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1. Multiple sclerosis

1.1 Clinical features

Multiple sclerosis (MS) is a chronic neuroinflammatory, demyelinating disease (Noseworthy, 
1999; Noseworthy et al., 2000) affecting mostly young adults (Weinshenker et al., 1989). 
Symptoms include e.g. cognitive problems (Engel et al., 2007; Zhang et al., 2016), vision 
loss (Jasse et al., 2013; Costello, 2016), sensory, balance and walking impairments (Cameron 
and Wagner, 2011; Gorgas et al., 2015). In approximately 85% of the patients, MS begins 
with a course of recurrent and reversible neurological deficits. This stage of the disease is 
termed relapsing-remitting MS (RRMS). Relapses usually last a few months and patients 
regain neurological function (Liu and Blumhardt, 1999). After 8–20 years, the majority of 
RRMS patients enter a second disease phase characterized by continuous, irreversible 
neurological decline not associated with relapses. This second disease phase is known as 
secondary progressive state of MS (SPMS) (Hawker, 2011). Fifteen percent of MS patients 
have a primary progressive disease course (PPMS). Relapses are rare or nonexistent in 
PPMS and patients experience a gradual decline in functioning (Trapp and Nave, 2008). 
Substantial discoveries have been made regarding MS therapeutics, pathogenesis and 
genetics. Yet, there is no cure and no recognized definite cause, be it genetic, microbial or 
environmental (Høglund and Maghazachi, 2014).

1.2 Neuropathology

The neuropathology of MS is complex and many different cells play a role during 
the formation of MS lesions (see Figure 1). The blood-brain barrier (BBB) is a complex 
organization of cerebral endothelial cells, pericytes and their basal lamina, which are 
surrounded and supported by astrocytes and perivascular macrophages (Abbott et al., 
2006). Disfuntion of the BBB and transendothelial migration of activated leukocytes are 
early and typical cerebrovascular phenomena seen in (experimental) MS (Floris et al., 
2004; Vos et al., 2005) and parallel the release of inflammatory cytokines and chemokines 
(Ricci et al., 2009; Losy, 2013; Ortiz et al., 2014). MS lesions are categorized according to 
the stage of the demyelinating activity and the presence of immune cells (Brück et al., 
1995a; Frohman et al., 2006; Kuhlmann et al., 2017; Luchetti et al., 2018). Acute active 
demyelinating lesions contain myelin-laden reactive macrophages and demyelination 
is ongoing, whereas chronic active demyelinating lesions show myelin-phagocytosing 
macrophages at the lesion edge around a demyelinated centre (Bramow et al., 2010). 
Chronic inactive lesions do not show any evidence of ongoing demyelination and 
inflammation, but just a demyelinated lesion area (Kotter et al., 2011). MS has traditionally 
been regarded as a white matter disease (Charcot, 1868), but numerous studies have 
demonstrated substantial demyelination in grey matter, e.g. in the cortex and thalamus, 
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which plays a major role in the progression of (cognitive) disability (Brownell and Hughes, 
1962; Bø et al., 2003b; Geurts et al., 2009; Politis et al., 2012; Schoonheim et al., 2015; 
Tewarie et al., 2015). Grey matter lesions in post-mortem material show a relative absence 
of infiltrated immune cells (Bø et al., 2003a). One possible explanation is the difference 
observed in expression of chemo-attractant molecules in grey matter lesions compared 
to lesions in the white matter (Prins et al., 2014a). Alternatively, inflammation in grey 
matter occurs in an early stage of the disease (Lucchinetti et al., 2011) and resolves there 
after and therefore appears absent at the actual time of tissue samples being obtained 
post-mortem.

Figure 1: The neuropathology of MS is complex. Many cell types contribute to the formation of MS 
lesions. Astrocytes and microglia become activated and active inflammation is ongoing with monocytes 
and lymphocytes that cross the blood-brain barrier. Axonal demyelination and neuronal energy failure, 
glutamate excitoxicity, cell swelling, pH and ionic imbalance and loss of neuronal connectivity also occur. 
Adapted from (Moccia and Ciccarelli, 2017).

1.2.1  Neuroinflammation
The BBB normally prevents entry of circulating immune cells and molecules into the 
central nervous system (CNS). In neuroinflammatory diseases, such as MS, however, a 
massive cellular migration across the BBB is apparent. Entry of leukocytes (lymphocytes 
and monocytes) across the BBB occurs in a multistep process that consists of rolling across 
vascular endothelium, arrest and initial adhesion to endothelium, strong adhesion and 
finally transmigration of leukocytes across the endothelial monolayer as well as invasion 
into underlaying tissue. Various subtypes of infiltrated T-lymphocytes, e.g. CD8+ and CD4+, 
play different roles with regard to the final pathological outcome in MS. CD8+ cytotoxic 
T-lymphocytes are major constituents of inflamed plaques and play a key role in axonal 
transection and oligodendrocyte death (Ruan and Johnson, 2007). CD4+ T-lymphocytes 
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have divergent roles as T helper (Th) cells which depends on their differentiation into 
either a pro-inflammatory (Th1) or anti-inflammatory (Th2) phenotype (Abbas A et al., 
1996; Murphy and Reiner, 2002; Mallucci et al., 2015). Th1 cells are involved in macrophage 
and/or phagocyte activation and tissue damage, whereas Th2 cells play a role in activation 
of B-cells, downregulation of macrophage inflammatory function and protection against 
T-cell-mediated tissue damage (Romagnani, 1997; Shresta et al., 1998; Trapani et al., 2000; 
Dong and Benveniste, 2001; Neumann et al., 2002). B-lymphocytes also play a role in the 
pathogenesis of MS, not only as antibody-producing cells (Meinl et al., 2006) but also by 
priming and regulating T cells (Probstel et al., 2015). Monocytes that infiltrate the CNS 
contribute to axonal loss in MS together with reactive resident microglia by producing 
pro-inflammatory cytokines (Tan et al., 1999; He et al., 2002; Pasquini et al., 2007) together 
with other factors such as reactive oxygen species, and proteolytic/lipolytic enzymes 
(Greter et al., 2005; Heppner et al., 2005; McMahon et al., 2005). Pro-inflammatory 
cytokines induce the release of chemokines, expression of adhesion molecules and can 
be factors damaging both myelin sheath and axons (Losy, 2013). Tumor necrosis factor 
(TNF)-α together with interleukin (IL)-1β and IL-6, released by microglia and astrocytes 
are known key mediators of local inflammatory responses in the CNS (Tuttolomondo et 
al., 2008). The release of these cytokines by astrocytes in proximity to the BBB leads to an 
increased BBB permeability (Schwaninger et al., 1999; Didier et al., 2003; Kim et al., 2006). 
Astrocytes are also able to tighten the BBB through transforming growth factor (TGF)-β 
secretion (Abbott et al., 2006). Various cell types can therefore have multiple functions 
through different cytokines during neuroinflammation. 

1.2.2  Astrogliosis
Over the past decades it has become clear that astrocytes are essential for brain 
homeostasis and neuronal function (Farina et al., 2007) and are responsible for a wide 
variety of complex and essential functions in the healthy CNS, including primary roles in 
synaptic transmission and information processing by neural circuit functions (Sofroniew 
and Vinters, 2010). Astrocytes affect neuronal function by the release of neurotrophic 
factors, guide neuronal development, contribute to the metabolism of neurotransmitters, 
and regulate extracellular pH levels (Dong and Benveniste, 2001). Astrocytes are also 
dynamic cells capable of communicating with neurons and other glial cells. Their 
processes extend to neuronal synapses, nodes of Ranvier, and to the BBB, and they are 
interconnected to each other via gap junctions, and to oligodendrocytes via heterotypic 
gap junctions (Venance et al., 1995; Rash et al., 2001). 
Under pathological conditions astrocytes show a graded cellular activation referred to as 
reactive astrogliosis (Little and O’Callaghan, 2001; Faulkner et al., 2004; Pekny and Nilsson, 
2005; Liddelow and Barres, 2017; Liddelow et al., 2017). Astrogliosis is characterized 
by hypertrophy, up-regulation of glial fibrillary acidic protein (GFAP) and vimentin, 
and re-expression of nestin. Astrocytes proliferate and eventually can form scars that 



General introduction

1

11|

consist of a dense structure of hypertrophic cells (Williams et al., 2007). This activation is 
accompanied by pronounced changes in gene expression of adhesion molecules, antigen 
presentation molecules, cytokines, growth factors, receptors, enzymes, and protease 
inhibitors (Eddleston and Mucke, 1993; Ridet et al., 1997). During astrogliosis, astrocytes 
can produce both pro-and anti-inflammatory cytokines and chemokines, and increase 
the production of extracellular matrix (ECM) proteins (Meeuwsen et al., 2003; Smith and 
Strunz, 2005; Ransohoff and Brown, 2012; Wiese et al., 2012). Severe astrogliosis can result 
in astroglial scarring, which may be beneficial because it seals off the site of pathology 
(Williams et al., 2007; Sofroniew and Vinters, 2010). However, the astroglial scar also forms 
an obstacle to both axonal outgrowth and (re)myelination in MS brain lesions (Fawcett 
and Asher, 1999; Silver and Miller, 2004) (see Figure 2). This is assumed to be an important 
cause for the incomplete remyelination in the CNS of early stage MS patients and for the 
failure of remyelination when the disease progresses (Hanafy and Sloane, 2011; Kotter et 
al., 2011). Astrocytes in fact are believed to have a dual role in supporting degeneration 
and demyelination, by promoting inflammation, damage of oligodendrocytes and axons, 
and glial scarring, but also in establishing a permissive environment for remyelination 
by their action on oligodendrocyte progenitor cell (OPC) migration, oligodendrocyte 
proliferation, and differentiation (Williams et al., 2007). 

Figure 2: Astrogliosis. Severe astrogliosis can result in astroglial scarring. This can be beneficial because 
it seals off the site of CNS damage active MS inflammation. However, the astroglial scar also forms a barrier 
to axonal outgrowth and (re)myelination in MS brain lesions. Adapted from (Sofroniew, 2009).

1.2.3  De- and re-myelination
Oligodendrocytes contain multiple processes that contact, wrap and compact around 
axons (Bauer et al., 2009b). The loss of myelin during demyelination is associated with 
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disruption of conduction along the affected axons, resulting in delayed or disrupted signal 
transduction. This disruption is an important cause of the clinical features of MS (Felts 
et al., 1997; Humm et al., 2003). Experimental demyelination studies show that myelin 
regeneration in the adult CNS is mainly mediated by a multipotent parenchymal CNS 
stem/precursor cell population traditionally referred to as OPCs. After a demyelinating 
event, OPCs are promptly amplified in areas of demyelination where they subsequently 
differentiate into myelinating oligodendrocytes (Franklin and ffrench-Constant, 2008). 
CNS remyelination proceeds in distinct stages (Franklin, 2002). The first stage consists of 
the recruitment of OPCs into demyelinated areas, the second stage of the differentiation 
of OPCs into myelinating oligodendrocytes. OPC differentiation entails making processes, 
contacting axons and forming new myelin sheaths (Kotter et al., 2011). OPCs exit the 
cell cycle during the start of differentiation and form a complex network of branched 
processes, while expressing the surface marker galactosylceramide (GalC) together with 
the enyme 2’3’-cyclic nucleotide 3’-phosphohydrolase (CNP). After establishing contact 
with the demyelinated axon, processes form a sheet that spirals around the naked axon. 
When axonal contact is established, apoptosis is prevented and differentiation into 
myelin-forming oligodendrocytes continues (Zeller et al., 1985; Monge et al., 1986; Levine 
et al., 2001). This phase is characterized by the sequential expression of myelin proteins, in 
particular myelin assosciated glycoprotein (MAG), myelin basic protein (MBP), proteolipid 
protein (PLP), and myelin oligodendrocyte protein (MOG) (Pfeiffer et al., 1993; Lopez Juarez 
et al., 2016). Remyelination can take place as a highly effective spontaneous regenerative 
process after demyelination. Nevertheless, for reasons that have not been fully discerned, 
this process is often incomplete or fails in progressive stages of MS. Pathology studies 
have revealed that chronically demyelinated lesions in MS often, i.e. in approximately 70% 
of the cases, fail to repair because of a failure of differentiation of the progenitor cells 
responsible for remyelination rather than a failure in their recruitment (Lucchinetti et al., 
1999; Chang et al., 2002; Kuhlmann et al., 2008) 

1.2.4  Extracellular matrix 
The ECM of the CNS provides physical support for neurons and glial cells and regulates 
ionic and nutritional homeostasis (Bandtlow et al., 2000; Yamaguchi, 2000). The molecular 
composition of the ECM in the CNS is implicated in growth and regeneration of nerve 
fibers, but also in programmed cell death of neurons. The ECM of the CNS mainly consists 
of aggregates and polymers of macromolecules, specifically glycosaminoglycans (GAGs), 
bound to proteins forming proteoglycans (PGs), or unbound as hyaluronan (Ruoslahti, 
1996; van Horssen et al., 2007). In contrast to chondroitin sulfate proteoglycans and 
dermatan sulfate proteoglycans, ECM constituents like fibronectin and laminins pre-
dominantly reside in basement membranes (BMs) that surround the cerebrovasculature 
and are normally rarely found in the brain parenchyma (Colognato and Yurchenco, 2000; 
van Horssen et al., 2006). During astrogliosis, as found in MS lesions, however, the ECM is 
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extensively modified, which is reflected by an enhanced production of ECM proteins by 
astrocytes (Gutowski et al., 1999; Silver and Miller, 2004; Back et al., 2005; van Horssen et 
al., 2005, 2007). ECM proteins like fibronectin and laminin are not only more present (Liesi 
et al., 1984, 1986; Price and Hynes, 1985; van der Laan et al., 1997), they are also deposited 
in the parenchyma (van Horssen et al., 2007) and form aggregates in MS lesions (Stoffels 
et al., 2013a). Fibronectin is an ECM glycoprotein dimer implicated in cellular interaction 
by binding to different components of the ECM and to membrane-bound fibronectin 
receptors on cell surfaces. Fibronectin also exists as a soluble disulfide linked dimer found 
in blood plasma (Stenman and Vaheri, 1978; Tamkun and Hynes, 1983; van Horssen et 
al., 2007). Laminins are a family of glycoproteins essential for the structural scaffolding 
of basement membranes in almost every animal tissue. Each laminin is a heterotrimer 
assembled from alpha, beta, and gamma chain subunits, secreted and incorporated into 
cell-associated extracellular matrices. Laminins can self-assemble, bind to other matrix 
macromolecules, and interact with cells by integrins, dystroglycan, and other receptors. 
Through these interactions, laminins contribute to cell differentiation, cell shape and 
movement, maintenance of tissue phenotypes, and stimulation of tissue survival 
(Colognato and Yurchenco, 2000). Fibronectin is able to inhibit the differentiation of OPCs 
and thus remyelination (Buttery and Ffrench-Constant, 1999; Maier et al., 2005; Sisková 
et al., 2006; van Horssen et al., 2007), whereas laminin provides oligodendrocytes with 
signals for both survival (Frost et al., 1999; Colognato et al., 2002; Baron et al., 2003) and 
myelination (Buttery and Ffrench-Constant, 1999; Relvas et al., 2001; Sisková et al., 2006). 

1.3.  Experimental models of MS

Although MS is a uniquely human disease, many pathological features can be induced 
and examined in experimental animal models. In our studies we employed different 
animal and in vitro models, each mimicking different aspects of MS pathology. 

1.3.1 The cuprizone animal model
The compound cuprizone that is given orally to mice results in varying degrees of 
oligodendroglial damage and demyelination in the CNS (Skripuletz et al., 2011; van Strien 
et al., 2011a). It is not known why cuprizone leads to cell death only in oligodendrocytes, 
but cuprizone is a copper chelator, which in turn leads to inhibition of copper-
dependent mitochondrial enzymatic activity (Venturini, 1973; Matsushima and Morell, 
2001). A disturbance in energy metabolism could therefore possibly lead to apoptosis 
in oligodendrocytes, which causes demyelination (Torkildsen et al., 2008). Cuprizone 
ingestion induces a highly reproducible demyelination of distinct brain regions, such as 
the corpus callosum which represents the most investigated white matter tract in this 
animal model (Stidworthy et al., 2003; Komoly, 2005; Skripuletz et al., 2011; Zendedel et 
al., 2013). After 5–6 weeks of cuprizone treatment, the corpus callosum is nearly entirely 
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demyelinated, which is known as ‘acute demyelination’. After this acute demyelination 
spontaneous remyelination takes place during subsequent weeks when mice are 
given normal chow. However, remyelination is scarce when cuprizone administration 
is prolonged (12 weeks or longer), a process called ‘chronic demyelination’. During late 
stages of acute demyelination, spontaneous remyelination takes place partially but is 
unsuccessful under a continued cuprizone treatment (Tansey et al., 1996; Armstrong, 
2008; Harsan et al., 2008; Torkildsen et al., 2008; Kipp et al., 2009). The cuprizone model 
allows to analyse molecular mechanisms of de-and remyelination with the interference of 
the peripheral immune system (Berghoff et al., 2017), although it has also been reported 
that breakdown of the BBB is absent in this model (Gudi et al., 2014). Demyelination in this 
model is accompanied by a strong astrogliosis and microgliosis, as seen in MS patients. 
(Bakker and Ludwin, 1987; McMahon et al., 2001; Holley et al., 2003; Skripuletz et al., 2011; 
Hibbits et al., 2012).

1.3.2  The experimental autoimmune encephalomyelitis (EAE) animal model 
Experimental autoimmune encephalomyelitis (EAE) is an animal model mimicking several 
pathological features of MS (Hohlfeld and Wekerle, 2004; Gold et al., 2006; Haanstra et al., 
2013b). EAE was first induced by Thomas Rivers at the Rockefeller Institute in 1933 with 
the repeated injection of rabbit brain and spinal cord extracts into primates, which led an 
autoimmune, at times demyelinating, disease (Rivers et al., 1933). After the first induction 
of EAE, many different species were used in EAE research that studied autoimmune-
mediated inflammation of the CNS. Active immunization with CNS tissue, isolated myelin 
or recombinant MBP with the addition of heat-inactivated mycobacteria tuberculosis to 
the adjuvant (complete Freund’s adjuvant, CFA) was found to enhance the response to the 
CNS-derived antigens and result in a high incidence of disease with a reproducible clinical 
course. The first signs of disease in EAE models that are generally monitored, i.e. motor 
impairment, are generally observed within 9–12 days of induction; however, subsequent 
disease activity is dependent on the species under investigation and the CNS-derived 
antigens that are used to induce EAE (Gold et al., 2006). 
The most thoroughly investigated EAE models are those induced in inbred strains of 
mice and rats that are mainly immunized with myelin-derived proteins or peptides 
in adjuvant (’t Hart and Massacesi, 2009). In the SJL (H-2s) mouse, for example, EAE is 
actively induced by immunization with CNS homogenate, PLP, MBP, or encephalitogenic 
epitopes of PLP (PLP139–151, PLP178–191), MOG (MOG92–106), or MBP (MBP84–104) in an emulsion 
with CFA. In SJL mice the disease is characterized by a relapsing-remitting course of 
paralysis. MOG35–55 is a potent encephalitogen in C57BL/6 (H-2b) mice, which induces a 
disease with a chronic progressive disease course. EAE can be induced in other mouse 
strains, e.g., PL/J and B10.PL (H-2u), but is normally acute and animals recover (Robinson 
et al., 2014). This is also seen in rats, where EAE is an acute paralytic disease from which 
most animals spontaneously recover. It can be induced in susceptible inbred Lewis and 
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DA rats with MBP, or encephalitogenic MBP peptides in CFA (Swanborg, 2001). Acute EAE 
models where animals recover spontaneously however have limited experimental value 
in the examination of pathological processes during the relapsing-remitting or chronic 
progressive disease courses that are commonly seen in MS. Therefore, besides the acute 
monophasic EAE variant also relapsing–remitting and chronic progressive EAE alternatives 
were established in a variety of rodents and monkeys (Raine et al., 1980; Mendel et al., 
1995; Kornek et al., 2000; Pomeroy et al., 2005; Gold et al., 2006; Constantinescu et al., 
2011)
Current EAE models are primarily based on inflammation, induced by auto-reactive CD4+ 
T-cells, and display important aspects of MS (’t Hart et al., 2011; Höftberger et al., 2015; 
Lassmann and Bradl, 2017). EAE is useful to study certain pathological features of MS such 
as inflammation, demyelination and axonal damage (Nikić et al., 2011; Kipp et al., 2016). 
Axonal damage in rodent EAE is usually marginal but extensive in some strains (e.g. B6 
mice) (’t Hart and Massacesi, 2009). Although rodent EAE models have been important 
for the unraveling of pathogenic mechanisms of MS, their validity as a model for therapy 
development has been controversial (Sriram and Steiner, 2005; Steinman and Zamvil, 
2006). Indeed, there is an extensive list of treatments that were found to be effective in 
rodent EAE models but then failed or even showed damaging effects when tested in MS 
patients (Wiend and Hohlfeld, 2002; Hohlfeld and Wekerle, 2004; ’t Hart and Massacesi, 
2009). EAE induced in primates, such as the marmoset (’t Hart et al., 2011), provides a 
disease model of MS in a species that is phylogenetically closer to man than rodents. Also, 
the incidence and clinical course of disease is more variable in this outbred species than 
in inbred rodents (Gold et al., 2006). EAE in marmosets, moreover, mimics relevant clinical 
symptoms and relevant inflammatory, glial, and demyelinating white and grey matter 
pathology associated with relapsing-remitting MS (Korn, 2008; ’t Hart and Massacesi, 
2009) which is uncommon in rodent models for MS (Gold et al., 2006; Mix et al., 2010). 

1.3.3  In vitro models of myelination
In vitro cell culture systemsprovide the possibility to perform a detailed morphological 
analysis and the opportunity to manipulate the myelination process.
Spinal cord myelinating Cultures from embryonic rat spinal cord consist of well-myelinated 
axons with the formation of nodes of Ranvier. Over time, a series of events can be 
monitored in the culture; e.g. neuronal survival, neurite extension and eventually the 
ensheathment and myelination of these axons by endogenous oligodendrocytes in the 
culture. Myelinating spinal cord cultures are cultured on a feeding layer of rat astrocytes 
to establish myelinating cultures and to examine the effect of astrocyte-derived factors on 
myelination (Sorensen et al., 2008).
Neuron-oligodendrocyte myelinating cultures Myelinating cell cultures in which rat OPCs 
are cultured together with dorsal root ganglia (DRG) neurons can be used to examine 
myelination of the neuronal axons by OPCs (Ma et al., 2009). DRG-OPC cultures provide a 
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powerful in vitro tool to dissect the complex interactions necessary for axonal myelination 
by permitting the characterization of three major stages in the process of oligodendrocyte 
development; proliferation, differentiation, and myelination (Chan et al., 2004). 

2. Transglutaminases

Transglutaminases (TGs, EC 2.3.2.13) are a family of structurally and functionally related 
enzymes. This family of enzymes catalyses post-translational modifications of proteins 
including amine incorporation into proteins, deamidation and the crosslinking of 
glutamine to lysine residues within or between proteins, resulting in a stable isopeptide 
bond. In mammals, nine TGs have been described, i.e., TG1-TG7, Factor XIIIa (FXIIIa) and 
the inactive Band 4.2 (Lorand and Graham, 2003). TG1, TG3 and TG5 are found in the skin 
and are involved in keratinocyte differentiation and the development of the cornified cell 
envelope, a highly cross-linked layer of proteins in the skin which functions as a physical 
and water barrier (Griffin et al., 2002; Lorand and Graham, 2003; Eckert et al., 2005; Iismaa 
et al., 2009). TG4 is expressed in the prostate and has reproductive significance involving 
semen coagulation in rodents (Griffin et al., 2002; Lorand and Graham, 2003). TG6 is a 
neuronal transglutaminase involved in the pathogenesis of spinocerebellar ataxia (Wang 
et al., 2010a) and is known to interact with polyglutamine proteins and promotes these 
proteins to form aggregates (Guan et al., 2013). TG7 mRNA is expressed in the thymus, 
kidney and testis, however its exact function remains unknown (Lorand and Graham, 
2003; Kuramoto et al., 2013). FXIII is expressed mostly in circulating blood cells and is 
converted by thrombin-dependent proteolysis into the active TG FXIIIa which is involved 
in the stabilization of fibrin flots and in wound healing (Muszbek et al., 2011; Richardson 
et al., 2013). Band 4.2 is found in cells of the erythroid lineage, lacks enzymatic activity, and 
is important in cytoskeleton integrity (Iismaa et al., 2009). Tissue Transglutaminase (tTG 
or TG2) is the most extensively characterized, multifunctional member of the TG family 
(Thangaraju et al., 2016). TG2 is also the most widely expressed TG since many cell types 
in the body express TG2 to varying extents; giving it its name ‘tissue Transglutaminase’ 
(Lorand and Graham, 2003; Gundemir et al., 2012). TG2 is localized primarily in the cytosolic 
cell compartment, but can also be detected in the cell membrane and extracellularly 
(Griffin et al., 2002). In some cell types, e.g. neuroblastoma cells, the enzyme is also found 
in the nuclear compartment (Lesort et al., 1998). The protein structure and function of TG2 
are described in more detail below as this enzymeis the main focus of this thesis.
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2.1 Protein structure and function of TG2 

The protein structure of TG2, consists of four distinct domains: a N-terminal β-sandwich 
with fibronectin and integrin binding sites (Jeong et al., 1995), a catalytic core in an 
α-helical structure containing the catalytic triad and two C-terminal β-barrel domains 
(Hwang et al., 1995; Fesus and Piacentini, 2002; Murthy et al., 2002) (see Figure 3). A 
guanidine nucleotide (GDP) binding site is located in a cleft between the catalytic core 
and the first β-barrel (Liu et al., 2002). TG2 has two different catalytic activities, which are 
differentially regulated by calcium and GDP/GTP. TG2 is only active as a TG when bound to 
calcium and inactive when bound to GTP/GDP (Chen and Mehta, 1999; Begg et al., 2006). 
TG2 occurs in open and closed conformations, with clearly distinct characteristics. The 
two conformations of TG2 were established using an active site-directed irreversible TG2 
inhibitor and examining the crystal structure of the enzyme bound to the inhibitor or GDP. 
The structure of calcium activated TG2 has been proposed to be similar to that observed 
in the open inhibitor-bound conformation (Liu et al., 2002; Pinkas et al., 2007). The exact 
native structure of the calcium-bound form of TG2, however, remains undetermined (Fesus 
and Piacentini, 2002; Király et al., 2011). The transamidating activity of TG2 is regulated 
by the catalytic site in which amino acids Cys277, His335 and Asp358 play a crucial role 
(Gundemir et al., 2012). The active site of GDP-bound TG2 is in a closed confirmation as 
a result of GDP binding. In this form of TG2, access to the transamidation active site is 
obstructed as the active site cysteine is hydrogen-bonded to a tyrosine residue within the 

Figure 3: Protein structure and conformations of TG2. TG2 is active when bound to calcium and inactive 
when bound to GTP/GDP. GDP-bound TG2 is in a closed confirmation, access to the transamidation active 
site is blocked. A conformational change in the protein takes place when calcium binds to TG2, creating an 
open access to the active site which induces the transamidating activity. Adapted from (Singh et al., 2016).
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enzyme (Liu et al., 2002). At the time of calcium binding, a conformational change in the 
protein creates an open access to the active site which induces the transamidating activity 
(Griffin et al., 2002). 
The active site cysteine Cys277 binds a protein-bound glutamine, resulting in ammonia 
and the formation of a thioester intermediate between TG2 and the glutamine containing 
protein substrate. Subsequently, the thioester intermediate reacts with a nucleophilic 
primary amine, either a small molecule amine or the ε-amino group of a protein-bound 
lysine. This results in the formation of a relatively stable isopeptide bond (Folk and Finlayson, 
1977; Lorand and Conrad, 1984; Griffin et al., 2002). This reaction can establish a bridge, 
a cross-link, between a lysine donor residue of one protein with an acceptor glutamine 
residue of another protein, creating a cross-link between two proteins. However, when 
both a lysine donor and a glutamine acceptor are available within a protein, this cross-link 
creates an intramolecular bridge. TG2-catalysed intermolecular cross-links form stable, 
rigid and insoluble protein complexes (Folk and Finlayson, 1977), while intramolecular 
cross-links alter the conformation of proteins (Wilhelmus et al., 2008). 
Besides its transamidating activity, TG2 has been found to bind and hydrolyze GTP and ATP. 
In the GTP/GDP bound form, TG2 is involved in regulating signal transduction by acting 
as a G-protein which transduces a signal from α1-adrenergic, oxytocin and thromboxane 
receptors (Nakaoka et al., 1994; Baek et al., 1996; Im et al., 1997; Vezza et al., 1999). TG2 is a 
multifunctional protein (Fesus and Piacentini, 2002; Gundemir et al., 2012; Kanchan et al., 
2015) as it is also proposed to function as a protein disulfide isomerase (Hasegawa et al., 
2003; Mastroberardino et al., 2006), protein kinase (Mishra and Murphy, 2004; Mishra et al., 
2006) and even as a DNA hydrolase (Takeuchi et al., 1998). Also, non-enzymatic functions 
of TG2 have been found, as described in the following paragraphs.

2.1.1 TG2 in cell differentiation
In many cell types, terminal differentiation is associated with upregulation of TG2 
(Aeschlimann and Thomazy, 2000). In cells such as fibroblasts and granulocytes, TG2 is 
known to play an important role in cell differentiation (Stephens et al., 2004; Balajthy 
et al., 2006), but TG2 is also implicated in the differentiation of CNS cells, in particular 
neurons (Tucholski et al., 2001; Numinskaya and Belkin, 2012). In neuronal cells, increased 
activity of TG2, induced by retinoic acid, results in activation of RhoA by transamidation. 
Transamidated RhoA promotes cytoskeletal rearrangements and activation of mitogen 
activated protein kinase (MAPK) which controls many nuclear processes and induces 
gene expression during neuronal differentiation (Singh et al., 2003). TG2 has also been 
suggested to play a role in astrocyte differentiation (Campisi et al., 1992). Moreover, we 
have shown that TG2 might be involved in the timing of differentiation of OPCs into 
myelin-forming oligodendrocytes, since TG2 knock-out (KO) mice lagged behind in 
remyelination after cuprizone-induced demyelination in the corpus callosum (van Strien 



General introduction

1

19|

et al., 2011a). Whether TG2 induces differentiation in astrocytes and oligodendrocytes in a 
similar manner as seen in neurons, i.e. through MAPK activation, remains to be established. 

2.1.2 TG2 in cell adhesion
TG2 is able to bind and cross-link several ECM proteins, though its interaction with 
fibronectin is best characterized (Lorand et al., 1988). Various β-integrins can interact with 
TG2, forming β-integrin-TG2 complexes on the cell surface (Lorand and Graham, 2003; 
Wang et al., 2010b; Belkin, 2011). Consequently, TG2 is referred to as an integrin-binding 
coreceptor for fibronectin (Akimov et al., 2000). Heterodimeric integrin receptors and 
adapter proteins including vinculin (Wehrle-Haller and Imhof, 2002; Bays and DeMali, 
2017) link the ECM to the cytoskeleton in focal adhesions, which is characterized by the 
recruitment of fine actin bundles into stress fibers. Cell adhesion involves cytoskeletal 
reorganization, which can be examined by F-actin distribution and its interactions with 
focal adhesions (Amano et al., 2000; Zamir, 2016). Previously, we observed a role for TG2 
activity in the cellular localization of vinculin. Moreover, we found an attenuated co-
localization of vinculin with F-actin at the cell surface of astrocytes after inhibition of TG2 
activity. TG2 might therefore be involved in focal adhesion formation in astrocytes thereby 
mediating cell adhesion (van Strien et al., 2011c). The effect of TG2 on focal adhesion 
formation and cytoskeletal reorganization is mediated by the small GTPase RhoA. Active 
RhoA is involved in stress fiber and focal adhesion assembly (Ridley and Hall, 1992; 
Burridge and Guilluy, 2016), and TG2 activates RhoA (Singh et al., 2003). Therefore, TG2 
can support cell-matrix interactions such as cell adhesion and perhaps other β-integrin-
dependent functions such as cell spreading and migration of e.g. monocytes (Akimov and 
Belkin, 2001a; Zemskov et al., 2006; Collighan and Griffin, 2009) that are of importance 
during MS lesion formation.

2.1.3 TG2 in inflammation 
TG2 is involved in wound healing and inflammation (Verderio et al., 2004, 2005; Iismaa 
et al., 2009). Following a cutaneous trauma, TG2 expression and activity is increased at 
neovascularization sites and in endothelial cells, skeletal muscle cells and macrophages 
that are infiltrating wounds (Haroon et al., 1999; Mehta et al., 2010). Cytokines and growth 
factors secreted during cell injury regulate TG2 expression. TGF-β1, for example, induces 
TG2 expression in keratinocytes and dermal fibroblasts (Quan et al., 2005). TNF-α and IL-6 
induce TG2 synthesis in liver cells (Suto et al., 1993; Kuncio et al., 1998) and TG2 expression 
is enhanced in cartilage tissue by IL-1 (Johnson et al., 2001). TG2 expression in astrocytes is 
regulated by inflammatory mediators that are present in MS lesions, such as TNF-α and IL-
1β (Codarri et al., 2010; van Strien et al., 2011b). This responsiveness of astrocytes to various 
inflammatory mediators could be due to the presence of inflammatory factor-related 
response elements in the promoter region of the TG2 gene (Ikura et al., 1994; Kuncio et 
al., 1998; Gundemir et al., 2012), including NF-κB (nuclear factor-kappa B), a transcription 
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factor implicated in the control of expression of many inflammatory mediators (Ientile et 
al., 2015).

2.1.4 TG2 in ECM deposition and modification
During astrogliosis, astrocytes enhance the production of ECM proteins (Meeuwsen et al., 
2003; Smith and Strunz, 2005; Ransohoff and Brown, 2012; Wiese et al., 2012). Both the 
enzymatic and non-enzymatic activities of TG2 have been implicated in ECM modification 
(Agnihotri and Mehta, 2016). TG2 immunoreactivity is found in astrocytes in chronic active 
MS lesions in the proximity to the extracellular protein fibronectin (van Strien et al., 2011c) 
implying a role for this enzyme in the development and/or maintenance of the astroglial 
scar. TG2 has actually been implicated in other pathological scarring conditions, such as 
pulmonary and liver fibrosis (Griffin et al., 1979; Grenard et al., 2001; Verderio et al., 2004). 
Additionally, a strong association between renal fibrosis, the expression of TG2 and its 
cross-linking product ε-(γ-glutamyl)lysine isopeptide was established in animal models 
(Johnson et al., 1997b, 1999), and in human renal biopsy tissue (Johnson et al., 2003), 
where TG2 changed the cross-linking of the renal ECM by accelerating ECM deposition 
and providing resistance to the proteolytic activity of metalloproteinases.

