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1. MULTIPLE SCLEROSIS 

Multiple Sclerosis (MS) is an inflammatory disease of the central nervous system (CNS). It 
was first described in detail in 1868 by Jean-Martin Charcot as scar tissue in the CNS [1]. 
More precisely, MS is characterized by an autoimmune attack to components of the 
myelin sheath guarding the integrity of neurons and axons. Infiltrating cells from the 
bloodstream, together with local cells of the CNS, damage this insulating myelin sheath. 
This results in demyelination, axonal damage and inhibited saltatory nerve conduction 
leading to a plethora of symptoms in MS patients. MS onset occurs mostly in young adults 
between 20 and 40 years of age and is up to thrice as frequent in women than men [2]. 
The prevalence of MS varies highly and is highest in western countries where it affects 
about 100-200 patients per 100.000 inhabitants (North America, Europe). Consequently, 
MS is one of the most common neurological disorders. Physical disabilities together with 
cognitive problems and the early onset of MS can have a high impact on the quality of life 
and life expectancy (reduction of 5-10 years). The disease can lead to the inability to work, 
a permanent requirement of daily help and/ or wheelchair dependency as well as social 
isolation due to fatigue and incapacity to maintain active social relationships. Each of 
these factors, as well as a combination of them, affects the personal life of the patient and 
their immediate surroundings by reducing the patient’s quality of life. Furthermore, the 
inability to work as well as extended and expensive health care treatment also affects the 
economy [3, 4]. Therefore, further investigation in the causes, as well as treatment of MS, 
is highly desired to reduce its impact on patients and society. 
 
1.1 Etiology and demographics 
 
The precise etiology of MS remains largely elusive, despite tremendous research efforts. 
Nowadays it is commonly accepted that MS arises from a combination of environmental 
factors on the background of genetic predisposition. The observed geographical 
distribution of MS is possibly caused by the distribution of genetic factors in different 
populations. Depending on the racial background, some populations exhibit a high 
prevalence, such as Caucasians from Scandinavia and Scotland. In contrast, Mongolians, 
Japanese, Chinese, and American Indians show a low disease susceptibility [5]. 
Furthermore, studies with affected parents [6], twins [7], adoptees and half-siblings [6] 
support the notion of MS as a partially hereditary disease. 

In addition to the genetic background, a plethora of environmental factors have 
been studied in association with MS. A correlation of MS susceptibility was found with low 
exposure to sunlight/UV radiation [8]. This might directly be related to Vitamin D, as 
sunlight exposure is the major factor for Vitamin D production and nutritional 
supplementation with the vitamin reduced relapses in MS patients [8]. Furthermore, MS is 
associated with viral infections such as the Epstein Barr virus and other viruses [9, 10]. 
However, the underlying mechanisms linking viral infections and the onset of MS remain 
unclear. 
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1.2 Clinical features and diagnosis 
 
Clinical features of MS are manifold and divided into motor deficits and cognitive 
symptoms, which are further described below, and attributed to the disturbances in the 
stimulus transmission of axons by demyelination. Depending on the disease course, 
symptoms either manifest as sudden attacks or show a steady progression. On this basis, 
four distinct forms of MS are described. Approximately 80 % of the patients initially show 
a disease course known as a relapsing-remitting disease (RRMS). This form is characterized 
by disease symptoms adjourned by their (complete) absence. The frequency between 
symptomatic attacks and the absence of symptoms can be several weeks, but also years 
without any clinical signs of disease are described. About 10-15 % of patients present the 
primary progressive type, which is characterized by slow but continuous worsening of 
symptoms. The rarest initial disease form, progressive relapsing MS, shows continuous 
worsening disease that is broken up by occasional relapses. The fourth and last type of MS 
describes a common secondary disease phase. Most of the RRMS patients enter, after a 
certain disease duration, a disease state that is characterized by continuous disease 
progression. They are therefore described as having entered the secondary progressive 
disease phase, which occurs in approximately 90 % of RRMS patients after a disease 
duration of more than 25 years.  

The most common presenting symptoms of MS are muscular spasms and 
weakness, sensory and visual disturbances and neuropsychological symptoms including 
cognitive impairment. Optic neuritis is also often seen and leads to an impaired vision of 
the patient. The occurrence of symptoms largely depends on the site of MS lesions in the 
brain, which is distinct in each patient. For example, cognitive impairment is caused by 
cerebellar lesions, whereas spinal cord lesions cause muscle weakness and spasms [4]. 
Due to the variety of clinical symptoms, MS diagnosis often depends on the experience of 
the neurologist. Nevertheless, there are specific criteria determined for the diagnosis of 
the disease. MS diagnosis is mostly based on clinical symptoms, which are described in the 
Poser criteria [11]. Criteria for the clinical presentation of the disease include at least two 
clinical attacks and/or lesions as well as dissemination in time [12]. In most cases, this is 
supported by magnetic resonance imaging (MRI) as described in the McDonalds criteria 
[13]. Although more than 96 % of patients show white matter abnormalities in MRI, their 
occurrence needs to be backed up by clinical diagnoses, since the MRI criteria are not 
intended to distinguish MS from other neurologic conditions [14]. Another confirmation of 
MS disease can be gained by the analysis of oligoclonal bands of autoantibodies in the 
cerebrospinal fluid of the MS patients, that indicate neuroinflammation [15]. 
 
