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ABSTRACT 

 
Coeliac disease is an autoimmune-mediated disorder triggered by dietary gluten in 

individuals with genetic susceptibility. In this condition gluten triggers both innate 

and adaptive immune responses, and leads to small-intestinal mucosal inflammation, 

crypt hyperplasia and villous atrophy. Coeliac disease is a systemic disorder, since it 

also manifests itself extra-intestinally, and is associated with a number of 

complications.  

A unique characteristic for coeliac disease among the enteropathies is the 

production of autoantibodies targeted mainly against transglutaminase 2 (TG2). 

These autoantibodies are found in patients’ circulation, but also bound to 

extracellular TG2 below the epithelial basement membrane and around capillaries in 

the small-intestinal mucosa and in various coeliac disease-affected extra-intestinal 

organs. These deposits have been shown to evince biological activity. Furthermore, 

TG2-targeted autoantibodies have several biological effects in vitro.  

In the present study it was shown that the overall architecture of the small-bowel 

mucosal vasculature is altered, capillary tufts are absent, and both the number and 

the maturity of the vessels are decreased in the coeliac disease-affected small-

intestinal mucosa (I). This deterioration is clearly gluten-dependent, since after a 

one-year gluten-free diet the vascular architecture normalised and TG2-targeted 

small-bowel mucosal autoantibody deposits diminished. 

Since TG2 has a role in vascular biology, the possible effects of coeliac 

autoantibodies on angiogenesis were studied in vitro with vascular endothelial and 

mesenchymal cells. The results obtained show that patient serum-derived affinity-

purified autoantibodies interfere significantly with several steps in angiogenesis, 

including endothelial and mesenchymal tubule formation and migration (II). The 

coeliac autoantibodies and recombinant patient-derived TG2-specific antibodies also 

reduced endothelial branching in a three-dimensional cell culture model (III). 

It was demonstrated that coeliac disease-specific autoantibodies in vitro increase 

endothelial permeability to macromolecules and lymphocytes and enhance 

lymphocyte adhesion on the endothelium (IV).  
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Live cell enzyme-linked immunosorbent assays (ELISA) showed that in the 

presence of coeliac patient serum-derived affinity-purified autoantibodies (III, IV) 

or recombinant TG2-targeted antibodies (III), TG2 transamidating activity was 

significantly increased. Moreover, the TG2 enzymatic activity correlated inversely 

with tubule length in the presence of coeliac antibodies (III).  In vitro the 

autoantibody-induced altered TG2 activity seemed to be involved in disturbed 

endothelial function in the presence of coeliac autoantibodies, since pretreatment of 

the endothelial cultures with TG2 inhibitor could restore the barrier function and 

diminish lymphocyte adhesion to the endothelium. In addition, coeliac 

autoantibodies were found to increase in vitro activity of ras homology gene family 

member A (RhoA), signaling protein involved e.g. in leukocyte transmigration. 

 It was demonstrated that inactivation of RhoA restored endothelial function and 

also reduced lymphocyte adhesion to endothelial cells, suggesting that patient 

autoantibodies might exert their function partially through the RhoA signaling 

pathway (IV). 

To conclude, the observed distruption of the mucosal vessel network in untreated 

coeliac disease could lead to lack of mechanical support to the villi, thus 

contributing to the formation of mucosal lesion. If gluten-triggered coeliac patient 

autoantibodies could also exert anti-angiogenic effects in vivo, the various vascular 

alterations seen in the active state of coeliac disease could be explained by 

insufficient angiogenesis due to mucosal TG2-specific IgA deposits. Moreover, if 

coeliac autoantibodies are able to induce endothelial barrier dysfunction and 

lymphocyte adhesion on the endothelium, they might in vivo enhance 

macromolecule and lymphocyte infiltration from the circulation to the small-

intestinal mucosa, and thus have a role in the development and maintenance of the 

mucosal lesion.  
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TIIVISTELMÄ 

 
Keliakia on autoimmuunivälitteinen sairaus, jossa geneettiseltä perimältään taudille 

altistuneen henkilön elimistö herkistyy ravinnon gluteenille. Gluteeni aiheuttaa 

ohutsuolen limakalvolla sekä synnynnäisen että hankitun immuunijärjestelmän 

vasteen, mikä johtaa limakalvon tulehdusreaktioon, kryptahyperplasiaan ja 

villusatrofiaan. Keliakia on yleissairaus, sillä taudissa esiintyy ohutsuolen 

ulkopuolisia oireita ja liitännäissairauksia.  

Muista ohutsuolen enteropatioista poiketen keliakiassa immuunipuolustus 

muodostaa autovasta-aineita, jotka ovat pääosin kudostransglutaminaasia (TG2) 

vastaan.  Vasta-aineita on keliaakikon seerumissa, mutta lisäksi ne sitoutuvat 

ohutsuolen limakalvolla TG2:een tyvikalvon alla ja verisuonten ympärillä 

muodostaen vasta-ainekertymiä. Hoitamattomassa keliakiassa vasta-ainekertymiä on 

myös muissa elimissä, joihin keliakia vaikuttaa. Keliakian TG2-autovasta-

ainekertymät ovat biologisesti aktiivisia ja mm. soluviljelykokeissa keliakian 

autovasta-aineilla on osoitettu olevan biologisia vaikutuksia.  

Tässä tutkimuksessa osoitettiin, että hoitamattomassa keliakiassa ohutsuolen 

nukkalisäkkeiden eli villusten verisuonitus on muuttunut: hiussuonikeräsiä ei ollut, 

verisuonten määrä oli alentunut sekä endoteelia ympäröivän erilaistuneen sileän 

lihaksen määrä oli alentunut verisuonen seinämässä (I). Muutokset olivat selvästi 

gluteenista riippuvaisia, sillä vuoden kestäneen gluteenittoman ruokavalion jälkeen 

verisuonitus oli palautunut normaaliksi ja TG2-spesifiset vasta-ainekertymät olivat 

kadonneet verisuonten ympäriltä. 

Koska TG2 osallistuu myös verisuonten uudismuodostukseen eli angiogeneesiin, 

keliakian autovasta-aineiden vaikutusta angiogeneesiin tutkittiin soluviljelymalleissa 

vaskulaarisilla endoteeli- ja mesenkyymisoluilla. Soluviljelyolosuhteissa 

hoitamattomien keliaakikoiden seerumeista affiniteettikromatografialla puhdistetut 

TG2:n autovasta-aineet häiritsivät merkittävästi angiogeneesiä, sillä endoteeli- ja 

mesenkyymisolujen kapillaarirakenteiden muodostus ja  liikkumiskyky olivat 

huomattavasti alentuneet (II). Keliakian autovasta-aineet ja  yhdistelmä-DNA-

tekniikalla tuotetut monoklonaaliset TG2:n vasta-aineet häiritsivät huomattavasti 
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angiogeneesin kapillaarirakenteiden muodostusta myös kolmiuloitteisessa 

soluviljeymallissa (III). Lisäksi keliakian autovasta-aineiden osoitettiin 

soluviljelymallissa lisäävän endoteelisolukerroksen läpäisevyyttä sekä 

makromolekyyleille että lymfosyyteille ja lisäävän lymfosyyttien kiinnityymistä 

endoteeliin (IV). 

Elävillä soluilla suoritetut entsyymi-immunologiset määritykset (ELISA) 

osoittivat, että sekä keliaakikon seerumista puhdistetut autovasta-aineet (III, IV) 

että ydistelmä-DNA-tekniikalla tuotetut monoklonaaliset TG2-spesifiset vasta-

aineet (III) lisäsivät merkittävästi endoteliaalisen TG2:n transamidaatioaktiivisuutta. 

Kohonneen TG2-aktiivisuudeen havaittiin olevan käänteisesti verrannollinen vasta-

aineiden aiheuttamaan alentuneeseen kapillaarirakenteiden muodostukseen (III). 

Kohonnut TG2-aktiivisuus oli taustalla myös soluviljelyolosuhteissa, sillä 

autovasta-aineiden aiheuttamassa endoteelin toiminnallisessa muutoksessa, sillä 

TG2-estäjät palauttivat läpäisyesteen toimintakyvyn ja myös vähensivät 

lymfosyyttien kiinnittymistä endoteelin pinnalle (IV). Keliaakikon 

immunoglobuliiniluokan A (IgA) vasta-aineet lisäsivät myös Ras-sukuisen Rho-

proteiiniperheen jäsenen A (RhoA), mm. leukosyyttien transmigraatioon 

osallistuvan signalointiproteiinin, aktiivisuutta endoteelisoluissa. RhoA:n 

inaktivointi palautti keliaakikon IgA:lle altistettujen endoteelisolujen toiminnan ja 

vähensi  lymfosyyttien kiinnittymistä endoteelin pinnalle, joten keliakian autovasta-

aineiden vaikutukset saattavat välittyä ainakin osittain RhoA-signaloinnin kautta 

(IV). 

Gluteenin aiheuttama muutos keliakiapotilaan ohutsuolen limakalvon 

verisuonituksessa saattaa johtaa siihen, että muuttunut suonitus ei tarjoa tarvittavaa 

tukea ohutsuolen nukkalisäkkeille ja näin edistää limakalvovaurion syntyä. Mikäli 

gluteenille altistumisen seurauksena tuotetut keliakian TG2-spesifiset autovasta-

aineet estäisivät angiogeneesiä myös elimistössä ohutsuolen limakalvolla, vasta-

ainekertymät limakalvon verisuonten ympärillä voisivat osittain aiheuttaa havaitun 

muutoksen. Mikäli keliakian autovasta-aineet häiritsisivät endoteelin toimintaa 

läpäisyesteenä myös in vivo, ne voisivat edistää makromolekyylien ja lymfosyyttien 

pääsyä verenkierrosta tulehdusalueelle edistäen ja ylläpitäen näin kudosvauriota.   
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INTRODUCTION 
 

Coeliac disease is an autoimmune-mediated disorder triggered by dietary gluten in 

individuals of a certain genetic background. Dietary gluten is the only 

environmental factor shown to trigger coeliac disease, although the involvement of 

viral infections in its development has been suggested (Persson et al. 2002, Stene et 

al. 2006). The disorder involves both innate and adaptive immune responses, and 

leads to deterioration of the small-intestinal mucosal architecture. The condition is 

clinically characterised by various gastro-intestinal and extra-intestinal symptoms 

and complications. The only known treatment for coeliac disease is a life-long 

gluten-free diet.   

Ingestion of gluten triggers production of antibodies mainly targeting the coeliac 

disease autoantigen, transglutaminase 2 (TG2) (Dieterich et al. 1997). In addition to 

being present in the circulation, these TG2-targeted autoantibodies are found bound 

to extracellular TG2 below the epithelial basement membrane and around capillaries 

in the small-intestinal mucosa (Korponay-Szabo et al. 2004, Collin et al. 2005, 

Kaukinen et al. 2005). These deposited autoantibodies have been shown to be 

biologically active (Salmi et al. 2006b). Moreover, TG2-targeted autoantibodies 

have been reported to exhibit several biological functions in vitro (Halttunen et al. 

1999, Zanoni et al. 2006, Barone et al. 2007). However, it remains obscure whether 

these TG2-targeted autoantibodies are involved in the pathogenesis of coeliac 

disease, or whether they represent a bystander phenomenon. 

In the 1980s Cooke and Holmes published a picture of post-mortem small-

intestinal tissue in which the mucosal vessels were visualized by ink injections 

(Cooke and Holmes 1984). Comparison between coeliac and non-coeliac patient 

mucosal vasculature revealed that the overall architecture of the small-intestinal 

vasculature was altered in coeliac disease-affected mucosa. In addition to this, there 

are two studies from the 1970s which show ingestion of gluten to lead to endothelial 

swelling in the small-intestinal capillaries of coeliac patients (Shiner and Ballard 

1972, Shiner 1973).  

This present work aimed first to establish whether the small-bowel mucosal 

vasculature is altered in coeliac disease in response to gluten consumption. Since 

coeliac disease TG2-targeted autoantibodies are deposited around small-intestinal 
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mucosal vessels, and since multifunctional TG2 has also an established role in 

angiogenesis (Haroon et al. 1999, Jones et al. 2006), a second major purpose in this 

work was to characterise the possible effects of coeliac disease-specific 

autoantibodies on angiogenesis and endothelial function in vitro. 
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REVIEW OF THE LITERATURE 
 

1. Coeliac disease 

1.1 Clinical features 

Coeliac disease, also known as gluten-sensitive enteropathy, is a chronic disease 

prevalent in genetically susceptible individuals. It is an autoimmune-mediated 

inflammatory condition whose unique feature is that the disease is triggered by 

dietary prolamins from the gluten in wheat, barley and rye. This complex disease 

manifests itself in the small intestine typically as inflammation, villous atrophy, and 

crypt hyperplasia. The immune response in coeliac disease involves innate, as well 

as adaptive immunity, and is characterised by the presence of anti-glutein and anti-

transglutaminase 2 (TG2) antibodies, intraepithelial lymphocytes, and expression of 

multiple pro-inflammatory cytokines. The underlying pathogenetic mechanisms 

involved are not completely known. The small-intestinal mucosa recovers in 

response to a strict gluten-free diet, which is currently the only known treatment for 

the disease (Walker-Smith et al. 1990, Koning et al. 2005, Jabri et al. 2006). 

The clinical spectrum of coeliac disease is wide. The main clinical features of its 

classical form comprise various gastrointestinal symptoms and malabsorption 

(Dicke 1950). However, the clinical picture has changed during the years, milder 

and atypical forms being nowadays more common (Logan et al. 1983, Mäki et al. 

1988). One atypical form of the disease manifests itself with symptoms not of 

gastro-intestinal origin. Coeliac disease is associated with various extra-intestinal 

disorders, including dermatitis herpetiformis, osteoporosis, dental enamel defects, 

liver disorders, infertility and neurological symptoms (Collin et al. 1994). There are 

also totally asymptomatic patients with so-called silent coeliac disease (Mäki 1995).  

The risk of this clinically silent form is increased in various autoimmune 

conditions. Coeliac disease is found in 2–5% of patients with insulin-dependent 
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diabetes mellitus or autoimmune thyroid disease. Patients with multiple endocrine 

disorders, Addison’s disease, alopecia or hypophysitis may also suffer 

concomitantly from coeliac disease. Many of these conditions, including coeliac 

disease and several autoimmune diseases, are more common among females (Collin 

et al. 2002). 

Coeliac disease can also lead to a number of complications, among them 

malignancies. Patients with the disease are at greater risk than the general 

population of the development of non-Hodgkin’s lymphoma (NHL), especially 

enteropathy-associated T-cell lymphoma (EATL) (Holmes et al. 1989, Green et al. 

2003, Viljamaa et al. 2006). Coeliac patients show an approximately a 1.3- to 2-fold 

increase in all-cause mortality when compared to the healthy population (Logan et 

al. 1989, Corrao et al. 2001, Viljamaa et al. 2006). In a recent population-based 

cohort study it was found that even though clinically diagnosed coeliac disease 

patients carry an increased risk of mortality, the prognosis of unrecognised coeliac 

disease as regards overall mortality is good (Lohi et al. 2009). 

Coeliac disease was formerly thought mainly to affect infants, but gradually the 

disease also came to be diagnosed in older children and adults (Mäki et al. 1988). 

The condition may be discovered at any age, and the age at diagnosis has 

continuously increased (Vilppula et al. 2009). In Finland, the prevalence of coeliac 

disease is 1-2% (Lohi et al. 2007), and in individuals over 55 years the prevalence is 

as high as 2.7% (Vilppula et al. 2009). 

It has been suggested that early age at first ingestion of gluten, before the age of 

four months, increases the disease risk (Ivarsson et al. 2000). Also rotavirus 

infection and gastrointestinal inflammation have been suggested to increase the risk 

of coeliac disease (Persson et al. 2002, Stene et al. 2006).  

1.2 Diagnosis 

The diagnostic criteria for coeliac disease were defined in 1969 by the European 

Society for Paediatric Gastroenterology and Nutrition (ESPGAN). The revised 

criteria include the finding of morphologically altered small-intestinal mucosa in a 

biopsy specimen (Walker-Smith et al. 1990). The classical finding is mucosal lesion 

with villous atrophy, crypt hyperplasia and inflammation in the epithelium and 
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underlying lamina propria.  Mucosal healing on a gluten-free diet supports the 

diagnosis of the disease, and reintroduction of the gluten induces an immune 

response. A positive biopsy finding is still required for the diagnosis of coeliac 

disease, and positive serology supports the diagnosis. As the small-bowel mucosal 

lesion develops gradually, it has been suggested that the diagnostic criteria should 

be revised so as to be based on serology, when early developing coeliac disease 

could already be detected (Kaukinen et al. 2001, Kurppa et al. 2009).  

1.2.1 Serum antibodies 

The coeliac disease serum immunoglobulin A (IgA)-class antibodies appear in the 

circulation before any mucosal deterioration is evident. These gluten-triggered 

antibodies are produced in the small-intestinal mucosa at the site of the 

inflammation (Marzari et al. 2001), with the exception that antibodies against 

gliadin (AGA) are also produced by peripheral blood lymphocytes (Troncone et al. 

1987). The fact that these auto-antibodies are largely of IgA class reflects the 

predominantly mucosa-associated immune response, since IgA class antibodies 

generally provide protection against infections of the mucous membranes lining the 

mouth, airways and digestive tract (Mason et al. 2008). Nevertheless, disease-

specific immunoglobulin G (IgG) class autoantibodies are also usually present in the 

serum (Cunningham-Rundles 2001).   

Coeliac disease-specific autoantibodies which react primarily against TG2 are 

responsible for the endomysial (EmA), reticulin (ARA), and jejunal antibodies 

(Korponay-Szabo et al. 2000, Korponay-Szabo et al. 2003). The presence of coeliac 

antibodies, ARA, EmA and TG2, in the serum is a valuable indicator of the disease.  

Serological tests are increasingly widely used as the first phase in the diagnosis of 

coeliac disease and offer a method for screening. In addition, serology has a clear 

supportive role in the diagnosis in patients with suspicious biopsy findings of 

borderline histology. Serological tests thus offer a valuable tool, but the positive 

serology needs to be biopsy-proven (Kaukinen et al. 2001). At the same time 

compliance with the gluten-free diet can be evaluated by serological tests (Dickey et 

al. 2000, Kaukinen et al. 2002, Hill 2005). 
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The presence of EmA in the sera is almost 100% specific for coeliac disease. 

Serological tests for EmA are highly sensitive and specific, sensitivity being 86-

100% and specificity 96-100% (Hill 2005). Moreover, the titre of these antibodies 

correlates with the degree of villous atrophy (Sategna-Guidetti et al. 1993). Hence 

these antibodies are indicators widely used in serological tests. 

Approximately 10-20% of untreated coeliac patients are negative for serum EmA 

(McMillan et al. 1991, Tursi et al. 2001, Abrams et al. 2004). Several studies have 

indicated that EmA negativity is related to mild histological lesions (Tursi et al. 

2001, Abrams et al. 2004), and it has been suggested that EmA is a marker for early-

stage coeliac disease without villous atrophy (Kaukinen et al. 2001). On the other 

hand, negative serum EmA might be associated with advanced coeliac disease, since 

EmA-negative patients have been shown to be older and have more abdominal 

symptoms and complications than EmA-positive patients (Salmi et al. 2006b). It has 

also been shown that TG2-targeted gluten-dependent small-intestinal mucosal 

deposits persist even though EmA against TG2 are not measurable (Salmi et al. 

2006b). 

TG2 antibodies are widely used in the diagnosis of the disease, and there are a 

wide variety of enzyme-linked immunosorbent assay (ELISA) kits based on 

recombinant TG2. The sensitivity of these tests is 90-100% and specificity 96-100% 

(Fabiani et al. 2001, Carroccio et al. 2002, Collin et al. 2005). 

AGA are directed against the native disease-triggering cereal proteins. For the 

diagnosis of coeliac disease these antibodies have poor specificity and sensitivity. A 

finding more promising for the diagnostics of coeliac disease is that gliadin 

antibodies from the sera of patients with active disease preferentially recognise 

deamidated gliadin peptides, and immunoassays applying these peptides have 

significantly improved the usefulness of gliadin antibodies in identifying the disease 

(Mothes 2007). Moreover, results with deamidated gliadin peptides correlate better 

with TG2-based assays than those obtained with native gliadin (Korponay-Szabo et 

al. 2008). 

Amongst coeliac patients, selective IgA deficiency is more common than in the 

healthy population (Collin et al. 1992, Cataldo et al. 1997). In general, the 

phenomenon is more common amongst subjects suffering from autoimmune-

mediated disorders than in healthy individuals. In this immunodeficiency the patient 

lacks IgA, but usually has normal amounts of the other types of immunoglobulins. 
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Furthermore, selective IgA deficency is associated with an increased risk of coeliac 

disease. To diagnose these patients, IgG class autoantibodies should be measured to 

detect EmA and TG2 autoantibodies (Sulkanen et al. 1998, Korponay-Szabo et al. 

2003). 

1.2.2 Tissue antibodies 

Some years ago, investigators reported jejunal mucosal IgA deposition in coeliac 

disease (Shiner and Ballard 1972, Lancaster-Smith et al. 1976, Karpati et al. 1988). 

It was shown that serum IgA class immunoglobulins from coeliac patients recognise 

an amorphous, non-collagenous reticulin component associated with collagen fibres 

(Pras et al. 1973, Karpati et al. 1992). Furthermore, it emerged that fibroblasts 

synthesise and secret coeliac disease autoantigen molecules which are recognised by 

coeliac disease IgA (Marttinen and Mäki, 1993). In 1997, Dieterich and colleagues 

(1997) identified TG2 as the coeliac disease autoantigen.  

