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1. Introduction 

1.1. Multiple sclerosis - inflammation characterized by mononuclear cells 

Multiple sclerosis (MS), a chronic autoimmune inflammatory disease of the central nervous 

system (CNS), is characterized by demyelination, degeneration, and neuronal loss 

(COMPSTON u. COLES 2008). MS is a leading cause for neurological disability 

predominantly affecting young adults between age 20 and 40 years. This disease is more 

common in women than in men and affects about 2-2.5 million people worldwide 

(NOSEWORTHY et al. 2000). 

The pathogenesis of MS is still not well understood and disease progression leading to 

disability varies from patient to patient. Symptoms include motor, sensory and visual 

impairment, and fatigue (NOSEWORTHY et al. 2000; FROHMAN et al. 2006; LENSCH u. 

JOST 2011). The majority of MS patients (approximately 85 %) suffer from relapsing-

remitting MS (RRMS), which involves clinical signs followed by remission of symptoms 

(EBERS 2001). Over time, about half of the MS patients progress into the secondary stage of 

the disease during which their disability progresses without apparent relapse or remission 

(LUBLIN u. REINGOLD 1996; EBERS 2001). Approximately 10-15 % of patients enter 

directly into the progressive form of the disease called primary progressive MS (PPMS) 

(CONFAVREUX et al. 2000; FROHMAN et al. 2006). Major neuropathological correlates of 

multiple sclerosis are the disruption of the blood-brain barrier (BBB), formation of multifocal 

white matter lesions with infiltration of activated mononuclear cells, including T cells (CD4+ 

and CD8+), B cells and macrophages as well as demyelination and astrogliosis (LASSMANN 

2014). Most studies on MS pathology and pathogenesis have concentrated on focal 

demyelinated lesions in the white matter mainly occurring at the early relapsing stage. 

Nevertheless, extensive pathological characterization and evidence from brain imaging show 
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additional disturbances of grey matter in MS (LASSMANN u. LUCCHINETTI 2008; 

WEISSERT 2013). In comparison to the white matter, demyelinating lesions of the grey 

matter are characterized by less extensive inflammation, less gliosis, and more efficient 

myelin repair (BO et al. 2003). These cortical lesions are especially frequent in chronic MS as 

opposed to patients with the relapsing course of the disease (ALBERT et al. 2007). 

Besides the clinical research, basic research on animal models offers an opportunity to 

investigate the cellular and molecular mechanisms of de- and remyelination processes in MS. 

Several animal models of MS mimic partly aspects of the pathogenesis of autoimmune CNS 

inflammation: 1) Experimental autoimmune encephalomyelitis (EAE), 2) Theiler's murine 

encephalitis virus-induced demyelinating disease (TMEV-IDD), 3) toxin-induced models of 

demyelination such as the cuprizone or lysolecithin model 4) genetic models with mutations 

in myelin-encoding genes (SKRIPULETZ et al. 2011; RANSOHOFF 2012; BEN-NUN et al. 

2014). Previous studies in experimental models of MS provided evidence that T lymphocytes 

play a key role in the MS pathogenesis. The EAE model has provided great amount of 

information on how autoreactive T cells primed in the periphery against myelin or non-myelin 

antigens (myelin basic protein [MBP], proteolipid protein [PLP], phosphodiesterase, myelin 

oligodendrocyte glycoprotein [MOG], glial fibrillary acidic protein [GFAP] and S-100β 

protein) infiltrate into the CNS through the damaged BBB and cause neuronal damage 

(SCHMIDT et al. 1997; CLAYCOMB et al. 2013; STRACHAN-WHALEY et al. 2014; 

HUSEBY et al. 2015). 

Although both CD4+ and CD8+ T cells are found in MS lesions, the role of CD4+ 

T helper (Th) cells in the pathogenesis of MS is more extensively studied. Naïve CD4+ T cells 

depending on the existing cytokine milieu at the time of priming can be polarized into Th1, 

Th2, Th17, and regulatory T cells in the peripheral lymphoid organs (KLEINEWIETFELD u. 

HAFLER 2013). Nevertheless, among these CD4+ T cell effectors, MS pathogenesis is mainly 
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attributed to interferon (IFN)-γ producing Th1 and IL-17 producing Th17 cells that infiltrate 

into the CNS (ROSTAMI u. CIRIC 2013). In contrast to EAE, the infection triggered 

autoimmune models such as TMEV-induced demyelinating disease emphasize on the primary 

role for CD8+ T cells in neuropathogenesis (DENIC et al. 2013). Sun et al. showed that 

myelin-specific CD8+ T cells can induce severe autoimmune CNS disease in mice (SUN et al. 

2001).  

The deleterious effects of these autoreactive T cells are mediated either directly or 

through their interaction with glial cells. Mutual activation as a consequence of T cell-glial 

cell interaction is believed to be critical for the pathogenesis of MS. On one hand, 

autoreactive T cells require CNS antigen to be presented on major histocompatibility complex 

(MHC) molecules of glial cells to be reactivated, and on the other hand they provide pro-

inflammatory factors that can further activate brain resident cells like microglia or astrocytes. 

1.2. The role of microglia in MS pathogenesis 

Microglia are the innate immune cells of myeloid origin residing in the CNS and comprise 

10-20 % of the total glial cells. Microglia exhibit many properties similar to monocyte-

derived macrophages that infiltrate into the CNS in response to injury (MIRON u. 

FRANKLIN 2014). One hallmark of microglia is their ability to sense their microenvironment 

by expressing wide variety of receptors and binding of respective ligands triggers phenotypic 

changes in microglia thereby conferring on them a pro-inflammatory (M1) or an anti-

inflammatory (M2) phenotype. Inflammatory responses of microglia have been studies in 

vitro using different stimuli such as lipopolysaccharide (LPS) or IFN-γ. Activation of 

microglia with LPS is mediated via Toll-like receptor (TLR) 4 and results in increased 

expression of cell surface activation molecules (GOLDMANN u. PRINZ 2013). In these 

processes the cells undergo morphological and functional changes. It has been demonstrated 

that activated microglia have the ability to clear damaged tissue by phagocytosing dead cells 
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and myelin debris (NAPOLI u. NEUMANN 2010); the failure to phagocytose damaged 

myelin sheets significantly prevents remyelination (MIRON et al. 2013; SKRIPULETZ et al. 

2013). Another mechanism accounting for a beneficial function of microglia is that they can 

release significant amounts of trophic and anti-inflammatory factors that are protective for 

axons and neurons (HANISCH u. KETTENMANN 2007). In contrast, microglia can also be 

toxic to neurons through overproduction of various pro-inflammatory mediators, including 

cytokines such as tumor necrosis factor (TNF)-α, chemokines, nitric oxide (NO) and other 

reactive oxygen species (ROS), which might contribute to oligodendrocyte cell death, axonal 

injury and demyelination (NIKIC et al. 2011). 

 

 

 

Fig. 1: Immunopathogenesis of multiple sclerosis. This figure shows the key pathogenic steps 

implicated in the disease and the role of the main cellular populations that drive the immune responses 

in multiple sclerosis [from (GOLD u. WOLINSKY 2011)]. 
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It is important to mention that the modulation of T cell function and/or microglial 

activation might represent an ideal target for therapeutic strategies towards inflammatory 

conditions of the CNS. Immunopathogenesis of MS is summarized in Fig. 1 (page 4). 

However, current therapies for treatment of multiple sclerosis most commonly target 

T cell functions (YONG 2002; MOHARREGH-KHIABANI et al. 2009) while disregarding 

the potential of microglia as targets for MS therapies (HALL et al. 1997; PUL et al. 2011; 

SINGH et al. 2012). Apart from the major modes of action, many mechanisms of drugs 

effective in MS treatment are still unknown. Besides the central role for the immune system in 

the MS pathogenesis, both personal genetic susceptibility and environmental factors influence 

the risk of developing the disease (DYMENT et al. 2004; EBERS 2008; ASCHERIO 2013). 

1.3. Evolution in disease-modifying therapies for RRMS 

MS exhibits an unpredictable and variable clinical course making treatment challenging. In 

the past two decades, numerous immunomodulatory treatments have been approved, 

especially for RRMS, which reduce relapses and slow progression of the disease. These first-

line disease-modifying therapies (DMT) include parenterally administered drugs such as IFN-

β1a (Avonex®; Rebif®), IFN-β1b (Betaseron®; Extavi®) and glatiramer acetate (Copaxone®) 

(HEMMER et al. 2006; WEINSTOCK-GUTTMAN 2013). Clinical efficacy of these drugs in 

treating RRMS has been demonstrated in many studies (INTERFERON BETA MULTIPLE 

SCLEROSIS STUDY GROUP 1993; JACOBS et al. 1996; EBERS 1998).  

However, variable responsiveness to treatments, deleterious side effects and 

inconvenience in drug administration are major pitfalls associated with such DMT. For 

example, IFN-β treatment is often associated with injection-site reactions and flu-like 

symptoms (O'ROURKE u. HUTCHINSON 2005; BALAK et al. 2012). To circumvent the 

pain associated with parenteral administration, several orally administrable drugs were 

developed. Currently, five oral therapies have completed Phase III trials and three of these 
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fingolimod, dimethyl fumarate and teriflunomide have been approved for treatment of MS 

(BRINKMANN et al. 2010; LINKER u. GOLD 2013; WIESE et al. 2013). In general, these 

drugs possess largely immunomodulatory effects and target lymphocytes and other immune 

cells to mediate their effects (NIINO u. SASAKI 2010). 