1.3 Pathology 
 
The pathological hallmarks of MS are demyelinated focal lesions in the white matter 
central nervous tissue (CNS) of the brain and spinal cord. These MS plaques are 
characterized by a focal accumulation of inflammatory cells, axonal damage, 
neurodegeneration, and glial scar formation. Recent research revealed that MS lesions 
might also be observed in the grey matter brain tissue. In contrast to white matter lesions, 
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their demyelination is associated with a lower level of inflammation caused by activated 
local astrocytes and microglia in the absence of immune cell infiltration [16-19]. 

The inflammatory plaques in the white matter consist mainly of cells infiltrated 
from the blood such as leukocytes, i.e. lymphocytes and monocytes, as well as activated 
local cells such as microglia and oligodendrocytes [20]. The inflammatory cells are found in 
and around areas of demyelination and can be visualized with MRI for the diagnosis of MS. 
They are also important in the neuro-pathological diagnosis of the disease. 
Immunohistochemical analysis on biopsies or post-mortem tissue shows that MS lesions 
display different characteristics depending on their activation status. The distinction in 
pre-active lesions, active lesions, chronic active lesions, and inactive lesions is based on 
the presence of HLA-DR positive cells, i.e. lymphocytes and macrophages, and the level of 
demyelination. Pre-active lesions are characterized by intact myelin sheets with clusters of 
HLA-DR positive cells. Active lesions show a hyper-cellular demyelinated area with an 
evenly distributed massive HLA-DR positive cell infiltration, whereas chronic active lesions 
have a hypo-cellular demyelinated core as the HLA-DR positive cells recede to form a rim 
around the demyelinated area. Inactive plaques are mostly devoid of macrophages but 
demyelinated. As a lesion develops from a chronic active towards an inactive state, 
progressing astrocytic fibrillary gliosis results in a glial scar that fills the demyelinated area. 
Also, remyelination is observed in MS, especially in the earlier disease phases [21]. 
However, the myelin quality and amount does not reach the natural state from before MS 
onset and remains a weak spot for further inflammatory attacks [22].  
 
1.3.1 Cellular CNS infiltration 
 
The blood-brain barrier (BBB) is a physical barrier that specifically protects the CNS from 
toxic substances, pathogens and immune cells from the bloodstream, that might cause 
swelling and therefore cause damage to the brain and spinal cord. In healthy individuals, 
the BBB highly limits the infiltration of immune cells from the blood into the CNS. In MS 
patients however, this barrier is dysfunctional and allows cells to migrate into the CNS 
where they exert damage leading to MS symptoms [23]. This process of cellular infiltration 
is highly regulated and involves many factors such as chemokines and adhesion molecules 
(Figure 1). Inflammation leads to the expression of chemoattractants (chemokines) which 
are secreted on the surface of endothelial cells [24]. This attracts leukocytes from the 
bloodstream and results in simultaneous upregulation of adhesion molecules on the 
attracted leukocytes and also on the endothelial cells of the blood vessel lumen. The initial 
capturing and rolling of leukocytes is mediated by selectins and their counter receptors on 
the endothelial cells [24]. This is followed by leukocyte activation via chemokine signaling 
pathways including the Rho family of GTPases and activation of surface adhesion 
molecules [25]. The next step is subsequent adhesion strengthening via binding of 
integrins, which initiates a firm arrest [26]. Now cells start to crawl along the blood vessel 
lumen, a process that is integrin-mediated and helps the cells to find suitable 
extravasation sites. Once a suitable site is encountered, the cells migrate through the 
endothelial cell layer into the perivascular space, either by paracellular or transcellular 
route, promoted by luminal chemokines. Continuing on their path, the cells progress via 
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the BBB specific glia limitans into the brain parenchyma, a process whose details are not 
fully understood yet, despite the availability of in vitro BBB models. 
 

 
Figure 1: Multistep cascade of leukocytes recruited into the CNS. The extravasation process of leukocytes from 
the blood into the CNS is a multistep process. Capture/rolling: selectins on the leukocytes and endothelial 
surface initiate capture and subsequent rolling in the direction of the blood flow. Chemokines on the lumen 
initiate this capture/rolling and initiate integrin upregulation and a firm binding is established that leads to the 
arrest and adhesion of the leukocytes. Then the search for suitable extravasation sites starts by crawling of the 
cells along the endothelial lumen. Transmigration into the perivascular space can either be paracellular or 
transcellular and is promoted by luminal chemokines. The chemokines also are crucial for further extravasation 
of the cells across the glia limitans into the brain parenchyma. Adapted from Schaefer and Hordijk, Cell-stiffness-
induced mechanosignaling - a key driver of leukocyte transendothelial migration. J Cell Sci, 2015. 128(13): p. 
2221-30. 
 
