basement membrane 

The basement membrane is a specialization of the extracellular matrix located at the 
epithelial-mesenchymal-stromal interface. This specialized 40-120-nm-thick 
extracellular structure forms a regular sheet in the crypt region and is interrupted 
toward the apical third of the villi, following changes in the morphology of 
subepithelial myofibroblasts (Toyada et al. 1997). Basement membrane molecules, 
like extracellular matrix molecules in general, are characterized by complex 
modular structures with binding domains, allowing them, particularly in the case of 
laminin and collagen IV, to form networks by self-assembly and to bind several 
other components, e.g. nidogen/entactin and decorin (Kedinger et al. 1999). The 
major basement membrane molecules, type IV collagen and laminin, belong to two 
distinct protein families. At present 16 different collagens and 11 laminins are 
known.  

All collagens are triplehelical molecules composed of three collagen chains (α1, α2, 
α3). The triple-stranded helical structure is stabilized with intermolecular hydrogen 
bonds and additionally with other molecules such as decorin. Decorin binds 
noncovalently to the surface of fibrillar collagen, primarily type I, but also collagens 
II and IV, as well as fibronectin (Sini et al. 1997). The core protein of decorin is 
horseshoe-shaped and its concave surface is of appropriate size to bind one collagen 
triple helix (Weber et al. 1996). Binding of decorin to triplehelical collagen retards 
the rate and degree of collagen fibrillogenesis and, as has been shown with decorin-
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deficient mice, participates in the maintenance of the structural integrity of the cutis 
and tendon sheets (Danielson et al. 1997, Sini et al. 1997). Collagen fibres are also 
stabilized by intermolecular cross-links. 

The family of laminins comprises cross- and T-shaped heterotrimeric proteins 
composed of three genetically different chains, designated α (long arm), β and γ 
(short arm chains). Laminin self-assembles through terminal domain interactions to 
form a second polymer network, and this polymerization is regulated by heparin 
(Yurchenco et al. 1990). Entactin/nidogen, a dumbbell-shaped sulfated 
glycoprotein, binds laminin near its centre and interacts with type IV collagen, 
bridging the two (Yurchenco and Schittny 1990). 

 

1.3 Subepithelial myofibroblasts 

Intestinal subepithelial myofibroblasts and the interstitial cells of Cajal are the two 
types of myofibroblast identified in the intestine. The subepithelial type are located 
at the interface between epithelium and lamina propria adjacent to the basement 
membrane in most mucosal tissues. In the intestine these cells exhibit ultrastructural 
features of both smooth muscle cells and fibroblasts (Valentich et al. 1997).  

Already 30 years ago it was shown that myofibroblasts, previously called 
subepithelial fibroblasts, proliferate in the near vicinity of crypts. In 
autoradiographic studies it was confirmed that in the intestine of rabbits (Kaye et al. 
1968, Pascal et al. 1968) and mice (Marsh and Trier 1974) subepithelial fibroblasts 
migrate in synchrony with the proliferating and migrating epithelial cells. Although 
they were initially thought of as a sheath of fibroblasts, more dense in the region of 
crypts than at the surface of the colon or in the villi of the small intestine, it is now 
clear that they exist as a syncytium extending throughout the lamina propria of the 
gut, merging with the pericytes surrounding the blood vessels which  course through 
the tissue (Joyce et al. 1987). In addition, subepithelial myofibroblasts show 
differences in their morphology along the crypt-villus axis, being tightly packed and 
oval in shape in the crypt area and more sparsely situated with stellate morphology 
in the small intestinal villi (Powell et al. 1999b).  

These subepithelial myofibroblasts have an important role in organogenesis, 
inflammation and tissue repair through the secretion of cytokines, chemokines, and 
growth factors, as well as extracellular matrix proteins and proteases (Powell et al. 
1999a). 
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2. Mesenchymal-epithelial cell interaction in the crypt-villus axis 

Intestinal morphogenesis and maintenance of the steady state between cell 
proliferation and differentiation results from tightly controlled epithelial-
mesenchymal cell interactions. Both epithelium and mesenchyme are necessary for 
proper development; however, the epithelium seems to have an instructive and the 
mesenchyme a permissive role in epithelial cell differentiation on the crypt villus 
axis. Cross-talk between these two cell types is coordinated by complex signaling 
mechanisms, and is thought to be mediated via basement membrane molecules, cell-
cell contact, cytokines and growth factors. 

 

2.1 The role of the basement membrane in mesenchymal-epithelial cell cross-talk 

The composition of basement membrane molecules varies along the crypt villus 
axis. The differences in the spatial expressions of the various isoforms of each 
family of molecules determines, through integrins, the nature of the signals 
transmitted from extracellular matrix to cells (Bealieu 1999, Kedinger et al. 1999).  

In general, both epithelial cells and myofibroblasts participate in the deposition of 
the basement membrane, as was shown in early studies with interspecies chick-
rodent embryonic epithelial-mesenchymal tissue recombinants (Kedinger et al. 
1986). Subsequent in vitro studies have shown that perlecan, a basement membrane 
proteoglycan, is deposited by epithelial cells, while type IV collagen and nidogen 
originate mostly from mesenchymal cells (Simon-Assmann et al. 1988, 1989, 
1995). The division of labor in the production of different laminin isoforms between 
epithelial and mesenchymal cells is more complex; some of the individual α, β and 
γ chains are produced by both cell types and some (α2, β3) entirely by 
mesenchymal cells (Simon-Assmann et al. 1998). 

Laminin-2 (α2β1γ1), localized only in the crypts, has been held to play a role in 
epithelial cell proliferation and Paneth cell differentiation (Simon-Assmann et al. 
1994). Laminin-5 (α3β3γ2), which is present only in villi with an increasing 
gradient towards the villus tip, plays a crucial role in epithelium integrity by acting 
as an extracellular anchoring filament in the formation of hemidesmosomes (Uitto 
and Pulkkinen 1996). In addition, in vitro laminin-5 promotes the migration of 
intestinal epithelial carcinoma cell lines T84 and HT-29 (Lotz et al. 1997). Several 
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lines of evidence indicate that laminin-1 (α1β1γ1), present in the villi, is involved in 
triggering intestinal epithelial cell differentiation (Simo et al. 1992). 

Also other extracellular matrix molecules, among them fibronectin and tenascin, are 
associated with the intestinal basement membrane. Fibronectin and tenascin exhibit 
a complementary expression pattern on the crypt-villus axis: fibronectin shows a 
decreasing gradient from the crypt basement membrane to the villus tip, whereas the 
expression of tenascin increases towards the villus tip (Beaulieu 1997, Simon-
Assmann and Kedinger 1993). This has been held to be related to the antiadhesive 
role of tenascin, which at the villus tip could assist in epithelial cell shedding 
(Probstmeier et al. 1990). 

In addition to the changes in the biochemical composition of the basement 
membrane, also the structure of the reticular fibrils along the crypt-villus axis 
varies. Studies with scanning electron microscopy have shown that the fibrils form 
a dense network in the crypt area with an increasing number of foramina towards 
the villus tip. In the villi these foramina are surrounded by end feet of the 
cytoplasmic processes of fibroblasts, often combined with dendritic cells or lamina 
propria lymphocytes. Thus, the foramina may participate in the communication 
between the intestinal epithelium and other cells, as also basal extensions of 
epithelial cells traverse through these foramina (Toyada et al. 1997). 

Signals from the extracellular matrix are transmitted through integrins to cells. 
Integrins are a family of heterodimeric cell surface receptors for extracellular matrix 
proteins composed of noncovalently linked protein chains (α and β). The 
extracellular amino terminal portions of integrin molecules bind to extracellular 
ligands, and the intracellular carboxyl terminals are in contact with cytoplasmic 
cytoskeletal elements. Consequently, integrin cell surface molecules have multiple 
functions relating to cell anchoring, shape and migration (Tarone et al. 2000). 
Integrins are also linked to cell proliferation, and by virtue of cellular-extracellular 
matrix interactions may regulate the rate of extracellular matrix production (De 
Arcangelis and Georges-Labouesse 2000). In addition to anchoring cells to the 
extracellular matrix the integrins are important in intercellular adhesion, which 
often occurs between homotypic cells. 
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2.2 Matrix metalloproteinases (MMPs) 

Extracellular matrix turnover is a critical step in tissue remodeling and it is now 
known that matrix metalloproteinases are the most important group of matrix-
degrading enzymes involved in matrix turnover (Nagase and Woessner 1999). 
Proteolysis on the cell surface and in the extracellular matrix is essential for normal 
cellular functions during development and in the adult, but it may also have 
undesirable consequences such as promoting cancer and arthritis (Blobel 2000). The 
activity of these enzymes is regulated at three levels: gene transcription, activation 
of proenzyme, and inhibition of the active enzyme by natural inhibitors, the tissue 
inhibitors of matrix metalloproteinases (TIMPs) (Borden and Heller 1997, Murphy 
et al. 1999). 

An example of how a protease can change the properties of a protein is the case of 
laminin-5 processing by matrix metalloproteinase-2 or membrane-type-1 matrix 
metalloproteinase. Although intact laminin-5 supports cell adhesion, laminin-5 
whicht has been cleaved by matrix metalloproteinases promotes cell migration 
(Koshikawa et al. 2000). 

In addition to matrix breakdown, these zinc atom-dependent endopeptidases 
function as regulatory proteins by processing cytokines, growth factors and 
adhesion molecules to generate fragments with either enhanced or reduced 
biological activity (Nelson et al. 2000). 

 

2.3 Growth factors  

Soluble mediators, growth factors, in part mediate the instructive interaction 
between myofibroblasts and epithelial cells. Secreted growth factors have in general 
three functions: 1) they initiate or increase cell mobility, 2) they induce 
proliferation, i.e., they are paracrine mitogens for epithelial or parenchymal cells 
and possibly autocrine mitogens for themselves, or 3) they induce terminal 
differentiation of these cells, even driving the cells to apoptosis. Some growth 

factors seem to exert all three effects (Powell et al. 1999a). 

By reason of the sensitivity of cells to growth factor molecules, the regulation of 
their action is controlled at many levels, including gene transcription and 
translation, receptor activation, and intracellular signaling. An additional 
mechanism controlling growth factor availability is their secretion in latent or 
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sequestered forms (Rifkin 1997). The most common proteolytic activation system 
for growth factor is the plasminogen activator-plasmin system (Rifkin et al. 1999). 

 

2.3.1 Trefoil peptide 

The name ‘trefoil peptides’ comes from their three-dimensional molecular structure 
resembling the "three leaf" trefoil shape (Chinery and Coffey 1996, Plaut 1997). 
The only trefoil factor present in the intestine is secreted principally by the goblet 
(mucus-secreting) cells of the epithelium and not by intestinal myofibroblasts 
(Powell et al. 1999a). Targeted gene disruption of this intestinal trefoil factor gives 
rise to abnormal epithelial cells and increased susceptibility to various injuries, 
resulting in a colitis-like picture (Kindon et al. 1995, Babyatsky et al. 1996).  

 

2.3.2 Transforming growth factor -α (TGF-α) and epidermal growth factor (EGF) 

TGF-α and EGF are produced as glycosylated, membrane-anchored precursors 
which are cleaved into soluble, mature proteins (Carpenter and Wahl 1990) before 
becoming ligands for epidermal growth factor tyrosine kinase receptors (Barnard et 
al. 1995). The TGF-α/EGF receptor appears to be upregulated in the mucosa of the 
injured intestine and other organs. TGF-α is expressed in epithelial cells, 
myofibroblasts and monocytes/macrophages, whereas EGF seems to be produced 
primarily by the epithelial cells of the salivary gland and Brunner's glands of the 
duodenum (Powell et al. 1999a). Additionally, a novel ulcer-associated epithelial 
stem cell-derived cell lineage has been described which secretes immunoreactive 
EGF into the intestinal lumen (Wright et al. 1990, Herminston and Gordon 1995) 
and stimulates epithelial proliferation and promotes ulcer healing (Wright et al. 
1990). Soluble TGF-α is mitogenic for a number of cell lines in vitro and for 
intestinal epithelial cells also in vivo (Powell et al. 1999a). 

 

2.3.3 Fibroblast growth factors (FGFs) 

Fibroblast growth factors (FGFs) constitute a large family of at least 18 structurally 
related polypeptides, of which FGF-1 and FGF-2 (acidic and basic) are prototype 
members (Mason 1994). Many FGFs contain signal peptides for secretion and are 
then secreted into the extracellular environment, where they can bind to the 
heparan-like glycosaminoglycans of the extracellular matrix. From this reservoir, 
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FGFs may act directly on target cells, or they can be released through digestion of 
the extracellular matrix or the activity of a carrier protein, a secreted FGF binding 
protein. FGFs bind specific receptor tyrosine kinases in the presence of heparan-like 
glycosaminoglycans and this binding induces receptor dimerization and activation, 
ultimately resulting in the activation of various signal transduction cascades 
(Powers et al. 2000). FGFs play an important role in cell growth and differentiation, 
neurite outgrowth, embryogenesis, angiogenesis and wound healing (Basilico and 
Moscatelli 1992). In the intestine during cellular restitution or wound healing FGF 
has antiapoptotic effects (Gulati and Peluso 1997).  