Clinical studies have revealed that oral MS medications can also be effective used as 

monotherapy. Furthermore, in clinical trials it might be able to observe combination therapies 

with a first-line DMT. For example, teriflunomide added to ongoing IFN-β therapy 

significantly reduced the number of MS lesions compared with IFN-β alone (FREEDMAN et 

al. 2012; HE et al. 2012). Oral immunomodulatory drugs, such as teriflunomide, are mostly 

synthetic compounds, hence, reduce the risk of generating neutralizing antibodies and have 

comparable, or in some cases better safety and efficacy profile over IFN-β or glatiramer 

acetate (PALMER 2013). IFN-β and teriflunomide have both been proven effective 

treatments for RRMS. The following paragraphs aim to explain their mechanisms of action 

within the CNS in more detail. 

1.4. Effects of interferon-β in MS 

Discovered over 50 years ago, interferons were first identified for their ability to confer viral 

resistance to cells (ISAACS u. LINDENMANN 1957). The IFN family can be classified into 

three main types of cytokines - type I, type II and type III IFNs. Members of the type I family, 

IFN-α and IFN-β, are well characterized and are shown to have pleiotropic effects, most 

crucially anti-viral, anti-tumor and immunomodulatory functions in innate and adaptive 

immunity (REP et al. 1999; CHANG et al. 2007; KOVARIK et al. 2007). Almost all 

nucleated cells are capable of producing type I interferons in response to a variety of stimuli 

(DE WEERD u. NGUYEN 2012). They bind to heterodimeric type I interferon receptor 

(IFNAR) and trigger e.g. the Janus kinase/signal transducer and activator of transcription 

JAK/STAT signaling cascade which in turn activates IFN-stimulated genes and leads to the 
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production of anti-viral, anti-proliferative, and anti-tumor products (HERVAS-STUBBS et al. 

2011).  

Although both recombinant human IFN-α and -β are potentially useful in the treatment 

of MS, IFN-β has demonstrated immense therapeutic potential and remains a widely used 

disease-modifying drug, especially in RRMS. Its efficacy in treatment is well appreciated as it 

reduces relapse rate, slows accumulation of new inflammatory lesions and causes a delay in 

disease progression (GOODIN et al. 2002; PANITCH et al. 2002). Inspite of its well 

documented effects in attenuating the clinical course and severity of CNS inflammation in 

patients as well as in the well-established animal model EAE, the exact mechanism by which 

IFN-β achieves these protective effects remains elusive (DHIB-JALBUT u. MARKS 2010). 

A clear understanding of its mode of action (MOA) is crucial, considering the fact that 

therapeutic responses to IFN-β vary greatly among MS patients and sometimes cause 

undesirable side-effects (NEILLEY et al. 1996). 

Several potential modes of action of IFN-β have been proposed. Most prominently their 

effects on T cell priming, reactivation and migration are relevant for MS therapy (KAY et al. 

2013). IFN-β alters antigen-presentation properties of dendritic cells and other antigen-

presenting cells (APC) by upregulating co-stimulatory molecules (MARCKMANN et al. 

2004; GIGLI et al. 2007; CHEN et al. 2012) or downregulating IFN-γ-induced MHC class II 

surface expression (HUYNH et al. 1995) and consequently T cell priming and reactivation are 

affected. Furthermore, it interferes with T cell adhesion and reduces transmigration of T cells 

through the BBB (YONG 2002; DHIB-JALBUT u. MARKS 2010). Additionally, IFN-β can 

regulate leukocyte trafficking through the BBB. It prevents the interaction of circulating 

leukocytes with the endothelium of BBB by increasing sVCAM-1 (soluble vascular cell 

adhesion molecule-1) or by downregulating the expression of its receptor VLA-4 (very late 

antigen-4) on the surface of T cells (GRABER et al. 2005). In addition to adhesion molecules, 
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matrix metalloproteinases (MMPs) have important roles in BBB permeability. These 

endopeptidases, secreted by activated T cells and macrophages, disrupt the BBB and facilitate 

transmigration of T cells into the CNS. Elevated levels of MMP-9 have been found in the 

serum of MS patients and following IFN-β therapy MMP-9 levels are significantly reduced. 

Hence, it is likely that by this mechanism immune cell entry into the CNS is blocked and 

possible relapse is prevented (LEPPERT et al. 1996; STÜVE et al. 1996). 

Several chemokines and their cognate receptors are known to regulate the migration and 

effector function of T cells. In detail, chemokines/chemokine receptors expressed in different 

subsets of T cells have the ability of attracting inflammatory cells at foci of inflammation in 

the CNS. These effector T cells can produce inflammatory products and cytokines that 

damage myelin and axons. One such chemokine/chemokine receptor pair known to regulate 

the recruitment of leukocytes into the CNS is CXCL12/CXCR4. Accordingly, increasing 

evidence implicates altered expression of CXCL12 and CXCR4 in the pathogenesis of MS 

(MCCANDLESS et al. 2008; MOLL et al. 2009). Krumbholz et. al. found for example that 

levels of the chemokine CXCL12 were elevated in the CSF of MS patients and is implicated 

in the migration of peripheral cells into the CNS (KRUMBHOLZ et al. 2006). CXCL12 is an 

extracellular chemokine which is abundantly produced by the bone marrow 

microenvironment activates mainly the CXCR4 receptor which is expressed by most T cell 

subsets and monocytes (BLEUL et al. 1996). Furthermore, the activation of the CXCL12 

receptor CXCR4 was shown to be increased on leukocytes within active MS lesions. 

CXCR4 is a seven-transmembrane G-protein coupled receptor (GPCR) that links to 

downstream signaling pathways by activating heterotrimeric G-proteins (MELLADO et al. 

2001). G-proteins consist of 3 subunits: α, β and γ (KEHRL 1998). Upon GPCR activation, 

the α-subunit releases guanosine diphosphate, binds guanosine triphosphate (GTP), and 

dissociates from the βγ-subunit. CXCR4 signaling results in T cell chemotaxis, adhesion, and 
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gene expression important for regulating cell-cycle progression and apoptosis (SUZUKI et al. 

2001; MOMCILOVIC et al. 2012). Like IFN-β/IFNAR, the CXCL12/CXCR4 signaling 

pathway is also known to induce anti-inflammatory effects. Interestingly, as shown 

schematically in figure 2 (on page 9), both signaling pathways share commonalities and signal 

through the phosphoinositide 3-kinase (PI3K)-AKT signaling pathway, the JAK/STAT 

pathway or the mitogen-activated protein kinase (MAPK), including p44/42 MAPK (also 

known as the extracellular signal-regulated kinase [ERK]) pathway (STARK et al. 1998; 

PLATANIAS 2005; RYU et al. 2010). 

 

 

Fig. 2: IFN-β signaling shares mediators with CXCL12/CXCR4 signaling. This graphic simply 

represents activation of signaling molecules of both IFN-β signaling and signaling via 

CXCL12/CXCR4 chemokine/chemokine receptor pair. Signaling pathways induced by binding on the 

type 1 IFN receptor shared mediators/activations with CXCL12/CXCR4-dependent signaling, which 

are highlighted in blue (AKT - also protein kinase B; ERK1/2 - extracellular signal-regulated 

kinase 1/2; GRB2 - growth factor receptor-bound protein 2; STAT - signal transducer and activator of 

transcription).  
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Therefore, it is likely that immunomodulatory effects of IFN-β are achieved through 

inhibition of CXCL12/CXCR4-mediated leukocyte migration into the CNS. In this regard, 

Tran et al. showed that IFN-β can reduce migration of human monocytes following 

stimulation with the chemokine CXCL12 (TRAN et al. 2010). 

1.5. Teriflunomide - proposed modes of action in MS 

Oral disease-modifying therapies are considered to provide a more convenient and 

comfortable option to some individuals, particularly if they do not respond to or are unable to 

tolerate the other approved medications. In this regard, teriflunomide has demonstrated both 

clinical efficacy and safety in treating RRMS (O'CONNOR et al. 2011; FREEDMAN 2013; 

CONFAVREUX et al. 2014). Teriflunomide is an active metabolite of leflunomide 

(BRUNEAU et al. 1998), which is an approved immunosuppressant drug for the treatment of 

patients with rheumatoid arthritis (RA) since 1998 (ROZMAN 1998). A role for 

teriflunomide in MS therapy was first evaluated in the Dark Agouti (DA) rat model of EAE; 

the drug was shown to delay disease onset, reduce relapse frequency, and improve 

neurological findings (MERRILL et al. 2009). It was observed that infiltration of T cells, 

B cells and macrophages into the spinal cord was reduced by treatment with teriflunomide, 

suggesting effects on proliferation and migration. These effects were associated with reduced 

demyelination and axonal damage (MERRILL et al. 2009; RINGHEIM et al. 2013). 