Autoantibody production has also been investigated in organ culture studies of 

coeliac disease patient samples, and a 48-hour culture period in the presence of 

gliadin has been shown to induce EmA secretion (Picarelli et al. 1996). 

Subsequently, these disease-specific autoantibodies were shown to be produced 

locally in the mucosa of the small intestine (Marzari et al. 2001).  

Korponay-Szabo and associates (2004) showed IgA to be deposited in 

extracellular TG2 below the basal membrane and around vessel walls. Recently, 

these TG2-specific IgA deposits have been shown to be present early in coeliac 

disease development, even in advance of measurable levels of circulating antibodies 

in the serum. This early deposition has proved a valuable tool in the diagnosis of 

this form of coeliac disease (Korponay-Szabo et al. 2004, Salmi et al. 2006a). 

Coeliac disease-specific autoantibodies have been found deposited extraintestinally, 

remote from the site of gluten exposure, for example in the kidney, lymph nodes and 

muscles, and around the brain vasculature (Korponay-Szabo et al. 2004, 

Hadjivassiliou et al. 2006). 



20 

1.3 Small-intestinal morphology  

The surface of the normal human small intestine is covered by a one-cell layer of 

epithelial cells, and the basement membrane separates the epithelium from the 

underlying myofibroblasts and mucosal tissue. The surface of the small intestine 

consists of threadlike projections, villi, which extend into the lumen of the intestine 

(Figure 1). The villi are covered by absorptive enterocytes, along with occasional 

mucus-secreting goblet cells and hormone-releasing enteroendocrine cells. The villi 

are surrounded by the crypts of Lieberkühn, which comprise invaginations in the 

epithelium. These crypts are lined with epithelial cells, and at the crypt base there 

are Paneth cells. The epithelial stem cells, which continually divide, providing the 

source of all mucosal epithelial cells, have been suggested to be located toward the 

base of the crypts (Bjerknes et al. 1999, Bjerknes et al. 2005). 

Figure 1. A schematic figure of the normal 

human small-intestinal crypt-villus axis. The 

small-intestinal mucosa is arranged into two 

fundamental structures, villi and crypts. In the 

normal mucosa, there is a single arteriole 

branching out of the submucosal artery. This 

arteriole traverses the villus and branches into 

smaller capillaries which form capillary tufts at the 

tip of the villi. The small capillaries of this network 

subsequently anastomose with a venule located in 

the centre of the villi. Also, lacteal vessels pass the 

villus parallel to the vessels and form a lymphatic 

node close to the mucosal surface. Lacteal vessels 

open into the larger lymphatic vessels in the 

submucosa. In addition, nerves traverse the villi. 

(Adapted from Yamada et al. 2003). 

Small-intestinal mucosal lesion formation is a classical hallmark of coeliac 

disease. Mucosal deterioration develops gradually and the gluten-induced mucosal 

changes can be termed infiltrative (Marsh I), hyperplastic (Marsh II) and destructive 

(Marsh III) lesions (Marsh 1992). Marsh I lesion, an early injury with lymphocyte 

infiltration into the epithelium and lamina propria, comprises normal mucosal 
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architecture (Figure 2). This damage develops into crypt hyperplasia (Marsh II), 

followed by severe partial, subtotal or total villous atrophy (Marsh III). The 

destructive type III lesion represents the classical coeliac disease. (Marsh 1992). 

 

 

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

As coeliac disease develops only gradually, there are patients who may be 

gluten-sensitive regardless of normal mucosal morphology (Kurppa et al. 2009). 

These latent coeliac patients may develop more severe mucosal lesion later in the 

course of time if they remain on a gluten-containing diet.  

The presence of mucosal lesion is regarded as a defence mechanism to protect the 

body against pathogenic insult, namely gluten in coeliac disease. However, the 

underlying pathological mechanism of this formation is still not completely known. 

Small-intestinal mucosal lesion formation also occurs in other pathological 

conditions such in HIV (Batman et al. 1998) and rotavirus infections (Davidson et 

al. 1979). 

1.4 Genetic background of coeliac disease 

Coeliac disease being a multifactorial disorder, both environmental and genetic 

factors have a role in its development. In first-degree relatives of coeliac patients the 

risk is at least 10-fold (Collin et al. 2002). In general, the human leukocyte antigen 

(HLA) genes located on chromosome 6p21.3 have a crucial role in susceptibility to 

various autoimmune and inflammatory diseases such as type 1 diabetes, and 

interestingly, coeliac disease is often associated with type 1 diabetes (Collin et al 

2002).  Also susceptibility to coeliac disease is strongly associated with HLA class-

II DQ2 and DQ8 alleles, either of which is carried by most coeliac patients; on the 

other hand, carriage of these susceptibility genes is not sufficient for the 
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development of the disease. Despite the importance of HLA-DQ2 and DQ8 in 

coeliac disease, they are also carried by 30% of the normal population (Karell et al. 

2003). Certain HLA heterodimers, namely DQ2 (encoded by the DQA1*05 and 

DQB1*02 alleles) and DQ8 (DQA1*03 and DQB1*0302), are necessary for the 

development of coeliac disease and constitute the only known functionally 

characterised genetic risk factors (Sollid et al. 1993, Spurkland et al. 1997). The 

HLA heterodimers, encoded by HLA-DQ genes, are cell surface glycoproteins 

which have a central role in antigen presentation.  

A number of genomic studies have been conducted in order to identify other 

genetic risk factors. With the exception of the MHC region, the results of linkage 

scans are somewhat contradictory. Certain chromosomal regions have been 

repeatedly found, namely 5q31-q33 (CELIAC2) (Greco et al. 1998), 2q23-3 

(CELIAC3) (King et al. 2001), and 19p13 (CELIAC4) (Popat et al. 2002). 

In the CELIAC2 locus there are a number of candidate genes with 

immunological functions, e.g. interleukins (IL) (Greco et al. 2001). The CELIAC3 

locus harbours cytotoxic lymphocyte antigen 4 and ICOS, but currently this locus is 

considered to involve only a low risk in coeliac disease (Holopainen et al. 2004). 

The CELIAC 4 locus harbours the unconventional myosin 9B, whose product has a 

putative role in the regulation of tight junctions (Monsuur et al. 2005). 

Recently seven novel risk regions have been identified, six of them harbouring 

genes controlling immune responses (van Heel et al. 2007, Hunt et al. 2008). The 

4q27 coeliac disease-associated region contains IL2/IL21coding genes (van Heel et 

al. 2007). Other novel susceptibility regions identified are 2q11–12 (IL18RAP), 

3p21 (CCR3), 3q25–26 (IL12A), , 4q27 (IL2/IL21), 6q25 (TAGAP) and 12q24 

(SH2B adaptor protein 3),  the most significant finding being 1q31 (regulator of G-

protein signaling 1) (Hunt et al. 2008). 

1.5 Pathogenesis 

The pathogenesis of coeliac disease is the product of a number of factors, the main 

prerequisites for this complex condition being predisposing genetics and dietary 

gluten. The underlying pathogenic mechanisms are not completely known. 
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1.5.1 Coeliac disease-triggering gluten 

Gluten is the general name for proteins found in wheat, rye and barley. In fact, 

gluten is a mixture of proteins with different solubility properties, the ethanol-

soluble prolamines and the insoluble glutenins.  In wheat the prolamin is called 

gliadin, in rye secalin and in barley hordein. Gluten is the only required 

environmental factor shown to trigger coeliac disease (Anand et al. 1978), although 

other external factors have been proposed (Persson et al. 2002, Stene et al. 2006). 

Gluten is rich in proline and glutamine and the digestion of the amide bonds 

between proline residues and adjacent bulky hydrophobic amino acids demands the 

enzyme activity of prolyl endopeptidases. In coeliac disease the gluten-derived 

glutamine- and proline-rich peptides, which are resistant to degradation by 

gastrointestinal proteases (Shan et al. 2002), induce both innate and adaptive 

immune responses (Figure 3). Especially the toxic peptide p31-43 induces an innate 

immune response (Maiuri et al. 2003). The immunodominant peptides of gluten, 

especially the 33-mer peptide fragment p56-89, elicit an adaptive immunity 

response (Shan et al. 2002).   

It is not known whether these peptides cross the epithelium by active transport 

through a transcellular endocytic pathway (Matysiak-Budnik et al. 2008) or by 

passive paracellular transport (Brandtzaeg 2006, Jabri et al. 2006, Kagnoff 2007). It 

has also been suggested that the transport occurs with the help of the dendritic cells 

(Rescigno et al. 2001) or some specific mechanism such as retrotranscytosis via the 

transferrin receptor (Matysiak-Budnik et al. 2008).  It has also been proposed that in 

coeliac disease upregulation of zonulin, a protein involved in the regulation of tight 

junctions, might lead to increased epithelial permeability, allowing incompletely 

digested peptides to enter the lamina propria (Fasano 2000). In any case, after 

passage to the lamina propria, the immunodominant peptides are further deamidated 

and processed by TG2 (Molberg et al. 1998) and exert down-stream effects (Figure 

3).  
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Figure 3. Summary of underlying innate and adaptive immunity system responses in 

coeliac disease pathogenesis and suggested roles of coeliac disease TG2-

targeted autoantibodies. (Adapted from Lindfors et al. 2009). APC = antigen 

presenting cell, IEL = intraepithelial lymphocyte, IFN-γ = interferon γ, IL-

15=interleukin 15, TG2 = transglutaminase 2, Th1 = T helper type 1, Th2 = T 

helper type 2, TNF-α=tumour necrosis factor α. 

1.5.2 Innate immunity and coeliac disease 

Innate immunity, also called natural immunity, comprises the activity of cells and 

mechanisms which defend the host from infection by other organisms, in an 

immediate and non-specific manner. It involves epithelial and other mucosal cells, 

including neutrophils, dendritic cells and mast cells and their humoral products. This 

protective system is able to recognise conserved pathogenic microbes by pattern 

recognition receptors such as Toll-like receptors, CD14 and others (Koning 2008). 

The innate response to the toxic gliadin peptide p31-43 in coeliac disease is 

mediated by the proinflammatory cytokine interleukin-15 (IL-15) (Maiuri et al. 
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2003). This cytokine is thought to mediate most of the pathogenic alterations in the 

epithelium in coeliac disease (Maiuri et al. 2005). IL-15 is over-expressed in both 

the lamina propria and the intestinal epithelium in patients with active disease 

(Maiuri et al. 2003, Mention et al. 2003) and  epithelial cells have been shown to be 

activated in the presence of an excess of IL-15 (Maiuri et al. 2003). IL-15 has been 

shown to induce expression of the MHC class I-like (MICA) molecule on the 

surface of enterocytes (Hue et al. 2004).  

The IL-15 secreted by the enterocytes has only a minor effect on the proliferation 

of intraepithelial T lymphocytes (IELs). However, it enhances the apoptosis 

resistance of IELs and induces differentiation of lymphocytes to lymphokine-

activated natural killer (NK) cells (Mention et al. 2003, Meresse et al. 2004). MICA 

is the ligand for the killer cell surface receptor natural killer cell group 2D 

(NKG2D). NKG2D is expressed by a subset of CD8+ T cells, T cells using a 

gamma-delta T cell receptor, and by most natural killer cells (Bahram et al. 2005). 

In active coeliac disease, IELs in the small intestine also express NKG2D, and are 

thus able to attack epithelial cells through a NKG2D - MICA interaction (Hue et al. 

2004, Meresse et al. 2004). 

IL-15 thus acts as a driving force in the expansion of IELs. It may indeed be the 

main factor in the activation and selective expansion of IELs (Meresse et al. 2004, 

Meresse et al. 2009). Furthermore, IL-15 can block TGF-β signaling and thereby 

enhance the activation of CD4+ T cells and IELs (Meresse et al. 2009).  

Intriguingly, transgenic mice expressing human IL-15 specifically in enterocytes 

have been shown to develop villous atrophy and severe duodeno-jejunal 

inflammation with a massive accumulation of NK-like CD8+ lymphocytes in the 

mucosa (Yokoyama et al. 2009). Moreover, blockade of IL-15 signaling in these 

transgenic mice leads to a reversal of the intestinal damage (Yokoyama et al. 2009).  

All these observations in IL-15-expressing mice are parallel to the mucosal damage 

in coeliac disease, and thus show that IL-15 is most probably a crucial element in 

the pathophysiology of the disorder.  
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1.5.3 Adaptive immunity in coeliac disease 

The intestinal adaptive immunity is based on the maturation cycle of T and B cells 

from the gut-associated lymphoid tissue via mesenteric lymph nodes and peripheral 

blood back to the intestinal lamina propria. Adaptive immunity, known also as 

acquired immunity, involves the activation of either HLA-DQ2 - or HLA-DQ8 -

positive small-intestinal mucosal T-cells in coeliac disease (Mohlberg et al. 1998).  

Distinct glutamines in immunodominant gluten peptides are deamidated into 

glutamic acid in the small-intestinal lamina propria by TG2 (Molberg et al. 1998). 

After deamidation, the peptides are able to bind to the HLA-DQ peptide binding 

motif in antigen-presenting cells (APC)(Molberg et al. 1998). The deamidated 

gliadin is probably presented in a complex with HLA-DQ2 to CD4+ T-cells which 

are activated and become pathogenic CD4+ cells. These T-cells are typically of the 

Th1 phenotype which secret interferon gamma (IFN-gamma) (Nilsen et al. 1995). 

Inflammatory CD4+ T-cells also produce other proinflammatory cytokines and 

mediators such as tumour necrosis factor alpha (TNF-α) (Kontakou et al. 1995, 

Monteleone et al. 2009), and the mucosal addressin cell adhesion molecule 1 

(MadCAM-1) (Alford et al. 2008). These cytokines and proinflammatory mediators 

cause epithelial cell death, induce matrix degradation, inhibit mesenchymal cell 

migration and induce epithelial permeability among several other effects involved in 

the immune response, leading to mucosal lesion formation (Deem et al. 1991, 

Targan et al. 1991, Walsh et al. 2000).  

Adaptive immunity involves the humoral immune response. T cells induce B 

cells to activate to antibody-producing plasma cells. In general, the main purpose of 

antibodies is to recognise and neutralise antigens, i.e. possible pathogens. Since the 

epithelial surfaces provide the initial protection against possible foreign pathogens, 

most of the immune system B-cells responding to a variety of antigens are located in 

the epithelium. In the intestinal mucosa B-cells mainly secrete a repertoire of IgA 

dimers (Mäki 1995).   

In coeliac disease production of antibodies is clearly gluten-dependent. For some 

reason, in addition to gliadin antibodies also a variety of antibodies against self-

tissue, autoantibodies, are produced. As far back as the early 1990s Mäki suggested 

that in coeliac disease autoantibodies could be generated in a mechanism involving 

the hapten-carrier model (Mäki 1994).  In 1997, TG2 was implicated as a major 
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autoantigen in coeliac disease (Dieterich et al. 1997). Thereafter it was shown that 

the transamidase activity of TG2 may also contribute to the humoral response by 

forming hapten-carrier complexes in the form of covalent TG2-gluten peptide 

complexes (Sollid et al. 1997, Fleckenstein et al. 2004, Skovbjerg et al. 2004) and 

collagen-gluten peptide complexes (Dieterich et al 2006). In this model, these 

complexes, through specific CD4+ helper T cells, stimulate B cells to produce TG2-

specific (Molberg et al. 1997, Sollid et al. 1997) or collagen-specific (Dieterich et al. 

2006) antibodies, respectively. TG2-gliadin complexes presumably expose formerly 

cryptic epitopes of TG2 (Fleckenstein et al. 2004, Pinkas et al. 2007), allowing 

autoantibodies against the active site to be generated through the hapten-carrier 

model (Pinkas et al. 2007). It has also been suggested that in coeliac disease 

antibodies against deamidated gliadin peptides might be produced first, the 

autoantibodies against TG2 being produced by epitope spreading through molecular 

mimicry (Ankelo et al. 2007, Korponay-Szabo et al. 2008). 

The gluten-triggered TG2-targeted autoantibodies are produced locally in the gut 

(Marzari et al 2001), and found mainly in the circulation, but also deposited in the 

small-bowel mucosa below the basement membrane and around the blood vessels 

(Korponay-Szabo et al. 2004, Collin et al. 2005, Kaukinen et al. 2005). The 

circulating antibodies disappear within a year on a gluten-free diet, whereas the 

mucosal deposits vanish at a slower rate (Koskinen et al. 2009).  

Antibodies against other transglutaminase family members, transglutaminase 3 

(Sardy et al. 2002), factor VIII (Alaedini et al. 2008), and tranglutaminase 6 

(Hadjivassiliou et al. 2008), also exist in some coeliac disease patients. A wide 

variety of other autoantibodies against other “self-antigens” are also found in some 

coeliac patients. Actin, desmin, calreticulin, gangliosides, collagen types I, III, V, 

VI, synapsin I, zonulin and cardiolipin are all potential autoantigens (Alaedini et al. 

2008). Recently, an ATP synthase β chain and two variants of enolase α have been 

reported as additional autoantigens in coeliac disease (Stulik et al. 2003). 

In coeliac patients, the presence of actin antibodies targeting the cell cytoskeleton 

has been shown to be strongly associated with more severe degrees of villous 

atrophy and clinical outcome (Clemente et al. 2000). Nevertheless, these antibodies 

are not specific for coeliac disease but may also exist in some liver-related 

disorders. It is nonetheless unclear whether these antibodies are merely a result of 
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mucosal damage and are thus produced against the actin of the apoptotic cells 

(Clemente et al. 2000, Clemente et al. 2003). 

1.5.3.1 The coeliac disease autoantigen TG2 

TG2, or tissue transglutaminase, has been implicated as a major autoantigen in 

coeliac disease (Dieterich et al. 1997). TG2 is an enzyme (EC 2.3.2.13, C 

polypeptide, protein-glutamine-gamma-glutamyltransferase) belonging to the 

transglutaminase protein family. Like other transglutaminases, it catalyzes the Ca2+-

dependent  crosslinkage of  proteins between an ε-amino group of a lysine residue 

and a γ-carboxamide group of glutamine residue, creating an inter- or intramolecular 

bond which is highly resistant to proteolysis (Griffin et al. 1984, Griffin et al. 2002). 

TG2 is expressed ubiquitously and is highly preserved in rodents and primates. 

Although TG2 has been widely studied, its biological role has yet to be fully 

clarified. In addition to its above-mentioned ability to cross-link proteins, it can also 

bind and hydrolyse guanosine triphosphate (GTP) and adenosine triphosphate (ATP) 

(Lee et al. 1993). TG2 also exhibits GTPase activity, since it acts as a G protein 

(Gah) participating in signaling processes from α1B/αD adrenergic receptors to 

downstream effectors such as phospholipase Cd1 (Griffin et al. 2002, Kang et al. 

2004, Iismaa et al. 2009). This transmembrane signaling and function as a cell 

surface adhesion mediator distinguishes it from other members of the 

transglutaminase family (Fesus et al. 2002). In addition, TG2 is also held to act as 

an intracellular serine/threonine kinase (Mishra et al. 2004) and an extracellular 

protein disulfide isomerase (PDI) (Hasegawa et al. 2003).  

Mammalian TG2 has several endogenous and exogenous substrates, for instance 

phosphorylase kinase and glutathione-S-transferase among the cytosolic proteins 

and actin, myosin and RhoA among the cytoskeletal proteins. It also has various 

organelle proteins such as histone H2B and cytochromes as substrates. Outside the 

cell it has both several matrix-associated substrates like fibronectin, collagen I, 

laminin and osteopontin, and signaling peptides and proteins like phospolipase A2. 

Also several exogenous proteins such as wheat gliadin and some viral proteins are 

substrates for TG2 (Griffin et al 2002). TG2 has a role in a number of processes 
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including apoptosis, wound healing (Telci et al. 2006) and angiogenesis (Haroon et 

al. 1999, Jones et al. 2006). 

TG2(-/-) knock-out mice have a normal phenotype at birth (De Laurenzi et al. 

2001, Nanda et al. 2001), although they show altered fibroblast function, defective 

wound healing and impaired clearance of apoptotic cells, defective macrophage 

phagocytic activity and mild glucose intolerance (Iismaa et al. 2009). TG2 

deficiency in fibroblasts has also been shown to result in decreased adhesion (Jones 

et al. 1997, Verderio et al. 1998, Nanda et al. 2001) and spreading (Jones et al. 1997, 

Stephens et al. 2004). Overexpression of TG2 in fibroblasts has been seen to result 

in increased cell attachment (Gentile et al. 1992, Verderio et al. 1998) and spreading 

(Gentile et al. 1992). 

1.5.3.2 Biological functions of coeliac disease TG2-targeted autoantibodies 

TG2-targeted autoantibodies are generally regarded only as bystanders in the 

disease pathogenesis (Freitag et al 2004, Sollid et al 2005, Green and Jabri, 2006). 

Several studies have shown coeliac autoantibodies to have biological functions in 

vitro.  In vivo, it has been suggested that similar effects could also have a role in 

intestinal lesion formation and maintenance in coeliac disease. Such effects, if 

substantiated in vivo, might have a role in extra-intestinal manifestations in coeliac 

disease, as TG2 autoantibody deposits have been observed in disease-affected 

organs remote from the site of gluten exposure (Lindfors et al. 2009).   

It has been shown that these autoantibodies are functional, since small-intestinal 

IgA deposits can bind recombinant TG2 (Salmi et al. 2006b). On the epithelial cell 

level these autoantibodies have been demonstrated to exert several effects in vitro. 

