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“Everything should be made as simple as possible,
but not one bit simpler.”
Albert Einstein
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2. Abbreviations

ACR  American College of Rheumatology
AD  Alzheimer’s disease

AECC American European Consensus Criteria
ANA anti-nuclear antibody

Anti-CP anti-citrulline protein

APC antigen presenting cell

CCP cyclic citrulline-containing peptide
CD  coeliac disease

ECM extracellular matrix

EDTA ethylenediaminotetraacetic acid
ELISA enzyme-linked immunosorbant assay
EmA endomysial antibodies

ESPGHAN  European Society for Paediatric Gastroenterology, Hepatology and Nutrition
FXIII factor XIII

GAD glutamic acid decarboxylase

Gp  Guinea pig

GTP guanosine triphosphate

HLA human leukocyte antigen

Hr human recombinant

MBP myelin basic protein

MDTC monodansylthiacadaverine
MS  multiple sclerosis

MTX methotrexate

PAD peptidylarginine deiminase

pSS  primary Sjogren’s Syndrome

RA  rheumatoid arthritis

RBA radioligand binding assay

RF  rheumatoid factor

SS Sjogren’s Syndrome

TBS  Tris buffer saline



TG  transglutaminase

TG2 transglutaminase type 2

TGF-p1 transforming growth factor—31
Ty-cells T helper cells

SLE systemic lupus erythematosus



3. Background

Autoimmune diseases

One of the most intriguing issues in immunology is how the immune system can distinguish
between “self’”” and “non-self”. Occasionally, tolerance to self-antigens breaks down, causing
autoimmune diseases, i.e., conditions where an inappropriate immune response results in
damage to an individual’s organs, tissues or cells. These conditions can affect almost any part
of the body, resulting in a wide panorama of manifestations. As a group, they comprise
approximately 80 different diseases '. Based on American epidemiological studies *, these
illnesses afflict 5-8 % of the population, corresponding to a prevalence of the same magnitude
as of cancer or cardio-vascular disease. Thus, it can be estimated that more than one hundred
million people are affected globally. Moreover, the incidence is rising. In general, women are
more frequently affected than men. For example, for Sjogren’s syndrome (SS), thyreoiditis
and systemic lupus erythematosus (SLE), more than 80 % of the patients are females. In fact,
autoimmune diseases are a leading cause of death among young and middle-aged American
women. The mechanism causing this gender difference is not known, although the influence
of oestrogen has been discussed. The chronic, often debilitating character of these conditions
further emphasizes the vast dimensions of the health problem. Medication, if available, is

mainly symptomatic, curative treatment is missing, and prevention is even more elusive.

Autoimmune disorders fall into two general types: those that affect multiple organs (systemic
autoimmune diseases, such as SLE) or one single organ (localized, such as Hashimoto’s
disease). However, the distinctions often become blurred as the effects of localized
autoimmune disorders frequently extend beyond the primary target, indirectly affecting other
organs and systems. Autoimmune diseases have many common features and are increasingly
recognized as a group of related illnesses that should be studied collectively as well as

individually 2.

The aetiology of autoimmune diseases is multifactorial and probably comprises genetic and
environmental as well as lifestyle factors. Both T-cells, B-cells, and auto-antibodies might be
involved, but for most of these disorders the pathogenesis is completely unknown.

Furthermore, understanding of autoimmune diseases is hampered by the fact that some level
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of autoimmunity is present in all normal persons in the form of naturally occurring
autoantibodies and self-reactive T- and B-cells. On the other hand, clinically relevant
autoimmune diseases develop only in susceptible cases. During their differentiation, the cells
recognising the HLA-receptor are allowed to mature further (positive selection) and, in the
next step, self-reactive B- and T-cells are eliminated by a mechanism called negative
selection. When they occasionally escape into the blood, the central tolerance is
complemented by peripheral mechanisms involving anergy, immunological ignorance and
active regulation. A special subset of the so-called regulatory T-cells orchestrates the
regulatory control, counteracting the Ty-cells. If this balance is disturbed, e.g. when the

suppressive influences fail, the risk of autoimmune diseases increases.

Autoimmune diseases tend to cluster in families. Moreover, an individual with one
autoimmune disease is more likely to acquire another, which indicates that common
mechanisms are involved in disease susceptibility °. Studies of the prevalence of autoimmune
diseases in monozygotic twins show that genetic as well as environmental factors (such as
infection) are necessary to develop the disorder * The genetic factor has been estimated at
approximately 30 % (range 20-60 %). In most cases, the human leukocyte antigens (HLA)

have been in focus.

Of the environmental factors, exposure to drugs, metals and infectious agents are considered
to be tentative triggers of autoimmune diseases. For example, procainamide > and hydralazine
% can induce an SLE-like syndrome in genetically susceptible subjects, and intake of drugs
against tuberculosis, such as isoniazide and p-aminosalicylic acid 7. has been associated with
the development of antibodies against coagulation factor XIII (FXIII). In animal studies, the
possible role of exposure to various metals has been investigated. While most metals inhibit
cell proliferation, mercury, gold and silver can induce lymphocyte proliferation and
subsequent autoimmunity.

Zinc is required for the activity of approximately 300 enzyme systems, some of which play
important roles in the immune system °. Zinc depletion is known to increase the risk of

infection > '

Of the infectious agents, group A beta-haemolytic streptococci have a central role in the
development of rheumatoid heart disease ''. Moreover, Epstein-Barr virus has been

implicated in SLE '? and rheumatoid arthritis (RA) "> '*. A mechanism often called on to
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explain the association of infection with autoimmune disease is "molecular mimicry,” that is,
antigens (epitopes) of a micro-organism closely resemble self-antigens '>'°. The induction of
an immune response to the microbial antigen thus results in a cross-reaction with self-antigens
17 Although epitope-specific cross-reactivity between microbes and self-tissues has been

18, 19

shown in some animal models , molecular mimicry has not been clearly demonstrated in

. 2
human diseases .

Another possibility is that micro-organisms expose self-antigens to the immune system by
directly damaging tissues during an active infection. This mechanism has been referred to as

21

the "bystander effect" However, whether pathogens mimic self-antigens, release

sequestered self-antigens, or both, is difficult to determine.

As an example of the influence of lifestyle factors, smoking has been associated with an
increased risk of RA ** and SLE ** while the risk of ulcerative colitis might be reduced among
smokers **. The mechanism for the effects of smoking in this context is not known.
Interestingly, water-soluble components of cigarette smoke inhibit plasma FXIII 3,
Furthermore, stress, physical as well as mental, affects the immune system %6 Hard physical
exercise reduces resistence against infections 2, and in vitro studies have shown that sorrow-

stricken people have a reduced proliferation of lymphocytes .

Coeliac disease

The condition which we now know as coeliac disease (CD) was first described in detail by
Samuel Gee in 1887 in London. Almost 60 years ago, the Dutch paediatrician Wim Dicke
recognized for the first time gluten as the trigger for CD A few years later, the histological
changes in jejunum were described *°. During the 1950s, new biopsy techniques were
invented when the gastric biopsy tube and the intestinal biopsy capsule were introduced 2.
New diagnostic tools arrived when different antibodies against reticulin 3 gliadin # and
endomysium (EmA) ** *® could be detected in patients with CD. In 1985, Bruce at al. *’
reported an increased transglutaminase activity in duodenal biopsies taken from patients with

CD as compared with normal subjects. Finally, in 1997 Dietrich et al showed that the antigen

of EmA is transglutaminase type 2 (TG2) 38,
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CD is an acquired and permanent enteropathy, induced by gluten and related cereal proteins.
The pathological lesion is characterized by a flattened small intestinal mucosa with a
lymphocytic infiltrate, increased epithelial cell proliferation with crypt hyperplasia, and
reduced enterocyte differentiation ¥ As a consequence, absorptive function is impaired.
Patients frequently experience symptoms of lethargy and diarrhoea and may develop anaemia,
osteoporosis, and even central nervous defects, such as ataxia. The pathological changes and
symptoms are generally resolved with withdrawal of gluten from the diet. Moreover, patients

with CD have an increased risk of developing intestinal non-Hodgkin lymphoma 40,41

The genetic risk factors for CD have been well characterised. More than 95% of coeliac
patients share two HLA haplotypes, mainly DQ2 and, to some extent, DQS 2 These HLA
haplotypes have been found in 20-30% of the general population in Northern Europe while
the prevalence of CD in a general Western population is close to 1% and is somewhat higher
in certain European populations *. First-degree relatives of CD patients carry a tenfold risk of

developing CD compared to the general population ***.