1.3.2 Cell types in inflammatory MS lesions 
 
The immune cells present in inflammatory MS lesions are depicted in Figure 2 and 
described in more detail in this paragraph. Despite the multitude of cells present in MS 
lesions, the currently accepted hypothesis is that activation of auto-reactive T cells that 
infiltrate the CNS and induce or facilitate a chronic inflammatory response, is the main 
mediator of MS development [4, 27]. It is believed that defects in immune tolerance 
(central and peripheral) permit the existence of self-reactive T cells that are responsible 
for MS induction. 

The other lymphocyte type, B cells, plays a pathogenic role in MS development 
via antibody production in the CNS and is therefore likewise addressed in MS therapies. In 
healthy patients, B cells do not cross the BBB, while in MS patients leukocytes are found in 
the CNS. MS patients show increased levels of antibodies in the cerebrospinal fluid, which 
indicates local antibody production by B cells. This local antibody production is a 
prerequisite for the analysis of oligoclonal bands of autoantibodies in the cerebrospinal 
fluid of MS patients, one of the biomarkers used for MS diagnosis [15]. Furthermore, 
autoantibodies specific for proteins of the myelin sheath are indicators of demyelination 
[28]. Additional to antibody production, B cells can also produce and secrete cytokines 
which may aid or dampen the inflammatory processes via the stimulation of T cells [29-
31]. 
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Figure 2: Cells involved in the pathology of MS. Leukocytes from the bloodstream infiltrate the CNS in MS 
patients. The most prominent inflammatory cell types present in MS lesions are B cells, T cells, macrophages and 
the local microglia of the CNS. The cells are attracted by a multitude of factors including cytokines produced by 
microglia and T cells that lead to further recruitment of immune cells. After extravasation, B cells develop into 
plasma cells and secrete antibodies into the CNS. Monocytes differentiate into macrophages upon entering the 
CNS and further differentiate into macrophage phenotypes (M1, M2). T cells develop into different subsets and 
secrete, together with stimulated microglia, cytokines. Adapted from Hemmer, et al., New concepts in the 
immunopathogenesis of multiple sclerosis. Nat Rev Neurosci, 2002. 3(4): p. 291-301.  
 
Despite the importance of lymphocytes ins MS pathology, one of the biggest cell 
populations found in MS lesions are macrophages. They can be either CNS residential 
microglia or macrophages differentiated from monocytes that had extravasated from the 
bloodstream. Macrophages can play opposing roles in MS: On the one side, they 
contribute to lesion formation, inflammation and axonal damage, on the other side, they 
induce repair mechanisms via secretion of neurotrophic factors, clean up (myelin-)debris 
and produce anti-inflammatory factors [32]. The infiltration of monocytes in the CNS is 
specific for neuroinflammation, but even under healthy conditions, a limited number of 
monocytes enter the CNS and exert a surveillance function [33]. Once in the CNS tissue, 
monocytes differentiate depending on the encountered stimuli in different phenotypes. 
These can be either classically activated macrophages (M1) or alternatively activated 
macrophages (M2) [34]. Generally, M1 macrophages are considered pro-inflammatory 
while M2 macrophages are anti-inflammatory [35]. Unfortunately, the distinction in 
macrophage subsets is based on in vitro studies and in vivo the division is less pronounced 
[36]. Nevertheless, in an MS animal model, M1 macrophages were shown to increase 
disease severity whereas cells of the M2 type improved the disease [37]. In MS patients, 
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however, the difference between the two macrophage subtypes is less clear and most 
cells co-express M1 and M2 markers, indicating an intermediate phenotype [38]. 
 
1.4 Treatment 
 
No treatment is currently known to prevent or cure MS. The current therapeutic strategy 
for MS focuses on dampening the symptoms, postponing and reducing the number of 
relapses and preventing permanent disability acquired through disease progression. This is 
achieved by long-term treatment with immune-modulatory agents that suppresses the 
inflammatory response to reduce lesion formation and consequently disease progression 
and are called disease-modifying treatments (DMTs) [39]. To dampen the symptoms and 
duration of relapses, the most commonly used treatment is immunosuppression with oral 
or intravenous administration of corticosteroids. They inhibit the production of pro-
inflammatory cytokines and are mostly applied in the form of methylprednisolone [14, 
40]. Systemic corticosteroids are the most established and validated first-line treatment 
options to reduce the duration of acute MS relapses. In addition, β-interferons have been 
proven very potent in that regard [41]. Amongst other effects, they lead to 
downregulation of inflammatory cytokines and decreased T cell interaction with the BBB 
[42]. Observed side effects for these immunosuppressing treatments are flu-like 
symptoms injection-site reactions and potentially liver damage caused by elevation of liver 
transaminases and therefore require very close monitoring. Overall, immunosuppression 
increases the risk for common infections and is, therefore, to be handled with care and 
specific precaution. 