Aims and outline of this thesis
MS is a chronic neuroinflammatory disorder pathologically characterised by demyelinating 
lesions. During MS lesion formation, inflammatory mediators, such as chemokines and 
cytokines, are produced by microglial cells and invading leukocytes. Subsequently, 
hypertrophic astrocytes fill the lesion and produce ECM proteins that together form the 
astroglial scar. This is beneficial because it seals off the site of CNS damage. However, 
astroglial scarring also forms a barrier that restricts remyelination of CNS lesions. This is 
most likely an important cause for inadequate remyelination of the CNS in early stage MS 
and for failure of remyelination when the disease progresses. TG2 is a well-characterised 
multifunctional protein involved in various cellular processes. It is expressed in the CNS, 
induced by e.g. inflammation and is involved in processes that are also important in the 
neuropathology of MS, such as cell adhesion and migration, and cell differentiation. 
Moreover, TG2 is able to bind and crosslink several ECM proteins, of which its interaction 
with fibronectin is extensively characterized. We thus hypothesize that TG2 may be 
implicated in various pathological processes occurring during MS. In the present thesis we 
focus on the expression and role of TG2 in animal and cell models mimicking inflammation, 
astrogliosis, and/or de- and remyelination in MS. To this end we aimed to understand 
the relation between TG2 and (1) migration of infiltrating monocytes; (2) ECM protein 
fibronectin rearrangement; (3) differentiation of OPCs and subsequent myelination. 
In chapter 2 we questioned whether TG2 contributes to the migration and differentiation 
of infiltrating monocytes in white matter and grey matter pathology. Our studies focussed 
on the presence of immunoreactive TG2 in white and grey matter lesions of marmosets 
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suffering from EAE. We examined different cell types that express TG2, and related this to 
fibronectin and β1-integrin expression. These studies are indicative of the contribution 
of TG2 to cell-matrix interactions such as cell adhesion and possibly other β-integrin-
dependent functions including cell spreading and migration of e.g. infiltrating monocytes, 
that are of importance during MS lesion development. Next, we studied whether 
TG2 contributes to the production, deposition and crosslinking of fibronectin during 
demyelination and inflammation, which could play an important role in the formation 
of the astroglial scar. These studies are presented in chapters 3 and 4. In chapter 3 we 
examined TG2 immunoreactivity and enzymatic activity in the rodent cuprizone model 
for de- and remyelination. We investigated the presence of fibronectin (mono- and 
multimers) during de- and remyelination and used TG2-/- mice to examine the effect of 
TG2 on the deposition of fibronectin during demyelination. We also analysed the in vitro 
effect of up- and downregulation of TG2 in astrocytes on the production of fibronectin. 
In chapter 4, we focussed on the effect of inflammation on TG2 expression in and on 
the surface of astrocytes, and on the role of TG2 in the deposition and crosslinking of 
fibronectin. For this purpose, we studied a range of MS-relevant inflammatory mediators 
that can affect TG2 production in astrocytes. Subsequently, we examined whether TG2 
contributes to the production, deposition, crosslinking and aggregation of fibronectin 
after treatment of astrocytes with inflammatory mediators. In chapter 5 we questioned 
whether TG2 contributes to the differentiation of OPCs and subsequent myelination. To 
answer this question, we examined the effect of astrocyte conditioned medium, from 
astrocytes that expressed human wild-type TG2, on OPC differentiation. Moreover, 
we used OPC monocultures that were treated with exogenous TG2 or overexpressed 
TG2 to examine a possible effect of TG2 on OPC differentiation. Myelin formation was 
subsequently analysed in myelinating DRG-OPC co-cultures or spinal cord cultures, where 
an astrocyte feeding layer expressed human TG2 or OPCs overexpressed TG2, respectively. 
Alternatively, both co-cultures were treated with recombinant TG2. Additionally we 
studied the effect of inflammatory mediator-induced TG2 on the differentiation of OPCs. 
Finally, in chapter 6 the results of the previous chapters are summarised and discussed, 
and suggestions for future research are put forward. 
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Infiltration of leukocytes is a major pathological event in white matter 
lesion formation in the brain of multiple sclerosis (MS) patients. In grey 
matter lesions, less infiltration of these cells occur, but microglial activation 
is present. Thus far, the interaction of β-integrins with extracellular matrix 
proteins, e.g. fibronectin, is considered to be of importance for the influx of 
immune cells. Recent in vitro studies indicate a possible role for the enzyme 
tissue Transglutaminase (TG2) in mediating cell adhesion and migration. 
In the present study we questioned whether TG2 is present in white and 
grey matter lesions observed in the marmoset model for MS. To this end, 
immunohistochemical studies were performed. We observed that TG2, 
expressed by infiltrating monocytes in white matter lesions co-expressed 
β1-integrin and is located in close apposition to deposited fibronectin. These 
data suggest an important role for TG2 in the adhesion and migration of 
infiltrating monocytes during white matter lesion formation. Moreover, in 
grey matter lesions, TG2 is mainly present in microglial cells together with 
some β1-integrin, whereas fibronectin is absent in these lesions. These data 
imply an alternative role for microglial-derived TG2 in grey matter lesions, 
e.g. cell proliferation. Further research should clarify the functional role of 
TG2 in monocytes or microglial cells in MS lesion formation.
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Introduction

Multiple Sclerosis (MS) is a chronic, inflammatory demyelinating disease of the human 
central nervous system (CNS), affecting mostly young adults in the prime of their lives 
(Weinshenker et al., 1989). Its clinical manifestation is characterized mainly by motor 
and sensory deficits, and most commonly has a relapsing-remitting course (Noseworthy 
et al., 2000; Engel et al., 2007). Although there is a debate on the immunological versus 
neurodegenerative origin of MS (Korn, 2008; Trapp and Nave, 2008; Stys et al., 2012), it 
is well-established that the entry of leukocytes into the CNS is an important event in 
the pathophysiology of MS (Hafler, 2004; Lassmann et al., 2007), in addition to glial cell 
activation (Sriram, 2011; Brosnan and Raine, 2013; Rawji and Yong, 2013; Lassmann, 2014). 
In active white matter MS lesions, a disturbance of the blood-brain barrier function permits 
this influx of immunomodulatory cells, contributing to inflammation, demyelination and 
axonal damage evoking neurological deficits (Reynolds et al., 2011; Stadelmann, 2011). 
In grey matter lesions, the influx of immunomodulatory cells is rather limited, whereas 
activated microglial cells are present like in white matter lesions but to a lesser extent 
(Peterson et al., 2001; Petzold et al., 2002; Bø et al., 2003b; Dal Bianco et al., 2008; Gray et 
al., 2008; Bø, 2009; Vercellino et al., 2009; Kooi et al., 2012). 
During MS white matter lesion formation, basement membranes, i.e. thin layers of 
connective tissue lining the perivascular space, and the brain parenchyma express 
various types of extracellular matrix (ECM) protein deposits, such as fibronectin (FN), an 
important ECM protein in MS lesions (Sobel and Mitchell, 1989; van Horssen et al., 2005, 
2007). ECM proteins are generally important because they play a role in the recruitment of 
inflammatory cells by interacting with integrins expressed on activated leukocytes (Elices 
et al., 1990; Ley et al., 2007; Bauer et al., 2009a). This interaction occurs via the recognition 
site amino acid motif Arg-Gly-Asp (RGD) that can be found within FN (Pierschbacher et al., 
1983) and many other matrix proteins (Ruoslahti and Pierschbacher, 1987). Of the integrins, 
α5β1-integrin is the major cell surface integrin interacting with the RGD-cell binding site 
on FN, facilitating cell adhesion (D’Souza et al., 1991). Of additional interest in this process 
is the multifunctional Ca2+-dependent enzyme tissue Transglutaminase (TG2). TG2 is 
expressed in the cytoplasm or surface of a wide variety of cells, and can be deposited in the 
ECM (Fesus and Piacentini, 2002). This enzyme, when activated, is able to bind and cross-
link several ECM proteins, though its interaction with FN is best characterized (Lorand et 
al., 1988). More recently, it has become clear that various β-integrins can interact with 
TG2, forming β-integrin-TG2 complexes on the cell surface (Lorand and Graham, 2003; 
Wang et al., 2010b; Belkin, 2011). Consequently, TG2 is referred to as an integrin-binding 
coreceptor for FN (Akimov et al., 2000). In this manner, TG2 can contribute to cell-matrix 
interactions such as cell adhesion and possibly other β-integrin-dependent functions 
including cell spreading and migration of e.g. monocytes (Akimov and Belkin, 2001a; 
Zemskov et al., 2006; Collighan and Griffin, 2009) that likely are of importance during 
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MS lesion formation. In the present study, we therefore question whether TG2 is present 
in various lesion types in experimental autoimmune encephalomyelitis (EAE) in the 
common marmoset. This experimental animal model mimics relevant clinical symptoms 
and relevant inflammatory, glial, and demyelinating white and grey matter pathology 
associated with relapsing-remitting MS (Korn, 2008; ’t Hart and Massacesi, 2009) which 
is uncommon in rodent models for MS (Gold et al., 2006; Mix et al., 2010). To this end, 
we studied the presence of immunoreactive TG2 in white and grey matter lesions of 
marmosets suffering from EAE, identified the cell types expressing TG2, and related those 
to FN and β1-integrin expression. 

Materials and Methods

Brain material from marmosets

For this study we obtained, with permission, brain material from marmosets (Callithrix 
jacchus) suffering from EAE, that had been involved in preclinical experiments on the 
refinement of the experimental autoimmune encephalomyelitis model (Kap et al., 2008). 
The original studies were approved by the BPRC committee on Animal Experimentation 
(DEC; approval numbers 483, 512, 514), and carried out in strict accordance with their 
guidelines. In that study, all marmosets were housed in pairs in spacious cages enriched 
with branches and toys, and with padded shelter provided on the floor. They remained 
under veterinary care and clinical scoring was performed twice daily by trained observers, 
using a previously described semiquantitative scale (’t Hart et al., 1998). The animals were 
sacrificed once their clinical signs reached the score of 2.5, e.g. paresis. We did not perform 
any animal experiments for this present study. 

Histopathology 

From formalin-fixed paraffin-embedded brains, coronal sections (3-5μm) were cut and 
used for immunohistochemistry. Brain sections were deparaffinized by heating them at 
56 °C for 30 min. Sections were then rinsed three times for 10 min. in clear advantage 
(xylene replacement, Polyscience Inc., Warrington, United States) and subsequently 
immersed for 5 min. each in 100% ethanol (twice), 96% ethanol, 90% ethanol, 70% 
ethanol and demineralized water. The extent of inflammation was evaluated by staining 
for hematoxylin and eosin to visualize infiltrated cells and a staining for myeloid-related 
protein 14 (MRP14, BMA Biomedicals, Augst, Switzerland) was performed to visualize 
macrophages (Brück et al., 1995b; Lucchinetti et al., 1996). Moreover, a Klüver Barrera 
stain (Luxol Fast Blue (LFB) combined with periodic acid-Schiff (PAS)) was performed to 
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examine myelin and myelin degradation products as previously described (’t Hart et al., 
1998). Images were taken using an Olympus-VANOX-T lightmicroscope (Tokyo, Japan).

TG2 immunoreactivity 

After deparaffination, antigen retrieval was performed by incubating the sections in 
ethylenediaminetetraacetic acid (EDTA, pH = 9.0) buffer for 30 min. in a steaming device 
(MultiGourmet FS 20; Braun, Kronberg/Taunus,Germany). Subsequently, the sections 
were allowed to regain room temperature (RT), washed three times in Tris-buffered saline 
(TBS, pH 7.4), 5 min. each, and endogenous peroxidase was blocked for 20 min. with 0.3% 
hydrogen peroxidase and 0.1% sodium azide in TBS. Sections were washed three times 
again with TBS for 5 min each. Non-specific binding sites were blocked with DAKO buffer 
(0.05M Tris/HCl, 0.15M NaCl, 0.05% Tween 20, pH 7.6, DAKO, Glostrup, Denmark) with 10% 
fetal calf serum (FCS) for 30 min. at room temperature. For TG2 staining, the sections were 
subsequently incubated overnight at 4oC with mouse anti TG2 (Ab3, see table 2 and 4) 
diluted in DAKO buffer with 10% FCS. After washes in TBS, the sections were incubated 
for 2 hrs at RT in the appropriate biotinylated IgG (see table 3 and 4). After washes in TBS, 
the sections were incubated for one hour in HRP-labeled avidin-biotin complex (1:100; 
Sigma, St. Louis, USA). Sections were washed twice with TBS and once with Tris-HCl (pH 
7.6). Peroxidase activity was visualized by adding 3,3-diaminobenzidine (DAB, Sigma) as 
a substrate. Sections were washed twice with Tris-HCl and once with running tap water. 
Finally, sections were counterstained with haematoxylin and sections were washed three 
times in running tap water. After dehydration in graded ethanol solutions, the sections 
were cleared in xylene and coverslipped in Entellan (Merck, Darmstadt, Germany). Images 
were taken using an Olympus-VANOX-T light microscope.

Fluorescent double labeling procedures

Three different protocols were used for double labeling of TG2 with various antigens, 
decided by the fluorescent intensity of the stainings. After the preincubation step as 
described above, the sections for (1) double labeling of FN or the astrocyte marker glial 
fibrillary acidic protein (GFAP) with TG2 were incubated with the appropriate primary 
antibodies in 5% normal donkey serum in 0.5% Triton-X100 (TBS-T; pH 7.6, blocking 
solution) at 4 °C overnight (see Tables 2 and 4). Subsequently, the sections were thoroughly 
washed in TBS, and incubated at room temperature for 2 hrs with appropriate Alexa Fluor 
488 or Alexa Fluor 546, and Alexa Fluor 594 labeled IgG’s (see Tables 3 and 4); (2) double 
labeling of the B-cell marker CD20 or the oligodendrocytes marker Olig2 with TG2 were 
incubated with the appropriate primary antibodies in 5% normal donkey serum in TBS-T 
at 4 °C overnight (see Tables 2 and 4). Thereafter, the sections were thoroughly washed in 
TBS, and incubated at room temperature for 2 hrs with appropriate biotinylated labeled 
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Table 1. Lesion types per animal

Animal Immunization antigen Lesion type (number per type)

1 MOG34-56 IA (5) + LA (2)

2 MOG34-56 EA (2) + IA (1) + LA (2)

3 MOG34-56 LA/IA (3) + EA/LA (1)

4 MOG34-56 LA (1)

5 MOG74-96 + MOG34-56 EA/LA (1) + IA (1) + cGML (1)

6 MOG74-96 + MOG34-56 EA/LA (1) + LA/IA (1) + IA(1)

7 MOG74-96 + MOG34-56 LA/IA (1) + IA (1)

8 MOG74-96 + MOG34-56 EA/LA (1) + cGML (2)

MOG: myelin oligodendrocyte glycoprotein, EA: early active, LA: late active, IA: inactive, cGML: cortical 
grey matter lesion

Table 2. Origin of primary antibodies used 

Antigen Species Manufacturer

Transglutaminase type 2 (Ab3) Mouse NeoMarkers

Transglutaminase type 2 (Ab4) Rabbit NeoMarkers

β1-integrin Rabbit Santa Cruz

CD3 (pan T-lymphocytes) Rabbit DAKO 

CD20 (pan B-lymphocytes) Mouse DAKO

Fibronectin Sheep R&D systems

GFAP (astrocytes) Rabbit DAKO

Iba-1 (monocytes/macrophages/microglia) Goat Abcam

Olig2 (oligodendrocytes) Rabbit Millipore

Table 3. Secondary antibodies used 

Number Host Target Dilution Labeled Manufacturer

1 Donkey Mouse 1:500 Biotin Jackson

2 Donkey Goat 1:800 Biotin Jackson

3 Donkey Mouse 1:400 Alexa-594 Mol. Probes

4 Goat Mouse 1:800 Biotin Jackson

5 Donkey Rabbit 1:400 Alexa-488 Mol. Probes

6 Donkey Rabbit 1:400 Alexa-594 Mol. Probes

7 Goat Rabbit 1:800 Biotin Jackson

8 Donkey Sheep 1:400 Alexa-546 Mol. Probes
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IgG’s for CD20 or Olig2 (see Tables 3 and 4) and concomitantly with the appropriate Alexa 
Fluor 594 labeled IgG to stain for TG2. Thereafter, the sections were washed in TBS and 
finally incubated for 2 hrs at room temperature with Alexa Fluor 488 labeled-streptavidin 
(1:400, Molecular Probes, Breda, the Netherlands) to detect CD20 or Olig2; (3) double 
labeling of β1-integrin, the monocyte/microglia Iba-1 or the T-cell marker CD3 with TG2 
were incubated with the appropriate primary antibodies in 5% normal donkey serum in 
TBS-T at 4 °C overnight (see Tables 2 and 4). Sections were then thoroughly washed, and 
incubated at room temperature for 2 hrs with the appropriate biotinylated labeled IgG’s 
for β1-integrin, Iba-1 or CD3 (see Tables 3 and 4) and concomitantly with the appropriate 
Alexa Fluor 594 labeled IgG to detect TG2. Sections were washed in TBS and incubated 
for one hour in ABC (1:800, ABC kit, Vectastain elite, Vector Laboratories Inc., Burlingame, 
CA, USA). Sections were then washed in TBS again and incubated with biotinylated 
tyramide (1:800, gift from dr. I. Huitinga, The Netherlands Institute for Neuroscience (NIN), 
Amsterdam, The Netherlands) in 0.005% H2O2 in TBS for 20 min. Sections were washed 
once more in TBS and incubated once more for 1 hr in ABC (1:800) and washed in TBS 
again. The last step in this adjusted protocol was incubation of the sections with Alexa 
Fluor 488 labeled-streptavidin (1:400, Molecular Probes) for 2 hrs to detect β1-integrin, 
Iba-1 or CD3. Finally, at the end of all 3 double labeling protocols, sections were washed 
in TBS and mounted in Vectashield (Vector laboratories Inc.). Immunofluorescence was 
examined using a Leica confocal laser scanning microscope (Leica TSC-SP2-AOBS; Leica 
Microsystems, Wetzlar, Germany). Omission of the primary antibodies served as a negative 
control.

Table 4. Combinations of primary and secondary antibodies used for immunoreactive labeling

Primary antibodies Species Dilutions Secondary antibodies (see table 3)

Ab3 Mouse 1:15000 1

Ab3 + β1-integrin Mouse + Rabbit 1:1000 + 1:1000 3 + 7

Ab3 + CD3 Mouse + Rabbit 1:1000 + 1:800 3 + 7

Ab3 + FN Mouse + Sheep 1:1000 + 1:100 3 + 8

Ab3 + GFAP Mouse + Rabbit 1:1000 + 1:2000 3 + 5

Ab3 + Iba-1 Mouse + Goat 1:1000 + 1:600 3 + 2

Ab3 + Olig2 Mouse + Rabbit 1:1000 + 1:750 3 + 7

Ab4 + CD20 Rabbit + Mouse 1:400 + 1:50 6 + 4

FN: fibronectin
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Quantification of TG2 and Iba-1 positive cells 

The number of TG2 and Iba-1 positive cells was quantified in inactive white matter lesions 
(12 lesions, from 7 different animals) and in early/late active lesions (8 lesions, from 6 
different animals). Of each lesion, one representative image per 40X microscopic field was 
taken with a Leica confocal laser scanning microscope. Images were of equal sized (0.1 
mm2) random sample areas. Cells in these images were counted using Cell^F Olympus 
Soft Imaging Solutions GmbH software (Tokyo, Japan).

Statistics

Data were analyzed by a Student’s t-test for unpaired independent measurements by 
using the SPSS 15.0 for Windows statistical program (SPSS, Inc., Chicago IL). P<0.05 was 
considered to represent statistically significant differences. 

Results

Characterization of marmoset EAE lesions 

Normal appearing white and grey matter were defined by an intact myelin staining and 
few MRP14 positive macrophages (Fig. 1A, G and Fig. 1E, K respectively) (Brück et al., 
1995b). Early active white matter lesions were characterized by the abundant presence of 
macrophages with LFB positive myelin degradation products (Fig. 1B, H). Late active white 
matter lesions were identified by the presence of macrophages containing PAS positive 
myelin degradation and residual LFB positive myelin degradation products together with 
a diminished presence of MRP14 positive macrophages (Fig. 1C, I). Inactive white matter 
lesions were identified by the presence of some PAS positive macrophages in the absence 
of LFB and MRP14 positive macrophages (Fig. 1D, J). Cortical grey matter lesions were 
characterized by in the absence of myelin staining and an increase in MRP14 positive 
microglial cells (Fig. 1F, L). The number and type of EAE lesions varied between and within 
animals (Table 1). 

TG2 immunoreactivity is present in marmoset EAE lesions 

In normal appearing white and grey matter, TG2 immunoreactivity was hardly present 
except in the endothelium of the vessel walls (Fig. 1M, Q), as described before in rodent 
and human brain (Thomazy and Fesus, 1989; Gaudry et al., 1999b; Colak and Johnson, 
2012; de Jager et al., 2013). In the various EAE white matter lesions types, additional TG2 
immunoreactivity was observed in cells with a rounded morphology located mostly 
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Figure 1. Characterization of marmoset EAE lesions and TG2 immunoreactivity. The normal appearing 
white matter (NAWM) shows an intact LFB myelin staining (A) and few MRP14 positive macrophages (G). 
Early active (EA) lesions display myelin degradation (B) and foamy macrophages (H). Late active (LA) 
lesions show degradation of myelin (C) combined with less MRP14 positive macrophages (I). Inactive (IA) 
lesions are characterized by an absence of both myelin staining (D) and MRP14 positive macrophages (J). 
The normal appearing grey matter (NAGM) shows intact myelin fibers (E) and very few MRP14 positive 
macrophages (K). Cortical grey matter lesions (cGML) show an absence of myelin fibers (F) and presence 
of MRP14 positive microglia (L). TG2 immunoreactivity is present in endothelium of the vessel walls in 
NAWM (M). Early active and late active lesions display additional TG2 positive cells (N and O respectively). 
Inactive lesions show less additional TG2 immunoreactivity (P). Cortical grey matter lesions also show 
additional TG2 positive cells (R) compared to the endothelial staining in normal appearing grey matter 
(Q). Scale bar is 20 µm.
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near blood vessels. The signal intensity of TG2 immunoreactivity was not uniform in all 
positive cells, suggesting different TG2 expression levels. Early and late active lesions 
showed a considerable amount of TG2 immunoreactive cells throughout the lesion (Fig. 
1N, O). In inactive lesions less TG2 positive cells appeared to be present (Fig. 1P). Indeed, 
after quantification, the number of TG2 positive cells per white matter sample area of 0.1 
mm2 in early/late active lesions was about 3 times higher than in inactive lesions (Fig. 
3A). In addition, TG2 immunoreactivity appeared in cortical grey matter lesions (Fig. 1R). 
The majority of TG2 positive cells showed a small cell body with thin, radially projecting 
processes.

TG2 is expressed by monocytes/microglial cells in marmoset EAE lesions 

Iba-1 positive cells were observed in all types of EAE lesions (Fig. 2B, E, H, K). These cells 
showed Iba-1 immunoreactivity on the cell surface as described previously (Imai et al., 1996; 
Imai and Kohsaka, 2002). TG2 immunoreactivity was mainly localized in the cytoplasm 
(Fig. 2A, D, G, J). Co-labeling of Iba-1 with TG2 showed Iba-1 positive/TG2 positive cells 
with a rounded morphology with no clear processes in early (Fig. 2C) and late active white 
matter lesions (Fig. 2F). Note that not all Iba-1 positive cells express TG2. Based on the 
morphology of the TG2 positive/Iba-1 positive cells we cannot determine whether these 
are microglial cells with an amoeboid morphology or infiltrating monocytes, although 
their localization close to a blood vessel favors the latter option. After quantification, we 
determined that the number of Iba-1 positive cells per white matter sample area of 0.1 
mm2 in early/late active lesions was about 2 times higher than in inactive lesions (Fig. 
3B). Additionally, co-labeling of Iba-1 with TG2 seemed less apparent in inactive EAE 
lesions (Fig. 2I) compared to the co-labeling observed in the active EAE lesions, which is 
likely a consequence of the reduced number of TG2 and Iba-1 positive cells (Fig 3). Co-
labeling of TG2 with Iba-1 positive cells was also found in cortical grey matter lesions 
(Fig. 2L). Interestingly, besides the presence of some TG2 positive monocyte-like cells, the 
morphology of the majority of TG2/Iba-1 positive cells was largely different from those 
seen in the white matter lesions, and reflected more ramified microglial cells (Fig. 1R). 

TG2 is not expressed in astrocytes, oligodendrocytes, T- and B-lymphocytes

To examine whether also non-myeloid cell types expressed TG2 in various marmoset EAE 
white matter lesions, additional immunofluorescent double labeling experiments were 
performed. Co-labeling for TG2 and GFAP was absent, indicating that astrocytes did not 
express TG2 in EAE lesions (Fig. 4A, E, I). Similarly, Olig2 positive oligodendrocytes appeared 
negative for TG2 (Fig. 4B, F, J). Moreover, TG2 immunoreactivity was neither present in CD3 
positive T-lymphocytes (Fig. 4C, G, K) nor in CD20 positive B-lymphocytes (Fig. 4D, H, L).
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Figure 2. TG2 positive cells show co-labeling with Iba-1 in marmoset EAE lesions. Early (EA) (A-C) 
and late active (LA) (D-F) lesions show mostly cytoplasmic cellular localization of immunoreactive TG2 
(A, D), and cells with membrane labeled Iba-1 (B, E). TG2 positive cells co-label with Iba-1 positive cells (C, 
F). Inactive (IA) (G-I) lesions show less TG2 positive cells and co-labeling with Iba-1 positive cells seems 
less apparent (I) Cortical grey matter lesions (cGML) (J-L) show TG2 positive cells co-labeling with Iba-1 
positive cells that have radially projecting processes (L), instead of the more rounded morphology seen 
in white matter lesions (C, F). Arrows represent monocyte-like cells that are either single (top 2 rows) or 
double labeled (merge), arrowheads represent microglial cells that are either single (top 2 rows) or double 
labeled (merge). Scale bar is 20 µm.

Figure 3. Quantification of TG2 and Iba-1 positive cells in early/late active versus inactive white 
matter lesions. The number of TG2 (A) and Iba-1 positive cells (B) per white matter sample area of 0.1 
mm2 is significantly decreased in inactive lesions compared to (early/late) active lesions. Data are shown 
as mean + SEM, n=8 for early/late active lesions, n=12 for inactive lesions, *P<0.001.
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Figure 4. TG2 is not expressed in astrocytes, oligodendrocytes, T-cells and B-cells. TG2 
immunoreactivity (red) is not present in GFAP (green; A, E, I), Olig2 (green; B, F, J), CD3 (green; C, G, K) or 
CD20 (green; D, H, L) positive cells in early (EA), late active (LA) and inactive (IA) lesions. Scale bar is 20 µm.
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β1-integrin and FN immunoreactivity in relation to TG2 positive cells in 
marmoset EAE lesions 

We further studied whether β1-integrin and/or FN showed co-labeling with TG2 in 
marmoset EAE lesions, since TG2 has been referred to as an integrin-binding coreceptor for 
FN in previous in vitro studies (Akimov et al., 2000; Akimov and Belkin, 2001b). Compared 
to control (Fig 5A) β1-integrin immunoreactivity was increased in all EAE lesion types, (Fig. 
5B-D). Double labeling experiments showed the presence of β1-integrin particularly on 
the cell surface of a subset of TG2 positive cells, specifically in active white matter lesions 
(Fig. 5C, C’). Also in grey matter lesions, β1-integrin was present in or on TG2 positive cells. 
Although not quantified, it appeared that amoeboid-shaped cells expressed more β1-
integrin than ramified microglial cells (Fig. 5E). 
FN immunoreactivity was hardly present in NAWM (Fig. 5F), but was clearly increased in 
active white matter lesions and increased to a lesser extent in inactive lesions (Fig. 5G-I). 
FN was found to be partly cell-associated, but was mostly present in the ECM in these 
lesions (Fig. 5G-I). Double labeling experiments for FN and TG2 showed little co-labeling, 
but clearly close association of TG2 positive monocytes with extracellular FN in the matrix 
was seen most prominent in active white matter lesions (Fig. 5H, H’). In grey matter lesions, 
there was little FN immunoreactivity present (Fig. 5J).

Discussion 

The present study shows appearance of TG2 immunoreactivity in monocyte and microglial-
like cells in early active white matter, and active grey matter marmoset EAE lesions. When 
white matter lesions progress to late active and inactive stages, TG2 immunoreactivity is 
still present, but in the inactive lesions it is significantly less pronounced. In addition, in 
white matter lesions, TG2 positive monocytes co-label with β1-integrin, and are in close 
apposition to, mostly extracellular located, fibronectin. In grey matter lesions, TG2 positive 
microglia co-label with β1-integrin, but no fibronectin is present.
For this study we were able to obtain material from marmosets suffering from EAE. 
This primate has high genetic similarity to humans. Its mature immune system, shaped 
by life-long exposure to environmental and latent infections, resembles the human 
immune system. The MS-like disease phenotype and pathology of marmoset EAE is 
therefore a useful model to investigate if certain factors, in this case TG2, contribute to the 
pathogenesis of MS (’t Hart et al., 2011). 
In active white matter lesions, we observed the appearance of the enzyme TG2, 
particularly located around blood vessels where leukocytes infiltrate into the CNS during 
the EAE disease process. The number of these TG2 positive cells reduces when the lesions 
lose activity. This reduction occurs simultaneously with the reduction of Iba-1 positive 
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Figure 5. β1-integrin and fibronectin immunoreactivity show co-presence with TG2 positive cells 
in marmoset EAE lesions. β1-integrin (A) and fibronectin (FN) (F) immunoreactivity (green) is found in 
normal appearing white matter (NAWM) near TG2 (red) in the endothelium of the vessel walls. β1-integrin 
(green; B, C, C’, D) appears in early (EA), late (LA) active lesions and inactive (IA) white matter lesions on 
the cell surface of a subset of TG2 (red) positive cells. β1-integrin also shows some co-localization with 
TG2 positive cells in cortical grey matter lesions (cGML) (E, E’). Arrows represent TG2/β1-integrin double 
labeled cells. FN (green; G, H, H’, I) appears clearly in the extracellular matrix but also shows co-labeling 
with a subset of TG2 (red) positive cells in early and late active lesions. Hardly any FN immunoreactivity is 
present in grey matter lesions (J). Arrows represent TG2/FN double labeled cells. Scale bar is 20 µm. Inserts 
in figures C’, E’ and H’ represent higher magnifications in which the close association of TG2 positive cells 
with β1-integrin or FN (C’, E’ or H’, respectively) can be appreciated. Scale bars in the inserts are 10 µm.
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cells in the CNS at this time (Bö et al., 1994; Trapp et al., 1998; van der Valk and De Groot, 
2000; Popescu and Lucchinetti, 2012). Based on co-labeling studies, TG2 was found to 
be present in Iba-1 positive infiltrating monocytes in white matter lesions in marmoset 
EAE. Moreover, we recently observed major histocompatibility complex (MHC) II positive 
monocyte-like cells to express TG2 immunoreactivity in active white matter MS lesions 
(unpubl. data). Thus infiltrating monocytes seem to represent an important source of 
TG2 in MS/EAE active white matter lesions within the CNS. In grey matter lesions, TG2 
appeared preferentially in microglial cells. Microglial-derived TG2 has also been described 
in gerbil hippocampal grey matter after transient ischemia (Hwang et al., 2009). This 
suggests that lesioned grey matter areas express TG2 preferentially in microglial cells. 
Thus far, TG2 has been shown to be expressed by a wide variety of cell types, both in 
vivo and in vitro (Fesus and Piacentini, 2002). In the presented marmoset EAE model, the 
expression of TG2 was selectively found in myeloid cell types, as other cell markers did 
not co-localize with TG2, excluding the presence of TG2 in astrocytes, oligodendrocytes, 
T-cells or B-cells. In contrast, in chronic active MS lesions, TG2 has been found in astrocytes 
(van Strien et al., 2011c), which might reflect a pathological difference between marmoset 
and human disease. Within the human CNS, TG2 was shown to be mainly expressed by 
neurons under physiological (Kim et al., 1999) and pathological conditions (Johnson et al., 
1997a; Lesort et al., 1999; Junn et al., 2003). TG2 is considered to play a pathophysiological 
role in aggregation of pathological/misfolded proteins, including huntingtin, α-synuclein 
and β-amyloid (Ruan and Johnson, 2007; Wilhelmus et al., 2008; Caccamo et al., 2010). 
In more recent years, a role for TG2 in inflammatory processes has been explored. 
Deletion of the TG2 gene in vivo resulted in an altered immune status of mice (Szondy 
et al., 2003) probably due to altered cytokine regulation in macrophages (Falasca et al., 
2005). Furthermore, septic shock-mediated influx of neutrophils and cytokine production 
(Falasca et al., 2008), and T-cell mediated EAE was reduced (Oh et al., 2012) when the 
TG2 gene was ablated. In vitro studies have elucidated the expression of TG2 in myeloid 
cells, including macrophages, microglia and dendritic cells (Mehta and Lopez-Berestein, 
1986; Akimov and Belkin, 2001a; Park et al., 2004; Hodrea et al., 2010). Our study is the 
first to demonstrate lesion-dependent expression of TG2 in monocytes and microglial 
cells during marmoset EAE. We subsequently questioned whether monocyte-derived TG2 
could contribute to the adhesion and migration process of the infiltrating monocytes. 
We observed that β1-integrin, involved in cell-cell or cell-matrix interactions, co-localizes 
with TG2 in or on monocytes. This is in line with the observation that β1-integrin plays 
an important role in the influx of leukocytes, including monocytes, in the marmoset 
EAE model (Haanstra et al., 2013a). Thus, TG2 together with β1-integrin could mediate, 
at least part of, the influx of the TG2 positive monocytes into the CNS during EAE white 
matter lesion formation. To do so, β1-integrin has to interact with its ligand FN via the 
RGD binding motif (Hersel et al., 2003). Alternatively, direct interaction of TG2 with FN 
can occur because TG2 has a high affinity for FN (Gaudry et al., 1999b). In our study, we 
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observed co-labeling of TG2 expressing monocytes with β1-integrin and we found TG2 
positive cells to be in close association with extracellular FN. These in vivo data indicate 
that both options of interaction of monocytes with FN are possible, and support the idea 
that TG2 can act as a β-integrin co-receptor for binding to FN (Akimov et al., 2000; Wang 
et al., 2010b) and thereby contribute to the influx of monocytes into the CNS during EAE 
lesion formation. Indeed, downregulation of cell surface TG2 decreased the adhesion of 
monocytes onto FN and markedly reduced their migration in vitro (Akimov and Belkin, 
2001b). Recently, interaction of monocytes with FN has been shown to determine the 
differentiation potential of these cells (Seta et al., 2012). It is well known that TG2 is highly 
upregulated when monocytes differentiate into macrophages (Seiving et al., 1991), and 
thus the observed association of TG2/β1-integrin positive monocytes with extracellular FN 
may also suggest a role in local differentiation into e.g. dendritic cells or microglial cells 
of importance for regulating the local neuroinflammatory response. In contrast, in the 
grey matter lesions, FN is hardly present, indicative for less FN production, but could also 
implicate less damage to the blood-brain-barrier that allows plasma fibronectin to enter 
the CNS (Sobel and Mitchell, 1989). Although imaging of grey matter lesions remains a 
challenge, improved MRI and PET obtained imaging data thus far indicate the presence 
of demyelination and activated microglial cells in grey matter areas, but no clear cell 
infiltration (Calabrese et al., 2010; Politis et al., 2012; de Graaf et al., 2013). Moreover, post-
mortem studies show the presence of activated microglial cells in grey matter lesions, 
but a relative paucity in the influx of leukocytes (Bø et al., 2003b; Vercellino et al., 2007; 
Papadopoulos et al., 2008; Stadelmann and Brück, 2008). These data suggest that TG2 
expressed by microglial cells in active grey matter lesions is probably not implicated in 
immune cell infiltration or migration. Of interest is that integrin expression has been 
demonstrated on microglial cells in MS lesions (Bö et al., 1996), and subsequent in vitro 
studies revealed a role for β1-integrin in microglial cell proliferation (Nasu-Tada et al., 
2005). Indeed, in MS lesions, microglial and monocyte proliferation have been observed 
(Schönrock et al., 1998). We thus propose that the TG2/β1-integrin positive microglial cells 
in the grey matter lesions are or have been prone to proliferation. 
In conclusion, the observed appearance of immunoreactive TG2 in monocytes in active 
white matter lesions during marmoset EAE, in combination with its co-expression with 
β1-integrin and close association to extracellular FN, strongly suggests an important role 
for TG2 in the adhesion, migration and/or differentiation of infiltrating monocytes during 
EAE, and possibly MS. The appearance of TG2 in microglial cells in grey matter lesions 
together with β1-integrin, suggests an alternative role, e.g. microglial proliferation. Our 
novel observations on TG2 expression in white and grey matter lesions in a highly relevant 
animal model for MS are of interest in better understanding the possible functional 
implications TG2 may have in the pathogenesis of white and grey matter lesions in MS.
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Astrogliosis as seen in Multiple Sclerosis (MS) develops into astroglial scarring, 
which is beneficial because it seals off the site of central nervous system 
(CNS) damage. However, astroglial scarring also forms an obstacle that 
inhibits axon outgrowth and (re)myelination in brain lesions. This is possibly 
an important cause for incomplete remyelination in the CNS of early stage 
MS patients and for failure in remyelination when the disease progresses. 
In this study we address whether under demyelinating conditions in vivo, 
tissue Transglutaminase (TG2), a Ca2+-dependent enzyme that catalyses 
posttranslational modification of proteins, contributes to extracellular 
matrix (ECM) deposition and/or aggregation. We used the cuprizone model 
for de- and remyelination. TG2 immunoreactivity and enzymatic activity 
time-dependently appeared in astrocytes and ECM, respectively, in the 
corpus callosum of cuprizone-treated mice. Enhanced presence of soluble 
monomeric and multimeric fibronectin was detected during demyelination, 
and fibronectin immunoreactivity was slightly decreased in cuprizone-
treated TG2-/- mice. In vitro TG2 overexpression in astrocytes coincided 
with more, while knock-down of TG2 with less fibronectin production. TG2 
contributes, at least partly, to fibronectin production, and may play a role 
in fibronectin deposition during cuprizone-induced demyelination. Our 
observations are of interest in understanding the functional implications of 
TG2 during astrogliosis. 
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Introduction