Transglutaminases

The term transglutaminase (TG) was coined by Waelsch and his co-workers in 1959 1o
describe the transamidating activity observed in Guinea pig (gp)-liver. TGs form a large
family of intracellular and extracellular enzymes that catalyze a calcium-dependent post-
translational modification of proteins. At the genomic level, eight members of the
transglutaminase family (E.C. 2.3.2.13) have been identified 4 (Table 1). Of these, six
isozymes have been isolated and characterized as calcium-dependent thiol enzymes. In
addition, a TG-like protein is found in red blood cells 47 Since the position of the active site
cysteine is replaced by an alanine residue, this protein, called erythrocyte membrane protein
band 4.2, has no enzyme activity. Instead it constitutes a major component of the red blood

cell membrane.
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Chromosome
TG Synonyms Function kDa Distribution
location
Fibrin )
o Blood clotting and Cytosol,
FXIII | stabilizing 6q24-25 83
wound healing extracellular
factor
Erythrocyte Structural protein in
Band
42 membrane 15q15.2 erythrocytes - no 72 Membrane
. protein activity
) Cornified envelope
Keratinocyte ) Cytosol,
TGl 14q11.2 assembly in surface 90
TG o membrane
epithelia
Cytosol, nucleus,
Matrix assembly,
) ] membrane, cell
TG2 Tissue TG 20q11-12 adhesion, cell 80
surface,
death/differentiation
extracellular
Cornified envelope
Epidermal )
TG3 G 20q11-12 assembly in surface 77 Cytosol
epithelia
Semen coagulation in
TG4 | Prostate TG 3q21-22 77 Unknown
rodents
Epidermal Nuclear matrix,
TGS TG X 15q15.2 ) o 81
differentiation cytoskeleton
TG6 TGY 20q11 Unknown Unknown Unknown
TG7 TG Z 15q15.2 Unknown 80 Unknown

Table 1. Characteristics of the various members of the transglutaminase family
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Transglutaminase-catalyzed reactions

TGs require calcium for their transamidating activity. Zinc competes with calcium for the
enzyme metal-binding sites and serves as a most potent inhibitor of the activation of TGs **.
Once activated, TGs can catalyse an intermolecular crosslinking between protein-bound
lysine and glutamine residues, forming e-(y-glutamyl)lysyl bridges. TGs display strict
specificity in recognition of glutamine protein substrates but a lower specificity for the amine
group. Synthetic, low molecular weight amines such as monodansylthiacadaverine (MDTC)
¥ and certain carbonyl-containing compounds such as B-phenylpropionylthiocholine, can
also serve as substrates *°. Moreover, in the absence of a suitable amine with nucleophilic
capacity, water may act as the second substrate with the consequent deamidation of protein-
bound glutamine residues " 3. Both the transamidation and the deamidation reaction proceed

via a common intermediate, a thioester between the active site cysteine thiol group of the

enzyme and the carbonyl group of the first substrate (Figure 1).

Tt s il /OH
3 P L P1-(CH,),Cy
(GH,), | (GHa)z
E-SH + & E-S-C |
NG o M O = 2
2 L i © 7P, -(CH,),- C-N~(CH,), P,
H

Figure 1. TG-catalyzed reactions. The thiol group of the activated enzyme forms a thioester with a y-
carbonyl group of protein-bound glutamine and ammonia is released. An e-amino group of protein-
bound lysin nucleophilically attacks the thioester forming the pseudo-peptide bond between P, and P,
(reaction @ = transamidation). In the absence of the amine, water serves as the second substrate
causing a hydrolysis of the glutamine residue ( reaction @ =deamidation). In the transamidation, the
first step is the rate-limiting while the second step in general is considered being rate-limiting in
deamidation.

D

In addition to catalyzing calcium-dependent cross-linking reactions, TG2 can bind and
hydrolyze guanosine triphosphate (GTP) **. Such GTPase activity of TG2 is independent of
the crosslinking activity, and both activities are regulated in an allosteric way >*. GTP binding
by TG2 inhibits calcium binding and crosslinking activity, whereas calcium binding inhibits
GTP binding * **. It is worth noting that hydrolysis of GTP by TG2 is strictly an intracellular
function, while the crosslinking reaction can take place both in intracellular and extracellular

56
compartments .
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Physiological functions

TG2 is the most widely distributed form of TGs. Due to its multifunctional enzymatic activity
and to its localization both in cell compartments (cytosol, plasma membrane and nucleus) °"**
and in the extracellular matrix (ECM) %9 a number of physiological functions have been
proposed for TG2, but so far no definite evidence is at hand. Cell proliferation, cell migration,
receptor-mediated endocytosis, ECM reorganization, wound healing and apoptosis ** ®' are
some areas where TG2 has been proposed as playing a role. Interestingly, TG2 knockout mice
show no obvious developmental or histological abnormalities of major organs, including the
intestines . However, pseudosubstrates of the amine type, such as MDTC or 5-
dibenzylaminopentylamine *°, functioning as inhibitors of transamidation, are comparatively

toxic. It is possible that other TGs substitute for TG2 in the knockout mice.

There is widespread evidence for up-regulation of the TG2 gene during cell death and it has
been suggested that TG2 is important in the stabilization of the apoptotic cell by intracellular
crosslinking 60, Interestingly, more recent work has suggested that increased expression of
TG2 prolongs cell survival by preventing apoptosis via a GTP binding mechanism in dying
cells ®'. TG2 expression is also involved in the production of active transforming growth
factor B-1 (TGF-B1) in various biological contexts . Indeed, another role of TG2 in
apoptosis may be where macrophages perform the recognition, binding and internalization of
apoptotic cells without causing an inflammatory response, thanks to the release of TGF-B1 °*
67 Both up-regulation of the enzyme in cells, its ability to induce calcium-mediated
intracellular crosslinking and its ability to immobilize on fibronectin to support cell adhesion
in an integrin-independent manner, are likely to be related to its proposed role in wound
healing and may also be significant in preventing leakage and lysis of dying cells, thus
maintaining their structural integrity ®. In cultured cells, TG2 may exert both pro- and anti-
apoptotic effects depending upon the type of cell, the kind of death stimuli, the intracellular
localization of the enzyme and the type of activity (cross-linking or GTP) which is switched

61
on .

Pathological aspects

TG2 has also been associated with a series of pathological conditions. As early as 1966, Laki

etal @, using the plasma cell tumour YPC-1 in a mouse model, reported a correlation between
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the extent of metastasis and TG-activity of the affected organ. Although the approaches
nowadays are more sophisticated, the involvement of TG2 in cancer metastasis is still an

exciting and promising field of research 7.

TG2 may contribute to the remodelling of cellular architecture in the development of lens
fibre cells, and there is evidence that the enzyme may also play a role in cataract formation """
. The hallmark of transglutaminase activity, e-(y-glutamyl)lysine crosslinks, has been

identified in polymers isolated from human cataract.

Moreover, examination of kidney biopsies from diabetic patients demonstrated an increase in
both the TG2 enzyme and its crosslink product 374 Cellular export of TG2 may therefore be
a factor in the perpetuation of diabetic nephropathy by crosslinking and stabilisation of the
ECM, while intracellular activation may lead to cell death contributing to tubular atrophy s,
Recently, TGs have been implicated in nephrogenic systemic fibrosis, which occurs after

gadolinium contrast exposure in patients with renal failure .