In a three-dimensional co-culture model mimicking the crypt-villus axis, these 

autoantibodies inhibit fibroblast-induced TGF-β-mediated epithelial cell 

differentiation with a simultaneous increase in proliferation rate (Halttunen et al. 

1999). TGF-β is produced in latent form and has to be activated by TG2 when 

located outside the cell (Taipale et al. 1994, Nunes et al. 1997). Since TG2 is 

essential for the activation of latent TGF-β, it has been hypothesized that 

autoantibodies are able to block the biological activation of the latent form 

(Halttunen et al. 1999). In vivo, this blocking effect could explain the decreased 
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epithelial cell differentiation in the coeliac disease-affected small-intestinal mucosa 

(Barone et al. 2007).  

Coeliac patient-derived autoantibodies also disturb the interactions between 

fibroblast and extracellular matrix, resulting in inhibition of fibroblast motility on 

type I collagen gel (Halttunen 2002). The presence of IgA class coeliac 

autoantibodies also leads to inhibited collagen gel contraction and increased 

collagen I degradation (Halttunen 2002). Coeliac IgA reduces the level of matrix 

stabilisation rather than increases matrix degradation (Halttunen 2002). It has been 

suggested that increased collagen degradation could result from blocked TG2 cross–

linking activity, since the extracellular matrix remains more vulnerable to the 

degrading activity of matrix metalloproteinases (Haroon et al. 2001).  

The coeliac autoantibodies also induce cytoskeletal rearrangement and membrane 

ruffling in various cell lines similar to the changes induced by commercial function 

blocking TG2 antibody (Barone et al. 2007). 

It has been shown that anti-TG2 antibodies are also able to induce cell cycle 

progression in several cell types. The presence of autoantibodies has been seen to 

drive various G0 -arrested cell lines into the S phase, thus inducing cell proliferation. 

Furthermore, proliferation is increased in intestinal coeliac patient-derived biopsy 

specimens cultured in the presence of autoantibodies. In addition to this, commercial 

anti-TG2 antibody CUB 7402 induces similar cell cycle effects (Barone et al. 2007). 

Zanoni and associates (2006) identified a peptide which is recognised by serum 

immunoglobulins from patients with active coeliac disease, but not patients on a 

gluten-free diet. This peptide shares homology with the rotavirus major neutralizing 

protein VP-7 and the self-antigens TG2, human heat shock protein 60 (HSP60), 

desmoglein 1, and Toll-like receptor 4 (TLR4). The anti-coeliac peptide antibodies 

bind to TLR4 on the surface of the monocytes which are known to be involved in 

both the innate and the adaptive immune response. In vitro, the binding of the 

coeliac peptide on the monocytes leads to monocyte activation and production of 

pro-inflammatory cytokines (Zanoni et al. 2006). In vivo, activation of monocytes is 

associated with increased levels of TG2 activity (Fesus et al. 1981).  

Moreover, Zanoni and group (2006) also found that a subpopulation of coeliac 

disease-specific autoantibodies increase epithelial T84 cell permeability in vitro. 

Coeliac autoantibodies targeting the junctional self-antigen desmoglein-1 might 

have a role in the disease mechanism by merit of their ability to reduce intestinal 
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barrier integrity and to activate monocytes through TLR4 stimulation (Zanoni et al. 

2006). 

Coeliac patients exhibit various neurological symptoms, including neuropathy, 

memory impairment, epilepsy, brain atrophy, and gluten ataxia. In 2006, 

Hadjivassiliou and associates reported deposition of TG2 autoantibodies around 

brain vessels in all ataxia patients in their study group. Interestingly, only one third 

of these patients also had TG2-specific autoantibodies in their circulation 

(Hadjivassiliou et al. 2006, Boscolo et al. 2007). Passive transfer of serum derived 

from gluten ataxia patients or recombinant anti-TG2-specific antibodies into mouse 

brain has been shown to cause ataxia-like symptoms (Boscolo et al. 2007). In 

addition, neuronal and anti-TG2-autoantibodies derived from coeliac patients have 

been shown to induce neural cell apoptosis (Cervio et al. 2007). Recently it was 

shown that TG2 antibodies also bind to thyroid follicles, and this has been suggested 

to play a role in the development of thyroidism in coeliac disease (Naiyer et al. 

2008).  

To study the possible pathogenetic role of coeliac disease autoantibodies, Di 

Niro and associates (2007, 2008) developed a mouse model which artificially 

produces coeliac disease-derived autoantibodies recognizing TG2. In these 

experiments, mucosal alterations in response to the miniantibody molecule were not 

observed. Interestingly, mice expressing TG2 autoantibodies developed a strong 

anti-idiotypic response, and it was surmised that such a response could be associated 

with coeliac disease (Di Niro et al. 2007, Di Niro et al. 2008). 

Although numerous studies have been made concerning coeliac disease 

pathogenesis, the matter remains unresolved, and the potential involvement of 

coeliac disease TG2-targeted autoantibodies in coeliac pathophysiology remains 

likewise to be clarified.  
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2. Vascular biology 

2.1 Blood vessels 

The blood vessels belong to the circulatory system which transports blood 

throughout the body.  There are three major types of vessels: arteries, veins and 

capillaries. Most of the arteries carry oxygenated blood away from the heart at high 

pressure. The capillaries enable the exchange of water and chemicals between blood 

and tissues. Veins carry blood from the capillaries back towards the heart. The inner 

lumen of all the blood vessels is lined with an endothelial cell monolayer. There are 

approximately 1 - 6 x 1013 endothelial cells in humans. Endothelial cells are 

elongated and thin in their morphology and they have a role in a number of 

physiological processes. These cells are tightly attached to their neighbours, and 

thus form a functional barrier between the circulation and surrounding tissue. 

Hence, the flux of water, nutrients and other solutes as well as the passage of the 

cells through the endothelium are normally tightly regulated. Blood vessels also 

provide routes for cells to leave or enter the circulation in an endothelium-controlled 

manner (Danese et al. 2007). 

The mesenchyme surrounding the endothelium consists of mural cells, namely 

pericytes or vascular smooth muscle cells. In general the mesenchymal cells 

surrounding capillaries and postcapillary venules are called pericytes and those 

surrounding the larger vessels vascular smooth muscle cells (Armulik et al. 2005). 

Pericytes are located within the vascular basement membrane, where they serve as 

support to vessels, participating in many vascular processes. They have an important 

role in angiogenesis, which involves several pericyte-dependent signaling pathways.  

In addition, they have been thought to define the phenotypic change from 

proliferative sprout to mature microvessel in the quiescent endothelium (Armulik et 

al. 2005), and they also regulate endothelial cell proliferation and differentiation 

(Hirschi et al. 1997, Armulik et al. 2005). By reason of their contractive desmin and 
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α-smooth muscle actin fibres, and their adherence to vascular cells, they also 

regulate vascular contractility and tone, likewise vessel wall stability and 

permeability (von Tell et al. 2006).  

Pericytes often are, and can remain, relatively undifferentiated, but can also 

differentiate in an organ-specific manner. Also their morphology and the degree to 

which they cover the endothelium vary between different tissues. In the current 

literature a number of signaling pathways are implicated in pericyte and vascular 

smooth muscle cell specification, differentiation and recruitment, or their attachment 

to endothelial cells (Armulik et al. 2005, Hall 2006). 

2.2 Angiogenesis 

In the embryo, the common precursors for endothelial and haematopoietic cells 

are multipotent haemangioblasts derived from mesodermal cells (Choi et al. 1998). 

Blood vessels are originally formed in a complex process called vasculogenesis, in 

which the endothelial cells assemble into tubules which fuse and form the primary 

vascular plexus of the embryo. During embryonal development endothelial cells can 

differentiate into arterial or venous endothelial cells, neonatal retina and even into 

the heart of an adult human. The remodeling of the primary vessels into arteries, 

veins and capillaries is called angiogenesis. In normal growth the expanding 

vasculature provides essential nutrients to enlarging tissues (Risau 1997). 

In the adult, endothelial cells are differentiated from a certain population of 

progenitor cells in the bone marrow, the mesoangioblasts (Reyes et al. 2002). 

Endothelial cells are plastic. They possess a great proliferative capacity and 

differentiation potential, but in adulthood are fairly stable and are only seldom 

activated and subsequently proliferate or sprout. Their stability is partially gained by 

close cross-talk between the endothelium and the surrounding mesenchyme (Bergers 

et al. 2005). 

Angiogenesis is defined as the formation of new capillaries from pre-existing 

ones. The growth of new blood vessels is a natural process occurring in the body in 

both health and disease. Existing blood vessels undergo vascular remodeling to 

acquire a new phenotype manifested by changes in structural and functional 
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properties (Papetti et al. 2002). Physiological angiogenesis occurs during the adult 

life-span in wound healing and after tissue injury. The new vessels provide nutrients 

to support and promote tissue formation and facilitate the clearance of debris to 

restore the blood flow to tissues. Angiogenesis also occurs in rebuilding the uterus 

lining, maturing the egg during ovulation and during pregnancy in building the 

placenta (Papetti et al. 2002). 

The angiogenic process can occur by at least three and possibly four different 

mechanisms, namely sprouting angiogenesis, intussusception, vessel elongation and 

incorporation of circulating endothelial progenitor cells into growing vessels (Risau 

1997). Sprouting angiogenesis (Figure 4) consists of several steps. The process is 

initiated by endothelial cell activation, vessel destabilisation and matrix degradation. 

Next, the endothelial cells begin to proliferate and migrate out through the dissolved 

holes in the vessel walls into the perivasular space. Specialised molecules called 

adhesion molecules, or integrins, serve as grappling hooks to help pull the new 

blood vessel sprout forward. Endothelial cells migrate along the forming sprouts and 

invade the underlying mesenchymal tissue, recruiting mesenchymal cells from the 

surrounding tissue. In order to migrate, the pericytes have to break the barrier 

formed by the basement membrane, which can be accomplished by fusion with the 

membrane. At the end of angiogenesis, endothelial cells and pericytes produce the 

basement membrane which regulates the stability of vessels and also prevents 

regression of the vasculature (Papetti et al. 2002, Hall et al. 2006). 
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Figure 4. In physiological sprouting angiogenesis blood vessels arise from pre-

existing capillaries in a complex process which depends on the 

coordination of several independent processes. A. Detachment of pericytes 

from the endothelium and following destabilisation of the vessel wall shift 

endothelial cells from a stable, growth-arrested state to a plastic, proliferative 

phenotype. Also the basement membrane and extracellular matrix are degraded. 

B. Proliferating endothelial cells start to migrate and form a tube presumably 

guided by pericytes into the perivascular space towards angiogenic stimuli. C.  

Mesenchymal cells are recruited from the surrounding tissue and proliferate and 

migrate along the forming vessel. D. Mesenchymal cells differentiate into mature 

pericytes. Establishment of endothelial cell quiescence, maturation of cell-cell 

contacts, and elaboration of new matrix stabilise the new vessel. Finally, blood-

vessel sprouts will fuse with other sprouts to build new circulatory systems.  

(Adapted from Papetti and Herman 2002, Bergers et al. 2003). Ang2 = 

angiopoietin 2, EGF = epidermal growth factor, FGF = fibroblast growth factor, 

PDGF = platelet-derived growth factor, TGF-β = transforming growth factor β, 

Tie2 = Tie receptor 2, TNF-α = tumour necrosis factor α, VE-cadherin = vascular 

endothelial cadherin, VEGF = vascular endothelial growth factor. 
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2.2.1 Regulation of angiogenesis 

Endothelial and mural cells orchestrate sprouting angiogenesis in a process tightly 

regulated by various molecules. The term angiogenic switch refers to the fine 

balance between angiogenic stimulators and inhibitors (Hanahan et al. 1996, Risau 

1997). Under physiological conditions, angiogenesis is controlled by local factors 

such as vascular endothelial growth factor (VEGF) and beta fibroblast growth factor 

(FGF). Angiogenic factors induce the endothelial cells of nearby vessels to activate, 

digest the basement membranes, invade tissues, migrate and differentiate in order to 

form new tubules (Presta et al 2008). 

Numerous angiogenesis-inducing factors have been identified, including the 

members of the VEGF family, ephrins, angiopoietins, TGFs, platelet-derived growth 

factor, tumour necrosis factor-α, interleukins and the members of the fibroblast 

growth factor (FGF) family. Furthermore, angiogenesis is modulated by several 

agencies including soluble growth factors, membrane-bound proteins, cell–matrix 

and cell–cell interactions, and many interacting systems (Papetti et al. 2002, Bergers 

et al. 2003). Abundant amounts of angiostatic factors have been found, most of 

which are proteolytically produced from extracellular matrix molecules (Conway et 

al. 2001, Sottile 2004). Some known normal angiogenesis-regulating factors are 

presented in Table 1 based on Papetti and Herman (2002), and discussed in the 

following sections. Also some known endogenous inhibitors of angiogenesis are 

presented in Table 2. The same factor can exert both pro- and antiangiogenic effects, 

for instance in an angiogenesis state-dependent manner. 
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Table 1. Factors regulating normal angiogenesis. Adapted from Papetti et al. 
(2002).  

Factor  Function 

Soluble mediators  

aFGF, bFGF Stimulation of endothelial cell proliferation    

Enhancement of endothelial cell migration and tubule formation 

Stimulation of endothelial cell PA/collagenase production  

Stimulation of smooth muscle cell proliferation and differentiation  

Stimulation of in vivo angiogenesis 

VEGF Initiation of angiogenesis 

Enhancement of endothelial cell permeability    

Stimulation of endothelial cell uPA/PAI-1 production   

Stimulation of endothelial cell proliferation   

Inhibition of endothelial cell apoptosis   

Enhancement of endothelial cell migration 

Ang1 Stimulation of  in vitro endothelial sprouting 

Stabilisation of endothelium 

Ang2 Antagonisation of Ang1 signaling, destabilisation of endothelium   

PDGF Stimulation of DNA synthesis in endothelial cells    

Stimulation of endothelial cells to form sprouts in vitro    

Proliferation  of smooth muscle cells and pericytes    

Recruitment of smooth muscle cells, stabilisation of vessel walls 

TGF-β Inhibition of  endothelial proliferation and migration  

Differentiation of  pericytes,  stabilisation of vessel walls 

Stimulation and  inhibition of endothelial tube formation in vitro  

Modulation of uPA/PAI-1 expression (antiproteolytic activity) 

Inhibition of  protease production / stimulation of protease 

inhibitor production 

Chemotactic for monocytes and fibroblasts  

Stimulation of  in vivo angiogenesis in the presence of 

inflammatory response 

TNF-α Stimulation of angiogenesis in vivo   

Stimulation of endothelial cell tubule formation in vitro   

Inhibition of endothelial cell proliferation  

EGF, TGF- α Stimulation of endothelial cell proliferation  

Stimulation of  angiogenesis in vivo  
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G-CSF, GM-CSF   Stimulation of endothelial cell proliferation and migration    

Angiogenin Stimulation of angiogenesis in vivo 

Endothelial cell binding and spreading   

Angiotropin Stimulation of  in vivo angiogenesis 

Stimulation of endothelial cell migration and tubule formation 

Prostaglandin Stimulation of  in vivo angiogenesis     

Nicotinamide Stimulation of  in vivo angiogenesis   

Monobutyrin Stimulation of  in vivo angiogenesis  

Stimulation of in vitro endothelial cell migration  

Membrane-bound  

αvβ3-Integrin   Endothelial cell attachment, spreading, and migration 

Required for bFGF-stimulated angiogenesis in vivo 

Localises MMP-2 to capillary sprouts  

Endothelial cell survival 

αvβ5-Integrin, Required for VEGF-stimulated angiogenesis in vivo   

α5β1-Integrin Required for non-VEGF-stimulated angiogenesis in vivo 

VE-cadherin Modulation of endothelial permeability  

Required for in vivo angiogenesis, endothelial cell survival  

EphA/ephrinA Promotion of  endothelial cell migration, sprouting, and vessel 

assembly 

Required for in vivo angiogenesis induced by TNF-α 

Eph-2A   Required for endothelial cell tube formation in vitro    

MMPs Degradation of the ECM, revealing of cryptic matrix binding sites 

Release of matrix-bound growth factors 

Activation of cell surface molecules 

Other  

Blood flow/shear 

stress 

Enhancement of  endothelial stress fibre formation  

Promotion of endothelial cell division  

Stimulation of transcription of  bFGF and TGF-β genes  

Ang = angiopoietin , ECM = extracellular matrix, EGF = epidermal growth factor, Eph = 

ephrin receptor, FGF = fibroblast growth factor, G-CSF = Granulocyte colony-stimulating 

factor, GM-CSF = Granulocyte macrophage colony-stimulating factor MMP = matrix 

metalloproteinase, PDGF = platelet-derived growth factor, TGF-β = transforming growth 

factor β, Tie = Tie receptor, T-F-α = tumour necrosis factor α, (uPA)/PAI-1 = urokinase-

type plasminogen activator, VE-cadherin = vascular endothelial cadherin, VEGF = 

vascular endothelial growth factor. 
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2.2.1.1 VEGF 

VEGF is a key regulator of both physiological and pathological angiogenesis and 

vasculogenesis. The VEGF family has seven members: VEGF-A, VEGF-B, VEGF-

C, VEGF-D, VEGF-E, VEGF-F, and placental growth factor (PlGF) (Hoeben et al. 

2004). In endothelial cells VEGF(A) binds to the tyrosine kinase receptors VEGFR-

1 and VEGFR-2. VEGFR-1 alone induces only weak mitogenic signals in vitro, 

while it is thought that VEGFR-2 is the major receptor mediating the effects of 

VEGF in endothelial cells. A number of other VEGF receptors also exist, namely 

various integrins and heparan sulphate proteoglycans as well as VE-cadherin. 

(Hoeben et al. 2004). 

 Sprouting angiogenesis is initiated by endothelial cell activation mediated by 

VEGF (Ferrara et al. 2003) and Notch signaling (Artavanis-Tsakonas et al. 1999, 

Siekmann et al. 2007). It is likely that VEGF-A mediates the first signal through its 

tyrosine kinase receptors, this activation leading to matrix metalloproteinase 

production, cytoskeletal reorganisation and filopodia formation (Hoeben et al. 

2004). The mechanism is not completely understood, but endothelial cells within a 

developing blood vessel sprout would appear to utilise the Notch signaling pathway 

to coordinate angiogenesis (Siekmann et al. 2007). Alterations in the cytoskeleton 

and cell migration are mediated through interaction of VEGFR-2 with p38 mitogen-

activated protein kinase (MAPK) and focal adhesion kinase together with its 

substrate paxilin (Rousseau et al. 1997). VEGF-A also induces microvascular 

hyperpermeability, which can precede and accompany angiogenesis (Hoeben et al. 

2004). 

VEGF-C is known to induce both physiological and pathological vessel growth 

in vivo, since it is able to stimulate angiogenesis in the mouse cornea and in limb 

ischaemia (Cao et al. 1998, Witzenbichler et al. 1998). 

2.2.1.2 FGF 

The acidic and basic fibroblast growth factors, aFGF and bFGF respectively, 

are heparin-binding protein mitogens which play an important role in angiogenesis 
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(Thomas 1987, Murakami et al. 2008). bFGF is one of the most effective factors 

regulating angiogenesis both in vitro and in vivo. However, this regulation by bFGF 

is a complex process, since the biological activity and availability as well as the 

integrity and stability of bFGF are regulated by a number of matrix-associated 

proteins. In addition, several inflammatory mediators upregulate bFGF expression 

(Presta et al. 2008). Short-term stimulation of bFGF may induce vasoactivity and 

inflammatory infiltrate, thus enhancing both the angiogenic and inflammatory 

response. In contrast, long-term exposure may have opposite, anti-inflammatory and 

anti-angiogenic effects (Presta et al. 2008). FGF binding to high-affinity tyrosine 

kinase FGF receptors (FGFR1 or FGFR2) on the surface of target cells leads to 

activation of several parallel signaling pathways (Cross et al. 2001).  

In vitro, bFGF stimulates the pro-angiogenic phenotype of endothelial cells. 

It has been shown to induce endothelial cell proliferation (Gospodarowicz 1989), 

upregulate the production of matrix degrading factors such as collagenase and 

plasminogen activator (Murphy et al. 1993), modulate integrin expression (Klein et 

al. 1993), and promote cell migration (Terranova et al. 1985). FGFs induce 

sprouting of blood vessels in vivo in the chicken chorioallantoic membrane and 

cornea, this supporting the conception of their role in angiogenesis (Folkman et al. 

1983, Presta et al. 2008). Since bFGF regulates the expression of several 

extracellular matrix components, integrins and cadherins, it also contributes to the 

maturation of vessels. In three-dimensional in vitro models, it is also seen to have a 

role in lumen formation (Presta et al. 2008). 

Through MAPK signaling bFGF induces the plasmin-plasminogen activator 

system (Liotta et al. 1991). In addition, it induces the activation of several MMPs 

and thus extracellular matrix degradation (Hiraoka et al. 1998). Moreover, FGF 

signaling modulates proteolytic activity locally at the leading edge of the endothelial 

cell, thus regulating cell migration (Mignatti et al. 2000). 

2.2.1.3 TGF-β signaling  

TGF-β signals via two distinct TGF-β type I receptors in vascular cells. These 

activin receptor-like kinase (Alk) receptors, namely Alk-1 and Alk-5, mediate 
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discrete intracellular signaling pathways with opposing effects on proliferation, 

migration and tube formation (Goumans et al. 2003, Lebrin et al. 2004). 

Alk-1 signaling provokes cell migration and proliferation, and inhibits vessel 

maturation and smooth muscle differentiation (Goumans et al. 2003, Lebrin et al. 

