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Introduction

1. INTRODUCTION
1.1 Multiple sclerosis
Multiple sclerosis (MS) is an autoimmunity disorder of the human central nervous system
(CNS), characterized by inflammation, demyelination and axonal damage. The etiology of
MS is unknown, however, a variety of viruses such as herpesviruses, retroviruses,
paramyxoviruses and coronaviruses have been discussed as potential disease initiators (Mecha
et al., 2013). In addition, nonspecific factors such as sex, age, latitude and genetic factors
have been demonstrated to influence the development of MS. For instance, MS develops
predominately in young adults and females are more often affected than males (Kurtzke,
1993; Rosati, 2001). Patients develop progressive motor and cognitive impairments with
ataxia, spasticity and walking abnormalities. In addition, depression, migraine and tremors as
well as bladder, intestinal and erectile dysfunction may develop. These symptoms can
disappear depending on the MS form, but permanent neurological problems and disease
progression may develop (Compston and Coles, 2008; Pinkston et al., 2007; Thompson et al.,
2010).

Figure 1. Clinical courses of multiple sclerosis (MS). Based upon the clinical course, MS is classified into four
stages: (1) relapsing-remitting (2) primary progressive (3) secondary progressive (4) progressive-relapsing MS
(Minagar and Zivadinov, 2011). Most patients develop relapsing-remitting MS. Furthermore, most individuals
will develop a secondary progressive disease course. The primary progressive from (10-15% of MS cases) is
characterized by continuous progression of clinical symptoms beginning from the disease onset without phases
of recovery (Ebers, 2005).
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Demyelination in the brain and spinal cord of MS patients is triggered by CD4+ T cells and
antigen presenting cells (APCs). Myelin loss, disruption of the blood brain barrier (BBB) and
axonopathies contribute to neurological disability in MS patients. Besides leukocyte
infiltration, MS lesions are characterized by myelin sheath damage, oligodendrocyte loss,
axonal swelling and axonal destruction as well as gliosis (Amor et al., 2010; Barnett and
Prineas, 2004; Lassmann et al., 1994).
During this process myelin-specific autoimmune responses can be measured. Probably APCs
such as microglia and monocyte-derived macrophages are important for the initiation of
immune responses and recruitment of encephalitogenic T cells. In addition to phagocytosis of
myelin (myelinophagia), these cells are supposed to contribute to extensive myelin damage
and oligodendrocyte dysfunction (Hendriks et al., 2005). Tissue damage by activated
microglia and infiltrating macrophages is induced by various inflammatory mediators,
including cytokines, chemokines, nitric oxide and reactive oxygen species (Hendriks et al.,
2005; van Horssen et al., 2011). However, in addition to detrimental effects, microglia and
macrophages have been demonstrated to induce remyelination and neuronal regeneration
(Gay et al., 1997; Lassmann and van Horssen, 2011; Nataf, 2009). The pathology of MS is
summarized in figure 2.

Figure 2. Pathology of multiple sclerosis (MS). Microglia as well as T and B cells contribute to
oligodendrocyte damage and autoimmune demyelination, respectively (Lucchinetti et al., 2000; Mecha et al.,
2013). Based on histology and pathogenesis, four different patterns of MS lesions can be discriminated. In
pattern 1 lesions T cells and macrophages are associated with a breakdown of the blood brain barrier and
demyelination. A degeneration and loss of myelin sheaths induced by antibodies and complement factors can be
seen in pattern 2 lesions. Pattern 3 lesions are characterized by an infiltration of T lymphocytes,
macrophage/microglia activation and distal oligodendrogliopathy. Destruction of myelin and oligodendrocyte
death is indicative of pattern 4 lesions (Lassmann et al., 2001; Lucchinetti et al., 2000).
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Early active lesions can be identified by the presence of macrophages containing myelin
proteins and lipids as well as by the infiltration of macrophages expressing myeloid-related
protein 14 (MRP14). Late active lesions are characterized by macrophages containing myelin
debris that stains with luxol fast blue and myelin basic protein- and proteolipid proteinspecific immunohistochemistry, whereas myelin oligodendrocyte glycoproteinimmunoreactivity is negative. Subsequently 27E10-positive macrophages infiltrate into
lesions. Inactive lesions contain PAS-positive and MRP14-negative macrophages.
Early remyelinating lesions are characterized by numerous lymphocytes and macrophages
associated with clusters of thinly myelinated axons, while late remyelinating lesions (shadow
plaques) consist of less macrophages, astrogliosis and numerous thinly myelinated axons (van
der Valk and De Groot, 2000).
Several animal models have been established to investigate different aspects of myelin
disorders. As shown in figure 3, animal models of MS can be divided into four groups.
Canine distemper of dogs and Visna of ruminants are naturally occurring, virus induced
demyelinating diseases (Beineke et al., 2009), while Semliki forest virus infection (Fazakerley
and Walker, 2003) and Theiler’s’ murine encephalomyelitis (TME) (Oleszak et al., 2004)
represent experimental infectious models for MS.
Experimental autoimmune encephalomyelitis (EAE) represents an autoimmune model for MS
(Dal Canto et al., 1995). Furthermore, demyelination can be induced by intracerebral injection
of galactocerebroside antibody and complement or by Bacillus Calmette-Guerin-induced
delayed-type hypersensitivity reaction. Feeding of cuprizone induces myelin loss in the
murine CNS and enables the investigation of mechanisms involved in de- and remyelination.
Genetic aspects of myelin disorders can be investigated in the rumpshaker and jimpy mouse
model (myelin proteolipid protein mutation) as well as in the shiverer mouse model
(Baumann and Pham-Dinh, 2001). Several animal models have been established to investigate
different aspects of MS (figure 3).
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Figure 3. Animal models for multiple sclerosis (MS). There are four main groups of animal models in MS
research. Virus-induced demyelination can be investigated in infectious MS models, such as TME and canine
distemper (Mecha et al., 2013). EAE is used to determine autoimmune aspects of demyelinating diseases
(Constantinescu et al., 2011; Mecha et al., 2013). The main purpose of toxic disease models, such as the
cuprizone model is to examine de- and remyelination processes of the CNS (Herder et al., 2012b). Shiverer mice
and myelin associated glycoprotein deficient mice are used to investigate genetic influences in demyelinating
disorders.

1.1.1 Theiler’s murine encephalomyelitis
TME is a widely used viral animal model of MS. Theiler´s murine encephalomyelitis virus
(TMEV) has been identified by Max Theiler in 1937 (Oleszak et al., 2004). It is a single
stranded ribonucleic acid (RNA) virus belonging to the Picornaviridae family and
Cardiovirus genus (Mecha et al., 2013; Oleszak et al., 2004).
TMEV is divided into two subgroups: GDVII subgroup (GDVII and FA strains) and Theiler
Original (TO) subgroup (Daniels (DA) and BeAn strains). The first group induces a
monophasic disease, whereas the second group – as a consequence of low neurovirulence causes a biphasic disease process with an early acute disease and late chronic demyelinating
disease (Oleszak et al., 2004).
Intracerebral injection of the BeAn strain causes demyelinating leukomyelitis with virus
persistence in glial cells in susceptible mice strains, such as Swiss Jim Lambert (SJL) mice
(Kummerfeld et al., 2009; Zoecklein et al., 2003). During the early phase of the infection a
polioencephalitis with primary infection of neurons in the cortex and hippocampus can be
observed. In general, the onset of myelin loss depends on the viral dose and the age of
animals. At this, approximately 35 to 45 days post infection (dpi) progressive neurological
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deficits, such as waddling gait and hind leg paralyses due to spinal cord demyelination can be
observed in TMEV-infected mice (Mecha et al., 2013; Oleszak et al., 2004).
Similar to MS, TMEV induced CNS lesions are characterized by demyelination and axonal
damage (Mecha et al., 2013). TMEV triggers innate immune responses, followed by adaptive
immune responses. However, despite the occurrence of virus specific humoral and cellular
immune responses, viral elimination is insufficient, which causes viral persistence in glial
cells (Kim et al., 2005b).
Referring to this, a key event in the pathogenesis is the stimulation of delayed-type
hypersensitivity reaction and probably myelin-specific autoimmunity by prolonged viral
epitope presentation (Gerhauser et al., 2012; Liuzzi et al., 1995a; Roussarie et al., 2007). In
addition to T cell-mediated immunopathologies, macrophages and microglial cells contribute
to myelin damage by the release of myelinotoxic factors (bystander demyelination).
Moreover, activated glial cells, including microglia, enhance immune mediated tissue damage
by the production of pro-inflammatory cytokines and chemokines which causes an increased
CNS-infiltration of lymphocytes (Oleszak et al., 2004). Resident microglial cells play an
important role for antigen presentation at disease onset (Kennedy et al., 1998), which leads to
an activation of CD4+ and CD8+ T cells in the late chronic demyelinating disease phase
(Miller, 1997).
TMEV persists in macrophages and glial cells such as microglia of SJL/J mice (Clatch et al.,
1987; Lipton and Melvold, 1984; Lipton et al., 1995). This process is associated with the upregulation of tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), IL-12, IL-18, and type
I interferon (IFN) as well as major histocompatibility complex II (MHC II) and costimulatory molecules (B7-1, B7-2 and CD 40) (Dale et al., 2008; Mackaness, 1977; O'Shea
et al., 2008; Olson et al., 2001). Recent experiments revealed a phenotype switch of TMEVinfected microglia in vitro with high IL-10 and low IL-12 mRNA levels at 48 hours post
infection (hpi) and low IL-10 and high IL-12 as well as TNF mRNA levels at 240 hpi
(Gerhauser et al., 2012). In vivo studies described an up-regulation of IL-1, IL-12 and IL-10
in the early phase of TME (at 168 hpi), while strong IL-12 gene expression was found in the
CNS of susceptible mice during the late demyelinating phase of TME, indicative of T helper 1
(Th1) immune responses (Sato et al., 1997).
In addition, the up-regulation of IL-12 may facilitate a switch of the microglia phenotype
from an anti-inflammatory (alternative activated M2) type to a pro-inflammatory M1
phenotype (Bright et al., 1999; Palma and Kim, 2004). M1 microglial responses are supposed
to cause antiviral effects but probably also immune mediated tissue damage in TMEVinfected mice (Gerhauser et al., 2012; Kim et al., 2001; Mantovani et al., 2004). However,
besides their detrimental functions, macrophage/microglia phagocytose myelin debris, which
is an important prerequisite for neuroregeneration and remyelination, respectively. Thus,
microglia and macrophages are supposed to have both pro-inflammatory and antiinflammatory properties in TMEV-infected mice, as discussed for degenerative CNS
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disorders (Kigerl et al., 2009). However, so far, the potential dual role of
microglia/macrophages in the pathogenesis of TME, especially the M1 and M2 phenotype
polarization of these cells has not been investigated in detail.
1.1.2 Experimental autoimmune encephalomyelitis
EAE is commonly used for the investigation of autoimmune aspects of MS and the
development of immunomodulatory therapies of human inflammatory demyelinating diseases
(Andersson and Karlsson, 2004; Constantinescu et al., 2011; Steffen et al., 1994; t Hart et al.,
2011) Similar to MS, an inflammatory demyelinating disease of the CNS can be observed in
EAE (Constantinescu et al., 2011; Steffen et al., 1994). In the early 1930s, for the first time,
Thomas M. Rivers and his colleagues induced EAE in guinea pigs and rats. Nowadays,
protocols to induce EAE in a variety of species including mice, rabbits, goats, hamsters, dogs,
sheep, marmots and chickens have been established (Baxter, 2007; Kuerten et al., 2007).
Similar to TME, EAE in mice is influenced by the genetic background of the animals. For
instance, SJL mice represent a susceptible strain which develops autoimmune demyelination
(Steffen et al., 1994). EAE in susceptible animals can be induced by the adoptive transfer of
myelin-specific lymphocytes or by the immunization with CNS antigens, including myelin
basic protein (MBP), myelin proteolipid protein (MPP) and myelin oligodendrocyte
glycoprotein (MOG). Following the immunization, antigen-specific T cells are activated in
peripheral lymphoid organs. Reactivation of these primed T cells occurs after CNS infiltration
by local APCs such as microglia, which causes immune mediated tissue damage (Andersson
and Karlsson, 2004).
The main effector cells in EAE are interferon gamma (IFN-γ) producing Th1 and Th17. Both
cell types are activated in peripheral lymphoid organs by dendritic cells. After crossing the
BBB, these T cells are reactivated in the CNS by antigen-presenting cells. At this, microglia
present antigen in conjunction with MHC II to CD4+ Th cells.
Subsequent production of inflammatory cytokines and toxic factors contribute to myelin and
axon damage. This process is enhanced by microglia by the release of factors that attract
further inflammatory cells (Constantinescu et al., 2011). On the other hand, activated T cells
secrete cytokines such as IFN-γ which further contributes to the activation of microglia.
Microglial products including TNF-α and nitric oxide (NO) damage oligodendrocytes.
Furthermore, IL-1, IL-6 and TNF-α produced by microglia induce astrogliosis and regulate
expression of adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecute 1 and E-selectin on astrocytes (Merrill et al., 1993; Zajicek et
al., 1992).
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1.2