Finally, TG2, the major transglutaminase in the mammalian nervous system, is localized
predominantly in neurons "> ®. Recent data indicates that one or more TGs are associated

80

with neuro-degenerative disorders, such as Alzheimer’s (AD) 7, Parkinson’s and

Huntington’s diseases 8 and multiple sclerosis (MS) 82,

To my knowledge, no reports prior to 1997 include the association of TG2 with autoimmune
diseases. The report by Dieterich et al 3% that TG2 is the antigen of the biomarker EmA in CD

therefore constitutes a milestone in TG science.

Rheumatoid arthritis

According to the Arthritis Foundation, RA is the second most common type of arthritis. This
autoimmune disease, of which the exact aetiology is not known, leads to destruction of
cartilage and bone and eventually to disability in the patient. According to the criteria of the
American College of Rheumatology (ACR), the diagnosis of RA is based on a pattern of

symptoms such as the distribution of the inflamed joints, the blood and X-ray findings.

The prevalence of RA is relatively constant in many populations worldwide at 0.5-1.0 % *

17



and has a female-to-male ratio of 3:1 *. The gender difference diminishes in older age groups,

supporting the idea of oestrogen involvement in the pathogenesis *°.

Various blood autoantibodies are often present in RA. Rheumatoid factor (RF), an IgM
antibody directed against the Fc fragment of IgG, is present in the sera of more than 75% of
patients *°. Unfortunately, this biomarker is not very specific for RA. In contrast, the
autoantibody against protein-bound citrulline, an amino-acid generated post-translationally by
the action of peptidylarginine deiminase (PAD) on peptide bound arginine, displays high
specificity %7 Anti-citrulline protein (anti-CP) is present in 60-80% of patients with RA and
can be detected long before clinical symptoms of RA have appeared ** *. Another antibody,

called the antinuclear antibody (ANA), is also frequently found in patients with RA .

Besides environmental influences, such as infectious agents, smoking and oral contraceptives,
genetic factors are believed to be responsible for approximately 60% of the risk of developing
RA °' The main genetic risk factor of RA is the HLA DRBI alleles, and the strongest
susceptibility factor so far has been the HLA DRB1*0404 allele. Moreover, the gene coding
for one of the PAD isoenzymes may be significant. Although disputed by European
investigators %, a Japanese > and a Korean ** study have shown that the functional haplotype
of PADA4, is associated with RA in Asian populations *°. Moreover, a meta-analysis including
six replication studies, one from Japan and five from Europe and North America, showed a
positive association between PAD4 and RA not only in the Japanese population but also in

populations of European descent *.

Sjogren’s syndrome

Primary Sjogren’s Syndrome (pSS) is the second most common autoimmune rheumatic
disease. Defined strictly as an autoimmune disease according to the American European
Consensus Criteria (AECC) *7, the prevalence of pSS is around 0.2 to 0.4 % °* . 1t is
characterized by inflammation of the exocrine glands, leading to impaired function. Although

exocrine involvement is a defining feature, SS is considered a systemic disorder.
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Primary SS, has a female-to-male ratio of 9: , together with primary biliary cirrhosis the

greatest of any autoimmune disorder '°".

Affected individuals have an increased tendency to develop additional autoimmune diseases,
such as hypothyroidism. The pathogenesis is completely unknown and consequently the

treatment is symptomatic.

Peptidylarginine deiminases

The enzyme activity was first detected in guinea-pig hair follicles '°%. All of these enzymes

convert arginine residues to citrulline in proteins (Figure 2).

A H
|

R—C—R, % PAD  R,—C-R,
' 1

\»
CH
(I 2)3 T> ((I:Hz)a

‘i‘”" NH, NH
1
7 8
NH, NH,* NH, O
Arg Cit

Figure 2: PAD-catalyzed reaction

Several types of PADs (EC.3.5.3.15) have been found in mammalian tissue, including the
epidermal type (PAD 1), muscle type (PAD2), hair follicle type (PAD3), another isoenzyme

expressed in several types of blood cells (PAD4; previously called PAD5)'"

and finally, germ
cells type (PAD6)'™ (Table 2). All these thiol enzymes rely strongly on the presence of

calcium for activity.
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Chromosome Proposed

PAD Size aa Location
location functions
Cornification of ) )
PADI 1q36.13 ' ) Epidermis, Uterus
epidermis

Brain, Spinal cord, Uterus,
Sweat glands, Salivary glands,

PAD2 1q36.13 Apoptosis 631 Skeletal muscles,
Macrophages, Bone marrow,
Pancreas

Growth of the

PAD3 1936.13 hair fiber, Hair follicles

terminal
differentiation
PADA4/5 1936.13 Apoptosis 631 Blood cells
PAD6 1q36.13 Female fertility Germ cells

Table 2: Characteristics of the various members of the PAD family

The PADs catalyze the deimination of the guanidino groups of peptide-bound arginine
residues to citrulline. As it is not incorporated into proteins during translation, citrulline is a
non-standard amino-acid. In general, citrullination decreases the net positive charge of the
protein, causing loss of potential ionic bonds. These changes affect intramolecular bonds,
leading to partial unfolding of the protein, but intermolecular interactions with other

molecules can also be altered.

Physiological functions

PADI1 is mainly expressed in epidermis and uterus. During terminal differentiation of
keratinocytes, filaggrin and keratins are citrinullated, which may reduce the flexibility of the

keratin cytoskeleton and stimulate the cornification of epidermis '*.

PAD?2 is the most widely expressed type of PADs and is observed in skeletal muscle, brain,
spleen, macrophages and secretory glands. Thus far, two natural substrates for PAD2 are

known, myelin basic protein (MBP) and vimentin '®.
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PAD3 shows co-expression and co-localization with its natural substrate trichohyalin, which
is a major structural protein of inner root sheath cells of hair follicles. Citrinullation of
trichohyalin opens its a-helix structure and renders it available for efficient crosslinking to

keratin by TG3 106,

PAD4 is expressed mainly in granulocytes and monocytes, and can therefore be detected in a
variety of tissues. This is also the only PAD that resides in the cell nucleus. Citrinullation is

often observed during terminal differentiation, a process closely related to apoptosis *>*'*.

PADG is an enzyme that is uniquely expressed in male and female germ cells. Inactivation of

the PAD6 gene in mice leads to female infertility whereas male fertility is not affected '**.

Pathological aspects

PAD enzymes and their products, citrinullated proteins, might play a role in several human

diseases such as psoriasis, RA, AD, and MS.

The keratinocytes in the psoriatic plaques do not contain citrinullated keratin, which is
essential for the normal cornification process of the epidermis. Whether the absence of

citrinullation is associated with a defective PADI is unknown.

Evidence suggests that PAD4 plays an essential role in the pathogenesis of RA %7 The most
specific family of RA autoantibodies is directed against citrinullated proteins. These
autoantibodies are produced locally in the inflamed synovium '*. Normally, PAD enzymes
are present intracellularly, either in the cytosol or in the nucleoplasm. However, when cells
are dying, as a result of extensive oxidative stress in the inflamed synovium, PAD enzymes
might leak out of the cell, become activated and induce citrinullation of extracellular proteins,

such as fibrin '8,

PAD2 and PAD4 are the only PAD isotypes which can be detected in the synovium of

patients with RA. Both isotypes are probably involved in the citrullination of fibrin '®.

21



4. Aims

The overall aim of this thesis was an elucidation of the involvement of TG and PAD in the

pathogenesis of autoimmune diseases.

The specific aims were:

Understanding the reasons for the divergent reports on the effect of calcium on the
affinity between CD-antibodies and TG2 in radioligand binding assay (RBA) and
enzyme-linked immunosorbant assay (ELISA).