Teriflunomide exerts immunomodulation through a variety of mechanisms and has been 

shown to have anti-proliferative and anti-inflammatory effects on immune cells. However, the 

precise mechanisms that convey the immunomodulatory effects of teriflunomide are still not 

completely understood. Its principal mode of action is the blocking of de novo pyrimidine 

synthesis by selective, reversible, and non-competitive inhibition of the dihydroorotate 

dehydrogenase (DHODH, table 1 on page 11) in activated lymphocytes (FOX et al. 1999; 

HERRMANN et al. 2000). DHODH converts dihydroorotate to oroate, which is the rate-



Introduction 

11 
 

limiting step in the de novo biosynthesis of pyrimidine (LÖFFLER et al. 1998; RAWLS et al. 

2000). As a result, the metabolism of highly proliferative cells such as activated 

T lymphocytes is blocked, thereby depriving of autoreactive T cells that are critical for the 

pathophysiology of MS (GOLD u. WOLINSKY 2011). However, teriflunomide is far less 

able to inhibit the proliferation of resting, not stimulated cells, in which pyrimidine synthesis 

relies on the salvage pathway (LÖFFLER et al. 2004; BAR-OR 2014). 

 

Table 1: Inhibition of DHODH activity and of stimulated proliferation of lymphocytes by 

teriflunomide. 

 Inhibition of DHODH activity, IC50 (nM) 
Inhibition of mitogen-stimulated proliferation of 
lymphocytes, IC50 (µM) 

Rat 86 ± 2 0.14 ± 0.08 

Mouse 3.5 ± 12 0.16 ± 11 

Human 1250 ± 46 46 ± 6 

  [modified from (FOX et al. 1999)] 

 

Alternatively, the effects of teriflunomide can also be achieved by DHODH-

independent mechanisms. Few in vitro studies have shown that teriflunomide can inhibit the 

activity of protein tyrosine kinase (PTK) (XU et al. 1995; XU et al. 1996). Acute changes in 

tyrosine phosphorylation regulate antigen-receptor-mediated lymphocyte activation, cytokine-

induced differentiation, and responses to many other stimuli. For example, teriflunomide 

inhibits Janus kinases 1 and 3 (JAK1/3), two particular tyrosine kinases involved in 

interleukin (IL)-2-induced T cell proliferation (ELDER et al. 1997; GONZÁLEZ-ALVARO 

et al. 2009). Cytoplasmic tyrosine kinases play an important role in regulating innate immune 

responses, as they are part of complex intracellular signal transduction pathways, such as the 

MAPK and NF-κB (nuclear factor-kappa B) pathway. NF-κB activation regulates the 

expression of many genes particularly those involved in pro-inflammatory responses. Studies, 

which investigated the potential of teriflunomide to block pro-inflammatory responses, 

demonstrated that treatment of epithelial, myeloid, and T cells with teriflunomide inhibited 
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NF-κB activation in response to an inflammatory stimulus (MANNA u. AGGARWAL 1999; 

MANNA et al. 2000). In addition, teriflunomide also might act via cyclooxygenase-2 (COX-2) 

inhibition (HAMILTON et al. 1999); or might downregulate inducible nitric oxide synthase 

(iNOS) activity in a cell-specific manner (JANKOVIC et al. 2000; MILJKOVIC et al. 2001). 

Jankovic and colleagues (2000) observed a decrease of both NO production and iNOS-mRNA 

expression in IFN-γ-treated murine and rat primary fibroblasts, but teriflunomide did not 

inhibit NO production in IFN-γ-stimulated murine peritoneal macrophages. The inhibition of 

JAK/STAT signaling, COX-2 activity, and NF-κB pathway may contribute to protective 

effects of teriflunomide against inflammation induced neuronal damage in the CNS. All these 

observations seem to confirm that teriflunomide has immunological effects also outside of its 

ability to inhibit pyrimidine synthesis in proliferating cells (KORN et al. 2004; CLAUSSEN u. 

KORN 2012). 

It is important to mention while the inhibition of the DHODH in lymphocytes occurs at 

a low µM range (FOX et al. 1999), these other immunomodulatory, DHODH-independent 

effects require higher in vitro concentrations of the drug (XU et al. 1995; XU et al. 1996). 

Furthermore, pharmacokinetic studies demonstrated that teriflunomide has a low BBB 

permeability. Approximately only 1 % of the blood concentrations are found in the brain 

parenchyma (TALLANTYRE et al. 2008; LIMSAKUN u. MENGUY-VACHERON 2010). 

However, there is only little knowledge concerning the effects of teriflunomide on glial cells, 

especially microglia, in the CNS. Since the serum concentration of teriflunomide in orally 

treated patients reaches 20-60 mg/l, microglia may be exposed to a concentration of 0.2-

0.6 mg/l, a concentration equivalent to approximately 1-3 µM. As several studies demonstrate 

immunomodulatory and anti-inflammatory potential of teriflunomide on peripheral immune 

cells, it would be valuable to gain insights into its mode of action within the CNS, especially 

on the pro-inflammatory (M1) and anti-inflammatory (M2) phenotype of microglia. 
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2. Aims 

The main goal of this thesis was to identify possible mechanisms of action of disease-

modifying treatments such as IFN-β1b or teriflunomide on immune cells. 

Better characterization of intracellular events or molecular pathways of target cells in 

MS might help to identify new drug targets for an add-on therapy to improve efficacy and 

identify responsive patient populations. 

Our first attempt was to investigate the impact of IFN-β1b on peripheral immune 

response. The intracellular events mediating IFN-β effects are not well understood. A 

previous study indicated that IFN-β1b can reduce migration of human monocytes following 

stimulation with the chemokine stromal cell-derived factor 1 alpha (SDF1α/CXCL12). 

CXCL12 signaling acts via its receptor CXCR4 resulting in T cell adhesion and chemotaxis. 

The chemokine CXCL12 and its receptor are involved in the process of transmigration of 

autoreactive effector cells into the CNS, a remark of the pathogenesis of MS. As in vitro 

application of IFN-β can inhibit CXCL12-mediated leukocyte migration, we wanted to 

explore the interactions of IFN-β and CXCR4 signaling within human primary T lymphocytes 

and its consequences for T cell function. Therefore we focused on primary human T cells 

from healthy individuals, RRMS patients without immunomodulatory treatment and on 

RRMS patients under established IFN-β1b therapy.  

Furthermore, we aimed to analyze the benefits of the disease-modifying drug 

teriflunomide on the resident innate immune cells in the CNS. The ability of microglia e.g. to 

restimulate myelin-specific T cell response and to release several immune molecules 

implicates a significant role in the pathogenesis of MS. Most studies focused on effects of 

teriflunomide on lymphocytes. Since very few data are available on the effects of 

teriflunomide on microglia we focused on the investigation whether teriflunomide is capable 

to influence microglia. 
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On the basis of known effects on lymphocytes we aimed to study the anti-proliferative 

and immunomodulatory effects of teriflunomide on microglia. Teriflunomide is known to be 

able to cross the blood-brain barrier in relevant concentrations. Therefore it was of our special 

interest to study if teriflunomide can directly influence the phenotype and function of 

microglia in physiologically relevant concentrations of 0.25-5 µM, in addition to its anti-

proliferative and immunomodulatory effects on lymphocytes. 
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3.1. Abstract 

Multiple sclerosis (MS) is an inflammatory, demyelinating and neurodegenerative disease 

triggered by infiltration of activated T cells into the central nervous system. 

Interferon (IFN)-β is an established, safe and effective treatment for patients with 

relapsing-remitting MS (RRMS). The cytokine can inhibit leukocyte infiltration into the 

central nervous system; however, little is known about the precise molecular mechanisms. 

Previously, in vitro application of IFN-β1b was shown to reduce CXCL12/CXCR4-mediated 

monocyte migration. Here, we analyzed the effects of IFN-β1b on CXCR4-dependent T cell 

function. In vitro exposure to IFN-β1b (1000 U/ml) for 20 h reduced CXCR4-dependent 

chemotaxis of primary human T cells from healthy individuals and patients with RRMS. 

Investigating the IFN-β1b/CXCR4 signaling pathways, we found no difference in 

phosphorylation of ZAP70, ERK1/2 and AKT despite an early induction of the negative 

regulator of G-protein signaling, RGS1, by IFN-β1b. However, CXCR4 surface expression 

was reduced. Quantitative real time-PCR revealed a similar reduction in CXCR4-mRNA, and 

the requirement of several hours` exposure to IFN-β1b supports a transcriptional regulation. 

Interestingly, T cells from MS patients showed a lower CXCR4 expression than T cells from 

healthy controls, which was not further reduced in patients under IFN-β1b therapy. 

Furthermore we observed no change in CXCL12-dependent chemotaxis in RRMS patients.  

Our results clearly demonstrate that IFN-β1b can impair the functional response to 

CXCR4 by downregulating its expression, but also points to the complex in vivo effects of 

IFN-β1b therapy. 
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4.1. Abstract 

Teriflunomide, an inhibitor of dihydroorotate dehydrogenase, is thought to ameliorate 

multiple sclerosis by reducing activation-induced proliferation of lymphocytes, which is 

highly dependent on de novo pyrimidine synthesis. Nevertheless, its immunomodulatory 

effects on resident glial cells in the central nervous system are only poorly understood. 