Microglia

1.2.1 General aspects of microglia
Microglial cells represent the main APC of the CNS. They are supposed to derive from bone
marrow macrophages. Pio Del Rio-Hortega described microglial cells in 1932 and divided
them into 3 forms: ramified microglia, phagocytic microglia and amoeboid microglia
(Kettenmann et al., 2011).
Microglia share many morphological and functional similarities with parenchymal tissue
macrophages. An important function of microglia is to maintain immune homeostasis of the
CNS (Saijo and Glass, 2011). They have the ability to phagocytize debris and to produce
several cytokines and chemokines to initiate tissue repair following injury and to induce
innate and adaptive immune responses, respectively (Aguzzi et al., 2013; Black and Waxman,
2012; Ensinger et al., 2010; Saijo and Glass, 2011). Microglia make up 10% of glial cells in
the CNS (Aguzzi et al., 2013).
Microglia get activated by a variety of signals induced by cellular stress, cell damage and T
cell released cytokines (inside factor) as well as by pathogens-associated molecules (outside
factor) (Aloisi, 2001).
Accordingly, microglial activation can be achieved by ligation of Toll like receptors (TLRs)
and proinflammatory cytokines such as TNFα and IL-6. Subsequent increased expression of
MHC class II and costimulatory molecules (CD80, CD86, CD40) on microglia are required to
present antigens to CD4+ T cells (Olson, 2010). Similar functions for the initiation of innate
and adaptive immune responses can be observed for CNS-infiltrating macrophages (Martinez
et al., 2008). However, it has been observed that microglia have a higher phagocytic capacity
than infiltrating macrophages, despite similar morphology (Durafourt et al., 2012).
1.2.2 The role of microglia in immunology
Microglia play a pivotal role for immune homeostasis in the CNS and protection against
infectious agents and neurodegeneration. They are activated during injury and infectious
disease via a variety of receptors, such as immunoglobulin superfamily, complement
receptors, cytokine/chemokine receptors, Toll-like receptors, CD14 receptors, mannose
receptors, purinogenic receptors, opioid receptors, cannabinoid receptors and benzodiazepine
receptors. Secretory products of microglia include cytokines, chemokines, matrix
metalloproteinase, free radicals, eicosanoids, growth factors, proteases, cathepsins, quinolinic
acid, amyloid precursor protein and complement factors (Rock et al., 2004).
Microglia are the main source of inflammatory mediators and have the ability to process and
present antigen to T cells (Aloisi, 2001). Therefore, they play a central role in innate and
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adaptive immunity. Moreover, microglia collaborate with other glial cells such as
oligodendrocytes and astrocytes to induce inflammatory responses (Gao and Tsirka, 2011).
Microglia of the brain and spinal cord exhibit different functions (e.g. phagocytic capacity
and reactive oxygen species generation; Ensinger et al., 2010). In addition, differences can
also be observed between microglia in the ventral horn and dorsal horn of the spinal cord
(Olson, 2010). Therefore, topographical variations in the functionality of microglia have to be
considered in the pathogenesis of CNS disorders.
1.2.3

Identification of microglia

Visualization of microglia can be achieved by labeling cell surface-associated or
intracellular molecules in brain tissue sections, organotypic slice cultures or mixed brain cell
cultures. Similar to endothelial cells, microglia express glycan moieties which can be
identified by Griffonia simplicifolia isolectin B4 (ILB4) or tomato lectin (Boya et al., 1991;
Streit and Kreutzberg, 1987) which enable to distinguish microglia cells from other brain
cells, but not from CNS-infiltrating macrophages (Thomas, 1999). Molecules targeted by
immunological techniques include CD11b/CD 18, complement receptor 3 and MAC 1 (Ma
et al., 2003), immunoglobulin receptors (CD16/32/64, FcγRIII/II/I), CD45 (leukocyte
common antigen), CD68 (macrosialin), CD163 (scavenger receptor M130, ED2), CD169
(sialoadhesion, siglec-1), CD204 (MSR), F4/80 antigen, β-glucan receptor dectin-1, and
mannose receptor (CD206). CD11b and ionized calcium-binding adapter molecule 1 (Iba1)
increase upon microglia activation (Ito et al., 1998).
Difficulties arise under pathological conditions, since activated microglia and infiltrating
macrophages show an overlap of marker expression (Zhang et al., 2002):
a.
CD45 low: parenchymal microglia.
b.
CD45 intermediate: other CNS-associated macrophages.
At least in human brain tissue the glucose transporter 5 (GLUT5) is restricted to microglia
and serves as a marker for resting and activated cells (Horikoshi et al., 2003; Maher et al.,
1994; Vannucci et al., 1997).
1.2.4 Phenotypes of microglia
There are two major subgroups of microglia which can polarize into the M1 phenotype
(classically activated) and M2 phenotype (alternatively activated). Basically, M1 microglial
cells are characterized by the ability to induce pro-inflammatory cytokines, while M2 cells
produce predominately anti-inflammatory and immunomodulatory cytokines. During
infectious diseases of the CNS, M1 microglia promote inflammation, which leads to
pathogen-specific protective immune responses but also to immune mediated tissue damage.
The M1 polarization of microglia is observed predominately during the acute infection phase.
In contrast, M2 cells promote tissue repair during advanced disease stages. However, due to
their immunosuppressive properties which dampen the protective immunity excessive M2
microglial responses could favor persistent infection.
8
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1.2.4.1 M1 phenotype
M1 polarization is achieved by activating cytokines such IFN-γ, TNFα, and granulocyte
macrophage colony-stimulating factor (GM-CSF) (Durafourt et al., 2012; Laskin, 2009). In
addition, microglia express pattern recognition receptors (PRRs), which bind to pathogenassociated molecular patterns (PAMPS), including lipopolysaccharide (LPS). Following
activation, microglia secrete TNF and IL-1β as well as chemokines (e.g. CC-chemokine
ligand 2), reactive oxygen species and NO. Moreover, M1 microglia express MHC class II
which is pivotal for antigen presentation and T cell activation, respectively. Additionally, M1
microglia produce IL-12, promoting Th1 immune responses in the CNS (Saijo and Glass,
2011).
1.2.4.2 M2 phenotype
M2 polarized microglia are able to reduce inflammation and stimulate tissue regeneration.
The peroxisome proliferator-activated receptors (PPARs) of macrophages or the peroxisome
proliferator-activated receptors gamma (PPARγ) of microglia can induce and regulate M2
phenotype expression in mice (Aguzzi et al., 2013). The M2 phenotype is divided in 3
subgroups: M2a, M2b and M2c (Laskin, 2009). M2a cells play an important role for
phagocytosis and tissue repair. IL-4 and IL-13 represent activating signals for this subgroup.
Immune complexes and IL-1ß represent activating signals for M2b cells, IL-10, transforming
growth factor beta (TGFβ) and glucocorticoids for M2c cells. The main functions of M2c
microglia are down-regulation of M1 responses and polarization of M1 cells into M2 cells,
respectively. They also promote wound healing and tissue remodeling (Andjelkovic et al.,
1998; Durafourt et al., 2012; Laskin, 2009; Vereyken et al., 2011). In general, M2 cells inhibit
immune mediated tissue damage and favor matrix remodeling and angiogenesis. Moreover,
M2 cells can stimulate the activation of regulatory T cells (Treg). During TMEV infection,
Th2 immune responses are induced by M2 microglia (Gordon and Martinez, 2010). The
phagocytic activity of M2 cells is induced by FCγR1A (CD64) (Durafourt et al., 2012). The
most striking feature of M2 microglia is their ability to enhance CNS repair (Aguzzi et al.,
2013).
1.3

Therapeutic strategies involving macrophage/microglia polarization

Modulating the microglia polarization of the spinal cord might represent a prerequisite to
stimulate endogenous regeneration and future transplantation approaches (Kobayashi et al.,
2013).
Dimethyl fumarate (Tecfidera) is a methyl ester of fumaric acid which has been shown to
reduce relapse rate in MS patients in clinical trials. Dimethyl fumarate is supposed to have
immunomodulatory properties without immunosuppressive effects, e.g. by decreasing the
expression of nitric oxide, IL-1β, IL-6 and TNF-α in microglia. It is also able to reduce the

9

Introduction
infiltration of macrophages in the brain in murine EAE (Schilling et al., 2006; Wierinckx et
al., 2005). Moreover, the drug fasudil hydrochloride (Fasudil), a Rho-kinase inhibitor,
delays the disease onset and ameliorates the clinical severity of EAE by promoting the shift of
M1- to M2-phenotype of macrophages/microglia (Liu et al., 2013). The therapeutic effect of
fasudil is a consequence of reduced expression of IL-1β, IL-6, and TNF-α and enhanced IL10 production associated with an increased expression of arginase-1 as observed in spinal
cord macrophages/microglia of treated mice (Hou et al., 2012). Similarly, the phenyl aziridine
precursor Compound A, a plant-derived ligand of glucocorticoid receptors increases the yield
of anti-inflammatory M2-type macrophages in vitro. It also inhibits the progression of
neuropathic pain and represses spinal cord microglia in rat experimental autoimmune neuritis
(Zhang et al., 2009). Glatiramer acetate (Copaxone) is an immunomodulatory drug that was
designed to mimic myelin basic protein (Johnson et al., 1995). The substance exerts
therapeutic effects in relapsing remitting MS, probably mediated by the induction of Th2
responses and the production of anti-inflammatory cytokines, such as IL-10 and TGF-β. In
addition, glatiramer acetate has been suggested to promote M2-polarization of
macrophages/microglia with reduced NO and TNF-α release (Iarlori et al., 2008; Jung et al.,
2004; Weber et al., 2004).
In addition the drug is able to increase the phagocytic activity of microglia and clearance of
myelin debris which supports remyelination (Rawji and Yong, 2013; Trojano et al., 2003).
The drug interferon-β (IFN-β) (Avonex, Betaferon) is used to reduce the rate and severity of
MS relapses. IFN-β has been shown to diminish the antigen presenting capacity (reduced
MHC class II expression) and respiratory burst of macrophages/microglia that potentially
leads to decreased responses of encephalitogenic T cells and reduced brain damage,
respectively (Hall et al., 1997; Rawji and Yong, 2013). Besides preventing leukocyte
recruitment to the CNS in MS patients, the application of Fingolimod (Gilenya) induces an
anti-inflammatory phenotype of macrophages associated with a reduced production of free
radicals (Hughes et al., 2008; Rosen and Goetzl, 2005). The intercalating substance
Mitoxantrone (Novatrone) is used to treat cancer. In addition, its immunosuppressive effect
results in reduced migration and activation of monocytes in the brain and reduced
macrophage-mediated degradation of myelin in MS patients (Fox, 2004; Kopadze et al., 2006;
Vollmer et al., 2010; Watson et al., 1991). The tetracycline-class antibiotic minocycline
(Minocin) selectively inhibits M1 polarization of microglia which delays the onset and
mortality in mouse models for amyotrophic lateral sclerosis (ALS) (Kobayashi et al., 2013).
Furthermore, minocycline reduces inflammatory demyelination in EAE. However,
remyelination following ethidium bromide-induced demyelination in rats is impaired when
macrophage activation is reduced by minocycline administration, demonstrating the pivotal
and complex role of macrophages/microglia for neuroregeneration (Li et al., 2005; Miron and
Franklin, 2014).
1.4 Aims
Microglia and CNS-infiltrating macrophages represent target cells for viral persistence in
TME and contribute to myelin damage by delayed-type hypersensitivity, bystander
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demyelination and the induction of myelin-specific autoimmunity. Similarly, M1-polarized
cells foster immunopathology in primary autoimmune myelin loss disorders, such as EAE.
Moreover, an imbalance between pro-inflammatory M1- and neuroprotective M2-type cells is
supposed to contribute to excessive inflammation in traumatic CNS diseases (Kigerl et al.,
2009) and selective inhibition of M1-type microglia reduces neurodegeneration in mouse
models for amyotrophic lateral sclerosis (Kobayashi et al. 2013). Recent studies have
demonstrated also that the switch of M1- into M2-type macrophages/microglia is required for
efficient oligodendrocyte differentiation and myelin repair following toxin-induced
demyelination in rodents (Miron et al., 2013). However, similar to regulatory T cells, M2-type
macrophages/microglia have the potential to dampen protective immune responses which
leads to disease exacerbation or persistent inflammation in infectious MS models. So far,
polarization of macrophages/microglia in TME has not yet been investigated in detail. Thus,
the aim of the present study was to determine dynamic changes of different
microglia/macrophage populations in the spinal cord of TMEV-infected mice and to provide a
comprehensive database of M1/M2-related genes involved in the initiation and progression of
virus-induced demyelination. In order to get further insights into the role of immune
homeostasis for disease resistance and antiviral immunity in TME, the effect of selective
ablation of Foxp3+ regulatory T cells upon neuroinflammation, including microglial
responses, was investigated.
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2.1

Abstract

Microglia and macrophages play a central role for demyelination in Theiler’s murine
encephalomyelitis (TME) virus-infection, a commonly used infectious animal model for
chronic-progressive multiple sclerosis. In order to determine dynamic changes of
microglia/macrophage polarization in TME, the spinal cord of SJL mice was investigated by
gene expression profiling and immunofluorescence. Virus persistence and chronic
demyelinating leukomyelitis was confirmed by immunohistochemistry and histology.
Electron microscopy revealed continuous myelin loss together with abortive myelin repair
during the late chronic infection phase, indicative of incomplete remyelination. A total of 59
genes out of 151 M1- and M2-related genes were differentially expressed in TMEV-infected
mice over the study period. The onset of virus-induced demyelination was associated with a
dominating M1-polarization, while mounting M2-polarization of macrophages/microglia
together with sustained prominent M1-related gene expression were present during the
chronic progressive phase. Molecular results were confirmed by immunofluorescence,
showing an increased spinal cord accumulation of CD16/32+ M1- and arginase-1+ M2-type
cells associated with progressive demyelination. The present study provides a comprehensive
database of M1/M2-related gene expression involved in the initiation and progression of
demyelination supporting the hypothesis that perpetuating interaction between virus and
macrophages/microglia induces a vicious circle with persistent inflammation and impaired
myelin repair in TME.
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2.2