Multiple Sclerosis (MS) is a chronic, inflammatory, demyelinating disease of the human 
central nervous system (CNS) that mainly affects young adults between 20 years and 
40 years of age (Handel et al., 2010; Koch-Henriksen and Sørensen, 2010). MS patients 
suffer, primarily, from loss of motor and sensory function (Compston and Coles, 2008), 
visual problems (Petzold et al., 2010) and cognitive impairment (Engel et al., 2007). The 
pathophysiology of MS consists mainly of inflammation (Korn, 2008), demyelination 
(Lassmann et al., 2007) and neurodegeneration (Trapp et al., 1998; van Waesberghe et al., 
1999; Bjartmar et al., 2000; Lassmann and van Horssen, 2011) contributing to neurological 
deficits, which result in progressive disability (Trapp et al., 1999; Ortiz et al., 2014). Following 
tissue injury, several cell types, including microglia and infiltrated macrophages, act as 
antigen presenting cells, produce inflammatory mediators, and phagocytize myelin and 
axonal debris (Lassmann and van Horssen, 2011). The continuous presence of inflammatory 
cytokines and oxygen radicals can ultimately compromise neuronal survival and activate 
local astrocytes (Gray et al., 2008; Zhang et al., 2010). Upon activation, astrocytes adopt a 
hypertrophic morphology and increase the expression of e.g. intermediate filament glial 
fibrillary acidic protein (GFAP), a process known as astrogliosis (Hostenbach et al., 2014). 
During astrogliosis, astrocytes can produce pro-and anti-inflammatory cytokines and 
chemokines, and moreover elevate the production of extracellular matrix (ECM) proteins 
(Meeuwsen et al., 2003; Smith and Strunz, 2005; Ransohoff and Brown, 2012; Wiese et 
al., 2012). Severe astrogliosis can result in astroglial scarring, which may be beneficial 
because it seals off the site of CNS damage (Williams et al., 2007; Sofroniew and Vinters, 
2010). However, the astroglial scar also forms an obstacle to both axon outgrowth and 
(re)myelination in brain lesions (Fawcett and Asher, 1999; Silver and Miller, 2004). This is 
assumed to be an important cause for the incomplete remyelination in the CNS of early 
stage MS patients and for the failure of remyelination when the disease progresses (Hanafy 
and Sloane, 2011; Kotter et al., 2011). 
Tissue Transglutaminase (TG2) is thus far the best characterized member of a family of 
Ca2+-dependent enzymes that catalyse posttranslational modification of proteins by 
cross-linking proteins via ε-(γ-glutamyl)lysine isopeptide bonds or through incorporating 
primary amines at selected peptide-bound glutamine residues (Lorand and Graham, 
2003). TG2 is expressed in the cytoplasm, cell organelles or on the surface of a wide 
variety of cells, and can be deposited into the ECM (Fesus and Piacentini, 2002). Various 
β-integrins interact with TG2, forming β-integrin-TG2 complexes, on the cell surface 
facilitating binding of integrins to ECM proteins, like fibronectin (Akimov et al., 2000; 
Lorand and Graham, 2003; Wang et al., 2010b; Belkin, 2011). In this manner, TG2 can 
contribute to cell-matrix interactions, which affect cell spreading and migration important 
during wound healing (Lorand and Graham, 2003). Previously, we have shown that TG2 is 
present in and on the surface of cultured rat astrocytes and interacts with fibronectin to 
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mediate astrocyte adhesion and migration in vitro (van Strien et al., 2011b). In addition, 
TG2 immunoreactivity was observed in astrocytes in the vicinity of fibronectin in chronic 
active MS lesions (van Strien et al., 2011c) suggesting a possible role for this enzyme in 
the formation and/or preservation of the astroglial scar. Indeed, TG2 has been implicated 
in other pathological scarring conditions, such as pulmonary and liver fibrosis (Griffin 
et al., 1979; Grenard et al., 2001; Verderio et al., 2004). Moreover, a strong association 
between renal fibrosis, the expression of TG2 and its cross-linking product ε-(γ-glutamyl)
lysine isopeptide was not only found in animal models (Johnson et al., 1997b, 1999) but 
also in human renal biopsy tissue (Johnson et al., 2003), where it affected cross-linking of 
the renal ECM, accelerating ECM deposition and conferring resistance to the proteolytic 
activity of metalloproteinases. 
In chronically demyelinated MS lesions, clear deposition of ECM proteins, including 
fibronectin and laminin has been observed (Sobel and Mitchell, 1989; van Horssen et al., 
2005; Stoffels et al., 2013a). Under these conditions, fibronectin inhibits (re)myelination 
(Stoffels et al., 2013a), whereas laminin is a myelination permissive extracellular matrix 
molecule (Colognato et al., 2005; Sisková et al., 2006). In the present study we hypothesize, 
that under demyelinating conditions in vivo, TG2 expression and activity is increased and 
that this enzyme contributes to ECM deposition and/or aggregation. To test our hypothesis, 
we used the cuprizone model for de-and remyelination. Cuprizone is a copper chelator 
that is given orally to mice and results in varying degrees of oligodendroglial damage and 
demyelination in the CNS (Skripuletz et al., 2011; van Strien et al., 2011a). This model might 
be an appropriate model for studying chronic pathology in MS, since demyelination in 
this model is accompanied by a strong astrogliosis and microgliosis, as seen in MS patients 
(Holley et al., 2003). This model, however, does not show the disturbance of the blood-
brain barrier as seen in MS and is therefore without a profound influx of immune cells 
(Kipp et al., 2009; Skripuletz et al., 2011, 2013), comparable to the hypocellular character 
of chronic, demyelinated MS lesions (van der Valk and De Groot, 2000). 

Methods

Cuprizone model

Demyelination and remyelination was induced in 8-week old C57BL/6 mice (Charles River 
Laboratories, Portage, MI). To this end, the animals (n=4/group) were fed ad libitum with 
normal powdered chow (control group, Abdiets, Woerden, the Netherlands), or with 
powdered chow to which 0.2% (w/w) cuprizone (bis-cyclohexanone oxaldihydrazone, 
Sigma-Aldrich Inc., St. Louis, Missouri, USA) was added during 5 or 11 weeks respectively. 
Another group of mice was fed with 0.2% w/w cuprizone for 5 weeks and subsequently 
fed with normal food for 2 more weeks to examine remyelination. Immediately after 
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the end of the treatment, animals were sacrificed by decapitation. The control group 
was sacrificed after 5 weeks. Their brains were extracted, hemispheres were separated 
and each directly frozen in liquid nitrogen and subsequently stored at -80 ºC. The same 
cuprizone treatment was given to 8-10 week old C57Bl/6 TG2-/- (n=6) mice (Laurenzi and 
Melino, 2001) that were backcrossed for at least 12 generations, and to littermate TG2+/+ 
genotype control (n=6) mice which were kept in individual ventilated cages with food 
and water accessible ad libitum. Both groups were sacrificed after 5 weeks of cuprizone 
treatment, their brains extracted, fixed overnight in 4% PFA in 0.2 M phosphate buffer and 
subsequently embedded in paraffin. These studies were approved by the VU University 
Medical Center committee on Animal Experimentation (approval numbers ANW 13-02 
and DMF 101122), and carried out in strict accordance with their guidelines.

Immunohistochemistry on cryosections

Coronal cryosections (10 µm) at the level of the corpus callosum from fresh frozen single 
hemispheres were cut from cuprizone-treated and control mice, dried and stored at -80o 
C until use. Sections were allowed to dry for 2 h at room temperature (RT), and fixed 
with 4% paraformaldehyde (PFA) in 0.2 M phosphate buffered saline (PBS, pH 7.4) for 
20 minutes (min) at RT. Sections to be stained for PLP were additionally dehydrated in 
ethanol 70%, 90%, 96%, and 100% (3 times) to remove fatty substances from the myelin, 
and then rehydrated in 96% ethanol, 90% ethanol, 70% ethanol, demineralized water 
and Tris-buffered saline (TBS, pH 7.4). In all sections, endogenous peroxidase activity 
was inhibited by incubation for 15 min at RT with 0.3% hydrogen peroxidase and 0.1% 
sodium azide in TBS. After 3 washes in TBS, non-specific binding sites were blocked by 
incubating the sections for 20 min at RT in 5% non-fat dried milk or 3% bovine serum 
albumin (BSA, Sigma-Aldrich; Mac-3 staining) in TBS containing 0.5% Triton X-100 (TBS-T; 
pH 7.6) Alternatively, sections to be stained for PLP were pre-treated with IHS mouse-to-
mouse ISO blocking solution (ImmunoLogic, Duiven, the Netherlands). Subsequently, all 
sections were incubated overnight in a humid chamber with one of the primary antisera 
(see Table 1 for details) diluted in their corresponding blocking solution at 4°C. Thereafter, 
sections were washed in TBS and incubated in a humid chamber for 2 hr at RT with their 
corresponding biotinylated goat anti-mouse IgG’s, goat anti-rabbit IgG’s, goat anti-rat 
IgG’s or donkey anti-goat IgG’s (1:400; Jackson ImmunoResearch Laboratories Inc., West 
Grove, Pennsylvania, USA) in TBS-T. Sections were washed in TBS and incubated with 
horse radish peroxidase (HRP)-labelled avidin-biotin complex (ABC complex, 1:400; Vector 
Laboratories, Burlingame, CA, USA) in TBS-T for 1 hr at RT. Sections were washed twice with 
TBS and once with Tris-HCl. Peroxidase activity was visualized using 3,3-diaminobenzidine 
(DAB, Sigma, St. Louis, USA) as a chromogen. Finally, sections were counterstained with 
haematoxylin, dehydrated in graded ethanol solutions, cleared in xylene and coverslipped 
with Entellan (Merck, Darmstadt, Germany). 
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Table 1. Primary antibodies used for immunohistochemistry.

Antigen Host species Final dilution Source

TG2 Goat 1:8000/1:4000 after 
staining for Iba1 

Upstate, 06-471

Fibronectin Rabbit 1:200 Sigma-Aldrich, F3648 

Fibronectin Goat 1:50 Santa Cruz (C-20), sc-6952

Laminin Rabbit 1:600 Abcam, ab7463 

GFAP (astrocytes) Rabbit 1:4000 DAKO, Z0334 

Mac-3 (microglia) Rat 1:200 BD Transduction Labs, 550292 

Iba1 (microglia) Rabbit 1:2000 Wako Chemicals, 019-19741

PLP (myelin) Mouse 1:500 Serotec, MCA839G

For double labelling of Iba1 and TG2, the immunohistochemical procedure was performed 
by sequential staining of Iba1 and TG2. After incubation with Iba1 (1:2000, Wako Chemicals, 
see Table 1 for more details), the sections were incubated in a humid chamber for 1 hr 
at RT with anti-rabbit IgG’s (ImmPRESS™- Alkaline Phosphatase reagent, MP-5402, Vector 
Laboratories, undiluted). Sections were then washed in TBS and incubated with Vector Blue 
Alkaline Phosphatase Substrate (SK-5300, Vector Laboratories, undiluted) to visualize Iba1 
staining. Subsequently, the sections were washed in TBS and in ethylenediaminetetraacetic 
acid buffer (EDTA, pH = 9.0). Subsequent incubation of the sections in EDTA buffer for 
30 min in a steaming device (MultiGourmet FS 20; Braun, Kronberg/Taunus, Germany) 
eliminated the bound antibodies without affecting the precipitate. Sections were allowed 
to regain room temperature (RT), washed three times in TBS and stained for TG2 by an 
overnight incubation in a humid chamber with the primary antiserum (1:4000, Upstate, 
see Table 1 for more details) at 4°C. Thereafter, sections were washed in TBS and incubated 
in a humid chamber for 2 hr at RT with biotinylated donkey anti-goat IgG’s (1:400; Jackson 
ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA) in TBS-T. Sections 
were washed in TBS and incubated with horse radish peroxidase (HRP)-labelled avidin-
biotin complex (ABC complex, 1:400; Vector Laboratories) in TBS-T for 1 hr at RT. Sections 
were washed with TBS and peroxidase activity was visualized using VIP Peroxidase 
Substrate (SK-4600, Vector Laboratories, undiluted) as a chromogen. Finally, sections were 
washed with TBS and water, dehydrated in graded ethanol solutions, cleared in xylene-
replacement (Sigma) and coverslipped with Vectamount (Vector Laboratories). 
Images were taken with an Olympus-VANOX-T light microscope. Specificity of TG2 
immunoreactivity was confirmed by pre-adsorption of the diluted goat anti-TG2 antibody 
with recombinant TG2 from guinea pig liver (1 mg/ml, Sigma-Aldrich) in TBS-T, for 1h at 
RT on a shaker. This was followed by an overnight incubation at 4ºC before addition of the 
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mixture to the sections, after which the described immunohistochemical procedure was 
followed. 

Immunohistochemistry of paraffin sections

Paraffin-embedded brains of cuprizone-treated TG2-/- mice and littermate controls were 
cut in 5 mm sections at the level of the corpus callosum. Sections were deparaffinised 
in xylene and transferred to distilled water via degrading 90%, 70% and 50% ethanol 
series. As a pre-treatment, sections were incubated with 20 μg/ml proteinase K (Sigma 
P2308) in TBS containing 0.02 M CaCl2 for 15 min at 37oC. All further incubation steps 
were performed in DAKO washing buffer (Dako, Denmark) with additional 10% fetal calf 
serum. The sections were incubated overnight at 4oC with a goat-anti-human fibronectin 
antibody (1:50; Santa Cruz, C-20). Subsequently, sections were incubated for 1 hr at room 
temperature with biotinylated donkey anti-goat IgG’s (1:200; Jackson ImmunoResearch 
Laboratories Inc). Sections were washed in TBS and incubated with horse radish peroxidase 
(HRP)-labelled avidin (1:100; Sigma) for 1 hr at RT. Finally, peroxidase activity was visualized 
using 3,3-diaminobenzidine (DAB, Sigma, St. Louis, USA) as a chromogen. 

Semi-quantification of immunoreactivity

Semi-quantitative analysis of TG2, fibronectin and laminin immunoreactivity (IR) was 
performed by measuring the amount of IR per region of interest (ROI, 0.1 mm2) in similar 
areas of the corpus callosum (approximately at Bregma 0.7 mm) ventral from the cingulum. 
To this end, pictures were taken at a 20×3.3 magnification and a standardized threshold 
procedure was used that distinguished background from specific IR as described by us 
previously (Doorn et al., 2014). Subsequently, the amount of specific IR was measured 
within the defined ROI, and expressed as percentages of TG2, fibronectin and laminin IR 
per ROI. Data were averaged per treatment group and expressed as mean ± SEM. The ROI 
was kept constant between animals and groups to perform the analysis in a reproducible 
manner and to be able to compare the amount of TG2, fibronectin and laminin IR between 
the treatment groups. These semi-quantitative analyses were performed unbiased using 
CellF Olympus Soft Imaging Solutions GmbH software, version 3.1 (Tokyo, Japan). 

TG2 activity assay

Frozen brain sections (10 µm) were dried for 2 h and then pre-incubated for 20 min at RT 
with an assay buffer (0.1 M Tris-HCl, 5 mM CaCl2, 1 mM dithiothreitol (DTT), 0.1% dimethyl 
sulfoxide (DMSO)) in the presence of absence of a selective TG2 inhibitor (Z-DON, 100 
μM, Zedira) (Verhaar et al., 2011). Subsequently, sections were incubated for 30 min at 
37 ºC with 50 mM pentylamine-Biotin (BAP, Thermo Scientific), a biotinylated amine TG 
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substrate, or with 50 mM T26 (Covalab, Villeurbanne, France), a specific, biotinylated TG2 
substrate, diluted in the assay buffer (Wilhelmus et al., 2016). After several washes in TBS 
and water, sections were fixed with 4% PFA in PBS for 20 min at RT. Subsequently, the 
sections were treated as described for immunohistochemistry. After incubation with 
horse radish peroxidase (HRP)-labelled avidin-biotin complex, peroxidase activity was 
visualized using DAB as a chromogen. Images were taken using an Olympus-VANOX-T 
light microscope. Omission of BAP and T26 substrates served as negative controls. 

Immunofluorescence

For double labelling of TG2 with the astrocyte marker GFAP or with fibronectin, coronal 
frozen brain sections (10 µm) were dried for 2h at RT and then fixed with 4% PFA in PBS for 
20 min (for TG2/GFAP) at RT. After blocking non-specific antibody binding with 5% non-
fat dried milk for 20 min at RT, sections were incubated overnight in a humid chamber 
with the primary antibodies goat anti-TG2 (1:8000, Upstate) combined with rabbit anti-
GFAP (1:4000, DAKO) or with rabbit anti-fibronectin (1:200, Sigma) diluted in blocking 
buffer at 4ºC (see Table 1 for more details). Subsequently, sections were washed in TBS 
and incubated in a dark, humid chamber with the appropriate fluorescently labelled IgG’s, 
i.e. donkey anti-goat IgG Alexa Fluor 594 (1:400, Molecular Probes) combined with donkey 
anti-rabbit IgG Alexa Fluor 488 (1:400, Molecular Probes) diluted in TBS-T for 2h at RT. After 
several washes in TBS, sections were mounted with Vectashield (Vector laboratories Inc.; 
GFAP/TG2) or with polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). 
Immunofluorescence was examined using a Leica confocal laser scanning microscope 
(Leica TSC-SP2-AOBS; Leica Microsystems, Wetzlar, Germany). 

Primary rat astrocyte cultures

Primary astrocytes were collected from 1 to 3-day-old Wistar rats (Harlan, Horst, The 
Netherlands). The rats were decapitated, cortical hemispheres were collected and 
meninges were removed. Tissue was digested in MEM (Sigma, St. Louis, MO) containing 
papain (30U/ml, Sigma), cysteine (0.24mg/ml; Sigma) and DNase I type IV (40μg/ml; 
Sigma). Supernatant was then removed, 1 mL of ovomucoid trypsin inhibitor solution 
(containing 1 mg/ml trypsin inhibitor; Roche, The Netherlands), 50 μg/ml bovine serum 
albumin (BSA), and 40 μg/mL DNase was added. Cells were centrifuged 5 minutes at 1000 
rpm, and the cells were plated on poly-L-lysine (PLL, 5μg/ml, Sigma) coated tissue 75cm2 
cell culture flasks (Nalge Nunc, Naperville, IL) at a density of 1.5 brains per flask. Cells 
were cultured in DMEM (Life Technologies, Carlsbad, CA) supplemented with 10% fetal 
calf serum (FCS; Bodinco, Alkmaar, The Netherlands). Medium was changed twice a week. 
After two weeks, flasks were shaken at 150 rpm for 1 hour at 37⁰C on an orbital shaker to 
remove microglia. Subsequently, flasks were shaken again at 240 rpm overnight at 37⁰C 
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to remove oligodendrocyte precursor cells. Astrocytes were obtained by a subsequent 
overnight shake off at 240 rpm. The remaining astrocyte monolayer was removed with 
trypsin. Astrocytes were cultured in T162 flasks (Corning Costar, Lowell, MA) in DMEM 
supplemented with heat-inactivated 10% FCS. 

Lentiviral modification of TG2

Human wild-type TG2 c-DNA (gift from prof. K. Mehta, University of Texas, M.D. Anderson 
Cancer Center, Houston, USA) was cloned into the lentiviral vector pCDH (System 
Bioscience, USA). Mock-transduced cells were used as a control. Primary rat astrocytes 
were transduced before the shake-off by exposing the cells overnight at 37⁰C to lentiviral 
particles and polybrene (8 μg/ml; Sigma), which facilitated viral particle entry. The cells 
were then left to recover in DMEM supplemented with 10% FCS, L-glutamine, penicillin 
and streptomycin for 48 hours, subjected to the shake-off procedure, followed by 
puromycin selection (1 μg/ml, Sigma) for at least 5 days. Alternatively, TG2 was down-
regulated in primary rat astrocytes by lentiviral transduction with TG2 specific shRNA. 
Therefore, astrocytes were plated on a poly-L-lysine (0.8 μg/cm2; Sigma-Aldrich) coated 
12 well plate (0.2x106 cells/well). The following day, 0.2x106 infectious units of virus (IFU) 
of lentiviral particles (Santa Cruz, sc-270266-V for the rat TG2 shRNA, or sc-108080 for the 
control shRNA data not shown) was added to the cells. The medium was changed the next 
day and the same amount of lentiviral particles was added to the cells. The medium was 
changed again the following day and this was done twice a week, from that point onward 
by medium containing 2 µg/ml puromycine (Sigma-Aldrich). 

Protein isolation

The remaining hemispheres of the fresh frozen brains from control and cuprizone treated 
mice were used to examine ECM protein expression and aggregation in the corpus 
callosum by western blotting. Tissue punches (1 mm diameter) including the corpus 
callosum area, ventral from the cingulum, were taken from coronal brain sections (20 μm). 
A total of 20 punches per hemisphere was collected in 90 µl of 2 % DOC containing 2 mM 
EDTA, 5 mM Tris-HCL, 0.1 mM PMSF, 7.5 μM pepstatin-A, 10 μM leupeptin and 0.75 μM 
aprotinin (all from Sigma-Aldrich). Additionally, primary rat astrocytes were washed three 
times with PBS (pH 7.4), harvested by scraping, and centrifuged for 7 minutes at 7000 rpm 
at RT. Pellets were lysed in TNE lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% 
Triton X-100, and protease inhibitor cocktail; Complete Mini; Roche Diagnostics GmbH), 
pH 7.4). Protein concentrations of the tissue and cell samples were determined by the 
Bradford Concentration Assay (BCA; Pierce Biotechnology, Etten-Leur, The Netherlands) as 
described in the instructions provided with the assay.
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Western blot analysis

Tissue samples for western blotting were centrifuged at 14,000 rpm for 30 min at 4°C, to 
separate the DOC-soluble from the DOC-insoluble fraction of total proteins isolated from 
the corpus callosum. To either tissue fraction 50 mM DTT was added and samples were 
heated for 10 min at 95°C. Cellular samples from rat astrocytes in culture were diluted 
with reducing sample buffer, containing beta-mercaptoethanol, and heated for 5 min 
at 98°C. Equal amounts of protein (20 µg) were subjected to 8% SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and subsequently transferred to a nitrocellulose membrane 
(Li-Cor Biosciences, Lincoln, Nebraska, USA). Membranes were blocked at RT with Odyssey 
blocking buffer (Li-Cor Biosciences) diluted 1:1 with TBS. Membranes were incubated 
overnight at 4°C with rabbit anti-fibronectin (Neomarkers, 1:1000), mouse anti-TG2 
(ab2386, Abcam, 1:2000) or mouse anti-β-actin (Abcam, 1:50000). After several washes 
with TBS containing 0.1% Triton, blots were incubated for 2h at RT with corresponding 
goat anti-rabbit IRDye 680LT IgG’s (1:10000, Li-Cor Biosciences), washed in TBS containing 
0.1% Triton, and were subsequently incubated for 1h with donkey anti-mouse IRDye 
800CW IgG’s (1:10000, Li-Cor Biosciences) for subsequent antigen detection. All antibody 
solutions were prepared in the Odyssey blocking buffer (Li-Cor Biosciences) diluted 1:1 
with TBS-0.1% Triton. After washing, membranes were scanned for fluorescence emission 
at 700 and 800nm, using an Odyssey infrared imaging system (Li-Cor Biosciences). Bands 
were visualized and their signal intensities were measured using the Odyssey Sa Infrared 
imaging system (Li-cor Biosciences).

Statistical analysis

Normal distribution of the data was tested using the Shapiro-Wilk procedure. When the data 
were normally distributed, a student’s t-test for 2 group comparisons (semi-quantitative 
analysis of fibronectin immunoreactivity in TG2-/- and wildtype cuprizone treated mice) 
or one-way analysis of variance (ANOVA) was performed followed by Dunnett’s post hoc 
test for multiple comparisons compared to the control groups (semi-quantitative analysis 
of TG2, fibronectin and laminin immunoreactivity in cuprizone treated wildtype mice) 
by using IBM SPSS software, version 20.0 (IBM Corp, NY, USA). P<0.05 was considered to 
represent statistically significant differences.
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Results

Validation of the cuprizone model

The cuprizone model was used to examine the phenotype of astrocytes, ECM composition 
and the expression of TG2 during de-and remyelination of the corpus callosum. The model 
was validated by studying de-and remyelination, as well as astrogliosis and microglial 
activation by myelin proteolipid protein (PLP), GFAP and Mac-3 immunohistochemistry, 
respectively. In the corpus callosum of control mice clear PLP immunoreactivity was 
observed (Fig. 1a). However, 5 weeks of cuprizone treatment resulted in apparent 
demyelination of the corpus callosum (Fig. 1b). Demyelination progressed and extended 
along this white matter structure in animals treated for 11 weeks with cuprizone (Fig. 1c). 
Conversely, in animals fed with a cuprizone-supplemented diet for 5 weeks and then fed 
with normal food for 2 additional weeks, remyelination of the corpus callosum occurred 
as was apparent by the increase in PLP immunoreactivity in this area (Fig. 1d). The 
presence of reactive microglia was studied by immunodetection of Mac-3, a membrane 
glycoprotein expressed by reactive macrophages and microglia (Guerrero et al., 2012). 
Control animals showed relatively little Mac-3 immunoreactivity in the corpus callosum 

Figure 1. Validation of the cuprizone model. 
PLP (a-d), Mac-3 (e-h) and GFAP (i-l) immunoreactivity in the corpus callosum of control (CTRL) animals (a, 
e, i), after 5 (b, f, j) and 11 weeks (c, g, k) of cuprizone treatment (5 wk and 11 wk) and (d, h, l) after 5 weeks 
of cuprizone treatment followed by 2 weeks of normal chow (REM). Scale bar is 100 µm (a-d), 50 µm (e-l) 
or 25 µm (g’, j’), n=4.
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(Fig. 1e). However, after 5 weeks of cuprizone treatment, the presence of Mac-3 positive 
microglia in the corpus callosum was evident (Fig. 1f ), which was less when animals were 
treated for 11 weeks with cuprizone (Fig.1g, g’) and in animals experiencing remyelination 
during 2 weeks (Fig. 1h). GFAP immunoreactivity was more apparent in animals treated 
for 5 weeks with cuprizone (Fig. 1j, j’) compared to the control animals (Fig. 1i). Especially 
after 11 weeks (Fig. 1k) astrocytes expressed more GFAP and formed dense networks of 
hypertrophic astrocytes, contributing to astroglial scarring. This was not apparent during 
remyelination, though GFAP immunoreactivity remained evident (Fig. 1l). 

TG2 and fibronectin but not laminin immunoreactivity were elevated during 
demyelination

To examine the presence of TG2 in relation to the production and deposition of ECM 
proteins during de-and remyelination, immunoreactivity of TG2, fibronectin and laminin 
in the corpus callosum was examined in animals during acute demyelination (after 5 weeks 
of cuprizone treatment), chronic demyelination (after 11 weeks of cuprizone treatment) 
and remyelination (5 weeks of cuprizone treatment followed by 2 weeks of normal food). 
Specificity of the antibody for the TG2 antigen was first established by pre-adsorption of 
the TG2 antibody with recombinant TG2 from guinea pig liver prior to incubation of the 
sections. This led to a strong decrease in TG2 immunoreactivity in the corpus callosum of 
mice treated for 5 weeks with cuprizone (Supplementary Fig. S1), indicating the specificity 
of the antibody for the TG2 antigen. TG2 immunoreactivity was hardly visible in control 
mice (Fig. 2a). The limited TG2 immunoreactivity that was found, was confined to the 
endothelium surrounding blood vessels as shown by others (Gaudry et al., 1999b; Bakker 
et al., 2008). After cuprizone treatment, however, TG2 appeared in the brain parenchyma, 
within cells and in the ECM (Fig. 2b, b’, c). This was still present following 2 weeks of 
remyelination (Fig. 2d), although less evident compared to only cuprizone-treated 
animals. Semi-quantification of TG2 immunoreactivity indicated that the percentage of 
TG2 immunoreactivity within the indicated ROI was significantly increased in animals after 
5 weeks (9.90 ± 2.80%) and 11 weeks (10.36 ± 1.74%) of cuprizone treatment (p<0.05 and 
p<0.01, respectively) compared to controls (1.19 ± 0.27%). This increase was no longer 
significant during remyelination (4.28 ± 1.08%) (Fig. 2e). Fibronectin immunoreactivity 
was present in control animals mostly related to blood vessels (Fig. 2f ) in line with reports 
by others (Sobel and Mitchell, 1989; van Horssen et al., 2005). After 5 weeks of cuprizone 
treatment, fibronectin immunoreactivity appeared additionally widespread in the corpus 
callosum, specifically in the ECM (Fig. 2g, g’) and was significantly increased (5.63 ± 0.85%; 
p<0.05) compared to control mice (1.78 ± 0.31%) (Fig. 2j). Fibronectin immunoreactivity 
was still visible and localized in proximity to blood vessels and surrounding ECM in 
animals after 11 weeks of cuprizone treatment and during remyelination (Fig 2h, i), but did 
not reach statistical significance anymore (3.00 ± 0.29% and 3.34 ± 1.22%, respectively) 
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Figure 3. TG2 activity is increased during de- and remyelination. 
Incorporation of T26 is indicative of TG2 activity in the corpus callosum of control animals (CTRL) (a, e, 
i), after 5 weeks (5 wk) of cuprizone treatment (b, b’,f, j), after 11 weeks of cuprizone (11 wk) (c, g, k) and 
after 5 weeks of cuprizone treatment followed by 2 weeks of normal chow (REM) (d, h, l). No active TG2 is 
detected in the corpus callosum of CTRL or cuprizone-treated animals, when sections were pre-incubated 
with 100 μM Z-DON, a selective inhibitor of TG2 (e-h) or when sections were incubated without T26 (i-l). 
Scale bars are 100 µm (a-l) or 25 µm (b’).

Figure 4. Transglutaminase activity is 
increased during demyelination.
Incorporation of BAP is indicative of 
transglutaminase activity in the corpus 
callosum of control animals (CTRL) (a, c, 
e) and after 5 weeks (5 wk) of cuprizone 
treatment (b, b’, d, f ). No active TG2 is 
detected in the corpus callosum of CTRL 
or cuprizone-treated animals, when 
sections were pre-incubated with 100 
μM Z-DON, a selective inhibitor of TG2 
(c-d) or when sections were incubated 
without BAP (e-f ). Scale bars are 100 µm 
(a-f ) or 25 µm (b’).
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(Fig. 2j). Laminin immunoreactivity in the corpus callosum was located around blood 
vessels in all groups (Fig. 2k-n) and did not change visibly between the treated groups 
and control mice. Moreover, semi-quantification indicated that the percentage of laminin 
immunoreactivity remained statistically unchanged across all groups (Fig. 2o). 