In contrast to general immunosuppression, a more specific approach in MS 
treatment is to counteract the number of leukocytes or specific subsets that infiltrate the 
CNS and thereby limit inflammation and subsequent demyelination and axonal damage. 
Although these new(er) therapies often have several modes of actions, they can roughly 
be divided into two main groups according to their mechanism: a) specific 
immunosuppression and b) inhibition of cellular adhesion and CNS infiltration of 
leukocytes. The specific reduction of leukocyte recruitment into the CNS dampens the 
inflammation at the site of interest without the drawbacks of general 
immunosuppression. The whole leukocyte population can be targeted in such a way or, 
more specific, only cell subsets that might infiltrate the CNS. However, also targeted 
therapies that focus on more specific cell subsets, for example only lymphocytes or T cells 
or B cells have been approved. The modes of actions of these therapies result in specific 
immunosuppression including the depletion of cells (e.g. alemtuzumab) [43, 44], inhibition 
of cell proliferation (e.g. mitoxantrone and leflunomide) [45-48] and cell activation (i.e. 
daclizumab) [49, 50], tethering of lymphocytes in the lymph node (e.g. FTY720 and 
fingolimod) [51-53], and the inhibition of pro-inflammatory signaling (i.e. BG-12) [48]. 
These therapies, including dimethyl fumarate and natalizumab, inhibit the cell-cell 
interaction, migration on the BBB and/ or diapedesis across the endothelium [54-58]. 

This short summary of possible therapeutic strategies for MS indicates that DMTs 
have quite diverse modes of actions with a common denominator in reducing 
inflammation and cellular migration into the CNS. Unfortunately, some of these agents 
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show serious adverse effects such as concomitant infections and progressive multifocal 
leukoencephalopathy [59]. Consequently, the search for better MS treatments is still 
ongoing and aims at developing specific, safe and effective therapies with minimal side 
effects. Targeting immune cell inflammation and specific molecules involved in the 
interaction of cells and the BBB might be the direction of choice to prevent the 
destruction of myelin without the adverse side effects of general immunosuppression. 
 
 
2. ANIMAL MODELS FOR MS 
 
MS is a human disease with no naturally occurring equivalent in other species. To 
overcome this drawback for research, numerous artificially induced animal models in 
rodents and non-human primates have been developed over the last century. Despite 
being highly valuable in evaluating therapy options for MS, one nevertheless needs to 
point out that none of these models completely resembles all features of MS. Each model 
resembles specific aspects of the disease such as the inflammatory component or de-
/remyelination but no model reflects the complexity of MS and its diverse disease 
manifestations. Therefore an in vivo model for MS research has to be chosen carefully, 
depending on the focus of interest [60]. 

The available MS animal models can be divided into two groups: a) Induced 
neuroinflammation in the experimental autoimmune encephalomyelitis models and 
b) demyelination induced by toxins or viruses in absence of inflammation. Wide 
knowledge regarding basic mechanisms of de-/remyelination, neuroinflammation, and 
their pathomechanisms are derived from these models and many available MS therapies 
evolved, at least partly from in vivo research. 
 
2.1 Neuroinflammation in experimental autoimmune encephalomyelitis (EAE) 
 
EAE is the most commonly used animal model for inflammation of the CNS and resembles 
the histopathology of MS. Most frequently, rats and mice [61, 62] are used in these 
experiments but EAE models for other rodents and non-human primates have been 
developed similarly [63-65]. The EAE model is a good model to study immune-related 
pathological processes as well as treatment effects [66]. 

To induce EAE, CNS-derived antigenic components [myelin basic protein, myelin 
proteolipid protein, myelin oligodendrocyte protein (MOG) or spinal cord lysates] are 
injected with or without an immune reaction booster, i.e. an adjuvant. The immune 
response induced by the CNS-antigens results in an autoimmune response against the 
myelin sheath in the CNS resulting in BBB loosening, leukocyte infiltration, and 
demyelination. The occurring symptoms are gradual paralysis by neurological deficits 
paired with weight loss. The choice of antigen, adjuvants, application process and possibly 
other essential substances are dependent on the species, the strain and the desired 
aspects of MS to be mimicked. Animals induced with EAE show a gradual incline in motor-
symptoms that are caused by inflammatory infiltrates of the CNS and especially the spinal 
cord, concomitant with demyelination. In addition to the immunization and active 
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immune response approach, a passive model is available: Transfer of myelin autoreactive 
T cells either from an EAE immunized animal or in vitro differentiation/stimulation induces 
EAE in experimental animals. This so-called passive EAE allows to specifically study the role 
of T lymphocytes during EAE. 

The two active EAE animal models used in this thesis are the chronic-relapsing 
EAE model in dark agouti rats and the monophasic acute EAE model in mice of the 
C57BL/6 strain. 

 
2.1.1 Chronic relapsing EAE in dark agouti rats 
 
Chronic relapsing EAE (cr-EAE) in rats of the dark agouti strain resembles RRMS, which is 
the most common form of initial MS diagnosed patients. Mostly, the rats are injected with 
MOG in combination with Freund’s adjuvants [67] and exhibit a disease that starts with 
worsening of symptoms followed by a (complete) remission. This phase is then followed 
by a relapse and therefore mimics the relapsing remitting-course of MS. On a cellular 
level, cr-EAE is mainly mediated by monocytes/macrophages making this model 
predestined for research regarding these cell types [67]. 
 