Introduction

Multiple sclerosis (MS), one of the most frequent central nervous system (CNS) diseases in
young adults, is a chronic demyelinating disease of unknown etiology and possibly
multifactorial causes (Compston and Coles, 2008). Based on the generation of myelin-specific
immune responses, MS is regarded as an autoimmune disease (Bernard and de Rosbo, 1991;
Ota et al., 1990), presumably triggered by virus infections (Kakalacheva et al., 2011; Munz et
al., 2009). Due to clinical and pathological similarities, Theiler’s murine encephalomyelitis
(TME) represents a commonly used infectious animal model for the chronic-progressive form
of human MS (Dal Canto et al., 1995; Miller et al., 2001; Monteyne, 1999; Raddatz et al.,
2014). Following intracerebral infection with a low virulent BeAn-strain of Theiler’s murine
encephalomyelitis virus (TMEV) susceptible mouse strains develop persistent CNS infection
with immune mediated spinal cord demyelination and remyelination failure (Haist et al.,
2012; Hou et al., 2009; Kumnok et al., 2008; Lipton, 1975; McMahon et al., 2005; Miller et
al., 1997; Tsunoda, 2008; Tsunoda and Fujinami, 1996; Ulrich et al., 2010).
Microglia and CNS-infiltrating macrophages play a central role in the pathogenesis of
TMEV-induced demyelination. They represent target cells for viral persistence during the
chronic disease phase (Kummerfeld et al., 2012; Rossi et al., 1997) and contribute to myelin
damage by the release of myelinotoxic factors (bystander demyelination), delayed-type
hypersensitivity reaction and induction of myelin-specific autoimmunity (Liuzzi et al., 1995b;
Mecha et al., 2013). Similarly, microglia induces myelin damage also in autoimmune and
toxic rodent models for MS, such as experimental autoimmune encephalomyelitis (EAE) and
cuprizone-induced demyelination, respectively (Liu et al., 2013; Skripuletz et al., 2010; Voss
et al., 2012). The current concept of microglia/macrophages plasticity describes different cell
populations with distinct and even opposing functions. For instance, M1-type
microglia/macrophages promote inflammation, which leads to protective immunity against
pathogens but if uncontrolled also to immune mediated tissue damage by the release of proinflammatory cytokines, reactive oxygen species and nitric oxide (Pinteaux-Jones et al., 2008;
Prajeeth et al., 2014). In contrast, M2-type cells exhibit neuroprotective properties usually
during advanced disease stages due to phagocytosis of debris, promoting tissue repair and
termination of neuroinflammation by down-regulating M1- and Th1-immune responses
(Laskin, 2009).
So far, only a few reports mention the polarizing effects of TMEV upon microglia in vitro
(Gerhauser et al., 2012). Moreover, M1- and M2-type cells represent merely two extremes of
the polarization continuum and macrophages/microglia with an intermediate activation status
can be observed inter alia in demyelinating MS lesions (75), demonstrating the need for
quantitative analyses of M1/M2-related factors in myelin disorders. Thus, the aim of the
present study was to determine dynamic changes of microglia/macrophage polarization in the
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spinal cord of SJL mice during the initiation and progression of TME with the aid of
immunofluorescence and gene expression profiling.
2.3

Materials and methods

Experimental design
Five-week-old female SJL/J mice (Harlan, Borchen, Germany) were inoculated into the right
cerebral hemisphere with 1.63x106 plaque-forming units/mouse of the BeAn-strain of TMEV
in 20µl Dulbecco’s Modified Eagle Medium (PAA Laboratories, Cölbe, Germany) with 2%
fetal calf serum and 50µg/kg gentamicin. Mock-infected animals received 20µl of the vehicle
only. Inoculation was carried under general anesthesia with medetomidine (0.5 mg/kg,
Domitor, Pfizer, Karlsruhe, Germany) and ketamine (100 mg/kg, Ketamine 10%, WDT eG,
Garbsen, Germany). All experiments were performed in groups of six TMEV- and 3-6
mock-infected mice, euthanized 14, 42, 98 and 196 days post infection (dpi). For histology,
immunohistochemistry and special stains, thoracic spinal cord segments were removed
immediately after death and fixed in 10% formalin for 24 hours, decalcified in disodiumethylenediaminetetraacetate for 48 h and subsequently embedded in paraffin wax. For
microarray analysis and immunofluorescence, spinal cords were immediately removed, snapfrozen in liquid nitrogen and stored at -80°C (Herder et al., 2012a; Navarrete-Talloni et al.,
2010b; Ulrich et al., 2010).
The animal experiments were approved and authorized by the local authorities
(Niedersächsisches Landesamt für Verbraucherschutz- und Lebensmittelsicherheit [LAVES],
Oldenburg, Germany, permission number: 33.9.42502-04/07/1331, 509c-42502-02/589 and
33-42502-05/963).
Histology
Leukomyelitis was evaluated on hematoxylin and eosin (HE)-stained transversal sections
using a semiquantitative scoring system based upon the degree of perivascular infiltrates:
0 = no changes, 1 = scattered perivascular infiltrates, 2 = 2 to 3 layers of perivascular
inflammatory cells, 3 = more than 3 layers of perivascular inflammatory cells, as described
previously (Gerhauser et al., 2007). For the evaluation of myelin loss, serial sections of spinal
cord were stained with Luxol fast blue-cresyl violet (LFB-CV) and the degree of
demyelination was semi-quantitatively evaluated as follows: 0 = no change, 1 = 25%, 2 =
25-50% and 3 = 50-100% of the white matter affected (Gerhauser et al., 2007). The scoring
was performed separately on all 4 quarters of spinal cord transversal sections. For each animal
the arithmetic average of leukomyelitis and myelin loss was calculated. Histological data used
for the present study were generated in our previous studies (Ulrich et al., 2006; Ulrich et al.,
2010).
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Immunohistochemistry
Immunohistochemistry was performed using a polyclonal rabbit anti-TMEV capsid protein
VP1-specific antibody, as described before (Kummerfeld et al., 2009). Briefly, for blocking of
the endogenous peroxidase, formalin-fixed, paraffin-embedded tissue sections were treated
with 0.5% H2O2 diluted in methanol for 30 minutes at room temperature. Subsequently, slides
were incubated with the primary antibody at a dilution of 1:2000 for 16 hours at 4°C.
Goat-anti-rabbit IgG diluted 1:200 (BA9200, H+L, Vector Laboratories, Burlingame, CA,
USA) was used as a secondary antibody for one hour at room temperature. Sections used as
negative controls were incubated with rabbit normal serum at a dilution of 1:2000 (SigmaAldrich Chemie GmbH, Taufkirchen, Germany). Slides were subsequently incubated with the
peroxidase-conjugated avidin-biotin complex (ABC method, PK-6000, Vector laboratories,
Burlingame, CA, USA) for 30 minutes at room temperature. After the positive antigenantibody reaction visualization by incubation with 3.3-diaminobenzidine-tetrachloride in
0.1M imidazole, sections were counterstained with Mayer’s hematoxylin.
Immunofluorescence
Methanol-fixed frozen sections of the thoracic spinal cord were rinsed in 0.1% Triton X-100
(Sigma-Aldrich, Taufkirchen, Germany) in phosphate buffered saline (PBS) for 30 minutes.
Non-specific binding was blocked with 20% goat or horse serum, respectively, diluted in
PBS/0.1% Triton X-100/1% bovine serum albumin for 30 min. After washing with 0.1 %
Triton X-100 in PBS, slides were incubated with primary CD68- (monoclonal rat anti-mouse
antibody, Ab53444, clone FA-11, Abcam Ltd.; dilution 1:200) and CD107b- (monoclonal rat
anti-mouse antibody MCA2293, clone M3/84, AbD Serotec; dilution 1:200) for the detection
of macrophages/microglia. For visualization of M1-type macrophages/microglia a CD16/32specific antibody (monoclonal rat anti-mouse, 553141, clone 2.4G2, BD Pharmingen; dilution
1:25) and for M2-type cells an arginase-1-antibody (polyclonal goat anti-human antibody,
SC-18351, Santa Cruz Biotechnology; dilution 1:50) was used. Slides were incubated for one
hour, followed by washing in PBS/0.1% Triton X-100. As negative control, slides were
incubated with goat or rat serum in the same concentration as the primary antibodies.
Subsequently slides were incubated with secondary Cy3-conjugated goat anti-rat IgG
antibody or Dylight 488-conjugated donkey anti-goat IgG antibody (Jackson
ImmunoResearch Laboratories, Dianova, Hamburg, Germany), respectively, for one hour at
room temperature and afterwards washed in PBS. Cell nuclei were stained using 1.0 %
bisbenzimide for 10 minutes and slides were mounted with fluorescent mounting medium
(Dako Diagnostika, Hamburg, Germany).
Statistical analyses
For non-category data obtained by histology, immunohistochemistry and
immunofluorescence, a Mann-Whitney-U-test was performed. A p-value of less than 0.05 was
considered as statistically significant.
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Electron microscopy
Electron microscopy was performed as described previously (Kreutzer et al., 2012; Ulrich et
al., 2008). Spinal cord samples were fixed with 2.5% glutaraldehyde and incubated overnight
at 4°C. Post-fixation was performed in 1% aqueous osmium tetroxide and after five washes in
cacodylate buffer (five minutes each) samples were dehydrated through series of graded
alcohols and embedded in Epon 812 medium. Semi-thin sections were cut on a microtome
(Ultracut Reichert-Jung, Leica Microsystems, Germany) and stained with uranyl citrate for 15
minutes. After eight washing steps samples were incubated with lead citrate for seven
minutes. Ultra-thin sections were cut with a diamond knife (Diatome, USA) and transferred to
copper grids. The affected white matter were examined by a transmission electron microscope
(EM 10C, Zeiss, Germany).
Microarray analyses
RNA was isolated from frozen spinal cord samples using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), amplified and labeled using the Message Amp II-Biotin Enhanced Kit
(Ambion, Austin, USA) and hybridized to GeneChip mouse genome 430 2.0 arrays
(Affymetrix, Santa Clara, USA) as described (Ulrich et al., 2010). Six biological replicates
were used per group and time point, except for five TMEV-infected mice at 98 dpi.
Background adjustment and quantile normalization was performed using RMAExpress
(Bolstad et al., 2003). MIAME compliant data set are deposited in the ArrayExpress database
(E-MEXP-1717; http://www.ebi.ac.uk/arrayexpress).
Selection of M1- and M2-associated genes
For molecular characterization of macrophage/microglia polarization a data set of genes
differentially expressed in the spinal cord of TMEV-infected SJL mice obtained in our
previous global gene expression analysis was used (Ulrich et al., 2010). The present analyses
focused on a list of genes associated with M1- or M2-polarization of microglia/macrophages
(Supplemental Table S1) according to peer-reviewed publications (David and Kroner, 2011;
Durafourt et al., 2012; Kigerl et al., 2009; Martinez., 2006). The fold change was calculated
as the ratio of the inverse-transformed arithmetic means of the log2-transformed expression
values of TMEV-infected versus mock-infected mice. Down-regulations are shown as
negative reciprocal values. Independent pair-wise Mann-Whitney-U-tests (IBM SPSS
Statistics, version 20, IBM Corporation, Armonk, USA) comparing TMEV- and mockinfected mice were calculated followed by adaption of the p-values according to the method
described by Storey and Tibshirani using QVALUE 1.0 (Storey and Tibshirani, 2003).
Significantly differentially expressed genes between TMEV- and mock-infected mice were
selected employing a q-value ≤0.05 cutoff combined with a ≥2.0 or ≤-2.0 fold-change filter.
The relative percentage of differentially expressed M1- versus M2-marker genes was
compared for each time point employing Fisher’s exact tests (p-value ≤0.05).
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2.4

Results

Histology and immunohistochemistry
Histological examination of the HE-stained spinal cord sections revealed a mononuclear
inflammation (leukomyelitis) within the white matter of TMEV-infected mice beginning at 14
dpi. The inflammatory changes increased towards 98 dpi and were significantly increased
compared to mock-infected control animals at all investigated time points: 14 dpi (p=0.011),
42 dpi (p=0.002), 98 dpi (p=0.013) and 196 dpi (p=0.002; Figure 1 and 2). The amount of
demyelination increased until 196 dpi (Figure 1 and 2).

Figure 1. Histological lesions in the spinal cord of Theiler´s murine encephalomyelitis virus-infected mice. A)
Lymphocytic meningitis (arrows) and B) mild vacuolization of the spinal cord white matter in an infected animal
at 42 days post infection. C) Prominent infiltration of macrophages/microglia in the spinal cord and lymphocytic
meningitis (arrow) at 196 days post infection. D) Demyelination of the spinal cord white matter (asterisks) at 196
days post infection. E) Higher magnification of C) showing activated macrophages/microglia with a foamy
cytoplasm (gitter cells). F) Note accumulation of myelin debris within the cytoplasm of macrophages/microglia,
indicative of myelinophagia. GM = gray matter; bars = 300µm (A-D) and 30µm (E-F); hematoxylin-eosin stain
(A,C,E), luxol fast blue stain (B,D,F).
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Figure 2. Scoring of demyelinating leukomyelitis in Theiler´s murine encephalomyelitis virus-infected mice. A)
Histology reveals inflammatory responses in the spinal cord (leukomyelitis) at all investigated time points. B)
Detection of demyelination in the spinal cord white matter at 42, 98 and 196 days post infection. dpi = days post
infection; mock = mock-infected control mice; TMEV = Theiler´s murine encephalomyelitis virus-infected mice;
∗ = significant difference (p≤0.05, Mann-Whitney-U-test). Box and whisker plots display median and quartiles
with maximum and minimum values.

At 3 investigated time points (42, 98 and 196 dpi), demyelination in the spinal cord of
TMEV-infected SJL-mice was significantly increased compared to mock-infected control
mice (p=0.002, p=0.007, p=0.002) as determined by the myelin stain LFB-CV.
Immunohistochemistry for the detection of virus protein in the spinal cord of TMEV-infected
mice revealed infection at all investigated time points (14, 42, 98, and 196 dpi). Positive cells
were located predominantly in the ventral aspects of the white matter. No positive signals
were observed in mock-infected control mice (Supplemental figure S1).
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Figure S1. Quantification of Theiler´s murine encephalomyelitis (TMEV)-infected cells in the murine spinal
cord. dpi = days post infection; mock = mock-infected control mice; ∗ = significant difference (p≤0.05, MannWhitney-U-test). Box and whisker plots display median and quartiles with maximum and minimum values.