 

2.3.4 Insulin-like growth factors (IGFs) 

The insulin-like growth factor (IGF) ligand-receptor system comprises three 
structurally-related peptide ligands (insulin, IGF-I, and IGF-II) and two high 
affinity, membrane-associated tyrosine kinase receptors (Powell et al. 1999a). IGF-I 
and IGF-II have various metabolic, proliferative and differentiating effects through 
endocrine, autocrine, and paracrine mechanisms (Jones and Clemmons 1995). IGFs 
are only weakly mitogenic for epithelial and parenchymal cells but powerfully 
mitogenic for myofibroblasts (Simmons et al. 1999) and smooth muscle cells 
(Wang et al. 1997). IGF is present in the circulation and is also secreted in a 
paracrine fashion by myofibroblasts adjacent to epithelial and parenchymal cells 
(Lund 1994). The IGF actions are regulated by the availability of free IGF, which in 
turn is modulated by the level of high-affinity IGF-binding proteins (IGFBPs). At 
present six of these binding proteins are known (Stewart and Rotwein 1996) These 
IGFBPs also express some biological activities themselves (Jones and Clemmons 
1995). 

 

2.3.5 Keratinocyte growth factor (KGF) 

KGF is a member of the FGF family (FGF-7) (Housley et al. 1994, Rubin et al. 
1995). This factor is unique in that, unlike other members of the FGF family, it does 
not appear to have activity on fibroblasts, endothelial cells or other nonepithelial 
targets. The transmembrane tyrosine kinase receptor for KGF is expressed only in 
epithelial cells. This receptor is also able to bind, in addition to KGF, other 
fibroblast growth factors, FGF-1 and FGF-2, although with different affinities. KGF 
has been shown to induce proliferation and differentiation of a host of epithelial and 
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parenchymal cells, including intestinal epithelial cells, type II pneumocytes, 
hepatocytes and keratinocytes of the skin. The expression and secretion of KGF is 
regulated by interleukin-1 (Chedid et al. 1994) and significantly upregulated in the 
lamina propria of the inflamed intestine (Finch et al. 1996). 

 

2.3.6 Hepatocyte growth factor (HGF) 

HGF is a glycosylated heparin-binding heterodimer related to plasminogen and 
consists of a heavy α chain and a light β chain held together by disulfide bonds. It is 
synthesized and secreted by fibroblasts/myofibroblasts and it induces epithelial cell 
proliferation (Goke et al. 1998), migration (Nusrat et al. 1994), apoptosis and 
angiogenesis (Bradbury 1998). Apart from mito- and motogenic functions HGF has 
been shown to act as a morphogen, since it has been observed to induce tubulus 
formation in murine kidney epithelial cells in a three-dimensional collagen gel 
culture (Montesano et al. 1991). The HGF tyrosine kinase receptor, expressed 
prominently on epithelial cells, is encoded by the protooncogene c-met (Bottaro et 
al. 1991). The activity of both HGF and c-met are regulated by proteases, and they 
are therefore active only when the right proteases are present (Powell et al. 1999a). 
HGF, like KGF, is a major mediator of epithelial-mesenchymal interactions and 
epithelial morphogenesis (Rubin et al. 1995).  

 

2.3.7 Transforming growth factor-β (TGF-β) 

In mammals, three closely related TGF-β isoforms exist: 1, 2 and 3. Each isoform is 
a 25 kDa homodimer derived from a precursor protein. TGF-β is usually released in 
a latent form from cells, e.g. in noncovalent association with latency-associated 
peptide (LAP). This small latent complex can form a large latent complex via LAP, 
which can disulfide-bond to latent TGF-β-binding proteins (LTBPs). This large 
complex can in turn be covalently incorporated in a tissue transglutaminase-
catalyzed reaction to the extracellular matrix (Taipale et al. 1994, Nunes et al. 
1997). Moreover, LTBP-1, either by itself or as part of the latent complex, 
associates specifically with matrix fibrils (Dallas et al. 1995) and can associate 
directly with fibronectin (Taipale et al. 1996). Human LTBP-1 and the β1 and β3 
LAP isoforms contain the common integrin recognition sequence RGD, suggesting 
that the large latent complex is one of the numerous extracellular matrix proteins 
recognized by integrins (Munger et al. 1998). 
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The constitutive secretion of latent TGF-β by many cell types in culture suggests 
that there are extracellular mechanisms controlling the activation and thereby the 
activity of this potent cytokine (Munger et al. 1997). One important step might be 
the incorporation of the latent complex into the extracellular matrix in a 
transglutaminase-catalyzed reaction (Kojima et al. 1993) to make the complex 
susceptibile to proteolytic activation (Munger et al. 1997). The released TGF-β can 
interact with a number of soluble or matrix molecules, including α2-macroglobulin, 
decorin, betaglycan, heparin and fucoidan. These neutralizing interactions are 
thought to prevent the diffusing of TGF-β from loci of activation to inappropriate 
sites. 

At present three different transforming growth factor receptors have been cloned 
(Massague et al. 1994). The receptor types I and II are serine-threonine kinase 
receptors (Franzen et al. 1993), while type III (betaglycan) is a heavily glycosylated 
large proteoglycan lacking an intracellular signaling domain (Lopez-Casillas et al. 
1993). In addition, the type III receptor is believed to function as a ligand reservoir 
and to facilitate the binding of TGF-β to receptors I and II. The TGF-β mediated 
intracellular signaling occurs via phosphorylation of SMAD2 and SMAD3 
following receptor activation, whereas SMAD6 and 7 antagonize this signaling 
(Heldin et al. 1997).  

TGF-β isoforms are potent growth inhibitors in epithelial cells, including those of 
the gastrointestinal tract (Barnard et al. 1989). In epithelial cells proliferation arrest 
often induces simultaneous signaling for the terminal differentiation pathway 
(Kurokowa et al. 1987). In cultured intestinal epithelial cells, downregulation of 
cyclin D1 expression appears to be a key step in the G1 arrest induced by TGF-β 
(Ko et al. 1995). TGF-β has the opposite effect on mesenchymal cells; it stimulates 
fibroblast proliferation, possibly via increasing FGF-receptor expression at the cell 
surface (Thannickal et al. 1998).  

In the intestine mRNA for TGF-β is expressed in crypt epithelial cells (Barnard et 
al. 1993), while the protein is present in villus epithelial cells (Lionnetti et al. 1999). 
LTBP is present in the basement membrane area along the crypt-villus axis (Mizoi 
et al. 1993) 

Current knowledge supports the conception that TGF-β is the major autocrine 
and/or paracrine inhibitory regulator in the intestinal epithelium, as disruption of 
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TGF-β signaling allows cells to escape from normal growth constraints and leads to 
transformation (Markowitz and Roberts 1996). 

TGF-β also regulates extracellular matrix turnover; it increases the synthesis of 
extracellular matrix proteins and proteinase inhibitors, reduces synthesis of matrix 
degrading activities, and modulates matrix receptors and binding proteins (Grande 
1997). In addition to induction of extracellular matrix formation TGF-β has an 
effect on the immune system, and evinces proinflammatory and immunosuppressive 
activities (Litterio and Roberts 1997). The important immunomodulatory role of 
TGF-β was clearly demonstrated in TGF-β knock-out mice, which showed 
multifocal inflammatory disease with prominent inflammation in the intestine 
(Shull et al. 1992). 

 

3. Mucosal IgA antibodies  

The main function of antibodies present in mucosal secretion, particularly IgA, is to 
combine with microorganisms to reduce their motility and adhesive properties 
within the mucosal lumen and its surface. In addition, by forming immune 
complexes, mucosal antibodies prevent the absorption of food antigens from the 
large area of mucosal surfaces. The antibodies which predominate in human 
intestinal secretions are IgA class and are called secretory IgA (sIgA).  

In the intestine M cells, the dome of Peyer’s patches, are responsible for luminal 
antigen sampling and transport to the underlining lymphoid tissue. At the mucosal 
surface the basolateral site of the M cell forms an intraepithelial pocket which 
contains B and T lymphocytes and occasionally macrophages. M cells may send 
cytoplasmic extensions to subepithelial tissues, where a network of dendritic cells, 
lymphocytes and macrophages is present (Neutra et al. 1987). For antigen-specific 
antibody formation to occur, processed antigen fragments are presented by antigen-
presenting cells to helper T-cells, which in turn stimulate antibody production in B 
cells (Clark and Ledbetter 1994).  

In addition to the aforementioned conventional antibody production a T-cell 
independent mechanism for IgA antibody production seems to operate at the 
mucosal surfaces, especially in the intestine (Macpherson et al. 2000). These 
polyreactive sIgA antibodies are present in humans, where they react with both self- 
and non-self antigens (Quan et al. 1997, Clemente et al. 2000). Furthermore, they 
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are locally produced and aimed to clear the lamina propria and epithelial cells of 
local pathogens and altered or denatured self-antigens (Kaetzel et al. 1991, Bouvet 
and Dighiero 1998). In mice these ‘natural’ antibodies are mainly produced at 
mucosal sites by T-cell independent B-1 cells (Macpherson et al. 2000).  

 

4. Coeliac disease 

Coeliac disease is a gluten-induced genetically linked disorder of the small intestine 
characterized morphologically by severe crypt hyperplasia with flattened villi, 
affecting 1:300 or even 1:100 persons among European populations (Mäki and 
Collin 1997). The loss of absorptive surface accompanying the flattening of the 
mucosa leads to the main clinical features, diarrhoea and malabsorption (Dicke 
1950). The diagnostic criteria for coeliac disease were defined by the European 
Society for Paediatric Gastroenterology and Nutrition in 1969 and revised in 1990 
(Walker-Smith et al. 1990). The revised ESPGHAN criteria include the finding of 
morphologically abnormal small-intestinal mucosa in a biopsy specimen, and 
clinical or histological remission on a gluten-free diet. However, in patients with 
silent coeliac disease a second biopsy specimen is always recommended to prove 
mucosal recovery on gluten-free diet. 

Coeliac disease is triggered by ingested gluten, a single major environmental factor, 
when eating daily food made of wheat, rye or barley. The disease also has a 
particularly narrow highly specific HLA class-II association, DR3-DQ2 and to a 
lesser extent DR4-DQ8 (Sollid and Thorsby 1993); however, despite numerous 
studies no uniform susceptibility genes to coeliac disease have been identified. The 
same HLA types are also typical for many autoimmune diseases. In fact, common 
comorbidities include insulin-dependent diabetes mellitus, Sjögren’s syndrome and 
autoimmune thyroiditis (Collin et al. 1994). Furthermore, the prevalence of 
autoimmune disorders in coeliac disease is suggested to be related to the duration of 
exposure to gluten (Ventura et al. 1999). Untreated coeliac disease patients also run 
an increased risk of malignancies, especially for small-bowel lymphoma (Harris et 
al. 1967, Holmes et al. 1976, Swinson et al. 1983). Extraintestinal gluten-triggered 
manifestations are dermatitis herpetiformis, permanent-tooth enamel defects, 
osteopenia, infertility, liver involvement, ataxia and epilepsy with cerebral 
calcifications (Collin and Mäki 1994, Fasano and Catassi 2001). At present the only 
known medical treatment for coeliac disease is a strict life-long gluten-free diet. 
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4.1 Small-bowel mucosal morphology in coeliac disease 

Three major dynamically interrelated patterns of mucosal change are present across 
the gluten sensitivity spectrum, which may be termed infiltrative (Type 1), 
hyperplastic (Type 2) and destructive (Type 3) lesions (Marsh 1992). The type 1 
infiltrative lesion comprises normal mucosal architecture in which the villous 
epithelium carries a variable infiltrate of small, non-mitotic lymphocytes. The 
hyperplastic type 2 lesion is virtually identical to the infiltrative, but with the 
addition of hypertrophic crypts, whose epithelium may also be infiltrated by 
lymphocytes. These two types are common among dermatitis herpetiformis patients 
and in treated coeliac disease patients after short-term gluten challenge.  

The destructive type 3 lesion is characterized by the established ‘flat’ mucosa of 
classic coeliac disease. Typical of type 3 is a fully developed cell-mediated mucosal 
immune response with hypertrophic crypts, lamina propria swelling and a flattened 
surface epithelium. However, similar morphological changes are also seen in 
tropical sprue, giardiasis, food sensitivity and immunoproliferative disease of the 
small intestine. In addition to these types 1-3 lesions classification also includes 
types 0 and 4, which represent the extremes. The pre-infiltrative type 0 lesion 
evinces no morphological changes, but anti-gliadin IgA or IgM antibodies may be 
present in intestinal secretions in the early state of developing disease (Marsh 1992). 
The hypoplastic/atrophic type 4 lesion represents the worst possible outcome of 
coeliac disease, showing patchy or diffuse jejunoileitis, intestinal ulceration or 
coeliac disease-associated lymphoma. These gradually appearing changes in the 
coeliac disease affected small-intestinal mucosa are presented, according to the 
Marsh-classification, in Figure 2.  

 

 

 

 

 

 

Figure 2. The Marsh classification of developing lesion in coeliac disease. 

 

Type 0 Type 1 Type 2 Type 3 Type 4
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According to this classification the mucosal lesion typical of coeliac disease 
develops gradually. Therefore some individuals who consume normal amounts of 
gluten may be gluten-sensitive regardless of normal mucosal morphology. These 
individuals may have latent coeliac disease and the typical intestinal morphology 
appears in the course of time (Ferguson et al. 1993). As the diagnosis of latent 
coeliac disease is by definition retrospective, a concept of potential coeliac disease 
has been applied (Ferguson et al. 1993). At present markers for potential coeliac 
disease are considered to be increased density of intraepithelial lymphocytes, 
especially γδ+ T cells, and/or the presence of anti-reticulin or anti-endomysial 
antibodies in the circulation (Ferguson et al. 1993, Troncone et al. 1996, Kaukinen 
et al. 1998, Iltanen et al. 1999). 