2004). Alk-5 activates signaling cascades which lead to inhibition of cell migration, 

reduction of cell proliferation and an increase in both vessel maturation and smooth 

muscle differentiation.  

Not all the mechanisms regulating the balance between these two distinct 

signaling pathways are known, and the response might be concentration-dependent 

(Goumans et al. 2003). Endoglin, a transmembrane accessory receptor for TGF-β, is 

expressed predominantly on proliferating endothelial cells in vitro and on 

angiogenic blood vessels in vivo. Endoglin has been shown to promote Alk-1 

signaling, thus supporting proliferation of the endothelial cells (Lebrin et al. 2004).   

2.2.1.4 Platelet-derived growth factor (PDGF) 

There are five different isoforms of PDGFs which activate cellular responses 

through two different receptors (PDGFR). PDGF-B/PDGFR-β -signaling is one of 

the best-known pathways in angiogenesis. During sprouting PDGF-B is secreted by 

endothelial cells located in the tip of the forming sprouts. This homodimeric protein 

binds to extracellular matrix (ECM) by heparate sulfate proteoglycans and is able to 

stimulate the proliferation of vascular smooth muscle cells. PDGF also attracts the 

pericytes which express PDGFR-β to migrate from the surrounding mesenchyme 

and recruit the forming vessel (Gaengel et al. 2009). 

Depletion of PDGF-B or PDGFRβ in knock-out mice causes mural cell 

deficiency and leads to vascular leakage and perinatal mortality. Moreover, lack of 

mesangial cells in these mice leads to the absence of kidney glomerular tufts 

(Gaengel et al 2009). Recently it has been suggested that Notch signaling regulates 

PDGFR-β expression in vascular smooth muscle cells (Jin et al. 2008). 
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2.2.1.5 Angiopoietins and Tie receptors 

All four angiopoietin (Ang -1-4) protein family members are ligands for the Tie 

tyrosine kinase receptors, Tie1 and Tie2. While this is somewhat controversial, most 

likely angiogenic signals are transmitted mainly by Tie2. Recently, however, it has 

been shown that the Tie1 receptor may also be involved. It has been suggested that 

Ang-1 acts as a Tie2-activating agonist and Ang-2 as a Tie2-inhibiting antagonist 

(Maisonpierre et al. 1997, Scharpfenecker et al. 2005). Signaling cascades mediated 

by the Ang-1/Tie2 receptor are crucial for both blood and lymphatic vessel 

formation (Thurston 2003). 

 Ang-1 is a widely studied angiopoietin. It does not affect the proliferation of 

endothelial cells in vitro, but it does stimulate sprouting in endothelial cell cultures 

and transgenic mice (Koblizek et al. 1998, Papapetropoulos et al. 1999).  

Ang-1 and Ang-2 also modulate pericyte function in angiogenesis, and are 

essential for blood vessel maturation, as demonstrated by mouse knock-out studies 

(Thurston 2003). Ang-1- or Tie2-deficient mice have weak vascular integrity, 

resulting in haemorrhage, unsuccessful vascular remodeling and poor pericyte 

recruitment, leading finally to death (Thurston 2003, Murakami et al. 2009). 

2.2.1.6 Matricellular proteins 

The degradation and remodeling of the ECM are tightly regulated processes. If the 

breakdown of the matrix does not occur to a sufficient extent, endothelial and mural 

cells do not migrate. On the other hand, if the matrix is excessively degraded 

migration of vascular cell types is also disturbed in the absence of the support and 

guidance of the ECM. Degradation and remodeling of the ECM also releases growth 

factors and inhibitors in the matrix (Guedez and Stetler-Stevenson 2008). 

2.2.2 Transglutaminases in vascular biology 

At least three members of transglutaminase family are expressed in the vascular 

system, namely factor XIII and transglutaminase 1 and 2 (Sane et al 2007) (Table 

3). The best-known function of the transglutaminases in vascular biology is 
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strengthening of the blood clot by factor XIII cross-linking action, although all three 

previously mentioned transglutaminase family members also have a role in several 

processes, e.g. vascular remodeling and the pathogenesis of atherosclerosis (Sane et 

al. 2007, Bakker et al. 2009). 

Table 3. Transglutaminases in vascular biology. 

Transglutaminase Function in endothelium 

Factor XIII Blood coagulation 

Blood vessel elasticity 

Vascular remodeling 

 Promotion of adhesion, migration and proliferation in vitro 

Regulation of barrier function (paracellular transport) 

Transglutaminase I Regulation of barrier function (intercellular connections) 

Vascular remodeling 

Transglutaminase II Regulation of angiogenesis  

 

In addition to blood coagulation, factor XIII has a role in blood vessel elasticity. 

It is essential for the cross-linkage of fibrillin to form microfibrils which both guide 

and regulate vascular elastogenesis. In addition, factor XIII increases endothelial 

migration and proliferation in vitro. In vivo, it promotes the formation of new 

vessels in neonatal cardiac allografts and matrigel plugs (Dardik et al. 2006).  This 

proangiogenic effect is associated with marked suppression of thrombospondin-1 

expression, a well-established inhibitor of angiogenesis (Dardik et al. 2003). 

Factor XIII has been shown to support endothelial cell adhesion and to modulate 

tubule formation. For example, it participates in α5β3 integrin clustering and 

binding to VEGFR-2 (Dardik et al. 2005, Sane et al. 2007). Factor XIII has also 

other pro-angiogenic down-stream effects through proangiogenic thymosin β4, 

which supports endothelial cell attachment, spreading and migration (Huff et al. 

2002). 

Human TG2 has been reported both to enhance and to inhibit angiogenesis. In rat 

dorsal skin wound healing assays the direct involvement of TG2 in angiogenesis has 

been shown (Haroon et al 1999).  In contrast to this, administration of active TG2 to 

an in vitro angiogenesis model causes an accumulation of extracellular matrix, 
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leading to the suppression of endothelial tube formation without causing cell death 

(Jones et al. 2006). 

Transglutaminases also have a role in endothelial barrier function; some of them 

increase endothelial integrity by stabilizing the endothelial barrier. Factor XIII 

reduces endothelial permeability by modifying paracellular transport in endothelial 

cell monolayers (Hirahara et al. 1993).  

TG2 has a less well-defined role in modulating endothelial barrier function (Sane 

et al. 2007). It has been shown that TG1, but not TG2, is translocated to the 

intercellular junctions as the monolayer matures, and it has been suggested that the 

crosslinking activity of intracellular TG1 at intercellular junctions may play a role in 

the integrity of intercellular junctions, thus controlling the barrier properties of 

endothelial monolayers (Baumgartner et al. 2004). 

2.2.3 Angiogenesis in disease 

Blood vessels are present almost everywhere in the human body, the exceptions 

being the cornea and cartilage. It is thus understandable that in many serious disease 

conditions the vasculature is altered due to changed regulation of angiogenesis. 

Angiogenesis-dependent diseases result when new blood vessels grow either 

excessively or insufficiently (Carmeliet et al. 2003). 

Vascular remodeling through angiogenesis occurs in reactive and pathological 

conditions such as inflammatory diseases, tumours and several chronic diseases in a 

disease-specific manner. In inflamed tissue, in consequence of the excessively 

formed vessels, the blood flow is extended and plasma leakage and inflammatory 

cell recruitment are increased. In pathological conditions, the newly formed 

vasculature may be altered at several levels when compared to the normal 

histological architecture or functional characteristics in the same location, and there 

may also be alterations in cell and extracellular matrix compositions (Carmeliet 

2003).  For instance, tumour vessels are often less mature than normal vessels in the 

same location. It seems that angiogenesis occurs via different mechanisms in 

pathological as against physiological processes. One reason for this is the difference 

in microenvironment the tumour or inflamed tissue provides when compared to 

healthy tissue (Papetti et al. 2002, Carmeliet 2003). 
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Excessive angiogenesis occurs in more than 70 diseases or pathological 

conditions, for example cancer, diabetic blindness, age-related macular 

degeneration, rheumatoid arthritis, psoriasis, and inflammatory bowel diseases 

comprising  Crohn's disease and ulcerative colitis (Chidlow et al. 2007). In these 

conditions, new blood vessels provide nutrients to diseased tissue and thus 

participate in destroying the normal tissue. In cancer, the new vessels provide a 

route for invasive tumour cells to enter the circulation (Carmeliet et al. 2003). 

In the case of gastrointestinal disorders related to abnormal vasculature, there is 

conceivably a connection between the mechanisms of excessive angiogenesis and 

chronic inflammation in inflammatory bowel disease. The alteration in the 

vasculature correlates to active angiogenesis indicators such as increased expression 

of endothelial junction adhesion molecules and VEGF. Also the number of 

indicators of active angiogenesis correlates with disease activity in human 

inflammatory bowel disease. It is thus possible that angiogenesis contributes to the 

initiation and perpetuation of inflammatory bowel disease (Chidlow et al. 2007). 

Insufficient angiogenesis occurs in coronary artery disease, atherosclerosis, 

neurological diseases such as stroke and Alzheimer’s disease, diabetes mellitus, 

hypertension, oral or gastric ulcerations, hair loss, pre-eclampsia, neonatal 

respiratory distress and osteoporosis. Insufficient angiogenesis may lead to deficient 

blood circulation in the tissue, thus finally causing tissue death (Carmeliet et al. 

2003). 

In some diseased conditions, poor recruitment of pericytes to support the vessel 

walls is involved in disease pathogenesis. Poor recruitment of pericytes may lead to 

a number of vascular abnormalities such as endothelial hypercellularity, vascular 

tortuosity, formation of focal microaneurysms, changes in endothelial junctions, 

increased vesicular transport and leakage of blood and plasma cells. For instance, in 

diabetic retinopathy an early hallmark of the disease is a loss of retinal pericytes. 

Subsequently, vessel integrity is lost and vessels become hyperdilated, eventually 

leading to the formation of microaneurysms. Diabetic retinopathy may lead to 

blindness (Bergers and Song 2005, von Tell et al. 2006). 

The potential role of angiogenesis in the pathogenesis of coeliac disease has not 

been fully considered. In the 1980s Cooke and Holmes published in the textbook 

Coeliac Disease illustrations of post-mortem small-intestinal tissue in which the 

mucosal vasculature was visualized by ink injections (Cooke and Holmes 1984). 
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Comparison between coeliac and non-coeliac patient mucosal vasculature revealed 

the overall architecture of the small-intestinal vasculature to be altered: the most 

striking observations were the altered overall organisation of the vasculature and the 

absence of capillary tufts. Previously, In the 1970s, it was observed that ingestion of 

gluten led to endothelial swelling in the small-intestinal capillaries of coeliac 

patients (Shiner et al. 1972a, Shiner 1973).  

2.3 Leukocyte migration across the endothelium 

The traffic of blood cells across the endothelium is tightly controlled.  There are 

several different types of white blood cells, also called leukocytes. In addition to a 

variety of physiological processes they are involved in a process called 

transendothelial migration or leukocyte diapedesis (Figure 5). Transmigration of 

leukocytes is crucial in the pathogenesis of inflammatory diseases, the regulation of 

haematopoiesis and haemostasis. This process also has a role in the pathogenesis of 

atherosclerosis, reperfusion injuries and malignant cell metastasis. It has been 

suggested that leukocyte migration inhibitors could have a therapeutic effect in 

inflammation and associated diseases (Wittchen 2009). 

 

Figure 5. Schematic illustration of transmigration of leukocytes. Rolling of leukocytes 

is mediated by selectins, activation by chemokines, and arrest by integrins. 

These steps are followed by paracellular or transcellular transmigration. 
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Lymphocytes represent one type of leukocytes and consist of a variety of 

antibody-producing B cells, T-cell subpopulations and NK cells. Lymphocytes are 

able to continuously re-circulate between tissues, lymphoid organs (homing), and 

blood, whereas other leukocytes, for instance neutrophils and monocytes, lack this 

capacity (Strey et al. 2002, Ley et al. 2007). To eliminate pathogens these immune 

system cells have to migrate from the blood circulation through the endothelial 

barrier into the tissues at the sites of injury, infection or inflammation. This entails 

multistep cascades, involving tethering and rolling, activation, firm arrest and 

subsequent crawling and transmigration. Traditionally, transendothelial migration 

has been described as merely a paracellular process, but recently transcellular 

migration has also been observed (Wang et al. 2006). 

The transendothelial migration of leukocytes is regulated by many complex 

interactions between adhesion molecules on both the endothelial and leukocyte cell 

surfaces, as well as chemoattractants which attract and direct leukocytes into tissues 

at the site of inflammation or injury.  In the first phase, leukocytes form transient 

interactions with the endothelium, beginning to roll and tether on the endothelial 

surface through the interaction of the selectins and their ligands (Ley et al. 2007, 

Rao et al. 2007).  

In order to arrest the rolling leukocytes, the affinity of integrin heterodimers upon 

leukocyte encounter must be enhanced with chemokines or chemoattractants which 

bind on the leukocyte surface. This triggers various leukocyte integrins to form firm 

adhesions with endothelial cell molecules, intercellular adhesion molecule-1 

(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)(Strey et al. 2002, Ley 

et al. 2007, Wittchen 2009). 

Leukocytes traverse the endothelial barrier either via a paracellular pathway, 

through intercellular junctions, or via a transcellular pathway, through the 

endothelial cells. In the paracellular route signaling occurs mainly by platelet-

endothelial cell adhesion molecule-1 (PECAM-1) and members of the junctional 

adhesion molecule (JAM) family (Strey et al. 2002, Ley et al. 2007, Wittchen 2009). 

The transcellular pathway is often observed in vivo (Feng et al. 1998), but to a lesser 

extent in vitro (Carman et al. 2004). The mechanisms underlying it remain unclear, 

but interaction between leukocytes and endothelial cells is thought to induce 

changes in both the endothelial cell membrane and the cytoskeleton, leading to 

transient transcellular channel formation (Feng et al. 1998). 
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2.3.1 Rho GTPases in the regulation of transendothelial 
migration 

Several signaling pathways are involved in leukocyte transmigration. Three primary 

pathways initiated within endothelial cells by the binding of vasoactive factors and 

leukocyte adhesion are Rho GTPases, reactive oxygen species (ROS), and tyrosine 

phosphorylation of junctional proteins (Aghajanian et al. 2008). In this section only 

the role of the Rho family GTPases, RhoA, Rac1, and Cdc42 (Table 4), is briefly 

presented, since they are one of the key signal transducers in transendothelial 

migration. The Rho family in fact consists of subgroups of closely related isoforms, 

including Rho (A, B, C) and Rac (1, 2, 3). In general, the Rho family GTPases 

regulate cell adhesion and migration and a variety of other cellular responses, 

including changes in gene expression (Strey et al. 2002). 

Table 4. Role of Rho GTPases in endothelial cells related to transendothelial 
migration. 

Functions of Rho GTPases in endothelial cells 

Regulation of formation and organisation of cytoskeleton 

Regulation of adhesion, migration and cell contraction 

Regulation of cell polarisation 

Stimulation of expression and clustering of adhesion molecules 

Stimulation of reactive oxygen species (ROS)  production  

 

In endothelial cells Rho GTPases have several functions. Rho is known to 

mediate stress fibre formation in response to extracellular stimuli such as thrombin, 

inducing cell contraction and alterations in intercellular junctions leading to 

increased endothelial permeability. In addition, Rho family members are involved in 

shear stress-induced actin and microtubule cytoskeletal reorganisation and cell 

polarisation (van Nieuw Amerongen et al. 2007). 

Rho GTPases affect the expression of some leukocyte adhesion molecules on the 

endothelial cell surface, for example ICAM-1 and E-selectin. E-selectin cross-

linking may affect the endothelial cell gene expression profile. TNF-α–induced Rho 

activation upregulates E-selectin expression. Rac activation increases reactive 

oxygen species (ROS) production and may also induce E-selectin expression. Rho is 

required for the clustering of ICAM-1 and VCAM-1, and the formation of 
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"docking" structures around adherent leukocytes (Wojciak-Stothard et al. 2001, 

Cernuda-Morollon et al. 2006).  

Rac also regulates endothelial cell adhesion and migration on laminin and the 

formation of new adhesion sites at the leading edge of migrating endothelial cells by 

promoting the recruitment of αvß3 integrins to that area (Wojciak-Stothard et al. 

2001, Cernuda-Morollon et al. 2006).  

Although research in vascular biology has provided an enormous amount of data 

on the signaling pathways regulating vascular homeostasis, the understanding of the 

complex nature of vascular biology is still incomplete. 
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AIMS OF THE STUDY 
 

The aims of the present study were: 

1. to establish whether the small-bowel mucosal vasculature is altered in 

coeliac disease in response to gluten consumption (I) 

2. to characterise the effects of coeliac disease-specific autoantibodies on 

angiogenesis in vitro (II, III) 

3. to  characterise the effects of coeliac disease-specific autoantibodies on 

vascular permeability in vitro (IV) 

4. to study the coeliac autoantibody-mediated mechanisms involved in the 

altered characteristics of endothelial cells in vitro (III, IV) 
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3. MATERIALS AND METHODS 

3.1 Patients and small-bowel mucosal biopsy samples 
(I)  

The small-intestinal mucosal biopsy samples studied here were obtained from 10 

untreated coeliac disease patients (mean age 42 years, range 29-67 years) 

undergoing diagnostic upper gastrointestinal endoscopy. After one year on a gluten-

free diet, the same patients underwent a control endoscopy and mucosal biopsy 

samples were obtained. As control, small-bowel biopsy samples were taken from 10 

control patients (mean age 45 years, range 24-72 years) suffering from dyspepsia 

and excluded on biopsy for coeliac disease. To gain a general view of the 

vasculature in the small-intestinal mucosa, freshly taken biopsy specimens were 

examined under a stereomicroscope (Olympus VE-31 dissecting microscope, 

Olympus, Tokyo, Japan) and imaged with an OM-4Ti camera (Olympus). The 

specimens were then snap-frozen in Sakura Tissue-Tek optimal cutting temperature 

compound (Sakura, Zoeterwoude, the Netherlands) and stored at -70ºC until further 

processed to 5µm-thick frozen sections.  

3.2 Immunohistochemistry, microscopy and image 
analysis (I)  

To analyze the small-intestinal vasculature in the biopsy sections these were stained 

with antibodies listed in Table 5. Prior to immunohistological stainings, the sections 

were allowed to air-dry for 30 min followed by blocking. All the slides were 

mounted with Vectashield (Vector Laboratories). The immunostained small-

intestinal biopsy sections were viewed under a Zeiss inverted microscope (Carl 

Zeiss Vision GmbH, Munchen-Hallbergmoos, Germany).  
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Table 5. The following antibodies and probes were used in 
immunohistochemistry and immunocytochemistry  in the original 
publications (I, II and IV). Phalloidins were used to visualize actin.  

 Producer Dilution Host Used in 

original 

study 

Primary antibodies 

CUB7402 (anti-TG2) Neomarkers, Fremont, CA., 

USA 

1:200  mouse  I, II 

anti-von Willebrand factor Dako, Glostrup, Denmark 1:200  rabbit I 

anti-α-smooth muscle actin (clone 1A4) Sigma-Aldrich, Seelze, 

Germany 

1:400 mouse I 

anti-human E-selectin/CD62E  

(clone BBIG-E4-5D11) 

R&D Systems, Abingdon, 

UK 

1:200 mouse  IV 

Labelled probes and antibodies 

Alexa fluorescein isothiocyanate- (FITC) 

conjugated mixed isomers of phalloidin 

Molecular Probes, Leiden, 

Netherlands 

1:200   II 

FITC-conjugated anti-human IgA antibody  Dako 1:40  rabbit I, II 

Secondary antibodies  

Alexa Fluor 488-conjugated anti-rabbit  Molecular Probes 1:1000 goat I 

Alexa 568-conjugated anti-mouse  Molecular Probes 1:1000  goat I, II, IV 

Rhodamin-conjugated anti-mouse  Dako 1:100 goat I, II 

Aminomethylcoumarin acetate-conjugated 

(AMCA) anti-rabbit  

Dako 1:200 goat I 

 

For morphometric analysis the number of vessels per field, the mean blood vessel 

area and the percentage of section area were quantified using the Olympus Soft 

Imaging System (GmbH, Munster, Germany). Semi-quantitative analysis of 

vascular α-sma was done as previously described (Kale et al 2005) using the 

Axiovision 3.0 program (Carl Zeiss Vision GmbH).  

3.3 Cell lines and cultures (II - IV)  

Initially human umbilical vein endothelial cells (HUVECs) were a kind gift from 

Dr. Taneli Tani at the Department of Pathology, Tampere University Hospital; 

subsequently they were purchased from Clonetics (San Diego, CA, USA). The cells 

were cultured in endothelial basal medium (EBM, Clonetics) supplemented with 

20% foetal bovine serum (FBS), 2 mM glutamine (Gibco BRL, Paisley, Scotland), 
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100 U penicillin, 100 µg/ml streptomycin (Gibco BRL) and 25 µg/ml endothelial 

cell growth supplement (Clonetics).  

Mesenchymal C3H/10T1/2 cells (10T1/2) were purchased from the American 

Type Culture Collection (CCL-226, LGC Promochem, Borås, Sweden) and were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL) with 

high glucose, 10% FBS, 2 mM glutamine, 100 U penicillin and 100 µg/ml 

streptomycin.  

The human Burkitt’s lymphoma Namalwa cells (CRL-1432, LGC Promochem) 

were cultured in suspension in RPMI-1640 medium containing 7.5% heat-

inactivated FBS, 100 µg/ml streptomycin, 100 U/ml penicillin, 4 mM L-glutamine, 

and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (all 

from Gibco Invitrogen).  