In this study we employed physiologically relevant doses of teriflunomide and 

investigated its effects on survival, proliferation, activation, and function of primary rat 

microglia in vitro. We demonstrate that teriflunomide had no cytotoxic effect on microglia 

and had only a minor impact on microglial activation. In a dose- and time-dependent manner 

teriflunomide slightly but significantly downregulated surface expression of the co-

stimulatory molecule CD86. Furthermore, in the highest dose applied (5 µM) it slightly 

increased the expression of interleukin-10 in microglia in response to lipopolysaccharide. 

Treatment with low doses of teriflunomide (0.25-1 µM) did not have any impact on the 

activation of microglia. At the highest concentration (5 µM) teriflunomide slightly reduced 

the percentage of BrdU+ microglia from mixed glial cultures. Our in vitro findings 

demonstrate that teriflunomide at low concentrations has no influence on microglia. At the 

highest used concentration slight effects can be observed that might be clinically relevant. 

Teriflunomide potentially exerts its effects by reducing microglial proliferation and not by 

modulating the M1-/M2-like cell differentiation of primary rat microglia. Thus, teriflunomide 

has no major impact on the plasticity of microglia, however, the minimal anti-proliferative 

and anti-inflammatory effects might relevant for immune modulation in the treatment of 

neuroinflammatory CNS diseases such as MS. 
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4.2. Introduction 

Teriflunomide is an immunomodulatory disease-modifying therapy (DMT) for relapsing-

remitting multiple sclerosis (RRMS). It is thought to act primarily via a specific, non-

competitive, and reversible inhibition of the activity of the mitochondrial enzyme 

dihydroorotate dehydrogenase (DHODH), which is required for de novo pyrimidine synthesis 

of rapidly dividing cells such as activated lymphocytes (Bruneau et al. 1998; Cherwinski et al. 

1995). Resting lymphocytes synthesize the nucleotide pyrimidine through the DHODH-

independent salvage pathway and therefore are largely unaffected by teriflunomide (Bar-Or 

2014). Teriflunomide is the active metabolite of leflunomide in vivo which is an effective 

immunosuppressive agent in treatment of rheumatoid arthritis (RA) (Fox et al. 1999).  

Several studies indicate that teriflunomide rather exerts cytostatic and not cytotoxic 

effects on actively proliferating lymphocytes in the periphery (Kraan et al. 2000; Ringheim et 

al. 2013). This limits the availability of autoreactive T and B cells that can infiltrate into the 

central nervous system (CNS) in CNS inflammatory diseases such as multiple sclerosis (MS) 

(Gold and Wolinsky 2011). Other effects of teriflunomide such as inhibition of adhesion 

molecules, cytokines, protein tyrosine kinases, NF-κB activation, and COX-2 activity have 

also been demonstrated in some in vitro studies, suggesting that teriflunomide in addition to 

its anti-proliferative effects may also impact signal transduction, migration, and inflammatory 

processes (Hamilton et al. 1999; Papadopoulou et al. 2012).  

Pharmacokinetic analysis of patients treated with teriflunomide revealed a concentration 

of 20-60 mg/l in the serum. Owing to its poor permeability through the blood-brain barrier 

(BBB) only approximately 1 % of the blood concentration of drug reach the CNS, which is 

appropriate to a concentration of ~ 1-3 µM in vivo (Limsakun and Menguy-Vacheron 2010; 

Tallantyre et al. 2008). Thus, CNS resident cells like microglia are exposed to much lower 

concentrations of teriflunomide than the immune cells in the periphery. However, these 
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concentrations are still in the range where e.g. the DHODH is inhibited and thus therapeutic 

doses of teriflunomide may modulate microglia. Microglia are considered to play key 

regulatory and effector functions during the onset and progression of CNS diseases (Strachan-

Whaley et al. 2014). Microglial activation in the CNS during neuroinflammation can have 

both, beneficial and detrimental effects. By virtue of their phagocytic ability they assist in 

clearing debris which in turn might hasten the repair processes (Neumann et al. 2009). 

Furthermore, several inflammatory factors produced by activated microglia are essential for 

repair processes (Franklin and Kotter 2008). On the other hand, activated microglia serve as 

antigen-presenting cells (APC) and are involved in reactivation of the CNS infiltrating 

autoreactive T lymphocytes and thereby promoting neural tissue damage. Additionally, 

neuroinflammation triggers the release of toxic reactive oxygen species such as nitric oxide 

(NO) by microglia, which is highly toxic to neurons.  

In order to explore the potential of teriflunomide to modulate microglia we applied 

physiologically relevant concentrations of 0-5 µM on microglia and investigated various 

functions. 
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4.3. Methods and materials 

Mixed glial cell cultures 

Primary microglia from neonatal Sprague-Dawley rats (Crl:CD) were isolated by the method 

of Giulian and Baker (Giulian and Baker 1986) as previously described (Singh et al. 2012). 

Briefly, brains were freed from meninges and dissociated mechanically and enzymatically 

with 0.1 % Trypsin (Biochrom, Merck Millipore, Darmstadt, Germany) and 0.25 % DNase 

(Roche Diagnostic GmbH, Mannheim, Germany). Cells were plated at 1-2 brains per poly-L-

lysine (Sigma-Aldrich, Munich, Germany) coated culture flasks (25 cm2; 75 cm2; Sarstedt, 

Nümbrecht, Germany) and cultivated in Dulbecco´s Modified Eagle Medium (DMEM; life 

technologies, Carlsbad, USA) supplemented with 10 % fetal calf serum (FCS; Biochrom, 

Merck Millipore, Darmstadt, Germany) and 1 % penicillin/streptomycin (life technologies, 

Carlsbad, USA; culture medium referred to as: MGP+). Where indicated culture flasks were 

treated with granulocyte macrophage-colony stimulating factor (GM-CSF; 5 ng/ml; Peprotech; 

Hamburg, Germany). After 7-8 days loosely attached microglia were harvested from mixed 

glial cell cultures by shaking for 30-45 min on an orbital shaker-incubator (Edmund Bühler, 

Hechingen, Germany) at 37°C. Cells in the supernatant were re-plated at 3-6×104 cells per 12 

mm glass coverslip in 24-well plates for immunocytochemistry staining, directly resuspended 

in 500 µl MGP+ for BrdU flow cytometry, 5×105 per well in 6-well plates for RT-PCR, or 

2.5×105 in 12-well plates (all Nunc, Life Technologies, Paisley, UK) for phagocytosis and 

flow cytometry analysis.  

Microglia were incubated overnight at 37°C, 5 % CO2, and the following day cells were 

treated with 0, 0.25, 0.5, 1, and 5 µM of teriflunomide (stock: 10 mM, solved in DMSO; 

Genzyme, Waltham, MA; USA) with or without indicated stimuli for the designated period of 

time for each experiment. Cell culture purity was analyzed by staining either with CD11b/c or 
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Iba1, markers for microglia/macrophages, and was quantified by flow cytometry or 

fluorescence microscopy. 

 

BrdU flow cytometry analysis of primary mixed glial cell cultures 

The incorporation of 5-bromo-2’-deoxyuridine (BrdU) was analyzed in mixed glial cell 

cultures using flow cytometry and labeling with a conjugate anti-BrdU antibody (FITC BrdU 

flow kit, BD Pharmingen, CA, USA). Mixed glial cell cultures were incubated with 0-5 µM 

teriflunomide and co-treated with GM-CSF (5 ng/ml; Peprotech, Hamburg, Germany) from 

day 5 after preparation. The next day 10 μM BrdU (FITC BrdU flow kit, BD Pharmingen) 

were added for 16 h.  

After microglia isolation the Fc receptors were blocked with mouse anti-rat CD32 for 

30 min on ice (clone: D34-485; BD Pharmingen). Surface staining of microglia was done 

with APC-conjugated rat anti-CD11b/c antibody for 30 min at 4°C. Cells were then fixed and 

permeabilized with Fixation/Permeabilization buffer (Foxp3 Staining Buffer Set; eBioscience) 

according to the manufacturer’s instructions. The samples were treated with DNase to expose 

incorporated BrdU (diluted to 300 µg/ml; BrdU flow kit, BD Pharmingen) for 1 h at 37°C and 

finally stained with FITC-conjugated anti-BrdU antibody (30 min at RT, 1:100; BrdU flow kit, 

BD Pharmingen). The analysis was carried out using a FACSCalibur with CellQuest software 

(BD). Measurements were performed in duplicates per condition and in four independent 

experiments. 