 

4.2 Epithelial cell-associated changes in the mucosal lesion of coeliac disease 

Coeliac disease is induced by ingested gluten and the outcome is seen as a 
combination of epithelial cell alterations, the most prominent being an increased 
proliferation rate of crypt epithelial cells. 

 

4.2.1 Glycocalyx and brush border enzymes 

As early as 1976 a membrane glycoprotein hypothesis, or rather, ‘lectin’ hypothesis 
was put forward to explain the pathogenesis of coeliac disease. The idea was that 
the glycoprotein composition of the intestinal epithelial cell apical membrane is 
incomplete or different from healthy individuals, thus rendering the enterocytes 
more susceptible to binding of gliadin (Weiser and Douglas 1976). The bound 
gliadin was then assumed to interfere in epithelial cell biological performance and 
eventually lead to early death (Jos et al. 1975). This hypothesis has also been 
supported also by subsequent investigations. 

Studies with scanning electron microscopy have revealed that the surface 
ultrastructure of the mucosa is altered in coeliac disease. It has been shown that in 
active coeliac disease and in treated patients after gluten challenge the thickness of 
the enterocyte glycocalyx is markedly reduced and that the microvilli of enterocytes 
are distorted (Stenling et al. 1984). Interestingly, after a gluten free diet the 
microvilli of enterocytes remains shorter than in controls, and in some patients the 
glycocalyx also remains thin or is even absent (Dyduch et al. 1993). Changes in the 
composition of the glycocalyx have led to questions whether gliadin binding to 
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intestinal epithelial cells is a potential key event in the pathogenesis of coeliac 
disease. In fact, interaction of different synthetic gliadin peptides with isolated 
brush border membranes from treated coeliac patients has evinced increased gliadin 
binding capacity when compared to controls (Bolte et al. 1999). However, these 
peptides were not the ones confined to coeliac-active peptides. Nonetheless parallel 
results have been obtained when the uptake of a pepsin trypsin digest of gliadin by 
epithelial cells has been followed; the uptake is increased in coeliac patients (Friis et 
al. 1992).  

Typically in the coeliac disease-affected mucosa the expression of brush border 
enzymes, including disaccharidases and alkaline phosphatase, is also decreased. In 
addition, the expression of integrin α2 in epithelial cells is altered in coeliac lesion; 
it is also expressed in the villus when present (Patey et al. 1997). These changes 
presumably reflect changes in the degree of epithelial cell differentiation. 

 

4.2.2 Proliferation and apoptosis 

The most prominent feature of coeliac disease mucosal lesion is crypt cell 
hyperplasia. The number of mitotic figures is increased in the crypts and there is a 
greatly increased epithelial cell loss into the intestinal lumen (Trier and Browning 
1970). More recent studies using a confocal microscope have confirmed previous 
finding showing on average a 2.8 times higher proliferation rate in coeliac disease 
lesion than in normal mucosa (Savidge et al. 1995). However, crypt hyperplasia 
seems to be a common tissue response to mucosal damage in food allergy and 
infection, although in coeliac disease disease-specific mechanisms are evident 
(Savidge et al. 1996). 

The increased enterocyte apoptosis in the coeliac lesion is also well established and 
seems to balance the overproduction of epithelial cells almost to normal level; the 
rate of apoptosis is increased on average 2.3 times vs. normal mucosa (Moss et al. 
1996). Recently it has been demonstrated that Fas-Fas ligand-mediated apoptosis is 
a major mechanism responsible for enterocyte death in coeliac disease (Ciccocioppo 
et al. 2001). Additionally, it has been shown in an organ culture model that gliadin 
induces this epithelial FAS engagement resulting in cell death (Maiuri et al. 2001a). 
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4.2.3 Changes in epithelial cell permeability 

The permeability hypothesis, which suggests that in coeliac patients there is a 
primary defect in mucosal permeability, was launched in the 1980s (Bjarnason and 
Peters 1983, 1984), and is still under consideration.  

In normal physiological circumstances the intestinal epithelium serves as the main 
barrier to macromolecules passing in the intestinal lumen. This barrier function is 
maintained by well-formed intercellular junctions such as tight junctions, adhesion 
junctions and desmosomes. In untreated coeliac disease, the epithelial barrier of the 
jejunum has been shown to be disturbed (Schulzke et al. 1995) by structural 
modifications of the tight junctions resulting in increased ionic permeability 
(Schulzke et al. 1998). The up-regulation of zonulin, a recently described intestinal 
peptide involved in tight junction regulation, seem to be responsible, at least in part, 
for the increased gut permeability characteristic of the early phase of coeliac disease 
(Fasano et al. 2000). 

E-cadherin is the most common intercellular adhesion molecule in the small 
intestine typically used to anchor homotypic cells together. E-cadherin expression is 
significantly decreased, both at the mRNA and protein level, in the small intestinal 
epithelial cells of untreated coeliac disease patients (Perry et al. 1999). In addition 
to E-cadherin expression of the intracellular component of adherens junctions, 
catenin, is likewise decreased. These changes are reversible, as after a gluten-free 
diet the expression patterns appear to be normal (Perry et al. 1999). This is also 
supported by the previous finding of increased c-myc oncogene expression in active 
coeliac disease (Ciclitira et al. 1987), as c-myc negatively regulates E-cadherin 
expression on the cell surface (Pennisi 1998). E-cadherin-mediated changes in the 
integrity of the epithelial cell layer has been thought to underlie some of the 
changes typical for coeliac disease, such as increased mucosal permeability and 
epithelial cell proliferation.  

 

4.3 T-cell-mediated changes in coeliac disease 

The majority of studies carried out on coeliac disease pathogenesis are based on the 
immunological hypothesis, which rests basically upon the conception of a gluten-
induced increase in the activation of lymphocytes, mostly T-cells, and the 
prominent HLA-DQ association in coeliac disease (Sollid 2000). 
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4.3.1 Intraepithelial lymphocytes 

The density of αβ+ intraepithelial lymphocytes is markedly increased in untreated 
coeliac disease patients and decreases to normal during a gluten-free diet (Kutlu et 
al. 1993). Their suggested cytotoxic function has recently been partly evidenced, as 
it has been shown that the frequency of CD94+ intraepithelial lymphocytes (mostly 
αβ T cells) in the active phase of coeliac disease is conspicuously increased over 
controls; further, that IL-15, an interleukin secreted from epithelial cells, is able to 
induce the upregulation of CD94 in intraepithelial lymphocytes in vitro (Jabri et al. 
2000). These findings suggest a scenario whereby after T cell receptor -mediated 
activation and exposure to the cytokines of the epithelial microenvironment, 
including IL-15, coeliac disease intraepithelial lymphocytes not only up-regulate 
CD94 expression, but also enhance their cytotoxic properties through the induction 
of perforin and granzyme B (Oberhuber et al. 1996, Jabri et al. 2000). 

The importance of IL-15 in gliadin-triggered intestinal lesion formation has also 
been put forward in experiments using organ culture of treated/untreated coeliac 
disease biopsy specimens. In these studies gliadin was shown to induce epithelial 
cell proliferation marker Ki67, transferrin receptor and FAS expression as well as 
apoptosis in an IL-15-dependent manner (Maiuri et al. 2000). In addition, it was 
recently shown in this model that gliadin induces intraepithelial migration of 
CD94+ cells in an IL-15-dependent manner in coeliacs, but not in controls (Maiuri 
et al. 2001b). 

The function of intraepithelial γδ-cells is not known (Born et al. 2000), but they are 
frequently found in untreated coeliac disease (Holm et al. 1992). They would seem 
nonetheless not to be a specific marker for the disease but rather for a 
hyperproliferative state (Spencer et al. 1991, Patey et al. 1997, Iltanen et al. 1999). 
It was previously thought that γδ-cells are involved in the pathogenesis of coeliac 
disease (Hayday et al. 1997) as activated γδ-cells produce KGF (Boismenu and 
Havran 1994), which is known to stimulate epithelial cell proliferation (Finch et al. 
1996). However, the γδ-cells in the coeliac lesion do not produce KGF (Salvati et 
al. 2001) and therefore possibly contribute through other as yet unknown 
mechanisms in the formation of the mucosal lesion. 
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4.3.2 Activated lamina propria T-cells 

Gluten induces infiltration and a non-proliferative activation of CD4+ lamina 
propria T cells (Halstensen et al. 1990, Halstensen and Brandtzaeg 1993). These 
activated T-cells produce increased amounts of interferon-γ and slightly increased 
amounts of IL-2, IL-4, IL-6 and TNF-α (Nielsen et al. 1998). The increased IFN-γ 
may cause the typical changes seen in enterocytes, or conceivably activation of 
macrophages, which in turn produce cytokines such as IL-10, IL-12, and TNF-α 
which induce the pathological changes in the intestine (Nielsen et al. 1998). 

 

4.3.3 T-cell-induced matrix metalloproteinase activation and tissue destruction 

In studies using an ex vivo foetal intestinal explant system it has been shown that 
mucosal destruction with villous atrophy and crypt hyperplasia is a consequence of 
T-cell activation (Pender et al. 1996, 1998) and further that especially the TNF-α 
produced by activated T-cells stimulates the production of MMPs (interstitial 
collagenase, gelatinase A and stromelysin-1) in intestinal myofibroblasts (Pender et 
al. 1997). 

This kind of T-cell-mediated increase in the activation of MMPs has been held to 
cause the destruction of the villous structure also in coeliac disease (Schuppan 
2000). Such a conception is supported by existing data showing an increased 
expression of MMP-1 and MMP-3 mRNAs in biopsy specimens obtained from 
coeliac disease patients (Daum et al. 1999). In addition, enhanced expression of the 
type 1 tissue inhibitor of matrix metalloproteinase (TIMP-1) mRNA level in coeliac 
lesion has been reported (Daum et al. 1999). Interestingly, TIMP-1 levels remained 
increased after a glutein-free diet whereas the mRNA levels of MMP-1 and MMP-3 
decreased to the level seen in the intestinal mucosa of healthy individuals’ (Daum et 
al. 1999). 

Elevated expression levels of MMP-1 and –3 also occur in dermatitis herpetiformis 
(Airola et al. 1995), a skin manifestation of mainly subclinical coeliac disease, after 
upregulation of urokinase plasminogen activator (Airola et al. 1997). In addition, it 
has recently been shown that MMP-12 mRNA levels are also enhanced in both the 
skin and intestinal biopsy samples of dermatitis herpetiformis (Salmela et al. 2001). 
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4.4 Antibodies in coeliac disease 

 

4.4.1 Serum antibodies 

One typical feature in coeliac disease patients, in addition to the characteristic 
changes in the mucosal architecture, is the appearance of certain disease-specific 
antibodies in the patient’s circulation after gluten ingestion.  

Determination of gliadin antibodies from patient serum has been used for diagnostic 
and screening purposes. IgA-class antibodies against gliadin, were formerly 
considered specific for coeliac disease, especially in children (Savilahti et al. 1983). 
However, these antibodies are not disease-specific, as they are also found in patients 
with other gastrointestinal diseases (Scott et al. 1990) as well as in healthy 
individuals (Pettersson et al. 1993). 

Serum reticulin antibody tests have been in use since 1971 (Seah et al. 1971, Mäki 
1984). Reticulin antibodies are targeted against connective tissue fibres in rat liver, 
kidneys and stomach, where they follow the positive silver staining pattern in 
tissues when detected with immunofluorescence staining in cryostat tissue sections 
(Seah et al. 1971). The IgA-class antibody test has been shown to be highly specific 
for coeliac disease (Mäki 1995), but is also considered to be markedly laboratory-
dependent (Mäki 2001). The reticulin antibody test has therefore often been 
replaced by the endomysial antibody test, also found to be highly specific and 
sensitive for coeliac disease (Chorzelski et al. 1983, Chorzelski et al. 1984, Stern et 
al. 2000). The original substratum, monkey oesophagus, used in endomysial 
antibody detection has in many laboratories since been replaced by human umbilical 
cord (Ladinser et al. 1994, Volta et al. 1995, Carroccio et al. 1996, Sulkanen et al. 
1998a, b). 

 

4.4.2 Mucosal antibodies 

IgA-class antibodies have also been found deposited in the intestinal basement 
membrane area and on subepithelial fibroblasts in the mucosa of untreated coeliac 
disease patients’ as well as in cases where the mucosal architecture has been more 
or less normal (Karpati et al. 1988, Mäki et al. 1995b). It was in fact recently shown 
that coeliac disease-specific IgA-class tissue transglutaminase antibodies are 
produced solely in the intestinal mucosa (Marzari et al. 2001), where they find their 
way to the circulation, occasionally even prior to the formation of the mucosal 
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lesion and before γδ T-cells are driven to the intraepithelial compartment in 
morphologically normal mucosa (Mäki et al. 1995b, Iltanen et al. 1999). These IgA-
class autoantibodies have hitherto been regarded as bystanders in the pathogenesis 
of coeliac disease, although their diagnostic value has been widely acknowledged 
(Braegger and MacDonald 1996). 

 

4.5 The coeliac disease extracellular matrix autoantigen, tissue transglutaminase 

The knowledge that disease-specific antibodies exist and that in humans the antigen 
is present in the extracellular matrix of most tissues (Seah et al. 1971, Hällström 
1989, Karpati et al. 1991) stimulated an intensive search for the coeliac disease 
autoantigen.  