2.1.2 Monophasic acute EAE in C57BL/6 mice 
 
The most widely used EAE mouse model is in animals of the C57BL/6 strain. The peptide 
MOG35-55 (representing amino acids 35-55 of the MOG protein) is injected in complete 
Freund’s adjuvants complemented with Mycobacterium tuberculosis. Besides, the animals 
receive pertussis toxin to finish disease induction. This immunization scheme results in a 
monophasic disease that is mainly mediated by a predominant T cell component, 
supported by monocytes/macrophages [68]. The main advantage of this experimental 
model is the genetic manipulation of this mouse strain which is relatively easy to achieve 
and therefore the majority of commercially available transgenic and mutant animals are 
either derived from C57BL/6 mice or are back-crossed to this particular mouse strain. 
Unfortunately, no relapses or clinical progression can be studied in this monophasic 
disease model. Thus, it is mainly used to study immune cell infiltration and 
neuroinflammation and potential treatments affecting these. 
 
2.2 Demyelination in the absence of inflammation 
 
The second type of MS animal models is not focused on inflammation but purely on 
demyelination and the underlying pathological processes and can be induced either by 
toxins or viruses. 
 
2.2.1 The cuprizone model: toxin-induced demyelination 
 
Feeding mice with chow supplemented with the copper-chelator cuprizone (bis-
cyclohexanone-oxalyldihydrazone) for several weeks results in CNS demyelination [69, 70]. 
Within 4-6 weeks, complete demyelination is reached and after ablation of a cuprizone-
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supplemented diet, successive remyelination occurs. After prolonged exposure to 
cuprizone (>12 weeks) chronic demyelination without signs of remyelination is achieved. 
The detailed mechanism of cuprizone-induced demyelination is not completely 
understood but it seems that cuprizone leads to oxidative stress and selective toxicity for 
oligodendrocytes [71]. Oligodendrocytes undergo subsequent apoptosis which explains a 
lack in (re-)myelination. Neither a breakdown of the BBB, leukocyte infiltration nor 
primary immune-modulated effects are observed in this model. This model is used for 
detailed studies regarding oligodendrocyte death and simultaneous de- and 
remyelination, as seen in MS patients, can be studied in parallel. 
 
2.2.2 Theiler’s murine encephalomyelitis virus: virus-induced demyelination 
 
Virus-induced demyelination is observed in the Theiler’s murine encephalomyelitis virus 
(TMEV) model in which mice are subjected to picornavirus. This model allows insight into 
progressive neurological disability, resembling the progressive forms of MS, and the origin 
of some behavioral signs in line with demyelination of the murine CNS [72, 73]. 
 
 
3. TISSUE TRANSGLUTAMINASE 
 
3.1. Tissue Transglutaminase and the Transglutaminase family 
 
Tissue Transglutaminase (tTG, TG2) is a multifunctional enzyme that was first described in 
the late 1950s [74, 75]. Upon discovery in guinea pig liver, it was demonstrated to be able 
to catalyze protein-protein cross-linking. Later on, TG2 turned out to be a multifactorial 
enzyme associated with important functions in both physiological and pathological 
conditions. It is part of the family of transglutaminases (TGs), which consists of nine 
structurally and functionally related enzymes in mammals [76]. The members of the TG 
protein family (expect Band 4.2) are best known for their enzymatic cross-linking activity 
but highly differ in their expression patterns. Keratinocyte TG (TG1), epidermal TG (TG3) 
and TG5 are mostly found in keratinocytes and the skin where they are involved in 
epidermal terminal differentiation [77, 78]. Prostate TG (TG4) is involved in semen 
coagulation [76], whereas relatively little is known about TG6 and TG7 [79, 80]. The 
outsider of the family, Band 4.2, lacks the typical enzymatic cross-linking activity and is 
present in red blood cells and regulates cytoskeleton integrity [81, 82]. The blood-derived 
Factor XIIIa is a soluble zymogen involved in blood coagulation and wound closure as well 
as gene expression in alternatively activated macrophages [83, 84]. The family member 
that has been most studied is TG2, which is ubiquitously expressed in many cell types 
under physiological conditions [85]. Both neuroinflammation and degeneration facilitated 
by dysregulated expression and activity of TG2 have been implicated in many 
neurodegenerative diseases such as Alzheimer’s [86], Parkinson’s [87] and Huntington’s 
disease [88, 89] and therefore make it a promising target for neuroinflammatory and 
neurodegenerative research. 
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3.2 TG2: Structure, function, and regulation  
 
Human TG2 is a 78 kDa protein and consists of 686 amino acids. The molecular structure 
of TG2 consists of four domains, which are involved in distinct functions: the N terminal β-
sandwich (binds fibronectin and integrins), the catalytic core (transamidation activity) and 
two C terminal β-barrels of which the latter includes a phospholipase C binding sequence 
[85]. The transamidation function gave TG2 and its family the name and catalyzes cross-
linking of glutamine to lysine residues within or between proteins, resulting in a stable 
isopeptide bond [76]. This means that cross-linked substrates are not only more protease-
resistant, but they also result in altered biological functioning, metabolism and/or 
immunogenicity of the substrates [76]. Moreover, amine incorporation into substrates 
and deamidation are catalyzed by the same enzymatic domain [76, 90]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: TG2’s open and closed conformation. 
Inactive TG2 is present in a GDP bound closed 
conformation, in which the two β barrels bend 
around the core and shield the catalytic triad. 
Calcium-binding induces a large conformational 
change of the two β-barrels towards an elongated 
open conformation that is catalytically active. Adding 
an inhibitory compound, TG2 is kept in the open state 
but is catalytically inactive. The open and closed 
conformations are reversible. Adapted from Pinkas et 
al., Transglutaminase 2 undergoes a large 
conformational change upon activation. PLoS Biol, 
2007. Dec;5(12):e327. 