Determination of the impact of zinc ions on the affinity between CD-antibodies and
TG2

An answer to the issue of CD-antibodies affecting the enzyme activity of TG2

An elucidation of the occurrence and correlation of antibodies against citrulline and
PAD, TG2, and Factor XIII in sera from RA-patients

An evaluation of the occurrence of antibodies against PAD, TG2, and citrulline in

patients with pSS, MS, and AD.
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5. Subjects

Study |

Serum samples were collected from seven adult patients with untreated CD, verified by
biopsy. Three patients with gastrointestinal symptoms but with normal small bowel biopsy

and negative EmA titres served as controls. The samples were collected during 1999-2001.

Study Il

Serum samples were obtained from 86 children who were investigated consecutively with
intestinal biopsy at the Department of Paediatrics, Malmé University Hospital, during the
years 2000-2003. A total of 51 children were considered to have active CD according to the

revised ESPGHAN criteria ''’. The remaining 35 children were included as disease controls.

Study Il

Rheumatoid arthritis

All patients attending the Rheumatological Unit of Malmé University Hospital during 1995-
2002, diagnosed with RA according to the criteria by the ACR 1987, were consecutively
registered and systematically monitored. A total of 184 patients were enrolled in the study. At

the time of sampling, 71 patients had initiated treatment with methotrexate (MTX).

Blood donors

Blood samples were collected in March 1998 from 59 blood donors and served as controls.

Study IV

Primary Sjégren’s syndrome

Seventy-eight patients with pSS consecutively attending the outpatient clinic at the
Department of Rheumatology, Malmé University Hospital, Malmd, Sweden for routine visits

were included. All patients fulfilled the AECC for pSS.

23



Multiple sclerosis

Blood samples from 85 patients fulfilling the “McDonald Criteria” ''! for MS were collected
consecutively during 1999-2001 at the Department of Neurology of Lund University Hospital.

Alzheimer’s disease

Seventy-nine patients with dementia were investigated. The patients attended the
Neuropsychiatric Clinic, Malmé University Hospital, Malmd, Sweden and were evaluated
with a detailed clinical investigation of cognitive function during 1999-2003. Only patients
with AD showing mild or moderate disease and with a complete investigation were selected

to participate in the study.

Blood donors

Blood samples were collected from 100 blood donors in April 2007 when the donors were

attending for regular blood donation at Malmo University Hospital.
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6. Methods

Enzyme-linked immunosorbant assay (ELISA)

For all ELISAs, cut-off was calculated as mean + 2 S.D. of controls (blood donors) except in

the case of commercial kits.

ELISA of IgG and IgA antibodies against transglutaminases (Study
1, 11, 1)

For the analysis of anti-TG2, a guinea pig liver TG2 (gp-TG2, Sigma; 1 pg/well) (study I, II,
II) and a human recombinant TG (hr-TG2, N-Zyme; 0.5 pg/well) (study III) were used.
Freshly prepared solutions of the antigens in Tris buffer saline (TBS) containing 5.0 mM
CaCl, were added to microtitre plates (CovaLink, Nunc). After incubation the plates were
washed and blocked. Diluted sera from patients with CD or RA and healthy blood donors
were added to each well in duplicate followed by incubation, and then washed. Peroxidase-
conjugated antihuman IgG (DAKO) or IgA (DAKO) were added to each well. After
incubation and washing, the plates were developed according to standard procedure.

Absorbance was estimated at 490 nm in a microplate-reader (Emax, Molecular Devices).

ELISA of IgG and IgA antibodies against hr-TG2, commercial kit
(Study Il, IV)

Study II: This analysis was performed in our laboratory with the Eu-tTGR IgA umana
(Eurospital) kit in accordance with the manufacturer’s manual. As antigen, this method uses
hr-TG2. The manufacturer is not willing to disclose any information about calcium addition.

The cut-off level was defined according to the manufacturer’s manual as 7 AU/ml.

Study IV: This analysis was performed in our laboratory with a commercial kit, Celikey®
Varelisa (Phadia), according to the manufacturer's manual. As antigen, this method utilizes an
hr-TG. The cut-off for IgA- and IgG anti-thTG2 was defined according to the manufacturer’s

manual as > 8, and > 10 AU/ml respectively.
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ELISA of IgG antibodies against peptidylarginine deiminase (Study
1, 1Iv)

For the analysis of PAD-antibodies, a rabbit skeletal muscle PAD (Sigma) was used as
antigen. Microtitre plates (Maxisorp Nunc) were coated with 1 ug PAD/ well (Study III) or
with 0.2 ng PAD/well (Study 1V), freshly diluted in 100 pl of 50 mM Tris-HCI, 150 mM
NaCl, pH 7.4 (TBS) and 5.0 mM CaCl,. After incubation, the plates were washed and
blocked. Sera from blood donors (Study III, IV) and from patients with RA (Study III) pSS,
MS and AD (Study IV) were diluted and added in duplicate followed by incubation. After the
washing procedure, peroxidase-conjugated antihuman IgG (DAKO) was added to each well.
The plates were developed according to standard procedure. Absorbance was estimated at 490

nm in a microplate-reader (E max).

ELISA of IgG antibodies against peptide-bound citrulline (Study lil,
IV)
The analysis of anti-cyclic citrulline-containing peptide (CCP) was performed in our

laboratory with the Immunoscan RA Mark?2 kit (Euro-Diagnostica) in accordance with the

manufacturer’s manual. As antigen, this method utilizes a synthetic CCP.

Endomysial autoantibody immunofluorescence (Study I, II, i, IV)

All EmA were analyzed at the Department of Clinical Microbiology and Immunology, Lund
University Hospital, Lund, Sweden, by indirect immunofluorescence 3536 EmA was detected
with fluorescein isothiocyanate conjugated goat antihuman IgA antibodies. Results were
expressed as the highest dilution factor giving a positive fluorescence pattern in microscope.

All sera manifesting fluorescence titre 1:10 or higher were considered to be positive.

Electrophoresis

Agarose gel electrophoresis was performed according to Laurell 12 at pH 8.6 and in the

presence of EDTA.
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Crossed immuno-electrophoresis

Crossed immuno-electrophoresis for the characterization of TG2 antibodies was carried out at
pH 8.6 (barbital buffer 50mM containing 2.0mM EDTA) as outlined by Ganrot ', Serum
(10%) from a 55-year-old female with CD and an IgA anti-TG2 level of 2740 arbitrary units

was included in the gel during the second step.

Activity staining
Staining for TG activity was performed according to Stenberg and Stenflo "4 The technique

is based on the transglutaminase-catalysed incorporation of a fluorescent amine, MDTC,

(Larodan Fine Chemicals, Malmo, Sweden) into casein.

Scion Image for Windows

Scion Image for Windows is a freeware program for processing and analysing images.

In this study, we used the program to count the dark pixels appearing in a designated area of a
picture taken in UV-light of the agarose gel processed with crossed immuno-electrophoresis
and activity staining.

The picture of the gel was scanned, transferred to the PC and inverted to enable Scion Image
to measure the area of each selected part of the graph. Numerical results in area units (pixels)

were given.

RBA based on hr-TG2 (Study Il)

Human TG2 was synthesized by in vitro transcription and translation as described elsewhere
5. TG2 ¢DNA (kindly provided by George Eisenbarth) subcloned into the pGEM-T Easy
Vector (Promega, Madison, WI, USA) was used and the protein was labelled using the TNT
SP6 coupled reticulocyte lysate system (Promega, Madison, WI, USA) in the presence of *°S-
methionine (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The in vitro transcription
and translation were carried out in an EGTA-containing buffer. Before TG2 antigen was
added to the micro-titre wells, it was freshly diluted in TBS containing CaCl, or EDTA. When
analyzing IgG antibodies, **S-TG2 was added together with human serum into a U-bottom
96-well micro-titre plate and incubated. Protein A Sepharose (Sigma, St.Louis, MO, USA)
was used to separate the free 3S-TG2 from the antibody bound form. IgA antibodies were
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analyzed similarly. Finally, the plate was washed and the radioactivity measured in a
MicroBeta Counter (Wallac, Turku, Finland). Autoantibody levels were expressed as relative
units (RU) in reference to positive and negative sera with a cut-off level representing the

99.9™ percentile of healthy control subjects

Statistics

Study |

Two-tailed, paired Student’s t-tests were used for the comparisons between the ELISA results

in the presence and absence of calcium and zinc.