Early studies demonstrated that IgA antibodies in sera from patients recognize a 
common antigen in an amorphous component associated with collagen fibres (Pras 
and Glynn 1973, Karpati et al. 1992). Subsequently it was shown that coeliac-
disease-specific autoantibodies detect an extracellular matrix non-collagenous 
protein purified from human foetal lung tissue (Mäki et al. 1991) and further, that 
this antigen was produced by fibroblasts (Marttinen and Mäki 1993). This 
notwithstanding, this protein remained unidentified for years.  

In 1997 tissue transglutaminase was immunoprecipitated with coeliac disease IgA 
from human fibrosarcoma HT 1080 cell lysates (Dieterich et al. 1997). This antigen 
reacted with all 25 coeliac disease serum samples tested but with none of the 25 
control samples. The finding that this new autoantigen also almost completely 
abolished the endomysial staining pattern suggested that tissue transglutaminase 
could be the main autoantigen in coeliac disease. However, in order for a test to be 
useful in clinical practice it also needs to be tested with an extensive clinical 
material. 

Tissue transglutaminase is widely distributed in human organs and belongs to a 
family of calcium-dependent protein cross-linking enzymes which polymerize 
proteins into high-molecular-weight aggregates via intramolecular ε(γ-
glutamyl)lysine bonds. These enzymes are apparently involved in very disparate 
biological processes. Tissue transglutaminase (transglutaminase type II; EC 
2.3.2.13), unlike the other transglutaminases, is a GTP-GDP binding enzyme 
(Bergamini and Signorini 1993). 
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An increasing body of evidence indicates that tissue transglutaminase has an 
important role at the cell surface and in the extracellular matrix, where the cross-
linking of extracellular matrix proteins such as fibronectin, collagens and numerous 
other extracellular substrates is believed to be important in their deposition and 
stabilization (Aeschlimann and Thomazy 2000). 

 

4.6 The proposed role of tissue transglutaminase in coeliac disease pathogenesis 

The prevailing hypothesis is that tissue transglutaminase contributes to the 
development of the coeliac disease mucosal lesion by deamidating specific 
glutamine residues in gliadin. The reaction is believed to create an epitope which 
binds efficiently to both DQ2 and DQ8 and is recognized by gut-derived T-cells, 
thus enhancing the T-cell response to gliadin (Molberg et al. 1998, Van de Wal et 
al. 1998). Activated T-cells then, via tumour necrosis factor alpha, stimulate 
myofibroblasts to secrete matrix metalloproteinases, which ultimately cause 
mucosal destruction (Pender et al. 1997). In addition, new epitopes generated in 
transglutaminase-catalyzed reactions, e.g. gliadin-gliadin or gliadin-tissue 
transglutaminase complexes, have been held to stimulate T-cell directed 
autoantibody production by tissue transglutaminase-specific B-cells (Sollid 2000, 
Schuppan 2000). 

Tissue transglutaminase is an enzyme, which has bioactivity both within and 
outside cells. It is known to have an important role in the regulation of different 
cellular processes in both compartments (Aeschlimann and Thomazy 2000). 
Although tissue transglutaminase seems to be the major coeliac disease autoantigen, 
the role of coeliac disease-specific autoantibodies targeted against tissue 
transglutaminase, in the pathogenesis of the disease has not been proposed. 
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PURPOSE OF THE PRESENT STUDY 

 

 

The aims of the present study were: 

 

1. to develop an in vitro model for the epithelial- mesenchymal cell interaction 
occurring on the crypt-villus axis. 

2. to verify the sensitivity and specificity of transglutaminase autoantibodies in 
coeliac disease. 

3. to characterize the possible effects of coeliac disease-specific autoantibodies 
in epithelial cell behaviour using the established three-dimensional epithelial 
cell-fibroblast co-culture model. 

4. to characterize the possible effects of coeliac disease-specific autoantibodies 
on fibroblast biology. 
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MATERIALS AND METHODS 

 

1. Cell lines (I, III, IV) 
The human intestinal epithelial cell line T84 (CCL 248) and the human embryonic lung 
fibroblast cell line IMR-90 (CCL 186) were purchased from the American Type Culture 
Collection (ATCC, Rockville, MD). The human intestinal epithelial cell line HT-29 was a 
generous kind gift from Dr. T.T. McDonald (The Medical College of St.Bartholomew´s 
Hospital, London, UK) and the primary human foreskin fibroblasts (FS) from the 
Department of Microbiology (Tampere University Hospital, Tampere, Finland). The 
passages used for T84 cells were 60-70, HT-29 160-170, IMR-90 12-19, and for FS 17-24. 
T84 epithelial cells were cultured in DMEM/F12 (1:1) medium, HT-29 epithelial cells in 
RPMI-1640; all fibroblasts were cultured in basal medium (Eagle), supplemented with 
10% foetal bovine serum, and 2 mM glutamine (all from Gibco BRL, Paisley, Scotland). 
 

2. Growth factors and antibodies (I, II, III, IV) 
Recombinant human growth factors, hepatocyte growth factor (HGF) and transforming 
growth factor β1 (TGF-β1) were purchased from R&D Systems (Oxon, UK). 
Goat anti-human HGF neutralizing antibodies, goat anti-human LAP (TGF-β1 latency-
associated peptide) detection antibody, as well as rabbit pan-specific TGF-β neutralizing 
antibodies were likewise obtained from R&D Systems. Rabbit anti-human IgG antibodies 
(D 336) and negative control antibodies, Ig-subtype specific monoclonal mouse anti-rabbit 
immunoglobulins, were from Dako A/S (Copenhagen, Denmark). Mouse monoclonal 
antibodies against tissue transglutaminase type II, CUB7402 and TG-100 were purchased 
from NeoMarkers (Fremont, CA). Rabbit antiserum to laminin (Cat. No. 680-3019) was 
from Gibco BRL and rabbit antibodies against c-met (h-met, C-28) were obtained from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mouse antibodies against human sucrase 
(HBB2/614/88) were a generous gift from Dr. H.P. Hauri (Biocenter of the University of 
Basle, Switzerland).  
Alkaline phosphatase-, peroxidase- and biotin-conjugated rabbit anti-human IgA 
antibodies, alkaline phosphatase-conjugated swine antibodies against rabbit IgG, and tetra-
methyl-rhodamine isothiocyanate isomer R (TRITC)-conjugated rabbit anti-mouse IgG 
were purchased from Dako A/S. Fluorescein isothiocyanate (FITC)-conjugated goat anti-
human IgA were obtained from Kallestadt Diagnostics (Chaska, MN). 
When the biotin-avidin system was used, the secondary antibodies and additional reagents 
were from ABC-Elite or the Vectastain Elite Kit obtained from Vector Laboratories 
(Burlingame, CA). 
 

3. IgA purification 
Total serum IgA fractions from untreated coeliac disease patients with high endomysial 
antibody titres (serum dilution ≥ 1:1000) and from healthy individuals or disease control 
sera were purified using immobilized jacalin (Pierce Europe B.V., Oud Beijerland, 
Holland) or CNBr-activated Sepharose 4B (Pharmacia Upjohn, Uppsala, Sweden) coupled 
with rabbit anti-human IgA antibodies (a generous gift from Pharmacia Upjohn). 
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Purification with jacalin was performed according to the manufacturer’s instructions. 
Melibiose from the elution buffer was removed by dialysing the samples overnight against 
a 100X volume of HANKS balanced salt solution (Gibco BRL). In the case of affinity 
purified IgA, the glycine from the elution buffer was removed with PD-10 columns 
(Pharmacia Upjohn). 
The IgA concentrations from all samples were determined by enzyme-linked 
immunosorbent assay (ELISA) using human affinity purified IgA (Dako A/S) as standard 
and the IgA concentration of all total IgA fractions was adjusted to 100 µg/ml. 
 

4. Recombinant IgA antibodies (IV) 
The cloned human antibodies were isolated from phage display antibody libraries as 
previously described (Marzari et al. 2001). In short: The complementary DNAs coding for 
variable regions of IgA obtained from coeliac disease patient intestinal lymphocytes were 
amplified using polymerase chain reaction and cloned into a phagemid vector. Phages 
expressing anti-tissue transglutaminase antibodies fused to a phage coat protein were 
isolated by recursive cycles of binding, elution and amplification on purified cloned human 
tissue transglutaminase. Antibody production in HB2151 E. coli cells transfected with the 
selected phages was induced with isopropyl-β-D-thiogalactopyranoside. The secreted 
antibodies were then collected from the supernatant and purified by affinity 
chromatography using Ni-NTA resin. 
The purified clones used were 2.18, 3.7 and 4.1. The clone G3, specific for gliadin served 
as control. These antibodies were added to cultures at 2 µl/25000 cells. 
 

5. Collagen gel (I, III, IV) 
Type I native collagen was prepared by modification of an established procedure 
(Montesano et al. 1991) by dissolving type I collagen from dissected adult rat tail tendons 
in acetic acid. The collagen solution was cleared by centrifugation at 10 000 g and the 
concentration adjusted to 1.6 mg/ml or 2.0 mg/ml. The solution thus prepared was stored at 
+4 °C until use.  
 

6. Three-dimensional cell cultures (I, III) 
Trypsinized T84 and HT-29 cells were suspended in ice-cold type I collagen solution (8 
vol.) supplemented with 10 x concentrated RPMI-1640 (Gibco BRL) (1 vol.) and 7.5% 
NaHCO3 (1 vol.). The cell suspension was layered onto Nunclon 24-well plates (Nunc, 
Roskilde, Denmark) and allowed to gel. The fibroblasts were grown on the top as a 
monolayer separated from the epithelial cells by a cell-free collagen layer. In certain 
experiments the fibroblasts were replaced by fibroblast-conditioned medium, which was 
obtained from confluent fibroblast cultures, cleared by centrifugation and stored at - 20 °C 
until use. All cultures were incubated at 37 °C in a humidified 5% CO2 atmosphere, and 
cultured for 5-17 days. 
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7. Proliferation assay (I, III) 
T84 cells were cultured on porous polycarbonate membrane cell culture inserts (Corning 
Costar, Cambridge, MA) with (I) or without (III) fibroblasts. Different concentrations of 
growth factors or antibodies were added to the culture medium, when used. After three or 
four days in culture the proliferation rate of T84 cells was measured using CellTiter96TM 
AQueous Non-Radioactive Cell Proliferation Assay (Promega Corp., Madison, WI) 
according to the manufacturer’s instructions. The optical density was measured 
spectrophotometrically at 490 nm. 
 

8. Adhesion (IV) 
The effects of antibodies agaist tissue transglutaminase on IMR-90 adhesion on type I 
collagen were studied using a previously described adhesion assay (Messent et al. 1998). 
In short: 96-well plates were coated with rat tail tendon-derived type I collagen (1.6 
mg/ml) for 1 hour. IMR-90 cells in culture medium supplemented with bovine serum 
albumin (2 mg/ml) (Sigma Chemical Company, St.Louis, MO) were added to the collagen 
and allowed to attach for 30 or 60 minutes. The number of attached cells were determined 
using CellTiter96TM AQueous (Promega Corp.) according to the manufacturer’s instructions.  
 

9. Cell migration (IV) 
To study the effects of antibodies against tissue transglutaminase on fibroblast migration, 
IMR-90 fibroblasts were plated on type I collagen-coated 24-well plates (Nunc). When the 
cultures had reached confluence they were wounded and the antibodies under study added 
to the culture medium. In addition, to distinguish migration from proliferation the cultures 
were treated with Mitomycin C (0.02 mg/ml, Sigma). After a 24-hour culture period the 
migration of IMR-90 cells was assessed under inverted microscope by numbering the cell 
nuclei observed across the wounded borders. 
 

10. Collagen gel contraction (IV) 
To study the effects of anti-tissue transglutaminase antibodies on fibroblast-populated 
collagen gel contraction, detached IMR-90 cells were gently mixed into the neutralized 
type I collagen solution (1.6 mg/ml) before being transferred to 24-well plates. The 
formation of gels was initiated by incubating the plates at 37 °C for 30 min, whereafter the 
antibodies were added to the culture medium. The fibroblast-populated collagen gel 
contraction was allowed to proceed for three days, after which the cultures were stained 
with Coomassie blue and photographed and the surface areas of the gels measured from the 
prints. 
 

11. Collagen degradation assay (IV) 
The capacity of the cells to degrade type I collagen was assessed as previously described 
(Holmbeck et al. 1999). In short, 24-well plates (Nunc) were coated with 200 µl of type I 
collagen (2 mg/ml). A pellet of IMR-90 cells in the growth medium was seeded in the 
centre of each well. The cells were allowed to attach for 2 hours and then incubated for 3 
days with or without the presence of antibodies. Matrix metalloproteinase (MMP) activity 
was stimulated with 10-9 M interleukin 1β (IL-1β) (R&D Systems). After the culture 
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period the cells were removed and the residual collagen fibril films were stained with 
Coomassie blue. The unstained, collagen-free areas were measured from digital images 
using analySIS 3.0 software (Soft Imaging System GmbH, Münster, Germany). 
To determine collagen degradation by measuring protein concentration, the residual 
collagen film was solubilized with 10 M HCl, alkalized and again neutralized prior to 
protein determination with DC protein assay (Bio-Rad, Hercules, CA). 
 