Electron microscopy
Descriptive ultrastructural analyses revealed subtle myelin changes before the onset of overt
demyelination at 14 dpi in an average of 0.3% of investigated axons, characterized by

vacuolization of myelin sheaths. At 42 dpi 2.2% of axons showed myelin sheath vacuolization
and 5.8% of axons showed a complete loss of myelin (Figure 3).
Figure 3. Ultrastructural analyses of the spinal cord white matter of Theiler`s murine encephalomyelitis virusinfected mice by transmission electron microscopy. A) Macrophages/microglia containing phagocytized myelin
fragments (white asterisks) at 42 days post infection, characteristic of myelinophagia (M = nucleus of a
macrophage/microglial cell; magnification 13300x). B) Demyelinated axons (black asterisks) lacking myelin
sheaths and focal myelin vacuolization (arrow) in an infected mouse at 196 days post infection. For comparison,
myelinated axons with intact myelin sheaths are labelled with triangles (magnification 6600x). C)
Oligodendrocyte in proximity to remyelinated axons with thin myelin sheaths (black asterisks) during late
chronic infection phase (196 days post infection), indicative of oligodendrocyte-mediated remyelination.
Normally myelinated axons are labelled with triangles (O = nucleus of an oligodendrocyte; magnification
5300x). D) Remyelination by Schwann cells in a demyelinated area at 196 days post infection. Newly formed
myelin sheaths are indicated by arrows (S = nucleus of a Schwann cell; magnification 6650x).

At 98 dpi an average of 2.8% of vacuolated myelin sheaths were observed and 8.4% of axons
were totally denuded in demyelinated foci. At 196 dpi 5.0% of axons within white matter

20

Dynamic changes of microglia/macrophage M1 and M2 polarization in Theiler’s murine
encephalomyelitis
lesions showed a complete loss of myelin sheath, while 2.5% of axons show oligodendrocytetype remyelination and 0.7% Schwann cell-type remyelination (Figure 2), indicative of
beginning but abortive myelin repair (Ulrich et al., 2008).
Phagocytosis of myelin fragments associated with denuded axons, representing a hallmark of
active demyelination, was observed starting 42 dpi. At this time point an average of 40.2% of
microglia/macrophages displayed gitter cell morphology with phagocytized myelin in the
cytoplasm (myelinophages; Figure 3).
At 98 and 196 dpi, 50.1% and 51.5% of investigated macrophages/microglia represent
myelinophages. In addition, phagocytized apoptotic bodies were present in an average of
9.3% of macrophages/microglia at 42 dpi, followed by a decline at 98 (0.7%) and 198 dpi
(0.5%).
DNA microarray analyses
In order to get insights into polarization related to microglia/macrophages, DNA microarray
analyses of spinal cord tissue have been performed. A total of 151 genes related to
macrophages/microglia-polarization were extracted from peer-reviewed publications, of
which 72 and 66 were unequivocally assigned as M1- and M2-marker genes, respectively.
Thirteen genes were assigned to both polarization types (supplemental table S1). A total of 59
genes (39.1%) were differentially expressed in TMEV-infected mice over the study period
(Figure 4, supplemental table S2).
Most strikingly, although the number of differentially expressed genes increased over the
study period for both phenotypes, comparison of the relative proportion of differentially
expressed M1- versus M2-marker genes revealed a significantly higher percentage of
differentially expressed M1-marker genes at 14 (p=0.035) and 42 dpi (p = 0.016). In addition,
a statistical tendency (p = 0.078) of increased M1-associated genes was observed at 98 dpi,
whereas a comparable proportion of M1- and M2-marker genes was detected at later time
points (Figure 4).
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Figure 4. Expression profile of M1- and M2-related genes in the spinal cord during the course of Theiler´s
murine encephalomyelitis. A) Heat map displays fold changes, indicated by a color scale ranging from –4
(relative low expression) in green to 4 (relative high expression) in red. 59 out of 151 selected genes are
differentially expressed in infected mice. B) Comparison of the relative proportion (percentage) of differentially
expressed M1- versus M2 marker genes employing the fisher´s exact test revealed a significant dominance (∗ =
p≤0.05) of M1-related genes at 14 and 42 days post infection (dpi). A statistical tendency (p = 0.078) of an
increased M1-associated gene expression is observed at 98 dpi, whereas comparable proportions of M1- and M2marker genes are detected at 196 dpi.

According to the function, differentially expressed genes were assigned to seven pathways,
including chemotaxis (group I; 15 genes), phagocytosis, antigen processing and presentation
(group II; 16 genes), cytokine and growth factor signaling (group III; 12 genes), Toll-like
receptor signaling (group IV; 2 genes), apoptosis (Group V; 4 genes), extracellular matrix
interaction and cell adhesion (group VI; 5 genes), and miscellaneous genes not related to a
specific pathway (group VII; 5 genes; supplemental table S2). In group I, 53.3% of genes
(8/15 genes) were up-regulated on 14 dpi, while at subsequent time points nearly all genes
were significantly up-regulated. In group II and III 62.5% of genes (10/16 genes) and 50.0%
of genes (6/12), respectively were up-regulated at 14 dpi, followed by an up-regulation of
nearly all genes at 42, 98, and 196 dpi in both groups. Tlr1 (group IV) was significantly
transcribed at 42, 98, and 196, while expression of Tlr2 was observed during the entire
observation period. 75% of apoptosis-related genes (3/4 genes; group V) were significantly
up-regulated in infected mice at 14 dpi and 100% at subsequent time points. While at 14 dpi
40.0% of genes (2/5 genes), all genes (100%) were up-regulated at 42, 98, and 196 dpi.
Miscellaneous genes not assigned to a specific pathway (group VII) included Atf3, Arg1,
Cepba, Chi3l3 and Hexb. No genes were differentially expressed at 14 dpi. Atf3, Arg1, and
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Cebpa were significantly increased at 42, 98 and 196 dpi, while the M2-marker Chi3l3 (aka
Ym1) was only transcribed during the late chronic phase at 196 dpi (supplemental table S2).
Immunofluorescence
Immunofluorescence was used to confirm the results obtained by gene expression profiling.
Employing the Spearman’s rank correlation coefficient, the amounts of all investigated
macrophage/microglia proteins were significantly, positively correlated with the expression
level of the respective genes (Table 1). The number of microglia/macrophages increased over
time in the spinal cord of infected mice with highest numbers of CD107b+ and CD68+
microglia/macrophages in the late stages of the disease. CD16/32+ M1- and also arginase-1+
M2-type cells were significantly increased compared to non-infected animals at 42, 98 and
196 dpi (Figures 5 and 6).

Figure 5. Quantification of different macrophage/microglia subsets in the spinal cord of Theiler´s murine
encephalomyelitis virus-infected mice by immunofluorescence. Significant increase of A) CD68+ cells, B)
CD107b+ cells, C) arginase-1+ cells, and D) CD16/CD32+ cells in infected mice compared to mock-infected
mice at 42, 98 and 196 days post infection. dpi = days post infection; mock = mock-infected control mice;
TMEV = Theiler´s murine encephalomyelitis virus-infected mice; ∗ = significant difference (p≤0.05, MannWhitney-U-test). Box and whisker plots display median and quartiles with maximum and minimum values.
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Figure 6. Detection of different macrophage/microglia subsets in the spinal cord of Theiler`s murine
encephalomyelitis virus-infected mice by immunofluorescence. Accumulation of A) CD107b+ cells, B) CD68+
cells, C) arginase-1 (Arg-1)+ cells, and D) CD16/32+ cells in the spinal cord white matter at 196 days post
infection. Inserts show higher magnifications of labelled cells. BIS = bisbenzimide (blue nuclear counterstain).

2.5

Discussion

The present study provides a comprehensive database of M1/M2-related gene-expression
involved in the initiation and progression of TME. The onset of virus-induced demyelination
is associated with a dominating M1-polarization, while mounting M2-polarization of
macrophages/microglia together with sustained prominent M1-related gene expression are
present during the chronic progressive phase.
Differentially expressed M1-related genes at 14 dpi in the spinal cord of TMEV-infected mice
predominately consist of factors, such as chemokines, involved in the CNS recruitment of
macrophages, T cells and B cells (Table S2, group I). Simultaneously, migration of CD68+
antigen presenting cells and activation of genes related to innate and adaptive immunity
within the CNS-draining cervical lymph node has been observed in TMEV-infected mice
during the acute phase of the disease in our previous study (Navarrete-Talloni et al., 2010a).
M1- responses are a hallmark of early innate immunity following viral infection mediated by
the interaction between microglial toll-like receptors (Table S2, group IV) and cellular
compounds (damage associated molecular pattern) and pathogen associated molecular pattern,
respectively (Kigerl et al., 2009; Kigerl et al., 2007). However, besides their pivotal role for
antiviral immunity, microglia have been demonstrated to induce also myelin-specific adaptive
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Th1-responses in TMEV-infected mice (Olson et al., 2001). Similarly, M1-polarized cells
foster immunopathology in primary autoimmune CNS disorders (Mikita et al., 2011) and the
drug Fasudil ameliorates the clinical severity of EAE by shifting macrophages/microglia from
a M1- to a protective M2-phenotype (Liu et al., 2013). In addition, selective inhibition of M1type microglia by minocycline treatment reduces neurodegeneration as demonstrated in
mouse models for amyotrophic lateral sclerosis (Kobayashi et al., 2013). Similar to TME,
experimental spinal cord injury in mice leads to microglial polarization into a proinflammatory and neurotoxic M1-phenotype, which might function as an early trigger of
degeneration and immunological events at later disease stages (Kigerl et al., 2009). Excessive
microglial responses can be observed also in human and canine spinal cord trauma, which
leads to potentially destructive effects by the release of pro-inflammatory cytokines,
proteolytic molecules and reactive oxygen species (Banati and Kreutzberg, 1993; Beineke et
al., 2008; Ensinger et al., 2010; Markus et al., 2002; Qeska et al., 2013; Spitzbarth et al.,
2011; Stein et al., 2008). Taken together, an imbalance towards M1-dominance represents a
potential prerequisite for lesion initiation in TME as currently discussed for MS (Gandhi et
al., 2010). Similar to findings in the present study, early innate immune responses with
activated pro-inflammatory microglia can be detected in pre-demyelinating and early
demyelinating MS lesions, which are supposed to induce myelin damage and
immunopathology (Gandhi et al., 2010a; Marik et al., 2007).
In the present study, the onset of demyelination and phagocytosis of myelin and apoptotic
cells is accompanied by an up-regulation of genes involved in antigen processing,
presentation and T cell stimulation (Table S2, group II). The functional relevance of
phagocytic macrophages/microglia for the pathogenesis of CNS damage is discussed
controversially. On the one hand, phagocytosis of myelin debris enhances CNS regeneration
following traumatic injury (Yang and Schnaar, 2008). Moreover, ingestion of myelin induces
a foamy appearance and anti-inflammatory function of cultured human macrophages and
myelinophages within MS lesions acquire a M2-phenotype, which are supposed to contribute
to resolution of inflammation and tissue repair (Boven et al., 2006). In addition, phagocytosis
of apoptotic cells by cultured rodent microglia leads to diminished pro-inflammatory cytokine
production with a reduced ability to activate T cells (Magnus et al., 2001). On the other hand,
incorporation of myelin and cellular debris by microglia is able to enhance their antigen
presenting and myelin-specific T cell stimulatory capacity in vitro (Beyer et al., 2000; Cash et
al., 1993). Furthermore, isolated rat microglia exposed to myelin have been described to
develop a neurotoxic phenotype with an increased inducible nitric oxide synthase, tumor
necrosis factor-α and glutamate expression (Pinteaux-Jones et al., 2008) .
Microarray analysis revealed the transcription of several genes participating in the interferon
pathway predominately during the demyelinating phase (Table S2, group III). In TME,
microglia/macrophages activated by virus or IFN-γ enhance immune mediated tissue damage
by presenting viral antigens and endogenous myelin epitopes to CD4+ T cells, which induces
delayed type hypersensitivity and autoimmunity, respectively (Borrow et al., 1992; Drescher
et al., 1997; Katz-Levy et al., 2000; Pope et al., 1998). Moreover, beside its protective
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antiviral function, IFN-γ increases the migration of macrophages and microglial activation,
which induces myelinotoxic substances and free radicals causing progressive myelin loss
(bystander demyelination) in TME (Lipton, 1975; Miller et al., 2001; Tsunoda and Fujinami,
2002; Ulrich et al., 2006).
Despite mounting M2-polarization and the expression of regeneration promoting factors, such
as insulin like growth factor-1 (igf1) and transforming growth factor-β (Tgfb1) (Gudi et al.,
2011; Lalive et al., 2005; Voss et al., 2012), CNS recovery remains abortive and only
insufficient remyelination attempts by oligodendrocytes and Schwann cells were found in the
spinal cord during the late chronic TME phase. Similar to the present observation,
macrophages/microglia with both M1- and M2-properities can be found in active
demyelinating MS brain lesions (Vogel et al., 2013). Recent studies have demonstrated that
the switch of M1- into M2-type cells is required for efficient oligodendrocyte differentiation
and myelin repair following toxin-induced demyelination in rodents and that M2-conditoned
media drive oligodendrocyte maturation in vitro (Miron et al., 2013). In addition, M2-type
macrophages/microglia protect from EAE through deactivation of encephalitogenic Th1 and
Th17 cells (Qin et al., 2012). Consequently, continuous M1-polarization observed till the late
chronic phase (196 dpi) in TMEV-infected mice has the potential to antagonize
neuroprotective effects of M2-microglia/macrophages. Since TMEV has been demonstrated
to preferentially infect activated myeloid cells with M1-charateristics, such as CD16/32 and
IFN-γ expression, in vitro (Jelachich et al., 1999; Jelachich and Lipton, 1999), it is also
tempting to speculate that prolonged M1-polarization contributes to viral persistence in
susceptible mouse strains by providing permissive target cells for TMEV. In addition, genes
have been identified by the present microarray analysis that might be involved in disturbed
viral elimination by influencing the interferon pathway (Table S2, group III). For instance,
OASL1, a recently defined type I interferon negative regulator and translation inhibitor of
IRF7 is differentially up-regulated in TMEV-infected mice. OASL1 causes T cell suppression
in persistent lymphocytic choriomeningitis virus infection of mice, and is regarded as a new
target for preventing chronic infectious diseases (Lee et al., 2013; Leong et al., 2013). In
agreement with this idea, subpopulations of CNS-infiltrating macrophages have been
demonstrated to reduce protective antiviral immunity by inducing T cell exhaustion which
leads to virus persistence in TMEV-infected mice (Jin et al., 2013). Besides this, M2polarized cells have the ability to reduce antiviral immunity, as described for human
cytomegalovirus infection (Avdic et al., 2013).
In conclusion, the perpetuating interaction between virus and macrophages/microglia induces
a vicious circle with continuous inflammation and impaired myelin repair in the spinal cord of
TMEV-infected mice. The present findings support the hypothesis of a dual function of either
polarized cells with promoting effects upon antiviral immunity and immunopathology,
respectively, in TME. Hence, in contrast to the therapeutic effect of M2-dominence in
primary autoimmune diseases, such as EAE, only a well-orchestrated and timely balanced
polarization of macrophages/microglia might have the ability to prevent virus persistence and
reduce myelin loss in this infectious MS model.
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Abstract
Background
Theiler’s murine encephalomyelitis virus (TMEV) infection represents a commonly used
infectious animal model to study various aspects of the pathogenesis of multiple sclerosis
(MS). In susceptible SJL mice, dominant activity of Foxp3+ CD4+ regulatory T cells (Tregs)
in the CNS partly contributes to viral persistence and progressive demyelination. On the other
hand, resistant C57BL/6 mice rapidly clear the virus by mounting a strong antiviral immune
response. However, very little is known about the role of Tregs in regulating antiviral
responses during acute encephalitis in resistant mouse stains.
Methods
In this study, we used DEREG mice that express the diphtheria toxin (DT) receptor under
control of the foxp3 locus to selectively deplete Foxp3+ Tregs by injection of DT prior to
infection and studied the effect of Treg depletion on the course of acute Theiler’s murine
encephalomyelitis (TME).
Results
As expected, DEREG mice which are on a C57BL/6 background were resistant to TMEV
infection and cleared the virus within days of infection, regardless of the presence or absence
of Tregs. Nevertheless, in the absence of Tregs we observed priming of stronger effector T
cell responses in the periphery, which subsequently resulted in a transient increase in the
frequency of IFNγ-producing T cells in the brain at an early stage of infection. Histological
and flow cytometric analysis revealed that this transiently increased frequency of braininfiltrating IFNγ-producing T cells in Treg-depleted mice neither led to an augmented
antiviral response nor enhanced inflammation-mediated tissue damage. Intriguingly, Treg
depletion did not change the expression of interleukin-10 in the infected brain, which might
play a role for dampening the inflammatory damage caused by the increased number of
effector T cells.
Conclusions
We therefore propose that unlike susceptible mice strains, interfering with the Treg
compartment of resistant mice only has negligible effects on virus-induced pathologies in the
CNS. Furthermore, in the absence of Tregs, local anti-inflammatory mechanisms might limit
the extent of damage caused by strong anti-viral response in the CNS.
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4.