All cultures were maintained in a humidified 37°C incubator with a 5% CO2 

atmosphere.  

3.4 Collagen gel (II, IV) 

Type I native collagen gel was derived from rat-tail tendons and prepared by 

modification of an established protocol (Montesano et al. 1991). Briefly, dissected 

rat-tail tendons were dissolved in acetic acid for 24 hours at 4°C. The collagen 

solution was cleared by centrifugation at 10 000 g. Finally, the concentration was 

adjusted to 1.6 mg/ml and the solution stored at 4°C. For the cell culture models ice-

cold type I collagen solution (8 vol.) was supplemented with 10x concentrated 

RPMI 1640 (Gibco BRL) (1 vol.) and 7.5% NaHCO3 (1 vol.).  

3.5 Purification of serum immunoglobulins and 
autoantibodies (II - IV)  

Total IgA fractions from serum samples from eight coeliac disease patients on a 

gluten-containing diet and positive for anti-TG2 antibodies (median titre > 100 

U/ml, minimum 56 U/ml, maximum > 100 U/ml) and three non-coeliac controls 

negative for anti-TG2 antibodies (< 5 U/ml) were purified using cyanogen bromide 
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(CNBr)-activated Sepharose 4B (Pharmacia Upjohn, Uppsala, Sweden) coupled 

with 7 mg/ml rabbit anti-human IgA antibodies (Sigma Aldrich, St Louis, MO, 

USA). The serum sample was passed through the column, whereafter this was 

washed prior to elution of the IgA with 0.1 M glycine-HCl in 0.5 M NaCl, pH 2.5. 

The collected IgA fractions were neutralised with 1 M Tris-HCl pH 8.0 before 

removal of glycine by passing the samples through PD-10 columns (Pharmacia 

Upjohn). The concentrations were determined by ELISA using affinity-purified 

human IgA (Dako) as standard. The IgA samples were lyophilised and resolubilised 

in Hank’s balanced salt solution (HBSS) to a final concentration of 100 µg/ml.  

Total IgG fractions from one IgA-deficient coeliac patient on a gluten-containing 

diet and one non-coeliac control subject were purified using Protein G Sepharose 4 

fast flow (Pharmacia Biotech AB, Uppsala, Sweden), similarly to the IgA samples. 

The collected IgG fractions were immediately neutralised and glycine removed as 

described for IgA purification. The total IgG fractions were pooled. CNBr-activated 

Sepharose 4B was coupled with guinea pig TG2 (Sigma-Aldrich) to purify the TG2-

specific antibodies. The concentrations were determined by ELISA similarly to 

those of the IgA. The total IgG sample from the healthy subject and the TG2-

specific IgG from the coeliac disease patient were lyophilised and resolubilised in 

HBSS to a final concentration of 100 µg/ml.  

3.6 Antibodies, inhibitors (II - IV)  

The immunoglobulins derived from coeliac disease patient or healthy control sera, 

as described in section 3.5, were added at a concentration of 1 µg/ml and the 

commercial TG2 antibody CUB7402 (Birckbichler et al. 1985)(NeoMarkers) as 

well as the negative mouse IgG1 (Dako) at a concentration of 0.6 µg/ml.  

The coeliac patient-derived specific monoclonal anti-TG2 antibody fragment 

(clone 4.1, referred in the text as CD Mab) and an irrelevant control antibody (clone 

5.1, from now on indicated as nonCD Mab) targeted against E.coli protein M5 were 

a kind gift from Professors Roberto Marzari and Daniele Sblattero. They were 

produced essentially as described (Di Niro et al. 2007) in Chinese Hamster Ovary 

cells. These recombinant antibodies were used in experiments at a concentration of 

1 µg/ml.  
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The TG2 inhibitors R281 or R283 were a kind gift from Professor Martin Griffin. 

Both were added to the culture media at a concentration of 200 µM, before the 

media were supplemented with other substances studied.  

The cell permeable Rho inhibitor C3 transferase (Cytoskeleton, Denver, CO, 

USA) was administered at a final concentration of 1.0 µg/ml one hour before 

addition of immunoglobulins.  

3.7 Immunocytochemistry, microscopy and image 
analysis (II, IV).  

 

The localisation of proteins under study was assessed by immunochemistry using 

antibodies listed in Table 5. Samples were fixed with 4% paraformaldehyde (PFA), 

and in intracellular stainings, the cells were also permeabilised with 0.2% Triton X-

100 (Sigma-Aldrich) before blocking. To study the deposition of IgA on the 

endothelial cell surface in angiogenic cultures, an already established method was 

used (Korponay-Szabo et al. 2004). In additional experiments, extracellular TG2 

was removed to verify that binding of IgA is TG2-specific by treating the cell 

samples with 1 M potassium thiocyanate (KSCN) followed by 0.25% chloroacetic 

acid (Fluka Chemie AG, Buchs, Switzerland) in 0.2 M NaCl (pH 2.7). Finally, the 

samples were mounted with 4',6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories, Burlingame, CA). 

All the samples were viewed under a Zeiss inverted microscope (Carl Zeiss 

Vision GmbH) with an Axiovision 3.0 program (Carl Zeiss Vision GmbH) or with a 

confocal laser microscope (Ultraview Confocal Imaging System, PerkinElmer Life 

Sciences Inc., Boston, MA). Analysis of colocalisation was performed using ImageJ 

(Abramoff et al. 2004). 
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3.8 Tubule formation assay (II, III)  

In vitro angiogenic cultures were carried out as previously described (Kurzen et al. 

2002). Briefly, 24-well plates were coated with rat-tail tendon-derived type I native 

collagen (1.6 mg/ml) for one hour.  

In study II, the experiments were performed in HUVEC cultures and in 

cocultures of 10T1/2 cells and HUVECs plated at a ratio of 1:2. After the cells had 

attached the antibodies to be studied were added to the cultures. The antibodies 

derived from coeliac disease patient or healthy control sera were added at a 

concentration of 1µg/ml and the commercial TG2 antibody CUB7402 (Birckbichler 

et al. 1985) (NeoMarkers, Fremont, CA, USA) as well as the negative mouse IgG1 

(Dako) at a concentration of 0.6 µg/ml.  

After three days of culture at 5% CO2 in a temperature of 37°C the branching of 

the cells was analyzed using an inverted-phase contrast microscope (Carl Zeiss 

Vision GmbH). and Analysis software (Soft Imaging Systems GmbH, Munster, 

Germany).  

In order to study angiogenesis in a three-dimensional environment, HUVECs 

were seeded inside the collagen on 12-well plates. Subsequently in some of the 

assays the TG2 inhibitors, R281 or R283 were added to the culture media. After one 

hour the medium was supplemented with either the antibodies studied or retinoic 

acid (15 µM).  

After 24 hours of culture in the presence of antibodies pictures of different fields 

were taken randomly using the Axiovision 3.0 program (Carl Zeiss Vision GmbH). 

The length of the endothelial tubules was measured using Image J analysis software 

(Abramoff et al. 2004).  

3.9 Cell migration assay (II)  

The migration of both endothelial and mesenchymal cells was studied by 

conventional scratch wound assays. HUVECs and 10T1/2 cells (25 000 cells/well) 

were seeded on type I collagen-coated 24-well plates (Nunc, Roskilde, Denmark) 

and grown to confluence. The endothelial and mesenchymal monolayers were 

wounded and detached cells removed by rinses with HBSS (Gibco BRL). In order to 
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address migration specifically, proliferation was inhibited by mitomycin C (0.02 

mg/ml) (Sigma-Aldrich). After wounding, the antibodies under study were added at 

the aforementioned concentrations. After 24-hour incubation the cells were washed 

with HBSS and fixed in 4% PFA. To visualize the cells, they were stained with 

0.5% crystal violet (Sigma-Aldrich) in 70% ethanol. The migration of the cells was 

assessed by counting the number of nuclei observed in the wounded area of 

preselected microscopic fields.  

3.10 Western blotting (II - IV)  

For Western blotting the proteins were isolated from HUVEC cultures (III, IV) and 

co-cultures of HUVECs and 10T1/2 cells (II) using RIPA buffer supplemented with  

Complete Mini Protease inhibitors (Boehringer Mannheim, Indianapolis, IN, USA). 

The isolated proteins were separated on NuPAGE Novex 10% Bis-Tris Gels 

(Invitrogen, San Diego, CA, USA) and transferred electrophoretically to Hybond-C 

Extra membranes (Amersham Life Sciences, Arlington Heights, IL, USA). The 

membranes with proteins isolated from the cocultures (II) were blocked and then 

incubated overnight with α-sma (Skalli et al. 1986)(1:1000; Sigma-Aldrich). After 

washes, secondary horseradish peroxidase-conjugated anti-mouse antibody (1:3000; 

Dako) was incubated for one hour. The membranes with proteins isolated from the 

HUVEC cultures (III, IV) were blocked and incubated overnight with mouse anti-

TG2 antibody, CUB7402 (1:2000; Neomarkers) at 4°C. Monoclonal antibody 

against γ-tubulin (1:8000; Sigma Aldrich) was used as internal control to check for 

equal loading. After washings, secondary horseradish peroxidase-conjugated anti-

mouse antibody (1:2000; Dako) was applied for one hour at room temperature. 

Finally after washes, detection was carried out using the commercial enhanced 

chemiluminescence detection system (Amersham Life Sciences, GE Healthcare, 

Little Chalfont, UK). Quantification of the protein bands was performed using the 

Kodak 1D image analysis software (Kodak, New Haven, CT, USA).  



59 

3.11 Live cell TG2 activity assay (III, IV)  

The transamidating activity of transglutaminases was determined by live cell 

ELISA. HUVEC cells were seeded onto collagen I pre-coated 96-well plates 

(Becton Dickinson Labware, MA, USA) at a density of 2x105 cells per well. When 

the cells had reached confluence they were treated with either different antibodies or 

TG2 activity-inducing agent retinoic acid (15 µM) (Piacentini et al. 1988, Piacentini 

et al. 1992a, Piacentini et al. 1992b) for 24 hours. The active site TG2 inhibitors, 

R281 or R283, were administered one hour prior to addition of antibodies or retinoic 

acid.  

After incubation, TG2 substrate monodansylcadaverine (5 mM, Sigma-Aldrich) 

was added to each well and allowed to incorporate at 37ºC for two hours. 

Thereafter, the wells were carefully washed with PBS and fixed with 4% PFA. 

Next, the incorporated monodansylcadaverine was detected with rabbit anti-dansyl 

antibody (1:200, Invitrogen, OR, USA) applied for 30 minutes at 37ºC. After 

washes horseradish peroxidase-conjugated polyclonal swine anti-rabbit 

immunoglobulins (1:1000, Dako) were administered to each well and incubated at 

37ºC. After 30 minutes peroxidase substrate, 3,3′,5,5′-tetramethylbenzidine (Slow 

Kinetic Form, for ELISA, Sigma-Aldrich) was added and the colorimetric reaction 

was stopped by 2.5 M H2SO4. The absorbance at 450 nm was measured by 

spectrophotometer (Multiskan Ascent, Thermo Labsystems). Finally, to control for 

the confluence of the monolayers, cells were stained with crystal violet.  

3.12 ELISA with inhibitor-treated TG2 (IV)  

Maxisorp™ microtitre plates (Nunc) were coated for one hour at room temperature 

with 0.3 µg human fibronectin (Sigma-Aldrich) diluted in bicarbonate buffer pH 9.6, 

after which the plates were washed three times with tris-buffered saline (TBS), pH 

7.4, containing 0.1% (v/v) Tween 20. Thereafter, plates were incubated with 0.8 µg 

human recombinant TG2 in TBS containing 5 mM CaCl2. The plates were carefully 

washed and treated with R281 (200 µM) in TBS for 20 minutes, after which coeliac 

patient sera or antibodies were added for one hour. Wells prepared without R281 

were used as controls. Bound antibodies were detected with horseradish peroxidase-



60 

conjugated rabbit anti-human IgA (1:5000; Dako) and 100 µl 3,3′,5,5′-

tetramethylbenzidine substrate (Sigma-Aldrich). The absorbance was read at 450 

nm after stopping the reaction with 50 µl 1 M H2SO4.  

3.13 Paracellular permeability assays on 
macromolecules (IV)  

Macromolecule passage across endothelial monolayers grown on collagen I-treated 

semipermeable Transwell insert polycarbonate filters (6.5 mm in diameter, 0.4 in 

µm pore size; Costar, Cambridge, MA) was measured utilizing the flux of both 4-kD 

and 70-kD FITC-labeled dextran (500 µg/ml; Fluka Chemicals, Dorset, UK). 

Different serum-derived immunoglobulins were added apically onto the confluent 

endothelial layer 12 hours prior to the administration of nocodazole (40 ng/ml, 

Sigma-Aldrich), whereafter the incubation was continued for a further 12 hours. 

Nocodazole, which is an endocytosis-blocking agent, was used specifically to study 

paracellular permeability. Next, FITC-labelled dextran was added to apical 

chambers, and the fluorescence of the transported FITC-dextran was measured in 

the bottom chambers after three hours with a fluorometer (Victor 2 Counter Plate 

Reader; Perkin-Elmer Wallac, Turku, Finland) using 485 and 535 nm as the 

excitation and emission wavelengths, respectively.  

3.14 Lymphocyte adhesion and transendothelial 
migration assays (IV)  

To investigate lymphocyte adhesion to confluent endothelial monolayers, study 

compounds were added apically on confluent endothelial layers and incubated for 

24 hours prior to assay. Namalwa lymphocytes were labeled with 15 µg/ml 

biscarboxyethyl carboxyfluorescein acetoxymethyl ester (BCECF; Lambda 

Fluoreszenztechnologie, Graz, Austria) for 30 minutes at 37°C in RPMI 1640 and 

5% FBS and carefully washed to remove non-bound dye. Human B-lymphocyte 

chemoattractant (50 ng/ml; Sigma-Aldrich) was added to each basal well. BCECF-

labeled lymphocytes (1 × 106 cells) were added apically and incubated with 
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HUVEC monolayers for one hour at 37°C under orbital rotation. After intensive 

washing, the adherent lymphocytes were detached using 5 mmol/l EDTA, collected 

and quantified with a fluorometer (Victor 2 Counter Plate Reader) using 485 and 

535 nm as the excitation and emission wavelengths, respectively. The lymphocyte 

transmigration assays were performed similarly to the lymphocyte adhesion assay 

except that HUVECs were grown to confluence on insets with larger pores (5 µm 

pore size; Costar) and the incubation time was extended to 3.5 hours, whereafter the 

amount of fluorescent lymphocytes was measured in the basal chamber.  

3.15 Flow cytometry (IV)  

To study the surface expression of E-selectin protein, flow cytometric analyses were 

also performed; 4 × 105 HUVECs were seeded onto 12-well plates (Nunc), grown to 

90% confluence, and treated with the substances under study for 24 hours, the 

known inducer of E-selectin expression being used as positive control. Next, the 

cells were washed with HBSS (Sigma-Aldrich) and detached by trypsinisation. 

Thereafter, the following staining protocol was performed on ice. The collected cells 

were washed with HBSS and stained with monoclonal anti-human E-selectin 

antibody (20 µg/ml; BBIG-E4-5D11, R&D Systems, Abingdon, UK) for one hour. 

Subsequently, cells were washed and labeled with Alexa Fluor 488-conjugated anti-

mouse secondary antibody (1:1000; Molecular Probes) for 30 min. Finally, the cells 

were washed and analyzed using a fluorescence-activated cell sorter (Coulter EPICS 

XL-MCL; Beckman Coulter, High Wycombe, UK). For each experiment, duplicates 

of 1 × 104 cells were counted and the experiment was repeated three times.  

3.16 RhoA activation assays (IV)  

To determine RhoA activity, 4 × 105 HUVECs were seeded on 12-well plates 

(Nunc) and grown to approximately 80% confluence, after which they were exposed 

to the study substances. RhoA activation measurements were made using the 

absorbance-based G-LISA RhoA Activation Assay Biochem Kit (Cytoskeleton) 

according to the manufacturer’s instructions. Cells were treated with the antibodies 
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under study, whereafter lysates were rapidly prepared and snap-frozen. For each 

assay the protein concentrations were equalised. The absorbance at 492 nm was 

measured by spectrophotometer (Multiskan Ascent). 

3.17 Statistics (I – IV) 

Statistical analysis was performed using the nonparametric two-tailed Mann 

Whitney U test, which is suitable for data not normally distributed (I, II). The 

colocalisation of IgA with extracellular TG2 was analysed by ImageJ (Abramoff et 

al. 2004) using ImageJ Colocalization Finder-PlugIn to show Pearson’s correlation 

and the overlap coefficient of colocalisation (II). When comparing the status of the 

same patient during active coeliac disease and after a 1-year gluten-free diet the 

Wilcoxon test was used. A two-way ANOVA within subjects was used to compare 

the effect of TG2 inhibitors with  respect  to  each  treated  group using Student 

Newman Keuls as pos hoc analysis, and  to evaluate  the  relation  between TG2  

enzymatic activity  and  inhibition  of  angiogenesis  Pearson’s  correlation  was  

assessed (III). In the fourth publication statistical analyses were performed using the 

Kruskall–Wallis test (IV). A p-value <0.05 was considered statistically significant. 

3.18 Ethical considerations (I – IV) 

The study protocol was approved by the Ethics Committee of Tampere University 

Hospital, Tampere, Finland and Heim Pal Children's Hospital, Budapest, Hungary. 

All subjects gave written informed consent. 

  



63 

4. RESULTS  

4.1 Alterations in small-intestinal mucosal vasculature 
in coeliac disease (I)  

When mucosal biopsies were analyzed under conventional microscopy, the most 

prominent observation was that the overall architecture of the vasculature was 

disorganised in untreated coeliac disease mucosa (Figure 1 in original paper I). In 

contrast, in treated coeliac patient and normal healthy mucosa the vascular 

architecture resembled the pattern seen in the text books (Crissinger  and Granger  

2003). 

The small-intestinal vasculature was also studied in greater detail in frozen small-

bowel mucosal biopsy sections. Visualization with the endothelial marker anti-vWf 

antibody revealed a lack of overall organisation in the vasculature (Figure 1 in 

original paper I). Capillaries formed a layer-like pattern under the epithelium in the 

active state of coeliac disease; on a gluten-free diet the vasculature also normalised 

parallel to mucosal recovery. The most obvious alteration compared to the normal 

mucosal vasculature was the absence of proper capillary tufts in untreated coeliac 

disease.  

When the mucosal microvasculature was evaluated quantitatively by 

morphometric analysis of mucosal sections, the microvascular density was 

significantly decreased in untreated coeliac disease, but improved on a gluten-free 

diet (Figure 2 in original paper I).  

In order to analyze vessel maturity, the expression of the mesenchymal 

differentiation marker α-sma around the mucosal microvasculature was analyzed by 

a semi-quantitative method (Kale et al. 2005) using automatic exposure time as an 

indirect measure of label intensity, and thus the amount of the labeled protein. As a 

result, the amount of α-sma around mucosal vessels was significantly decreased in 

active coeliac disease, but improved to normal level after one year on a gluten-free 

diet (Figure 3 in original paper I).  
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Furthermore, in all coeliac patients analyzed the IgA class autoantibodies were 

deposited below the basal membrane and around vessels (Figure 4 in original paper 

I). These deposits were verified to co-localise with TG2.  

4.2 Modulation of angiogenesis by coeliac disease 
autoantibodies (II, III) 

To establish whether the coeliac disease autoantibody deposits could have a role in 

the vascular alterations seen in the active state of the disease, in vitro studies with 

coeliac autoantibodies were conducted in endothelial cell cultures as well as in co-

cultures of endothelial and mesenchymal cells. In these angiogenic cultures coeliac 

disease-specific IgA was deposited on cell surface TG2 (Figure 1 in original paper 

II), and furthermore, when the cell surface TG2 of both cell types was removed, the 

binding of IgA to the cell surface was completely abolished. 

4.2.1 Effects of coeliac autoantibodies on vascular tubule 
formation in vitro (II, III) 

The effects of all the coeliac antibodies on endothelial tubule formation were 

studied by measuring endothelial cell sprouting on collagen I, which has been 

shown to promote endothelial cell aggregate formation and sprouting (Montesano et 

al. 1983). The anti-angiogenic effect of IgA derived from an untreated coeliac 

patient as well as that of TG2-specific IgG derived from an IgA-deficient untreated 

coeliac patient were clearly seen, since tubule formation was reduced by 

approximately 50% (p < 0.001) in the presence of coeliac autoantibodies compared 

with sprouts formed in the presence of control immunoglobulins (Figure 2 in 

original paper II, Figure 6, Table 6). In contrast to coeliac patient autoantibodies, 

the commercially available monoclonal function-blocking anti-TG2 antibody, 

CUB7402, failed to exhibit such an effect on endothelial tubule formation, although 

disturbed angiogenesis was observed in some cultures (Figure 6).  
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Figure 6. Representative images of endothelial tubule formation in human umbilical 

vein endothelial cell cultures grown on collagen I for 3 days. NonCD = non-

coeliac disease, CD = coeliac disease, CUB7402 = monoclonal function-blocking 

anti-TG2 antibody. 

In another model of angiogenesis, a co-culture of endothelial and mesenchymal 

cells seeded on collagen I, tubule formation was likewise disturbed (Figure 5 in 

original paper II, Table 6). Affinity-purified IgA derived from untreared coeliac 

patients also significantly inhibited tubule formation (p < 0.001) in co-culture 

conditions, reducing the length of branches by approximately 50% when compared 

with cultures treated with control IgA. Coeliac patient anti-TG2-specific IgG had an 

effect similar to that of coeliac patient total IgA. In co-cultures, the function-

blocking monoclonal TG2 antibody CUB7402 had an inhibiting effect on capillary 

branches similar to that of coeliac patient autoantibodies. 