12. SDS-PAGE, immunoblotting (II, III) and zymography (IV) 
All proteins subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis in 8-
12 % polyacrylamide gel (SDS-PAGE) (Bio-Rad) were added to either non-reducing or 
reducing sample buffer. Kaleidoscope-prestained standards (cat.no.161-0324, Bio-Rad) 
were used as molecular weight standards. 
For immunoblotting the electrophoresed proteins were then transferred to Hybond-C extra 
nitrocellulose membranes (Amersham International plc., Buckinghamshire, England). The 
target antigens were detected in the nitrocellulose membranes with specific primary 
antibodies, and visualized using the avidin-biotin peroxidase method (ABC-Elite Kit, 
Vector Laboratories inc.).  
Guinea pig liver-derived tissue transglutaminase (Sigma T5398) was incubated with 
distilled water or 50 mM Tris-HCl buffered saline, pH 7.5, with 5 mM CaCl2 for 2 hours at 
37 °C in a shaking water bath prior to running the SDS-PAGE (II).  
Extracellular matrices (III) from IMR-90 cell cultures were prepared as previously 
described (Hedman et al. 1979). In short, the confluent IMR-90 cell cultures were treated 
with buffered 0.5% sodium deoxycholate and the residues then collected from the air-dried 
plates into non-reducing SDS-PAGE sample buffer prior to the SDS-PAGE run. 
To measure MMP activity, the samples were subjected under non-reducing conditions to 
zymographic SDS-PAGE where the 8% polyacrylamide gels were impregnated with 2 
mg/ml gelatin (Sigma) (IV). After the run, sodium dodecyl sulphate was removed from the 
gels by extensive rinsing prior to incubation overnight in the developing solution (50 mM 
Tris-HCl, 5 mM CaCl2, 1 µM ZnCl2, pH 7.6). Finally, the gels were stained with 
Coomassie blue (Sigma) and the areas of gelatinolytic activity detected as transparent 
bands. 
 

13. Microscopy and histochemistry 
The three-dimensional collagen gel co-cultures (I, III) were studied daily under inverted 
microscope and the distribution of colony types recorded. For light microscopy, either 
paraffin or cryostat sections were used. To prepare the paraffin sections the formalin-fixed 
collagen gels were released from the wells and dehydrated by ascending ethanol series and 
xylene before being embedded in paraffin. To prepare cryostat sections the gels were 
embedded in Tissue Tek OCT (Miles Laboratories, Elkhart, IN) and frozen in liquid 
nitrogen. 
For transmission electron microscopy, the co-culture gels were fixed in neutral 2.5% 
glutaraldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide and 
dehydrated by an ascending acetone series and embedded in epon. The sections were 
stained with 1% uranyl acetate and 0.4% lead citrate. Sections were studied with a JEOL 
JEM 1200 EX transmission electron microscope (JEOL, Tokyo, Japan). 
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From the paraffin sections basement membranes were silver-stained by the Rio Hortega 
method (I, III); the brush border mucin profiles were stained with high iron diamine-alcian 
blue (I). The presence of alkaline phosphatase (I) was shown by incubating the sections 
with substrate, using 5-bromo-4-chloro-3-indolyl phosphate (Sigma) and Nitro Blue 
Tetrazolium (Sigma) as chromogen. 
 

14. Immunohistochemistry (I) 
For immunohistochemistry the paraffin sections were treated with proteinase K (c-met 
staining) or microwaved (sucrase-isomaltase staining) to expose the antigenic 
determinants. Laminin staining was performed on acetone-fixed cryostat sections. 
After incubating the sections with appropriately diluted specific primary antibodies, 
suitable biotinylated secondary antibodies were applied. To detect the bound secondary 
antibodies the sections were incubated with biotin-avidin peroxidase reagent (Vectastain 
Elite Kit, Vector Lab.) and the colour developed with AEC-substrate solution (a mixture of 
3-amino-9-ethylcarbazole and N,N-dimethyl-formamide in 0.1 M acetate buffer, pH 5.2, 
with 3% H2O2). The sections were counterstained with haematoxylin when necessary. 
Indirect immunofluorescence stainings were performed on Tissue Tek OCT (Miles 
Laboratories) embedded collagen gel co-culture or human umbilical cord cryostat sections. 
Bound serum IgA was detected with fluorescein isothiocyanate-conjugated secondary 
antibodies.  
In double immunostaining the sections were incubated, in addition to serum IgA, also with 
antibodies against tissue transglutaminase (CUB7402). Human IgA antibodies were 
visualized in green with FITC-conjugated anti-human IgA (Sanofi Diagnostics Pasteur, Inc. 
Chaska MN) and CUB7402 mouse antibodies were detected by TRITC-conjugated rabbit 
anti-mouse antibodies, resulting in red colour. To assess simultaneously both green and red 
emitted lights and the resulting yellow colour on overlapping tissue stainings, an Olympus 
BX50 fluorescent microscope with Pinkel-1 multi-band filter set (Chrome Technology 
Corporation, Vermont, NY) was used.  
Inhibition of endomysial staining was carried out as previously described (Dieterich et al. 
1997). Coeliac disease patient sera and monoclonal CUB7402 antibodies were 
preincubated with tissue transglutaminase (Sigma T5389) for 1 hour at 25°C before being 
retested on human umbilical cord. 
 

15. Enzyme-linked immunosorbent assay (ELISA) for TGF-β1 and tissue 
transglutaminase antibodies (II, III) 
Flat bottom microstrip 1x12 polystyrene wells (Labsystems OY, Helsinki, Finland) were 
coated with 1 µg/ml TGFβ-1 in carbonate buffer, pH 9.4. After blocking with 1% bovine 
serum albumine (Sigma A4503) the antibodies were diluted in phosphate-buffered saline 
pH 7.4. The primary antibodies were detected with alkaline phosphatase-conjugated 
secondary antibodies, the colour was developed with p-nitrophenyl phosphate disodium 
(Sigma 104) and the optical densities measured spectrophotometrically at 405 nm. 
To examine the purified IgA reactivity for tissue transglutaminase microtitre plates (Nunc 
Immuno Plate Maxisorb; Nunc A/S) were coated with 10 µg/ml of tissue transglutaminase 
in PBS as previously described (Dieterich et al. 1997). 
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To study the effects of the reactivity of IgA for Ca2+ -treated tissue transglutaminase the 
microtitre plates (Nunc A/S) were coated with 10 µg/ml of tissue transglutaminase (Sigma 
T5398) in 50 mM Tris-HCl buffered saline, pH 7.5, with 5 mM CaCl2. Purified IgA 
samples were diluted as mentioned above in 50 mM Tris-HCl buffered saline, pH 7.5, with 
10 mM EDTA plus 0.1% Tween-20 (Sigma P7949) and applied for 1 hour. IgA was 
detected with peroxidase-conjugated anti-human IgA immunoglobulins and the colour 
developed with o-phenylenediamine dihydrocloride (DAKO A/S) and 0.06% H2O2 in 100 
mM sodium citrate, pH 4.2, and the optical density at 450 nm was measured 
spectrophotometrically. Positive and negative control serum samples, positive reference 
serum provided by the European Medical Research Council (EMRC) Clinical Network for 
Gastroenterological Immunology and the ESPGHAN Working Group for Serological 
Screening of Coeliac Disease (Stern) and buffer blanks were included in each assay. The 
antibody concentrations were expressed as arbitrary units (AU), that is, as percentages of 
the positive reference serum. 
 

16. Statistics 
In the tissue transglutaminase ELISA study with clinical material, statistical analysis was 
based on 95% confidence intervals. Computation was carried out using CIA software 
(Gardner and Altman 1989). Sensitivity was defined as the frequency of positive antibody 
results in patients with coeliac disease, and specificity as the frequency of negative 
antibody results in patients excluded for coeliac disease. All other numerical analyses of 
data consisting of the means of continuous variables were done by two-tailed Student’s t-
test. 
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RESULTS 

 

1. The three-dimensional fibroblast - epithelial cell co-culture (I) 

To study how fibroblasts regulate intestinal epithelial cell proliferation and 
differentiation a three-dimensional in vitro fibroblast - epithelial cell co-culture 
model was developed (Figure 3). With this model it was shown that IMR-90 
fibroblasts induce T84 epithelial cell differentiation in a TGF-β-dependent manner.  

 

 

 

 

 

 

 

 

 

Figure 3. In the co-culture model T84 cells are grown within a three-dimensional collagen 
lattice on the bottom of a tissue culture well and the fibroblasts are grown as a monolayer 
on cell-free collagen. The fibroblasts induce epithelial cell organization into two kinds of 
luminal structures. Half of the vesicles are formed with differentiated T84s showing 
characteristics typical for small-intestine enterocytes, while the remaining organized T84 
cell colonies are formed with undifferentiated, still secretory T84 cells. In cultures which 
are not given fibroblast support, T84s do not organize and remain undifferentiated in 
globular clusters. 
 

1.1 The three-dimensional behaviour of T84 cells in the co-culture model (I) 

When T84 cells were cultured within a type I collagen gel, which allows three-
dimensional growth and organization, they divided and formed globular colonies. 
Electron microscopy revealed loosely packed cells showing wide intercellular 
spaces without organized orientation (I, Figure 1). Parallel to this, no signs of 
continuous basement membrane deposition were seen. These cells were 
characterized as typical cuboidal cells. 
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When fibroblasts were introduced to these cultures T84 cells responded by forming 
organized luminal structures. In cultures which were supported with primary 
foreskin fibroblasts a mean of 94% of all T84 cell colonies were organized (range 
80-100 %), and with lung fibroblast cell line IMR-90 the number of organized 
colonies was on average 76% of all T84 epithelial cell colonies (range 55-95 %) (I, 
Figure 2). Vertical and horizontal cross sections of organized colonies from 
paraffin-embedded cultures revealed one epithelial cell layer surrounding the 
lumen. A well-deposited basement membrane was demonstrated around all luminal 
formations with silver impregnation staining, and by immune staining for laminin 
(I, Figure 7). 

The luminal formations consisted of two types of colonies. A part of these 
organized colonies were formed with polarized undifferentiated cuboidal epithelial 
cells, showing irregular and distorted microvilli. The majority of organized luminal 
formations were composed of cells showing morphological features typical of 
absorptive enterocytes; columnar in shape with well-formed apical intercellular 
junctions and microvilli. Biochemical characterization further evidenced that these 
cells were differentiated, as the majority expressed brush border alkaline 
phosphatase (moderate/strong; I, Table 1) and sialomucins. Additionally, goblet 
cells were occasionally observed in both types of luminal formations. 

 

1.2 Effects of soluble growth factors, HGF and TGF-β1 on the three-dimensional 
behaviour of T84 cells (I) 

To establish whether the differentiation of crypt-like T84 cells was induced by 
soluble factors, IMR-90 fibroblasts were replaced by fibroblast-conditioned 
medium. The conditioned medium also induced epithelial cell organization, 
although not as effectively as fibroblasts. 

HGF is known to be morphogenic for kidney epithelial cells (MDCK); it induces 
tubulus formation in similar culture conditions (Montesano et al. 1991). Based on 
this the ability of HGF to induce vesicle formation was tested. HGF failed to induce 
organization of T84 epithelial cells but increased epithelial cell proliferation in a 
dose-dependent fashion (I, Figure 9). 

TGF-β1 has been reported to induce terminal differentiation in intestinal epithelial 
cells, and was therefore chosen as the next candidate. hTGF-β1 indeed increased 
dose-dependently the number of differentiated types of T84 cell colonies. The 
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optimal concentration, 20 ng/ml, induced organization in seven days with a mean of 
65% (range 63-67%). When the hTGF-β1 concentration was further increased to 40 
ng/ml the number of luminal formations decreased to the same level as with a 
concentration of 10 ng/ml, comprising on the average 57% of all T84 colonies 
(range 54-60%). It is noteworthy that nearly all luminal formations, on the average 
93% of all T84 cell colonies, were formed with columnar, differentiated T84 cells 
showing positive alkaline phosphatase staining at the apical site. 

To ensure that fibroblast-induced T84 epithelial cell differentiation was also due to 
TGF-β1, pan-specific neutralizing antibodies against TGF-β and antibodies against 
the latency-associated protein (LAP) were added to the three-dimensional cultures 
together with IMR-90 fibroblasts. The results clearly showed that the fibroblast-
induced organization and differentiation T84 cells was TGF-β-mediated, as in 
cultures treated with neutralizing antibodies against TGF-β the numbers of 
differentiated-type of colonies were reduced from the accurate control level of 42% 
to 15% (p<0.001). The antibodies against LAP were even more effective, as they 
reduced the number of differentiated-type colonies down to 6% from the 42% seen 
in control cultures treated with irrelevant rabbit antibodies. In addition, the 
antibodies against TGF-β and LAP seemed to increase the proliferation of T84 
cells, as the diameters of the unorganized cell clusters were significantly increased. 
This suggested that TGF-β inhibits proliferation, as was in fact further confirmed in 
the proliferation assay, which showed that hTGF-β1 slightly but dose-dependently 
reduced the proliferation rate of T84 cells. The results are summarized in Table 2 of 
I. 

 

2. The effects of coeliac disease-specific IgA on epithelial cells (III) 

The presence of a well-deposited basement membrane around the luminal 
formations in fibroblast-supported three-dimensional T84 epithelial cell cultures 
suggested that the coeliac disease autoantigen could be detectable in the three-
dimensional co-culture. This was established in an indirect immunofluorescence test 
with coeliac disease patient sera IgA-class antibodies, which, as expected, revealed 
the presence of the coeliac disease autoantigen in the basement membrane area of 
organized luminal formations (III, Figure 1). The control sera (non-coeliac) showed 
no reaction with the substratum.  
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To ascertain whether coeliac disease-specific autoantibodies have any biological 
implications for epithelial cell biology purified total IgA fractions from both coeliac 
disease patient and healthy donor sera were added to the fibroblast-epithelial cell 
co-cultures. In control co-cultures, which were treated with the total IgA fraction 
from healthy donors or disease controls, the colony type distribution was as in 
untreated T84-IMR-90 co-cultures; 48% (range 39-55%) of all colonies were 
differentiated-type luminal formations. In co-cultures treated with purified IgA from 
coeliac disease patient sera, the number of differentiated-type colonies decreased 
significantly to 25% (range 19-32%) when compared to control cultures (p<0.001). 
The results are summarized in Figure 4. 