TG2 activity is increased during demyelination

Using immunohistochemistry we were able to detect elevated levels of TG2 
immunoreactivity in the corpus callosum during demyelination. To examine whether 
this TG2 was enzymatically active, we determined the enzymatic activity of TG2 in the 
corpus callosum of the different groups of mice by using T26, a specific TG2 substrate, 
and BAP, a general substrate for transglutaminases. Adding either biotinylated substrate 
to the sections resulted in little signal in the corpus callosum of control mice (Fig. 3a, 4a). 
Any activity that was seen, was limited to the endothelium surrounding blood vessels 
as shown by others (Bakker et al., 2005). After treatment with cuprizone for 5 weeks an 
increased activity widespread in the corpus callosum was evident and appeared to be 
located in the ECM (Fig. 3b and Fig. 4b). This signal disappeared when the sections were 
co-incubated with the specific TG2 inhibitor Z-DON (Figs. 3e, f and 4c, d). These data 
indicate the presence of increased TG2 activity after 5 weeks of cuprizone treatment. At 11 
weeks of cuprizone treatment TG2 activity was still clearly visible (Fig. 3c). Moreover, TG2 
activity seemed to be increased during remyelination (Fig. 3d) compared to control as well 
as groups that received cuprizone for 5 or 11 weeks (Fig. 3a-c). This signal also disappeared 
in the presence of the TG2 inhibitor Z-DON (Fig. 3g, h). As a technical control, sections from 
all groups were incubated in the absence of T26 or BAP, resulting in no immunoreactivity 
(Fig 3 i-l and Fig. 4e, f ).

TG2 is present in astrocytes during de- and remyelination

Since TG2 and fibronectin immunoreactivity were both increased in the corpus callosum 
during demyelination, we questioned whether TG2 plays a role in the interaction of specific 
cells with fibronectin. Co-localization of TG2 with GFAP, Iba1 or fibronectin was therefore 
examined in the corpus callosum. TG2 and GFAP showed extensive co-localization after 
5 (Fig. 5b, b’) and 11 weeks of cuprizone treatment (Fig. 5c, c’). This was still visible after 
remyelination (Fig. 5d), indicating that astrocytes are the main cells to express TG2 during 
de-and remyelination. Additionally, consecutive staining of Iba1 and TG2 at 5 weeks of 
cuprizone treatment showed that TG2 is not present in microglia (Fig. 5e). At 5 weeks of 
cuprizone treatment, fibronectin immunoreactivity was seen in the parenchyma in a spot-
like pattern in close proximity to cells with an astrocyte-like morphology. These cells also 
showed some co-localization of fibronectin with TG2 (shown by arrows and arrowheads 
respectively in Fig. 5f, f’).
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Figure 6. Fibronectin monomers and multimers are affected by cuprizone treatment. 
Deoxycholate-soluble fibronectin (FN) monomers of 220kDa show a slight increase after 5 weeks (5 wk) 
weeks of cuprizone treatment, compared to control (CTRL) animals. Deoxycholate-soluble fibronectin 
multimers were confined to the loading wells due their size and also appear to be slightly increased after 
11 weeks (11 wk) of cuprizone treatment. Samples were derived from the same experiment and blots were 
processed in parallel. Cropping was used in the figure. Full-length blots are presented in Supplementary 
Figure 2.

Figure 5. TG2 co-localizes with GFAP and fibronectin but not with Iba1 during demyelination. 
TG2 and GFAP immunoreactivity (a-d) in the corpus callosum of control (CTRL) animals (a), after 5 (b, b’) 
and 11 weeks (c, c’) of cuprizone treatment (5 wk and 11 wk) and (d) after 5 weeks of cuprizone treatment 
followed by 2 weeks of normal chow (REM) showed that TG2 is present in astrocytes (b-d) Scale bars 
are 100 µm (a-d) or 50 µm (b’,c’). Consecutive staining of Iba1 and TG2 at 5 weeks (5 wk) of cuprizone 
treatment showed that TG2 is not present in microglia (e). At 5 weeks of cuprizone treatment, fibronectin 
immunoreactivity (FN) is seen in the parenchyma in a spot-like pattern in close proximity to astrocyte-like 
cells expressing TG2 (indicated by arrows in f ). Some astrocyte-like cells also showed co-localization of 
fibronectin with TG2 (shown by arrowheads in Fig. f and f’). Scale bars are 50 µm (e) and 100 µm (f ) or 50 
µm (f’).
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Fibronectin mono-and multimers during de-and remyelination

Fibronectin is normally found as a disulphide-bound dimer with two subunits of 220–250 
kDa each, but can assemble into a complex network of high molecular weight aggregates, 
which are insoluble in the detergent deoxycholate (DOC) (Wierzbicka-Patynowski and 
Schwarzbauer, 2003; Mao and Schwarzbauer, 2005). To examine whether fibronectin 
formed aggregates in the cuprizone model, DOC soluble and DOC insoluble monomeric 
and multimeric isoforms of fibronectin were examined in tissue punches of the corpus 
callosum by western blotting. The DOC-insoluble fraction of total proteins from the 
corpus callosum did not show any signal (data not shown), suggesting an absence of 
DOC-insoluble fibronectin mono- and multimers in the ECM. The DOC-soluble fraction 
however, showed a slight increase in fibronectin dimers, which were reduced by western 
blotting conditions and appeared as monomers of 220kDa after 5 weeks of cuprizone 
treatment (Fig. 6). DOC-soluble fibronectin multimers were confined to the loading wells 
due to their size. The amount of fibronectin multimers seemed to be slightly increased 
after 11 weeks of cuprizone treatment (Fig. 6). 

Fibronectin immunoreactivity is reduced in cuprizone-treated TG2-/- mice

To determine whether TG2 contributes to the increase in fibronectin immunoreactivity 
(as shown in Fig. 2f,g), TG2-/- and littermate control mice were treated for 5 weeks with 
cuprizone. In TG2-/- mice less fibronectin immunoreactivity (7.16 ± 2.26%) was observed in 
the corpus callosum compared to wildtype mice (9.56 ± 2.64%; Fig. 7), although it did not 
reach statistical significance. 

Figure 7. Fibronectin immunoreactivity in cuprizone-treated TG2-/- and wildtype mice
Fibronectin immunoreactivity in the corpus callosum of TG2-/- and wildtype mice treated with cuprizone 
for 5 weeks (a). Scale bar is 100 μm. The level of fibronectin immunoreactivity (IR) is semi-quantified 
and expressed as percentage of IR per region of interest (ROI) in the corpus callosum (b). Fibronectin 
immunoreactivity is less present in TG2-/- mice compared to littermate wildtype mice, but did not reach 
statistical significance. Data are shown as mean + SEM, n=6.
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Fibronectin expression is affected in astrocytes by up-and downregulation 
of TG2 

To determine whether TG2 can directly affect fibronectin production, we studied 
fibronectin production of astrocytes overexpressing TG2. The overexpressed human TG2 
was visible by an extra band, slightly higher than endogenous rat TG2 (Fig. 8a). Moreover, 
fibronectin expression was elevated (Fig. 8a) compared to the mock transduced control. 
Alternatively, fibronectin expression was decreased when TG2 was downregulated (Fig. 
8b).

Figure 8. Fibronectin expression is affected in astrocytes after up- and downregulation of TG2. 
Lentiviral overexpression of TG2 (LV TG2) in primary rat astrocytes results in an extra band for TG2 (hTG2) 
on western blot, indicative of the human TG2 which is slightly bigger compared to the endogenous rat 
TG2 (rTG2; 78kDa). Fibronectin expression (220kDa) is increased in primary rat astrocytes after lentiviral 
upregulation of TG2 (a). Alternatively, downregulation of TG2 (TG2 shRNA) decreases fibronectin 
expression (b). Blots of in vitro upregulation (a) and downregulation (b) of TG2 were processed in parallel. 
Cropping was used in the figure. Full-length blots are presented in Supplementary Figure 3.
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Discussion

In the present study we showed that during demyelination, TG2 immunoreactivity 
and enzymatic activity time-dependently appear in astrocytes and ECM in the corpus 
callosum of mice treated with cuprizone. Similarly, enhanced presence of monomeric 
and multimeric fibronectin is detected during demyelination. Subsequent in vitro studies 
suggest that enhanced TG2 expression in astrocytes coincides with more astrocytic 
fibronectin, and knock-down of TG2 decreases fibronectin production. These data suggest 
that TG2 directly contributes to fibronectin production, and may play a role in fibronectin 
deposition during cuprizone-induced demyelination. 
The cuprizone model as used in the present study has been widely used before to 
determine which cells and factors contribute to demyelination and remyelination 
processes as observed in MS (Matsushima and Morell, 2001; Kipp et al., 2009). We observed 
clear demyelination during cuprizone treatment which resulted in remyelination upon 
ablation of the cuprizone diet. Moreover, an expected early increase in Mac-3 expression 
in microglia was seen which was reduced upon longer exposure to cuprizone. Finally, 
an elevation in GFAP expression was found during demyelination, and reduced slightly 
during remyelination. These time-dependent changes in cellular responses found during 
demyelination and remyelination were similar to those reported by others (Skripuletz et 
al., 2008; Kipp et al., 2011; Hibbits et al., 2012). In this model, TG2 immunoreactivity was 
enhanced in particular during demyelination, and present in astrocytes. What induces 
the increase in TG2 production in astrocytes during cuprizone-induced demyelination is 
not known, but inflammatory mediators and glutamate have been shown to elevate TG2 
expression in astrocytes (Monsonego et al., 1997; Campisi et al., 2004; van Strien et al., 
2011b). The activity of this enzyme was clearly present and mostly located in the ECM. 
This is in line with observations that intracellular TG2 is usually inactive, but becomes 
activated extracellularly when redox conditions are altered (Stamnaes et al., 2010; Jin et 
al., 2011). Enhanced oxidative stress is clearly described in the cuprizone model (Pasquini 
et al., 2007; Bénardais et al., 2013; Praet et al., 2014). In addition, glutamate excitotoxicity 
is enhanced during cuprizone-induced demyelination (Tameh et al., 2013). Thus, elevated 
presence and activity of TG2 is likely to play a role in the cuprizone model. 
Simultaneous to increased TG2 immunoreactivity, also fibronectin, but not laminin, 
immunoreactivity increasingly appeared in the ECM during demyelination. DOC-insoluble 
fibronectin aggregates are considered to disturb remyelination (Stoffels et al., 2013a). 
We observed a slight increase in DOC-soluble fibronectin mono- and multimers during 
demyelination, but did not find conclusive fibronectin aggregates. It has been suggested 
before that inflammation, i.e., damage to the blood-brain barrier is essential to obtain 
real fibrosis, which is absent in the cuprizone model (Bakker and Ludwin, 1987; McMahon 
et al., 2001; Hibbits et al., 2012). This might also explain why fibronectin aggregates 
were previously found at the relapse phase in chronic relapsing EAE and multiple 
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sclerosis lesions, but not in lysolecithin-induced demyelination (Stoffels et al., 2013a). 
Our observations, that fibronectin multimers are slightly more present after chronic 
demyelination (11 weeks of cuprizone treatment), may suggest a pre-aggregation state.
Subsequent analysis of TG2-/- mice after 5 weeks of cuprizone administration showed 
slightly less fibronectin immunoreactivity in the demyelinated corpus callosum 
compared to littermate wildtype mice. This is in line with our in vitro studies showing 
that overexpression of human TG2 in rat astrocytes resulted in more astrocytic fibronectin 
production, while in astrocytes with downregulated TG2, the amount of astrocytic 
fibronectin decreased compared to the mock condition. These data suggest that TG2, 
at least partly, is involved in fibronectin production and may contribute to fibronectin 
deposition. This would fit with the observed enhanced amount of extracellular fibronectin 
when TG2 immunoreactivity is elevated during demyelination. 
Also in chronic MS lesions, TG2 immunoreactivity was elevated in astrocytes and observed 
in close vicinity to fibronectin (van Strien et al., 2011c). Cuprizone-induced demyelination 
shows a clear increase in TG2 expression in astrocytes and extracellular fibronectin as in 
chronic MS lesions. However, in contrast to MS lesions, no fibronectin aggregates can be 
observed as in MS lesions when remyelination fails (Sobel and Mitchell, 1989; van Horssen 
et al., 2005, 2006), suggesting that additional, likely inflammatory factors are necessary in 
the formation of DOC-insoluble fibronectin aggregates. Actually, in the cuprizone model 
ablation of cuprizone results in remyelination which favours the absence of aggregated 
ECM proteins. Moreover, we previously observed that TG2 contributes to remyelination 
in the cuprizone model, which is probably due to TG2 promoting differentiation of 
oligodendrocyte precursor cells (van Strien et al., 2011a). Thus, TG2 may have cell-specific 
effects, depending on the timing of its presence during de- and re-myelination processes.
In conclusion, both TG2 immunoreactivity in astrocytes and TG2 enzymatic activity in 
the ECM were increased during cuprizone-induced demyelination, which coincided 
with an increase in fibronectin deposition, but not aggregation. Fibronectin production 
was reduced in TG2-/- mice and TG2 downregulated astrocytes in vitro. Moreover, 
overexpression of TG2 enhanced fibronectin production by astrocytes in vitro. Our novel 
observations on TG2 in this model of de-and remyelination are of interest in better 
understanding the possible involvement of astrocyte-derived TG2 in the pathogenesis of 
fibronectin deposition during astrogliosis in MS. 
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Supplementary figure 1

Figure S1. Specificity of TG2 immunoreactivity. TG2 immunoreactivity (a) is seen in the corpus callosum 
after 5 weeks (5 wk) of cuprizone treatment. Specificity of TG2 stainings is confirmed by pre-adsorption 
of recombinant TG2 from guinea pig liver with the primary TG2 antibody prior to incubation with the 
appropriate secondary antibody. After preadsorption with guinea pig TG2 no immunohistochemical 
signal is seen for the TG2 antibody, demonstrating its specificity for the TG2 antigen (b). Scale bar is 50 µm.

Supplementary figure 2

Figure S2. Full-length blot for figure 6. Sample order was changed to CRTL, 5 weeks (wk) and 11 wk of 
treatment in cropped western blot. 
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Supplementary figure 3

Figure S3. Full-length blots for figure 8. Top blots are from lentiviral overexpression of TG2. Lower blots 
are from down-regulation of TG2 by TG2 specific shRNA.
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Background: During Multiple Sclerosis (MS) lesion formation, inflammatory 
mediators are produced by microglial cells and invading leukocytes. 
Subsequently, hypertrophic astrocytes fill the lesion and produce 
extracellular matrix (ECM) proteins that together form the astroglial scar. 
This is beneficial because it seals off the site of central nervous system (CNS) 
damage. However, astroglial scarring also forms an obstacle that inhibits 
remyelination of brain lesions. This is possibly an important cause for 
incomplete remyelination of the CNS in early stage MS patients and for failure 
of remyelination when the disease progresses. Tissue Transglutaminase 
(TG2), a Ca2+-dependent enzyme that can cross-link proteins, appears 
in astrocytes in inflammatory MS lesions, and may contribute to the 
rearrangement of ECM protein deposition and aggregation. 
Methods: The effect of different inflammatory mediators on TG2 and 
fibronectin, an ECM protein, protein levels was examined in primary rat 
microglia and astrocytes by western blotting. Also TG2 activity was analysed 
in primary rat astrocytes by a TG activity assay. To determine the role of TG2 
in the deposition and cross-linking of fibronectin, a TG2 inhibitor and TG2 
knock-down astrocytes were used. 
Results: Our data show that under inflammatory conditions in vitro, TG2 
production is enhanced in astrocytes and microglia. We observed that in 
particular astrocytes produce fibronectin that can be cross-linked and 
aggregated by exogenous TG2. Moreover, inflammatory stimulus-induced 
endogenously produced TG2 is involved in the appearance of morphological 
fibril-like fibronectin deposits, but does not lead to cross-linked fibronectin 
aggregates. 
Conclusions: Our in vitro observations suggest that during MS lesion 
formation, when inflammatory mediators are produced, astrocyte-derived 
TG2 may contribute to ECM rearrangement, and subsequent astroglial 
scarring.
Keywords: tissue transglutaminase, neuroinflammation, astrocytes, 
astroglial scarring, extracellular matrix, fibronectin 
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Background

In multiple sclerosis (MS), a chronic inflammatory, demyelinating disease of the central 
nervous system (CNS), various classes of inflammatory white matter lesions can be identified 
(Bö et al., 1994; Trapp et al., 1998). Active white matter lesions appear with a massive influx 
of leukocytes and ongoing demyelination. In these lesions, e.g. inflammatory cytokines 
and chemokines are produced by activated microglial cells and invading leukocytes 
(Brück et al., 1995a; Trapp et al., 1998; Frohman et al., 2006; Koning et al., 2007; Lassmann 
et al., 2007). In chronic MS lesions, infiltrating cells, particularly macrophages, remain 
present at the rim of the lesion where demyelination is still ongoing (Bramow et al., 2010). 
Simultaneously, astrogliosis appears in the lesion which mainly consists of astrocytes with 
an hypertrophic phenotype (Meeuwsen et al., 2003; Smith and Strunz, 2005; Ransohoff 
and Brown, 2012; Wiese et al., 2012). The formed astroglial scar is beneficial because it seals 
of inflammation in the CNS into focal areas (Williams et al., 2007). However, the scar also 
impedes remyelination by inhibiting the migration and differentiation of oligodendrocyte 
precursor cells (Fawcett and Asher, 1999). Remyelination in MS lesions is therefore not 
very effective (Kotter et al., 2011; Stankoff et al., 2016; Motavaf et al., 2017), which might 
contribute to the chronic neurodegenerative character of this disease with progressive 
loss of motor, sensory and cognitive functions (Lublin et al., 2014).
During astrogliosis, the extracellular matrix (ECM) is largely modified, which is reflected by 
an enhanced production of ECM proteins by astrocytes (Gutowski et al., 1999; Silver and 
Miller, 2004; Back et al., 2005; van Horssen et al., 2005, 2007). Previous studies under in 
vitro conditions, in MS animal models and in brain material from patients already showed 
changes in the production and deposition of chondroitin sulphate proteoglycans, a family 
of ECM proteoglycans (Lau et al., 2012, 2013). Furthermore, the ECM proteins fibronectin 
and laminin have been shown to be more expressed by astrocytes (Liesi et al., 1984, 
1986; Price and Hynes, 1985; van der Laan et al., 1997) and aggregated in chronically 
demyelinated multiple sclerosis lesions (Stoffels et al., 2013a), possibly contributing to the 
non-regenerative nature of these lesions (Sisková et al., 2009; Stoffels et al., 2013b).
Tissue Transglutaminase (TG2) is a Ca2+-dependent enzyme with various catalytic functions, 
including protein deamidation, transamidation, and cross-linking (Aeschlimann and 
Thomazy, 2000; Fesus and Piacentini, 2002; Griffin et al., 2002; Iismaa et al., 2009; Mehta 
et al., 2010; Park et al., 2010; Numinskaya and Belkin, 2012). TG2 is localized intracellularly 
(Thomazy and Fesus, 1989), on the cell surface and in the ECM (Balklava et al., 2002; Lorand 
and Graham, 2003). In the ECM, TG2 is capable of cross-linking a wide range of proteins, 
which are important in ECM deposition and stabilization (Wang et al., 2010b; Chou et al., 
2011). TG2 can also directly, i.e. non-enzymatically, interact with fibronectin, an important 
ECM protein in tissue repair processes, and various beta-integrins, thereby mediating 
cell-ECM interactions (Akimov and Belkin, 2001a; Telci et al., 2008; Collighan and Griffin, 
2009). TG2 is therefore thought to play an important role in various physiological and 
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pathological situations including inflammation and fibrosis (Mehta et al., 2010; Gundemir 
et al., 2012) and can possibly contribute to the process of astroglial scarring in the CNS of 
MS patients and other brain injuries. 
We have previously shown the appearance of TG2 immunoreactivity in astrocytes in 
active and chronic active MS lesions (van Strien et al., 2011c) and in demyelinating areas 
in the mouse brain after cuprizone treatment (Espitia Pinzón et al., 2017b). Moreover, TG2 
expression in astrocytes is regulated by some inflammatory mediators as are present in 
MS lesions (van Strien et al., 2011b). In the present study we questioned whether a wide 
array of inflammatory mediators can affect TG2 production in astrocytes and possibly 
also in microglia which can be a source of ECM proteins during the formation of the 
astroglial scar (Morgenstern et al., 2002; Rhodes and Fawcett, 2004; Fitch and Silver, 
2008; Galtrey et al., 2008; Sherman and Back, 2008; Harlow and Macklin, 2014). We also 
questioned whether TG2 contributes to the production, deposition and cross-linking of 
the ECM protein fibronectin under inflammatory conditions. A better understanding of 
the inflammatory regulation of TG2 and its role in the production, deposition and cross-
linking of ECM proteins by astrocytes and possibly microglia could be of therapeutic 
interest to overcome astroglial scarring and promote a remyelinating milieu. 

Methods

Primary astrocytes and microglia

Primary rat glial cells were isolated from cerebral cortices of 2-day old Wistar rats 
(Harlan CPB, Zeist, The Netherlands), as described previously (Ledeboer et al., 2002), and 
approved by the Animal Experiment Committee of the VU University Medical Center (ID: 
FGA 11-03). The meninges and blood vessels were removed from the cortices. Cortices 
were mechanically homogenized in Dulbecco’s modified Eagle’s medium-F10 (Gibco, Life 
Technologies, Breda, The Netherlands), supplemented with 10% v/v heat-inactivated fetal 
calf serum (Gibco), 2 mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 50 Units/ml 
penicillin (Sigma-Aldrich) and 50 μg/ml streptomycin (Gibco) to make a cell suspension. 
Dissociated cells from 2 to 3 pups were plated in poly-L-lysine (PLL, 15 μg/ml (2 μg/cm2); 
Sigma-Aldrich) coated T75 culture flasks (Nunc, Hamstrop, Denmark) and incubated at 37°C 
in humidified air containing 5% CO2. The medium was changed at day 1, day 6 and day 8 
after seeding. After 10 days in culture, microglia and astrocytes were separated by shaking 
the flasks on a rotary platform (Heidolph Unimax 2010) at 230 rpm for 16 h. Astrocytes 
were further purified by treatment with 5 mM leucine methyl ester (Sigma- Aldrich) in 
serum free medium, for 24 hours (h) at 37°C. Microglia were cultured in fresh medium 
mixed with conditioned medium (1:1 ratio) collected from the mixed cell culture before 
separation. The purity of astrocyte cultures was between 80-90%, as described previously 
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(Prins et al., 2014b), determined by immunofluorescent staining using glial fibrillary acidic 
protein (GFAP) antibody (1:6,000; DAKO, Glostrup, Denmark). Purity of primary microglial 
cultures was between 90-94% as determined by immunofluorescent staining using Iba1 
antibody (1:1,000; WAKO Chemicals USA).

Treatments 

Astrocytes and microglia cultured on 2 μg/cm2 PLL coated 6 well plates (Nunc) were 
incubated for 48 h in medium alone (control) or with lipopolysaccharide (LPS, E. coli 055-
B5, Difco, 100 ng/ml), human recombinant (rec) transforming growth factor (TGF)-β1 
(BioLegend), human rec TGF-β2 (BioLegend), rat rec interleukin (IL)-1β (Glaxo), rat rec 
tumor necrosis factor (TNF)-α (Biolegend), rat rec TNF-α+IL-1β, rat rec interleukin (IL)-4 
(BioVision), rat rec interleukin (IL)-6 (gift from Steve Poole) or rat rec interleukin (IL)-10 
(Pharmingen) (all 20 ng/ml). In addition, astrocytes and ECM deposited by astrocytes 
were treated for 48 h with TNF+IL-1β in the absence or presence of 10 µM of the bona 
fide dihydroisoxazole TG2 activity inhibitor ERW1041E (Quinolin-3-ylmethyl(S)-2-((((S)-3-
bromo-4,5-dihydro-isoxazol-5-yl)methyl)carbamoyl)pyrrolidine-1-carboxylate) diluted in 
0.1% (v/v) dimethyl sulfoxide (DMSO); kind gift from C. Khoshla, Stanford University, USA) 
(Watts et al., 2006; Dafik and Khosla, 2011; Dafik et al., 2012). Astrocytes were alternatively 
treated with exogenous recombinant guinea pig TG2 (Sigma Aldrich) in pathophysiological 
concentrations (0.13 and 1.3 µM) according to previously published studies (Konno et 
al., 2005; Segers-Nolten et al., 2008) for 48 h. Additionally, deposited ECM, after removal 
of astrocytes, was treated with 0.64 µM exogenous recombinant guinea pig TG2 (Sigma 
Aldrich) for 16 h combined with a pre-incubation with a selective inhibitor of TG2 (Z-DON, 
1μM, Zedira) diluted in 0.001% DMSO or only with DMSO for 30 minutes (min) at 37°C. In 
some experiments, astrocytes were cultured in 8-well Lab-Tek Permanox chamber slides 
(Nunc) or 6 well plates (Nunc) coated with 2 μg/cm2 laminin (mixture of laminin-1 and 
laminin-2, from Sigma-Aldrich) instead of PLL. 

Lentiviral downregulation of TG2

TG2 was down-regulated in primary rat astrocytes by lentiviral transduction with TG2 
specific shRNA. Therefore, astrocytes were plated on a laminin (2 μg/cm2; Sigma-Aldrich) 
coated 12 well plate (0.2x106 cells/well, Nunc). The following day, 0.2x106 infectious units 
of virus (IFU) of lentiviral particles (Santa Cruz, sc-270266-V for rat TG2 shRNA, or sc-108080 
for control scrambled shRNA) were added to the cells. The next day the same amount of 
lentiviral particles was added to the cells. The medium was changed the following day and 
cells were left for 5 days before treatment with TNFα+IL-1β.
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Sample collection

Whole cell lysates
Whole cell lysates were obtained by homogenizing the cells in ice-cold lysis buffer 
containing 20 mM Tris-HCl pH 7.5, 137 mM NaCl, 1mM ethylenediaminetetraacetic 
acid, 1% NP40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM 
dithiothreitol (DTT), 100 μM phenylmethanesulfonyl fluoride (PMSF), 7.5 μM pepstatin-A, 
10 μM leupeptin and 0.75 μM aprotinin (all from Sigma-Aldrich). 

Transglutaminase activity lysates
For Transglutaminase (TG) activity measurements, cells were collected in Tris-buffered 
saline (TBS), pH 7.5, containing 100 μM PMSF, 7.5 μM pepstatin-A, 10 μM leupeptin and 
0.75 μM aprotinin (all from Sigma-Aldrich).

ECM lysates
For the collection of ECM samples, cells were removed after washing with TBS at room 
temperature (RT), by incubation (5 min) with 50 mM NH4OH + 0.05% Triton-100 (Sigma-
Aldrich). This was followed by incubation (5 min) with 50 mM NH4OH. Any remaining cell 
fractions were washed away by repeated wash steps with TBS. The ECM was incubated for 
1 h at 37 °C with DNAse (10 U/ml, Promega) in a buffer (pH 7.9) containing 4.84 g/L Tris, 
0.58 g/L NaCl, 0.57 g/L MgCl2 and 1.95 g/L CaCl2. The ECM was again washed with TBS and 
collected in ice-cold lysis buffer as described for the whole cell lysates.

Sample preparation

After sample collection, homogenates of whole cell lysate samples and TG activity 
samples were sonicated (Branson ‘Sonifier 250’; output 1, duty 30%, 8 pulses) and cleared 
by centrifugation (20,000 g for 10 min at 4 °C) and protein concentrations of supernatants 
were determined by the BCA method (Pierce Biotechnology, Perbio Science, Etten-
Leur, the Netherlands). Samples were heated for 10 min at 95 °C. ECM samples were not 
subjected to sonication or heating, to maintain the integrity of the ECM aggregates.

Western blotting

Equal amounts of protein (20 µg) were subjected to 8% SDS-polyacrylamide gel 
electrophoresis and transferred to a nitrocellulose membrane (Li-Cor Biosciences, Lincoln, 
NE, USA). Membranes were blocked at RT with Odyssey blocking buffer (Li-Cor Biosciences) 
diluted 1:1 with TBS. Membranes were incubated overnight at 4°C with mouse anti-TG2 
(ab3, Neomarkers 1:2,000), rabbit anti-fibronectin (Neomarkers, 1:1,000) or mouse anti-β-
actin (Abcam, 1:5,0000) antibodies. After several washes with TBS containing 0.1% Triton 
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(TBS-T), blots were incubated for 1 h at RT with corresponding goat anti-rabbit or donkey 
anti-mouse IRDye 800CW IgG’s (1:10,000, Li-Cor Biosciences) for subsequent antigen 
detection. All antibody solutions were prepared in the Odyssey blocking buffer (Li-Cor 
Biosciences) diluted 1:1 with TBS-T. After washing with TBS-T and TBS, membranes were 
scanned for fluorescence emission at 800 nm, using an Odyssey infrared imaging system 
(Li-Cor Biosciences). Bands were visualized and their signal intensities were measured 
using the Odyssey Sa Infrared scanning software (version 1.1, Li-Cor Biosciences).

Transglutaminase activity assay 

TG activity was measured using the commercially available TG Covtest Transglutaminase 
Colorimetric Microassay (Covalab, Villeurbanne, France), which uses immobilized CBZ-
Gln-Gly as the first substrate and biotinylated-cadaverine (biotin-Cd) as second substrate 
of the enzyme. To determine the amount of TG2 activity among the TG activity measured, 
samples were pre-incubated with a selective inhibitor of TG2 (Z-DON, 1μM, Zedira) diluted 
in 0.001% DMSO or only with DMSO for 30 min at RT. The assay was performed following 
the manufacturer’s instructions (Sakly et al., 2006). In brief, 10 μg/well of each sample was 
incubated with 50 μl/well of biotin-Cd solution containing CaCl2 for 1 h at 37 °C on the 
CBZ-Gln-Gly coated plates. At the end of the incubation period, plates were washed three 
times with TBS (pH 7.5) containing 0.1% Tween 20. Then, 100 μl/well of streptavidin-labeled 
horseradish peroxidase (HRP) diluted to 1:2,000 was added to the wells and incubated for 
1 h at RT. After washing, peroxidase activity was revealed using 100 μl/well of 0.01% H2O2 

as HRP substrate and (0.1 mg/ml) tetramethylbenzidine as electron acceptor (chromogen). 
The reaction was stopped by the addition of 2.5 N H2SO4 and TG activity was detected by 
absorbance measurement of streptavidin-labeled peroxidase activity in each well on a 
microplate reader (SpectraMax 250, Molecular Devices, Sunnyvale, CA, USA) at 450 nm. 
Guinea pig TG2 (T5398, Sigma-Aldrich) was used as a standard. One unit of guinea pig TG2 
will catalyze the formation of 1.0 µmole of hydroxamate per min from Na-Z-Gln-Gly and 
hydroxylamine at pH 6.0 at 37°C.

Immunocytochemistry

Astrocytes (4.0x104/well) were plated on laminin (2 μg/cm2, Sigma-Aldrich) or PLL (2 μg/
cm2, Sigma-Aldrich) coated 8-well Lab-Tek Permanox chamber slides (Nunc) and treated 
with TGF-β1 (for ECM stainings only) or a combination of TNF-α+IL-1β cytokines (20 ng/
ml each) for 48 h. Alternatively, exogenous recombinant guinea pig TG2 (0.13 and 1.3 
µM, Sigma-Aldrich) was added for 48 h to untreated astrocytes. Astrocytes were fixed 
in ice-cold methanol for 10 mins and washed in TBS. Nonspecific binding was blocked 
with 3% bovine serum albumin in TBS containing 0.05% Triton (TBS-T, pH 7.6) for 30 
min at RT. Subsequently, astrocytes were double-labeled with mouse anti-TG2 (ab1, 
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Neomarkers, 1:300) and the astrocytic marker rabbit anti-GFAP (DAKO, 1:4,000) or with 
rabbit anti-fibronectin (Millipore, 1:200) to examine TG2 localization in astrocytes and 
any co-localization with fibronectin, respectively. Triton was alternatively omitted from 
all the incubation steps during double stainings to detect TG2 and fibronectin on the cell 
surface. Prior to ECM stainings, astrocytes were removed as described before. Triton was 
not omitted for the staining of the ECM. Secondary antibodies used were the appropriate 
Alexa Fluor© (488 or 594)-conjugated IgG’s (Molecular Probes, 1:400). After washing in 
TBS, astrocytes were cover-slipped in polyvinyl alcohol mounting medium with DABCO 
(Sigma-Aldrich) and examined using a confocal microscope (Leica TSC-SP2-AOBS; Leica 
Microsystems, Wetzlar, Germany).

Filter trap assay

ECM lysates were treated for 30 min at RT with 150 mM DTT to break down disulfide bonds 
and to obtain stable aggregates. Equal amounts of ECM samples (12 µg) were applied 
to a cellulose acetate membrane (GE water and process technologies) using a filter trap 
assay apparatus (FTA, Bio-Dot SF microfiltration apparatus, Bio-Rad). This apparatus was 
coupled to a vacuum-pump in order to wash through the monomers and dimers of ECM 
aggregates and trap aggregates larger than the pore-size of 5 μm of the membrane. 
Approximately 5 min after sample application, the membrane was washed in PBS and 
incubated overnight at 4°C with rabbit anti-fibronectin (Neomarkers, 1:1,000) antibodies. 
For subsequent antigen detection, blots were incubated for 2 h with corresponding goat 
anti-rabbit IRDye 800CW IgG’s (1:10,000, Li-Cor Biosciences). After washing with TBS-T 
and TBS, membranes were scanned for fluorescence emission at 800 nm, using the same 
Odyssey infrared imaging system (Li-Cor Biosciences) as used for western blotting.

Statistical analysis

Normal distribution of the data was tested using the Shapiro-Wilk procedure. One-way 
analysis of variance was performed followed by Dunnett’s post hoc test for multiple 
comparisons by using IBM SPSS software, version 20.0 (IBM Corp, NY, USA). P<0.05 was 
considered to represent statistically significant differences and a P-value between 0.05 
and 0.1 was regarded as a statistical trend.