Similar anti-angiogenic effects of coeliac patient autoantibodies were seen in a 

three-dimensional cell culture in which endothelial cells were grown inside Matrigel 

(p < 0.0001) (Figure 1 in original paper III, Table 6). Also coeliac patient-derived 

monoclonal antibodies produced by recombinant technology exerted a similar effect 

on tubule formation on collagen and in Matrigel.  
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Table 6. Effect of coeliac disease and monoclonal TG2 antibodies on 
endothelial tubule length related to isotype-matched controls in 
three angiogenic cell models.  

 CD IgA 

 

CD TG2-

IgG 

CD mAb CUB7402 

HUVECs on 

collagen I 

51% 43% ND 89%* 

Co-culture on 

collagen I 

57% 49% ND 69% 

HUVECs in 3D 

Matrigel 

44% ND 54% ND 

All the values were significantly decreased (p<0.0001) as compared with isotype-matched 

controls (100%) except the one marked with an asterisk.. -D = no data, CD = coeliac 

disease, CUB7402 = monoclonal function-blocking anti-TG2 antibody, HUVEC = human 

umbilical vein endothelial cell, mAb = monoclonal antibody, TG2 = transglutaminase 2.  

4.2.2 Effects of autoantibodies on vascular cell migration and 
actin organisation in vitro (II)  

To address the issue of endothelial migration, scratch wound assays with endothelial 

HUVECs grown to confluence on collagen I were made in the presence of coeliac 

patient IgA, IgA-deficient coeliac patient anti-TG2-IgG and CUB7402 as well as 

their corresponding controls. Both types of coeliac disease-specific autoantibodies, 

total IgA and anti-TG2-specific IgG, significantly reduced (p < 0.001) the number 

of migrating endothelial cells when compared with their controls, to approximately 

26% and 21% respectively (Figure 3 in original paper II, Figure 7, Table 7). The 

commercial anti-TG2-specific antibody CUB7402 exerted an effect similar to that 

of the coeliac patient antibodies, the number of migrating cells being reduced to 

approximately 47%. 

In order to establish whether coeliac patient IgA and anti-TG2-IgG affect 

vascular mesenchymal cell migration, similar wound closure assays were performed 

with mouse mesenchymal 10T1/2 cells. These assays showed that coeliac disease 

IgA significantly inhibited the migration of vascular mesenchymal cells, reducing 

the number of migrating cells to 33% when compared to that of migrating cells in 

the presence of  control IgA (p < 0.001)  (Figure 6 in original paper II, Figure 7, 
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original paper II). In addition, in the moving cells treated with either the coeliac 

patient autoantibodies or CUB7402, the overall shape of the cells was altered, and 

cells did not seem to have a proper leading edge, and thus a proper direction for 

migration. As in the case of endothelial cells, there was a complete disorganisation 

of the migrating vascular mesenchymal cell actin cytoskeleton and lack of a proper 

leading edge in the presence of coeliac patient IgA and anti-TG2-IgG or CUB7402 

(Figure 7 in original paper II). 

4.2.3 Mesenchymal differentiation in the presence of coeliac 
autoantibodies (II) 

To ascertain whether coeliac patient IgA has an effect on the differentiation of 

vascular mesenchymal cells, a Western blot analysis for α-sma, a marker for 

vascular mesenchymal cell differentiation, was performed.  The relative amount of 

α-sma expressed in cell cultures treated with coeliac patient and healthy subject IgA 

was quantitated, but no difference in expression of the indicator of smooth muscle 

differentiation was found (Figure 8 in original paper II).  

4.3 The effects of coeliac disease autoantibodies on 
vascular function (IV) 

The paracellular permeability of macromolecules was studied in an endothelial cell 

model in which the flux of 4-kD and 70k-D macromolecules through the confluent 

monolayer of endothelial cells was measured. The presence of either of the types of 

coeliac patient-derived serum antibodies, coeliac patient total IgA or anti-TG2 IgG, 

significantly (p < 0.05) increased macromolecular permeability when compared to 

the relevant control antibodies, while the commercial TG2-targeted function-

blocking antibody CUB7402 had no significant effect (Figure 1 in original paper IV, 

Table 8). 

Patient IgA and TG2-specific IgG antibodies, but not those from control subjects, 

significantly (p < 0.01) enhanced lymphocyte adhesion to endothelial cells (Figure 

2a in original paper IV). The expression of E-selectin, one of the central molecules 

contributing to lymphocyte capture on the endothelium, was significantly (p < 
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0.001) enhanced in the presence of coeliac patient IgA (Figure 2b, 2c in original 

paper IV). The effect could also be seen in the immunofluorescent stainings of 

endothelial cells exposed to untreated coeliac patient IgA (Figure 2d in original 

paper IV). 

Transendothelial migration of lymphocytes was also significantly (p < 0.05) 

increased in experiments supplemented with both types of coeliac patient 

autoantibodies, total IgA, and affinity-purified patient TG2-specific IgG antibodies 

(Figure 3 in original paper IV, Table 5). The commercial function-blocking TG2 

antibody CUB7402 had no significant effect on macromolecular permeability, 

lymphocyte adhesion, or transendothelial migration (Figures 1a, b, 2a, 3 in original 

paper IV). 

Table 8. Effects of coeliac antibodies on endothelial cell function in vitro 
related to relevant isotype-matching control antibodies. 

 CD IgA CD TG2 IgG CUB7402 

4 kD permeability 130% 144% 123%* 

70 kD permeability 115% 116% 105%* 

Lymphocyte adhesion 148% 170% 115%* 

E-selectin expression 180% ND ND 

Transendothelial migration 140% 151% 105%* 

All the values were significantly increased (p<0.05) as compared with isotype-matched 

controls (100%) except those marked with an asterisk. -D = no data, CD = coeliac 

disease, HUVEC = human umbilical vein endothelial cell, kD = kilodalton, TG2 = 

transglutaminase 2.  

4.4 Coeliac disease autoantibodies and TG2 activity in 
vitro (III, IV) 

To study possible alterations in TG2 activity in the presence of coeliac 

autoantibodies, a live endothelial cell ELISA based on detection of the cross-linked 

transglutaminase substrate, monodansylcadaverine, was established. In this study 

setting, significantly increased endothelial TG2 cross-linking activity was found in 

the presence of coeliac patient-derived affinity-purified total IgA (Figure 2a in 

original paper III, Figure 4a in original paper IV, Figure 8).  Moreover, coeliac 
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patient serum-derived monoclonal antibodies produced by recombinant technology 

enhanced the cross-linking activity of endothelial cells in a manner similar (Figure 

2a in original paper III) to that with serum autoantibodies. Both types of coeliac 

disease autoantibodies increased TG2 activity to the level of the positive control, 

namely retinoic acid, which is known to enhance TG2 (Piacentini et al. 1988, 

Piacentini et al. 1992a, Piacentini et al. 1992b) (Figure 2a in original paper III, 

Figure 8).  

Pre-incubation with either of the site-specific TG2 inhibitors, R281 and R283, 

reduced the enhanced transamidating activity to the level of the irrelevant control 

antibodies (Figure 2a in original paper III, Figure 4a in original paper IV, Figure 8).  

 

Figure 8. The relative extracellular TG2 activity is increased in the presence of 

coeliac disease (CD) patient IgA, coeliac patient-derived recombinant 

monoclonal antibody (mAb) and retinoic acid (RA). This effect can be 

alleviated with both TG2 inhibitors, R281 and R283. Bars represent mean TG2 

activity in arbitrary units (AU), and dashed line represents the baseline TG2 

activity in endothelial cells. The error bars show standard error of mean. * = p < 

0.0001. Non-CD = non coeliac disease. 
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In addition, the expression level of TG2 protein was verified to be unaffected by 

coeliac patient IgA and CD Abs, which was confirmed by Western blot analysis 

(Figure 2b in original paper III, Figure 4b in original paper IV). 

To verify that coeliac autoantibodies bind to purified TG2 in both the presence 

and absence of R281, an enzyme-linked assay was performed.  As a result, the 

coeliac patient IgA binding capacity was not altered, indicating that even if the 

active site of TG2 is occupied by the inhibitor, the epitopes of the coeliac patient 

antibodies are distinct from the active site of TG2, and thus still accessible (Figure 

4c in original paper IV). 

The potential role of the enhanced TG2 activity mediated by coeliac antibodies in 

disturbed angiogenesis was studied. Pre-incubation with the TG2 inhibitors R281 or 

R283 restored tubule formation to control level in both CD Mab and coeliac patient 

serum IgA-treated endothelial cell cultures (Figure 1A in original paper III). The 

anti-angiogenic effect of retinoic acid was also diminished by the TG2 inhibitors. A 

significant (p < 0.0001) negative correlation was found between disturbed tubule 

formation and enhanced transamidation activity of TG2 in the presence of coeliac 

antibodies (Figure 3 in original paper III).   

Next, the possible connection between disturbed barrier function and enhanced 

TG2 activity in the presence of untreated coeliac patient IgA was studied. 

Pretreatment of endothelial cultures with an active site TG2 inhibitor, R281, 

abolished the effects of coeliac disease autoantibodies on macromolecular 

permeability and lymphocyte transendothelial migration and attenuated the effect on 

lymphocyte adhesion to endothelial cells (Figure 5 in original paper IV).  

4.5 Effects of coeliac autoantibodies on RhoA activity 
(IV) 

Since TG2 is known to enhance RhoA activity (Janiak et al. 2006),  and RhoA  has 

an established role in vascular hyperpermeability (Wojciak-Stothard et al. 2001), the 

potential involvement of RhoA activation in the endothelial permeability response 

to coeliac autoantibodies was studied. Incubation of coeliac patient IgA with 

endothelial cells significantly increased (p < 0.001) RhoA activity (Figure 6a in 

original paper IV). Furthermore, inhibition of Rho activity by C3 endotoxin 
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eliminated the effects of coeliac IgA on macromolecular permeability (p < 0.05) and 

lymphocyte transendothelial migration (p < 0.05) and modified these on lymphocyte 

adhesion to endothelial cells (p < 0.05) (Figure 6b–d in original paper IV).  Basal 

responses in permeability, lymphocyte adhesion, or lymphocyte transmigration were 

not affected by Rho-blocking C3. 
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5. DISCUSSION 

5.1 The small-intestinal mucosal vasculature is altered 
in untreated coeliac disease (I) 

It has previously been reported that the overall architecture of the small-intestinal 

mucosal vasculature is altered in subjects suffering from coeliac disease (Cooke and 

Holmes 1984).  In addition, in the 1970s it was observed that ingestion of gluten 

leads to endothelial swelling in the small-intestinal capillaries of coeliac patients 

(Shiner et al. 1972a, Shiner 1973). This present work first sought to establish 

whether the small-bowel mucosal vasculature is altered in active coeliac disease in 

response to gluten consumption (I).  

In the normal mucosa there is a single arteriole which branches out of the 

submucosal artery (Figure 1). This arteriole traverses through the villus and 

branches into smaller capillaries which form capillary tufts at the tip of the villi. 

These small capillaries subsequently anastomose with a venule located in the centre 

of the villi (Crissinger and Granger 2003). In the present series (I) it was shown that 

in the active phase of coeliac disease the mucosal vasculature also deteriorates. Its 

overall organisation is altered, capillary tufts are absent, the number of vessels is 

diminished, and the amount of differentiated vascular smooth muscle is decreased. 

After a one-year gluten-free diet alterations in vessels normalised to control level, 

indicating that the deterioration is gluten-dependent. The disruption of the proper 

vessel network in untreated coeliac disease could lead to a lack of mechanical 

support to the villi as well as insufficient nutrient transport to mucosal tissue, thus 

contributing to mucosal lesion formation. Hence, when considering gastrointestinal 

disorders and abnormal angiogenesis, the vascular alteration in coeliac disease 

indicating insufficient angiogenesis would be contrary to the excessive angiogenesis 

occurring in inflammatory bowel disease, although inflammation is present in both 

diseases (Chidlow et al. 2007). In inflammatory bowel disease an excess 

microvasculature provides nutrients and possibly a route for inflammatory cells to 



74 

the diseased tissue, and angiogenesis possibly contributes to the initiation and 

perpetuation of inflammatory bowel disease (Chidlow et al. 2007). It is conceivable 

that the contrasting alterations in angiogenesis in the intestinal tissue of these two 

enteropathies are involved in the pathogenesis of both diseases, but through 

different mechanisms. 

 In the present study, all untreated coeliac patients had TG2-targeted 

autoantibody deposits (I) in the small-intestinal submucosa, as also around mucosal 

vessels as previously described (Korponay-Szabo et al. 2004, Kaukinen et al. 2005, 

Salmi et al. 2006a, Salmi et al. 2006b), and the deposits were diminished after a 

one-year gluten-free diet. These results are also in line with a recent follow-up study 

showing mucosal gluten-dependent transglutaminase-2-specific autoantibody 

deposits to be markers of coeliac disease, and thus a potential tool in diagnostics and 

dietary monitoring (Koskinen et al. 2009). 

5.2 The endothelial cell culture models (II-IV) 

Since no suitable model was to hand to study the effects of coeliac autoantibodies 

on vascular biology in vivo, in this work different endothelial cell culture models 

were used to study angiogenesis and endothelial function in vitro. All endothelial 

cells used in the assays in this series were commercial HUVECs. HUVECs can be 

isolated by perfusion of the umbilical vein with trypsin or collagenase and have 

been successfully cultured since 1973 (Jaffe et al. 1973). They are also 

commercially available, and have been the most widely used endothelial cell type 

employed to study angiogenesis in vitro (Staton et al. 2009). 

Nonetheless these cells are of macrovascular origin, and angiogenesis occurs 

mostly at microvascular level. In cell culture conditions even primary cells 

gradually lose their normal physiological characteristics; thus during the present 

study, when HUVECs were cultured the passage number was taken into 

consideration to avoid this phenomenon. There are also differences between 

lineages, which may affect results (Staton et al. 2009). Moreover, these cells were 

not isolated from the small intestine, which may limit the conclusions to be drawn. 

Furthermore, HUVECs were isolated from different umbilicial cords, and it remains 

obscure what genetic differences between the cells might affect the results. In 



75 

addition, the HUVECs used in this study most probably were not derived from 

coeliac patients, but this is not excluded. Thus it would have probably been 

advisable to include coeliac patient-derived cells in this study. 

The cell culture model is an artificial environment. In vivo there are other cell 

types such as granulocytes in tissue and blood cells in the circulation, together with 

complex signaling cascades not occurring in vitro. Although the basal medium is 

supplemented with growth factors, it is obvious that this model only mimics in vivo 

conditions. 

Different matrices in endothelial cultures have divergent effects on cell 

proliferation and differentiation (Staton et al. 2009). Angiogenesis was studied in a 

two-dimensional cell culture in which either only HUVECs or HUVECs and mouse 

mesenchymal cells were grown on collagen I (II). Collagen is known to support 

endothelial cell sprouting and promote tubule formation (Montesano et al. 1983). 

Moreover, in co-cultures there is the possibility of crosstalk between endothelial and 

mesenchymal cells, which is known to promote angiogenesis and support 

mesenchymal differentiation. Endothelial cells produce the extracellular matrix in 

co-operation with mesenchymal cells (Staton et al. 2009). Endothelial cells were 

also grown inside Matrigel (III), a commercial solubilised basement membrane 

preparation extracted from tumours (Kleinman et al. 2005). Matrigel supports 

differentiation in a cell type-dependent manner in both primary and established cell 

lines. In an endothelial culture Matrigel supports both immortalised microvascular 

endothelial cells and HUVECs to form nearly identical capillary-like structures with 

a lumen (Kleinman et al. 2005). Nevertheless, even if endothelial cells are cultured 

in three-dimensional cultures they do not reach the final steps of maturation 

(Kleinman et al. 2005).  

In this study permeability assays were performed with a monolayer of endothelial 

cells grown on collagen I–coated semipermeable inserts. Although the confluent 

layers appeared to be equal when checked under the microsope or on the basis of the 

measurements, there may have been differences in the integrity of the layers.  

Normally endothelial cells do not form differentiated junctions in vitro, and thus for 

instance to study the blood brain barrier in vitro, the maturation of endothelial 

junctions is often supported by using conditioned culture media, pericytes, or feeder 

cell layers (Staton et al. 2009), but it is nonetheless difficult to find a proper in vitro 

model for the blood brain barrier.  Moreover, in paracellular permeability assays 
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mitomycin-C was used to block endocytic activity in order to exclude the effect of 

this activity in the assays. However, by blocking essential tubulin assembly, 

mitomycin is toxic for cells, and thus even a short incubation with it may affect 

cellular function (Coomber 1992). 

5.3 Coeliac antibodies affect angiogenesis and 
endothelial function in vitro (II-IV) 

TG2-targeted autoantibodies have been reported to fulfil a number of biological 

functions in different cell types in vitro (Halttunen et al. 1999, Zanoni et al. 2006, 

Barone et al. 2007). In order to study whether small-intestinal mucosal functional 

autoantibody deposits could be involved in alterations by interfering with 

angiogenesis, in vitro assays were performed. It was found that coeliac patient 

serum-derived autoantibodies significantly interfere with several steps of 

angiogenesis in vitro, including endothelial sprouting and migration of both 

endothelial and vascular mesenchymal cells (Table 6, Table 7)(II). The consequence 

of diminished cellular motility in the presence of coeliac autoantibodies or 

monoclonal TG2 function-blocking CUB7402 is similar to the previously reported 

effect of these antibodies on fibroblast motility on collagen I (Halttunen 2002). 

In wound healing assays the migrating endothelial and mesenchymal cells treated 

with coeliac patient autoantibodies or CUB7402 had a disorganised actin 

cytoskeleton, and they seemed to lack a proper leading edge. Since appropriate actin 

dynamics and leading edge are essential for the migration and direction of cell 

movement, it could be suggested that the coeliac disease-specific autoantibody-

effected cytoskeletal disarrangement might explain the inhibition of endothelial and 

mesenchymal cell migration. Also previously, coeliac autoantibodies and CUB7402 

have been shown to effect a cytoskeletal rearragement and membrane ruffling in 

various cell lines (Barone et al. 2007). 

Coeliac autoantibodies did not affect α-sma expression in vitro as judged by 

Western blot analysis, indicating that they do not affect vascular mesenchymal cell 

differentiation in vitro (II). Thus, the decreased amount of differentiated smooth 

muscle cells around mucosal vessels in active coeliac disease (I) could be explained,  

not by the disturbed differentiation of  smooth muscle cells, but by the disturbed 
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vascular mesenchymal cell migration due to autoantibody deposits around mucosal 

vessels, leading to weaker pericyte recruitment. Poor recruitment of pericytes is 

known to lead in some pathological conditions to decreased vessel maturity and 

integrity (Bergers and Song 2005, von Tell et al. 2006).  

In addition, it was demonstrated that coeliac disease-specific autoantibodies 

increase endothelial permeability in vitro for macromolecules and lymphocytes 

(Table 8)(IV). Moreover, lymphocyte adhesion on the endothelium was increased in 

the presence of coeliac autoantibodies. Both under normal physical conditions and 

in inflammation, the endothelium serves as a barrier between the circulation and 

tissue, controlling the transport of various molecules and leukocyte trafficking. This 

function is regulated by numerous mechanisms, including various adhesion 

molecules. Interestingly, the expression of lymphocyte adhesion molecules, 

intracellular adhesion molecule-1 (ICAM-1), E-selectin, and mucosal addressin cell 

adhesion  molecule 1 (MadCAM-1), has been reported to be upregulated in the 

intestinal mucosa in active coeliac disease (Ensari et al. 1993, Jelinkova et al. 2000, 

Di Sabatino et al. 2009).  Since these molecules recruit lymphocytes into inflamed 

intestinal tissue, they might contribute to the generation of mucosal damage in 

active coeliac disease. In this series (IV), increased endothelial cell expression of 

the lymphocyte adhesion molecule E-selectin was observed in the presence of 

coeliac patient–derived antibodies. This finding could explain the enhanced 

adhesion of lymphocytes on the endothelium in vitro.  

5.4 Coeliac antibodies are able to modulate endothelial 
TG2 activity in vitro (III-IV) 

One intriguing finding in this work was the ability of coeliac patient serum-

derived autoantibodies (III, IV) and coeliac patient-derived monoclonal TG2-

targeted antibodies produced by recombination technology (III) to increase 

endothelial TG2 transamidating activity (Figure 8). The live-cell ELISA assays 

showed that in the presence of these antibodies the crosslinking activity is increased 

in a manner similar to that in the presence of the known TG2 activity- and 

expression-inducing agent retinoic acid (Piacentini et al. 1988, Piacentini et al. 

1992a, Piacentini et al. 1992b)(III). Moreover, this increased antibody-induced 
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activity could be blocked using site-directed irreversible TG2 inhibitors (III, IV). 

The coeliac patient IgA binding capacity was not altered in the presence of the TG2 

inhibitor R281, indicating that even if the active site of TG2 is occupied by the 

inhibitor, the epitopes of the coeliac patient antibodies are distinct from the active 

site of TG2, and thus still accessible (IV). Treatment with TG2 function-blocking 

CUB7402 (Birckbichler et al. 1985) did not affect the endothelial baseline cross-

linking activity (IV), probably because the ELISA used was applied to confluent 

cell cultures, where extra-cellular TG2 has been shown to be catalytically inactive 

(Siegel et al. 2008). Coeliac disease autoantibodies had no effect on the total amount 

of expressed TG2 in endothelial cells (III, IV).  