In addition, IgA purified from coeliac disease patients’ sera on a gluten-free diet did 
not affect epithelial cell differentiation but total IgA obtained from the same 
patients after gluten challenge again reduced the number of differentiated-type 
colonies to the same level as with IgA from untreated coeliac disease patients (III, 
Figure 2). 

When purified IgA from coeliac disease patient sera was added to cultures where 
epithelial cell differentiation was induced by TGF-β1, an interesting dose-
dependent effect on the number of differentiated epithelial cell colonies was seen. 
At the optimal hTGF-β1 concentration (20 ng/ml) coeliac disease-specific IgA 
reduced the number of differentiated-type T84 cell colonies to 35% (range 31-40%) 
from the mean of 51% (range 46-56%) seen in control cultures treated with non-
coeliac IgA (p<0.001). In cultures treated with the highest used hTGF-β1 
concentration (40 ng/ml) the coeliac disease IgA significantly increased the number 
of differentiated-type colonies to 34% (range 28-40%) when compared to the 25% 
(range 21-30%) seen in control cultures treated with non-coeliac IgA. In all tested 
concentrations of hTGF-β1 non-coeliac disease-associated IgA showed no effect on 
T84 epithelial cell differentiation. 

As increased crypt epithelial cell proliferation is well established in coeliac disease-
affected small-intestinal mucosa, the effects of purified total coeliac disease-specific 
IgA on IMR-90-induced crypt-like T84 cell proliferation were now tested. As 
expected, the total IgA fraction from untreated coeliac disease patient sera increased 
T84 cell proliferation, but only slightly, to 105% (range 102-109%) from the 
corresponding control level of 100% (range 97-103%) when compared to cultures 
treated with control IgA (p=0.024). 
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Figure 4. The figure shows that in untreated epithelial cell – fibroblast control cultures 
48% of all T84 colonies are differentiated. Addition of purified IgA from healthy donors or 
disease controls does not affect epithelial cell differentiation, whereas total IgA fraction 
purified from coeliac disease patients’ sera significantly and similarly to the monoclonal 
anti-tissue transglutaminase antibody CUB7402 reduces T84 differentiation to 25 % in this 
model. Also antibodies against TGF-β show clear inhibition of this fibroblast-induced 
TGF-β-dependent T84 epithelial cell differentiation. The black columns represent 
undifferentiated T84 cell colonies, the hatched columns differentiated T84 cell colonies. 
 

2.1 SDS-PAGE of extracellular matrix preparations and immunoblotting (III) 

Immunoblotting of the fibroblast extracellular matrices was performed because the 
coeliac disease autoantigen was detected in the extracellular matrix in the basement 
membrane area and because coeliac disease-specific IgA was able to inhibit the 
TGF-β mediated differentiation of T84 cells. Serum IgA from the same coeliac 
disease patients as previously used detected four bands representing molecular 
weights of 120-, 110-, 93- and 85-kilodalton, and an intense band with a molecular 
weight of 60 kilodaltons from the matrix preparations. Healthy donors’ sera did not 
react with any of the bands, but one ulcerative colitis patient serum detected the 93- 
and 85-kilodalton bands. Interestinly, antibodies against TGF-β also detected the 
120-, 110- and 60-kilodalton bands. 
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2.2 ELISA for hTGF-β1 antibodies (III) 

The data obtained both from blocking studies and from immunoblotting suggested 
that coeliac disease-specific IgA could recognize similar proteins as neutralizing 
antibodies against TGF-β. This idea was tested with an ELISA for TGF-β. 
However, none of the IgA samples tested showed positive reaction for TGF-β1. The 
average optical density with coeliac disease-specific IgA was 0.098 (range 0.031-
0.178) and 0.035 (range 0.010-0.064) with IgA from control individual sera, 
whereas the rabbit pan-specific TGF-β neutralizing antibodies, which served as a 
positive control, gave an optical density of 2.053. 

 

3. Tissue transglutaminase as coeliac disease autoantigen (II) 

While this study was in progress tissue transglutaminase was identified as one, if 
not sole, coeliac disease autoantigen (Dietrich et al. 1997). To study whether patient 
serum IgA class antibodies bind to tissue transglutaminase an ELISA was 
performed with guinea pig liver derived tissue transglutaminase as antigen. Serum 
samples from 136 untreated coeliac disease patients and 207 disease controls were 
tested. 

When the ELISA was conducted as described in the original paper the mean optical 
density for the pilot group of 20 untreated coeliac disease patients tested was 0.455 
and that for the first 24 disease control patients tested 0.132. However, when the 
unspecific sample background values were subtracted no differences in results were 
seen between coeliac disease patients and the controls. 

Tissue transglutaminase is a Ca2+-dependent cross-linking enzyme. Calcium binding 
induces a conformational change in the enzyme needed for catalytic activity (Fesus 
and Laki, 1977). With this in mind the ELISA protocol was modified by adding 
Ca2+ to the coating buffer and EDTA to the dilution buffer to inhibit enzymatic 
activity. With these modifications the mean optical density was now, after sample 
background subtraction, 1.013 for the same first 20 untreated coeliac disease 
patients and 0.014 for the 24 control patients. When a large clinical material was 
tested with this ELISA, using calcium-activated guinea pig tissue transglutaminase 
as antigen, a sensitivity of 95% (129 out of 136) and a specificity of 94% (194 out 
of 207) with a cut-off level of 10 AU was obtained. In addition, this modified IgA-
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class tissue transglutaminase autoantibody ELISA correlated well with the IgA-
class endomysial antibody test (II, Table 1). 

In indirect immunofluorescence staining on cryostat sections of human umbilical 
cord the commercial tissue transglutaminase monoclonal antibody, CUB7402, 
stained smooth muscle endomysial fibres around the vessels similarly to untreated 
coeliac disease patient serum IgA. A double immunofluorescence staining showed 
clear colocalization of the epitopes for CUB7402 and coeliac disease-specific 
antibodies (II, Figure 4). Pretreatment of coeliac disease patient sera with tissue 
transglutaminase completely abolished the endomysial staining pattern in human 
umbilical cord. 

 

4. Antibodies against tissue transglutaminase in the co-culture model 
(III) 

Once the tissue transglutaminase was identified as the coeliac disease autoantigen 
(Dieterich et al. 1997) the purified total IgA fractions from coeliac disease patient 
sera (used in the previous co-culture experiments) were tested with the 
aforementioned ELISA for tissue transglutaminase. Purified IgA from untreated 
coeliac disease patient sera and from patients on gluten challenge showed high 
optical densities (mean 2.803, range 2.630-2.927) whereas purified IgA from sera of 
patients on a gluten-free diet as well as purified IgA from non-coeliac sera were 
significantly lower (mean 0.174, range 0.146–0.231). 

To study whether tissue transglutaminase antibodies show effects on epithelial cell 
differentiation similar to those of coeliac disease-specific IgA antibodies, 
commercial tissue transglutaminase antibodies were added to the three-dimensional 
fibroblast-epithelial cell co-cultures. The result showed that these commercial 
antibodies, CUB7402 and TG-100, reduced T84 epithelial cell differentiation to 
23% of all T84 cell colonies (range 17-27%) from the 48% seen in control cultures, 
thus being similar to untreated coeliac disease-specific IgA (Figure 4). The 
irrelevant isotype-matched mouse control antibodies did not affect epithelial cell 
differentiation. In addition, monoclonal antibodies against tissue transglutaminase 
increased T84 epithelial cell proliferation to 130% from the control level of 100%. 
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5. The effects of coeliac disease-specific IgA on fibroblasts (IV) 

When testing the effects of coeliac disease-specific IgA antibodies on epithelial cell 
differentiation with the three-dimensional fibroblast–epithelial cell co-culture 
model, it was observed that the fibroblast growth pattern was also affected. In 
cultures treated with anti-transglutaminase antibodies fibroblasts grow in astral 
formations instead of growing in confluent monolayers on the type I collagen as in 
control cultures. This altered growth pattern suggested that coeliac disease IgA 
disrupted the interaction of fibroblasts with the extracellular matrix. 

On this basis the effects of anti-tissue transglutaminase antibodies on IMR-90 
fibroblast adhesion to type I collagen, on fibroblast motility on type I collagen, and 
on fibroblast-populated collagen gel contraction were measured. None of the tested 
anti tissue transglutaminase antibodies showed any effect on the number of adherent 
IMR-90 fibroblasts on the type I collagen substratum. However, these antibodies 
had a clear inhibitive effect on fibroblast motility and on collagen gel contraction 
(Figure 5). Motility was decreased to 74% with coeliac disease-specific IgA and to 
57% with CUB7402 when compared to the control levels (100%). Collagen 
contraction was slower in cultures treated with coeliac disease-specific IgA and 
CUB7402 antibodies, resulting in increased surface areas; 12% larger in coeliac 
disease-specific IgA and CUB7402-treated cultures when compared to 
corresponding control cultures (100%). The typical changes in CUB7402-treated 
cultures as seen in the microscope are shown in Figure 5. 

 

 

Figure 5. Monoclonal antibodies against tissue 
transglutaminase (CUB7402), similarly to coeliac 
disease-specific autoantibodies inhibit fibroblast-
populated collagen contraction (A) and fibroblast 
motility on type I collagen (C) when compared to 
controls (B, D). Function blocking antibodies 
against tissue transglutaminase (CUB7402) 
increase collagen degration (E) when compared to 
control (F) and measured as collagen-free surface 
area (white). Bar = 15 µm. 
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The process which results in fibroblast-populated type I collagen contraction is 
dependent on integrin α2β1 and membrane type I matrix metalloproteinase activity 
(Broberg and Heino 1996, Deryugina et al. 1998). Because anti-transglutaminase 
antibodies did not affect IMR-90 fibroblast adhesion to type I collagen (integrin 
α2β1 –mediated) we chose to measure the effects of anti-tissue transglutaminase 
antibodies on type I collagen degradation. The assay used has been described as 
being solely dependent on membrane type I matrix metalloproteinase mediated 
collagen degradation (Holmbeck et al. 1999). The ability of IMR-90 cells to 
degrade type I collagen in IL-1β-stimulated cultures, measured as the average 
surface area of degraded collagen, was significantly increased in the presence of 
coeliac disease-specific IgA (138%) and CUB7402 (160%), when compared to the 
accurate controls (100%). The typical changes in CUB7402-treated cultures as seen 
in the microscope are shown in Figure 5. We also performed zymography from the 
culture medium obtained from the ‘degradation’ assays. No marked changes in 
metalloproteinase activity were seen regardless of the added antibodies. 

In studies focusing on the effects of coeliac disease-specific IgA on fibroblast 
behaviour also monoclonal, recombinant coeliac disease-specific anti-
transglutaminase IgA antibodies were used. The results obtained reflected the 
effects of the total IgA fraction purified from coeliac disease patients’ sera in 
experiments where similarly produced antibodies against gliadin served as control 
antibodies. Recombinant IgA antibodies reduced IMR-90 fibroblast motility to 74% 
of the control level. In the collagen gel contraction assay these antibodies inhibited 
contraction of the gels, resulting in a 20% higher surface area when compared to the 
corresponding control cultures. In the matrix degradation assay recombinant IgA 
antibodies against tissue transglutaminase antibodies increased degradation even 
more than CUB7402, resulting in a 167% larger collagen-free area when compared 
to cultures treated with recombinant antibodies against gliadin. 
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DISCUSSION 

 
In the discussion the major points arising from the present results (I-IV) are 
discussed in the first three sections. In the last section the results are reconciled with 
the existing data and a new hypothesis of coeliac disease pathogenesis is proposed. 
 
1. The three-dimensional fibroblast-epithelial cell co-culture model (I) 

The human intestinal deep crypt-like T84 epithelial cell line was used in this study 
because they express only a limited set of markers typical for aggressive cancer 
cells. T84 cells do not form metastases when implanted in nude mice (Murakami 
and Masui 1980). They also exhibit well-formed tight junctions and desmosomes 
between adjacent cells when grown in monolayers and have maintained 
responsiveness to many peptide hormones and neurotransmitters (Dharmsathaphorn 
et al. 1984). These properties suggested that T84 cells might be able to differentiate 
if cultured in optimal conditions. The present study using a three-dimensional co-
culture system showed for the first time that these deep crypt-like chloride-secreting 
transformed human intestinal T84 epithelial cells indeed organize and differentiate 
when grown within a collagen gel and when given fibroblast support. Furthermore, 
it was shown that this fibroblast-induced T84 differentiation was TGF-β -
dependent. 

In morphologically columnar T84 cell colonies differentiation was further 
characterized by the expression of alkaline phosphatase, which has been used as a 
differentiation marker for Caco-2 cells (Pinto et al. 1983, Matsumoto et al. 1990). 
Furthermore, a well-deposited basement membrane around organized luminal 
formations was detected (I). Although a colon cancer cell line, T84 cells responded 
to TGF-β, thus differing from other colon cancer cells, which typically evince 
genetic defects either in TGF-β receptors or in molecules involved in TGF-β 
signaling pathways (Blobe et al. 2000). Another characteristic untypical for cancer 
cells was found in differentiating T84 cells, as they downregulated the expression of 
the proto-oncogene product c-met, the HGF receptor (I). Its expression typically 
remains unaltered in cancer cells (Boros and Miller 1995). However, these features, 
together with increased E-cadherin expression (unpublished data), support the 
conception that T84 cells virtually undergo differentiation when grown within a 
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three-dimensional collagen lattice together with, but separated from, supporting 
fibroblasts.  