Study I

Statistical differences between antibody frequencies were evaluated with the Chi-squared test
or Fisher’s exact test when appropriate. Antibody levels were expressed as median (range)
and differences between the assays were tested with the Wilcoxon Signed Rank tested for
significance. To measure change in antibody levels between CD children and disease controls,
the Mann—Whitney U-test was used for comparison. Linear regression examined whether
increase in TG2 antibody levels was related to severity of mucosa damage, and antibody

levels were expressed as mean FSE. P-values < 0.05 were considered significant.

Study Il

The statistical significance of differences was determined by the y*-test and 2-tailed Student’s
t-test. Due to skewed distribution of the values, logarithmic transformation was carried out
before analysis. Spearman rank correlation was used to evaluate correlation. P-values < 0.05

were considered significant.

28



7. Results

Study |

The effect of calcium and zinc

Antibodies from CD-patients displayed a much stronger (4-14) affinity when exposed to the
activated conformation of gp-TG2 than of the EDTA-treated enzyme. Furthermore, zinc was
shown to erase the calcium-induced increase of affinity between the CD-antibodies and TG2.
Low concentration of zinc decreased the antibody binding to the same level as for the inactive

enzyme (Figure 3).

IgA-anti-TG2 ELISA

ag0mM Ca/0mM Zn
g5mM Ca/ 0.1 mM Zn
g m5mMCa/0mM Zn

Relative absorbance

C=Controls / P=CD-patients

Figure 3: The effect of calcium and zinc on the affinity between TG2 and antibodies from
healthy controls (C1-C3) and coeliacs (P1-P7). (Relative absorbance in an ELISA)

Enzyme stability

For this purpose we used agarose gel electrophoresis ''> combined with the activity staining
procedure developed by Stenberg and Stenflo for assessment of TG transamidating activity
"4 The commercial gp-TG2 was shown to be very unstable. When dissolved in Tris pH 7.4,
most of the enzyme activity faded after 24 hours at -20°C. Human serum stabilised the
enzyme, probably thanks to the presence of protease inhibitors of serum. We also showed that
when calcium was added to the buffer, the degradation of TG2-activity proceeded much faster

than in the EDTA containing buffer.
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The effect of CD-antibodies on TG2 activity

To elucidate whether antibodies from a CD patient were able to extinguish the TG
transamidating activity we performed a cross-immune electrophoresis. Serum from a patient
with a high level of IgA TG2 antibodies was incorporated in to the agarose gel and in the
second step of the electrophoresis, bands containing TG-activity were transferred to the serum
containing gel. An immune precipitate developed and when staining for enzyme activity, the

enzyme showed full activity as verified by the new technique based on Scion Imaging (Figure

Figure 4: a; A crossed immuno-electrophoretogram stained for TG activity. Left; normal
serum, right serum from a patient with CD. b; Inverted. c,; Scion Image.

Study Il

With our new knowledge based on the ELISA with gp-TG2 in adults, we wanted to further

investigate in childhood CD the influence of calcium on the affinity between CD-antibodies
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and hr-TG2 using ELISA and an RBA. Overall, detection of IgA-TG2 in sera from children
with CD did not differ between the RBA and the ELISA based on gp-TG2 or with the
commercial Eu-tTGR IgA umana ELISA test (based on hr-TG2). A high positive correlation
was found between gp-Ca-ELISA and the Eu-tTGR IgA umana ELISA and also for Ca-RBA
and Eu-tTGR IgA umana ELISA.

Calcium had no influence on the IgA-TG2 RBA. Fifty of the 51 children with CD and one of
the 35 controls were positive. In the EDTA-based ELISA, 47 of the 51 children were positive
as well as one of the 35 controls. Calcium-addition to the ELISA increased the sensitivity to
50/51 but then another three of the disease controls were also positive. In the case of Eu-tTGR
IgA umana ELISA test, the manufacturer is not willing to disclose any information about
possible calcium addition.

In the IgG-TG2 RBA, addition of calcium significantly reduced the affinity between hr-TG2
and CD antibodies. In contrast, calcium addition to the IgG-TG2 ELISA increased the affinity
extensively.

The affinity of IgA-TG2 increased with the grade of severity of intestinal mucosal damage in
both assays. In contrast, affinity of IgG-TG2 showed no significant linear increase for either

of the RBA or ELISA methods.

IgA-anti-TG2 ELISA
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m 5.0 mM Ca
° 60 +--—--—--—"-—--"-"-"-"-"-"~"-""~""""""~""""—"—"—"———— -
o
c
©
2
2
e 40 T
()
2
©
©
- H‘
0 1T .-..-...IlllllIIIIIIIIIIIIIIIII|I|||‘ rrrrrrroriT

Figure 5: The effect of calcium expressed as relative absorbance in an ELISA, on affinity
between TG2 and antibodies from 51 children with CD.
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Hr-TG2 was prepared by in vitro transcription and translation in a rabbit reticulocyte lysate
system (Promega). When analysed with agarose gel electrophoresis/activity staining, the
lysate of the Promega TNT SP6-coupled reticulocyte system contained TG enzyme activity in

the area corresponding to gp-liver and human erythrocyte TG2.

Study Il

Sera from 184 patients with RA, 113 without MTX treatment, were analysed for antibodies
against PAD, CCP, gp-TG2, hr-TG2 and FXIII.

Compared to controls, RA patients showed increased levels of IgG anti-PAD, and IgG anti-
CCP, in line with other reports. Furthermore, there was a good correlation between the
prevalence of antibodies against PAD and CCP, IgA and IgG anti-gp-TG2.

Moreover, RA patients showed significantly increased frequencies of IgA and IgG anti-TG2
and IgA anti-hr-FXIII compared to controls. In the MTX treated group, five types of
autoantibodies were significantly reduced in serum, and the correlations between different

autoantibodies were less pronounced.

Study IV

The prevalence of measured antibodies in the patient groups was very modest. Of the 242
patients, only 17 cases displayed autoantibodies and none had more than one type. Moreover,
among the blood donors, five of the 100 carried autoantibodies. Of the 78 patients with pSS,
two had antibodies against PAD and four against CCP.
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8. Discussion

The effect of calcium

After the discovery by Dieterich et al ¥ several investigators, many with a clinical focus,
became acquainted with TG2. This enzyme requires calcium for enzyme activity. In order to
understand the pathogenesis of CD, ELISAs were performed in the absence and presence of
calcium during coating of the plates. Interestingly, the results were contradictory. While some
groups found an increased affinity between CD-antibodies and calcium-treated TG2, others
did not. Moreover, in RBA based on hr-TG2 expressed in a lysate of rabbit reticulocytes,

addition of calcium rather reduced the affinity.

TG2 is a very unstable molecule. If isolated from gp-liver, contaminating proteases can easily
degrade the protein ''®. When activated by calcium, the reactive thiol group of the active site
cysteine might oxidize. For scientists not familiar with these potential pitfalls, it is easy to
overlook the practical aspects. In Paper I, this is illustrated by a rapid loss of TG-activity in
solutions stored in a freezer, a common practice in this context. Obviously, if the enzyme
structure is not native, addition of calcium would hardly affect the conformation in a natural
way. Consequently, no change of affinity between enzyme and antibodies would be found.
But when good laboratory practice is applied, our studies clearly show that presence of
calcium during the coating of the ELISA plates dramatically increases the affinity between

TG2 and CD antibodies (See figure 5).