GENERAL DISCUSSION

4.1

Disease phase-specific changes of macrophages/microglia polarization in
Theiler’s murine encephalomyelitis

The aim of the present study was to investigate changes of microglia/macrophage polarization
at different phases of TME, a model for chronic viral CNS infections and myelin loss
disorders, respectively (Oleszak et al., 2004). Microglia and CNS-infiltrating macrophages
have been demonstrated to contribute to the initiation and progression of demyelination in the
spinal cord white matter by antigen presentation, inducing cytotoxicity and regulating T and B
cell responses (Aloisi, 2001; Mecha et al., 2013). Results of the first part of the project
demonstrate the occurrence of phase dependent differences of macrophage/microglia subsets
in TME. During the predemyelinating TME phase an early activation of microglia, associated
with a dominant M1-polarization was observed. Similarly, an activation of glial cells,
particularly microglia, has been described in early MS lesions (Gandhi et al., 2010; Marik et
al., 2007). Although the role of microglia in MS is discussed controversially, the importance
of microglia for the initiation of myelin damage has been demonstrated in a variety of
experimental and spontaneous CNS disorders. For instance, an early activation of resident
glial cells together with a predominant pro-inflammatory cytokine environment, indicative
potentially neurotoxic M1-microglial polarization can be observed in canine distemper
(Beineke et al., 2008). This hypothesis is supported by the observation of an increased
expression of adhesion molecules, phagocytic activity and release of reactive oxygen species
of microglia in canine distemper virus (CDV) infected dogs (Stein et al., 2004; Stein et al.,
2008). M1 microglial responses and release of myelinotoxic factors also contribute to lesion
development in EAE (Mikita et al., 2011).
Similar to primarily inflammatory disorders, induction of neurotoxic M1-type microglial cells
is supposed to represent a prerequisite for subsequent immune mediated tissue damage
following spinal cord injury in dogs (Spitzbarth et al., 2011). A dominating M1 polarization
can be detected during the early lesion development in rodent models for spinal cord injury
(Goldmann and Prinz, 2013; Kigerl et al., 2009).
Besides these effects upon myelin sheaths and oligodendrocytes, an early activation of
microglia has been shown also in the cerebral grey matter during the early TME phase,
leading to acute polioencephalitis (Boche et al., 2013; Mecha et al., 2013; Rossi et al., 1997).
This early process is influenced by adenosine triphosphate (ATP) release and purinergic
receptor engagement in focal brain lesions (Giunti et al., 2014), associated with an increased
phagocytic activity and cytokine transcription of microglia (Gerhauser et al., 2012).
Prominent M1 polarization is often related to neuronal damage in infectious CNS diseases
(Goldmann and Prinz, 2013), initiated by TLRs interaction (Giunti et al., 2014).

35

General discussion
Infection of intralesional microglia/macrophages contributes to virus persistence and lesion
progression in TMEV-infected mice (Kim et al., 2005a; Rossi et al., 1997). As described
previously, an increasing amount and activity of microglia/macrophages have been observed
during the disease course in the present survey (Ulrich et al., 2010). Similarly, continuous
CDV-induced microglial activation is supposed to cause progressive demyelination
(bystander demyelination) in affected dogs (Botteron et al., 1992; Griot et al., 1990).
Strikingly, an imbalance between M1 and M2 cells have been detected in TMEV infected SJL
mice with a disproportional switch towards M1 polarization from 42 dpi until 196 dpi.
These results are in agreement with previous reports demonstrating an increased activity of
pro-inflammatory genes during the chronic phase of TME (Ulrich et al., 2010). The M1
dominance is supposed to trigger pro-inflammatory and neurotoxic processes in the spinal
cord of TMEV-infected animals (David and Kroner, 2011; Durafourt et al., 2012). Highest
numbers of M1 and M2 cells and gene expressions have been detected at 98 dpi in the present
study which correlates with neuroinflammation and demyelination in these animals.
Topographical differences of glial cell functionality might be responsible for different
sensitivities to injury of the white matter in brain and spinal cord of TMEV-infected SJL mice
(Kummerfeld et al., 2012). A reduced myelin degrading proteolytic activity of microglia and
macrophages might explain the lack of demyelination in C57BL/6 mice (Liuzzi et al., 1995b).
In analogy to the concept of region-specific lesion development in TME and human MS,
recent studies have demonstrated topographical differences of de- and remyelination within
the brain of cuprizone fed mice, which might be partly attributed to unequal densities or
functions of microglia in different CNS compartments (Gudi et al., 2009; Skripuletz et al.,
2008; Skripuletz et al., 2010).
Usually a switch from M1 to M2 polarization leads to termination of inflammatory responses
in the CNS (David and Kroner, 2011), which was not observed in the present survey.
Microglial cells are able to gain a M2 phenotype characterized by arginase-1 and IL-10
expression (Goldmann and Prinz, 2013; Rawji and Yong, 2013). However, reduced
expression of M1 cells is essential for maintaining M2 activation. Thus, prolonged M1
responses might contribute to inadequate or delayed M2 responses and TMEV-induced
myelin loss, respectively (David and Kroner, 2011; Laskin, 2009).

4.2

Effects of macrophages/microglia polarization upon regeneration in the central
nervous system
Despite ongoing spinal cord inflammation and demyelination, transmission electron
microscopy revealed the occurrence of remyelination by Schwann cells and oligodendrocytes
during the late chronic phase of TME (196 dpi) in the present study. Macrophages/microglia
have the ability to secrete factors that stimulate axonal regrowth and oligodendrocyte
differentiation (Diemel et al., 1998). Moreover, since myelin debris inhibits remyelination, in
addition to the trophic function mediated by M2-type cells, removal of necrotic tissue by
phagocytic macrophages/microglia are required for adequate CNS regeneration (Miron and
Franklin, 2014). Generally, M2a promote tissue repair and M2b cells as well as M2c exhibit
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debris scavenger function. In the present study a predominant activation of M2c-related
genes has been observed (data not shown), probably activated by TGF-β and IL-10. These
cells have the ability to down-regulate M1 responses, induce high levels of arginase and
promote wound healing, tissue remodelling and angiogenesis (David and Kroner, 2011;
Laskin, 2009). Phagocytosis, collagen formation and Th2 cell recruitment is promoted by
M2a cells (David and Kroner, 2011; Laskin, 2009). The role of microglia and macrophages in
myelin repair and myelinogenesis has been demonstrated in in vitro experiments (Diemel et
al., 1998). Here, microglia-derived factors increase the expression of myelin-specific genes,
such as MBP, proteolipid protein and myelin associated glycoprotein in dissociated brain
cultures (Hamilton and Rome, 1994; Loughlin et al., 1997).
Recent in vivo studies have shown that dominant M2-cell responses are required for efficient
oligodendrocyte differentiation and myelin repair following toxin-induced (lysolecithin;
ethidium bromide) demyelination in rodents. Moreover, M2-conditoned media drives
oligodendrocyte maturation with an enhanced expression of MBP and MOG in vitro (Miron
et al., 2013). Also, activin-A, a member of the TGF-β superfamily contributes to the
regenerative function of M2 macrophages (Miron et al., 2013; Miron and Franklin, 2014).
Other trophic factors released by macrophages and/or microglia include platelet-derived
growth factor (PDGF), fibroblast growth factor 2 (FGF-2), epidermal growth factor (EGF),
TGF-β, insulin-like growth factor 1 (IGF-1), nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF) and neurotrophic factor-3 (NT-3) (Diemel et al., 1998). In the
present study, despite mounting M2-polarization and the expression of regeneration
promoting factors, such as IGF-1, remyelination remains abortive in the late chronic TME
phase which supports the pivotal role of a switch from M1- into M2-cells for efficient
oligodendrocyte differentiation and myelin repair also in this infectious model for
demyelinating diseases. An inappropriate switch from M1 to M2 macrophages/microglia is
also a cause for delayed oligodendrocyte differentiation in ageing (Miron et al., 2013). In
addition to the effect upon remyelination, activated rat M2-microglia have been demonstrated
to increase neuronal differentiation in vitro, mediated by protease serine 2 (Nikolakopoulou et
al., 2013). In agreement with this, minocycline induced modulation of microglia reduce
neuronal degeneration and improves neurogenesis in rodent model of schizophrenia by
reducing the expression of TNF-α and IL-1β in the hippocampus (Mattei et al., 2014).
Similar to MS, limited remyelination due to dysfunctional oligodendrocyte precursor cells has
been described in the murine spinal cord following TMEV infection (Ulrich et al., 2008).
Additionally, maturation and differentiation of an oligodendrocyte precursor cell line has been
shown to be impaired by TMEV in vitro (Pringproa et al., 2010). Thus, prolonged myelin
degradation and impaired myelin repair in the spinal cord white matter observed in the present
study might be sequel of dominant M1-responses and insufficient M2 polarization of
macrophages/microglia during the late chronic phase of TME.
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4.3

Interaction between regulatory T cells and other immune cells of the central
nervous system