The cell culture model described in this study offers a convenient means of 
investigating the role of mesenchymal cells in the regulation of epithelial cell 
proliferation and differentiation. A model which allows cross-talk between different 
cell types naturally reflects better the situation occurring in vivo, where instructive 
interactions between different cell populations form the bases of development and 
tissue maintenance. A good example of this is the growth factor pair TGF-β and 
HGF, which antagonize many of each other’s functions. TGF-β is the major 
autocrine and/or paracrine inhibitory regulator of epithelial cells, which induces 
terminal differentiation in epithelial cells (Kurokowa et al. 1987, Markowitz and 
Roberts 1996). HGF is a major mediator in epithelial-mesenchymal interaction and 
it stimulates epithelial cell proliferation and migration (Nusrat et al. 1994, Rubin et 
al. 1995, Goke et al. 1998). The antagonistic effect was clearly seen in the present 
study when neutralizing antibodies against TGF-β or HGF were added to fibroblast-
supported three-dimensional T84 cell cultures. In the presence of anti-TGF-β 
antibodies differentiation of T84 cell colonies was reduced, with a simultaneous 
increase in the epithelial cell proliferation rate (I). The opposite effect was observed 
when the biological function of HGF was inhibited: proliferation of T84 cells 
decreased and the number of differentiated T84 cell colonies was slightly enhanced 
when compared to the control co-cultures (I). Thus the present model has 
advantages over previous models for intestinal epithelial cell differentiation, Caco-2 
and HT-29 cells. Caco-2 cells differentiate spontaneously when grown to 
confluence (Pinto et al. 1983) and HT-29 cells need metabolic manipulation; the 
cells differentiate in the absence of glucose (Wice et al. 1985). In fact, HT-29 cells 
neither organized nor differentiated in the present model (I), although in monolayer 
co-cultures with IMR-90 cells they grow in lumen-shaped formations (data not 
shown). 

Recently published data also support the observation that this co-culture model 
mimics the jejunal crypt villus axis biology where the chloride-secreting crypt cells 
proliferate and differentiate to absorptive villus tip enterocytes. With differential 
display polymerase chain reaction it has been shown that the expression patterns for 
CC3/TIP30 (a metastasis suppression gene product) and rab11 (a protein regulating 
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vesicle trafficking) in epithelial cells were similar in the co-culture model to those 
in the normal human jejunal crypt-villus axis (Lindfors et al. 2001). 

 
2. Tissue transglutaminase as coeliac disease autoantigen (II) 

Histological demonstration of an initial flat small-intestinal mucosa (villous atrophy 
and crypt hyperplasia), together with clinical and histological improvement when 
patients are on a gluten-free diet, continues to be the gold standard for coeliac 
disease diagnosis. Serological detection of anti-endomysial antibodies is used to 
support the diagnosis and to screen populations at risk; the sensitivity and 
specificity of the tests are 70-95% and 100%, respectively (Schuppan 2000). 

Once tissue transglutaminase was identified as the major autoantigen in coeliac 
disease (Dieterich et al. 1997) the first question was whether tissue transglutaminase 
was responsible for the typical EmA staining pattern. This was shown in indirect 
immunofluorescence staining with commercial antibodies against tissue 
transglutaminase, where the typical coeliac disease-specific staining pattern was 
seen. In addition, when double staining with commercial monoclonal tissue 
transglutaminase and coeliac disease-specific IgA antibodies was performed, a 
complete overlapping was observed (II). Subsequent studies have confirmed these 
results (Lock et al. 1999a, Korponay-Szabo et al. 2000) 

The next question was whether a simple, economical and rapid serum antibody 
ELISA test with the only available commercial tissue transglutaminase preparation, 
guinea pig tissue transglutaminase as antigen, could serve as a screening test for 
coeliac disease instead of laborious immunofluorescence testing. The results clearly 
showed that tissue transglutaminase autoantibody ELISA was highly sensitive 
(95%) and specific (94%) in detecting untreated coeliac disease. Most researchers 
today accept this view, as similar results have recently been reported by other 
groups (Dieterich et al. 1997, Lock et al. 1999b, Hansson et al. 2000, Leon et al. 
2001). More recent studies using recombinant human tissue transglutaminase have 
been even better in terms of sensitivity and specificity in discriminating coeliac 
from non-coeliac individuals (Sardy et al. 1999, Bazzigaluppi et al. 1999, Sblattero 
et al. 2000, Martini et al. 2001). These results clearly indicate that tissue 
transglutaminase is the main, if not sole, autoantigen in coeliac disease. This 
assumption seems to hold true as, in immunofluorescence studies with coeliac 
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disease-specific IgA autoantibodies on tissue transglutaminase knock-out and wild-
type mice tissues, the typical coeliac disease-specific staining pattern was seen only 
in wild-type tissues where the autoantigen, tissue transglutaminase, was present 
(Korponay-Szabo et al. 2001). 

The results obtained in the present study showed the ultimate importance of the 
presence of Ca2+ for obtaining a specific antigen-antibody reaction, which would 
imply the involvement of conformational epitopes. This has been further evidenced 
in an elegant study using novel deletion mutants of tissue transglutaminase (Seissler 
et al. 2001). It was shown that coeliac disease-specific autoantibodies are indeed 
targeted against conformational epitopes and that these epitopes are located in 
distinct functional domains of tissue transglutaminase. 
 
3. Biological function of coeliac disease-specific IgA (III, IV) 

Tissue transglutaminase is a multifunctional cross-linking enzyme whose ultimate 
function is to stabilize extracellular matrix proteins (Aeschlimann and Thomazy 
2000). It catalyzes the formation of epsilon(gamma-glutamyl)lysine isopeptide 
bonds, which are resistant to enzymatic, mechanical and chemical degradation 
(Haroon et al. 2001).  

Our results show that coeliac disease-specific autoantibodies, which are targeted 
against tissue transglutaminase, possess biological activity exerting effects on both 
mesenchymal and epithelial cell biology (III, IV). These IgA autoantibodies inhibit 
fibroblast-induced TGF-β-mediated differentiation with a simultaneous increase in 
the proliferation rate of intestinal crypt-like T84 epithelial cells. Furthermore, 
purified total IgA fraction from coeliac disease patients’ sera significantly inhibited 
IMR-90 fibroblast motility and increased type I collagen degradation. The 
commercial monoclonal antibody against tissue transglutaminase, CUB7402, 
known to block the bioactivity of tissue transglutaminase, showed similar effects on 
both epithelial cells and mesenchymal cells. In fact, it has recently been shown that 
coeliac disease IgA is targeted against functional domains of tissue 
transglutaminase (Seissler et al. 2001) and that coeliac disease-specific IgA inhibits 
the enzymatic activity of tissue transglutaminase in vitro (Esposito et al. in press). 

Tissue transglutaminase is involved in the activation of latent TGF-β (Nunes et al. 
1997). This growth factor is considered to be the major autocrine/paracrine 
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inhibitory regulator in the intestinal epithelium (Markowitz and Roberts 1996). It 
induces proliferation arrest in epithelial cells often with simultaneous signaling for 
the terminal differentiation pathway (Kurokowa et al. 1987). By blocking the 
bioactivity of tissue transglutaminase, coeliac disease-specific IgA and monoclonal 
tissue transglutaminase antibodies presumably also block the tissue 
transglutaminase-dependent activation of TGF-β and could in that way inhibit 
epithelial cell differentiation, as was seen in our three-dimensional fibroblast-
epithelial cell co-culture model (III).  

The importance of tissue transglutaminase in extracellular matrix stabilization was 
more clearly seen in experiments with mesenchymal cells (IV). Function-blocking 
antibodies against tissue transglutaminase inhibited IMR-90 motility on type I 
collagen and collagen gel contraction, and increased type I collagen degradation. 
The observed increase in matrix degradation could well result from blocked 
transglutaminase cross-linking activity, as then the extracellular matrix remains 
more susceptible to matrix metalloproteinase degradation (Haroon et al. 2001). 

It is noteworthy that the in normal situation the degradation of collagen triple 
helices releases collagen-bound decorin, a proteoglycan which binds to active TGF-
β, thus neutralizing its bioactivity (Imai et al. 1997). Increased matrix degradation 
caused by autoantibody-mediated inhibition of tissue transglutaminase activity is 
hypothesized to enhance neutralization of TGF-β, as more decorin will be released. 
TGF-β also stimulates matrix production in mesenchymal cells in addition to its 
known ability to induce production of tissue inhibitors of matrix metalloproteinases, 
TIMPs. Thus blocking of the bioactivity of tissue transglutaminase also results, via 
neutralization of TGF-β, in reduced matrix deposition and increased matrix 
degradation, which further affects mesenchymal cell biology. In turn, keeping in 
mind the well-established instructive interaction between mesenchymal and 
epithelial cells, these changes in mesenchymal cell biology may be expected to also 
affect epithelial cell biological performance. The suggested biological functions of 
coeliac disease-specific autoantibodies are summarized in Figure 6. 

Mechanisms similar to those seen in vitro might also be operative in vivo, especially 
as these locally produced (Marzari et al. 2001) IgA autoantibodies (replaced by 
IgM-class antibodies in IgA-deficient coeliac disease patients) are deposited on the 
myofibroblasts underlining the crypt epithelium already before the full-blown 
coeliac lesion is seen in the small bowel (Korponay-Szabo, personal 
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communication) and before the autoantibodies are present in the patient circulation 
(Mäki et al. 1995a, Iltanen et al. 1999). Interestingly, increased matrix degradation 
has been shown to dramatically affect tissue architecture in an organ culture model 
(Pender et al. 1997). In this model stimulation of T cells resulted in morphological 
changes typical of coeliac disease via increased matrix metalloproteinase activity of 
intestinal myofibroblasts. As the present results demonstrate, the disease-specific 
autoantibodies have parallel effects, which suggests that these autoantibodies have a 
role in the formation of the mucosal lesion typically seen in coeliac disease. 
 
4. New perspectives on coeliac disease pathogenesis 

Basically, in view of to the strong association of the disease with HLA class II 
molecules the prevailing and most commonly accepted theory of coeliac disease 
pathogenesis is the immunological hypothesis, which envisages the disease as T-
cell-mediated. According to this hypothesis HLA DQ2 and DQ8 molecules present 
the disease-causing antigen, gliadin, to CD4+ T cells (Sollid and Thorsby 1993, 
McAdam and Sollid 2000). The presence of HLA-DQ-restricted T cells which 
respond to gliadin digests in the mucosa of coeliac disease patients indeed supports 
such a conception (Sollid 2000). Researchers were long puzzled because DQ2 
preferentially binds to peptides with negatively charged amino acids, which are 
rarely found in gliadin. However, when certain glutamine residues of the gliadin 
molecule are deamidated to glutamic acid the binding of gliadin peptides to DQ2 is 
enhanced. It is of interest that tissue transglutaminase, whose expression in the 
coeliac disease-affected mucosa is increased (D'Argenio et al. 1989), can perform 
this task, as has recently been shown in vitro (Molberg et al. 2000). The gliadin 
peptides presented by DQ2 then activate CD4+ T-cells, which in turn produce 
increased amounts of IFN-γ and other typical Th1 or Th0 cytokines (Sollid 2000). 
These activated T cells are then believed to orchestrate the changes leading to the 
mucosal lesion via increased matrix degradation by myofibroblast-produced matrix 
metalloproteinases (MacDonald 1992). 

The autoantibodies in coeliac disease are highly specific for the disease and mainly 
targeted against tissue transglutaminase. The ability of tissue transglutaminase to 
form complexes with gliadin has been held to drive the production of these 
autoantibodies. It has been proposed that tissue transglutaminase-specific B cells 
recognize the transglutaminase-gliadin complex, internalize it, and after processing 
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present the deamidated gliadin peptides to T-cells. These gliadin-specific T-cells 
then start to produce cytokines, which in turn stimulate the anti-transglutaminase 
antibody production in the antigen-presenting B cell (Sollid 2000, Schuppan 2000).  

In other autoimmune diseases such as type I diabetes, the balance between Th1 
(cytokines for cell-mediated immunity) / Th2 (cytokines for antibody production) 
expression has been shown to affect the manifestation of the disease (Shehadeh et 
al. 1993, Bach 2000). Similar mechanisms could also be operative in coeliac disease 
and explain the diversity in the natural history of gluten sensitivity in relation to the 
clinical manifestation of the disease. 

However, based on the present results, together with recent findings, which show 
that coeliac disease-specific autoantibodies are produced in the intestine (Marzari et 
al. 2001) where they are already present before mucosal lesion is seen (Korponay-
Szabo, personal communication) it is tempting to speculate that these 
autoantibodies could have a role in the pathogenesis of coeliac disease. The gliadin-
triggered pathogenetic mechanism could be biphasic, the autoantibody-mediated 
events in phase I being followed by a T cell-driven immune mediated phase II 
where the mucosal lesion typical of coeliac disease finally appears (Figure 6).  