 
The transamidation activity of TG2 is regulated in the catalytic domain with the catalytic 
triad consisting of cysteine 277, histidine 335 and aspartic acid 358. The transamidation 
activity is regulated by guanosine diphosphate/triphosphate (GDP/GTP) and calcium-
binding (Figure 3) [91]. Calcium-binding of TG2 induces a conformational change towards 
an open, elongated and therefore active conformation that makes the catalytic core 
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accessible (Figure 3) [92]. The calcium concentration needed for transamidation activity 
lays in the supraphysiological range, indicating that TG2 is mostly inactive intracellularly 
and probably requires disturbed calcium homeostasis for activation [93]. Besides, 
extracellular TG2 is inactive due to the redox state of the transamidating site or binding to 
extracellular matrix (ECM) proteins and can be transiently activated upon mechanical 
injury, oxidation or inflammatory stimuli [94-96]. This open active conformation of TG2 
can also be targeted by chemical TG2 activity inhibitors which lock the enzyme in an open 
but inactive conformation. 

Alike some other members of the family, TG2 has various additional enzymatic 
functions, i.e. disulfide isomerase function [97], G protein (GTPase) function during which 
TG2 is better known as Ghα [98, 99] and protein kinase activity [100]. However, these 
functions are not the focus of this thesis since their participation in the processes and 
functions studied in it is mostly unknown. 

As various as TG2’s functions are the reported subcellular locations. Although 
predominantly present in the cytoplasm, TG2 has also been found in the nucleus, 
mitochondria, endoplasmic reticulum and on the cell surface [101-105]. Furthermore, TG2 
can be secreted from the cell into the ECM [76, 106, 107]. TG2 is constitutively expressed 
in endothelial and smooth muscle cells, but many tissues and cell-types show up-regulated 
expression in a cell type-dependent manner by several physiological and pathological 
stimuli including astrocytes, fibroblasts, lymphocytes, and monocytes/ macrophages. 
Increased TG2 expression and transamidation activity are often observed under 
inflammatory conditions in which cytokines, retinoids and growth factors, released by 
injured or activated cells, regulate TG2 expression and activity and this function [108]. Due 
to the manifold functions that TG2 can exert, its expression needs to be tightly regulated. 
The regulation occurs mainly at the transcriptional level and is mediated by the presence 
of several transcription factor-binding sites located in the promoter-region of the TGM2 
gene, including NFκB [109, 110] and TGF-β responsive elements [111]. Although some 
evidence exists that anti-inflammatory mediators can induce TG2 expression, the majority 
of TG2 stimulation in various cell types during inflammation is caused by pro-inflammatory 
mediators [112-117]. However, the exact mechanisms behind TG2 regulation as well as 
the role of TG2 in the different cell types are still not fully understood. Furthermore, the 
discrepancy of some published results as well as contradicting results in different cell 
types indicate that the regulation and function of TG2 expression are cell type and time 
point dependent and therefore general conclusions remain unclear. 
 
3.3 TG2 function in cellular adhesion and migration 
 
TG2 participates in cell adhesion and extravasation, processes crucial for inflammatory 
cells to reach sites of inflammation [118-120]. In MS, these cellular processes provide 
specific and valuable targets for new treatment options to fight the disease and therefore 
make TG2 an interesting study object in this context. TG2 on the cell surface is complexed 
with integrins, i.e. β1/β3/β5-integrins and bridges the intracellular cytoskeleton with 
fibronectin in the ECM and thus facilitates adhesion of cells [119, 121, 122]. Reduction of 
TG2 expression by TG2 knock-down or inhibition of TG2-fibronectin-binding by function-
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blocking antibodies strongly reduced the cellular adhesion and migration capacities of 
macrophages [119]. Additionally, cell surface TG2-integrin complexed in specialized 
adhesive structures on macrophages, so-called podosomes, point towards a strong link 
between TG2-integrin complexes and adhesion and extravasation of cells [123, 124]. 
Interestingly, the interaction between TG2 and β-integrins does not require 
transamidation activity to increase adhesion, spreading and cell motility [76, 122, 125-
128]. In addition to its involvement in direct adhesion of cells, TG2 is also involved in 
assembly, re-modeling, and stabilization of the ECM via crosslinking of several ECM 
substrates [80, 106]. ECM stabilization by TG2-mediated transamidation increases the 
rigidity of the ECM, potentially resulting in increased cell adhesion to the ECM [129, 130]. 