Kiraly and associates (2006) reported that coeliac disease autoantibodies increase 

transamidation activity. However, there are reports in the literature showing 

decreased TG2 activity (Esposito et al. 2002, Dieterich et al. 2003). It is difficult to 

explain the discrepancy, but one major reason might lie in differences between 

experimental study settings. The studies showing decreased activity were performed 

using liquid phase assays, and those performed by Kiraly and group (2006) were in 

assays based on fibronectin-bound TG2-mimicking in vivo conditions. It remains to 

be clarified whether a similar enhancement of TG2 activity in the presence of 

coeliac disease patient-derived antibodies in other TG2-expressing cell types can be 

found using this live-cell ELISA method. 

In endothelial cells, TG2 is highly expressed in the cytoplasm (Lorand et al. 

2003), and a small fraction of TG2 is also present on the cell surface associated with 

β1-integrin subunits (Jones et al. 1997). Physiologically, the transamidation activity 

of TG2 is latent and is often manifested in various pathological states accompanied 

by a rise in Ca2+ concentration (Griffin et al. 2002, Lorand et al. 2003). The results 

of the present study suggest that coeliac disease autoantibodies might increase the 

endothelial surface TG2 transamidating activity in vivo. Bruce and colleagues 

(1985) have reported high levels of active TG2 in the inflamed mucosal lesions of 

untreated coeliac patients. A group under Esposito (2003) reported an increased 

expression of active tissue transglutaminase in the extracellular matrix of the 

subepithelial region and in the enterocytes in coeliac mucosa, and Maiuri and 

associates (2005) demonstrated that p31-43 induces a rapid and vivid up-regulation 

of TG2 protein and enzymatic activity. Interestingly, coeliac disease autoantibody 

deposits have a similar distribution in the small-intestinal mucosa. Recently, 
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extracellular TG2 has been reported to be catalytically inactive in vivo and in vitro, 

but to be transiently activated upon tissue injury (Siegel et al. 2008). Excess activity 

of extracellular TG2 has been shown to inhibit angiogenesis in vitro and in tumours 

(Jones et al. 2006).   

It was also found here that inhibition of increased TG2 activity could reverse the 

coeliac antibody-induced anti-angiogenic effects in vitro (III). In addition, the 

finding that TG2 enzymatic activity correlated inversely significantly with tubule 

length further implies that autoantibodies can modulate angiogenesis by a TG2-

mediated mechanism.  It can thus be suggested that anti-TG2 antibodies might 

induce an increase in extracellular TG2 crosslinking activity, and as a consequence 

of this, tubule formation is altered. These findings could explain the observed 

vascular alterations in the intestinal mucosa in active coeliac disease (I). 

Since there was such a significant negative correlation between decreased 

angiogenesis and enhanced TG2 activity, it may be suggested that the anti-

angiogenic effects of coeliac patient autoantibodies are mediated via increased 

activity of TG2, which leads to the accumulation of extracellular matrix, giving rise 

to a condition in which physiological angiogenesis is not supported.  

The role of TG2 in endothelial barrier function is not known (Sane et al. 2007). 

The only known transglutaminase family members participating in barrier integrity 

modulation are factor XIII (Noll et al. 1999, Noll et al. 2002) and TG1 

(Baumgartner et al. 2004). However, altered TG2 activity seems also to be involved 

in disturbed endothelial function in the presence of coeliac autoantibodies (IV), 

since pretreatment of endothelial cultures with TG2 inhibitor prior to autoantibody 

inoculation could restore the barrier function and diminish lymphocyte adhesion to 

the endothelium.  

Interestingly, transglutaminase has been suggested to have a role in lesion 

formation in inflammation through leukocyte extravasation. TG2 is also expressed 

on the surface of leukocytes, and it has been reported that TG serves as an integrin-

associated adhesion receptor possibly involved in the extravasation and migration of 

monocytic cells into tissues containing fibronectin matrices during inflammation 

(Akimov et al. 2001). Secondly, it has also been suggested that anti-inflammatory 

peptides, which reduce the adhesion, partly influence it through transglutaminase by 

reducing cell infiltration and phospholipase A2 (PLA2) activation through inhibition 

of TG2 activity (Moreno 2006). 
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5.5 Coeliac antibodies are able to modulate endothelial 
RhoA activity in vitro (IV) 

One further intriguing finding in this work was the potential involvement of Rho 

protein activity in coeliac disease autoantibody-mediated effects in endothelial cells 

(IV). Based on the RhoA activity ELISA, RhoA activity was increased in 

endothelial cells exposed to coeliac disease autoantibodies. Moreover, treatment 

with RhoA-inactivating C3 endotoxin reversed the barrier function to control level 

in the case of macromolecular permeability and lymphocyte transendothelial 

migration, and also significantly, albeit not to control level, in lymphocyte adhesion 

to endothelial cells, suggesting that patient autoantibodies exert their function 

through the RhoA pathway. Since both the enzymatic inactivation of TG2 and RhoA 

reduced endothelial permeability to control level (IV), it would seem that the 

autoantibody-induced activation of TG2 and RhoA operates on the same pathway. 

However, the enhanced lymphocyte adhesion onto the endothelial cell layer in the 

presence of coeliac autoantibodies could be blocked only partially by inhibition of 

TG2 and RhoA, suggesting that other pathways might also be involved. 

RhoA signaling is known to increase endothelial permeability (Mehta et al. 2001, 

Holinstat et al. 2003). TG2 has been shown to induce RhoA activity by a non-

enzymatic mechanism via integrin clustering and suppression of the Src tyrosine 

kinase-dependent p190RhoGAP inhibitory pathway (Singh et al. 2001, Janiak et al. 

2006). Also intracellular TG2 activity has been reported to be able to activate RhoA 

(Singh et al. 2001, Janiak et al. 2006). Intracellular TG2 is associated with GTP, 

which prevents its Ca2+-dependent activation (Griffin et al. 2002); thus intracellular 

TG2 does not normally have crosslinking activity. A Ca2+ influx has been suggested 

to have a primary role in endothelial RhoA activation, and also in endothelial cell 

spreading on collagen IV (Masiero et al. 1999). It would thus be interesting to know 

whether coeliac patient autoantibodies affect Ca2+ influx in endothelial cells in vitro.  

If RhoA activation is involved in mediating the effects of coeliac disease 

autoantibodies in vitro, it could also explain the cytoskeletal changes seen in 

migrating vascular cells in vitro (II), since Rho signaling modulates the dynamics of 

the cellular cytoskeleton through Rho-associated coiled-coil containing 

serine/threonine protein kinase (ROCK). 
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5.5.1 Putative mechanisms involved in coeliac disease 
autoantibody–induced TG2 activity 

In the present work it was found that TG2 crosslinking activity in vitro was 

increased in endothelial cells treated with coeliac patient-derived antibodies (III, 

IV), whereas the expression level of total cell TG2 was not altered. TG2 is located 

extracellularly, on the cell surface, and intracellularly in the cytosol, and has also 

been thought to exist in the nucleus and mitochondria. Furthermore, it has several 

substrates, and modulation of TG2 activity or its expression can affect several 

pathways. In physiological conditions, intracellular TG2 crosslinking activity is 

downregulated, but stress, injury and various inflammatory response pathways 

regulate its activity and also expression (Iismaa et al. 2009). For instance, oxidative 

stress (Shin et al. 2004)  triggers either an increase in intracellular calcium levels, 

which stimulates TG2 transamidase activity, or TGF-β-mediated activation of NFκB 

(Condello et al. 2008), which induces TG2 expression, translocation and activation 

and results in an increased inflammatory response. 

It is not known whether coeliac autoantibodies can enter the cytosol of various 

cell types.  In studies with NIH3T3 fibroblasts, coeliac patient-derived antibodies 

were not observed to enter inside the cell as assessed by immunofluorescence 

stainings (Barone et al. 2007). It has been shown that TG2 can be internalised from 

the cell surface through endocytosis, and this process is modulated for instance by 

fibronectin and PDGF (Zemskov et al. 2006). However, it is not known whether 

large immunoglobulins like coeliac IgA could be internalised through this pathway 

when complexed with TG2. It seems that coeliac disease autoantibodies do not 

penetrate inside the cell types used, but exert their biological effects by interacting 

on extracellular level.  

One TG2-modulated factor affecting angiogenesis is the basement membrane, 

which is degraded and remodeled by matrix metalloproteinases during angiogenesis. 

These components are degraded into various fragments shown to have anti-

angiogenic effects: they affect endothelial cell viability, inhibit adhesion and 

proliferation, and induce apoptosis. It has been shown that the function-blocking 

antibody CUB7402 increases collagen I degradation (Halttunen 2002), suggesting 

that the increased matrix degradation could result from blocked TG2 crosslinking 

activity, when the matrix remains more vulnerable to the degrading activity of 
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matrix metalliproteinases (Haroon et al. 2001, Halttunen et al. 2002). It has been 

hypothesized that coeliac disease autoantibodies, by blocking TG2 crosslinking 

activity, could exert a similar effect on the extracellular matrix (Halttunen et al. 

2002). In the present study (III-IV) the crosslinking activity was increased, and thus 

it does not seem that coeliac disease autoantibodies could exert anti-angiogenic 

effects in angiogenic cultures through increased matrix degradation.  

TGF-β is secreted in latent state and must undergo a highly regulated activation 

process to be functional. TG2 is known to participate in the activation of latent 

TGF-β in the extracellular space (Nunes et al. 1997). Moreover, it has been shown 

that coeliac patient-derived autoantibodies are able to modulate the TGF-β-mediated 

differentiation of epithelial cells (Halttunen and Mäki 1999). TGF-β is an essential 

modulator of angiogenesis, signaling mainly via Alk-1 and Alk-5 activation, which 

have opposing effects. It is thus tempting to speculate that coeliac patient 

autoantibodies might also modulate TGF-β-mediated processes in vascular 

masenchymal and endothelial cells.  

TG2 is closely associated with integrins. It is possible that coeliac antibodies, by 

modulating these interactions, could also mediate anti-angiogenic effects. TG2 binds 

covalently to fibronectin in the extracellular matrix, and the complex is associated 

with syndecan-4. Through this interaction TG2 can promote activation of protein 

kinase Cα (PKCα), which through integrin signaling exerts various effects on cell-

matrix interactions, for example regulation of cell adhesion and migration, matrix 

assembly, adhesion-dependent signaling and the associated actin stress fibre 

formation (Telci et al. 2008).  Here coeliac disease autoantibodies affected both 

endothelial and mesenchymal cell migration, and there was disorganisation of the 

actin cytoskeleton in migrating cells (II). It might be that coeliac patient-derived 

antibodies could modulate this signaling pathway, and thus affect the motility of 

vascular cells in vitro.  

Dardik and Inbal (2006) have reported that endothelial cell TG2 might be 

involved in modulation of the cellular response to VEGF. They proposed that TG2 

forms a non-covalent complex with VEGFR2 both in the cytosol and on the cell 

surface as a response to VEGF. TG2 has been suggested to have a role in 

translocation of the VEGFR-2 complex into the nucleus (Dardik & Inbal, 2006). It 

was also shown that rather the transglutaminase activity than PDI activity is needed 

for the association of TG2-VEGFR-2 complexes.  
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It is somewhat contradictory that coeliac patient autoantibodies increase vascular 

permeability, but also inhibit angiogenesis in vitro. This would suggest that they 

operate differently from VEGF, which induces both vascular permeability and 

angiogenesis (Papetti and Herman, 20002). The effects exerted by VEGF are 

mediated by the same VEGF receptors and the different cellular responses use 

overlapping signaling pathways (Takahashi and Shibuya, 2005). Thus, coeliac 

disease autoantibodies would appear to activate pathways distinct from those of 

VEGF.  

In addition, increased RhoA activity was observed in coeliac autoantibody-

affected endothelial cells, and this activation might be constitutive. VEGF-induced 

cytoskeletal changes in endothelial cells require RhoA and Rho kinase, and 

activation of RhoA/Rho kinase signaling is involved in the VEGF-induced in vitro 

endothelial cell migration and angiogenesis (van Nieuw Amerongen et al. 2003). 

Constitutively active RhoA has been shown to complement VEGF to increase 

angiogenesis (Hoang et al. 2004). Thus, the results of the anti-angiogenic effects of 

coeliac antibodies and increased RhoA activity are somehow contradictory. 

5.5.2 The potential contribution of the TG2-targeted 
autoantibodies to extraintestinal manifestations 

In coeliac disease, it has been suggested that the coeliac patient autoantibodies 

targeted against TG2 and neuronal antigens possibly other than TG2 might be 

involved in the development of neurologic impairment (Boscolo et al 2007, Cervio 

et al 2007). It has also been hypothesized that the TG2-targeted autoantibody 

binding might lead to increased permeability of the blood brain barrier, as well as 

neuronal cell apoptosis induced by the neuronal antibodies (Boscolo et al. 2007, 

Cervio et al. 2007), thus allowing autoantibody infiltration  into brain tissue, leading 

to possible neuronal symptoms such as gluten-ataxia. In certain pathological 

conditions blood brain barrier homeostasis is altered by a diversity of inflammatory 

mediators which modulate the interendothelial junctions, and various cytokines, 

chemokines, matrix metalloproteinases and adhesion molecules may cause barrier 

dysfunction either directly or indirectly, via attraction of leukocytes (Stamatovic et 

al. 2008). In the present work, coeliac autoantibodies had an effect on in vitro 

endothelial function (IV). However, the blood brain barrier integrity is markedly 
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different from peripheral endothelial barriers, and is remarkably more protective 

against paracellular diffusion than the analogous barrier in the peripheral 

endothelium (Stamatovic et al. 2008).  

In addition to neurological symptoms, various extra-intestinal disorders are also 

encountered in coeliac disease. TG2 autoantibody deposits have been observed in 

affected organs such as liver, kidney, lymph nodes, muscles and brain, remote from 

the site of gluten exposure in the intestine (Korponay-Szabo et al. 2004, 

Hadjivassiliou et al. 2006), and all these tissues are accessible to circulating 

autoantibodies.  

5.6 New insights into coeliac disease pathogenesis 

In autoimunne disorders, the initial protective effect of antibodies turns out to be 

harmful. Although it is not known whether coeliac disease-specific autoantibodies 

have a role in disease pathogenesis, the role of auto-autoantibodies in coeliac 

disease has been discussed, and a gluten-triggered autoimmune mechanism was 

hypothesized to be operative as far back as the 1990s (Mäki 1994, Mäki 1995).  In 

1999, it was shown that coeliac patient IgA indeed mediates biological effects. IgA 

derived from an untreated coeliac patient was shown to induce proliferation and 

inhibit differentiation of intestinal epithelial cells in a crypt-villus axis-mimicking 

cell culture model. Since then various studies of the biological effects in vitro have 

been conducted. A direct pathogenic contribution of TG2 antibodies has been 

proposed, with in vitro studies suggesting that they can activate monocytes by 

binding to Toll-like receptors (Zanoni et al. 2006).  

Since we found that coeliac disease autoantibodies are able to interfere with 

angiogenesis in vitro (II), and moreover with several phases in this complex process, 

it could be hypothesized that they might also exert effects on vascular cells in vivo. 

These suggested effects might be mediated via increased activity of TG2, leading to 

the accumulation of complex extracellular matrix. Similar anti-angiogenic effects of 

deposited TG2-targeted autoantibodies (II, III) in vivo might affect endothelial 

remodeling, and the decreased capability of the altered vasculature to provide 

mechanical support could lead to the abnormal appearance of the entire small-
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intestinal mucosal vasculature network seen in the small-intestinal mucosa of 

untreated coeliac patients (I). 

In addition, deposited coeliac disease autoantibodies may affect endothelial 

function by reducing barrier integrity, thereby allowing infiltration of 

macromolecules and inflammatory cells to the mucosal tissue. These autoantibodies 

might thus have a role in the development of the mucosal lesion in early phases of 

the disease in addition to the T-cell driven mechanism. The deposited autoantibodies 

might also have a role in the maintenance of mucosal lesion. 

To conclude, it may be suggested that coeliac disease autoantibodies might also 

be pathogenic in affecting small-intestinal vascular biology. However, the precise 

mechanism by which the coeliac patient autoantibodies targeted against TG2 exert 

their function remains to be investigated in future studies. 
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6. SUMMARY AND CONCLUSIONS 

In the present study it was shown that in active coeliac disease the overall 

architecture of the small-intestinal mucosal vasculature is altered and capillary tufts 

are absent. In detailed morphometric analysis it was observed that both the amount 

and the maturity of vessels were decreased in the coeliac disease-affected small-

intestinal mucosa. This deterioration was clearly gluten-dependent, since after a 

one-year gluten-free diet the vascular architecture was normalised parallel to the 

disappearance of circulating and mucosal TG2 autoantibodies.  

Since coeliac disease TG2-targeted autoantibodies are found heavily deposited 

around mucosal vessels in vivo on a gluten-containing diet, and since they fulfil a 

number of biological functions in vitro, and since TG2 has a role in vascular 

biology, it may be suggested that these biologically active deposits could have an 

effect on vascular biology in vivo. The results obtained from in vitro assays show 

that patient serum-derived autoantibodies significantly interfere with several steps of 

angiogenesis, including endothelial sprouting and migration of both endothelial and 

vascular mesenchymal cells. If these effects are exerted in vivo, the vascular 

alterations seen in the active state of coeliac disease could be explained by 

insufficient angiogenesis. Moreover, the decreased amount of differentiated smooth 

muscle cells around mucosal vessels in active coeliac disease could be explained not 

by disturbed differentiation of smooth muscle cells but by disturbed vascular 

mesenchymal cell migration, leading to weaker pericyte recruitment around small-

intestinal capillaries. 

It was demonstrated that in vitro coeliac disease-specific autoantibodies increase 

endothelial permeability to macromolecules and lymphocytes and enhance 

lymphocyte adhesion on the endothelium. Moreover, the expression of the 

lymphocyte-recruiting adhesion molecule E-selectin was increased in the presence 

of coeliac patient autoantibodies, and this could explain the increased adhesion of 

lymphocytes on the endothelium in the presence of coeliac autoantibodies. These 



87 

molecules recruit lymphocytes into inflamed intestinal tissue in vivo, and they might 

contribute to the generation of mucosal damage in active coeliac disease.  

The live-cell ELISA assays showed that in the presence of coeliac patient serum-

derived autoantibodies or patient-derived monoclonal TG2-targeted antibodies TG2 

transamidating activity is significantly increased, and this effect was blocked in the 

presence of site-directed irreversible TG2 inhibitors, indicating that the ELISA 

specifically measured the activity of the TG2 enzyme, not the amount of TG2 

protein expression.  

Our results thus suggest that coeliac antibodies might increase endothelial cell 

cross-linking activity. Furthermore, we found that inhibition of increased coeliac 

antibody-induced TG2 activity could reverse the coeliac antibody-induced anti-

angiogenic effects in vitro, and TG2 enzymatic activity correlated inversely with 

tubule length in the presence of coeliac antibodies. This would further indicate that 

autoantibodies might modulate angiogenesis by a TG2-mediated mechanism.   

The role of TG2 in endothelial barrier function is not known. In vitro, the 

autoantibody-induced altered TG2 activity seemed to be involved in the disturbed 

endothelial function in the presence of coeliac autoantibodies, since pretreatment of 

the endothelial cultures with TG2 inhibitor could restore barrier function and 

diminish lymphocyte adhesion to the endothelium. Coeliac patient autoantibodies 

also increased RhoA activity in vitro, and potential involvement of endothelial 

RhoA activation was observed in the altered endothelial barrier function in vitro. 

To conclude, the observed disruption of the mucosal vessel network in untreated 

coeliac disease could lead to insufficient mechanical support to the villi, thus 

contributing to the formation of mucosal lesion. The present results suggest that 

coeliac disease autoantibodies exert anti-angiogenic effects in vitro, these possibly 

being mediated via increased activity of TG2, leading to the accumulation of 

complex extracellular matrix. Similar effects exerted by deposited autoantibodies 

around mucosal vessels might cause insufficient angiogenesis, leading to altered 

vasculature in active disease. In addition, if coeliac disease autoantibodies exert 

effects on vascular function in vivo similar to those in vitro, they might potentiate 

macromolecule and lymphocyte infiltration from the circulation to the small-

intestinal mucosal tissue, and thus have a role in the development and maintenance 

of the mucosal lesion in addition to the T-cell driven mechanism. 
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Summary

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

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

such as angiogenesis [4,5] and wound healing [6]. TG2 regu-
lates distinct cellular functions, including organization of the
cytoskeleton, cell adhesion and cell death [7]. Although
present in the serum of coeliac disease patients not on a diet,
the antibodies are produced locally in the small-intestinal
mucosa [8], where they are deposited below the epithelial
basement membrane as well as around mucosal blood vessels
[9–12]. On a gluten-free diet the mucosal antibody deposits,
similar to the serum antibodies, disappear slowly as the
mucosa begins to heal [10]. The mucosa heals without scar-
ring within 1–2 years on a strict gluten-free diet and deterio-
rates again if gluten is reintroduced into the diet.