The autoantibodies appear at the mucosal site at a very early stage of disease 
development and reduce the bioactivity of TGF-β, as the present results show (III). 
Although the coeliac disease-specific autoantibodies are able to cause some changes 
in intestinal biology (III, IV), the tissue seems to gain homeostasis in the course of 
IgA deposition and to tolerate the reduced availability of TGF-β. This is now 
regarded as phase I. This balance in the intestinal tissues, despite the presence of 
IgA, can be maintained for long periods, even years. However, in phase II an 
additional event (e.g. infection or IFN-α) is assumed to take place and cause a 
further decrease in the availability of active TGF-β or induce changes counter to 
TGF-β activity. This could finally lead to imbalanced biology on the crypt villus 
axis, which in turn is suggested to lead to the inflammation typically seen in coeliac 
disease. 
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Figure 6. The figure summarizes the biological functions of coeliac disease autoantibodies 
and shows the proposed phase I and II in coeliac disease pathogenesis. 
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4.1 IgA autoantibody mediated events, phase I 

The ability of coeliac disease-specific IgA to block the enzymatic activity of tissue 
transglutaminase suggest basically two possibilities for the autoantibodies to exert 
their role in coeliac disease pathogenesis. The first is based on the fact that tissue 
transglutaminase has been shown to be involved in the activation of TGF-β (Nunes 
et al. 1997) and the other relies on its ability to stabilize extracellular matrix 
structures (Aeschlimann and Thomazy 2000).  

TGF-β is the major inhibitory regulator of the intestinal epithelium which arrests 
epithelial cells in the G1 phase of the cell cycle and often simultaneously signals for 
terminal differentiation. A part of this process is mediated by down-regulation of c-
Myc, which is a critical event for growth inhibition by TGF-β (Yagi et al. 2002). In 
the normal situation, during epithelial cell differentiation, TGF-β acts as a potent 
inducer of the homotypic cell-cell adhesion by up-regulating the expression of E-
cadherin and its undercoat-associated protein, β-catenin. TGF-β also increases the 
formation of the cadherin/catenin complex at the cell membrane and reduces the 
free cytoplasmic pool of β-catenin available for activation of c-myc transcription 
(Coffey et al. 1988, Stockinger et al. 2001, Wang and Chakrabarty 2001).  

If we insert coeliac disease IgA autoantibodies into this process we presumably end 
up with decreased amounts of active TGF-β. The less TGF-β is available, the more 
c-Myc is expressed. Untimately this produces a situation similar to coeliac disease 
where c-myc expression is increased (Ciclitira et al. 1987) and E-cadherin 
expression decreased (Perry et al. 1999), resulting in increased epithelial cell 
proliferation.  

Reduced bioactivity of TGF-β could also explain other features typical of coeliac 
disease, for example goblet cell hyperplasia (Marsh 1992). The circumstances 
where the availability of TGF-β is limited can be hypothesized to favour the 
maturation of goblet cells, as they are the only intestinal epithelial cell population 
whose maturation is not TGF-β dependent (Hafez et al. 1990). 

The permeability of the epithelium in the coeliac disease-affected mucosa is 
increased. This has been shown to be related to structural modification in tight 
junctions between adjacent epithelial cells (Schulzke et al. 1995). It is noteworthy 
that intact cadherin-catenin complexes are important in the development of 
functional tight junctions (Rajasekaran et al. 1996), which are necessary for the 
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maintenance of the selective permeability and barrier function of the intestinal 
epithelium. As TGF-β stabilizes and induces the formation of the cadherin-catenin 
complex, the increased permeability seen in the coeliac disease-affected mucosa can 
be considered to be in part mediated by IgA autoantibodies, which reduce the 
bioactivity of TGF-β (III). In addition, also HGF, the TGF-β antagonist (I), has the 
capability to loosen intercellular tight junctions (Nusrat et al. 1994).  

Increased matrix degradation has been held to play a major role in the formation of 
the intestinal lesion (Pender at el. 1997, Schuppan 2000). TGF-β is a negative 
regulator of matrix degradation; it stimulates the deposition of extracellular matrix 
proteins and upregulates the expression of matrix metalloproteinase inhibitors 
(Grande 1997). Following this, the diminished availability of active TGF-β could 
increase MMP activity, as fewer inhibitors are produced. In coeliac disease and 
dermatitis herpetiformis the expression of mRNA for MMP-1, MMP-3 and, 
surprisingly also TIMP-1, has been shown to be increased (Daum et al. 1999, Airola 
et al. 1997). In addition, the enzymatic activity of MMP-2 and MMP-9, which are 
not TIMP-1-inhibited, has been shown to be increased in the coeliac lesion (Lerner 
et al. 2000). It is of interest that MT1-MMP activates MMP-2 at the cell surface, 
which in turn is able to activate pro-MMP-9 (Deryugina et al. 1998). The present 
results show that IgA autoantibodies increase MT1-MMP-mediated matrix 
degradation in mesenchymal cells (IV), which could be responsible for the observed 
enhancement in the activity of MMP-2 and MMP-9. 

Furthermore, MT1-MMP, whose expression is increased by HGF (Nabeshima et al. 
2000) and negatively linked to E-cadherin expression (Ara et al. 2000), can degrade 
most basement membrane components; native collagens, fibronectin, tenascin, 
nidogen, laminin-5, aggrecan and perlecan (d’Ortho et al. 1997, Hotary et al. 2000, 
Koshikawa et al. 2000). When the cross-linking activity of tissue transglutaminase 
is also inhibited by coeliac disease autoantibodies (Esposito et al. 2000), the matrix 
presumably remains more susceptible to MMP degradation (Haroon et al. 2001). 
Following this, one would expect that the basement membrane in the coeliac lesion 
could be delinear and breached, as has in fact been reported (Verbeke et al. in 
press). However, contrasting results showing such changes only in 2/12 patients 
have also been reported (Korhonen et al. 2000). Interestingly, in patients with a 
certain form of intractable diarrhoea the laminin composition of the basement 
membrane is irregular, which results in morphological changes in the small intestine 
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similar to those seen in the coeliac disease-affected mucosa (Goulet et al. 1995). It 
is noteworthy that in these cases the mucosal changes, resembling those typically 
seen in coeliac disease, appeared without any sign of T-cell activation. 

 

4.2 Lesion formation in phase II 

Blocking the bioactivity of TGF-β by coeliac disease-specific IgA autoantibodies 
seems to be able to induce changes typical of coeliac disease. Although the 
antibodies might be present and deposited in the crypt basement membrane area for 
long periods, the process leading to crypt hyperplasia and villus atrophy may take 
years or even decades to develop in susceptible individuals. How can this be 
explained?  

It should kept in mind that tissue transglutaminase is involved only in the plasmin-
mediated activation of extracellular matrix-associated large latent TGF-β complex 
(Nunes et al. 1997). Other proteases such as mast cell chymase, leukocyte elastase 
and thrombin can also release LTBP from the extracellular matrix (Gleizes et al. 
1997). It is therefore understandable that antibodies against tissue transglutaminase 
do not totally block TGF-β activation, but rather limit its availability (III), resulting 
in a “tolerable imbalance “. 

Thus an additional factor which finally causes a breakdown in the barely sustained 
homeostasis is needed to mark the starting-point of phase II. It was previously 
suggested that adenoviral infections might be involved in the pathogenesis of 
coeliac disease (Kagnoff et al. 1987), and it has in fact been shown that adenoviral 
proteins such as E1A are more frequently found in the intestine of coeliac disease 
patients (Lawler et al. 1994). E1A binds to TGF-β1 promoter and causes decreased 
TGF-β expression (Datta and Bagchi 1994). Similarly, TGF-β1 expression is 
affected by changes in hormonal levels (Goddard et al. 2000) typically appearing in 
connection with pregnancy, which is also known to induce coeliac disease (Smecuol 
et al. 1996). Recently, a case of coeliac disease-like enteropathy was reported in a 
patient receiving INF-α for chronic myeloid leukaemia (Monteleone et al. 2001). 
Along the lines of such a conception in this certain case IFN-α could be the action 
causing the imbalance in the patient’s small intestine, as INF-α upregulates c-myc 
(Matikainen et al. 1999), thus resembling effects typically seen when TGF-β-
mediated effects are blocked.  
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If we consider that the TGF-β level is further diminished from the already decreased 
level due to the presence of autoantibodies, we may deduce that nearly all TGF-β-
mediated signaling, e.g. E-cadherin expression will fall to an extremely low level. 
In a study using chimeric mice it has been shown that expression of a dominant 
negative cadherin mutant in the crypt-villus axis results in disruption of intercellular 
and cell matrix contacts, with an increased cell migration rate up to the villus, loss 
of epithelial cell differentiation and polarization, and precocious apoptosis, 
confirming the importance of intact E-cadherin-mediated adhesion in regulating cell 
fate and maintenance of normal epithelial homeostasis (Herminston and Gordon 
1995); all features typical of the coeliac disease-affected mucosa.  

Furthermore, TGF-β is a potent regulator of immune and inflammatory systems and 
acts generally as an immunosuppressive agent. When mice homozygous for 
disrupted TGF-β1 gene were generated, the animals showed multifocal, mixed 
inflammatory cell response in many tissues. The histopathological changes 
resembled certain human autoimmune diseases such as myocarditis, polymyositis 
and Sjögren’s syndrome suggesting that the absence of TGF-β1 might reduce 
suppression by T cells and lead to autoreactivity in the affected animals. The 
autoimmune state may involve increased IFN-γ-mediated MHC class II expression 
which TGF-β1 downregulates when available. Consequently, the absence of TGF-
β1 could lead to the presentation of self-antigens by inappropriate cells, thereby 
eliciting an autoimmune response (Shull et al. 1992). Thus the markedly decreased 
TGF-β seen at the beginning of phase II could favour the homing of a diverse 
lymphocyte population to the lamina propria. 

The humoral responses in coeliac patients have been stated to be essentially 
secondary bystander events, and further, that these locally produced high-titre 
antibodies are totally unable to cause mucosal damage (Marsh 1992). However, the 
results presented in this thesis already demonstrated marked cellular effects caused 
by coeliac disease-specific-IgA in vitro. The future will show whether this deeply 
held conception of IgA as a bystander in the pathogenesis of coeliac disease will 
indeed turn out to be false. 
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SUMMARY AND CONCLUSIONS 

 

In the present study a three-dimensional mesenchymal-epithelial cell co-culture 
model mimicking the epithelial cell biology on the crypt-villus axis was developed. 
With this model it was shown that coeliac disease-specific autoantibodies, targeted 
against tissue transglutaminase, do indeed have biological effects on epithelial and 
mesenchymal cells. 

The present data show the calcium-activated tissue transglutaminase autoantibody 
ELISA to be highly sensitive and specific in detecting coeliac disease. In double 
immunofluorescence staining the colocalization of epitopes of monoclonal tissue 
transglutaminase antibodies with coeliac disease patients’ serum IgA was clearly 
demonstrated. Together these results confirm that tissue transglutaminase is the 
major autoantigen in coeliac disease. The need for calcium for a specific antibody-
antigen reaction to occur suggests that coeliac disease autoantibodies detect 
conformational epitope(s) of tissue transglutaminase. 

The transformed human intestinal chloride-secreting crypt-like T84 epithelial cells 
organized into two kinds of luminal structures when co-cultured with fibroblasts. 
Around all organized T84 cell colonies the basement membrane (silver staining) 
including laminin was well deposited. In half of all T84 cell colonies the epithelial 
cells were morphologically differentiated to columnar enterocyte-like cells with 
upregulated alkaline phosphatase brush border activity. This IMR-90 fibroblast 
induced differentiation was mediated via TGF-β. 

The co-culture model developed here was applied to study whether coeliac disease-
specific serum IgA interferes in reciprocal interactions between epithelium and 
fibroblasts and whether tissue transglutaminase is involved in this process. When 
antibodies against tissue transglutaminase, both commercial (CUB7402) and 
purified total IgA fraction from coeliac disease patients’ sera were added to the co-
cultures, a significant inhibition in differentiation of the secretory crypt-like T84 
cells to columnar, enterocyte-like T84 cells was observed. The percentage of 
differentiated epithelial cell colonies decreased significantly from the control level 
of 49% to 26% in CUB7402-treated co-cultures and to 25% in cultures treated with 
coeliac disease patients’ IgA. A simultaneous, slight but significant increase in epithelial 
cell proliferation was also observed.  
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In the co-cultures tissue transglutaminase antibodies induced an astral growth pattern in 
IMR-90 fibroblasts, suggesting disturbed interaction between the fibroblasts and the 
underlining extracellular matrix. In fact, antibodies against tissue transglutaminase 
significantly inhibited IMR-90 fibroblast motility and collagen gel contraction, while 
increasing type I collagen degradation.  

In conclusion, the present study shows now, for the first time, that coeliac disease 
IgA-class autoantibodies targeted against tissue transglutaminase interfere in the 
mesenchymal cell-epithelial cell cross-talk in an in vitro model. The autoantibodies 
inhibited TGF-β-mediated epithelial cell differentiation and increased epithelial cell 
proliferation. Interferences in the regulation of epithelial cell differentiation and 
proliferation are also typical in vivo of the gluten-triggered coeliac small-bowel 
mucosal lesion (villous atrophy), where only the proliferative component seems to 
remain at the crypt-villus axis (crypt hyperplasia). Furthermore, these 
autoantibodies significantly affected mesenchymal cell biological performance by 
inhibiting motility and increasing matrix degradation. Provided that coeliac disease-
specific autoantibodies, heavily deposited in the basement membrane area, exert the 
same effects in vivo as in vitro, it is highly likely that increased degradation of 
basement membrane components dramatically affects not only the biological 
functioning of intestinal myofibroblasts but equally of epithelial cells. Taken 
together, the presented data suggest that coeliac disease autoantibodies have an 
important role in the formation of the mucosal lesion typical of coeliac disease.  
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