Treg play a key role in the maintenance of immunological tolerance (immune privilege status
of the CNS) and prevent immunopathology in various systemic and CNS diseases (Feuerer et
al., 2010; Feuerer et al., 2009; MacDonald et al., 2002; Sakaguchi, 2003; Sakaguchi et al.,
2006; Vignali et al., 2008). For instance, depletion of Treg leads to an activation of autoaggressive T cells, while the adoptive transfer or in vivo expansion of Treg reduce immune
mediated demyelination in EAE (Jee et al., 2007; Korn et al., 2007). Moreover, functional
impairment or an insufficient amount of Treg is supposed to contribute to demyelination in
acute MS lesions (Fritzsching et al., 2011). Neuroprotective functions of Treg can be
observed also in degenerative CNS disorders, such as stroke (Liesz et al., 2009). However, in
viral diseases these cells can exhibit both beneficial effects by reducing immune mediated
tissue damage and detrimental effects due to their immunosuppressive properties, causing
disease exacerbation or viral persistence, respectively (Gobel et al., 2012; Lund et al., 2008).
Recently, rapid expansion of Treg associated with an increased expression of the
immunosuppressive cytokine IL-10 has been demonstrated in the brain of susceptible SJL
mice but not in resistant C57BL/6 mice following TMEV infection (Herder et al., 2012a;
Richards et al., 2011). These results demonstrate the important effect of Treg upon virusspecific immunity. Besides naturally occurring Foxp3+ Treg, inducible Treg including
Tregulatory-1 (Tr1) cells, Th3 cells and CD8+ Treg can be observed in CNS disorders
(Lowther and Hafler, 2012).
For instance, Tr1 cells secrete increased amounts of IL-5, IL-10 and TGF-ß and develop from
naïve CD4+ T cells due to chronic stimulation in infectious or neoplastic diseases (Fletcher et
al., 2010; Nandakumar et al., 2009). Thus, in addition to the migration of natural Treg from
peripheral lymphoid organs, the inflammatory environment might influence the balance of
Treg versus effector T cell differentiation which might lead to local de novo induction and
expansion of Foxp3+ Treg within the brain of TMEV-infected animals. Referring to this,
virus-specific CD4+ T cells can acquire a Treg phenotype including Foxp3 expression in the
CNS, as described for experimental mouse hepatitis virus infection (Zhao et al., 2011).
Moreover, neurons and activated astrocytes are able to induce Treg to decrease excessive
inflammation and demyelination in EAE (Liu et al., 2006; Trajkovic et al., 2004). Strikingly,
Foxp3, which was shown to represent a key transcription factor of Treg can also be observed
in activated microglia with immunomodulatory properties (Chung et al., 2010).
Suppression of effector T cells, including Th17 cells, by Treg, is mediated by their secretion
of the inhibitory cytokines IL-10, TGF-β and IL-35 or expression of the ectoenzymes CD39
and CD73. In addition, Treg can induce apoptosis of effector T cells by granzyme release or
IL-2 deprivation, respectively. Indirect mechanisms of T cell suppression include disturbed
maturation and antigen presenting function of dendritic cells via Cytotoxic T-Lymphocyte
Antigen-4 (CTLA-4) ligation by Treg (Vignali et al., 2008). In addition, Foxp3+ Treg have the
ability to induce a M2 phenotype of microglia and macrophages which exhibit
immunomodulatory properties and promote regeneration in the injured CNS (Chung et al.,
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2010; Huang et al., 2010) (Beers et al., 2011; Tiemessen et al., 2007). Recruitment of Treg to
the brain is mediated by M2a and M2b cells (David and Kroner, 2011; Laskin, 2009).
They are able to attenuate microglial cytotoxicity through cell-to-cell contact, which leads to
the protection of motoneurons (Zhao et al., 2012). Treg-associated M2-polarization leads to
an up-regulation of BDNF and glial cell-derived neurotrophic factor (GDNF) expression and
down-regulation of pro-inflammatory cytokines and oxidative stress (Liu et al., 2009).
CNS-infiltrating Treg have the capacity to reduce glial responses, including astrogliosis, as
observed in animal models of stroke and experimental autoimmune encephalomyelitis (EAE)
(Beyersdorf et al., 2005; Liesz et al., 2009), as well as in human immunodeficiency virus-1associated neurodegeneration (Liu et al., 2009). On the other hand, activated astrocytes are
able to induce Treg to decrease excessive inflammation and demyelination in EAE (Liu et al.,
2006; Trajkovic et al., 2004). Moreover, loss of astrocytes in GFAP-Cre gp130fl/fl mice results
in a reduction of Foxp3+ Treg and an increase of IL-17-, IFN-γ- and TNF-producing effector
T cells in EAE, demonstrating a regulatory function of astrocytes (Haroon et al., 2011).
Furthermore, as demonstrated in GFAP-Cre FasLfl/fl mice, astrocytes induce Fas Ligandmediated apoptotic elimination of encephalitogenic T cells but not of protective Treg in order
to recover from EAE (Wang et al., 2013).
Dendritic cells increase within the CNS as a consequence of inflammation associated with a
variety of autoimmune and infectious diseases (D'Agostino et al., 2012; Zozulya et al., 2009).
Stimulatory dendritic cells exacerbate the severity of EAE, accompanied with an early
infiltration of effector T cells and reduced proportions of Foxp3+ Treg in the brain, while semi
mature dendritic cells induce immune tolerance and attenuate the disease course (Zozulya et
al., 2009). In contrast to this beneficial effect of tolerogenic dendritic cells and Treg in this
autoimmune model, Japanese encephalitis virus-infected dendritic cells expand Treg by
increasing PD-Ligand1 expression, representing a potential mechanism of the pathogen to
evade host immune responses (Gupta et al., 2014).
Results of the present project are in good agreement with previous observations
demonstrating that functional inactivation of Treg by anti-CD25-antibodies and the adoptive
transfer of Treg failed to influence the disease course in resistant mice strains (C57BL/6),
demonstrating the complexity of Treg function in infectious CNS disorders and the pivotal
role of CD8-mediated cytotoxicity for TMEV elimination (Martinez et al., 2014; Richards et
al., 2011). Similarly, indoleamine 2,3 dioxygenase (IDO) expression of brain tumorinfiltrating dendritic cells potentially increases the CNS recruitment of Treg, which reduces
antitumoral immune responses and decreases the survival of patients with glioblastoma
multiforme (Wainwright et al., 2012; Wainwright et al., 2014).
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5.

CONCLUSIONS

In conclusion, the perpetuating interaction between virus and microglia/macrophages induces
a vicious circle with continuous inflammation and impaired myelin repair in the spinal cord of
TMEV-infected mice. The present findings support the hypothesis of a dual function of cells
of both polarities with promoting effects upon antiviral immunity and immunopathology,
respectively, in TME. Modulating the microglia polarization of the spinal cord might
represent a prerequisite to stimulate endogenous regeneration and future transplantation
approaches (Kobayashi et al., 2013). However, since M1-type cells are pivotal for virus
elimination, in contrast to primarily autoimmune CNS disorders, reconstitution of
immunomodulatory microglia/macrophages might be necessary, rather than simple
suppression of M1-responses to establish CNS recovery in this infectious MS model. Hence,
in contrast to the therapeutic effect of M2-dominence in primary autoimmune diseases, such
as EAE, only a well-orchestrated and timely balanced polarization of macrophages/microglia
might have the ability to prevent virus persistence and reduce myelin loss in this infectious
MS model.
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6.

SUMMARY

Cut Dahlia Iskandar
Polarization of immune cells in Theiler’s murine encephalomyelitis
Multiple sclerosis (MS), one of the most frequent central nervous system (CNS) diseases in
young adults, is a chronic demyelinating disease of unknown etiology and possibly
multifactorial causes. Microglia and macrophages play a central role for demyelination in
Theiler’s murine encephalomyelitis (TME) virus-infection, a commonly used viral mouse
model for the chronic-progressive form of MS. Microglia and CNS-infiltrating macrophages
play a central role in the pathogenesis of TME virus-induced demyelination, e.g. as target
cells for viral persistence. Similar to other demyelination models, such as experimental
autoimmune encephalomyelitis (EAE), they also induce bystander demyelination, delayedtype hypersensitivity and myelin-specific autoimmunity. The current concept of
microglia/macrophages plasticity describes different cell populations with distinct and even
opposing functions. For instance, M1-type microglia/macrophages exhibit pro-inflammatory
properties, while M2-type cells exhibit neuroprotective properties. However, so far, only few
reports mention the polarizing effects of TME virus upon microglia/macrophages. Therefore,
the aim of the present project was to determine dynamic changes of microglia/macrophage
polarization in the spinal cord of susceptible SJL mice during the initiation and progression of
TME. Moreover, the relevance of regulatory T cells (Treg) for polarization of immune cells,
including microglia/macrophages, was investigated by genetic ablation of Foxp3+ Treg in
resistant C57BL/6 mice following TME virus infection.
In the first part of the study, the spinal cord of TME virus-infected SJL mice was investigated
by gene expression profiling and immunofluorescence. Virus persistence and chronic
demyelinating leukomyelitis was confirmed by immunohistochemistry and histology,
respectively. Electron microscopy revealed continuous myelin loss together with abortive
myelin repair during the late chronic infection phase, indicative of incomplete remyelination.
A total of 59 genes out of 151 M1- and M2-related genes were differentially expressed in
TMEV-infected mice over the study period. The onset of virus-induced demyelination was
associated with a dominating M1-polarization, while mounting M2-polarization of
macrophages/microglia together with sustained prominent M1-related gene expression were
present during the chronic progressive phase. Molecular results were confirmed by
immunofluorescence, showing an increased spinal cord accumulation of CD16/32+ M1- and
arginase-1+ M2-type cells associated with progressive demyelination. The study provides a
comprehensive database of M1/M2-related gene expression involved in the initiation and
progression of demyelination, which supports the hypothesis that the perpetuating interaction
between virus and macrophages/microglia induces a vicious circle with persistent
inflammation and impaired myelin repair in TME.
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The second part of the study aimed to gain further insights into the relevance of Treg for
disease resistance and antiviral immunity in TME, the kinetics of CNS immune cells and the
underlying chemokine and cytokine expression following genetic ablation of Treg in BACtransgenic Foxp3 reporter mice (DEREG mice) with a C57BL6 background. As determined
by RT-qPCR, DEREG mice were resistant to TME virus infection and cleared the virus,
regardless of the presence or absence of Treg. Nevertheless, priming of strong effector T cell
responses was observed in the periphery following Treg ablation, which subsequently resulted
in a transient increase of IFNγ-producing T cells in the brain. Histology,
Immunohistochemistry and flow cytometric analysis revealed that this transient increase of
brain-infiltrating IFNγ-producing T cells in Treg-depleted mice was not associated with an
augmented antiviral response or increased inflammation-mediated tissue damage,
respectively. Expression of interleukin-10 in the infected brain was unaltered despite of Treg
depletion, which might play a role for dampening the inflammatory damage caused by
increased number of effector T cells. Thus, unlike susceptible SJL mice, Treg have only
negligible effects on virus-induced pathologies in the CNS of the resistant C57BL/6 mice.
In conclusion, the present findings of the first part support the hypothesis of a dual function of
microglia/macrophges with promoting effects upon antiviral immunity and
immunopathology, respectively. Modulating the microglia polarization of the spinal cord
might represent a prerequisite to stimulate endogenous regeneration and future transplantation
approaches. However, since M1-type cells are pivotal for virus elimination, in contrast to
primarily autoimmune CNS disorders, reconstitution of immunomodulatory
microglia/macrophages might be necessary, rather than simple suppression of M1-responses
to establish CNS recovery in this infectious MS model. Hence, in contrast to the therapeutic
effect of M2-dominence in primary autoimmune diseases, such as EAE, only a wellorchestrated and timely balanced polarization of macrophages/microglia might have the
ability to prevent virus persistence and reduce myelin loss in this infectious MS model.
Results of the second part confirm that resistance in C57BL/6 mice to TME virus infection is
largely due to the induction of effective CD4+ and CD8+ T cell responses, which is not
significantly influenced by Treg depletion. Sustained expression of interleukin-10, probably
by neuroprotective M2-type microglia/macrophages during early infection, might compensate
for the lack of Treg and limit the extent of damage caused by an unwanted immune response
in the brain.
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7.

ZUSAMMENFASSUNG

Cut Dahlia Iskandar
Polarisation von Immunzellen bei der Theilerschen murinen Enzephalomyelitis
Bei der Mulitplen Sklerose des Menschen handelt es sich um eine der häufigsten
Erkrankungen des zentralen Nervensystems (ZNS) bei jungen Erwachsenen. Die Erkrankung
führt zu einer chronisch-entzündlichen Entmarkung, wobei die primäre Ursache bislang
ungeklärt ist. Die demyelinisierende murine Theilervirus-Enzephalomyelitis (TME) stellt ein
sehr gutes und viral-induziertes Modell für MS dar. Mikroglia und Makrophagen spielen bei
der Entmarkung der TME eine wichtige Rolle, insbesondere als Zielzellen während der
chronischen Phase, wodurch es zur Viruspersistenz kommt. Außerdem rufen diese Zellen bei
MS und TME, wie auch bei anderen Entmarkungskrankheiten (z.B. experimentelle
autoimmune Enzephalomyelitis [EAE]) Hypersensitivitätsreaktionen vom verzögerten Typ
und eine myelinspezifische Autoimmunität hervor und setzen myelintoxische Substanzen frei
(bystander demyelination). Man geht derzeit davon aus, dass die Mikroglia/MakrophagenPopulation zwei unterschiedliche, zum Teil gegensätzliche Funktionen aufweisen. Dabei wird
zwischen den Mikroglia/Makrophagen vom M1- und M2-Typ unterschieden. M1Mikroglia/Makrophagen weisen pro-inflammatorische Eigenschaften auf, während die
Mikroglia/Makrophagen vom M2-Typ neuroprotektive Eigenschaften zeigen. Bisher gibt es
nur wenige Daten zur Mikroglia/Makrophagen-Polarisierung im Verlauf der TME. Aus
diesem Grund war es Ziel dieser Studie, die Veränderungen der Mikroglia/MakrophagenPolarisierung im Rückenmark von virusinfizierten, empfänglichen SJL-Mäusen im
Initialstadium der TME und zu späteren Zeitpunkten der progressiven Erkrankung zu
untersuchen. Weiterhin wurde die Bedeutung des Einflusses von regulatorischen T Zellen
(Treg) auf die Immunzellen, inklusive Mikroglia/Makrophagen, bei der TME untersucht.
Im ersten Teil dieser Studie wurde das Rückenmark von TME-Virus-infizierten SJL-Mäusen
mittels Genexpressionsanalyse und Immunfluoreszenz untersucht. Darüber hinaus wurden die
Viruspersistenz
und
die
chronisch-demyelinisierende
Leukomyelitis
mittels
Immunhistochemie und Histologie dargestellt. Die elektronenmikroskopische Untersuchung
ergab einen kontinuierlichen Myelinverlust, der mit abortiven Reparaturmechanismen bzw.
einer unvollständigen Remyelinisierung während der chronischen Infektionsphase einherging.
Für die Genexpressionsanalyse im Rückenmark von TME-Virus-infizierten SJL-Mäusen
wurden 151 Gene ausgewählt, von denen 59 differentiell exprimiert waren. Zu Beginn der
virusinduzierten Demyelinisierung wurde eine dominante M1-Polarisierung festgestellt. Die
Spätphase der Demyelinisierung war durch eine Zunahme der M2-polarisierten
Mikroglia/Makrophagen charakterisiert, die allerdings weiterhin von einer dominierenden
M1-Polarisierung begleitet war. Die Ergebnisse der Genexpressionsanalyse wurden durch die
Resultate der Immunfluoreszenz verifiziert. Hierbei zeigte sich ein vermehrter Nachweis von
CD16/32+ M1- und Arginase-1+ M2-polarisierten Zellen in der chronisch-progressiven Phase.
Diese Studie stellt umfassende Daten zur Expression von M1- und M2-assoziierten Genen
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während der Initiation und Progression der TME-Virus-induzierten Demyelinisierung zur
Verfügung. Darüber hinaus unterstützen die Ergebnisse die Hypothese, dass die
kontinuierliche Interaktion zwischen dem Erreger und Mikroglia/Makrophagen für die
persistente Entzündung und Remyelinisierungsstörung bei der TME mitverantwortlich ist.
Im zweiten Teil der Studie sollte die Bedeutung der Treg für Mechanismen der TMEResistenz und der antiviralen Immunantwort bei C57BL/6-Mäusen näher untersucht werden.
Hierfür wurde die Immunzellinfiltration sowie das zugrunde liegende Chemokin- und
Zytokinexpressionsprofil in TME-Virus-infizierten BAC-transgenen Foxp3-Reporter-Mäusen
(DEREG-Mäuse) mit einem C57BL/6-Hintergrund untersucht. Unabhängig vom
Vorhandensein von Treg wurde mittels RT-qPCR gezeigt, dass DEREG-Mäuse resistent
gegenüber der TME-Virus-Infektion sind und das Virus eliminieren. In peripheren
lymphatischen Zellen konnte eine deutliche Effektor-T Zellantwort nach Ablation der Treg in
infizierten DEREG-Mäusen festgestellt werden. Dies resultierte in einer transienten Zunahme
IFNγ-produzierender T-Zellen im Gehirn. Mittels Histologie, Immunhistochemie und
Durchflusszytometrie wurde festgestellt, dass dieser transiente Anstieg IFNγ-produzierender
T-Zellen bei Treg-depletierten DEREG-Mäusen nicht mit einer gesteigerten antiviralen
Immunantwort oder einem deutlicherem Gewebeschaden im Gehirn vergesellschaftet war.
Die Expression von Interleukin-10 war trotz der Treg-Ablation im Gehirn von virusinfizierten
Mäusen unverändert, was für einen potentiell neuroprotektiven Effekt des Zytokins bei der
TME spricht. Folglich haben Treg in TME-resistenten C57BL/6-Mäusen einen nur sehr
geringen Effekt auf die virusinduzierten pathologischen Veränderungen im ZNS, im
Gegensatz zu TME-empfänglichen SJL-Mäusen.
Zusammenfassend weisen die Ergebnisse der ersten Studie darauf hin, dass Mikroglia und
Makrophagen eine duale Funktion besitzen und sowohl die antivirale Immunantwort als auch
die
Immunpathologie
bei
der
TME
beeinflussen.
Die
Modulation
der
Makrophagen/Mikroglia-Polarisation im Rückenmark könnte eine Methode zur Stimulation
der endogenen Regeneration und eine adjuvante Therapiestrategie bei zukünftigen
Transplantations-Studien darstellen.
Im Gegensatz zu primär autoimmunen Erkrankungen des ZNS (z.B. EAE) spielen bei der
TME M1-polarisierte Mikroglia/Makrophagen anscheinend eine große Rolle für die
Viruselimination. Aus diesem Grund muss daher die Abfolge der M1- und M2-induzierten
Effekte ausbalanciert und zeitlich abgestimmt sein, um die Viruspersistenz zu vermeiden und
um den Myelinverlust zu limitieren. Die Ergebnisse des zweiten Teils dieser Studie konnten
zeigen, dass die Resistenz der C57BL/6-Mäuse gegenüber der TME weitestgehend auf einer
Induktion von CD4+ und CD8+ T Zellen beruht, die nicht signifikant von der Treg-Ablation
beeinflusst wird. Eine anhaltende Interleukin-10-Expression, möglicherweise durch
Mikroglia/Makrophagen vom M2-Typ während der Frühphase der Infektion, kompensiert
hierbei möglicherweise den Treg-Mangel und limitiert den Gewebsschaden.
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9.