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

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

Materials and methods

Purification of IgA and IgG autoantibodies

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

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

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

Cell lines and cultures

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

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

In vitro angiogenic culture

The in vitro angiogenic cultures were performed as described
previously [23]. Briefly, 24-well plates were coated with
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rat-tail tendon-derived type I native collagen (1·6 mg/ml)
for 1 h. 10T1/2 cells and HUVECs were plated on the
collagen-coated wells at a ratio of 1:2 and cultured in EGM-2
medium. To test the effects of different antibodies, the
culture media were supplemented with 1·2 mg of coeliac
disease patient or healthy control IgA, 1·2 mg of anti-TG2-
specific coeliac disease patient IgG or control IgG, or with
60 ng of the mouse monoclonal IgG class TG2 antibody,
CUB7402 [24] (NeoMarkers, Fremont, CA, USA) or negative
mouse IgG1 (Dako). Cultures were maintained at 5% CO2 in
a temperature of 37°C and the branching of the cells
was analysed by an inverted-phase contrast microscope
(Carl Zeiss Vision GmbH, Munchen-Hallbergmoos,
Germany) after 3 days of culture. The length of the branches
from four longest tubes in four images taken from randomly
selected microscopic fields was measured by Analysis-
software (Soft Imaging Systems GmbH, Munster, Germany).
All experiments were performed in duplicate and repeated
twice. The experiments with IgA were performed with three
different coeliac disease and non-coeliac patient IgAs.

Western blotting

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

Scratch wound assay

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

Immunofluorescent stainings

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

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

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

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

Statistical analysis

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

Ethical considerations

The study protocol was approved by the Ethics Committee of
Tampere University Hospital, Tampere, Finland and of Heim
Pal Children’s Hospital, Budapest, Hungary. All subjects gave
written informed consent.
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Results

Coeliac disease patient IgA binding to capillary cell
types in culture

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

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

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

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

patient IgA, IgA-deficient coeliac disease patient anti-TG2-
IgG and CUB7402 as well as their corresponding controls.
Both types of coeliac disease-specific autoantibodies, total
IgA and anti-TG2-specific IgG, reduced significantly the
number of migrating endothelial cells when compared
with their controls (mean 26, s.e.m. = 1 versus mean 101,
s.e.m. = 2, P < 0·001, mean 23 s.e.m. = 2 versus mean 108,
s.e.m. = 3, P < 0·001 respectively) (Fig. 3). Commercial
anti-TG2-specific antibody, CUB7402, exerted an effect
similar to that of the coeliac patient antibodies (mean 36,
s.e.m. = 1 versus mean 77, s.e.m. = 3, P < 0·001) (Fig. 3).

We performed phalloidin–FITC staining to visualize the
actin cytoskeleton in endothelial cells in order to study
whether the inhibited endothelial cell migration could be

Fig. 1. Affinity-purified coeliac disease

immunoglobulin-A from a patient on a

gluten-containing diet (a) and transglutaminase

2 (b) are co-localized (c) on the surfaces of

capillaries formed in in vitro angiogenic

cultures, as described in Material and methods.

Scale bar 200 mm; co-localization 95%.
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subject immunoglobulin-A (IgA), coeliac disease patient
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healthy control IgG as well as CUB7402 and irrelevant mouse IgG.
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due to a disarranged actin cytoskeleton. The staining showed
clearly a disorganization of the actin stress fibres in cells
treated with coeliac disease patient IgA and anti-TG2-IgG
as well as CUB7402, but not in cells treated with control
antibodies (Fig. 4).

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

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

anti-transglutaminase 2 (TG2) IgG and healthy control IgG as well as
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Fig. 4. The organization of actin stress fibres in endothelial cells cultured in medium containing coeliac disease patient (a) or non-coeliac patient

immunoglobulin-A (IgA) (b), coeliac patient affinity-purified anti-transglutaminase 2 (TG2) IgG (c) and healthy control IgG (d) as well as

CUB7402 (e) or control mouse IgG (f). Arrows point in the direction of the movement. Scale bar 20 mm; CD, coeliac disease.
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patient autoantibodies (mean 1041 mm, s.e.m. = 84 mm
versus mean 1517 mm, s.e.m. = 101 mm, P < 0·001) (Fig. 5).

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

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

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

Discussion

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

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

The present results show that the inhibited angiogenesis
observed is due specifically to coeliac disease patient-specific
anti-TG2 antibodies. Removal of TG2 from the cell surface
of both endothelial and vascular mesenchymal cells
strengthened this conception further by abolishing the
binding of coeliac disease patient IgA to these cells. In
addition, the effects exerted by the patient IgA class auto-
antibodies were strikingly similar to those seen using anti-
TG2-specific IgG autoantibody derived from the serum of
an IgA-deficient coeliac disease patient who had similar
intestinal lesions or using commercial monoclonal anti-
TG2 antibody CUB7402. These findings are thus in line
with our other recent results, showing the gluten-dependent
TG2-specific autoantibodies to be specifically of primary
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importance, in spite of the presence of antibodies targeted
against other molecules [33]. Recently it has been shown that
a fraction of autoantibodies of coeliac patients on gluten-
containing diet cross-reacts with TG2 and deamidated
gliadin peptides [34]. Based on this novel finding, it is theo-
retically possible that patient autoantibodies recognizing
deamidated gliadin peptides modulate the function of TG2
and thereby anti-gliadin antibodies could also play a role in
vivo. Furthermore, in coeliac disease-affected mucosa TG2
might be complexed to hitherto unknown antigenic struc-
tures and thus antibodies targeting these complexes might
also be involved in inhibiting angiogenesis.

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

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

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

(a)

(b)

(c)

(d)

(e)

(f)

CD lgA CD anti-TG2 lgG CUB7402

non-CD lgA non-CD lgG mouse lgG

Fig. 7. Actin stress fibres organization in vascular mesenchymal cells cultured in a medium containing coeliac patient immunoglobulin-A (IgA) (a),

non-coeliac patient IgA (b), coeliac patient anti-transglutaminase 2 (TG2) IgG (c), control IgG (d), CUB7402 (e) or control mouse IgG (f). Arrows

indicate the direction of movement. Scale bar 20 mm; CD, coeliac disease.
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[37] and altered overall organization of the actin cytoskel-
eton [38], the same phenomena that we see in cells treated
with coeliac disease autoantibodies. Thus coeliac disease
patient autoantibodies may also inhibit angiogenesis by
interfering with the non-enzymatic functions of TG2.
However, further experiments are needed to clarify the
mechanism behind the effects exerted by the autoantibodies.

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

Based on the results presented in this paper and on earlier
studies showing a role for the coeliac disease-specific auto-
antibodies in the disease pathogenesis, coeliac disease might
thus be included in the group of other autoimmune diseases,
such as myasthenia gravis [43] or pemphigus vulgaris [44],
in whose pathogenesis the disease-specific autoantibodies
have been shown experimentally to play a fundamental role.
We present here new evidence to indicate that the gluten-
induced disease-specific autoantibodies might constitute an
important contributor in the development and persistence
of the flat mucosal lesion seen in coeliac disease, in addition
to activated T cell-driven mechanisms.
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Inhibition of transglutaminase 2 enzymatic activity ameliorates the
anti-angiogenic effects of coeliac disease autoantibodies
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Abstract
Objective. Earlier work has demonstrated that serum autoantibodies from coeliac patients targeted against transglutaminase
2 (TG2) inhibit in vitro angiogenesis. The aim of this study was to establish whether coeliac patient-derived monoclonal
TG2-targeted antibodies produced by recombination technology exert similar anti-angiogenic effects to serum-derived coeliac
autoantibodies. In addition, we studied whether the monoclonal patient autoantibodies modulate endothelial cell TG2 activity
and whether such modulation is related to the anti-angiogenic effects. Material and methods. The influence of coeliac
patient-derived monoclonal TG2-targeted antibodies on endothelial cell tubule formation was studied using a three-
dimensional angiogenic cell culture model. Endothelial cell TG2 enzymatic activity was determined by means of a live-cell
enzyme-linked immunosorbent assay. Results. Coeliac patient-derived monoclonal TG2-targeted antibodies produced by
recombination technology inhibited endothelial tubule formation and enhanced the crosslinking activity of TG2. When this
enzymatic activity was inhibited using site-directed irreversible TG2 inhibitors in the presence of autoantibodies, in vitro
angiogenesis reverted to the control level. Conclusions. Since we found a significant negative correlation between endothelial
cell angiogenesis and TG2 activity, we suggest that the anti-angiogenic effects of coeliac patient-derived TG2-targeted
autoantibodies are exerted by enhanced enzymatic activity of TG2.

Key Words: Autoantibodies, coeliac disease, transglutaminase 2 activity

Introduction

Coeliac disease is an autoimmune-mediated enterop-
athy in which the ingestion of gluten leads to massive
small-bowel mucosal inflammation with villous atro-
phy and crypt hyperplasia. Such small-bowel mucosal
remodeling is also accompanied by an altered
microvascular network in which villus tip capillary

tufts are missing and the entire vasculature is dis-
organized [1,2]. Furthermore, the disorder is charac-
terized by specific gluten-induced immunoglobulin-A
(IgA) class autoantibodies in patient serum. These
autoantibodies, produced locally in the small-
intestine mucosa [3], are targeted against transgluta-
minase 2 (TG2) [4], a multifunctional enzyme also
involved in angiogenesis [5,6]. Interestingly, in
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coeliac disease, anti-TG2 IgA is deposited below the
epithelial basement membrane and around mucosal
blood vessels [2,7,8]. On a gluten-free diet, the serum
antibodies as well as the small-bowel mucosal anti-
body deposits slowly disappear concomitant with the
healing of the mucosa [9].
Interestingly, we recently demonstrated that coeliac

patient serum-derived anti-TG2 antibodies disturb
several steps of angiogenesis in vitro but the exact
mechanism behind the effect remained obscure [10].
Since TG2 activity has been related to angiogenesis in
earlier research [5] we hypothesized that the anti-
angiogenic effect of the coeliac patient autoantibodies
would be mediated by altered TG2 activity. In this
study we investigated firstly whether coeliac patient-
derived monoclonal TG2-targeted antibodies pro-
duced by recombination technology have similar
anti-angiogenic effects as patient serum-derived auto-
antibodies and, secondly, whether such effects are
related to altered enzymatic activity of TG2 in
response to the antibodies.

Material and methods

Cell line and culture

Human umbilical vein endothelial cells (HUVECs)
were cultured in endothelial growth medium
(EGM)-I (Clonetics, San Diego, CA). EGM-I
consists of endothelial cell basal medium (EBM-I;
Clonetics) plus endothelial cell growth factors
provided in the EGM-I Bulletkit (Clonetics).

Purification of serum IgA and production of monoclonal
antibodies

Serum samples from three biopsy-proven coeliac dis-
ease patients on a gluten-containing diet and three
non-coeliac controls were included in the study. All
coeliac sera were positive for anti-TG2 and endomy-
sial antibodies, whereas all control sera were negative.
Total IgA fractions from all sera were purified as
previously described [10]. The purified IgA fractions
were used in the experiments at a concentration of
1 mg/ml. The study protocol was approved by the
Ethics Committee of Tampere University Hospital,
Tampere, Finland. All individuals gave their written
informed consent to participate in the study.
The following monoclonal miniantibodies pro-

duced by recombination technology were used:
coeliac patient-derived anti-TG2-specific antibody
fragment clone 4.1 (referred to in the text as CD
Mab) [3] and an irrelevant control antibody clone

5.1 (referred to henceforth as non-CD Mab)
targeted against Escherichia coli protein M5. Both
antibodies were generated as miniantibodies
essentially as described previously [11] in Chinese
hamster ovary cells and used in the experiments at a
concentration of 1 mg/ml.

Angiogenesis assay

HUVECs were plated (2.5�105 cells/well) on col-
lagen I-coated wells 24 h before the experiment in
EGM-1 culture medium. After 1 h of incubation
in the presence of the TG2 inhibitors R281 or
R283 (both at a concentration of 200 mM) the
culture medium was supplemented with either
antibodies or the TG2 activity-inducing agent reti-
noic acid (15 mM; Sigma-Aldrich, St. Louis, MO)
[12–14]. After 24 h, pictures of different fields
were taken randomly using the Axiovision 3.0
program (Carl Zeiss Vision GmbH, München-
Halbergmoos, Germany). The length of the
endothelial tubules was measured using Image J
analysis software [15].

Determination of TG2 activity

Extracellular TG2 transamidating activity was
determined by live-cell enzyme-linked immuno-
sorbent assay (ELISA). HUVECs were plated
onto collagen I pre-coated 96-well plates (Becton
Dickinson Labware, Bedford, MA) at a density of
2�105 cells per well and grown to confluence. Sub-
sequently, the cells were treated either with different
antibodies or with the TG2 activity-inducing agent
retinoic acid (15 mM) for 24 h [12–14]. The active
site-directed irreversible TG2 inhibitors R281
or R283 (both at a concentration of 200 mM)
[16] were administered 1 h prior to addition of
antibodies or retinoic acid.
After incubation with the study compounds, the

TG2 substrate monodansylcadaverine (5 mM;
Sigma-Aldrich) was added to each well and incubated
for 2 h at 37�C. Thereafter, the wells were washed
and fixed with 4% paraformaldehyde. Following fix-
ation and washing, the amount of incorporated
monodansylcadaverine was detected with rabbit
anti-dansyl antibody for 30 min at 37�C (1:200;
Invitrogen, Carlsbad, CA). As the secondary anti-
body, horseradish peroxidise-conjugated polyclonal
swine anti-rabbit immunoglobulins (1:1000; Dako,
Copenhagen, Denmark) were administered to each
well and incubated for 30 min at 37�C. Finally, the
peroxidase substrate 3,3¢,5,5¢-tetramethylbenzidine
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(Slow Kinetic Form for ELISA; Sigma-Aldrich) was
added and the reaction was stopped with 2.5 M
H2SO4. The absorbance at 450 nm was measured
by a spectrophotometer (Multiskan Ascent; Thermo
Labsystems, Waltham, MA). To check for confluence
of the monolayers, cells were stained with Crystal
Violet after the ELISA.

Western blotting analysis

In order to determine TG2 expression, 4�105

HUVECs were seeded on 12-well plates (Nunc,
Roskilde, Denmark) and grown to confluence, after
which they were exposed to the study substances in a
similar way to the TG2 activity and angiogenesis
assays. After incubation with study substances, cells
were lysed in Laemmli buffer and equal aliquots per
lane were loaded and separated on 10% sodium
dodecyl sulfate-polyacrylamide electrophoresis gels
using the Bio-Rad Mini-Protein Tetra Cell system
(Biorad Laboratories, Espoo, Finland). Next, pro-
teins were transferred to nitrocellulose filters
(Hybond C-extra; Amersham Biosciences Ltd, Little
Chalfont, UK) and non-specific binding was blocked
with 5% non-fat powdered milk for 1 h at room
temperature. Subsequently, the filters were incubated
overnight in the presence of the mouse anti-TG2
antibody CUB7402 (1:2000; Neomarkers, Fremont,
CA) at 4�C. Monoclonal antibody against g-tubulin
(1:8000; Sigma-Aldrich) was used as an internal
control to detect equal loading. Blots were
then washed. Thereafter, secondary horseradish per-
oxidase-conjugated anti-mouse antibody (1:2000;
Dako) was applied for 1 h at room temperature. After
washing the blot was developed with enhanced chemi-
luminescence reagent (Amersham Life Sciences, GE
Healthcare, Little Chalfont, UK), exposed to auto-
radiography film (Kodak, New Haven, CT) and
scanned for densitometric analysis with Kodak 1D
image analysis software (Kodak). TG2 expression was
normalized to g-tubulin. The calculated values are
from three independent experiments performed in
duplicate with IgA derived from three different co
eliac disease patients and control subjects.

Statistical analysis

A two-way within-subjects ANOVA was used to com-
pare the effect of TG2 inhibitors with respect to each
treated group using the Student–Newman–Keuls
(SNK) test as post-hoc analysis. The data are pre-
sented as mean ± standard error of the mean (SEM).
A P-value £ 0.05 was considered significant. To

evaluate the relation between TG2 enzymatic activity
and inhibition of angiogenesis, Pearson’s correlation
was assessed, with P £ 0.05 being considered a
significant statistical correlation.

Results

After treatment with the coeliac patient-derived
monoclonal TG2-targeted antibody CD Mab, the
length of endothelial tubules in the angiogenic cell
culture model decreased significantly, similarly to
coeliac disease patient serum IgA or retinoic acid
(Figures 1A and 1B). Such an effect was not seen
in cultures administered with control antibodies.
Supplementation of endothelial cells with the TG2

inhibitors R281 and R283 together with both CD
Mab and coeliac patient serum IgA restored the
tubule length to the control level (Figure 1A). The
anti-angiogenic effect of retinoic acid could also be
alleviated by the TG2 inhibitors.
When the endothelial cells were treated with CD

Mab or coeliac disease serum IgA the extracellular
enzymatic activity of TG2 increased significantly and
reached the same level as in cells supplemented with a
known inducer of TG2 activity, retinoic acid [12–14]
(Figure 2A). Neither of the control antibodies showed
any effect on TG2 activity. The co-administration of
either of the TG2 inhibitors, R281 or R283, with CD
Mab, coeliac IgA or retinoic acid restored the activity
to the level of the irrelevant control antibodies, as
shown in Figure 2A. The expression level of TG2
protein in endothelial cells was unaffected by any of
the studied compounds (Figure 2B). Tubule length in
the angiogenic cultures showed a significant negative
correlation with endothelial cell TG2 activity
(Figure 3).

Discussion

Our results show that coeliac patient-derived
monoclonal TG2-targeted antibodies produced
by recombination technology exert similar anti-
angiogenic and TG2-activating effects than coeliac
patient serum IgA. As the increased TG2 activity
showed a significant negative correlation with the
endothelial tubule formation this implies that the
two phenomena might be interrelated.
In the literature, there are some reports about the

crosslinking activity of TG2 in the presence of coeliac
patient TG2-targeted autoantibodies [5]. The results
presented in this paper are in line with those of the two
studies showing increased activity [17,18]. However,
there are articles showing the opposite effect [19,20].
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It is rather difficult to reconcile these somewhat
contradictory findings but the discrepancies are
very likely attributable to different experimental con-
ditions used. In the papers reporting diminished TG2
activity in response to coeliac antibodies the

investigators used liquid-phase assays, whereas
Kiraly et al. [18] used conditions that more closely
mimicked the in vivo situation. Since we performed
the TG2 activity assay in situ with live endothelial
cells, it is logical that our results should be in line with
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Figure 1. (A) Monoclonal coeliac patient-derived miniantibody (CD Mab) and coeliac disease patient IgA (CD IgA) significantly decreased
the relative length of endothelial tubule formation in endothelial cells when compared to control antibodies [irrelevant control miniantibody
(non CD Mab) and non-coeliac patient IgA (non CD IgA)]. This decrease was comparable to that induced with retinoic acid (RA). Co-
administration of the TG2 inhibitors R281 or R283 reversed the decrease in tubule formation. The error bars indicate the SEM. The
experiments were performed in triplicate and repeated at least three times. *P <0.0001 when compared by means of within-subjects two-way
ANOVA using the SNK test as a post-hoc test. (B) Representative images of HUVECs growing on collagen for 24 h in the presence of non-CD
Mab or non-CD IgA, CD Mab or CD IgA and the antibodies co-administered with the TG2 inhibitor R281.

424 S. Caja et al.

Sc
an

d 
J 

G
as

tr
oe

nt
er

ol
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

T
am

pe
re

 o
n 

05
/0

9/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



those of Kiraly et al. Furthermore, as coeliac auto-
antibodies behaved similarly to retinoic acid, which is
known to activate TG2 [12–14, 21–25], and further-
more because in all cases site-directed specific TG2
inhibitors could abolish the increase in TG2 activity,

we may conclude that, when present, coeliac patient
antibodies lead to a gain in transamidating activity of
TG2 in endothelial cells.
Since we found that coeliac IgA activates TG2, we

surmised that inhibition of TG2 activity would reverse
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Figure 3. When TG2 activity was plotted against endothelial tubule length a significant negative association emerged when all data were
combined and analyzed by Pearson’s correlation.
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the anti-angiogenic response. Indeed, our results
showed that co-administration of the active site-
directed TG2 inhibitors R281 and R283 with coeliac
autoantibodies restored angiogenesis to control
levels. In the case of retinoic acid, rescue by TG2
inhibitors was partial but still significant, which can
be explained by possible retinoic acid-induced
expression of angiogenic-stimulating factors, which
TG2 inhibitors do not target [12–14]. In any case, as
we found a significant negative correlation between
TG2 activity and angiogenic response in endothelial
cells, it can be suggested that the anti-angiogenic
effect of coeliac patient autoantibodies seems to be
mediated by altered activity of TG2.
Although the focus of the current study was not to

address the precise mechanism of action of the coeliac
patient autoantibodies it is intriguing to draw a
hypothesis about this. Under normal physiological
conditions, intracellular TG2 acts rather as a G-
protein than a crosslinking enzyme but the enzymatic
activation of the intracellular TG2 can occur in
response to distinct stimuli, such as oxidative stress
[26], which further leads to signal transduction
through the nuclear factor-kB pathway [27]. As there
is no published evidence to support the entry of the
coeliac patient autoantibodies into a cell, where they
could, at least directly, modulate the function of the
intracellular TG2, it is more tempting to hypothesize
that the patient autoantibodies modulate the function
of extracellular TG2. The data presented in this and
our previous article [17] show that coeliac patient
autoantibodies targeted against TG2 increase the
crosslinking activity of extracellular TG2. In addition,
it has been shown that active extracellular TG2 inhi-
bits in vitro angiogenesis but also reduces organized
vasculature in tumors [5]. Therefore, it can be rea-
soned that the anti-angiogenic effects of coeliac
patient autoantibodies are caused by the accumula-
tion of complex extracellular matrix due to the
increased activity of TG2 in response to autoantibody
binding, and this abnormal matrix is no longer able
to support normal angiogenesis. However, the
precise mechanism by which the coeliac patient
autoantibodies targeted against TG2 modulate
angiogenesis remains to be demonstrated in further
studies.
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