Tissue Transglutaminase in astrocytes is enhanced by inflammatory mediators
and is involved in the formation of fibronectin fibril-like structures

4

73|

Results

Astrocytes had higher TG2 and fibronectin protein levels than microglia

We first examined whether primary rat astrocytes and microglia produced TG2 and 
fibronectin. Under control conditions and after treatment with LPS, astrocytes expressed 
more TG2 and fibronectin than microglia (Additional file 1). Upon subsequent treatment 
of astrocytes and microglia with a variety of inflammatory mediators, TG2 protein levels 
were significantly increased after LPS, TNF-α+IL-1β or IL-4 treatment (p<0.001 for all, Fig. 
1a, b). Little protein was found in untreated microglia. Incubation of microglia with the 
various mediators resulted in significant changes in TG2 protein levels (Fig. 1d, e). LPS or 
TNF-α+IL-1β treatment resulted in a significant increase in TG2 protein level (p<0.01 for 
LPS and p=0.001 for TNF-α+IL-1β, Fig. 1d, e). Moreover, IL-4 treatment showed a trend 
(p=0.080) toward an increase in TG2 protein level (Fig. 1e). Other conditions studied, i.e. 
TGF-β1, TGF-β2, IL-1β, TNF-α, IL-6 and IL-10, did not show significant effects on TG2 protein 
level in astrocytes or microglia (Fig. 1a, b, d, e). Double bands at approximately 78kDa 
were visible and quantified for TG2 in most conditions studied. This has been shown by 
others as well (Kumar and Mehta, 2012; Boroughs et al., 2014) and could represent the 
full-length TG2 protein and the short TG2 protein that is truncated at the 3’ end (Antonyak 
et al., 2006). Fibronectin levels were significantly increased in astrocytes after treatment 
with TGF-β1 (p<0.01, Fig. 1a, c), and TGF-β2 showed a trend (p=0.062, Fig. 1c) toward an 
increased fibronectin level. Other conditions studied, i.e. LPS, IL-1β, TNF-α, TNF-α+IL-1β, 
IL-4, IL-6 and IL-10, did not result in significant effects on fibronectin protein levels in 
astrocytes (Fig. 1a, c). Moreover, none of the treatments affected the level of fibronectin in 
microglia (Fig. 1d, f ). Considering the minimal amount of fibronectin detected in microglia 
(Fig. 1d), we decided to continue our study with a focus on astrocytes. 

TG2 expression and activity in astrocytes were increased by inflammatory 
conditions

We subsequently visualized TG2 by immunohistochemistry in astrocytes. Under control 
conditions little TG2 immunoreactivity was observed (Fig. 2a), but a clear increase was 
apparent in TG2 immunoreactivity in specific GFAP positive astrocytes after 48h of TNF-
α+IL-1β treatment (indicated by arrows in Fig. 2b). Inflammatory conditions not only 
affected expression of TG2 in astrocytes, but also increased its activity. In particular LPS 
(p<0.01) and TNF-α+IL-1β (p<0.001) increased TG activity by astrocytes (Fig. 2c) which was 
reduced when adding the TG2 specific inhibitor Z-DON to the activity assay, indicating that 
the measured TG activity is mainly due to TG2. Of interest is that although IL-4 increased 
TG2 protein level, it showed a trend but did not significantly affect TG activity (Fig. 2c). 
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Fig. 1 TG2 and fibronectin protein levels in astrocytes and microglia. Primary rat astrocytes and 
microglia were treated for 48 h with a range of inflammatory mediators. TG2 and fibronectin (FN) protein 
levels in astrocytes were detected by western blotting (a), which were subsequently semi-quantified 
(b, c). TG2 and fibronectin (FN) protein levels in microglia were detected by western blotting (d), which 
were subsequently semi-quantified (e, f). Representative blots of 3 independent experiments are shown. 
Each bar represents the mean + standard error of the mean of signal intensities from blots of 3 separate 
experiments that were calculated as average percentage compared to control (**p<0.01 and *** p<0.001).
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TG2 and fibronectin were deposited in the ECM by astrocytes 

Astrocytes were subsequently plated onto the ECM protein laminin to mimic the situation 
of an MS lesion, where laminin expression is increased (van Horssen et al., 2007). Moreover, 
laminin is of interest because it is expressed by cultured astrocytes from healthy subjects 
and MS patients (Stoffels et al., 2013a) and laminin is a myelination permissive ECM 
molecule (Buttery and Ffrench-Constant, 1999; Colognato et al., 2005; Sisková et al., 2006). 
Under those conditions, we again examined the effect of inflammatory conditions on 
TG2 and fibronectin levels. LPS or TNF-α+IL-1β treatment were as effective in enhancing 
TG2 and fibronectin protein levels (p<0.05 for both treatments, Fig. 3a-c) as they were 
in astrocytes cultured on PLL (Fig. 1). However, IL-4 did not affect TG2 protein levels in 
astrocytes cultured on laminin (Fig. 3a,b) in contrast to astrocytes cultured on PLL (Fig. 1a, 
b), while fibronectin levels were not affected in astrocytes cultured on both ECM proteins 
(Fig. 1a, c and Fig. 3a, c). TGF-β1 treatment did not affect TG2 protein levels in astrocytes 
cultured on either PLL or laminin (Fig. 1a, b and Fig. 3a, b), whereas fibronectin protein levels 
in astrocytes cultured on laminin were slightly enhanced (Fig. 3a,c) but more significantly 
when astrocytes were cultured on PLL (Fig. 1a, c). We next examined the effect of different 
inflammatory conditions on the extracellular deposition of endogenously produced TG2 
and fibronectin by astrocytes cultured on laminin. Astrocytes were therefore first cultured 

Fig.2 TG2 expression and activity in 
astrocytes. Primary rat astrocytes were 
treated for 48 h with medium alone as a 
control condition (CTRL) (a) or with TNF-α+IL-
1β (b). TG2 immunoreactivity (green) was 
detected in astrocytes (as indicated by arrows 
in b) which were visualized by the astrocytic 
marker glial fibrillary acidic protein (GFAP, 
red). Representative images of 3 independent 
experiments are shown. Scale bar represents 
50 μm. TG activity was examined in protein 
samples of astrocytes that were treated for 
48 h with a range of inflammatory mediators. 
Subsequent derived astrocyte protein lysates 
were pre-incubated with a selective inhibitor 
of TG2 (Z-DON, 1μM) diluted in 0.001% 
DMSO or only with DMSO for 30 min at room 
temperature (c). Each bar represents the mean 
+ standard error of the mean of measurements 
from 3 separate experiments that were 
calculated as average percentage compared to 
control (**p<0.01 and *** p<0.001).
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on laminin coated chamber slides and treated with TGF-β1 or a combination of TNF-
α+IL-1β cytokines for 48 h. The astrocytes were then removed and the ECM, produced 
by these astrocytes during the 48 h incubation period, was immunohistochemically 
stained for TG2 and fibronectin. Without treatment, little extracellular TG2 and fibronectin 
immunoreactivity in the ECM could be detected (Fig. 3d). Similarly, after TGF-β1 treatment 
of the cells, TG2 in the ECM was almost undetectable (Fig. 3e) but fibronectin deposition 
was clearly visible (Fig. 3e) and showed fibril-like structures. Upon treatment with TNF-α+IL-
1β, extracellular TG2 immunoreactivity was present in the ECM (Fig. 3f ). This treatment did 
not visibly affect the amount of fibronectin deposited in the ECM, though co-localization 
between TG2 and fibronectin was apparent under this condition (indicated by arrows in 
Fig. 3f ). 

Fig. 3 TG2 and fibronectin are deposited in the ECM by astrocytes. Primary rat astrocytes were plated 
onto laminin (LAM) coated plastic and were treated for 48h with a range of inflammatory mediators. TG2 
and fibronectin (FN) protein levels in whole cell lysates (WCL) of astrocytes were detected by western 
blotting (a), which were subsequently semi-quantified (b, c). Each bar represents the mean + standard 
error of the mean of signal intensities from blots of 3 separate experiments that were calculated as 
average percentage compared to control (*p<0.05). Primary rat astrocytes were treated for 48 h with 
medium alone as a control condition (CTRL), TGF-β1 or TNF-α+IL-1β, after which astrocytes were removed. 
TG2 deposition (green) and fibronectin deposition (FN, red) were examined by immunohistochemical 
staining of the extracellular matrix (d, e, f). TG2 and fibronectin showed co-localization in the extracellular 
matrix after TNF-α+IL-1β treatment (indicated by arrows in f). Representative images of 3 independent 
experiments are shown. Scale bar represents 50 μm.
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Exogenous TG2 affected astrocyte-derived fibronectin deposition and cross-
linking

To follow-up on the observation that TG2 can be extracellular deposited by astrocytes, 
we determined if extracellular TG2 can have an effect on fibronectin deposition. As 
proof of principle, we applied exogenous TG2 to untreated astrocytes plated onto 
laminin and studied fibronectin deposition and aggregation. We observed that within 
a pathophysiological range of TG2 concentrations, the concentration of 0.13 μM 
exogenously added TG2 was visible in either the ECM or interacting with astrocytes, but 
no visible effect on fibronectin expression or deposition was observed (Fig. 4b). When 

Fig. 4 Exogenous TG2 affects astrocyte-derived fibronectin deposition and cross-linking. Primary 
rat astrocytes were plated on laminin coated plastic and double immunocytochemical surface stainings 
detected fibronectin (FN, red) and TG2 (green) in untreated control astrocytes (CTRL) and in astrocytes 
that were treated with exogenous TG2 (0.13 or 1.3 μM) for 48 h (a, b, c). Exogenous TG2 resulted in 
morphologically altered fibronectin deposition (indicated by arrows in c). Representative images of 3 
independent experiments are shown. Scale bar represents 20μm. Fibronectin (FN) aggregates on laminin 
(LAM) coated plastic were studied after removal of untreated astrocytes that were allowed to produce 
extracellular matrix for 48 h. The extracellular matrix was incubated with exogenous TG2 (0.64 µM, 16 h) 
and pre-incubated with the specific TG2 inhibitor Z-DON (1 μM) for 30 min at 37°C (d). Representative blots 
of 4 independent experiments are shown. Each bar represents the mean + standard error of the mean 
of signal intensities from blots of 4 separate experiments that were calculated as average percentage 
compared to control (*p<0.05 and *** p<0.001).
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the TG2 concentration of 1.3 μM was added to the cells, it resulted in a more general 
interaction with astrocytes and was possibly incorporated into the astrocytes (Fig. 4c). 
In addition, this concentration of TG2 resulted in morphologically altered fibronectin 
deposition which appeared with a more fibrillary structure (as indicated by arrows in Fig. 
4c). Moreover, adding 0.64 µM TG2 to the deposited ECM, after removal of astrocytes, 
resulted in a significant increase in astrocyte-derived fibronectin aggregates in the ECM 
as detected by FTA (p<0.001, Fig. 4d). Pre-incubation of the ECM with the specific TG2 
inhibitor Z-DON partially, but significantly, reduced this increase in fibronectin aggregates 
(p<0.05, Fig. 4d), indicating that TG2 activity contributes to an altered morphology of the 
fibronectin deposited and to fibronectin aggregation.

Endogenous TG2 affected the morphological appearance of fibronectin 

We next determined whether endogenously produced TG2, enhanced by MS relevant 
inflammatory stimuli, is involved in fibronectin deposition and aggregation. As already 
found that TNF-α+IL-1β did not affect fibronectin protein levels in astrocytes (Fig. 3c), 
we now observed that it neither significantly affected aggregation of extracellular 
fibronectin (Fig. 5a, b). Interestingly, the morphological appearance of extracellular fibril-
like fibronectin deposits (Fig. 5c, see arrows) was clearly altered, i.e. shorter and thinner 
fibrils, upon co-incubation with the bona fide TG2 inhibitor ERW1041E (48h) (Fig. 5d). Also 
after lentiviral downregulation of TG2 (37% TG2 protein left of control scrambled shRNA 
treatment, data not shown), the morphological fibril-like fibronectin deposition, as found 
in astrocytes lentivirally transduced with control scrambled shRNA (Fig. 5e, see arrows), 
was altered (Fig. 5f ). 
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Fig. 5 Endogenous TG2 affects the 
morphological appearance of fibronectin. 
Fibronectin (FN) aggregates on laminin (LAM) 
coated plastic were studied after removal 
of astrocytes that were allowed to produce 
extracellular matrix during 48 h of TNF-α+IL-
1β treatment (a, b). Representative blots of 
4 independent experiments are shown. Each 
bar represents the mean + standard error of 
the mean of signal intensities from blots of 
4 separate experiments that were calculated 
as average percentage compared to control. 
Primary rat astrocytes were treated with 
TNF-α+IL-1β for 48 h plated on laminin 
coated plastic. Immunocytochemical 
double stainings showed immunoreactivity 
of fibronectin (FN, red) and TG2 (green) in 
astrocytes (c, d, e, f). Astrocytes were co- 
incubated with TNF-α+IL-1β and the TG2 
specific inhibitor ERW1041E (10 µM for 48 
h) or DMSO (d) or treated with TNF-α+IL-1β 
after lentiviral downregulation of TG2 (TG2 
knockdown (KD)) compared to scrambled 
knockdown (scrambled KD) (f). Fibril-like 
fibronectin deposition (indicated by arrows 
in c and e) was morphological altered 
after treatment with ERW1041E and after 
lentiviral downregulation of TG2. Scale bar 
represents 20 μm.



Chapter 480 |

Discussion

In the present study we demonstrated that certain inflammatory mediators enhance TG2 
protein levels in astrocytes and microglial cells. In addition, fibronectin protein levels were 
elevated in astrocytes, but not microglial cells. Although exogenous TG2 contributed 
to aggregation of fibronectin produced by astrocytes, endogenously produced TG2 
contributed to the appearance of morphogical fibril-like fibronectin, but was not involved 
in fibronectin aggregation under inflammatory conditions in vitro. 
At first, the present study extends our previous observations in astroglia to microglia and 
additional inflammatory treatment effects were studied. We now observed that astrocytes 
produced more TG2 than microglia. To determine which inflammatory mediators affect 
TG2 protein levels in rat astrocytes and microglial cells, the effect of a wide range 
of inflammatory mediators was studied. Of these LPS, TNF-α+IL-1β and IL-4 most 
prominently enhanced TG2 protein levels in both cell types, with a higher fold increase 
in astrocytes. It has been shown before by us and others that astrocytes can produce TG2 
(Campisi et al., 2003; van Strien et al., 2011b; Monteagudo et al., 2017). A recent study 
indicated that mouse microglial cells and not astrocytes are the primary source of TG2 
mRNA (Bennett et al., 2016). Their contrasting observation may be due to differences in 
species, rats in our study and mice in theirs, and developmental stage of the cells that can 
affect mRNA expression (Hoffmann, 2005; Mortazavi et al., 2008; Wilhelm et al., 2008). The 
responsiveness of glial cells to various inflammatory mediators can be explained by the 
presence of inflammatory factor-related response elements in the promotor region of the 
TG2 gene (Ikura et al., 1994; Kuncio et al., 1998; Gundemir et al., 2012), including NF-κB 
(nuclear factor-kappa B), a transcription factor involved in the regulation of expression of 
many inflammatory mediators (Ientile et al., 2015). 
Astrogliosis is considered to contribute to the scar formation in MS lesions. As part of 
that process, astro- and microglial cells produce ECM proteins to stabilize the matrix 
which then becomes a non-permissive environment for regeneration, by depositing ECM 
proteins that are often inhibitory to regeneration, e.g. chondroitin sulphate proteoglycans 
(Fitch and Silver, 1997; Lau et al., 2012; Harlow and Macklin, 2014), hyaluronan (Back et al., 
2005; Sloane et al., 2010; Chang et al., 2012) and fibronectin (Sisková et al., 2006, 2009; 
Stoffels et al., 2013a). In the present study we observed that rat astrocytes had higher 
fibronectin protein levels than microglial cells. This is in line with other observations 
showing that ECM proteins are predominantly produced by astrocytes and to a lesser 
extent by microglia and other glial cells (Fitch and Silver, 2008; Sherman and Back, 2008; 
Wiese et al., 2012; Lau et al., 2013; Stoffels et al., 2013a). 
We thus subsequently focused on the regulation of TG2 and fibronectin production in 
astrocytes during inflammatory conditions. Besides intracellular expression of TG2, we 
observed TG2 protein on the surface of astrocytes which was also regulated by inflammatory 
mediators (data not shown). This is in agreement with our previous finding that TG2 is 
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upregulated in the presence of IL-1β and TNF-α at the cell surface of rat astrocytes, where 
we showed that this coincided with an increased adhesion to and interaction of astrocytes 
with the ECM protein fibronectin, creating an environment for astroglial scarring (van 
Strien et al., 2011b). In addition to TG2 protein production, its activity is essential to mediate 
possible cross-linking of fibronectin. We now showed that TG2 activity was present and 
increased by LPS or TNF-α+IL-1β, but was not significantly affected by IL-4 treatment. 
This last observation was unexpected, as the amount of TG2 protein was enhanced, and 
in human macrophages IL-4 does increase TG2 activity (Martinez et al., 2013). This may 
suggest that in astrocytes, IL-4 generated TG2 has a function different from protein cross-
linking. In agreement with our finding that astrocytes respond to inflammatory conditions 
by increasing their TG2 expression and activity, others have shown, in different cell types 
and tissues, such as lung and liver cells and cartilage tissue, that inflammatory cytokines, 
including TNF-α and IL-1β, can indeed upregulate TG2 expression and activity (Kuncio et 
al., 1998; Chen et al., 2000; Johnson et al., 2001; Codarri et al., 2010; Gundemir et al., 2012).
It is of interest to note that the effects some cytokines had on astrocytes that were 
cultured on PLL, such as an increase in TG2 protein levels after IL-4 treatment and an 
increase in fibronectin protein levels after TGF-β1 treatment, were no longer present 
when astrocytes were cultured on laminin. This is in line with previous work that showed 
that ECM composition determines astrocyte responses to inflammatory stimuli (Johnson 
et al., 2015) and extends on our previous observations [50]. As in brain lesions induced 
by damage, i.e. MS, more ECM proteins such as laminin are present (Liesi et al., 1984; 
van Horssen et al., 2007), we considered it relevant to pursue our studies with astrocytes 
exposed to laminin in the culture dish. The subsequent effect of inflammatory mediators 
in our study on either TG2 or fibronectin was not confined to protein expression inside 
the cells, but extracellular deposition of both TG2 and fibronectin was also affected by 
TNFα+IL-1β and TGF-β1. Under inflammatory conditions, including MS, it is well known 
that astrocytes contribute to ECM production and deposition (Fawcett and Asher, 1999; 
Silver and Miller, 2004; Voskuhl et al., 2009; Sofroniew and Vinters, 2010; Klausmeyer et 
al., 2011; Wiese et al., 2012). In our present study we showed that addition of exogenous 
TG2 to astrocytes resulted in a fibril-like morphology of the fibronectin deposited, and 
increased fibronectin aggregation. This protein aggregation was partially reduced by 
the TG2 specific inhibitor Z-DON, which suggests that TG2 activity can, at least partly, 
mediate aggregation of astrocyte-derived fibronectin, shown here as fibronectin fibrils. 
Alternatively, a non-enzymatic, non-covalent interaction of TG2 with fibronectin (Kanchan 
et al., 2015) might contribute to the altered morphology of the fibronectin. Such TG2-
fibronectin interaction stabilizes the ECM by enhancing fibronectin matrix formation and 
interaction with other proteins, such as integrins, syndecan-4, growth factor receptors, 
and other cell surface or ECM proteins (Aeschlimann and Thomazy, 2000; Akimov et al., 
2000; Forsprecher et al., 2009; Belkin, 2011). 
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Under inflammatory conditions, as present in MS lesions, when endogenous TG2 protein 
levels were enhanced by TNF-α+IL-1β treatment of astrocytes, fibronectin deposits showed 
morphologically a fibril-like structure. This was similar as shown by addition of exogenous 
TG2, while now fibronectin aggregation was absent. These observations are suggestive 
for a role of TG2 in the assembly of fibronectin into a fibril-like structure without being 
aggregated. Indeed, treatment of astrocytes with the TG2 inhibitor ERW1041E or lentiviral 
downregulation of TG2 with TG2-specific shRNA in astrocytes altered the morphology of 
TNF-α+IL-1β-induced fibronectin deposits, by reducing fibril size and thickness, indicating 
that TG2 is involved in this process in vitro. Though, no clear fibronectin aggregates were 
observed, which were evident when TG2 was exogenously added to the astrocytes. This 
is in line with the observations that TG2 can lead to a switch from intramolecular cross-
linking to intermolecular protein cross-linking giving rise to protein aggregate formation 
(Segers-Nolten et al., 2008). Thus, we cannot exclude that the level of TG2 protein present 
in astrocytes under inflammatory conditions in vitro is able to alter the conformation 
of fibronectin to a fibril-like structure, but it is not able to form cross-linked protein 
aggregates. In support of this, we also did not observe fibronectin aggregation in the 
cuprizone model of demyelination in which astrocytes become hypertrophic and express 
TG2 and fibronectin (Espitia Pinzón et al., 2017b). However, fibronectin deposition is 
found in MS lesions as a complex network of fibrils of high molecular weight aggregates, 
which impairs remyelination (Stoffels et al., 2013a). Fibronectin aggregation, as defined 
by deoxycholate-insolubility, is likely the result of strong, non-covalent protein-protein 
interactions (Chen and Mosher, 1996; Ohashi and Erickson, 2009; Stoffels et al., 2013b). As 
a consequence we might hypothesize that during inflammatory lesion formation in MS 
and concomitant deposition of ECM proteins, astrocyte-derived TG2, only in the presence 
of infiltrating leukocytes or their derived factors, can increase the formation of fibronectin 
fibril-like deposits which aggregate and may contribute to the process of scarring and 
subsequent impaired remyelination.

Conclusions

The results presented here demonstrate that, under inflammatory conditions in vitro, 
TG2 protein levels are enhanced in astrocytes and microglia. In addition, in particular 
astrocytes produce ECM proteins, i.e. fibronectin, that can be cross-linked and aggregated 
by exogenously added TG2. Endogenously produced TG2, enhanced by inflammatory 
stimuli, is involved in the appearance of morphological fibril-like fibronectin deposits, 
but does not lead to cross-linked fibronectin aggregates. Thus, our in vitro observations 
suggest that during MS lesion formation, when inflammatory mediators are produced, 
astrocyte-derived TG2 may contribute to ECM rearrangement, and subsequent astroglial 
scarring. The possibility to intervene with the formation of fibronectin fibril-like deposits 
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may open avenues to reduce the astroglial scarring process, not only in MS but also in 
other CNS disorders, when scarring prohibits regeneration (Sun and Jakobs, 2012).
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Demyelinated lesions of the central nervous system are characteristic for 
multiple sclerosis (MS). Remyelination is not very effective, particular at 
later stages of the disease, which results in a chronic neurodegenerative 
character with worsening of symptoms. Previously, we have shown 
that the enzyme Tissue Transglutaminase (TG2) is downregulated upon 
differentiation of oligodendrocyte progenitor cells (OPCs) into myelin-
forming oligodendrocytes and that TG2 knock-out mice lag behind in 
remyelination after cuprizone-induced demyelination. Here, we examined 
whether astrocytic or oligodendroglial TG2 affects OPCs in a cell-specific 
manner to modulate their differentiation, and therefore myelination. Our 
findings indicate that human TG2-expressing astrocytes did not modulate 
OPC differentiation and myelination. In contrast, persistent TG2 expression 
upon OPC maturation or exogenously added recombinant TG2 accelerated 
OPC differentiation and myelin membrane formation. Continuous exposure 
of recombinant TG2 to OPCs at different consecutive developmental 
stages, however, decreased OPC differentiation and myelin membrane 
formation, while it enhanced myelination in dorsal root ganglion neuron-
OPC co-cultures. In MS lesions, TG2 is absent in OPCs, while human OPCs 
show TG2 immunoreactivity during brain development. Exposure to the 
MS-relevant pro-inflammatory cytokine IFN-γ increased TG2 expression in 
OPCs and prolonged expression of endogenous TG2 upon differentiation. 
However, despite the increased TG2 levels, OPC maturation was not 
accelerated, indicating that TG2-mediated OPC differentiation may be 
counteracted by other pathways. Together, our data show that TG2, either 
endogenously expressed, or exogenously supplied to OPCs, accelerates 
early OPC differentiation. A better understanding of the role of TG2 in the 
OPC differentiation process during MS is of therapeutic interest to overcome 
remyelination failure.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating disease of the central 
nervous system (CNS) most often starting in young adults (Hafler, 2004; Compston and 
Coles, 2008). Clinical symptoms include impairment of sensory, cognitive and motor 
functions (Noseworthy et al., 2000). The pathology of MS is characterized by white 
matter focal lesions of demyelination and infiltration of leukocytes into the CNS due to a 
functionally impaired blood-brain-barrier (BBB) (Ortiz et al., 2014). Resident immune cells 
in the CNS, i.e., microglia, become activated and secrete cytokines and chemokines that 
recruit more immune cells into the CNS (Huang et al., 2000; Sellebjerg and Sørensen, 2003). 
Consequently, axons are demyelinated and oligodendrocytes (OLGs) are eliminated from 
MS lesions (Reynolds et al., 2011). To overcome the damage in the CNS, a regenerative 
response is initiated that involves recruitment of oligodendrocyte progenitor cells (OPCs) 
towards the demyelinated areas by factors, primarily produced by lesional microglia and 
astrocytes (Carroll and Jennings, 1994; Glezer et al., 2006). OPCs subsequently interact 
with demyelinated axons and differentiate into mature myelinating OLGs (Franklin et 
al., 1997; Sim et al., 2002; Rhodes et al., 2006). The remyelination process in MS lesions 
is however not very effective, in particular at later stages of the disease (Compston and 
Coles, 2008; Franklin and ffrench-Constant, 2008; Kuhlmann et al., 2008; Goldschmidt et 
al., 2009; Kotter et al., 2011), which results in the chronic neurodegenerative character of 
this disease with worsening of symptoms (Lublin et al., 2014). Even though recently it has 
been shown that mature OLGs can contribute to remyelination (Jäkel et al., 2019; Yeung 
et al., 2019), there is a clear role of OPCs to differentiate into myelin producing OLGs to 
overcome demyelination. However, in the progressive stage of the disease, approximately 
70% of MS lesions that remain demyelinated contain OPCs, suggesting a failure of OPC 
maturation in the majority of MS lesions. The other 30% of the demyelinated lesions 
contain few or no OPCs, indicating failure of proliferation and/or migration (Lucchinetti et 
al., 1999; Kuhlmann et al., 2008; Fancy et al., 2010; Maki et al., 2013). 
Tissue Transglutaminase (TG2) is a Ca2+-dependent 78 kD multifunctional enzyme 
expressed in the CNS, including neurons, astrocytes, microglia and OPCs (Fesus and 
Piacentini, 2002; van Strien et al., 2011c; Numinskaya and Belkin, 2012; Espitia Pinzón et al., 
2014). Its functions include the cross-linking of proteins (Aeschlimann and Thomazy, 2000), 
the binding to fibronectin, thereby promoting cell-matrix interactions (Akimov and Belkin, 
2001a) and the binding and hydrolysis of GTP enabling transmembrane signaling in cells 
(Nakaoka et al., 1994). These functions are encoded for by different structural molecular 
domains of the enzyme (Fesus and Piacentini, 2002). Of interest is that endogenous TG2 
has been shown to stimulate differentiation of cells including neurons, astrocytes and 
neutrophils (Campisi et al., 1992; Tucholski et al., 2001; Balajthy et al., 2006; Numinskaya 
and Belkin, 2012). Previous work from our group indicates that TG2 plays a prominent role 
in the timing of differentiation of OPCs into myelin-forming OLGs, i.e., inhibition of TG2 
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activity delays OPC differentiation and TG2 knock-out mice lag behind in remyelination 
of axons in the corpus callosum upon cuprizone-induced demyelination (van Strien et 
al., 2011a). TG2 immunoreactivity was also found in activated microglia and hypertrophic 
astrocytes in active and chronic active MS lesions (van Strien et al., 2011c; Espitia Pinzón 
et al., 2017a), likely induced by inflammatory mediators that are present in MS lesions. 
Astrocytes contribute to remyelination failure in MS. Activated astrocytes proliferate 
and form a dense network of hypertrophic cells, known as the astroglial scar, which is 
beneficial because it seals of inflammation in the CNS into focal areas (Williams et al., 
2007). However, the scar also impedes remyelination by inhibiting migration of OPCs into 
the lesions (Fawcett and Asher, 1999) and maturation of OPCs within the lesions (Motavaf 
et al., 2017). Upon demyelination, activated astrocytes transiently secrete soluble factors, 
such as growth factors and cytokines (Wiese et al., 2012), and deposit extracellular matrix 
(ECM) proteins, including fibronectin and hyaluronan, that prevent OPC maturation (Back 
et al., 2005; Stoffels et al., 2013b). In MS lesions, fibronectin dimers are cross-linked to 
form aggregates and hyaluronan is present in its high molecular weight form, and their 
persistent presence contribute to the non-permissive nature of this scar for remyelination 
and to impaired remyelination by inhibiting OPC differentiation (Back et al., 2005; Sisková 
et al., 2006; Stoffels et al., 2013a). Of interest, astrocyte-derived TG2 affects fibronectin 
deposition, but not aggregation upon demyelination (Espitia Pinzón et al., 2017b), and 
TG2-positive astrocytes in MS lesions partly co-localize with fibronectin (van Strien et al., 
2011c). 
Based on previous observations that both astrocytes and OPCs express TG2, we questioned 
here whether astrocytic or oligodendroglial TG2 affects OPCs in a cell-specific manner to 
modulate their differentiation, and therefore the (re)myelination process. To this end, we 
used co-culture systems of astrocytes and OPCs, and/or neurons or myelinating spinal 
cord cultures with an astrocyte feeding layer that expressed human TG2 or that were 
treated with recombinant TG2 and studied myelin formation. Moreover, we examined 
TG2 immunoreactivity in human OPCs during development and in OLG lineage cells in 
MS lesions. We also analyzed the effect of inflammatory mediators that are present in 
MS lesions on TG2 expression in OPCs and considered whether this affected early OPC 
differentiation. A better understanding of the role of either astrocytic or oligodendroglial 
TG2 in OPC differentiation is of therapeutic interest to overcome failing remyelination in 
MS.
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Materials and Methods

TG2 lentiviral transduction 

Human wild-type TG2 (gift from prof. K. Mehta, University of Texas, M.D. Anderson Cancer 
Center, Houston, USA) and GFP were cloned into the lentiviral vector pCDH (puro). As a 
control, ‘empty’ plasmid, i.e. pCDH vector, was used (MOCK). For the production of the 
lentiviral particles, HEK 293T cells were cultured in a poly-L-lysine- (PLL, 5 μg/ml, Sigma-
Aldrich, St. Louis, MO) coated 6 well plate at 1.0 x 106 cells per well (2 ml) in Dulbecco’s 
Modified Eagle Medium (DMEM, Life Technologies, Paisley, UK) supplemented with 10% 
fetal calf serum (FCS; Bodinco, Alkmaar, The Netherlands), L-glutamine and penicillin 
and streptomycin (Life Technologies). Cells were transfected with the constructs, i.e., the 
‘empty’ pCDH vector or the vectors containing the human wild-type TG2 or GFP, packaging 
and envelop plasmids (VSV-G and CMVdR8.1) via calcium phosphate transfection or 
Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA) as described in the 
manufacturer’s instructions. At 48 hours after transfection, 2 ml of conditioned medium 
was collected and filtered through a PVDF membrane based filter (0.45 μm pore size) and 
either used immediately or stored at -80°C until further use. OPCs and astrocytes were 
transduced before the shake-off by exposing the cells overnight at 37⁰C to lentiviral 
particles and polybrene (8 μg/ml; Sigma Aldrich, St. Louis, MO). The cells were left to 
recover in DMEM supplemented with 10% fetal bovine serum (FBS, Capricorn Scientific, 
Ebsodorfergrund, Germany), L-glutamine, penicillin and streptomycin for 48 hours and 
selected as described below. 

Single cell cultures

This study was carried out in accordance with the recommendations of national and 
local experimental animal guidelines and regulations. The protocol was approved by 
the Institutional Animal Care and Use Committee of the University of Groningen (the 
Netherlands). Primary glial cultures were generated from 1-3-day-old Wistar rats (Charles 
River) as previously described (Maier et al., 2005; Bsibsi et al., 2012). Briefly, after 14 days 
in culture on PLL-coated 75 cm2 cell culture flasks (Nalge Nunc, Naperville, IL), OPCs 
and astrocytes were isolated via a shake-off procedure. Contaminating microglia were 
removed by shaking the flasks at 150 rpm for 1 hour at 37⁰C on an orbital shaker (Innova 
4000, New Brunswick Scientific). 
Oligodendrocytes. Subsequently, flasks were shaken at 240 rpm overnight at 37⁰C to detach 
OPCs. Floating OPCs were further purified via differential adhesion on non-tissue culture 
dishes (Greiner Bio-one) and cultured in PLL-coated 6 well plates in defined SATO medium 
(Maier et al., 2005) in the presence of platelet-derived growth factor-AA (PDGF-AA, 10 ng/
ml; Peprotech; London, UK) and fibroblast growth factor-basic (FGF-2, 10 ng/ml; Peprotech) 
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to synchronize the OPCs. Cells were plated at a density of 0.3-0.4 x 106 cells per well (6 well 
plate, Corning, Lowell, MA) for western blot analysis. For immunocytochemical studies 
cells were plated on 13-mm PLL-coated coverslips (VWR, Amsterdam, The Netherlands) 
in 24 well plates (Corning) at 3.5 x 105 cells per well or on PLL-coated 8-well chamber 
slides (Labtek, Nunc) at 2.5 x 104 cells per well. After 48 hours, differentiation was induced 
by growth factor withdrawal and cells were grown in SATO medium supplemented with 
0.5% FBS. OPCs differentiate via pre-myelinating OLGs (immature OLGs; 3 days after 
initiating differentiation) into myelinating OLGs (mature OLGs; 7 days after initiating 
differentiation). Recombinant guinea pig TG2 (gpTG2, Sigma Aldrich, 50 μg/ml), astrocyte 
conditioned-medium (1:1 ratio with SATO), and rat recombinant tumor necrosis factor 
(TNF)-α (Peprotech, 10 ng/ml), rat recombinant interleukin (IL)-1β (Peprotech, 10 ng/ml) 
or rat recombinant interferon (IFN)-γ (Peprotech, 500 U/ml) were added at the indicated 
stages of OLG development. 
Astrocytes. Astrocytes were obtained by adding trypsin to the remaining monolayer 
of cells. Subsequently, the astrocytes were cultured in 162 cm2 flasks (Corning Costar, 
Lowell, MA) in DMEM supplemented with heat-inactivated 10% FCS. To obtain astrocyte-
conditioned medium from control and transduced cells, astrocytes were cultured in a 6 
well plate (1 x 106 cells per well) in DMEM supplemented with heat-inactivated 10% FBS. 
After 24 hours, medium was replaced with 1 ml SATO medium containing 0.5% FBS. After 
24 hours, medium was collected and filtered through a 0.45 μm filter and stored at -20⁰C 
until further use. For spinal cord cultures, control and transduced astrocytes were plated 
on 13-mm PLL-coated coverslips in a 24 well plate (7.0 x 104 cells per well) to form an 
astrocyte monolayer in 3 days. For western blot analysis, cells were plated on a 6-well plate 
at 0.3- 0.4 x 106 cells per well and collected after 48 hours.