The interesting effect of calcium on the RBA had a more intriguing explanation when we
were able to show presence of native TG2 originating from the lysate of rabbit reticulocytes
used in the commercial kit. This kit contains an efficient calcium chelating agent (EGTA) and
is stored frozen until used. The transcription/translation is performed without the presence of
calcium. In spite of the fragility of the enzyme, this environment seems to allow part of the
TG2 originating from the rabbit cells to remain native, respond to calcium activation, and
compete successfully with the radio-labelled human recombinant TG2. This kit is also used to
express other human recombinant proteins. Clearly, there is a risk that other native

components of the rabbit reticulocytes might contaminate the intended products.
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The effect of zinc

Zinc is an important component of approximately 300 enzyme systems, many of which are
involved in the immune defence ®. In 1974-75, studies at Northwestern University showed
that zinc very efficiently inhibited the calcium-induced activation of TGs, such as factor XIII
and TG2 '". The human body contains 2-3 grams of zinc, unevenly distributed, and with
remarkably high concentrations in the prostate gland ¥, the pancreatic beta cells ''*, and in
parts of the eye '*°. Like all trace metals, zinc is bound to various proteins, functioning as
carriers. The bindings are reversible and, logically, the metal will bind to the structure that
offers the highest affinity for the time being. For example, zinc is rapidly redistributed in the
intestines of animals exposed to an infectious agent '*'. The homeostasis of zinc is maintained
mainly in the gastrointestinal tract '*>. Hyperzincaemia is a rare condition while zinc
deficiency is a severe threat against public health in developing countries 10,123,

At physiological concentrations zinc inhibits the calcium-induced increase of affinity between
CD-antibodies and TG2 (See figure 3). The clinical significance of this zinc effect is not
known, but a pilot study on the effect of zinc-fortified flour to cases with newly diagnosed CD

is under way.

The structure of the neoantigen

In CD, antibodies are displayed against epitopes of both TG2 and gliadin peptides. Recently,
it has been shown that a deamidation of glutamine residues of gliadin peptides increases the
affinity to CD-antibodies '>*. However, ingestion of totally deamidated gluten peptides does
not induce CD '%, nor does intake of free glutamine, neither of which are substrates to TGs.
The dual immune response against TG2 and peptide-bound glutamine indicates that the
neoantigen is a complex between enzyme and substrate. The structure of this complex is still
controversial. If inappropriately activated, TG2 can catalyze the cross-linking of many
peptides, including the incorporation of glutamine-containing peptides such as gliadin, into

the enzyme itself.

Initially, a complex between TG2 and gliadin, formed by an e-(y-glutamine)lysine bridge, was
proposed to constitute the autoantigen '*°. Based on our knowledge of the kinetics of TG-

116

catalyzed reactions, we have suggested another mechanism ~°. In transamidation reactions

catalyzed by TGs, the first step, that is the formation of the thioester intermediate, is normally
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rate-limiting, and the intermediate will be a short-lived victim for a nucleophilic attack by the
second substrate, the base form of a primary amine. However, in the absence of the amine
substrate, or at a lowered pH — such as the situation at a site of inflammation — when the
amine will be protonized, water will function as the second substrate, and the result will be a
deamidation. In CD, this hydrolysis of specific, but not all, glutamine residues proceeds in an
ordered way, so that the preferred glutamine residue is deamidated first, then the second most

favourable, and so on.

Logically, the deamidation of the final glutamine residue will be the slowest. The negative
charges of the glutamate residues formed during the initial deamidations of the gliadin might
repel the water molecule from performing the final, nucleophilic attack on the thioester.
Assuming that the second step of this reaction is still rate-limiting, the concentration of the
thioester between TG2 and the previously deamidated gliadin will peak during the final
hydrolysis. Therefore, as an attractive alternative we have proposed that the autoantigen in
CD is comprised of the thioester intermediate between TG2 and partly deamidated gliadin.

Indeed, our ideas are supported by in vitro data by Fleckenstein et al 127

, who found
comparatively high concentrations of the thioester at neutral pH in a TG2 catalyzed hydrolysis
of low concentrations of two glutamine containing peptides. A reduced pH would probably

further have favoured the formation of the thioester (Figure 6).
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Figure 6: TG2-catalyzed deamidation of specific glutamine residues (Q) of gliadin in
CD. The deamidation proceeds in an ordered way. The activated TG2 forms a thioester
complex with the glutamine residue. In the absence of the ordinary second substrate (the
primary amine), water functions as the nucleophile in the second step. Initially, the
preferred glutamine residue is deamidated, then the second most favourable, and so on.
Logically, the deamidation of the final glutamine residue will be the slowest. The negative
charges of the glutamate residues formed during the initial deamidations might repel the
water molecule from performing the final, nucleophilic attack on the thioester. Assuming
that the second step of this reaction is still rate-limiting, the concentration of the thioester
between TG2 and the previously deamidated gliadin will peak during the final hydrolysis.
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The effect of antibodies on the activity of TG2 in CD

In order to elucidate the pathogenesis, the effect of CD-antibodies on the TG2-activity is
another important issue. Not surprisingly, depending on the conditions and considering the
fragile character of TG2, various groups have come to different conclusions 128,129 The
results of the pilot study as described in Paper I and illustrated in Figure 4 did not indicate any
inhibitory effect of the CD-antibodies on TG2-activity. However, we used gp-liver TG and
calcium-free conditions during the crossed immune-electrophoresis. On the other hand, we

clearly observed TG-activity in the immune-complex between TG2 and CD-antibodies.

Anti-PAD in RA

The occurrence of antibodies against citrulline in RA offered an opportunity to test our
hypothesis of an enzyme-substrate complex being the autoantigen in autoimmune diseases.
The family of enzymes orchestrating the post-translational deimination (citrullination), the
peptidylarginine deiminases, has many similarities to the TGs (Table 3). However, there is no
obvious reason to believe that PADs, similarly to TGs, would be able to incorporate a
substrate into the enzyme. Our findings, supported by similar results by another two groups,
clearly show that the prevalence of anti-PAD is significantly increased in RA-patients. Thus,
as in another common autoimmune disease, antibodies are observed against a calcium-

dependent thiol enzyme and its modified substrate.

Feature TG2 PAD4
Thiol-enzyme + +
Calcium-dependent + +
Active post-translationally + +
Release of ammonia + +
Zinc inhibits enzyme activity + +
Change of substrate charge + +
Antibodies (RA;CD) against + +
the modified substrate
Antibodies (RA;CD) against + +
the enzyme
Several isoforms + +
Widely distributed + +

Table 3: Common features for TG2 and PAD 4
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Furthermore, the levels of antibodies against TGs were also increased. In synovium, fibrin is
one of the suggested substrates for PAD. In the inflamed joint, another two enzymes using
fibrin/fibrinogen as substrates, FXIII and TG2, are present, probably originating from

monocytes and macrophages respectively '*°.

Since a part of our RA-cohort was treated with MTX, we had an opportunity to test if this
immunosuppressive antagonist of folic acid affected the formation of antibodies in RA. Not
surprisingly, the patients treated with MTX displayed lower levels of anti-PAD than the
untreated group. In the study by Nissinen at al 1188 % of newly diagnosed non-treated RA-
patients displayed elevated levels of anti-PAD. Three years later the frequency had declined
to 70 %. Studies of other patients with a long (20 year) duration of RA revealed only anti-
PAD among 20 %. Unfortunately, medication is not included in the report, but certainly,
treatment by an immuno-suppressive such as MTX can be an explanation. Furthermore, the
MTX-treated RA patients carried lower levels of antibodies against TGs, but not anti-CD,
than the untreated group. Some autoimmune diseases, for example inflammatory bowel
disease, tend to decrease their inflammatory activity during the natural course of disease and
this phenomenon might also contribute to the decreasing occurrence of autoantibodies over

the years.