 

T cell proliferation assay 

Single cell suspensions from spleens of adult Sprague-Dawley rats (Crl:CD) were prepared in 

complete IMDM medium. After passage through a 100-μm-mesh-size cell strainer (BD 

Falcon), red blood cells were lysed by NH4Cl treatment. CD4+ T cells were purified by 
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MACS technology using MagCellect rat CD4+ T Cell Isolation Kit (R&D Systems, 

Minneapolis, USA) according to the manufacturer’s instructions. The final depleted cell 

fraction contained the desired highly enriched CD4+ T cells. Purity of the enriched CD4+ 

T cells was analyzed with a PE-conjugated anti-rat CD4 antibody (W3/25) and a FITC-

conjugated anti-rat TCR α/β antibody (R73). Enriched CD4+ T cells were labeled with 2.5 μM 

carboxyfluorescein succinimidyl ester (CFSE; Invitrogen, Darmstadt, Germany), respectively, 

for 10 min at 37°C. Labeling of cells was stopped by the addition of ice-cold complete IMDM 

medium and by three washing steps. CFSE-labeled and unlabeled CD4+ Rat T cells 

(1×105 cells/well) were seeded in 96-well microtiter plates (Nunc™ 96-Well Polystyrene 

Round Bottom Microwell Plates, Thermo Fisher Scientific, USA) in 100 ml medium with 

addition of different concentrations of teriflunomide and stimulated with 3 μg/ml of plate-

bound anti-CD3 mAb/anti-CD28 mAb. The final culture volume was adjusted to 200 μl per 

well. Cells were maintained at 37°C in a humidified atmosphere with 5 % CO2. After 65-72 h 

incubation, cells were washed in PBS, collected and the absolute amount of proliferating rat T 

cells was determined by flow cytometry. 

 

RNA isolation and reverse transcription quantitative polymerase chain reaction (RT-

qPCR) 

To determine the mRNA levels of pro-inflammatory factors such as iNOS, TNF-α, IL-1β, 

anti-inflammatory factors such as Arg1, IL-10 and growth factor IGF-1, or mRNA level of 

DHODH quantitative real-time PCR (qPCR) analysis was performed (Table 1). 
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Table 1 Primer used for quantitative polymerase chain reaction. 

Gene Gene expression assay number 

DHODH Rn01432611_m1 
IL-1β Rn00580432_m1 
IL-10 Rn00563409_m1 
iNOS Rn00561646_m1 
Arg1 Rn00691090_m1 
TNF-α Rn99999017_m1 
IGF-1 Rn00710306_m1 
HPRT Rn01527840_m1 

 

Total RNA was isolated from microglia pretreated with different concentrations of 

teriflunomide (0-5 µM) for 12 h and cultured for additional 12 h with media of distinct 

composition; (1) recombinant rat IFN-γ (50 ng/ml; Peprotech, Hamburg, Germany) plus LPS 

(100 ng/ml; Sigma-Aldrich, Munich, Germany), (2) recombinant rat IL-4 (20 ng/ml; 

Peprotech, Hamburg, Germany) to induce a particular M1- and M2-like phenotype, 

respectively.  

The RNeasy®Micro Kit (Qiagen, Hilden, Germany) was used according to the 

manufacturer's instructions. The RNA concentration was measured using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, MA, USA). cDNA was synthesized using the 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). 

qPCR analysis was performed using the StepOne™ Real-Time PCR System and appropriate 

TaqMan assay (Applied Biosystems; see table 1). The experiments were performed with 

cDNA from 400 ng total RNA and all primers were exon-spanning. The ΔΔCT method was 

used to determine differences in the expression between controls and drug-treated microglia 

exposed to M1/M2 stimuli. Changes in the mRNA expression levels were quantified against 

the housekeeping gene hypoxanthine-guanine phosphoribosyl-transferase (HPRT) 1 

compared with control. 

 

 



Manuscript II 

25 
 

Flow cytometry 

LPS (100 ng/ml; Sigma-Aldrich, Munich, Germany) stimulated microglia were cultured in the 

absence or presence of teriflunomide (0-5 µM) for 48 or 72 h. After incubation, cells were 

washed and harvested by 0.05 % Trypsin/EDTA treatment and collected in polystyrene tubes. 

After centrifugation (352 x g, 10 min) cells were resuspended in 100 µl of PBS, and 

subsequently incubated with the fluorescent labeled antibodies for 30 min on ice: APC-

conjugated anti-rat CD11b/c mAb (OX-42, 1:100), PE-conjugated anti-rat CD86 mAb (24F, 

1:100), or appropriate isotype control for anti-rat CD86 (mouse IgG1, κ, 1:100) (all from 

BioLegend, California, USA).  

After incubation, cells were washed, pelleted by centrifugation (352 x g, 10 min), and 

resuspended in 250 µl of PBS. Cells were immediately analyzed with FACSCalibur (Becton-

Dickinson, San Jose, CA, USA) and CellQuest software (BD Biosciences). Dead cells were 

excluded by propidium iodide staining. 

 

Western blot analysis 

For Western blot analysis microglia were treated with or without 5 µM teriflunomide for 12 h 

and then stimulated additionally with LPS/IFN-γ (100 ng/ml; Sigma-Aldrich, Munich, 

Germany; 50 ng/ml; Peprotech, Hamburg, Germany) for 0, 15, 30, or 60 min at 37°C. Cells 

were washed with cold PBS and lysed in RIPA buffer supplemented with 1 % protease and 

phosphatase inhibitor (Cell Signaling Technology; Roche). The protein content was measured 

using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). The lysate (30 µg of 

protein) was mixed with Laemmli buffer and boiled for 5 min at 95°C. After the NF-κB 

activation reaction, Western blot analysis was performed as described (Wostradowski et al. 

2015) using anti-total IκBα (1:1000, rabbit, Cell Signaling Technology) and β-actin (1:3000, 
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mouse, Santa Cruz Biotechnology) followed by horseradish peroxidase (HRP-) coupled goat 

anti-mouse or goat anti-rabbit secondary antibodies (Santa Cruz Biotechnology).  

Proteins were visualized by enhanced chemiluminescence (ECL, Pierce Biotechnology, 

Illinois, USA; Millipore, Massachusetts, USA) after treatment with the secondary antibody 

using the ChemoCam system (intas, Science Imaging Instruments GmbH, Göttingen, 

Germany) according to the manufacturer's instructions. Quantification of protein levels by 

densitometry was conducted on acquired images using LabImage 1D software (Kapelan Bio-

Imaging Solutions, Leipzig, Germany). 

 

Phagocytosis assay 

Phagocytic activity of microglia was determined by measuring the uptake of fluorescent latex 

beads on flow cytometry as previously described (Pul et al. 2013). After 24 h teriflunomide 

(± 12 h LPS; 100 ng/ml; Sigma-Aldrich, Munich, Germany) treatment, fluorescein 

isothiocyanate (FITC)-labeled latex beads (1 μm, Fluoresbrite™ Yellow Green carboxylate 

microspheres; Polysciences, Warrington, USA) were added at a cell:bead ratio of 1:100 and 

incubated for 1 h at 37°C. In parallel, cells incubated with beads on ice (4°C) served as 

negative controls. Non-phagocytosed and surface bound beads were removed by washing six 

times with ice-cold PBS. Adherent microglia were then harvested by 0.05 % Trypsin/EDTA 

treatment and the uptake of the beads was determined by flow cytometry (FACSCalibur; 

Becton-Dickinson, San Jose, CA, USA). Dead cells were excluded by propidium iodide 

staining.  

A shift in mean fluorescence intensity (MFI) resulting from uptake of fluorescent beads 

and the percentage of gated microglia that phagocytosed latex beads were used as a measure 

to assess phagocytosis. Active phagocytosis was then calculated by subtracting measured 

values of cells incubated at 4°C from the values obtained at 37°C. 
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Statistical analysis 

All experiments were performed at least four times and arithmetic means±standard error of 

the mean (SEM) were calculated using GraphPad Prism 5.0 software. Comparison of two 

samples was performed using a paired Student’s t test. Multiple samples were evaluated using 

ANOVA with Bonferroni’s multiple comparison t tests. P values <0.05 were considered 

statistically significant (*p<0.05, **p<0.01, ***p<0.001). 
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4.4. Results 

Regulation of DHODH-mRNA expression in microglia 

Previous reports have revealed that teriflunomide inhibit activation-induced proliferation of 

T cells by targeting DHODH, which is a crucial enzyme involved in de novo synthesis of 

pyrimidine nucleotides (Bruneau et al. 1998; Cherwinski et al. 1995). Therefore, we initially 

assessed if DHODH is induced in microglia upon activation. Following the stimulation of 

microglia with LPS/IFN-γ we studied the expression of DHODH-mRNA by RT-qPCR. 

Compared to medium treated control, we observed a significant upregulation (> 10-fold) of 

DHODH in LPS/IFN-γ-activated microglia (Fig. 1). Furthermore, we observed that 

pretreatment of microglia with teriflunomide prior to activation per se did not influence the 

mRNA expression, confirming that teriflunomide inhibition of DHODH might be at the 

protein level and not at the gene expression level. 

 

Fig. 1 Dihydroorotate dehydrogenase (DHODH) is upregulated in LPS/IFN-γ-stimulated microglia. 

Evaluation of DHODH-mRNA expression by RT-qPCR in primary rat microglia with and without 

teriflunomide pretreatment for 12 h following 12 h stimulation with 100 ng/ml LPS/ 50 ng/ml IFN-γ 

(black column), or medium (white column). For comparison of the untreated (0 µM) and teriflunomide 

treated samples (0.25-5 µM, n=5), a paired t test was used. P values <0.05 were considered significant. 
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Teriflunomide reduces proliferation of primary microglia 

It is known that teriflunomide inhibits active T cell proliferation, therefore we tested if the 

physiologically relevant doses (0-5 µM) chosen for this study were sufficient to inhibit T cell 

proliferation. For this purpose, CFSE-labeled CD4+ T cells isolated from the spleen of 

Sprague-dawley rats were stimulated on anti-CD3/anti-CD28 coated culture plates in the 

presence or absence of different concentrations of teriflunomide (0-5 µM) and CFSE dilution 

as an indication of proliferation was measured by flow cytometry. Even at a concentration as 

low as 0.25 µM teriflunomide significantly inhibited proliferation of T cells with a dose-

dependent effect with a maximum at 5 µM (Suppl. Fig. 1). Having confirmed that low doses 

of teriflunomide were sufficient to mediate anti-proliferative effects in the periphery, we next 

investigated microglial proliferation.  