ATTACHMENTS

9.1

Supplemental material to chapter 2

Table 1: Correlation between data obtained by gene expression analyses and
immunofluorescence

Gene expression
Arginase-1
Cd68
Cd32b
Cd16
Cd107b

CD107b
0.756*
0.735*
0.722*
0.723*
0.629*

Immunofluorescence
CD68
CD16/32
0.686*
0.751*
0.854*
0.852*
0.629*

0.650*
0.757*
0.760*
0.804*
0.636*

Arginase-1
0.630*
0.708*
0.624*
0.589*
0.476*

Spearman’s rank correlation coefficient was used to correlate absolute numbers (positive cells/spinal
cord) of CD107b+, CD68+, CD16/32+, and aginase-1+ cells with the respective mRNA level measured
by microarray analysis in the spinal cord of Theiler´s murine encephalomyelitis virus-infected mice.
Significant differences of the correlation coefficient from zero are marked as follows: * = p≤0.01.
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Table S1: list of selected M1- and M2-related genes
Probesets

Gene
symbol

Gene title

Polarity

1416006_at

Mdk

midkine

M1

1416069_at

Pfkp

phosphofructokinase, platelet

M1

1416432_at

Pfkfb3

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

M1

1416654_at

Slc31a2

solute carrier family 31, member 2

M1

1417189_at

Psme2

proteasome (prosome, macropain) 28 subunit, beta

M1

1417190_at

Nampt

nicotinamide phosphoribosyltransferase

M1

1417244_a_at

Irf7

interferon regulatory factor 7

M1

1417785_at

Pla1a

phospholipase A1 member A

M1

1417876_at

Fcgr1

Fc receptor, IgG, high affinity I

M1

1418126_at

Ccl5

chemokine (C-C motif) ligand 5

M1

1418219_at

Il15

interleukin 15

M1

1418326_at

Slc7a5

solute carrier family 7 (cationic amino acid transporter, y+ system), member 5

M1

1418652_at

Cxcl9

chemokine (C-X-C motif) ligand 9

M1

1418666_at

Ptx3

pentraxin related gene

M1

1418930_at

Cxcl10

chemokine (C-X-C motif) ligand 10

M1

1419004_s_at

Bcl2a1a

B-cell leukemia/lymphoma 2 related protein A1a /// B-cell leukemia/lymphoma 2 related
protein A1b /// B-cell leukemia/lymphoma 2 related protein A1d

M1

1419282_at

Ccl12

chemokine (C-C motif) ligand 12

M1

1419529_at

Il23a

interleukin 23, alpha subunit p19

M1

1419536_a_at

Rela

v-rel reticuloendotheliosis viral oncogene homolog A (avian)

M1

1419561_at

Ccl3

chemokine (C-C motif) ligand 3

M1

1419684_at

Ccl8

chemokine (C-C motif) ligand 8

M1

1419697_at

Cxcl11

chemokine (C-X-C motif) ligand 11

M1

1420393_at

Nos2

nitric oxide synthase 2, inducible

M1

1420437_at

Ido1

indoleamine 2,3-dioxygenase 1

M1

1420604_at

Hesx1

homeobox gene expressed in ES cells

M1

1420692_at

Il2ra

interleukin 2 receptor, alpha chain

M1

1421228_at

Ccl7

chemokine (C-C motif) ligand 7

M1

1421392_a_at

Birc3

baculoviral IAP repeat-containing 3

M1

1421578_at

Ccl4

chemokine (C-C motif) ligand 4

M1

1421812_at

Tapbp

TAP binding protein

M1

1422957_at

Ccr3

chemokine (C-C motif) receptor 3

M1

1423466_at

Ccr7

chemokine (C-C motif) receptor 7

M1

1423756_s_at

Igfbp4

insulin-like growth factor binding protein 4

M1

1423760_at

Cd44

CD44 antigen

M1

1424067_at

Icam1

intercellular adhesion molecule 1

M1

1424339_at

Oasl1

2'-5' oligoadenylate synthetase-like 1

M1

1425065_at

Oas2

2'-5' oligoadenylate synthetase 2

M1

1425137_a_at

H2-Q10

histocompatibility 2, Q region locus 10

M1

1425454_a_at

Il12a

interleukin 12a

M1
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Table S1: list of selected M1- and M2-related genes (continued)
Probesets

Gene
symbol

Gene title

Polarity

1425947_at

Ifng

interferon gamma

M1

1427256_at

Vcan

versican

M1

1427705_a_at

Nfkb1

nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, p105

M1

1427717_at

Cd80

CD80 antigen

M1

1429195_at

Apol6

apolipoprotein L 6

M1

1432436_a_at

Ak3

adenylate kinase 3

M1

1434015_at

Slc2a6

solute carrier family 2 (facilitated glucose transporter), member 6

M1

1435477_s_at

Fcgr2b

Fc receptor, IgG, low affinity IIb

M1

1438148_at

Cxcl3

chemokine (C-X-C motif) ligand 3

M1

1439221_s_at

Cd40

CD40 antigen

M1

1439588_at

Slco5a1

solute carrier organic anion transporter family, member 5A1

M1

1439680_at

Tnfsf10

tumor necrosis factor (ligand) superfamily, member 10

M1

1441054_at

Apol8

apolipoprotein L 8

M1

1448206_at

Psma2

proteasome (prosome, macropain) subunit, alpha type 2

M1

1448436_a_at

Irf1

interferon regulatory factor 1

M1

1448575_at

Il7r

interleukin 7 receptor

M1

1448620_at

Fcgr3

Fc receptor, IgG, low affinity III

M1

1448681_at

Il15ra

interleukin 15 receptor, alpha chain

M1

1448823_at

Cxcl12

chemokine (C-X-C motif) ligand 12

M1

1448862_at

Icam2

intercellular adhesion molecule 2

M1

1449025_at

Ifit3

interferon-induced protein with tetratricopeptide repeats 3

M1

1449038_at

Hsd11b1

hydroxysteroid 11-beta dehydrogenase 1

M1

1449049_at

Tlr1

toll-like receptor 1

M1

1449277_at

Ccl19

chemokine (C-C motif) ligand 19

M1

1449363_at

Atf3

activating transcription factor 3

M1

1449497_at

Il12b

interleukin 12b

M1

1450696_at

Psmb9

proteasome (prosome, macropain) subunit, beta type 9 (large multifunctional peptidase 2)

M1

1451318_a_at

Lyn

Yamaguchi sarcoma viral (v-yes-1) oncogene homolog

M1

1451924_a_at

Edn1

endothelin 1

M1

1453851_a_at

Gadd45g

growth arrest and DNA-damage-inducible 45 gamma

M1

1453913_a_at

Tap2

transporter 2, ATP-binding cassette, sub-family B (MDR/TAP)

M1

1458291_at

Inhba

Inhibin beta-A

M1

1460251_at

Fas

Fas (TNF receptor superfamily member 6)

M1

1417262_at

Ptgs2

prostaglandin-endoperoxide synthase 2

M1, M2

1417851_at

Cxcl13

chemokine (C-X-C motif) ligand 13

M1, M2

1418711_at

Pdgfa

platelet derived growth factor, alpha

M1, M2

1419132_at

Tlr2

toll-like receptor 2

M1, M2

1419209_at

Cxcl1

chemokine (C-X-C motif) ligand 1

M1, M2

1419607_at

Tnf

tumor necrosis factor

M1, M2
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Table S1: list of selected M1- and M2-related genes (continued)
Probesets

Gene
symbol

Gene title

Polarity

1421473_at

Il1a

interleukin 1 alpha

M1, M2

1422029_at

Ccl20

chemokine (C-C motif) ligand 20

M1, M2

1449399_a_at

Il1b

interleukin 1 beta

M1, M2

1449858_at

Cd86

CD86 antigen

M1, M2

1450297_at

Il6

interleukin 6

M1, M2

1451596_a_at

Sphk1

sphingosine kinase 1

M1, M2

1452431_s_at

H2-Aa

histocompatibility 2, class II antigen A, alpha

M1, M2

1416086_at

Tpst2

protein-tyrosine sulfotransferase 2

M2

1416382_at

Ctsc

cathepsin C

M2

1417268_at

Cd14

CD14 antigen

M2

1417391_a_at

Il16

interleukin 16

M2

1417597_at

Cd28

CD28 antigen

M2

1417702_a_at

Hnmt

histamine N-methyltransferase

M2

1417859_at

Gas7

growth arrest specific 7

M2

1417925_at

Ccl22

chemokine (C-C motif) ligand 22

M2

1418340_at

Fcer1g

Fc receptor, IgE, high affinity I, gamma polypeptide

M2

1418826_at

Ms4a6b

membrane-spanning 4-domains, subfamily A, member 6B

M2

1418982_at

Cebpa

CCAAT/enhancer binding protein (C/EBP), alpha

M2

1419144_at

Cd163

CD163 antigen

M2

1419210_at

Hrh1

histamine receptor H1

M2

1419413_at

Ccl17

chemokine (C-C motif) ligand 17

M2

1419549_at

Arg1

arginase, liver

M2

1419696_at

Cd4

CD4 antigen

M2

1419764_at

Chi3l3

chitinase 3-like 3

M2

1419873_s_at

Csf1r

colony stimulating factor 1 receptor

M2

1420338_at

Alox15

arachidonate 15-lipoxygenase

M2

1420380_at

Ccl2

chemokine (C-C motif) ligand 2

M2

1420653_at

Tgfb1

transforming growth factor, beta 1

M2
M2

1420699_at

Clec7a

C-type lectin domain family 7, member a

1421688_a_at

Ccl1

chemokine (C-C motif) ligand 1

M2

1421775_at

Fcer1a

Fc receptor, IgE, high affinity I, alpha polypeptide

M2

1421855_at

Fgl2

fibrinogen-like protein 2

M2

1422046_at

Itgam

integrin alpha M

M2

1422122_at

Fcer2a

Fc receptor, IgE, low affinity II, alpha polypeptide

M2

1423141_at

Lipa

lysosomal acid lipase A

M2

1423166_at

Cd36

CD36 antigen

M2

1423450_a_at

Hs3st1

heparan sulfate (glucosamine) 3-O-sulfotransferase 1

M2

1424733_at

P2ry14

purinergic receptor P2Y, G-protein coupled, 14

M2

1426172_a_at

Cd209a

CD209a antigen

M2

1426397_at

Tgfbr2

transforming growth factor, beta receptor II

M2
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Table S1: list of selected M1- and M2-related genes (continued)
Probesets