Myelinating co-cultures

Myelinating spinal cord cultures. Myelinating spinal cord cultures were generated from 
15-day-old Wistar rat embryo’s (Charles River) as described before (Sorensen et al., 2008), 
with minor modifications. Briefly, after removal of meninges, the isolated spinal cords 
were minced and enzymatically digested. Tissue digestion was stopped and cells were 
triturated and centrifuged at 1,000 rpm for 5 minutes. The cell pellet was resuspended 
in plating medium (PM: 50% DMEM (Life Technologies), 25% horse serum (Invitrogen), 
25% HBSS (Life Technologies) and 2 mM glutamin), and cells were cultured on 13-mm 
coverslips in a 24-well plate with the indicated astrocyte monolayer (control or transduced) 
at a density of 2.0 x 105 cells/coverslip (500 µl/well). After 2 hours, 500 µl of differentiation 
medium (DM: DMEM supplemented with 1 mg/ml holotransferrin (Sigma Aldrich), 20 mM 
putrescine (Sigma Aldrich), 4 µM progesterone (Sigma Aldrich), 6 µM selenium (Sigma 
Aldrich), 10 ng/ml insulin (Sigma Aldrich)) was added. Half of the medium was replaced 
every second day with fresh DM. After 12 days in vitro (div), insulin was omitted from 



Tissue Transglutaminase promotes early differentiation of oligodendrocyte progenitor cells

5

93|

DM, and cultures were treated with vehicle (phosphate buffered saline, PBS) or 50 µg/ml 
gpTG2. gpTG2 was added upon each medium change, i.e., every 2 days. The cultures were 
analyzed at 26-28 div.
Myelinating DRGN-OPC co-cultures. Primary rat dorsal root ganglia neurons (DRGNs) were 
isolated from 15-days-old Wistar rat embryo’s (Charles River), as described before (Chan et 
al., 2004; Stancic et al., 2012), with minor modifications. Dissociated DRGNs were plated as 
40 µl drops at a density of 6 x 104 cells on 13 mm coverslips (0.5 ml) that were pre-coated 
with PLL, followed by growth-factor-reduced matrigel (1:40 dilution; BD Bioscience). 
OPCs (control or transduced) were seeded onto DRGNs after 16-21 div at a 1:1 ratio in 
DMEM supplemented with 1% ITS supplement (Sigma Aldrich), 0.25% FCS, D+-glucose 
(4 mg/ml, Sigma Aldrich), L-glutamine and penicillin and streptomycin. After 2 days in co-
culture, the cultures were treated with vehicle (PBS) or 50 µg/ml gpTG2. Co-cultures were 
maintained for up to 14 days with medium changes at every third day. GpTG2 was added 
upon medium changes. 

Human material

In compliance with local and national ethical and legal guidelines, approval by an ethics 
committee for the use of post-mortem human material was not required. We did obtain 
written informed consent for brain autopsy and the use of brain tissue and clinical 
information for scientific research by either the donor or the next of kin. 
MS lesions. Post-mortem human (sub)cortical tissue was obtained from the Netherlands 
Brain Bank (NBB, Amsterdam, the Netherlands). Formalin-fixed, paraffin-embedded tissue 
sections containing chronic active white matter lesions or remyelinating lesions were 
included from 3 clinically diagnosed and neuropathologically verified MS patients (age 
range: 41-53 years). 
Human cerebellum. Human tissue was obtained from the department of Pathology at the 
Amsterdam UMC, VU University Amsterdam, after post-mortem examination. Formalin-
fixed, paraffin-embedded tissue sections containing human cerebellum tissue at 
gestational week 28 till post-partum month 2 (n=8) were included after (preterm) births.

Immunocyto-and immunohistochemical analysis

OPC monocultures. Paraformaldehyde (4% PFA, Merck) fixed cells were permeabilized 
with ice-cold methanol for 10 minutes. After a 30-minutes block with 4% bovine serum 
albumin (BSA), cells were incubated for 60 minutes at room temperature (RT) with primary 
antibodies (see Table 1), i.e., anti-myelin basic protein (MBP) (1:250, Serotec, Oxford, UK) 
or anti-TG2 (1:500, Ab2, Labvision, Fremont, CA) diluted in 4% BSA in PBS. Next, the cells 
were rinsed with PBS and incubated for 25 minutes with appropriate TRITC-conjugated 
secondary antibody (1:50, diluted in 4% BSA in PBS; Jackson ImmunoResearch, Westgrove, 
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PA). Nuclei were stained with DAPI (1 µg/ml, Sigma Aldrich), and mounting medium 
(Dako, Heverlee, Belgium) was added to prevent image fading. The cells were analyzed 
with a conventional fluorescence microscope (Olympus ProVis AX70 or Leica DMI 6000 B). 
OLGs were characterized by morphology, i.e., cells with a typical astrocytic morphology 
were excluded, and in each experiment at least 250 cells were scored as either MBP-
positive or MBP-negative (‘differentiation’). In addition, positive cells bearing MBP-positive 
membranous structures spread between the cellular processes were identified as myelin 
membrane-forming, irrespective of the extent of membrane formation (‘myelination’). 
Myelinating cultures. Cultures were fixed at the indicated time points in 4% PFA for 15 
minutes, washed with PBS and incubated at RT in 0.5% Triton X-100 (TX-100) in 5% normal 
goat serum (NGS) for 40 minutes. After PBS washing, the cells were incubated for 2 hours 
at RT with primary antibodies (see Table 1), i.e., anti-MBP (1:250) and anti-neurofilament-H 
(1:5,000, EnCor Biotechnology Inc., Gainesville, FL) diluted in 2% NGS in PBS. Staining 
was visualized by an incubation for 30 minutes at RT with appropriate Alexa-conjugated 
secondary antibodies diluted in 2% NGS (1:500, Invitrogen). Coverslips were mounted in 
mounting media. All analyses were performed using a confocal laser scan microscope 
(Leica SP8 AOBS CLSM, Leica Microsystems, Heidelberg, Germany) equipped with Leica 
Confocal Software. Fluorescence images were acquired sequentially and processed 
using Adobe Photoshop CS3 (Adobe Systems, San Jose, USA). Data were obtained from 
3 independent experiments, while in each experiment 4-5 images at 20x magnifications 
per coverslip and 1-2 coverslips per condition were analyzed. To quantify the percentage 
of myelinated axons, axonal density (neurofilament staining) was first measured in ImageJ 

Table 1. Primary antibodies used during immunohistochemistry, immunocytochemistry and western 
blot analysis

Antibody Manufacturer Species
Dilution 
IHC/ICC

Dilution 
western blot 

Anti-MBP Serotec Rat 1:250 1:100

Anti-TG2 (Ab1) Neomarkers Mouse 1:200 n.a.

Anti-TG2 (Ab2) Labvision Mouse 1:500 n.a.

Anti-TG2 (Ab3) Labvision Mouse 1:500 1:1,000

Anti-neurofilament-H EnCor Biotechnology Chicken 1:5,000 n.a.

Anti-Olig2 Millipore Rabbit 1:400 n.a.

Anti-PLP Biorad Mouse 1:500 n.a.

Anti-MHC-II (clone LN3) Pierce Mouse 1:1,000 n.a.

Anti-PDGFRα R&D systems Goat 1:100 n.a.

Anti-actin Sigma-Aldrich Mouse n.a. 1:1,000

n.a. = not applicable; IHC/ICC = immunohistochemistry/immunocytochemistry
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as a percentage of the total area of the image. In order to exclude immunoreactivity 
associated with OLG cell bodies, myelination was manually traced in Adobe Photoshop 
CS3. The percentage of myelinated axons was calculated as an area in pixels in each image 
occupied by both myelin and axons divided by the axonal density.
MS brain material. After rapid autopsy (mean postmortem delay: 7.4 hours) tissue samples 
were fixed in 10% formalin for 30 days and embedded in paraffin. Sections (10 μm) were 
cut and mounted on positively charged glass slides (Menzel-Glaser SuperFrost plus, 
Braunschweig, Germany), and dried overnight at 37°C. Upon use, sections were heated on 
a hot plate for 30 minutes at 58°C, before they were deparaffinized in xylene-replacement 
(Sigma Aldrich), and rehydrated through a series of 100%, 98%, 80%, and 70% ethanol 
and distilled water. For subsequent antigen retrieval, sections were rinsed in 0.01 M citrate 
buffer (pH 6.0) and subsequently heated in a steam cooker for 30 minutes in the same 
buffer. After antigen retrieval, the sections were allowed to regain RT, rinsed in Tris-buffered 
saline (TBS), and incubated for 20 minutes in TBS containing 0.3% hydrogen peroxidase 
and 0.1% sodiumazide. Non-specific binding sites were blocked with 3% BSA in TBS-T 
(blocking solution) for 30 minutes at RT. Subsequently, sections were incubated overnight 
at 4°C with primary antibodies (see Table 1), i.e., mouse anti-TG2 (ab1, 1:200, Neomarkers) 
and rabbit anti-Olig2 (1:400, Millipore), diluted in blocking solution. The next day, sections 
were washed in TBS and incubated for 30 minutes at RT in Alkaline Phosphatase (AP) 
labelled rabbit IgG Polymer Reagent (ImmPRESS™, Vector Laboratories) washed in TBS 
and incubated for 30 minutes at RT in horseradish peroxidase (HRP) labelled mouse IgG 
Polymer Reagent (Envision, DAKO). Sections were washed again in TBS and incubated for 
20 minutes in Liquid Permanent Red (LPR, DAKO) as a chromogen to stain for Olig2. After 
several washes in TBS, sections were incubated for 20 minutes with Vector SG (3 drops in 
5 ml PBS with 3 drops of hydrogen peroxide, Vector Laboratories) as a chromogen to stain 
for TG2. Sections were washed in Tris-HCL and running water and were allowed to dry 
for 1 hour at 37°C. Sections were cleared in xylene and coverslipped in Entellan (Merck, 
Darmstadt, Germany). 
In addition, the lesions present in MS tissue were defined by the loss of myelin as observed 
by proteolipid protein (PLP), a marker of myelin, and the immunological activity status 
by major histocompatibility complex (MHC) class II staining. Upon use, sections were 
heated on a hot plate for 30 minutes at 56°C, before they were deparaffinized in xylene-
replacement (Sigma Aldrich), and rehydrated through a series of 100%, 96%, 90%, 80%, 
and 70% ethanol and distilled water. For subsequent antigen retrieval, sections were 
rinsed in Tris-EDTA buffer (pH 9.0) and subsequently heated in a steam cooker for 30 
minutes in the same buffer. After antigen retrieval, the sections were allowed to regain RT, 
rinsed in TBS, and incubated for 15 minutes in TBS containing 1% hydrogen peroxidase 
and 0.1% sodiumazide. Non-specific binding sites were blocked with 5% non-fat dried 
milk (Campina) in TBS-T for 20 minutes at RT. Subsequently, sections were incubated 
overnight at 4°C with primary antibodies (see Table 1), i.e., anti-PLP (1:500, Biorad) or anti-
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MHC-II (1:1,000, clone LN3, Pierce), diluted in blocking solution to respectively identify 
myelin staining and MHC-II positive monocytes/macrophages or microglia. The next 
day, sections were washed in TBS and incubated for 2 hours at RT with corresponding 
biotinylated IgG’s (1:400; Jackson ImmunoResearch) in TBS-T. Sections were washed in 
TBS and incubated with HRP-labelled avidin-biotin complex (ABC complex, 1:400, Vector 
Laboratories, Burlingame, CA, USA) in TBS-T for 1 hour at RT. Sections were washed with TBS 
and Tris-HCl. Peroxidase activity was visualized using 3,3-diaminobenzidine (DAB, Sigma 
Aldrich, St. Louis, USA) as a chromogen. Sections were washed with Tris-HCl running tap 
water. Finally, sections were counterstained with haematoxylin and washed in running 
tap water. After dehydration in graded ethanol solutions, sections were cleared in xylene 
and coverslipped in Entellan. All sections were examined on a Leica DM5000B microscope 
equipped with a Nuance Multispectral Imaging System (Perkin Elmer Inc., Massachusetts, 
USA). Negative controls were performed by omitting the primary antibody resulting in no 
immunohistochemical signal (data not shown).
Human cerebellum. Formalin-fixed paraffin embedded tissue sections (6 μm) of human 
cerebellum obtained at gestational week 28 till post-partum month 2 (n=8) were used 
to determine the presence of TG2 in OPCs. The sections were deparaffinized, rehydrated, 
and pre-treated with citrate buffer (pH 6.0) for antigen retrieval. Subsequently, the 
sections were co-incubated overnight at 4⁰C with primary antibodies (see Table 1), i.e., 
anti-TG2 (1:500, Ab3, Labvision) and anti-platelet-derived growth factor receptor (PDGFR)
α (1:100, R&D systems, Abingdon, UK). After rinsing the sections with TBS, the sections 
were co-incubated with appropriate fluorescently labelled secondary antibody to detect 
PDGFRα (1:400, Invitrogen) and TG2 (1:400, Invitrogen) immunoreactivity. Sections were 
embedded in Vectashield mounting medium (Vector Laboratories, Burlingame, CA, 
USA) and examined on a Leica confocal laser scanning microscope (Leica, Rijswijk, The 
Netherlands).

Western blot analysis

Cells were washed several times with PBS (pH 7.4), harvested by scraping, and centrifuged 
for 7 minutes at 7,000 rpm at RT. Pellets were lysed in TNE lysis buffer (50 mM Tris-HCl, 
5 mM EDTA, 150 mM NaCl, 1% Triton X-100, and protease inhibitor cocktail; Complete 
Mini; Roche Diagnostics GmbH), pH 7.4). Protein concentrations were determined in a Bio-
Rad DC protein assay (Bio-Rad, Hercules, CA) using BSA as a standard. Equal amounts of 
proteins (20 µg for astrocytes and 30 µg for OLGs) were diluted with reducing sample 
buffer and heated for 5 minutes at 98⁰C. Proteins were separated by 10% SDS-PAGE and 
transferred to an Immobilon-FL transfer membrane (Millipore, Bedford, MA) using a wet 
blotting system (Biorad) and glycine-Tris-methanol buffer. The membranes were rinsed 
with PBS and incubated for 1 hour in blocking solution (Li-Cor Biosciences, Lincoln, NE). 
After washing with PBS containing 0.1% Tween-20, the membranes were incubated 
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overnight with primary antibodies (see Table 1; TG2, 1:1,000, Ab3, Labvision; MBP, 1:100, 
Serotec; actin, 1:1,000, Sigma Aldrich) diluted in 50% blocking solution in PBS containing 
0.1% Tween-20. After washing with PBS containing 0.1% Tween-20, the membranes 
were incubated for 1 hour with appropriate IRDye-conjugated antibodies (1:5,000, Li-Cor 
Biosciences; IRDye) and washed with PBS containing 0.1% Tween-20. The signals were 
detected using the Odyssey Infrared Imaging System and software (Li-Cor Biosciences) 
and analyzed in Scion image software (Scion Corporation, Maryland, USA). 

Statistical analysis

Cell data were expressed relative to vehicle-treated (PBS or MOCK-transduced) control 
cells, which were set to 100% in each independent experiment. Statistical analysis was 
performed in IBM SPSS software, version 20.0 (IBM Corp, NY, USA). The Shapiro-Wilk 
procedure was first applied to test for a normal distribution of the data. When normally 
distributed, the one sample t-test was used when a single treatment was compared to 
a control group. Multiple group comparisons of data were performed using one-way 
ANOVA followed by Dunnett’s post hoc test for multiple comparisons compared to the 
control groups. Alternatively, when the data were not normally distributed (for DRGN-
OPC co-cultures after lentiviral upregulation of TG2 in OPCs), a Kruskal-Wallis test was 
performed followed by a Mann-Whitney U post-hoc analysis. Holm’s sequential Bonferroni 
correction was used to account for multiple testing during non-parametric testing. Data 
represent means of at least three independent experiments + standard error of the mean 
(SEM). Statistical differences were indicated with *P <0.05, **P < 0.01 or ***P < 0.001.

Results

Human TG2 expression in astrocytes does not significantly affect OPC 
differentiation and myelin membrane formation

To examine whether the observed delay in remyelination in TG2 -/- mice (van Strien et 
al., 2011a) is an indirect effect of astrocytes on OPC differentiation, the effect on OPC 
differentiation of conditioned medium derived from astrocytes expressing wild-type 
human TG2 (hTG2) was examined. First, we showed that MOCK- and GFP-transduced 
cells only express endogenous 78 kDa rat TG2, whereas in hTG2-transduced astrocytes 
hTG2 appeared at a slightly higher molecular weight than endogenous rat TG2 in TG2-
transduced cells (Fig. 1A, indicated by an arrow and an arrowhead, respectively, see 
supplementary Fig. 1 for full blot). The percentage of hTG2 in TG2-transduced cells relative 
to endogenous TG2 was 22.0% ± 0.7%. Remarkably, total TG2 expression levels were similar 
between hTG2- and GFP- and MOCK-transduced astrocytes, indicating that astrocytes 
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compensated for hTG2 expression by reducing endogenous TG2 levels. Notably, in MOCK- 
and GFP-transduced astrocytes, but not hTG2-transduced cells, an additional TG2-reactive 
band at approximately 75kDa was visible. This has been shown by others as well (Kumar 
and Mehta, 2012; Boroughs et al., 2014) and may represent endogenous TG2 protein that 
is truncated at the 3’ end (Antonyak et al., 2006). 
As astrocytes affect OPC maturation indirectly through astrocyte-derived secreted factors, 
which may include secreted TG2 (Adamczyk et al., 2015), the effect of conditioned medium 
of virally-transduced astrocytes (ACM), i.e., MOCK-ACM, GFP-ACM or that express hTG2 
(TG2-ACM), on OPC differentiation was examined. Differentiation of OPCs involves their 
progression through different developmental stages from immature, pre-myelinating 

Figure 1. Astrocyte-conditioned medium from TG2 overexpression does not significantly affect 
OPC maturation. (A) Wild-type human TG2 (LV TG2), GFP and empty vector (MOCK) were lentivirally 
expressed in astrocytes and subjected to western blot analyses. Note that lentiviral expression of wild 
type human TG2 (LV TG2) in primary rat astrocytes results in an additional band indicative of the human 
TG2 (hTG2, arrow), which has a slightly higher molecular weight than endogenous rat TG2 (rTG2; 78 
kDa, arrowhead). (B-F) Schematic representation of the experimental set up is shown in B. Astrocyte 
conditioned medium (ACM) derived from lentivirally transduced astrocytes (MOCK, GFP or LV TG2) is 
directly added to oligodendrocyte progenitor cells (OPCs, monocultures) and analyzed at the immature 
oligodendrocyte stage (imOLG, ‘I’, D) or added both at the OPC stage and the imOLG stage and analyzed 
at the mature OLG stage (mOLG, ‘II’, E,F). OPC differentiation (D,E) and myelin membrane formation (F) are 
respectively assessed as the percentage of myelin basic protein (MBP)-positive cells and the percentage 
of myelin membrane bearing MBP-positive cells. Representative images of MBP (myelin marker, red)-
positive cells without (left) and with myelin membranes (right, arrow) are shown in C. Scale bar is 100 
µm. Data are shown as mean + SEM, calculated as average percentage compared to OPCs that received 
non-conditioned medium (CTRL), which was set to 100% in each independent experiment (n=4). The 
percentage of MBP-positive cells in control cells is 1.6 ± 0.2% at the imOLG stage (D) and 16.7 ± 0.2% at 
the mOLG stage (E), the percentage of myelin membranes at the mOLG stage is 35.6 ± 18.0% (F). Statistical 
analyses were performed using a one-sample t-test (not significant). 
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OLGs (Fig. 1B, imOLGs, 3 days after initiating differentiation) towards mature, myelinating 
OLGs (Fig. 1B, mOLG, 7 days after initiating differentiation). To establish whether OPCs were 
differentiated, cells were stained for MBP, a major myelin specific protein that is imperative 
for myelination (Boggs, 2006), and scored as either MBP-positive or MBP-negative (Fig. 1C 
shows MBP-positive cells without (left) and with myelin membranes (right)). Exposure to 
MOCK-ACM, GFP-ACM or TG2-ACM at the OPC stage (experimental set up ‘I’ in Fig. 1B) did 
not significantly affect the relative percentage of MBP-expressing cells at the immature 
stage compared to exposure to non-conditioned medium (Fig 1D). Similarly, continuous 
presence of MOCK-ACM, GFP-ACM or TG2-ACM upon differentiation till the mature OLG 
stage (experimental set up ‘II’ in Fig. 1B) showed no apparent effect on differentiation (Fig 
1E). The MBP-positive cells bearing membranous structures spread between the cellular 
processes (Fig 1C, arrow) reflect the ability of OLGs to form myelin membranes. Continuous 
exposure of TG2-ACM upon differentiation towards mature OLGs (experimental set up ‘II’ in 
Fig. 1B) hardly, if at all, affected myelin membrane formation of mature OLGs compared to 
non-conditioned medium, MOCK- or GFP-ACM (Fig. 1F), indicating that hTG2-expressing 
astrocytes do not modulate OPC differentiation via secreted factors.
To examine whether hTG2-expressing astrocytes may affect OPC maturation via signals 
other than secreted signals, hTG2-expressing astrocytes and MOCK-transduced astrocytes 
were used as a feeding layer in an in vitro myelinating spinal cord culture (Sorensen et 
al., 2008). Subsequent analysis of the percentage of myelinated axons, as assessed with a 
double labeling of MBP and the axonal marker neurofilament-H (NF; Fig. 2A), revealed that 
hTG2 expression in astrocytes slightly, but not significantly, enhanced the percentage of 
myelinated axons by approximately 60% (Fig. 2B; p=0.365). Western blot analysis showed 
that hTG2 is hardly detected in hTG2-expressing astrocyte conditioned medium (data not 
shown). Therefore, to exclude the possibility that astrocyte secreted TG2 levels were simply 
too low or were taken up by other cells in these myelinating culture set-up, cells were also 
treated with recombinant gpTG2. Continuous exposure of exogenous gpTG2 to spinal cord 
cultures with a control astrocyte feeding layer at the time of OPC differentiation, i.e., from 
12 div onwards, increased axonal myelination (Fig. 2C) by approximately 250%. This result, 
however, did not reach significance due to variability between the different experiments 
(Fig. 2D; p=0.078). Hence, hTG2-rexpressing astrocytes and exogenously added gpTG2 
do not significantly affect the percentage of myelinated axons in an in vitro myelinating 
culture on an astrocyte feeding layer, indicating that astrocyte-derived TG2 is not likely 
to affect OPC maturation. However, since we could not exclude direct developmental 
stage-dependent effects of TG2 on OPC differentiation/maturation, we next examined 
the effect of recombinant gpTG2 treatment on different stages of OLG development in 
monocultures.
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Addition of TG2 has a distinct developmental stage-dependent effect on OPC 
maturation in OLG monocultures

As the timing of OPC differentiation is important for remyelination, the effect of 
exogenous addition of recombinant gpTG2 on early OPC differentiation was first 
examined. A single addition of gpTG2 to OPCs and analyses of the percentage of MBP-
positive cells at the immature OLG stage (experimental set up ‘I’ in Fig. 3A) significantly 
increased the percentage of MBP-positive cells by 2-fold (Fig. 3B; p<0.05). This increase 
in OPC differentiation was no longer apparent at the mature OLG stage (experimental 
set up ‘II’ in Fig. 3A, C) indicating that a transient exposure to gpTG2 at the OPC stage 

Figure 2. Astrocyte-derived TG2 has no significant effect on myelination in spinal cord cultures. 
(A,B) Wild-type human TG2 (hTG2) and empty vector were lentivirally expressed in astrocytes (LV TG2 and 
MOCK, respectively) which were used as an astrocyte feeding layer in myelinating spinal cord cultures. 
Myelination was measured as percentage of myelinated axons, visualized with myelin basic protein (MBP, 
myelin marker, green) of total neurofilament (NF, red)-positive axons at 26-28 days in vitro. Representative 
images are shown in A. The relative percentage of myelinated axons in spinal cord cultures with hTG2-
expressing astrocytes to MOCK treated astrocytes is shown in B (n=3). (C) Spinal cord cultures on a control 
astrocyte feeding layer were treated with vehicle (PBS) or with recombinant guinea pig TG2 (gpTG2, 50 
µg/ml every 2 days from day 12 in vitro for 14-16 days). Representative images are shown in C. The relative 
percentage of myelinated axons in gpTG2 treated spinal cord cultures compared to vehicle-treated (CTRL) 
cultures is shown in D (n=4). Data are shown as mean + SEM, calculated as average percentage compared 
to MOCK-transduced (B) or vehicle-treated astrocytes (D, CTRL), which were set to 100% in each 
independent experiment. Statistical analyses were performed using a one-sample t-test (not significant). 
Scale bar is 100 µm.



Tissue Transglutaminase promotes early differentiation of oligodendrocyte progenitor cells

5

101|

accelerated differentiation. In addition, gpTG2, when added once at the OPC stage did 
not affect myelin membrane formation (Fig. 3D). In contrast, however, when gpTG2 was 
continuously present during differentiation, i.e., added to OPCs and re-added to immature 
OLGs and analyzed at the mature OLG stage (experimental set up ‘III’ in Fig. 3A), a decrease 
in MBP-positive cells (Fig. 3E; p<0.05) and myelin membrane formation (Fig. 3F; p<0.05) 
was apparent. This decrease in OPC maturation is likely not due to an effect of gpTG2 
on immature OLGs, as the percentage of MBP-positive cells and myelin membranes is 
hardly, if at all, affected when gpTG2 was only added to immature OLGs and analyzed at 
the mature OLG stage (experimental set up ‘IV’ in Fig. 3A, G, H). Hence, exogenous addition 
of gpTG2 revealed distinct differentiation stage-dependent effects on OPC differentiation. 
More specifically, transient exposure of gpTG2 to OPCs accelerated differentiation at the 
immature OLG stage, which was lost at the mature OLG stage, while continuous exposure 
to gpTG2 from the OPC to mature OLG stage, decreased OPC maturation.

Addition of TG2 to DRGN-OPC co-cultures increases myelination 

As exogenously added gpTG2 affected OPC differentiation, we subsequently examined 
whether exposure to TG2 affects axonal myelination. OPC-DRGN co-cultures were 
continuously exposed to exogenous recombinant gpTG2 2 days after OPCs were added 
to DRGNs. At 14 days in co-culture, the percentage of myelinated axons was significantly 
increased upon addition of gpTG2 compared to vehicle-treated co-cultures (Fig. 4A,B; 
p<0.05). Remarkably, the number of DAPI-stained cells present on the DRGNs was increased 
in gpTG2-treated compared to control cultures, indicating that gpTG2 may also affect 
proliferation and/or survival. To examine whether persistent expression of endogenous 
TG2 in cells of the OLG lineage affects axonal myelination, OPCs were lentivirally 
transduced with human wild-type TG2 (LV TG2) or empty vector (MOCK) and subsequently 
plated onto DRGNs. At 14 days in co-culture, a similar percentage of myelinated axons of 
DRGNs in co-culture with TG2-overexpressing and MOCK-transduced OPC were observed 
(Fig. 4C,D), indicating that persistent expression of TG2 in cells of the OLG lineage does 
not result in enhanced myelination of axons at the end of myelination. To assess whether 
persistent endogenous expression of TG2, similar to addition of exogenous gpTG2, may 
only accelerate OPC differentiation, the effect of lentivirally expression of hTG2 on OPC 
maturation was examined next in OLG monocultures.

Sustained TG2 overexpression in OLG lineage cells by lentiviral transduction 
accelerates (early) differentiation

We have previously shown that OPCs express TG2, while TG2 is almost not expressed 
in immature and mature OLGs (van Strien et al., 2011a). To assess whether persistent 
expression of TG2 in cells of the OLG lineage affects OPC differentiation, OPCs were 
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Figure 3. Addition of TG2 has a developmental stage-dependent effect on OPC maturation. 
Exogenous guinea pig TG2 (gpTG2) was added to different developmental stages of the oligodendrocyte 
(OLG) lineage. Schematic representation of the experimental set up is shown in A. gpTG2 was added once 
to oligodendrocyte progenitor cells (OPCs) and analyzed at the immature OLG (imOLG, ‘I’, B, n=5) and 
mature OLG stage (mOLG, ‘II’, C,D, n=5), added both at the OPC stage and the imOLG stage and analyzed 
at the mOLG stage (‘III’, E,F, n=8), or added at the imOLGs and analyzed at the mOLG stage (‘IV’, G,H, 
n=5). OPC differentiation (B,C,E,G) and myelin membrane formation (D,F,H) are respectively assessed 
as the percentage of myelin basic protein (MBP)-positive cells and the percentage of myelin membrane 
bearing MBP-positive cells. Data are shown as mean + SEM, calculated as average percentage compared 
to vehicle-treated (CTRL), which was set to 100% in each independent experiment. The percentage of 
MBP-positive cells in vehicle-treated cells is 6.3 ± 1.6% at the imOLG stage (B) and 20.8 ± 11.3% at the 
mOLG stage (C,E,G), the percentage of myelin membranes at the mOLG stage is 40.8 ± 24.4% (D,F,H). 
Statistical analyses were performed using a one-sample t-test (*p<0.05).
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lentivirally transduced with wild-type human TG2 (LVTG2) or empty vector (MOCK) and 
allowed to differentiate. Persistent expression of hTG2 in immature and mature OLGs 
was confirmed by western blotting (Fig. 5A and B, respectively, see supplementary Fig. 
2 for full blots). Consistent with previous observations (van Strien et al., 2011a), MOCK-
transduced immature and mature OLGs showed hardly any endogenous rat TG2 band 
at 78 kDa, whereas hTG2-transduced cells expressed human TG2 (Fig. 5A, B, arrow). 
Strikingly, upon expression of hTG2, also the expression of endogenous rat TG2 appeared 
and remained during OPC differentiation (Fig. 5A,B, arrowhead). Moreover, hTG2 
overexpressing OPCs significantly increased the percentage of MBP-positive cells when 
analyzed at the immature OLG stage (Fig. 5C; p<0.001), whereas the percentage of MBP-
positive cells at the mature OLG stage was not significantly affected (p=0.608; Fig. 5D). 

Figure 4. Addition of TG2 to DRGN-OPC co-cultures increases myelination. (A,B) Exogenous 
guinea pig TG2 (gpTG2, 25µg/ml every 3 days from day 2 in vitro for 11 days) was added to dorsal root 
ganglion neurons-oligodendrocyte progenitor cell (DRGN-OPC) co-cultures. Myelination was measured 
as percentage of myelinated axons, visualized with myelin basic protein (MBP, myelin marker, green) of 
total neurofilament (NF, red)-positive axons 14 days in co-culture. Nuclei are visualized with DAPI (blue). 
Representative images are shown in A, and the relative percentage of myelinated axons in gpTG2-treated 
DRGN-OPC co-cultures to vehicle-treated (CTRL) co-cultures is shown in B (n=3). (C,D) Wild-type human 
TG2 was lentivirally (LV TG2) overexpressed in OPCs, and plated onto DRGNs. The extent of myelination 
was analyzed at 14 days in co-culture. Representative images are shown in C, and the relative percentage 
of myelinated axons in DRGN-OPC co-cultures with hTG2-expressing OPCs to MOCK OPCs is shown in D 
(n=3). Data are shown as mean + SEM, calculated as average percentage compared to vehicle-treated (B, 
CTRL) or MOCK-transduced OPCs (D), which were set to 100% in each independent experiment. Statistical 
analyses were performed using a one-sample t-test (*p<0.05). Scale bar is 100 µm.
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Of note, the total number of DAPI-stained cells appeared similar at all conditions. Myelin 
membrane formation, however, was slightly, but significantly increased at the mature 
OLG stage in hTG2-expressing cells compared to MOCK-transduced cells (Fig. 5E; p<0.01). 
Thus, our findings revealed that persistent expression of TG2 in cells of the OLG lineage 
accelerated early OPC differentiation. As TG2 is beneficial for early OPC differentiation, we 
next examined whether TG2 is present in cells of the OLG lineage in MS lesions.