We stimulated mixed glial cell cultures containing astrocytes, microglia and 

oligodendrocyte precursor cells with GM-CSF in the presence or absence of teriflunomide 

and assessed the proliferation and yield of microglia. While the cultures were treated with 

GM-CSF (5 ng/ml) and 0-5 µM teriflunomide on day 5, the controls received media changes 

only. The proliferation was determined after day 7 as described in the methods. We observed 

an increase in microglial proliferation in mixed glial cell cultures after treatment with 5 ng/ml 

GM-CSF (Fig. 2). We also detected a slight but significant reduction by 29.7 % ± 2.3 % 

(mean±SEM; P=0.0242) in the percentage of BrdU+CD11b/c+ glial cells in GM-CSF-treated 

cultures after the treatment with 5 μM teriflunomide (Fig. 2). Thus, higher concentrations of 

teriflunomide may have an anti-proliferative effect on GM-CSF-induced proliferation of 

microglia. 
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Fig. 2 Teriflunomide influence GM-CSF-mediated microglial proliferation in vitro. Microglia were 

treated without (control) or with GM-CSF (5 ng/ml) in mixed glial cell cultures for 48 h. Cultures 

were incubated with 10 µM BrdU for the last 16 h and dividing microglia then were visualized by 

labeling with a FITC-conjugated anti-BrdU antibody. For comparison of untreated and teriflunomide 

treated samples (n=4), a paired t test was used. P values <0.05 were considered significant. Asterisks 

denote a significant difference versus the indicated control (*P<0.05) 

 

Teriflunomide has no impact on microglial plasticity 

Similar to macrophages, microglia can be functionally classified into either pro-inflammatory 

(M1-like) or anti-inflammatory (M2-like) cells (Miron and Franklin 2014). We thus 

investigated the effect of teriflunomide on these functions. Primary rat microglia were driven 

into either M1- or M2-like cells by culturing them in medium containing either LPS/IFN-γ or 

IL-4, respectively.  

As demonstrated in figure 3, pro-inflammatory factors such as iNOS, IL-1β, and TNF-α 

were highly upregulated in microglia treated with LPS/IFN-γ and anti-inflammatory factors 

such as Arg1 and IGF-1 were significantly upregulated in IL-4-treated cells. Pretreatment of 

microglia with teriflunomide for 12 h prior to M1- and M2-like differentiation had no effect 

on the mRNA expression of any of the above mentioned pro- or anti-inflammatory genes 

except for a slight but significant increase in IL-10 expression in LPS/IFN-γ-treated microglia 
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pretreated with 5 µM teriflunomide. In summary, teriflunomide had no major impact on the 

plasticity of microglia to differentiate into various phenotypes. 

 

 

Fig. 3 Effect of teriflunomide on the expression of pro- or anti-inflammatory mediators and growth 

factors. Expression of selected (a) pro- and (b) anti-inflammatory mediators in microglia with or 

without 12 h pretreatment of teriflunomide (0-5 µM) following 12 h stimulation with 100 ng/ml LPS/ 

50 ng/ml IFN-γ (black column), 20 ng/ml IL-4 (grey column), or medium (white column). Data 

derived from 5 to 6 biological replicates are presented as mean±SEM. Results are presented as the 

fold-change normalized to the expression of the reference gene Hprt1 and were calculated relative to 

unstimulated and untreated cells. Statistical analysis was performed using repeated measures ANOVA 

followed by Bonferroni’s post hoc tests; P values <0.05 were considered significant. Asterisks denote 

a significant difference versus the stimulated and untreated control (0 µM teriflunomide; *P<0.05). 

 

Teriflunomide may downregulate LPS-induced CD86 expression 

Antigen-presenting properties of microglia are well appreciated. As an efficient APC, 

microglia present antigens and provide the crucial co-stimulatory signals required for the 

reactivation of infiltrating autoreactive T cells. Upon activation microglia upregulate co-

stimulatory molecules such as CD86 on their surface and we tested if teriflunomide interfered 

with this process. Following the treatment of microglia with LPS in the presence or absence 
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of teriflunomide for 48 h and 72 h, cell surface expression of the costimulatory molecule 

CD86 was determined by flow cytometry. As expected, CD86 expression was significantly 

increased in LPS-treated microglia. No significant effect of different concentrations of 

teriflunomide on CD86 expression was observed after 48 h treatment (Fig. 4a; c). However, 

expression of CD86 was slightly but significantly decreased on LPS-treated microglia 

cultured in the presence of 5 µM teriflunomide for 72 h (Fig. 4b; d). 

 

 

 

Fig. 4 Teriflunomide led to a decreased expression of CD86 in cultured microglia. Microglia cultures 

were treated with LPS (100 ng/ml) and different concentrations of teriflunomide (0-5 µM) for 48 or 

72 h. (a; b) The histograms represent the CD86 expression levels on the microglial surface (filled: 

unstimulated cells; solid line: LPS-treated cells; dotted line: LPS-treated cells with 5 µM 

teriflunomide).  

(c; d) The mean fluorescence intensities obtained were normalized to LPS-stimulated control (black 

column). For comparison of the untreated and teriflunomide treated samples (n=4-5), a paired t test 

was used. P values <0.05 were considered significant. Asterisks denote a significant difference versus 

the LPS-stimulated control (*P<0.05). 
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Teriflunomide does not inhibit NF-κB activation  

NF-κB is an important transcription factor which regulates the expression of pro-

inflammatory genes and is an ideal target for immunomodulatory and anti-inflammatory 

therapies. Previous studies have shown that 5-10 µM of leflunomide completely blocked NF-

κB activation in T cells, myeloid, and epithelial cells (Manna and Aggarwal 1999). 

We therefore investigated whether teriflunomide displayed similar inhibitory effects on 

NF-κB activation in primary microglia. NF-κB is found as a complex with IκBα in the 

cytoplasm of resting cells. Upon activation IκBα is phosphorylated and subsequently 

degraded to release NF-κB for nuclear translocation (Baldwin 1996; May and Ghosh 1998; 

Verma et al. 1995). Hence, we followed the kinetics of IκBα degradation, as a measure of NF-

κB activation, in response to LPS/IFN-γ in microglia pretreated with 5 µM teriflunomide for 

12 h. Cell lysates were probed for IκBα at 0, 15, 30, and 60 min post LPS/IFN-γ treatment in 

western blot analysis. As demonstrated in figure 5a, IκBα degradation was evident within 

15 min of LPS/IFN-γ treatment.  

 

Fig. 5 No effect of teriflunomide on NF-

κB signaling pathway. (a) Western blot 

analysis of teriflunomide pretreated 

microglia stimulated with LPS/IFN-γ 

(100 ng/ml; 50 ng/ml) for the indicated 

times using IκBα antibody; β-actin was 

used as loading control. (b) Summary of 

four independent experiments as in (a) 

normalized to β-actin and expressed as 

mean±SEM. Data were analyzed by one-

way ANOVA with Bonferroni’s multiple 

comparison t test compared to the  

                                                                                               LPS/IFN-γ control. Significant effects  

                                                                                               are indicated by asterisks (***P<0.001). 
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However, IκBα degradation was unaffected by teriflunomide treatment suggesting that 

teriflunomide had no impact on this regulation in activated microglia (Fig. 5b). 

 

Phagocytic activity of microglia is unaffected by teriflunomide 

Phagocytosis is one of the major functions of microglia. Microglia treated with or without 

LPS were incubated with different concentrations (0-5 µM) of teriflunomide for 24 h. 

Subsequently, uptake of latex beads by microglia was measured by flow cytometry. As shown 

in Figure 6, teriflunomide did not change the phagocytic activity of both untreated and LPS-

treated microglia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Phagocytic activity of microglia does not change after treatment with teriflunomide. Flow 

cytometric histograms of unstimulated (a) and LPS-treated (b) microglia represent the mean 

fluorescence intensity which displays the amount of incorporated fluorescent latex beads (filled: 4°C 

control; solid line: cells without teriflunomide; dotted line: cells with 5 µM teriflunomide). (c; d) Data 

are expressed as ratio of untreated microglia in relation to teriflunomide treated microglia. All data are 

given as mean±SEM of four independent experiments. For comparison to medium control a one-way 

ANOVA with Bonferroni’s multiple comparison t tests was used. 
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4.5. Discussion 

In 2012 teriflunomide is approved for the treatment of relapsing-remitting multiple sclerosis 

(RRMS) (Genzyme Corporation, 2012). The main mechanism of action of teriflunomide is 

thought to be the selective inhibition of the proliferation of activated T and B lymphocytes. 