The above described contribution of TG2 to adhesion and migration is mediated 
by cell surface and/or extracellular TG2 [131]. However, also intracellular TG2 might have 
an effect by stabilizing and/or reorganizing the actin cytoskeleton [132-135]. Migration 
and especially diapedesis of cells through the blood vessel endothelium require high 
motility of the actin cytoskeleton to change the shape of the cell in an efficient and fast 
manner. This reorganization of the cytoskeletal structure and re-arrangement is mediated 
by focal adhesion kinase and Rho-associated protein kinase [134, 136]. Both of these are 
stimulated by TG2 induced clustering of cell surface integrins, which leads to higher 
initiation of cell adhesion and cytoskeletal flexibility [135]. Furthermore, TG2 can induce 
expression and activation of matrix metalloproteinases (MMPs) that are involved in 
adhesion and migration processes [127, 137-139]. Although this has not been shown yet in 
monocytes or macrophages, increased stimulation of MMPs might further promote their 
cellular migration and especially facilitate diapedesis by loosening up tissue structures 
[137, 139]. 
 
3.4 TG2 inhibition  
 
Although TG2 is involved in a variety of cell functions and is observed in many cellular 
locations, the enzyme is generally catalytically silent under physiological conditions. Under 
pathological conditions, however, TG2 activity has been associated with a wide range of 
conditions including inflammatory [140], autoimmune [141] and neurodegenerative [142, 
143] diseases and certain types of cancer [144, 145]. In some of these pathologies, TG2 
transamidation activity has been proposed and studied as a possible druggable target to 
counteract the pathological events. As described above, the cross-linking activity is highly 
regulated under physiologic conditions and TG2 remains predominantly in its inactive 
conformation. Yet, under pathological conditions not only the expression is increased but 
also TG2 adapts the active open state conformation. This suggests that targeting TG2 
activity will not interfere with its various functions in physiology. Indeed, the complete 
absence of TG2 in TG2-knockout mice first did not result in a specific phenotype, although 
later studies revealed reduced apoptosis and signs of autoimmunity due to insufficient 
efferocytosis with increasing age [146]. The fact that in healthy mice the absence of TG2 
results in no apparent changes suggests that dysregulated TG2 in disease provides an 
interesting druggable target with limited effects on physiology.  
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TG2 inhibitors can be divided into several classes according to their structure 
and/or inhibitory mechanism. The earliest investigated inhibitors are reversible inhibitors 
that are often alternative substrates such as primary amines [147]. They compete with the 
natural enzyme substrates and therefore reduce the enzymatic activity for natural 
substrates. However, they completely lack specificity. The second group of reversible 
inhibitors is specifically designed to inhibit the binding of native substrates to the enzyme 
while not being substrates of TG2, and thus do not participate in the enzymatic reaction. 
Although in some cases reversible inhibition might be desired, the bigger potential is 
believed to lay in irreversible inhibition. The design of this class of inhibitors has led to 
compounds with a higher selectivity for the TG2 enzyme over other transglutaminases, 
higher potency and permanent inhibition with long-term effects. These inhibitors are 
usually either peptide-based or small molecules. 

Although tremendous efforts have been made to develop and study the 
described TG2 inhibitors, the majority of our knowledge on these inhibitors is based on 
cell-free assays with limited data from in vitro assays. Unfortunately, in vivo data is even 
more scarce and mostly only available for the ‘older’ and less specific (i.e. interaction with 
other transglutaminases) TG2 inhibitors. 

So far, beneficial effects of in vivo pharmacological inhibition of TG2’s 
transamidating activity with cysteamine have been observed in experimental models for 
neurodegenerative diseases and fibrosis. The competitive reversible TG2 inhibitor 
cysteamine and its oxidized form cystamine are effective in inhibiting TG2 activity in vivo. 
Cyst(e)amine was reported to be effective in murine models of Parkinson’s and 
Huntington’s disease where it extended survival and improved neuropathological 
symptoms through reduced neuronal loss [148-150]. However, the pleiotropic effects on 
all transglutaminases and possible additional off-target effects make it difficult to narrow 
down the source of its beneficial outcome. Conversely, further evidence indicated that 
some of the observed effects of TG2 inhibition by cyst(e)amine cannot be confirmed in 
TG2 knockout mice and might be independent of TG2 activity inhibition [151]. 

Apart from reversible TG2 inhibitors, irreversible TG2 inhibitors have also been 
tested in vivo. One category of these are dihydroisoxasole derivatives like KCC and 
ERW1041E. They effectively reduced the size of implanted glioblastoma, extended survival 
in a glioblastoma mouse model and were also effective in celiac disease (reduce intestinal 
TG2 activity) and a pulmonary hypertension model (reduced hypertrophy of the heart) 
[152-154]. Problematic is the low potency and cross-reactivity with other 
transglutaminases that these inhibitors show (TG1, TG3, FXIII)[152]. Another group of 
irreversible TG2 inhibitors has successfully been applied in (renal) fibrosis animal models 
where they reduced transglutaminase activity, ECM crosslinking and scarring [155, 156]. 
Recently, the new irreversible inhibitor ZED1227 was the first irreversible TG2 inhibitor to 
enter clinical trials (press release, 2018, www.Zedira.com). It proved to have sufficient 
safety and tolerability to be further investigated in a phase 2a clinical trial as a treatment 
of celiac disease. 