TG2 is not present in OPCs in MS lesions, but is found in OPCs during human 
cerebellar development 

To determine whether cells of the OLG lineage contain TG2 in MS lesions, a double labeling of 
TG2 with the OLG lineage marker Olig2 was performed in chronic active and remyelinating 
MS lesions. Loss of PLP immunoreactivity confirmed ongoing demyelination at the edge 
of chronic active lesions (Fig. 6A), while small PLP-positive myelin fibers likely reflected 
remyelination in lesions (Fig. 6B). The abundant presence of MHC-II-positive microglia in 
chronic active lesions was evident (Fig. 6C) which was less pronounced in remyelinating 
lesions (Fig. 6D). TG2 immunoreactivity was present in blood vessels which is a well known 

Figure 5. Sustained TG2 expression accelerates (early) OPC differentiation and increases myelin 
membrane formation. Wild-type human TG2 (LV TG2) and empty vector (MOCK) were lentivirally 
expressed in oligodendrocyte progenitor cells (OPCs) and subjected to western blot analyses (A,B) or 
myelin basic protein (MBP) immunocytochemistry (C-E) at the immature (A,C) and mature (B,D,E) 
oligodendrocyte (imOLG and mOLG, respectively) stage. Note that lentiviral expression of wild type 
human TG2 (LV TG2) in OPCs results in sustained expression of hTG2 (A,B, arrow) and rat TG2 (A,B, 
arrowhead) upon differentiation. Actin serves as a loading control (A,B). OPC differentiation (C,D) and 
myelin membrane formation (E) are respectively assessed as the percentage of MBP-positive cells 
and the percentage of myelin membrane bearing MBP-positive cells. Data are shown as mean + SEM, 
calculated as average percentage compared to MOCK-transduced OPCs, which was set to 100% in each 
independent experiment (C, n=8, D,E, n=5). The percentage of MBP-positive cells in MOCK-transduced 
cells is 8.7 ± 10.3% at the imOLG stage (C) and 24.9.7 ± 9.9% at the mOLG stage (D), the percentage of 
myelin membranes at the mOLG stage is 38.9 ± 25.7.0% (E). Statistical analyses were performed using a 
one-sample t-test (**p<0.01 and ***p<0.001).
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localization (van Strien et al., 2011c, 2015; Chrobok et al., 2019), but was virtually absent 
from Olig2-positive OLG lineage cells in chronic active (Fig. 6E) and in remyelinating MS 
lesions (Fig. 6F). To examine whether TG2 is expressed in differentiating human OPCs, we 
studied TG2 immunoreactivity in OPCs during developmental myelination of the human 
brain. Interestingly, TG2 immunoreactivity was observed in platelet-derived growth factor 
receptor alpha (PDGFRα)-positive OPCs (indicated by arrows in Fig. 6G) in the developing 
human cerebellum, at gestational week 28. Hence, while OPCs in MS lesions do not show 
TG2 immunoreactivity, TG2 is present in OPCs during human cerebellar development, 
indicating that at the onset of normal OPC differentiation, TG2 expression is likely induced 
by local cues. Given that Transglutaminase expression and activity is commonly detected 
both in diseased tissues with inflammation and cells with inflammatory stress (Kuncio et 
al., 1998; Johnson et al., 2001; Kim, 2006), and TG2 expression is regulated by inflammatory 
mediators (van Strien et al., 2011b; Espitia Pinzón et al., 2017a), we next examined the 
effect of inflammatory mediators that are present in MS lesions on TG2 expression in OPCs 
and immature OLGs.

IFN-γ increased and sustained TG2 expression in OLG lineage cells, which did 
not correlate with enhanced differentiation

As the pro-inflammatory cytokines, TNF-α, IFN-γ and IL-1β are present in MS lesions (Codarri 
et al., 2010; Mendiola and Cardona, 2018) and influence OPC maturation (Xie et al., 2016; 
Valentin-Torres et al., 2018) and therefore remyelination, we next analyzed whether these 
cytokines may modulate TG2 expression in OPCs. OPCs were therefore exposed to these 
cytokines for 48 hours and allowed to differentiate for 3 days in the absence of cytokines 
(Fig. 7A). Western blot analyses revealed that 48 hours-exposure to IFN-γ, and to a lesser 
extent to TNF-α, but not to IL-1β, increased TG2 expression (Fig. 7B, C; TNF-α p<0.05; IFN- 
γ p=0.001, for full blot of Fig.7B see supplementary Fig. 3A). Interestingly, the enhanced 
TG2 expression in cytokine-treated OPCs was sustained in IFN-γ-treated OPCs, i.e., the 
increased TG2 expression was still apparent in immature OLGs that were differentiated in 
the absence of cytokines (Fig. 7A, D, E; p<0.01, for full blot of Fig. 7D see supplementary 
Fig. 3B), whereas TG2 expression decreased in TNF-α- or IL-1β-treated OPCs upon 
differentiation (Fig. 7A, D, E; p<0.05 for both conditions). To reveal whether the cytokine-
enhanced increase in TG2 expression affects OPC differentiation, cytokine-exposed OPCs 
were left to differentiate without the presence of cytokines, since prolonged cytokine 
treatment can lead to cytotoxicity in OLGs (Robbins et al., 1987; Vartanian et al., 1995). 
Upon differentiation towards the immature OLG stage, the percentage of MBP-positive 
cells was slightly, but non-significantly, increased in TNF-α-, IFN-γ- and IL-1β-exposed 
OPCs (Fig. 7F). Hence, our results revealed that the for MS relevant inflammatory mediators 
IFN-γ, and to a lesser extent TNF-α, increased TG2 expression in OPCs, though no apparent 
correlation between cytokine-induced TG2 expression and increased OPC differentiation 
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Figure 6. TG2 immunoreactivity is not present in OPCs in MS lesions, but is found in OPCs during 
human cerebellar development. Immunohistochemical stainings were performed for the myelin marker 
proteolipid protein (PLP) and for MHC-II positive monocytes/macrophages or microglia in chronic active 
lesions (A, C respectively) and in remyelinating lesions (B,D respectively). Immunohistochemical double 
labeling of TG2 (gray) and Olig2 (pink) was performed in chronic active lesions (E) and remyelinating MS 
lesions (F) (n=3). Cell nuclei were stained by haematoxylin (blue) in PLP and MHC-II labelled sections (A-D). 
Scale bar: 100 mm. Immunofluorescent double labeling of TG2 (red) and the OPC marker platelet-derived 
growth factor receptor (PDGFR)a (green) (G, arrows) in white matter of developing human cerebellum at 
gestational week 28. Scale bar: 10 mm.
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at the immature OLG stage exists, as was observed upon sustained expression of hTG2 in 
OLGs (Fig. 5). Therefore, enhanced TG2 expression induced by inflammatory mediators is 
not sufficient to accelerate early OPC differentiation. 

Figure 7. IFN-γ increases and sustains TG2 expression in OLG lineage cells, which does not correlate 
with enhanced differentiation. Schematic representation of the experimental set up is shown in A. 
Oligodendrocyte progenitor cells (OPCs) were left untreated (CTRL) or treated for 48 hours with IFN-γ, 
TNF-α or IL-1β and subjected to western blot analyses (B,C) or allowed to differentiate for 3 days to 
immature oligodendrocytes (imOLG) in the absence (A,D) of these cytokines and subjected to western blot 
analyses (D,E) or myelin basic protein (MBP) immunocytochemistry (F). Representative blots are shown in 
B and D, quantification in C and E. Western blot data are quantified by normalizing the optical densities of 
TG2 against actin, which serves as loading control. OPC differentiation (F) is assessed as the percentage of 
MBP-positive cells. Data are shown as mean + SEM, calculated as average percentage compared to control 
OPCs, which was set to 100% in each independent experiment (C, n=7, E, n=4, F, n=4). The percentage 
of MBP-positive cells at the imOLG stage in control cells is 20.7 ± 15.4% in F. Statistical analyses were 
performed using a one-sample t-test (*p<0.05, **p<0.01 and ***p<0.001).
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Discussion 

In previous work, we demonstrated that TG2 expression in OPCs is downregulated upon 
differentiation and that in the absence of TG2 remyelination is delayed upon cuprizone-
induced demyelination (van Strien et al., 2011a), which led to our hypothesis that TG2 
promotes OPC maturation. Our present findings indicate that early OPC maturation is 
accelerated by both endogenous and exogenously supplied TG2, while factors derived from 
hTG2-expressing astrocytes do not significantly affect OPC maturation and myelination. 
Moreover, we found TG2 immunoreactivity in human OPCs during development, but 
not in cells of the OLG lineage that are present in chronic active and remyelinating MS 
lesions. Interestingly, TG2 expression in OPCs was enhanced upon exposure to IFN-γ, and 
sustained in immature OLGs, but did not correlate with an increase in OPC maturation. 
Thus, while TG2 expression and exposure promotes early OPC differentiation under 
physiological developmental circumstances, IFN-γ, although enhancing TG2 expression, 
may interfere with (accelerated) OPC differentiation in a TG2-independent manner. In 
addition, the absence of TG2 in cells of the OLG lineage in MS lesions may contribute to 
their quiescence, and therefore development of means to induce TG2 expression in local 
OPCs may be of therapeutic interest. 
Astrocytes, when activated upon demyelination of the CNS, transiently secrete soluble 
factors, such as growth factors and cytokines (Wiese et al., 2012) and deposit ECM 
proteins, such as fibronectin and hyaluronan, that prevent OPC maturation (Back et 
al., 2005; Stoffels et al., 2013b). We have previously shown that astrocytes, present in 
demyelinating MS lesions, do express TG2 and can interact with ECM proteins, including 
fibronectin (van Strien et al., 2011b; c; Espitia Pinzón et al., 2017a; b). In addition, we found 
extracellular astrocyte-associated TG2, i.e., in extracellular deposits and on the cell-surface 
of astrocytes, even under control conditions (van Strien et al., 2011b; Espitia Pinzón et al., 
2017a). In the present study we, therefore, questioned whether astrocyte-derived TG2 may 
have an effect on OPC maturation. We observed that secreted factors derived from hTG2-
expressing astrocytes, as well as direct contact with hTG2-expressing astrocytes did not 
lead to a significant alteration in OPC differentiation or myelination of axons. However, the 
levels of total TG2 in hTG2-expressing astrocytes do not increase endogenous TG2 levels 
and hTG2 was not released at detectable levels and therefore no effect was found. Of 
note, in contrast to astrocytes in the cuprizone model (Skripuletz et al., 2013; Tameh et al., 
2013) and in MS lesions, (Williams et al., 2007; Gudi et al., 2014; Lassmann, 2014), the hTG2-
expressing astrocytes used in the present study were not subjected to an inflammatory 
environment which could have implications for their function. Previous work revealed that 
upon exposure to inflammatory mediators, e.g. TNF-α and IL-1β, astrocyte-derived TG2 
can contribute to ECM rearrangement, and possibly subsequent scar formation (Espitia 
Pinzón et al., 2017a). Inflammatory activation of astrocytes might therefore be necessary 
to reveal an effect of astrocyte-derived TG2 on OPC maturation. Alternatively, microglial-
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derived TG2 may play a role in OPC proliferation/myelination, as recently shown (Giera et 
al., 2018). It should be noted, however, that in the study by Giera et al., the presence of 
TG2 in microglia in vivo was not visualized which is important as we only observed TG2 
in astrocytes in the mouse cuprizone model (Espitia Pinzón et al., 2017b) and less TG2 
protein in cultured rat microglia than in astrocytes (Espitia Pinzón et al., 2017a). Of note, 
upon hTG2 expression, TG2 is not overexpressed, indicating that astrocytes reduced their 
endogenous TG2 levels. Therefore, to firmly conclude that astrocyte-derived TG2 does 
not affect OPC differentiation or myelination, downregulation of astrocytic TG2 should be 
considered. 
As proof of principle, we observed that, when adding a relatively high dose of exogenous 
TG2 to our cultures, this affected OPC maturation. More specifically, a single exposure 
of OPCs to TG2 accelerated their subsequent differentiation and the extent of axonal 
myelination is increased in TG2-treated DRGN-OPC co-cultures. In contrast, continuous 
exposure of OPCs to TG2 decreased OPC differentiation and myelin membrane formation. 
Of relevance, microglia-derived TG2 promotes OPC proliferation and remyelination in 
the presence of laminin via ADGRG1 signaling (Giera et al., 2018). While laminin is absent 
in monocultures, DRGNs express laminin, and therefore, it is tempting to suggest that 
the opposite effect of continuous TG2 treatment in mono- and co-cultures may be due 
to DRGN-derived laminin. In fact, the number of cells appeared increased upon gpTG2 
addition, indicating that DRGN-derived laminin and exposure to TG2 may increase OPC 
proliferation, resulting in more mature myelinating OLGs at the endpoint of myelination. 
Also, endogenous TG2 overexpression in OPCs enhanced the percentage of MBP-
positive cells at early OPC differentiation; while the percentage of MBP-positive cells of 
TG2-overexpressing and MOCK-transduced cells were similar at the endpoint of OPC 
differentiation. Accordingly, TG2-overexpressing OPCs did not affect the number of 
myelinated axons in DRGN-OPC co-cultures at the endpoint of myelination. This indicates 
that endogenous TG2 is involved in the timing of OPC differentiation. These findings are 
consistent with our previous observation that when TG2 activity is pharmacologically 
inhibited, the differentiation of OPCs into myelin-forming OLGs is dramatically delayed 
(van Strien et al., 2011a). Co-labeling studies revealed that TG2 immunoreactivity was 
lacking in Olig2-positive OPCs/OLGs in chronic active and in remyelinating MS lesions. 
However, in the developing human cerebellum, TG2 was present in PDGFRα-positive 
OPCs, while we never observed cellular TG2 immunoreactivity in adult NAWM, apart from 
blood vessels (van Strien et al., 2011c, 2015; Chrobok et al., 2019). These data suggest 
that in human brain TG2 expression is transiently present in OPCs, during physiological, 
developmental differentiation and not in OPCs during adulthood, irrespective of the 
presence of inflammatory activity. Of relevance, in vitro studies indicate that TG2 protein 
and activity is absent in mature OLGs (van Strien et al., 2011a) which may be part of normal 
brain development. Hence, it is tempting to suggest that finding means to increase TG2 
expression in OPCs may trigger their differentiation in MS lesions. On the other hand, 
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it is good to take into consideration that TG2 is not essential for OPC differentiation, as 
remyelination does proceed, although delayed, as shown in TG2 -/- mice (van Strien et al., 
2011a). 
Increased TG2 expression is often detected in cells under pathological conditions in 
which inflammation is involved (Kim, 2006; van Strien et al., 2011b; Espitia Pinzón et al., 
2017a). In line with this the pro-inflammatory cytokines IFN-γ and to a lesser extent TNF-α 
significantly increased TG2 expression in OPCs. In IFN-γ -treated OPCs, the increased 
TG2 expression sustained during OPC differentiation in the absence of IFN-γ. Although 
sustained TG2 overexpression in OPCs markedly accelerated OPC differentiation, OPC 
differentiation was only slightly enhanced in IFN-γ and TNF-α-treated OPCs. In contrast, IL-
1β treatment of OPCs had no effect on TG2 expression, while OPC differentiation was not 
significantly increased. IL-1β -induced OPC differentiation has been described by others 
(Vela et al., 2002) though inhibition of OPC maturation has also been reported (Xie et al., 
2016). Our results therefore revealed no apparent relationship between modulation of TG2 
expression by pro-inflammatory cytokines and early OPC differentiation, i.e., in immature 
OLGs. This may be a result of activation of a more prominent TG2-independent pathway 
upon stimulation with IFN-γ and TNF-α or their interference with signaling pathways 
downstream of TG2. IFN-γ, TNF-α and IL-1β are pro-inflammatory cytokines that are 
present in MS lesions (Vartanian et al., 1995; Arnett et al., 2001; Mason et al., 2001; Codarri 
et al., 2010). In astrocytes and microglia, TG2 can be induced by different inflammatory 
mediators, including combinations of cytokines, such as IFN-γ in combination with TNF-α 
or IL-1β and TNF-α in combination with IL-1β (Monsonego et al., 1997; Takano et al., 
2010; van Strien et al., 2011b; Espitia Pinzón et al., 2017a). In monocytes, IFN-γ is also an 
inducer of TG2 production (Mehta et al., 1985, 1987). Recent observations showed that of 
a range of cytokines applied to human monocytes, IL-4 was actually the most prominent 
one to induce TG2 expression in human monocytes and macrophages (Gratchev et 
al., 2005; Yamaguchi et al., 2016; Sestito et al., 2017). In OPCs however, we found no 
increase in TG2 expression after treatment with IL-4 (data not shown, n=3). Also, various 
combinations of IFN-γ with TNF-α or IL-1β had no additional effect on TG2 production 
in OPCs (data not shown). The responsiveness of glial cells to various inflammatory 
mediators can be explained by the presence of cytokine receptors (Cannella and Raine, 
2004) and inflammatory factor-related response elements in the promotor region of the 
TG2 gene (Ikura et al., 1994; Kuncio et al., 1998; Gundemir et al., 2012), including NF-κB 
(nuclear factor-kappa B), a transcription factor involved in the regulation of expression of 
many inflammatory mediators (Ientile et al., 2015). The transcription of TG2 is therefore 
differently regulated during inflammation in these glial cells and represents different 
functions of these cells during inflammation. Monocyte-, macrophage- and astrocyte-
derived TG2 is involved in various processes contributing to inflammation, such as 
adhesion and extravasation, monocyte differentiation into macrophages, efferocytosis 
and astrogliosis (Hostenbach et al., 2014; Chrobok et al., 2016; Espitia Pinzón et al., 2017a). 
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TG2 in OPCs could therefore have a different function, which is not involved in processes 
contributing to inflammation but rather in intracellular processes that contribute to their 
differentiation. Our previous observations indicate that TG2 affects RhoA GTPase activity 
(van Strien et al., 2011a). Rho GTPases are essential in cytoskeleton rearrangements, 
and consequently the outgrowth of OLG processes (Czopka et al., 2009). Alternatively, 
TG2 can signal through the adhesion G protein-coupled receptor (ADGRG1, also known 
as GPR56, an evolutionarily conserved regulator of OLG development) in OPCs in the 
presence of the ECM protein laminin. TG2/laminin-dependent activation of ADGRG1 was 
recently shown to promote OPC proliferation. Signaling by TG2/laminin to ADGRG1 on 
OPCs also improved remyelination in two murine models of demyelination (Giera et al., 
2018). Interference of inflammatory mediators with one of these pathways may lead to 
the observed uncoupling of TG2 expression and OPC differentiation (Geras-Raaka et al., 
1998; Surin et al., 2002).
Taken together, our data indicate that TG2 transiently appears in developing OPCs and 
promotes early OPC differentiation, while its absence in OPCs in MS lesions, irrespective of 
the presence of inflammatory activity, may contribute to remyelination failure (Franklin and 
ffrench-Constant, 2008; Kuhlmann et al., 2008). We therefore propose that development 
of means that stimulate TG2 expression and function in OPCs may represent a novel 
therapeutic strategy to improve differentiation of OPCs in MS and thereby contribute to 
remyelination.
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Supplementary figure 1

Supplementary Figure 1. Full scans of the entire original gel for Figure 1A. The top scan shows staining 
for TG2 after wild-type human TG2 (LV TG2), GFP and empty vector (MOCK) were lentivirally expressed 
in astrocytes and subjected to western blot analyses. Human TG2 (hTG2) is visible together with the 
endogenous rat TG2 (rTG2). The bottom scan shows the same original gel stained for actin after it was 
stained for TG2. Non-relevant conditions are covered with black bars.
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Supplementary figure 2

Supplementary Figure 2. Full scans of the entire original gels for Figure 5A and 5B. The top scans shows 
staining for TG2 after empty vector (MOCK) and wild-type human TG2 (LV TG2) were lentivirally expressed 
in immature (A) and mature oligodendrocytes (B) (imOLG and mOLG, respectively) and subjected to 
western blot analyses. Human TG2 (hTG2) is visible together with the endogenous rat TG2 (rTG2). The 
bottom scans show the same original gels stained for actin. Non-relevant conditions are covered with 
black bars.
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Supplementary figure 3

Supplementary Figure 3. Full scans of the entire original gels for Figure 7B (A) and 7D (B). The top 
scans shows staining for TG2 after oligodendrocyte progenitor cells (OPCs) were left untreated (CTRL) or 
treated for 48 hours with IFN-γ, TNF-α or IL-1β and subjected to western blot analyses (A) or allowed to 
differentiate for 3 days to immature oligodendrocytes (imOLG) in the absence (B) of these cytokines and 
subjected to western blot analyses. The bottom scans show the same original gels stained for actin. Non-
relevant conditions are covered with black bars.



Tissue Transglutaminase promotes early differentiation of oligodendrocyte progenitor cells

5

115|



6CHAPTER 6



SUMMARY AND  
GENERAL DISCUSSION



Chapter 6118 |

Summary

MS is a chronic neuroinflammatory, demyelinating disease (Noseworthy, 1999; Noseworthy 
et al., 2000) mainly affecting young adults (Weinshenker et al., 1989). Various pathological 
processes take place in MS including infiltration and migration of leukocytes (McCandless 
et al., 2008; Aubé et al., 2014; Ortiz et al., 2014) into the CNS, astrogliosis (Axelsson et 
al., 2011; Hostenbach et al., 2014) and failure of remyelination (Kuhlmann et al., 2008; 
Stoffels et al., 2013a). This results in permanent neurodegeneration (Friese et al., 2014; 
Mahad et al., 2015) and progressive clinical symptoms (Willis and Fox, 2016). Considerable 
improvements have been made in MS therapeutics (Weber, 2012; Feinstein et al., 2015; 
Correale et al., 2017), elucidation of pathogenesis (Trapp et al., 1999; Gold et al., 2006) 
and genetics (Cree, 2014). However, no cure exists and no recognized definite cause, be 
it genetic, microbial or environmental has been identified (Høglund and Maghazachi, 
2014). It is therefore essential to continue the efforts to characterise molecular and cellular 
events that underlie the neuropathological processes occurring during MS.
TG2 is a well-characterised multifunctional protein (Gundemir et al., 2012) that is expressed 
in the CNS (Johnson et al., 1997a; Lesort et al., 2000). TG2 is induced by e.g. inflammation 
(Kim, 2006) and is involved in processes that are important in the neuropathology of MS, 
such as cell adhesion and migration (Akimov and Belkin, 2001a; Png and Tong, 2013), 
and cell differentiation (Numinskaya and Belkin, 2012). Moreover, TG2 is able to bind and 
crosslink several ECM proteins (Collighan and Griffin, 2009), where its interaction with 
fibronectin is best characterised (Turner and Lorand, 1989). We therefore hypothesised 
that TG2 is implicated in various pathological processes occurring during MS (see Figure 
1). In the present thesis we focused on the expression and role of TG2 in animal and cell 
models mimicking inflammation, astrogliosis, and/or de- and remyelination in MS. The 
overall aim of this thesis was to understand the relation between TG2 and (1) migration of 
infiltrating monocytes (chapter 2); (2) ECM protein fibronectin rearrangement (chapters 
3 and 4); (3) differentiation of OPCs and subsequent myelination (chapter 5).
In chapter 2 we studied the expression of TG2 in white and grey matter lesions in the 
marmoset EAE model for MS. We observed the appearance of immunoreactive TG2 in 
monocyte and microglial-like cells in early active white matter, and active grey matter 
marmoset EAE lesions. When white matter lesions progress to late active and inactive 
stages, TG2 immunoreactivity is still present, though it is significantly less pronounced 
in the inactive lesions. Immunoreactive TG2 in monocytes in active white matter lesions 
during marmoset EAE, shows co-expression with β1-integrin and is in close association to 
extracellular fibronectin. In grey matter lesions, we found TG2 positive microglia that co-
label with β1-integrin, but observed no fibronectin in these lesions. This strongly suggests 
an important role for TG2 in the adhesion, migration and/or differentiation of infiltrating 
monocytes in non-human primate EAE, and possibly MS.
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With respect to the possible role of TG2 in fibronectin production and rearrangement, we 
studied expression and regulation of cellular TG2 and its function in relation to fibronectin. 
Astrocytes are important producers of ECM proteins, like fibronectin, and were therefore 
subject of our study. In chapter 3 we demonstrated that TG2 expression and activity 
is enhanced during cuprizone-induced demyelination in astrocytes. Moreover, TG2 
directly contributes to fibronectin production, and plays a role in fibronectin deposition 
during cuprizone-induced demyelination. In chapter 4, we observed that in our in vitro 
experimental set-up, exogenous TG2 contributes to aggregation of fibronectin produced 
by astrocytes, whereas endogenously produced TG2 contributes to the appearance 
of morphogical fibril-like fibronectin, but is not involved in fibronectin aggregation 
under inflammatory conditions. Our observations therefore imply that during MS lesion 
formation, when inflammatory mediators are present, astrocyte-derived TG2 may 
contribute to ECM rearrangement, and subsequent astroglial scarring. Overall, the results 
of the experiments described in chapters 3 and 4 support the idea that TG2 contributes 
to the production, deposition and rearrangement of fibronectin during demyelination 
and inflammation.
In chapter 5 we focused on the role of TG2 in the differentiation of OPCs and subsequent 
myelination. We found that TG2, either endogenously expressed, or exogenously supplied 
to OPCs, accelerated OPC differentiation. In addition, we observed TG2 immunoreactivity 
in OPCs during human development, but not in cells of the oligodendrocyte (OLG) 
lineage in MS lesions. Together with our previous data that TG2 activity is required for 
OPC differentiation, and that remyelination is delayed in TG2-/- mice (van Strien et al., 
2011a), these results indicate that TG2 may have a regulatory role in the timing of early 
OPC differentiation.
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Figure 1: TG2 is implicated in several important neuropathological processes that contribute 
to the disease course of MS. (A) TG2 supports adhesion, migration and differentiation of infiltrating 
monocytes. (B) TG2 also contributes to the production, deposition and rearrangement of fibronectin 
during demyelination and inflammation, thereby facilitating glial scar formation. (C) In addition, TG2 has 
a regulatory role in the timing of OPC differentiation, demonstrating the role of TG2 in (re)myelination. 
(TG2: tissue Transglutaminase, OLG: oligodendrocyte, OPC: oligodendrocyte progenitor cell)
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General discussion

MS is a complex and multifaceted disorder in which several neuropathological processes 
interact and, together, shape disease etiology and course (Lublin and Reingold, 1996; 
Lassmann, 2013; Kalincik, 2015). Here, I will discuss several aspects relevant for unravelling 
the role of TG2 in various important neuropathological processes in MS. I will first consider 
the role of TG2 in infiltrating monocytes. Next, I will address whether TG2 has a role in 
the formation of the astroglial scar and in the differentiation of OPCs and subsequent 
myelination. Thoughout this discussion I will give suggestions for future research. Lastly, 
I will put forward our main conclusions in this thesis and discuss future therapeutic 
implications of our findings for MS patients and possibly other neurodegenerative 
diseases.
For MS, several drug treatments are available (Wingerchuk and Weinshenker, 2016; Dolati 
et al., 2017). These therapies, however, are only proven effective in relapsing-remitting 
MS, do not cure MS or stop the progressive course of MS and can have serious side effects 
(La Mantia et al., 2013; Gupta and Weinstock-Guttman, 2014; Feinstein et al., 2015). It 
is therefore essential to continue the search for therapeutic targets that could lead to 
effective therapies with less adverse effects. A role of TG2 in the adhesion, migration 
and differentiation of infiltrating monocytes has been shown, which is relevant for the 
infiltration and migration of leukocytes into the CNS as a major pathological process 
during the initial phase of relapsing-remitting MS (Claudio et al., 1995; Brück et al., 1996; 
Floris et al., 2002, 2004). Additional neuropathological events occurring during MS are 
astrogliosis (Fawcett and Asher, 1999; Hostenbach et al., 2014) and failure of remyelination 
(Franklin, 2002; Hagemeier et al., 2012), resulting in neurodegeneration (Trapp and Nave, 
2008; Lassmann and van Horssen, 2011; Reynolds et al., 2011) and irreversible neurological 
deficits (Deloire et al., 2010; Ruet et al., 2012). We therefore also focussed on the role 
of TG2 in the production, deposition and rearrangement of fibronectin, an important 
ECM component, which is upregulated during inflammation (Sobel and Mitchell, 1989) 
and which contributes to the formation of the astroglial scar (Fernández-Klett and 
Priller, 2014). Moreover, we examined the role of TG2 in OPC differentiation to assess its 
potential in promoting remyelination in order to stimulate regeneration, halt progression 
and combat long-lasting neurological deficits in MS and possibly other demyelinating, 
neurodegenerative diseases. 

TG2 supports adhesion, migration and differentiation of infiltrating 
monocytes

TG2 has been implicated in the adhesion process of various cell types. Overexpression 
of TG2 in fibroblasts, for example, was found to enhance cell spreading and reduce 
susceptibility to detachment with trypsin (Gentile et al., 1992). Reduced expression of 
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TG2, on the other hand, led to reduced cell adhesion and spreading of endothelial cells, 
and a TG2-inactivating antibody diminished cell adhesion and spreading on fibronectin 
(Jones et al., 1997; Verderio et al., 1998). In chapter 2 we now show appearance of TG2 
immunoreactivity in monocyte and microglial-like cells in early active white matter, and 
active grey matter marmoset EAE lesions. When white matter lesions progressed to late 
active and inactive stages, TG2 immunoreactivity was still present, but in the inactive 
lesions it was significantly less pronounced. This is an indication that TG2 could functionally 
be involved in the adhesion and migration of monocytic cells when inflammation is 
ongoing. Cell surface TG2 was indeed found to serve as an integrin-associated adhesion 
receptor that is implicated in the extravasation and migration of monocytic cells into 
tissues containing fibronectin matrices during inflammation (Akimov and Belkin, 2001a). 
Our finding in chapter 2 that, in white matter EAE lesions, TG2 positive monocytes co-
label with β1-integrin, and are in close association to, mostly extracellular located, 
fibronectin, is in line with these earlier results (Akimov and Belkin, 2001a). Interaction of 
monocytes with fibronectin also determines the differentiation potential of these cells 
which depends on their binding to the RGD domain of fibronectin via the cell-surface 
α5β1-integrin (Seta et al., 2012). Moreover, TG2 is highly upregulated when monocytes 
differentiate into macrophages (Murtaugh et al., 1984; Seiving et al., 1991). Our observed 
association of TG2/β1-integrin positive monocytes with extracellular fibronectin in 
chapter 2 may therefore also suggest a role for TG2 as an integrin-binding coreceptor for 
fibronectin in local differentiation of monocytes into cells, e.g. dendritic cells (Gonzalez 
et al., 2014; Chow et al., 2017), important for regulating the local neuroinflammatory 
response (Currò et al., 2014). 
In grey matter lesions TG2-positive microglia sometimes co-labelled with β1-integrin. 
Fibronectin, however, was not clearly present in grey matter lesions, and therefore cannot 
act as a partner for β1-integrin to mediate migration. The role for TG2 in microglia in grey 
matter lesions remains elusive. Other ECM proteins such as lecticans, i.e., versican, aggrecan, 
and neurocan and dermatan sulfate proteoglycans are also not clearly upregulated in MS 
grey matter (Sobel and Ahmed, 2001; Chang et al., 2012). Lecticans are, however, found 
in active white matter MS plaques and are diminished in inactive white matter lesions 
(Sobel and Ahmed, 2001). This is in line with the fibronectin expression levels in different 
EAE lesions as shown in chapter 2. Cellular fibronectin is predominantly produced by 
astrocytes in white matter lesions in cuprizone (Hibbits et al., 2012) (also chapter 3) 
and lysolecithin-induced demyelination (Stoffels et al., 2015) and in MS (Stoffels et al., 
2013a). Our results therefore indicate that astrocytes in grey matter lesions produce less 
fibronectin compared to white matter astrocytes after demyelination. Less hypertrophic 
astrocytes and astrogliosis have been identified in grey matter lesions compared to white 
matter lesions of MS patients (Petzold et al., 2002; Chang et al., 2012). Moreover, injection 
of mouse brain with similar amounts of myelin debris in white matter and grey matter, 
resulted in a similar number of activated microglia and astrocytes in both areas (Clarner 
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et al., 2012), which suggests that the amount of myelin debris, which is higher in white 
matter compared to grey matter during active (experimental and clinical) MS, is a crucial 
factor for activation of local immune cells such as glia. Since expression of fibronectin 
by astrocytes is part of the activation of these cells (Hibbits et al., 2012), a difference in 
activation of grey matter astrocytes compared to white matter astrocytes could explain 
why grey matter astrocytes produce less fibronectin. The apparent absence of fibronectin 
in grey matter may also suggest less disruption of the blood-brain-barrier (BBB) in grey 
matter that allows less plasma fibronectin to enter the CNS, which is then not cellularly 
localized (Sobel and Mitchell, 1989; Maurer et al., 2015). BBB damage is indeed one of 
the main characteristics of white matter lesions in MS (Lassmann, 2011), whereas, so far, 
no significant BBB leakage has been demonstrated in grey matter lesions (Horssen et al., 
2007; Calabrese and Castellaro, 2017). Imaging studies moreover demonstrate that grey 
matter lesions show less inflammatory cell infiltration compared to white matter lesions 
(Calabrese et al., 2010; Politis et al., 2012; de Graaf et al., 2013; Calabrese and Castellaro, 
2017). Additionally, post-mortem studies established a relative scarcity in the influx of 
leukocytes, while demonstrating the presence of activated microglial cells in grey matter 
lesions (Bø et al., 2003b; Vercellino et al., 2007; Papadopoulos et al., 2008; Stadelmann 
and Brück, 2008). Our findings in chapter 2 combined with these data suggest that TG2 
expressed by microglial cells in active grey matter lesions is most likely not involved in 
immune cell infiltration or migration.