This effect is achieved by blocking the enzyme DHODH which is involved in de novo 

pyrimidine synthesis. Among others teriflunomide regulates important immune cell functions, 

for example teriflunomide treatment decreased release of pro-inflammatory cytokines in 

human macrophages or peripheral blood lymphocytes such as IL-6, IL-17 and TNF-α 

(González-Alvaro et al. 2009; Li et al. 2013; Montagna et al. 2010). Although the inhibition 

of the DHODH is mediated at nanomolar concentrations of teriflunomide (Fox et al. 1999), it 

is noteworthy that most of the DHODH-independent effects such as suppression of TNF-α 

was observed when very high concentrations of teriflunomide was used (Xu et al. 1995; Xu et 

al. 1996). This is relevant considering the fact that peripheral immune cells are indeed 

exposed to high concentrations of teriflunomide (> 50 µM). However, the pharmacokinetic 

studies have revealed that only 1 % of serum concentrations might reach the CNS owing to 

low permeability of teriflunomide. It is possible that resident cells such as microglia may be 

exposed to a concentration of 0.2-0.6 mg/l in vivo, a concentration equivalent to 

approximately 1-3 µM. 

In order to evaluate potential further mechanisms of action of the immunomodulatory 

drug teriflunomide we investigated its effects on microglia in a dose range of 0.25-5 µM that 

can be reached in the CNS by oral administration. We could confirm the inhibitory effects of 

teriflunomide on T cell proliferation with the lower doses chosen for this study (Suppl. Fig. 1). 

Since microglia upregulate DHODH upon stimulation (Fig. 1) we think that this mechanism is 

also responsible for the inhibition of microglial proliferation by teriflunomide (Fig. 2). 

However, this effect was only significant at the highest concentration used (5 µM) and was 
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thus less prominent than in T cells. Other microglial functions like expression of co-

stimulatory molecules upon activation were similarly only modulated by teriflunomide at the 

highest concentration used or teriflunomide had no effect on the expression of pro-

inflammatory cytokines, the expression of NF-κB, or on phagocytosis. Thus, by and large 

only the higher concentrations of teriflunomide that microglia may be exposed to in vivo in 

the CNS have an effect on proliferation. However, these concentrations are not sufficient to 

modulate further microglial functions.  

Teriflunomide shows much promise in modulating immune cell function in the 

periphery; however it would be desirable to understand its effect on highly immunoreactive 

cell types such as microglia in the CNS. So far, there is only a limited knowledge on how 

teriflunomide influence the phenotype and function of microglia. Microglia characteristically 

undergoes rapid proliferation in response to an inflammatory insult in the CNS (Skripuletz et 

al. 2015). Interestingly, we observed that microglia upregulated DHODH upon activation. 

Therefore we expected similar inhibitory effects of teriflunomide on microglial proliferation.  

From our own experience and from published reports, we know that microglia undergo 

rapid proliferation from day 4-5 of mixed glial cell cultures and this process is further 

enhanced by addition of growth factors such as GM-CSF (Esen and Kielian 2007; Koshida et 

al. 2015). Therefore we employed the strategy of treating the mixed glial cultures directly 

with teriflunomide and observed that teriflunomide treatment significantly lowered the yield 

of microglia from the GM-CSF-treated cultures. This effect was not due to cytotoxicity as we 

could not detect microglial cell death even when exposed to teriflunomide (Suppl. Fig. 2). 

Furthermore, decreased frequency of BrdU+ microglia is indicative of decreased proliferation. 

It is unclear at this moment if this effect is mediated via DHODH inhibition; we only could 

speculate it be a DHODH-independent effect as proliferation of microglia in mixed glial cell 

cultures devoid of GM-CSF is similarly affected by teriflunomide treatment.  
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Infiltrating T cells can mediate the CNS damage either by directly targeting neurons or 

by triggering inflammatory response in microglia. Similar to macrophages, microglia 

depending on their surrounding milieu can also attain a pro-inflammatory (M1-like) or an 

anti-inflammatory (M2-1ike) phenotype (Prajeeth et al. 2014). 

Apart from anti-proliferative effects, reports suggest that teriflunomide has significant 

influence on the inflammatory response of various immune cells. For example, Cutolo et. al. 

showed that leflunomide, the prodrug of teriflunomide, in a dose-dependent manner exhibits 

anti-inflammatory effects on cultured synovial macrophages from patients with rheumatoid 

arthritis (Cutolo et al. 2003). This led us to study if teriflunomide had similar effects on the 

M1- and M2- phenotype of microglia. However, no significant effects of teriflunomide were 

detectable on the mRNA expression of pro-inflammatory mediators in M1-microglia. 

Similarly, NF-κB pathway that regulates the expression of pro-inflammatory cytokines was 

also unaffected in teriflunomide treated microglia. This is contrasting to what has been found 

in human T cell line where 5-10 µM of leflunomide was shown to block TNF-α-induce NF-

κB activation (Manna and Aggarwal 1999; Manna et al. 2000). 

Interestingly, at 5 µM of teriflunomide we found slight but significant enhancement in 

the mRNA expression of the anti-inflammatory cytokine IL-10 in microglia exposed to 

LPS/IFN-γ. This is in accordance with the findings of Korn et. al. who observed similar 

increase in IL-10 expression in LPS-treated microglia that was exposed to teriflunomide 

(Korn et al. 2004). Unlike their findings, we observed decreased expression of co-stimulatory 

molecule CD86 on LPS-treated microglia that was exposed to 5 µM of teriflunomide. At this 

point we do not have a clear explanation for this contrasting result. It might be dose-related, 

as their study used a higher dose (30 µM) of teriflunomide. Taken together, we believe that 

low concentrations of teriflunomide might not have significant effects on pro-inflammatory 

properties of microglia, but might enhance their anti-inflammatory effects.  
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Phagocytosis is one hallmark of activated microglia. In the past, it has been 

demonstrated the importance of microglia in clearance of myelin debris and subsequent repair 

processes (Kotter et al. 2001; Skripuletz et al. 2013). Here, we did not observe any enhancing 

or suppressive effects of teriflunomide on phagocytosis by either resting or LPS-activated 

microglia.  

In conclusion, we provide evidence for a possible additional effect of teriflunomide in 

the CNS that may be of importance in the treatment of neuroinflammatory CNS diseases and 

in particular in MS. Further in vivo studies are required to substantiate this effect. 
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4.7. Supplementary material 

 

 

Supplemental Fig. 1 Teriflunomide inhibits rat T cell proliferation. Single cell suspensions from 

spleens of adult Sprague-Dawley rats (Crl:CD) were prepared in complete IMDM medium. Freshly 

isolated rat CD4+ T cells were labeled with 2.5 μM CFSE, stimulated with plate-bound anti-

CD3/CD28 mAb and treated with different concentrations of teriflunomide (0-5 μM) for 65-72 h. 

Control presents unstimulated CFSE-labeled cells. (a) Total number of T cells as shown in histograms 

for 0.5 µM teriflunomide was determined by flow cytometry. (b) For comparison of proliferation the 

number of proliferating T cells (n=4) and one-way ANOVA with Bonferroni’s multiple comparison t 

test were used. Significant effects are indicated by asterisks (***P<0.001). 
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Supplemental Fig. 2 Teriflunomide does not affect cell viability of microglia. To investigate possible 

cytotoxic effects of the drug in the concentrations used in this study we employed the Alamar blue cell 

viability assay (Invitrogen, Darmstadt, Germany), which measures the oxidation status of the cells 

without affecting the function of the electron transport chain. Cells were treated with teriflunomide 

(stock: 10 mM; solved in DMSO; 0-5 μM) for 24 h, 48 h or 72 h. The medium was completely 

changed and replaced with 100 µl cell culture medium supplied with 10 % Alamar blue solution and 

cells were further incubated for 4 h. Fluorescence intensity of Alamar blue was measured at 570 nm 

with a microplate reader (Tecan Sunrise, Crailsheim, Germany). Duplicate measurements were 

averaged in four independent experiments. Data are normalized to untreated control (black column), 

presented as mean±SEM and compared to the untreated control. 
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5. Comprehensive discussion 

This thesis highlights the effects of two current disease-modifying therapies for MS, IFN-β 

and teriflunomide, on T cells and microglia, respectively. In the first part we used T cells 

isolated from healthy individuals and MS patients and demonstrated how IFN- blocks 

CXCR4/CXCL12-mediated T cell migration. In the second part, using primary rat microglia, 

we studied the effects of oral immunomodulator teriflunomide and could demonstrate a 

possible effect on microglia. 

The pathogenesis of neuroinflammatory disorders like MS is oversimplified as a disease 

caused by autoreactive immune cells infiltrating into the CNS from the periphery. However, 

MS is a complex disease triggered and propagated by still poorly understood processes. This 

involves a cascade of events starting from priming of autoreactive immune cells, their 

migration towards the CNS, BBB disruption, interaction with resident glial cells, and finally 

culminating into destructive neuroinflammation (WEINER 2004; COMPSTON u. COLES 

2008; DENDROU et al. 2015). Several lines of disease-modifying therapies have aimed to 

modulate the immune response by interfering with priming survival, proliferation or 

migration of autoreactive lymphocytes while mostly ignoring events occurring in the CNS 

(MCFARLAND u. MARTIN 2007; ZIEMSSEN et al. 2015). On top of that, apart from the 

major modes of action, many mechanisms of drugs effective in MS treatment are still 

unknown. Therefore the findings of this thesis are highly relevant as we address how the 

commonly used drug IFN-β affects the migration of T cells and how a physiologically 

relevant concentration of teriflunomide could influence the properties of microglia which are 

highly immunoreactive cells in the CNS. These findings are discussed in detail in the 

following sections. 