Epitope spreading

In the RA cohort not treated with immuno-suppression, significant correlations were observed
between the expressions of the various antibodies. This is a common situation in autoimmune
diseases and is sometimes referred to as epitope spreading, where immune responses develop
to new epitopes, distinct from and non-cross reactive with the primary epitope causing the
disease. For example, 116 different antibodies have been described in connection with SLE
132 The mechanisms for epitope spreading remain to be explained. Similar to the situation in
CD, complexes between modified substrates and inappropriately activated post-translational
enzymes, such as PADs and TGs, might explain the appearance against antibodies directed

towards epitopes in both the enzyme and the substrate part of the molecule.
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Antibodies in Sjogren’s syndrome

In SS, the second most common rheumatic disease, anti-CP is not expressed. Therefore the
hypothesis of an enzyme-substrate complex being the autoantigen in autoimmune diseases is
challenged by findings of an increased prevalence of anti-PAD B! In order to analyze this
situation, we tested the prevalence of antibodies in a larger cohort of well-defined cases with
primary SS. However, we were not able to reproduce the data showing an increased
prevalence of anti-PAD in pSS. The reasons for this difference in results between our study
and the one by Nissinen et al are not obvious. One explanation might be that the diagnosis of
pSS in the Finnish group was based on old criteria while we used the updated version of
AECC. After our studies on pSS, our conclusion is that the hypothesis of an enzyme-substrate

complex being the autoantigen in autoimmune diseases is still valid.

Antibodies in neurodegenerative diseases

Both TGs and PADs have been implicated in neuro-degenerative diseases such as Huntington
and Parkinson **®' and also in MS and AD " **. We were able to study cohorts of AD and
MS with respect to antibodies against PAD2 and TGs. However, we did not observe increased

levels of antibodies against these enzymes in the two patient groups studied.
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9. Conclusions

e Calcium increases the affinity between antibodies from CD-patients and gp-TG2 in an
ELISA. The fragile character of commercial gp-TG2 may explain the divergent results
from different reports. In RBA, calcium has no effect on IgA-anti-TG2, or the
opposite effect on IgG-anti-TG2, or on the antibody affinity to hr-TG2. This
contradiction can be explained by the presence of native rabbit-TG2 (originating from
the kit used for translation and transcription of the human enzyme), which responds to
calcium activation, and which competes successfully with the radio-labelled human

recombinant TG2.

e Physiological concentration of zinc decreases the affinity between CD-antibodies and

gp-TG2 in an ELISA.
e Antibodies from a CD patient did not seem to influence or decrease TG2 activity.

e Serum samples from RA-patients contained antibodies against PAD and two kinds of

TGs, and showed good correlation between several different autoantibodies.

e Treatment with MTX significantly reduced the expression of five out of seven
investigated autoantibodies (IgG-anti-PAD, IgA and IgG-anti-hr-TG2, IgG-anti-gp-
TG2 and IgA-anti-hr-FXIII.)

e In patients with pSS, MS, and AD, no increased occurrence of antibodies against

PAD, CCP or TG2 could be shown.

40



10. General discussion

Due to their chronic character, high prevalence and, regretfully, lack of cure, autoimmune
diseases represent a major threat to public health. Most of these disorders are being
investigated individually but, doubtless in order to find a possible main thread and understand

the pathogenesis, it is also important to study them collectively.

Although the human genome only codes for 20 primary amino-acids, post-translational
modifications can enrich the variety of nature. In fact, a majority of the human proteins are
believed to be enzymatically modified in this way, for instance via glycosylation,

phosphorylation, acylation or alkylation 133,

Transamidation catalyzed by TGs and
citrullination by PADs are other examples. It is probable that in most cases the products
display new conformations. Moreover, during specific conditions post-translational
modifications can create new self-antigens and cause autoimmune responses. For example,
apoptosis is accompanied by intense post-translational modifications of intra-cellular proteins.
Some of these modified proteins have been shown to be antigenic in certain autoimmune
diseases such as SLE "**. TG2 is one of many calcium- dependent enzymes which are up-
regulated during apoptosis and where an influx of calcium activates the enzyme intra-
cellularly. Hypothetically, by catalyzing crosslinking of intra-cellular proteins, the activated
TG2 stabilizes the dying cell, thus preventing inflammation and exposition of possible
antigens. Regulation of TG2 activity intra-cellularly is probably a sophisticated interplay
between the low concentration of calcium, the presence of GTP and the inhibitory effect of
zinc. Indeed, increased apoptosis in vivo may be a direct consequence of a decrease in

intracellular zinc concentration.

The situation becomes even more intriguing if the enzymatic reaction is atypical, such as the
TG2-catalyzed deamidation of specific glutamine residues in gliadins. Then focus will be on
the inappropriate activation of the enzyme, and again zinc might play a leading role due to its
ability to antagonize the calcium activation of TG2. In type-1 diabetes, another calcium-
dependent thiol enzyme, glutamic acid decarboxylase (GAD), is auto-immunogenic.
Unfortunately, it is not known if zinc affects the activity of GAD. Recently, Wenzlau et al 1o
have shown that a pancreas-specific zinc efflux transporter (ZnT8) is a major autoantigen in
type-1 diabetes. Interestingly, 12 of 39 non-diabetics, TG2-autoantibody positive individuals
with CD related to type-1 diabetic patients, showed antibodies against ZnT§ 9 Indeed, zinc

41



appears to be a key factor in the pathogenesis of CD. Due to malabsorption caused by atrophy
of the villi in untreated CD, deficiency of vitamins and trace metals such as zinc, is common.
Thus, after triggering the activation of TG2 due to a stress-mediated rearrangement of
intestinal zinc, a reduced absorption of the metal might induce a vicious circle in CD. Figure 7

illustrate the theoretical processes involved.

Due to a "situation of
danger”, the
concentration of zinc is
reduced, allowing - 1702+
calcium to activate the
thiol-enzyme. The
Michaelis-Menten
intermediate between Intermediate
the enzyme and its -
modified substrate
may act as a
neoantigen.

The complex between
enzyme and modified
substrate is engulfed
and processed by
APC. Assisted by
HLA, fragments of the
intermediate are
presented to CD4+ T-
cells which in turn
proliferate and
produce cytokines.

\ |  Stimulated by the
activated T-cells, the B-
|  cells proliferate and
produce antibodies

| against specific sites of
both the enzyme and the
modified substrate.

#. - Cytokines
u -HLA

Sy - CD4
Y - antibody

Figure 7: Theoretical mechanism for the triggering of autoimmune diseases
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11. Summary

Autoimmune diseases such as rheumatoid arthritis (RA), coeliac disease (CD) and Sjogren’s
syndrome (SS), are conditions where an inappropriate immune response results in damage to
an individual’s organs, tissues or cells. As a group they comprise approximately 80 different
diseases, afflicting more than one hundred million people globally. The incidence is rising and
women are more frequently affected than men. The debilitating character of these chronic
conditions further emphasizes the magnitude of the health problem. Moreover, curative

medication is missing and treatment is mainly symptomatic.

The aetiology of autoimmune diseases is multifactorial and probably includes genetic,
environmental and lifestyle factors. However, for most of these disorders the pathogenesis is
completely unknown. In 1997, German investigators reported that a ubiquitous, calcium-
dependent enzyme, transglutaminase type 2 (TG2), might be a major factor during the
development of CD, a T-cell driven autoimmune condition with a prevalence of one per cent.
In CD, serum antibodies are present against both TG2 and gluten. The aim of these studies
was to characterize the involvement of TG2 in CD. Furthermore, we have investigated the
possible involvement of TG2 and peptidylarginine deiminase (PAD), an enzyme with many

similarities with TG2, in RA, SS, multiple sclerosis (MS) and Alzheimer’s disease (AD).

Based on good laboratory practice, our results show that calcium increases the affinity
between the fragile TG2 and CD-antibodies from both infants and adults, indicating that the
enzyme is activated when becoming antigenic. Physiological concentrations of zinc, a potent
inhibitor of the calcium-activation of transglutaminases, erase the calcium-induced increase of
affinity. This zinc effect might be of clinical importance. CD-antibodies do not inhibit TG2-
activity. With radio-bound immuno-assays, based on recombinant radio-labelled human
proteins such as TG2, produced in a lysate of rabbit reticulocytes, native proteins might

contaminate the product and jeopardize the results.