TG2 contributes to the production, deposition and rearrangement of 
fibronectin during demyelination and inflammation

Fibronectins are high molecular weight glycoproteins that exsist in two different forms; 
plasma and cellular fibronectin. Plasma fibronectin is a soluble protein, and consists of a 
dimer of two similar but not indistinguishable polypeptide chains, each around 220 kD. 
Cellular fibronectin, is found at the surface of a lot of different cell types, where it forms 
insoluble fibrillary matrices. Cellular fibronectin can also be secreted as a soluble dimeric 
molecule (Tamkun and Hynes, 1983). Therefore, in addition to extravasation from damaged 
vessels, fibronectin may be deposited or synthesized by cells such as endothelial cells, 
astrocytes and macrophages in the CNS (Sobel and Mitchell, 1989; Hibbits et al., 2012; 
Stoffels et al., 2013a). In chapter 3 we confirm that astrocytes can also produce fibronectin 
during cuprizone-induced demyelination. In addition, we show that TG2 can directly 
contribute to the expression of fibronectin in astrocytes, since our in vitro studies indicate 
that enhanced TG2 expression in astrocytes coincides with more astrocytic fibronectin, and 
knock-down of TG2 decreases fibronectin production. Additionally, our data suggest that 
TG2 might play a role in fibronectin deposition during demyelination, since fibronectin 
immunoreactivity was reduced in cuprizone-treated TG2-/- mice. During demyelination, 
cells enhance TG2 production and deposition of TG2 into the ECM is increased. A lot of 
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effort has been dedicated to investigate the mechanism of TG2 secretion, nevertheless 
how it is transported to the cell surface and then translocated into the ECM is still largely 
unknown (Wang et al., 2012). Evidence, however, suggests that TG2 is externalized via an 
unconventional secretion pathway, which could involve endosome binding (Zemskov et 
al., 2011), activation of the purinergic receptor P2X7 (Adamczyk et al., 2015) or association 
with cell surface receptors and/or the ECM protein fibronectin (Gaudry et al., 1999a). When 
expression vectors encoding the full-length TG2 or a N-terminal truncated TG2 lacking the 
fibronectin-binding site were used to characterize the role of fibronectin in sequestration 
of TG2 in the pericellular matrix, the association of TG2 with the pericellular matrix of cells 
in suspension or with the extracellular matrix deposited by cell monolayers was prevented 
by the truncation. These results demonstrate that TG2 binds to the pericellular fibronectin 
coat of cells via its N-terminal β1-sandwich domain and that this interaction is crucial for 
cell surface association of TG2 (Gaudry et al., 1999a). Cell surface TG2 furthermore serves 
as an integrin-binding adhesion coreceptor for fibronectin (Gaudry et al., 1999b; Akimov 
et al., 2000). This might explain partly why fibronectin immunoreactivity was reduced 
in cuprizone-treated TG2-/- mice in chapter 3, where binding of fibronectin to the cell 
surface of astrocytes was probably also dimished during demyelination. Moreover, knock-
down of TG2 in astrocytes decreased endogenous fibronectin production, leading to less 
fibronectin to be present on the cell surface. 
Fibronectin matrix assembly consists of the maturation of fibronectin fibrils into a mature 
fibrillary network at the cell surface. This is measured experimentally by a conversion 
from deoxycholate detergent (DOC) solubility of fibrils to DOC insolubility of the mature 
fibrillar network (Mc-Keown-Longo and Mosher, 1983). This conversion is an irreversible 
process that stabilizes fibronectin interactions within matrix fibrils to produce a mature 
fibrillar network (Singh et al., 2010). Initially, the fibrils are believed to form through 
end-to-end association of dimers (Dzamba and Peters, 1991). These initial thin fibrils 
consequently grow in length and thickness as the matrix matures. The fibronectin 
matrix is converted to a DOC-insoluble form during fibril growth (Singh et al., 2010). This 
conversion takes place soon after the initiation of fibril assembly, since more than half 
of a population of fibronectin fibrils is DOC insoluble within 6 hours (McKeown-Longo 
& Mosher 1983). Fibronectin aggregation, as defined by DOC-insolubility, is most likely 
the result of strong, noncovalent protein-protein interactions (Chen and Mosher, 1996; 
Ohashi and Erickson, 2009), and participation of other extracellular proteins in this matrix 
(Ohashi and Erickson, 2009). Organization of fibronectin into fibrils (fibrillogenesis) and, 
ultimately, assembly into a three-dimensional matrix is normally a well-balanced process 
during tissue development and regeneration (Stoffels et al., 2013b). However, excessive 
fibronectin deposition and disproportionate remodeling contributes to scarring and 
fibrosis, and hinders complete tissue regeneration (Midwood et al., 2004; To and Midwood, 
2011). This is very relevant in chronic MS lesions, where fibronectin is found as a complex 
network of fibrils of high molecular weight aggregates, which impairs remyelination 
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(Stoffels et al., 2013a). In chapter 4 we demonstrate that exogenous TG2 contributes to 
the aggregation of fibronectin produced by astrocytes that were cultured on a laminin 
coating. Endogenous astrocyte-derived TG2, however, contributes to the appearance of 
morphogical fibril-like fibronectin, but is not involved in fibronectin aggregation under the 
examined inflammatory conditions in vitro. The production and deposition of fibronectin 
fibrils in the ECM is a tightly regulated, cell-mediated process. The first phase involves the 
binding of fibronectin to the surface of a cell. While necessary, the binding of fibronectin 
to cells, which is mediated primarily by integrins and possibly supported by TG2 (Gaudry 
et al., 1999a; b; Akimov et al., 2000), is not enough for fibrillogenesis (Geiger et al., 2001). 
There are several possible ways in which TG2 could affect the formation of fibronectin 
fibrils and aggregates. A critical action in the formation of these fibrils and aggregates 
is believed to be the cell-driven exposure of cryptic self-association sites in fibronectin 
(Geiger et al., 2001; Singh et al., 2010). Cell-generated tension, in addition, is a prerequisite 
for fibronectin fibrillogenesis, and loss of cellular contractility by downregulating Rho, 
myosin inhibitors, or actin-disrupting agents inhibits fibronectin-matrix formation 
(Halliday and Tomasek, 1995; Wu et al., 1995; Zhang and Mosher, 1996; Zhong et al., 1998; 
Pankov et al., 2000). Integrin clustering and exposed fibronectin-binding sites promote 
fibronectin-fibronectin interactions to form a stable and insoluble fibrillar matrix (Singh 
et al., 2010). The initial formation of fibrils through end-to-end association of fibronectin 
dimers is followed by lateral associations between fibrils that are likely to involve the other 
fibronectin-binding sites in fibronectin itself (Singh et al., 2010). Surface TG2 induces RhoA 
activity via integrin clustering (Janiak et al., 2006) and is a known integrin-binding adhesion 
coreceptor for fibronectin (Akimov et al., 2000). TG2 could therefore be able to contribute 
to the necessary cell-generated tension and integrin clustering leading to fibronectin-
fibronectin interactions by exposing fibronectin-binding sites in fibronectin itself (Singh et 
al., 2010). TG2, moreover, can contribute to the formation of a mature stable DOC-insoluble 
fibronectin matrix by enzymatic cross-linking of the adjacent fibronectin fibrils and by 
the formation of intermolecular disulfide bonds (Mosher et al., 1991; Hasegawa et al., 
2003; Wierzbicka-Patynowski and Schwarzbauer, 2003). TG2 can also induce a switch from 
intramolecular cross-linking, i.e., within a dimer of fibronectin, to intermolecular protein 
cross-linking, i.e., between dimers of fibronectin and possibly linking fibronectin fibrils to 
other ECM proteins, giving rise to protein aggregate formation (Segers-Nolten et al., 2008). 
Our observations in chapter 3 and chapter 4 that endogenous TG2 induces fibronectin 
fibril formation but does not lead to fibronectin aggregates after (cuprizone-induced) 
demyelination and (in vitro) inflammation, respectively, brought us to hypothesize that 
damage to the BBB as seen in MS (Ortiz et al., 2014) could be essential to obtain real fibrosis. 
The formation of fibronectin fibrils and aggregates, does require the presence of cellular 
fibronectin (Stoffels et al., 2013a), though plasma fibronectin most likely contributes 
to this process by incorporating into cell-derived fibronectin aggregates (McKeown-
Longo and Mosher, 1983; Pesciotta Peters et al., 1990). While local hyperpermeability of 
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the BBB and edema have been shown in the cuprizone model, even before the onset of 
demyelination (Berghoff et al., 2017), this model does not show the disturbance of the 
BBB as seen in MS and is therefore without a profound influx of immune cells (Kipp et al., 
2009; Skripuletz et al., 2011, 2013). We therefore hypothesized that during inflammatory 
lesion formation in MS and concomitant deposition of ECM proteins, astrocyte-derived 
TG2, only in the presence of infiltrating leukocytes or their derived factors, can increase 
the formation of fibronectin deposited aggregates. These aggregates may contribute 
to the process of scarring and subsequent impaired remyelination. Interestingly, a very 
recent study indicates that fibronectin aggregation only takes place during demyelination 
after a ‘double hit’ of inflammation, i.e., pre-incubation with pro-inflammatory cytokines 
followed by stimulation with a TLR3 agonist (preliminary data; Werkman, Sikkema et al., 
submitted).

TG2 has a regulatory role in the timing of OPC differentiation

In chapter 5, we establish that exogenous recombinant TG2 has developmental stage-
dependent effects on OPC differentiation, i.e., single exposure of TG2 accelerated early 
OPC differentiation, while continuous exposure to TG2 decreased OPC maturation. We 
have previously shown that inhibiting TG2 activity decreases RhoA GTPase activity in 
OPCs and subsequent differentiation into OLGs (van Strien et al., 2011a). Rho GTPases are 
vital in cytoskeleton rearrangements, and consequently the outgrowth of OLG processes 
(Czopka et al., 2009). TG2 could possibly have an outside-in effect through integrin 
binding, since TG2 interacts directly with multiple β1- and β3-integrins (Akimov et al., 2000) 
which might affect the dynamic remodelling of the actin cytoskeleton across via RhoA 
GTPase activity. This could take place through an adaptor protein, such as integrin-linked 
kinase, that provides a bridge between environmental signals and intracellular machinery, 
linking the extracellular environment and integrins to the actin cytoskeleton across a 
large group of cell types and species (McDonald et al., 2008), including OLGs (O’Meara 
et al., 2013). An increase in active RhoA levels has been observed following integrin-
linked kinase depletion in OLG cultures and it was suggested that integrin-linked kinase 
regulation of the RhoA/ROCK pathway is limited to a distinct OLG developmental stage, 
specifically OLGs transitioning from a progenitor to an immature OLG state (O’Meara 
et al., 2013). Alternatively, the Src family kinase Fyn is activated after engaging with 
integrins (Colognato et al., 2004; Laursen et al., 2009). Fyn phosphorylates and activates 
p190RhoGAP, a substrate of Fyn (Wolf et al., 2001), which in turn inactivates Rho and causes 
alterations in OLG morphology. In addition, Fyn activates Cdc42 and Rac1, Rho GTPases 
which trigger morphologic differentiation of OLGs. Rho and Cdc42–Rac1 therefore exhibit 
opposing effects on OLG morphologic complexity (Liang et al., 2004). A short term 
exposure to exogenous TG2 might possibly affect intracellular mechanisms by activating 
molecular factors such as Cdc42 and Rac1, which triggers morphologic differentiation of 
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OPCs. Interestingly, activation of TG2 has been reported in parallel of activation of Cdc42 
and Rac1 after treatment with retinoic acid (RA) during neurite formation in human 
neuroblastoma SH-SY5Y cells (Tucholski et al., 2001; Pan et al., 2005). Moreover, when 
different combinations of activated Ras (a small GTPase) and Rho GTPases (e.g., Cdc42) 
were expressed in human breast cancer SKBR3 cells, TG2 expression was upregulated (Li 
et al., 2010). Additionally, surface TG2 was shown to amplify integrin-mediated signaling 
to RhoA/ROCK via integrin clustering and down-regulate the Src–p190RhoGAP regulatory 
pathway in mouse embryonic NIH3T3 fibroblasts (Janiak et al., 2006). A continuous 
exposure to exogenous TG2, could possibly have an opposite effect by triggering molecular 
players that inactivate Rho, such as p190RhoGAP, and thereby reduce differentiation in 
these OPCs. Regardless, since attenuated RhoA GTPase activity has been related to both 
enhanced and reduced OPC differentiation (Liang et al., 2004; Czopka et al., 2009) we can 
not conclude by which mechanism exogenous TG2 has developmental stage-dependent 
effects on OPC differentiation mediated by regulation of RhoA GTPase. This aspect needs 
further attention. This could be investigated by treating OPCs with exogenous TG2 (short-
term versus continuous exposure) in the presence of inhibitors or inducers of different 
downstream signalling mediators, such as Rho and Cdc42–Rac1.
In chapter 5, we observed that sustained endogenous TG2 overexpression in cells of the 
OLG lineage accelerated OPC differentiation. The mechanism by which this takes place can 
possibly be examined by overexpressing OPCs with different TG2 mutants and examining 
which function of TG2 is crucial in this process. There are several TG2 mutants that could 
be used here; C277S-TG2, for example is a TG2 mutant that is transamidating inactive and 
deficient in GDP/GTP binding or W241A-TG2, which is transamidating inactive or R580A, 
that does not bind GTP/GDP and exhibits increased transamidating activity (Begg et al., 
2006; Gundemir and Johnson, 2009; Kumar et al., 2012). Our previous data using KCC009, 
a specific, irreversible inhibitor of transamidating TG2 activity already indicate that this 
function of TG2 is most likely of importance in activating RhoA GTPase activity in OPCs 
and subsequent differentiation into OLGs (van Strien et al., 2011a). Sustained endogenous 
overexpression of wild-type human TG2 in chapter 5, in addition, showed no negative 
effects on the later stage of OPC differentiation. This indicates that TG2 particularly plays a 
role in a mechanism that is of importance during the onset of OPC differentiation. 
In chapter 5, we demonstrate that secreted factors of astrocytes expressing wild-
type human TG2 did not significantly affect OPC maturation. The percentage of axon 
myelination in an in vitro myelinating culture with a feeding layer of human TG2-expressing 
astrocytes was increased, though not significantly, compared to a feeding layer of MOCK-
transduced astrocytes. We therefore concluded that astrocyte-derived TG2 does not affect 
OPC differentiation or myelination. In previous studies (see chapter 4, where astrocytes 
were cultured on laminin) using rat astrocyte cultures we found extracellular astrocyte-
associated TG2, i.e., in extracellular deposits and on the cell-surface of astrocytes, even 
under control conditions (van Strien et al., 2011b). Human TG2, however, was not clearly 
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present in human TG2-expressing astrocyte conditioned medium in chapter 5. TG2 levels 
deposited therefore did not reach significant levels in the astrocyte conditioned medium 
to observe any effect on OPC maturation in our experimental set-up. Moreover, total 
cellular TG2 expression levels were similar between human TG2- and GFP- and MOCK-
transduced astrocytes, indicating that astrocytes compensated for human TG2 expression 
by reducing endogenous TG2 levels. Examining the effect of secreted TG2 therefore shows 
no additional effect due to the lack of any additional expression of TG2 in rat astrocytes. It 
would be valuable to investigate this further by adding a TG2 antibody or pharmacologically 
inhibiting extracellular TG2 using a site-directed irreversible TG2 inhibitor such as R294 or 
KCC009, which are impermeable to cells and act extracellularly (Yuan et al., 2007; Wang et 
al., 2013) to the astrocyte derived medium. Alternatively, knocking down TG2 in astrocytes 
that form a feeding layer in an in vitro myelinating culture might reveal any astrocyte-
derived TG2 effects on OPC differentiation or myelination. It will also be interesting to treat 
astrocytes with inflammatory mediators and subsequently culture OPCs on the deposited 
ECM to examine the effect of astrocyte-deposited ECM from activated astrocytes on the 
differentiation of OPCs. Indeed, our results in chapter 4 demonstrate that after treatment 
with MS-relevant inflammatory mediators, i.e. TNF-α and IL-1β, on a laminin substrate, 
astrocyte-derived TG2 does contribute to ECM rearrangement and, possibly, subsequent 
scar formation. Inflammatory activation of astrocytes and the presence of ECM proteins 
such as laminin, which is a myelination permissive ECM molecule (Buttery and Ffrench-
Constant, 1999; Colognato et al., 2005; Sisková et al., 2006), might therefore be necessary 
to uncover an effect of TG2-expressing astrocytes on OPC maturation. Addition of 
inflammatory mediators to a myelinating culture, however, was not an option, since there 
is compelling evidence that pro-inflammatory cytokines such TNF-α and IL-1β lead to 
neuronal death in vitro and in vivo (McCoy and Tansey, 2008; Glass et al., 2010). In addition, 
treatment of OPCs with TNF-α and IFN-γ blocks the differentiation of OPCs (Mann et 
al., 2008; Lentferink et al., 2018). Because of these negative effects on other cells than 
astrocytes in myelinating cultures, cytokines can not be used in this experimental set-up.
Pro-inflammatory cytokines, such as IFN-γ, are also present in MS lesions (Codarri et al., 2010; 
Mendiola and Cardona, 2018) and inhibit OPC maturation (Xie et al., 2016; Lentferink et al., 
2018; Valentin-Torres et al., 2018) and as a result affect remyelination. As TG2 expression 
is regulated by inflammatory mediators (van Strien et al., 2011b), we analysed whether 
pro-inflammatory cytokines modulate TG2 expression in OPCs (chapter 5). TG2 plays a 
prominent role in the timing of differentiation of OPCs into myelin-forming OLGs, i.e., 
inhibition of TG2 activity impedes OPC differentiation and TG2 knock-out mice show a delay 
in remyelination of axons in the corpus callosum upon cuprizone-induced demyelination 
(van Strien et al., 2011a). We now demonstrate in chapter 5 that TG2 expression in OPCs 
is induced by IFN-γ and sustained in immature OLGs, which does not correlate with a 
change in OPC maturation, as observed upon TG2 overexpression. We hypothesise that 
TG2 in OPCs could therefore have a different function, which is not involved in processes 



Summary and General discussion

6

129|

involved in inflammation but rather in intracellular processes that are implicated in their 
differentiation. Indeed, in chapter 5 we observed that TG2 is present in developing human 
OPCs in vivo and facilitates/promotes early OPC differentiation in vitro. We however found 
no TG2 expression in OPCs in chronic active or remyelinating MS lesions. This suggests 
that in humans in vivo TG2 expression is only transiently present in OPCs at the onset of 
differentiation. This might explain why we were unable to detect TG2 expression in OPCs in 
adult mice exposed to cuprizone-induced demyelination and subsequent remyelination 
(chapter 3, data not shown). Most likely, we were examining the tissue at time points 
where TG2 expression was no longer present in differentiating OPCs. Activated OPCs most 
likely show TG2 expression 3 to 7 days after cuprizone ingestion is stopped, since at these 
time points OPCs are differentiating towards pre-myelinating OLGs and myelinating OLGs 
respectively (see chapter 5). TG2 immunoreactivity in human OPCs during development 
suggests a role of TG2 in developing OPCs, while the absence of TG2 in OLG lineage cells 
in chronic active MS lesions, as demonstrated in chapter 5, most likely, suggests that the 
OPCs in the examined MS lesions are quiescent and not (transcriptionally) activated yet, 
which is the first step in remyelination (Raff et al., 2001; Dugas et al., 2007; van Strien et 
al., 2011a; Moyon et al., 2016). Recently, however, it has been shown, by assessing the 
integration of 14C derived from nuclear testing in genomic DNA (Spalding et al., 2005), 
that remyelination in shadow plaques, that represent remyelinated areas in humans, is 
not carried out by newly formed OLGs, but by old, spared OLG (Yeung et al., 2019). In 
line with this, another recent study has demonstrated a depletion of OPCs and increased 
expression of myelination genes in mature OLGs in MS (Jäkel et al., 2019). However, there 
still is a clear role for OPCs that are present in most MS lesions to differentiate into myelin 
producing OLGs and help overcome demyelination (Maki et al., 2013; Wegener et al., 2015; 
Lopez Juarez et al., 2016). It is therefore important to find ways to increase TG2 expression 
and function in OPCs in order to improve OPC differentiation and remyelination in MS. 
Cytokines increase TG2 expression but also have negative effects on OPCs, that are likely 
to overrule the positive effect of TG2. Continuous exposure to IFN-γ, i.e., OPCs were 
treated for 48 hours and allowed to differentiate for 3 days in the continuous presence 
of IFN-γ, for example, significantly inhibited OPC differentiation despite the sustained 
increase of TG2 expression (data not shown). New therapeutic strategies that stimulate 
TG2 expression and function in OPCs and thereby improve differentiation of OPCs and 
contribute to remyelination in MS, should not inhibit OPC differentiation themselves. 
Alternative methods to induce TG2 expression and function in OPCs may include the use 
of vitamin A. Vitamin A is known to enhance TG2 expression by means of its metabolite 
retinoic acid (RA) which binds to two RA response elements in the TG2 promoter (Verma 
et al., 1992; Nagy et al., 1996; Yan et al., 1996; Gundemir et al., 2012). Of note, the level of 
plasma vitamin A is lower in MS patients compared to healthy control subjects (Besler 
et al., 2002; Royal et al., 2002; Reza Dorosty-Motlagh et al., 2016). Moreover, RA is known 
to pass the BBB through controlled transport (Pardridge et al., 1985) and RA receptors 
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(RARs), nuclear receptors that function as ligand-dependent transcription factors 
(Heyman et al., 1992), are upregulated during the development of neural stem cells to 
OPCs, although thereafter RA inhibits further differentiation of OPCs (Kim et al., 2017). RA 
affects transcription through two classes of nuclear receptors, the RARs and the retinoid 
X receptors (RXRs) (Heyman et al., 1992). Moreover, an alternative form of RA, i.e. 9-cis-RA, 
is up to 40 times more potent than RA on RXRα, one of the receptor isoforms, and binds 
to the RXR protein with nanomolar affinity (Heyman et al., 1992), which has a positive 
effect on remyelination (Huang et al., 2010). Interestingly, a short term treatment, i.e., 24 
hours, with 9-cis-RA increased TG2 expression in human neuroblastoma SH-SY5Y cells 
(Joshi et al., 2006). It has also been shown that, upon activation of RARs with (9-cis)RA, 
RAR/RXR interacts with Sp1, a transcription factor that has four binding sites in the TG2 
promoter (Lu et al., 1995; Shimada et al., 2001; Gundemir et al., 2012). The interaction 
between RAR/RXR and Sp1 seems to change the conformation of Sp1 and induces gene 
expression of different proteins including TG2, at least in part, by potentiating Sp1 binding 
to the functional GC box motifs (Shimada et al., 2001). Altogether, it might therefore be 
interesting to investigate the potential of 9-cis-RA in the differentiation of OPCs through 
an induction in TG2 expression as it might represent a novel therapeutic strategy to 
improve differentiation of OPCs in MS thereby facilitating remyelination and overruling 
the negative effects of inflammation.

Conclusions and implications for research into development of new MS 
therapeutics 

To conclude, we have shown that TG2 supports adhesion, migration and differentiation of 
infiltrating monocytes. We also observed that TG2 contributes to the production, deposition 
and rearrangement of fibronectin during demyelination and inflammation. In addition, 
we demonstrated that TG2 has a regulatory role in the timing of OPC differentiation. The 
results of the experiments presented in this thesis therefore implicate involvement of TG2 
in several neuropathological processes that contribute to the disease course in MS (see 
Figure 1). Moreover, these results support efforts to further explore the potential of TG2 
as a therapeutic target in MS. Thus, inhibition of TG2 function in the periphery could be 
investigated as a means to diminish adhesion, migration and differentiation of infiltrating 
monocytes in white matter lesions in order to modulate inflammation (Claudio et al., 
1995; Brück et al., 1996; Floris et al., 2002, 2004). Currently there are no TG2 inhibitors or 
other therapeutic means to modulate TG2 expression and activity that are commercially 
available to humans. Zedira GmbH (Darmstadt, Germany), a biotech company specialized 
in transglutaminases, however, has developed ZED1227, a small molecule inhibitor with 
high potency and selectivity for TG2 as a therapeutic approach in celiac disease. ZED1227 
has entered phase 2a clinical trials in celiac disease patients in spring 2018. In the future, 
this inhibitor could also be investigated for its applicability and efficiency in MS. A similar 
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approach to impede TG2 activity could also be evaluated on its efficacy to stabilize the 
production, deposition and rearrangement of fibronectin during demyelination and 
inflammation (Sobel and Mitchell, 1989; Fernández-Klett and Priller, 2014). Conversely, 
means to increase TG2 activity during early OPC differentiation could be developed in 
order to improve remyelination in demyelinated lesions (Kuhlmann et al., 2008; Stoffels et 
al., 2013a). Targeted nanocarriers (Tayo, 2017) that specifically deliver TG2 inhibitors, such 
as ZED1227, to astrocytes and that deliver TG2 activators, such as 9-cis-RA, to OPCs could 
be employed here. When exploring the potential of TG2 as a therapeutic target for MS, it 
will be vitally important to consider the different disease stages of MS and the differences 
in the activity of the disease processes, including the degree of active inflammation and 
active de-and remyelination (Stadelmann and Brück, 2008; Kotter et al., 2011; Stadelmann, 
2011), during these stages. The data presented in this thesis indicate that the role of TG2 
in these processes may be very different during the early disease course of MS compared 
to the later phase(s) of disease. TG2 appears to contribute to early OPC differentiation 
and to the adhesion, migration and differentiation of infiltrating monocytes in the early 
disease phase, while TG2 also contributes to glial scar formation later in the disease 
process. The need and required mode of modulating TG2 function could therefore vary 
between the different stages of MS. This “complicating” factor deserves special attention 
whilst contemplating the future investigation and development of novel MS therapeutics 
using TG2 as target. 
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Rol van weefsel Transglutaminase in gliacellen tijdens multiple sclerose

Multiple sclerose (MS) is een ernstige chronische, inflammatoire aandoening van het 
centrale zenuwstelsel (CZS). Deze ziekte openbaart zich meestal bij jongvolwassenen en 
kenmerkt zich met name door motorische, sensorische en cognitieve stoornissen. In het 
ziekteproces van MS spelen meerdere neuropathologische processen een rol, waaronder de 
migratie van immuuncellen vanuit de bloedbaan naar het CZS, waar deze cellen betrokken 
zijn bij het verlies van myeline, de beschermlaag van de zenuwbanen (demyelinisatie). 
Ook de activatie van gliacellen, zoals astrocyten, die bijdragen aan littekenvorming 
in het CZS, en verminderde vorming van (nieuw) myeline door oligodendrocyten zijn 
kenmerkend voor MS. Deze processen staan herstel in de weg en dragen bij aan blijvend 
letsel aan het CZS met toenemende neurologische problemen tot gevolg. Het CZS 
bestaat uit witte en grijze stof hersengebieden. In de witte stof liggen vooral uitlopers 
(axonen) van zenuwcellen (neuronen). Het vettige myeline vormt een isolerende laag 
rondom de axonen. Deze isolatie beschermt de axonen en zorgt voor een snel transport 
van elektrische prikkels binnen het axon. De grijze stof bevat met name de cellichamen 
van de neuronen. Wanneer in het CZS de myeline is verdwenen, zoals bij MS, wordt 
gesproken van een laesie. MS laesies worden ingedeeld op basis van demyelinisatie en de 
aanwezigheid van immuuncellen. Actieve laesies kenmerken zich door de aanwezigheid 
van myeline bevattende immuuncellen (macrofagen) en een actief demyelinisatieproces. 
Macrofagen zijn in staat om lichaamseigen dode en beschadigde cellen en celresten 
(zoals afgebroken myeline) op te nemen en om te zetten in intercellulair materiaal. In 
chronisch actieve laesies zijn deze macrofagen alleen nog zichtbaar langs de rand van de 
laesies waarbij het midden van de laesie gedemyeliniseerd is. Chronisch inactieve laesies 
vertonen geen tekenen meer van voortgaande demyelinisatie en inflammatie. De oorzaak 
van MS is onbekend. De aanwezigheid van immuuncellen in hersengebieden waar 
demyelinisatie zichtbaar is, lijkt erop te wijzen dat een ontstekingsproces een belangrijke 
bijdrage levert aan de schade in het CZS. De huidige medicatie is daarom primair gericht 
op het tegen gaan van ontsteking zodat voortgang en verergering van de ziekte geremd 
wordt. Genezing van MS is nog niet mogelijk. Bovendien hebben de huidige beschikbare 
medicijnen veel bijwerkingen. Het is daarom noodzakelijk om de neuropathologische 
processen die kenmerkend zijn voor MS verder te onderzoeken. Deze nieuwe kennis kan 
uiteindelijk bijdragen aan de ontwikkeling van nieuwe en betere medicatie voor MS.
In dit proefschrift hebben we middels diverse studies onderzocht wat de rol van 
het calcium-afhankelijke enzym weefsel Transglutaminase (TG2) is in verschillende 
neuropathologische processen die spelen bij MS. We hebben TG2 onderzocht in diverse 
gliacellen, met name in microgliacellen, de immuuncellen van het CZS, astrocyten 
die betrokken zijn bij littekenvorming en oligodendrocyten die myeline maken. TG2 is 
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namelijk een multifunctioneel enzym dat tot expressie komt in vele celtypen van het 
lichaam. Daarnaast is TG2 niet alleen aanwezig in de cellen, maar ook op het celoppervlak 
en extracellulair. TG2 katalyseert crosslinking tussen eiwitten. Hierdoor ontstaan zeer 
stabiele eiwit-eiwit interacties. TG2 is zo in staat om bijvoorbeeld extracellulaire matrix 
(ECM) eiwitten, zoals fibronectine, te crosslinken. De ECM is een structuur die zich buiten 
de cellen bevindt en onder andere stevigheid en structuur biedt aan weefsels. In nier- 
en longfibrose is een verhoogde crosslinkactiviteit van TG2 gevonden. Een toename 
van gecrosslinkt ECM resulteert hierbij in fibrose. TG2 bevordert ook de interactie tussen 
β-integrines, die zich op cellen bevinden, en ECM eiwitten, zoals fibronectine. Dit draagt 
bij aan cel-matrix interacties die van belang zijn bij celadhesie en celmigratie. TG2 is 
daarnaast betrokken bij andere processen zoals ontsteking en celdifferentiatie. Alle 
processen die hier boven beschreven zijn, spelen (deels) ook een rol bij de pathogenese 
van MS. Wij hebben daarom de hypothese gevormd dat TG2 een belangrijke rol speelt in 
(tenminste) drie neuropathologische processen die van belang zijn bij MS: (1) migratie van 
infiltrerende immuuncellen (monocyten); (2) crosslinken van het ECM eiwit fibronectine 
door astrocyten; (3) differentiatie van oligodendrocyten en myelinisatie. De studies 
waarmee wij deze hypothese getoetst hebben, staan beschreven in dit proefschrift. 
In deze studies hebben we de expressie en de rol van TG2 onderzocht in diverse dier- 
en celkweekmodellen die ontsteking, littekenvorming door geactiveerde astrocyten 
(astrogliose) en/of de- en remyelinisatie in MS nabootsen. Remyelinisatie is het herstel 
van myeline.
In hoofdstuk 2 hebben we onderzocht of TG2 een rol speelt bij de celmigratie en 
differentiatie van infiltrerende monocyten in witte stof en grijze stof pathologie. 
Monocyten zijn immuuncellen die zich afhankelijk van het weefsel kunnen differentiëren 
in macrofagen. Voor deze studie hebben we gebruik gemaakt van het experimentele 
auto-immune encephalomyelitis (EAE) marmoset diermodel voor MS. We laten zien dat 
TG2 immunoreactiviteit aanwezig is in monocyten en op microglia lijkende MS-cellen in 
actieve witte stof EAE laesies en in actieve grijze stof laesies in dit diermodel. Microglia zijn 
gliacellen die een belangrijke rol spelen in de immuunreactie van het CZS. In chronisch 
actieve en inactieve witte stof EAE laesies vinden we nog steeds TG2 immuunreactiviteit, 
alhoewel het significant minder aanwezig is in inactieve laesies. We tonen aan dat 
immuunreactief TG2 in monocyten co-expressie laat zien met β1-integrine. Bovendien 
vinden we TG2 in de directe nabijheid van extracellulair fibronectine in witte stof EAE 
laesies. In grijze stof EAE laesies zien we co-localisatie van TG2 positieve microglia met 
β1-integrine. Fibronectine lijkt echter niet aanwezig in deze laesies. Onze data suggereren 
dat TG2 belangrijk is voor de adhesie, migratie en/of differentiatie van infiltrerende 
monocyten in het marmoset EAE diermodel en dus mogelijk ook in MS.
We hebben de rol van TG2 in de productie en depositie van fibronectine onderzocht 
tijdens demyelinisatie in hoofdstuk 3 en in de vorming van fibronectine fibrillen 
(draadvormige structuren) en aggregaten (gecrosslinkte fibrillen) tijdens ontsteking 
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in hoofdstuk 4. De vorming van deze fibrillen en aggregaten is van belang tijdens de 
vorming van littekenweefsel in het CZS. Astrocyten zijn bekende producenten van ECM 
eiwitten zoals fibronectine. In hoofdstuk 3 maken we gebruik van een diermodel waarbij 
demyelinisatie is geïnduceerd door middel van het geven van cuprizon. We tonen aan dat 
TG2 expressie en activiteit is toegenomen in astrocyten tijdens cuprizon-geïnduceerde 
demyelinisatie. TG2 draagt bovendien direct bij aan de productie van fibronectine en 
speelt een rol bij depositie van fibronectine tijdens cuprizon-geïnduceerde demyelinisatie. 
In hoofdstuk 4 laten we in een in vitro setting zien dat toegevoegd TG2, dat van buitenaf 
afkomstig is, bijdraagt aan de aggregatie van fibronectine geproduceerd door astrocyten. 
Endogeen TG2, gemaakt door de astrocyten zelf, echter, draagt bij aan de vorming van 
fibronectine fibrillen, maar is niet betrokken bij de aggregatie van fibronectine onder 
invloed van verschillende inflammatoire condities. We concluderen op basis van de 
resultaten van hoofdstukken 3 en 4 dat TG2 gemaakt door astrocyten tijdens ontsteking 
en demyelinisatie kan bijdragen aan ECM crosslinking wat bijdraagt aan littekenvorming 
in het CZS. 
In hoofdstuk 5 hebben we de rol van TG2 bestudeerd in de differentiatie van 
oligodendrocyt voorloper cellen (oligodendrocyt progenitor cellen (OPCs)) en daarmee 
de rol van TG2 in het myelinisatie proces. We laten zien dat TG2, ongeacht of het endogeen 
tot expressie komt of exogeen toegevoegd wordt aan OPCs, de differentiatie van deze 
cellen tot myelinevormende cellen versnelt. Daarnaast tonen we middels onderzoek aan 
hersenweefsel aan dat TG2 aanwezig is in OPCs tijdens humane ontwikkeling van het 
CZS, maar niet in oligodendrocyten (zowel volwassen als voorloper cellen) in MS laesies. 
Gecombineerd met eerdere bevindingen dat TG2 activiteit noodzakelijk is voor OPC 
differentiatie en dat remyelinisatie vertraagd is in muizen die geen TG2 kunnen maken, 
duiden onze resultaten erop dat TG2 een regulerende rol speelt in de timing van OPC 
differentiatie. 
In hoofdstuk 6 zijn de resultaten van de studies in dit proefschrift samengevat en 
bediscussieerd. Het onderzoek in dit proefschrift bevestigt dat TG2 functioneel betrokken 
is bij de drie hier onderzochte neuropathologische processen onderliggend aan MS. 
We tonen aan dat de rol van TG2 in deze neuropathologische processen mogelijk erg 
verschillend is afhankelijk van de fase van het ziekteproces. TG2 lijkt namelijk bij te dragen 
aan vroege OPC differentiatie en aan adhesie, migratie en differentiatie van infiltrerende 
monocyten in een vroege fase van MS en ook aan de vorming van littekenweefsel door 
astrocyten in een latere fase van het ziekteproces. Daarnaast lijkt het remmen van TG2 in 
infiltrerende monocyten en in geactiveerde astrocyten therapeutisch interessant, terwijl 
het faciliteren van een toename van TG2 in vroege OPC differentiatie ook een interessant 
aangrijpingspunt lijkt voor therapie van MS om zo remyelinisatie van de laesies te 
stimuleren. Manipulatie van de productie en activiteit van TG2 is daarom potentieel zeer 
interessant voor toekomstige therapieontwikkeling in MS. Hierbij dient echter rekening 
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gehouden te worden met het gegeven dat de gevolgen van manipulatie van TG2 
afhankelijk lijken te zijn van het celtype én van de fase van het ziekteproces.
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ervaren. Ook onze verdere samenwerking was erg inspirerend. Jouw niet aflatende en 
nuttige input bij alle stukken in de jaren erna zijn erg waardevol.
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