Gene
symbol

Gene title

Polarity

1426642_at

Fn1

fibronectin 1

M2

1426807_at

Lta4h

Leukotriene A4 hydrolase

M2

1427683_at

Egr2

early growth response 2

M2

1428615_at

Lpar6

lysophosphatidic acid receptor 6

M2

1428700_at

P2ry13

purinergic receptor P2Y, G-protein coupled 13

M2
M2

1433933_s_at

Slco2b1

solute carrier organic anion transporter family, member 2b1

1434034_at

Cerk

ceramide kinase

M2

1438624_x_at

Hs3st2

heparan sulfate (glucosamine) 3-O-sulfotransferase 2

M2

1442849_at

Lrp1

low density lipoprotein receptor-related protein 1

M2

1446675_at

Adk

adenosine kinase

M2

1448061_at

Msr1

macrophage scavenger receptor 1

M2

1448710_at

Cxcr4

chemokine (C-X-C motif) receptor 4

M2

1448752_at

Car2

carbonic anhydrase 2

M2

1448919_at

Cd302

CD302 antigen

M2

1448929_at

F13a1

coagulation factor XIII, A1 subunit

M2

1449015_at

Retnla

resistin like alpha

M2

1449905_at

Clec4f

C-type lectin domain family 4, member f

M2

1449984_at

Cxcl2

chemokine (C-X-C motif) ligand 2

M2

1450242_at

Tlr5

toll-like receptor 5

M2

1450267_at

Tlr8

toll-like receptor 8

M2

1450330_at

Il10

interleukin 10

M2

1450430_at

Mrc1

mannose receptor, C type 1

M2

1450456_at

Il21r

interleukin 21 receptor

M2

1450488_at

Ccl24

chemokine (C-C motif) ligand 24

M2

1450678_at

Itgb2

integrin beta 2

M2

1451798_at

Il1rn

interleukin 1 receptor antagonist

M2

1452014_a_at

Igf1

insulin-like growth factor 1

M2

1452141_a_at

Sepp1

selenoprotein P, plasma, 1

M2

1455876_at

Slc4a7

solute carrier family 4, sodium bicarbonate cotransporter, member 7

M2

1456060_at

Maf

avian musculoaponeurotic fibrosarcoma (v-maf) AS42 oncogene homolog

M2

1456250_x_at

Tgfbi

transforming growth factor, beta induced

M2

1457266_at

Slc38a6

solute carrier family 38, member 6

M2

1460180_at

Hexb

hexosaminidase B

M2
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Cxcl10

Cxcl11

Cxcl12

Cxcr4

Ms4a6b

Ccl2

Cxcl13

1418930_at

1419697_at

1448823_at

1448710_at

1418826_at

1420380_at

1417851_at

Chemokine (C-X-C motif) ligand 13

M1, M2

M2

M2

Membrane-spanning 4-domains,
subfamily A, member 6B

Chemokine (C-C motif) ligand 2

M2

M1

M1

M1

M1

M1

M1

M1

M1

M1

M1

M1

Polarity

Chemokine (C-X-C motif) receptor 4

Chemokine (C-X-C motif) ligand 12

Chemokine (C-X-C motif) ligand 11

Chemokine (C-X-C motif) ligand 10

Chemokine (C-X-C motif) ligand 9

Chemokine (C-C motif) receptor 7

Chemokine (C-C motif) ligand 19

Chemokine (C-C motif) ligand 12

Chemokine (C-C motif) ligand 8

Chemokine (C-C motif) ligand 7

Chemokine (C-C motif) ligand 5

Chemokine (C-C motif) ligand 3

Gene Title

23.66

1.11

3.42

1.14

1.04

2.51

4.29

6.01

1.40

1.51

4.09

1.52

1.01

8.89

FC
1.21

0.0163

0.3264

0.0397
0.4537

0.0118

0.0118

0.0397

0.1120

0.0163

0.1120

0.0118
0.4537

q-value
0.1407

14 dpi

9.01

2.55

1.31

7.48

20.31

17.31

1.43

2.45

12.06

42.09

1.74

33.54

FC
2.65

0.0028

0.0028

0.0384

0.0028

0.0028

0.0028

0.0263

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

q-value

42 dpi

12.44

3.86

1.14

10.65

28.15

26.82

2.13

2.40

12.93

52.85

2.11

36.51

FC
2.58

0.0034

0.0034

0.0034
0.1034

0.0034

0.0034

0.0425

0.0107

0.0034

0.0034

0.0058

0.0034

0.0034

q-value

98 dpi

0.1729
2.31
2.36
0.0028
0.0034
96.98
128.49
0.0118
0.0028
0.0034
dpi = days post infection; FC = fold change; bold q-values display significant differences between infected mice and mock-infected control mice

Ccr7

Cxcl9

1418652_at

Ccl19

1449277_at

1423466_at

Ccl8

Ccl7

1421228_at

Ccl12

Ccl5

1418126_at

1419282_at

Ccl3

1419561_at

1419684_at

Gene
Symbol

Probeset

59.02

1.47

9.86

5.52

2.02

4.22

8.91

14.29

1.41

2.31

8.33

30.29

1.38

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0268

0.0020

0.0020

0.0020

0.0268

0.0020

0.0020

q-value

196 dpi

17.61

FC
2.80

Table S2: differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virus-infected mice
- group I: chemotaxis

Attachments

62

Cd86

Cd28

1449858_at

1417597_at

M1
M1

Proteasome (prosome, macropain)
subunit, beta type 9 (large
multifunctional peptidase 2)

Transporter 2, ATP-binding cassette,
sub-family B (MDR/TAP)

M2

CD28 antigen

M2

M1, M2

M1, M2

C-type lectin domain family 7,
member a

CD86 antigen

M2

Macrophage scavenger receptor 1

M2

Histocompatibility 2, class II antigen
A, alpha

Mannose receptor, C type 1

M2

M2

Fibrinogen-like protein 2

M1

CD40 antigen

Fc receptor, IgE, high affinity I,
gamma polypeptide

M1

M1

TAP binding protein

M1

Fc receptor, IgG, low affinity III

M1

M1

M1/M2
Marker

Proteasome (prosome, macropain) 28
subunit, beta

Fc receptor, IgG, low affinity IIb

Fc receptor, IgG, high affinity I

Gene Title

1.08

1.46

1.39

5.49

1.07

1.07

1.69

1.83

1.16

1.41

1.62

3.88

1.35

1.62

1.75

FC
1.95

0.0118
0.3264

0.2125

0.0118

0.4537

0.4537

0.1729

0.0118

0.0163
0.2517

0.0118

0.0118

0.0163

0.0118

0.0118

0.0118

q-value

14 dpi

1.91

4.42

8.20

29.30

2.66

1.33

4.90

4.38

2.07

2.55

2.80

11.92

2.20

2.98

8.52

FC
5.04

0.0028

0.0028

0.0028

0.0028

0.0028
0.0263

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

q-value

42 dpi

15.86

37.55

4.74

1.73

6.22

5.10

2.07

3.56

3.37

16.42

2.65

4.31

15.02

FC
5.81

0.0034

0.0034

0.0034

0.0107

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

q-value

98 dpi

5.65
0.0034
3.20
0.0028
0.0058
dpi = days post infection; FC = fold change; bold q-values display significant differences between infected mice and mock-infected control mice

Clec7a

Fcer1g

1418340_at

1420699_at

Cd40

1439221_s_at

H2-Aa

Tapbp

1421812_at

1452431_s_at

Tap2

1453913_a_at

Msr1

Psmb9

1450696_at

1448061_at

Psme2

1417189_at

Fgl2

Fcgr3

1448620_at

Mrc1

Fcgr2b

1435477_s_at

1450430_at

Fcgr1

1417876_at

1421855_at

Gene
Symbol

Probeset

2.70

3.58

13.08

29.10

4.22

2.38

4.86

4.39

1.39

2.70

2.53

12.33

2.17

3.69

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0068

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

q-value

196 dpi

12.12

FC
3.94

Table S2 (continued): differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virusinfected mice - group II (phagocytosis, antigen processing and presentation

Attachments

63

Tgfbi

Tgfbr2

Igf1

Il1rn

1456250_x_at

1426397_at

1452014_a_at

1451798_at

M2

Transforming growth factor, beta
receptor II
M2

1.22

1.07

1.39

1.09

1.16

1.32

1.61

2.66

1.51

1.22

1.16

3.65

0.0118

0.3743

0.2125

0.0282

0.0163

0.0163

0.0282

0.1407

0.2517

0.0118

1.91

2.04

1.61

2.26

2.81

10.12

3.47

2.01

2.02

10.87

0.0028

0.0051

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

0.0028

1.99

2.33

2.13

2.59

3.65

11.42

4.40

3.42

2.69

11.96

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

0.0034

1.59

4.99

2.11

2.09

1.98

2.08

1.99

4.46

3.11

3.85

1.59

5.23

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0020

0.0403

Tlr2

1419132_at

Toll-like receptor 2

Toll-like receptor 1

M1

M1, M2

1.25

1.77

0.1729
2.29
2.81
0.0028
0.0034
2.66
3.31
0.0163
0.0028
0.0034
dpi = days post infection; FC = fold change; bold q-values display significant differences between infected mice and mock-infected control mice

Tlr1

1449049_at

2.94

2.51

0.0020

0.0020

Table 2 (continued): differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virusinfected mice - group IV: Toll-like receptor signalling
14 dpi
42 dpi
98 dpi
196 dpi
Gene
M1/M2
Probe set
Gene Title
Symbol
Marker
FC q-value
FC
q-value
FC
q-value
FC
q-value

Interleukin 1 receptor antagonist

M2

M2

Transforming growth factor, beta
induced

Insulin-like growth factor 1

M2

Transforming growth factor, beta 1

M1

M1

2'-5' oligoadenylate synthetase-like
1

2'-5' oligoadenylate synthetase 2

M1

Interferon regulatory factor 7

M1

M1

M1

M1

1.95
4.45
0.4858
0.0028
0.0034
2.00
2.38
0.1120
0.0028
0.0058
dpi = days post infection; FC = fold change; bold q-values display significant differences between infected mice and mock-infected control mice

Oas2

Tgfb1

1420653_at

Oasl1

1424339_at

1425065_at

Irf7

1417244_a_at

Interferon regulatory factor 1

Interleukin 7 receptor

Il7r

Irf1

1448575_at

Ifng

1425947_at

1448436_a_at

Interferon gamma

Ifit3

1449025_at

Interferon-induced protein with
tetratricopeptide repeats 3

Table 2 (continued): differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virusinfected mice - group III: cytokine signalling and growth factors
14 dpi
42 dpi
98 dpi
196 dpi
Gene
M1/M2
Probe set
Gene Title
Symbol
Marker
FC q-value
FC
q-value
FC
q-value
FC
q-value

Attachments

64
1.44

1.29
0.0118

0.0397
2.37

1.99

5.77

0.0028

0.0028

0.0028

2.64

2.01

8.40

0.0034

0.0034

2.00

6.06

0.0020

0.0020

0.0020

0.0020

Cd44

Cd36

Itgb2

Itgam

1423166_at

1450678_at

1422046_at

Integrin alpha M

Integrin beta 2

CD36 antigen

CD44 antigen

Intercellular adhesion molecule 1

M1

M2

M2

M2

M1

1.67

1.17

1.91

1.11

1.16

0.0118
0.1407

0.2929

0.0397
0.4132

3.90

2.04

5.18

1.36

2.30

0.0028

0.0028

0.0559

0.0028

5.90

7.48

3.95

2.29

0.0034

0.0034

0.0034

0.0034

2.43
0.0028
0.0034
dpi = days post infection; FC = fold change; bold q-values display significant differences between infected mice and mock-infected control mice

Icam1

424067_at

1423760_at

2.20

6.66

3.20

2.69

4.08

0.0020

0.0020

0.0020

0.0020

0.0020

Table 2 (continued): differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virusinfected mice - group VI: extracellular matrix receptor interaction and cell adhesion molecules
14 dpi
42 dpi
98 dpi
196 dpi
Gene
M1/M2
Probe set
Gene Title
Symbol
Marker
FC q-value
FC
q-value
FC
q-value
FC
q-value

5.57

M1

Yamaguchi sarcoma viral (v-yes-1)
oncogene homolog

0.0118

1416382_at
Ctsc
Cathepsin C
M2
1.86
4.84
6.80
0.0163
0.0028
0.0034
dpi = days post infection; FC = fold change; bold q-values display significant differences between infected mice and mock-infected control mice

Lyn

1451318_a_at

M1

Baculoviral IAP repeat-containing 3

1.82

2.31

Birc3

1421392_a_at

M1

0.0034

Bcl2a1a

1419004_s_at

B-cell leukemia/lymphoma 2 related
protein A1a /// B-cell
leukemia/lymphoma 2 related
protein A1b /// B-cell
leukemia/lymphoma 2 related
protein A1d

Table 2 (continued): differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virusinfected mice - group V: apoptosis-related genes
14 dpi
42 dpi
98 dpi
196 dpi
Gene
M1/M2
Probe set
Gene Title
Symbol
Marker
FC q-value
FC
q-value
FC
q-value
FC
q-value

Attachments

65

Cebpa

Chi3l3

Hexb

1419764_at

1460180_at

1419549_at

1418982_at

Atf3

Arg1

1449363_at

Hexosaminidase B

M2

M2

M2

Chitinase 3-like 3

CCAAT/enhancer binding protein
(C/EBP), alpha

M1
M2

Arginase

Activating transcription factor 3

1.34

-1.00

1.16

-1.09

1.06

0.0163

0.5432

0.0862

0.4132

0.4537

1.96

1.07

1.44

4.52

1.65

0.0028

0.4307

0.0028

0.0028

0.0028

2.39

1.82

2.08

9.99

2.33

0.0034

0.1284

0.0034

0.0034

0.0034

2.24

3.47

2.17

8.09

2.09

0.0020

0.0068

0.0020

0.0020

0.0038

Table 2 (continued): differentially expressed M1- and M2-related genes in the spinal cord of Theiler´s murine encephalomyelitis virusinfected mice - group VII: miscellaneous genes
14 dpi
42 dpi
98 dpi
196 dpi
Gene
M1/M2
Probeset
Gene Title
Symbol
Marker
FC q-value
FC
q-value
FC
q-value
FC
q-value

Attachments
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