Similarly, in RA we observed serum antibodies against another calcium-dependent thiol
enzyme, PAD, as well as against the new biomarker of RA, citrulline, which is the product
formed after PAD-catalyzed deimination of peptide-bound arginine residues. Thus, in two
major autoimmune diseases, CD and RA, serum antibodies were observed against both

calcium-dependent thiol-enzymes and against their modified substrates. RA-serum also
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comprised IgA- and IgG-antibodies against TG2 and factor XIII. Samples from RA-patients
being treated with methotrexate displayed reduced levels of antibodies. Most of the patients

displayed more than one type of antibody, a possible indication of epitope spreading.

Although patients with SS in general do not carry antibodies against citrulline, a report in the
literature describes a high prevalence of antibodies against the citrullinating enzyme, PAD.
Such a situation argues against our hypothesis of an enzyme-substrate complex being the
neoantigen in autoimmune diseases. However, applying modern criteria when diagnosing
primary SS in 78 cases, our study did not reveal an increased prevalence of anti-PAD. We
also tested serum from patients with MS and AD. Although attractive from a theoretical point
of view, PAD and TG2 do not seem to be involved directly in autoimmune mechanisms in

those neuro-degenerative diseases.

To summarise, our results indicate that a complex between an enzyme and its modified
substrate constitute the neoantigen in major autoimmune diseases. Events such as stress,
infections and inflammations leading to an inappropriate activation of the enzyme involved

might then be the trigger of the pathogenesis.
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12. Sammanfattning pa svenska

Bakgrund — Vid autoimmun sjukdom skadar individens immunsystem kroppsegna organ,
vivnader eller celler. Autoimmuna sjukdomar omfattar ett 80-tal olika akommor och i stort
sett alla kroppsdelar kan drabbas. Forekomsten dr 5-8 % vilket betyder att mer dn 100
miljoner ménniskor ar drabbade globalt, det vill sdga samma omfattning som for cancer eller
hjart-kérlsjukdom. Autoimmuna tillstand &r ofta kroniska, drabbar i allménhet kvinnor i hogre
grad 4n min, leder ibland till invaliditet eller andra svéra handikapp och saknar botande

behandling.

Orsakerna till uppkomsten av autoimmun sjukdom ar mangfasetterade, och savil arv, miljo,
livsstil som obalans i immunsystemet anses vara inblandade. De nirmare mekanismerna ar
inte kiinda. Ar 1997 rapporterade dock en tysk forskargrupp att ett kalciumberoende enzym,
transglutaminas typ 2 (TG2), kan spela en viktig roll vid uppkomsten av glutenintolerans
(coeliaki, CD), en kronisk tunntarmssjukdom som drabbar cirka 1 % av befolkningen. CD har
dérefter blivit en modellsjukdom for att forstd mekanismerna for autoimmunitet. Vid CD
utvecklas antikroppar mot sévil gluten i fodan som mot TG2. Med hjélp av TG2 omvandlas
en speciell aminosyra i gluten, glutamin, till glutaminsyra, en mycket ovanlig TG2-styrd

reaktion.

Syfte — Den &vergripande malséttningen for denna avhandling har varit att forstd de ndrmare
mekanismerna for uppkomsten av CD och dérefter testa om liknande processer orsakar andra
inflammatoriska sjukdomar sasom reumatoid artrit (RA), Sjogrens syndrom (SS), multipel

skleros (MS) och Alzheimers sjukdom (AD).

For att forstd mekanismerna vid utvecklingen av CD har den specifika mélséttningen med
delarbete I och II varit att studera om kalcium och zink paverkar bindningen mellan TG2 och
antikroppar fran personer med CD. Dessutom har vi studerat om antikroppar vid CD hdmmar
enzymaktivitet hos TG2. Véra resultat baserade pd ELISA visar att kalcium flerfaldigt 6kar
bindningen mellan intakt TG2 and CD-antikroppar. Motsdgande resultat fran andra
forskargrupper kan forklaras av den mycket labila karaktdren hos enzymet. Nir en radioaktiv
metod (RBA) anvinds, baserad pa isotopmirkt, rekombinant humant TG2 (rh-TG2), for att
méta bindningen kan den negativa eller uteblivna kalciumeffekten forklaras av en forbisedd

fororening av kanin-TG2, som finns i de celler som anvénds vid tillverkningen av rh-TG2.
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Vi har ocksd kunnat visa att mycket laga koncentrationer av zink hémmar den

kalciuminducerade 6kningen av bindning mellan TG2 och CD-antikroppar.

Vid CD bildar TG2 och redan tidigare modifierat gluten ett komplex dar TG2 utgor

autoantigenet.

Malséttningen med delarbete 1T har varit att undersdka om personer med RA har antikroppar
mot savil ett enzym som dess modifierade substrat, d.v.s. samma situation som vid CD.
Sedan tidigare &r det ként att serum frdn RA-patienter innehéller antikroppar mot citrullin i
proteinbunden form (anti-CP). I vér studie kunde vi nu visa att RA-patienter ocks& har
antikroppar mot det enzym, peptidylarginindeiminas (PAD), som styr omvandlingen av
arginin till citrullin. RA-patienter har ocksa forhdjda nivder av antikroppar mot TG2 och
faktor XIII, en koagulationsfaktor. Behandling med metotrexat, ett ldkemedel som hdmmar
immunforsvaret, minskar antikroppsutvecklingen. En klar korrelation finns mellan frekvensen

av de olika antikropparna.

Syftet med delarbete IV har varit att reproducera ett arbete som visar att patienter med SS har
antikroppar mot PAD men inte mot detta enzyms modifierade substrat, peptidbundet citrullin.
Dessutom ville vi studera forekomsten av antikroppar mot PAD, TG2 och citrullin hos
personer med MS och AD. Vara resultat visar att personer med SS saknar anti-CP och
antikroppar mot PAD. Personer med AD eller MS har inte heller forhdjda nivder av

antikroppar mot PAD, TG2 eller peptidbundet citrullin.

Slutsatser — Sammantaget leder denna avhandling till f6ljande hypotes for uppkomsten av
CD:
e En stressreaktion, t ex i form av en inflammation, leder till en omfordelning av zink
och diarmed sénkt zinkkoncentration i tarmslemhinnan.
e Den reducerade zinknivan Okar risken for kalciumaktivering av transglutaminas i
tarmslemhinnan och/eller i makrofager som lockats till platsen for inflammationen.
e Det aktiverade TG2 omvandlar specifika glutaminrester till glutaminsyra i gluten,
tillford via fodan.
e Intermediatet mellan TG2 och gluten kan forvintas vara relativt langlivat da det sista

steget i denna ovanliga reaktion dr hastighetsbestimmande.
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e Det genetiska bidraget till mekanismerna &r att fragment av komplexet mellan enzym
och substrat presenteras for T-lymfocyter med hjilp av  HLA DQ2/DQ8 som
immunforsvaret anviander for att identifiera frimmande proteiner.

e T-lymfocyterna aktiveras och producerar cytokiner, d.v.s. immunsystemets
signaldmnen.

e Cytokinproduktionen leder till att B-lymfocyter stimuleras att producera antikroppar
mot savil gluten som TG2.

e Immunaktiveringen leder till inflammation och aktivering av enzymer som kan
omvandla ytstrukturer pad vévnader, vilket medfor skada pa tarmluddet i
tarmslemhinnan.

e Det pafoljande nedsatta nédringsupptaget leder till en reducerad kroppspool av zink,
varfor transglutaminas i nya reaktioner lattare kan aktiveras. Den onda cirkeln ar

didrmed sluten.

Aven vid andra autoimmuna sjukdomar skulle autoantigenet kunna bestd av ett komplex
mellan ett enzym och dess omvandlade substrat. Vid RA finns till exempel en likartad bild
med antikroppar mot savil ett kalciumberoende enzym (PAD) som dess modifierade substrat

(citrullin) i proteinbunden form.
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