All the above-mentioned compounds target TG2 transamidating activity. Another 
approach is to target the interaction of TG2 with its specific substrates. One example of 
such an approach is the small TG53 molecule which disrupts the binding of TG2 to 
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fibronectin and inhibits cell adhesion to fibronectin in vitro [157]. Despite the lack of in 
vivo availability of such data, this is an interesting start to develop TG2 inhibitors that 
specifically block the interaction of TG2 with one of its binding partners. In addition to 
peptidergic and small molecule inhibitors, another relatively new approach is the use of 
inhibitory antibodies either to inhibit enzymatic activity or interaction with other TG2 
binding partners. Successfully applied in vitro, they still need to demonstrate their 
effectivity in vivo [158]. 

Although there are many publications on the use of TG2 inhibitors in cell-free and 
cell/tissue-based assays, there is a gap in our knowledge on their kinetic properties and 
selectivity in vivo. This lack of knowledge hampers the transition of the compounds into 
animal models of different diseases, and thus proof of concept that these TG2 inhibitors 
are feasible therapeutic agents remains to be demonstrated. 
 
 
4. AIMS AND OUTLINE OF THE THESIS 
 
MS is pathologically characterized by inflammation, demyelination and axonal damage 
within the CNS. Functional disturbances of the blood-brain barrier facilitate an influx of 
leukocytes from the bloodstream into the CNS. These cells, together with local glial cells, 
cause inflammation and the typical demyelinating MS lesions that are responsible for 
serious disabling symptoms in MS patients. As one of the most common 
neuroinflammatory disorders that affect mainly young adults, specific and tailored 
pharmacological treatments for MS are highly sought after. MS therapy traditionally 
includes general anti-inflammatory treatment to dampen the inflammatory response. 
Recently, more dedicated treatments for MS have been developed, many of them 
focusing on the inhibition of adhesion and migration of leukocytes, e.g. T cells and thereby 
preventing their infiltration into the CNS  

As described in detail in this introductory chapter, TG2 is a well-studied enzyme 
that is ubiquitously expressed and involved in many disease pathologies. Inflammatory 
mediators are known to increase TG2 expression and its enzymatic transamidation 
activity. The increased presence and activity of TG2 during inflammation in vivo can 
contribute to many fundamental processes, including cell adhesion and migration, ECM 
deposition, cytoskeletal rearrangement, cell differentiation, apoptosis and phagocytic 
processes such as efferocytosis. The potential involvement of TG2 in at least some of 
these processes makes it an interesting protein to study in the context of MS pathology. 
Also, TG2 may be considered a novel pharmacological target to counteract inflammatory 
processes contributing to MS. 

 
Therefore, the aims of the studies described in this thesis were to 
  

1) identify the presence of TG2 and the cell types expressing  
it in post-mortem material of MS patients and of relevant MS animal models, i.e. 
experimental autoimmune encephalomyelitis (EAE) in rats and mice. 
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2) determine the contribution of TG2 to EAE symptoms and pathology and its 
potential as a druggable target. 
 

The first aim is addressed in chapters 2, 3 and 4. At first, we studied whether TG2 was 
present in post-mortem brain tissue from MS patients in a pattern distinct from that of 
healthy control subjects (chapter 2). As MHC-II positive cells showed TG2 expression in 
white matter MS lesions, we followed this up with a more extensive characterization of 
TG2 expressing cells present in inflammatory active white matter MS lesions (chapter 3). 
In addition, the presence of TG2 in infiltrating leukocytes (i.e. monocytes), was identified 
in the MS models chronic-relapsing EAE in dark agouti rats (chapter 2) and monophasic 
EAE in C57BL/6 mice (chapter 4). Furthermore, in chapter 4, the behavior of crawling 
monocytes and their interaction with the spinal cord endothelium was studied in vivo in 
EAE mice. To this end, we visualized fluorescent monocytes in transgenic CX3CR1gfp/gfp 
mice with 2-photon microscopy at various time-points during EAE disease and analyzed 
their behavior and movement patterns. 

The second aim of this thesis, the contribution of TG2 to EAE symptoms and 
pathology and its potential as a druggable target, is the focus of chapters 2 and 5. The 
functional role of TG2 in rat chronic-relapsing EAE and mouse monophasic EAE was 
investigated using a pharmacological approach with a TG2 activity inhibitor known as 
KCC009 and TG2 knock-out animals, respectively. The consequences of these 
interventions on motor symptoms and spinal cord pathology was assessed. Furthermore, 
using an in vitro blood-brain-barrier model, the role of TG2 in adhesion onto and migration 
of rat monocytes over endothelial cells was elucidated further (chapter 2). Also, novel TG2 
inhibitors that have recently entered the research field were the subject of research in 
chapter 5. Two small molecule TG2 activity inhibitors, BJJF078 and ERW1041E, were first 
characterized in vitro on their selectivity and potency. Subsequently, their effect on the 
clinical and pathological outcomes of the monophasic EAE model in C57BL/6 mice was 
evaluated. 

Finally, in chapter 6, the results described in the other chapters of this thesis are 
summarized and discussed in a broader perspective and suggestions for further research 
are provided 
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