Comprehensive discussion 

46 
 

5.1. Effect of interferon-β1b on CXCL12-mediated T lymphocyte migration 

In the first study we analyzed a possible mechanism by which IFN-β1b could control 

leukocyte migration into the CNS besides the already described modes of action (GRABER et 

al. 2005; DHIB-JALBUT u. MARKS 2010). 

Immunomodulatory treatment with IFN-β has a beneficial effect on the course of MS by 

reducing the number of relapses and brain lesions and limiting progression of disability in 

relapsing-remitting MS patients (GOODIN et al. 2002). In particular, the number of 

gadolinium-enhancing lesions, the radiological sign for disruption of the BBB, is reduced by 

85-90 % within a month of starting IFN-β therapy (KATZ et al. 1993; STONE et al. 1997), 

indicating a powerful effect on leukocyte transmigration into the CNS. Very little IFN-β 

crosses the BBB, therefore primary effects of recombinant IFN-β have to influence the 

systemic immune system and/or the BBB (NOSEWORTHY et al. 2000).  

One of the presumed modes of action of IFN-β1b involves stabilization of the BBB and 

restriction of inflammatory cell migration into the CNS. IFN-β can alter the expression of 

molecules involved in cell trafficking across the BBB (DHIB-JALBUT u. MARKS 2010). It 

is important to mention that the recruitment of autoreactive T lymphocytes into the brain or 

spinal cord is mediated by the interaction between chemokine receptor and its ligands 

(BERGHMANS et al. 2012; MATSUSHITA et al. 2013). 

The involvement of chemokines or its receptor in the regulation of the immune response 

is crucial in MS pathogenesis, hence, targeting particular chemokines or chemokine receptors 

might be an effective treatment (CHENG u. CHEN 2014). Dhib-Jalbut et al. already 

demonstrated that IFN-β treatment is effective in reducing the expression of chemokine 

receptors such as CXCR3 or CCR4 (DHIB-JALBUT et al. 2013). Changes in expression of 

these receptors in the CSF of MS patients are thought to represent the anti-inflammatory 

effect of IFN-β. An important role of IFN-β on CXCL12/CXCR4 chemokine/chemokine 
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receptor function has been provided by a study on primary human mononuclear cells by Tran 

and colleagues where they incubated among other cells primary human monocytes with IFN-

β1b for 20 h and found decreased CXCL12-mediated migration in vitro (TRAN et al. 2010). 

However, CXCR4 surface expression was unaltered. They proposed that IFN-β could have 

induced an upregulation of a negative regulator of G-protein signaling (RGS1) in 

lymphocytes. 

Based on the report that IFN-β alters CXCR4-mediated monocyte migration, we 

hypothesized that the same could be true for T cells. To address this hypothesis, we used ex 

vivo and in vitro approaches to determine whether IFN-β1b influenced the CXCL12-mediated 

migration by primary human T cells, and to determine differences in CXCR4 expression in 

MS patients to healthy controls. 

The primary finding of our study was that human T cells from healthy controls, 

untreated MS, or IFN-β1b-treated MS patients incubated in vitro with IFN-β1b for 20 h 

exhibited a reduced migration capacity to CXCL12. A short exposure to IFN-β1b for 1 h was 

not able to decrease CXCL12-mediated migration, which let us assume a regulation on the 

transcriptional level. Therefore, we investigated the role of IFN-β1b on RGS1 expression in 

highly purified T cells. We confirmed an early upregulation of RGS1 expression by IFN-β1b. 

This finding was consistent with the previously mentioned study. In line with these data, 

induction of RGS protein (RGS2) expression in PBMCs after 72 h IFN-β1a treatment was 

reported (GIORELLI et al. 2002). In contrast to Tran et. al., where RGS1 was upregulated 

after 20 h of IFN-β stimulation (TRAN et al. 2010), our data demonstrated a strongly induced 

RGS1 expression already after 1 h of IFN-β1b treatment. This led us to assume that RGS1 

regulation might not be responsible for the effect on CXCR4-dependent migration as no 

differences were observed in the migratory capacity at this time-point. It has to be noted that 
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IFN-β regulation of RGS1 alone may not be sufficient to regulate the full extent of CXCL12-

dependent migration via its receptor CXCR4.  

Both CXCR4 activation and IFN-β signaling have been shown to mediate downstream 

MAPK and AKT activity (TILTON et al. 2000; PLATANIAS 2005). CXCL12 signaling via 

CXCR4 in T lymphocytes utilizes also the tyrosine kinase ZAP70 to stimulate prolonged 

ERK activation in T lymphocytes (KREMER et al. 2003). For this reason, we examined the 

intracellular signaling cascade downstream of CXCL12/CXCR4 activation, specifically the 

effects on MAPK, AKT and ZAP70. Certainly, CXCR4 signaling might be mandatory for 

CXCR4/CXCL12-mediated migration, but we found no effect of IFN-β1b on CXCR4 

signaling or common proximal signaling intermediates shared with the type I IFN receptor 

(IFNAR1/2) pathways in T cells. In summary, we found no differences in the phosphorylation 

of AKT, ERK1/2 or ZAP70 with or without IFN-β treatment. Another possibility for reduced 

migration could be mediated through CXCR7, an additional receptor for CXCL12, which 

functions to scavenge the chemokine and heterodimerizes with CXCR4 in order to regulate 

CXCR4 signaling independently of G-protein coupling (LEVOYE et al. 2009; NAUMANN et 

al. 2010). However, CXCR7 might not play a role in the CXCR4/CXCL12 signaling network 

as only very small amounts of CXCR7 are expressed on the surface of T cells (HARTMANN 

et al. 2008; BERAHOVICH et al. 2010). 

The role of CXCR4 and CXCL12 as inflammatory mediators in the CNS is still not well 

understood (DURRANT et al. 2014). In addition to the regulation of migration of CXCR4-

expressing leukocytes into the CNS, CXCR4 is a co-receptor for HIV infection. Regulation of 

CXCR4 surface expression by type I IFNs might be a part of anti-viral defense mechanism. A 

previous study has demonstrated that IFN-α significantly downregulated CXCR4 gene 

expression in human PBMCs (SHIRAZI u. PITHA 1998). 
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We found that IFN-β downregulated the CXCR4 surface expression in T cells of 

healthy individuals after 24 h treatment. The reduction of CXCR4-mRNA suggests, at least in 

part, a transcriptional mechanism of this IFN-β effect. Our findings are in line with results 

from Wandiger et al., who performed a gene expression analysis of IFN-β-treated PBMCs 

from healthy volunteers and found that IFN-β repressed CXCR4 expression (WANDINGER 

et al. 2001). Of note, a shorter IFN-β exposure of 6 h was more effective than a 24 h exposure 

to reduce CXCR4-mRNA levels, suggesting endogenous feedback mechanisms, either at the 

level of the IFNAR and downstream signaling or at the level of CXCR4 transcription and 

mRNA stability. 

In contrast to our in vitro data, intraindividual comparison of gene expression in 

PBMCs from RRMS patients before and after 2 years of IFN-β therapy (IFN-β1a) showed 

increased CXCR4-mRNA in IFN-β-treated patients (HONG et al. 2004). Interestingly, we 

observed that MS patients without any DMT had a lower surface expression of CXCR4 than 

healthy individuals and patients on IFN-β1b therapy, suggesting that IFN- normalizes the 

expression of CXCR4 on T cells. In order to study the effect of IFN-β1b, it is important to 

include other peripheral blood mononuclear cells such as B cells or monocytes on which IFN-

β1b could have also an effect and an environment that reflects the in vivo situation more so 

than in vitro cultures (SCHREINER et al. 2004; KASPER u. REDER 2014). We argue that 

the differences between the in vitro and in vivo results might be due to effects mediated by 

factors released by other cells in the periphery and/or to dose-dependent effects. 

The IFN-β concentration used for cell stimulation in culture media was above the 

pharmacological dose. IFN-β doses of 100 or 250 U/ml are known to be reached in humans 

(KHAN et al. 1996), while 1000-1500 U/ml were used in most in vitro studies (GIORELLI et 

al. 2002; HEINE et al. 2006; TRAN et al. 2010). In our experiments the inhibition of 

CXCL12-dependent T cell migration was time- and IFN-β dose-dependent. The short term 
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pretreatment with IFN β-1b for 1 h did not result in any reduction of migration and no 

significant reduction of migration was observed with 100 U/ml or 250 U/ml after 20 h IFN-β 

pretreatment. Based on this; we chose the relevant IFN-β dose from 1000 U/ml for the 

functional response - migration. However, having identified reduced CXCR4 expression as a 

potential mechanism for the effect of IFN-β, we performed a dose-response curve for the 

reduction of CXCR4-mRNA. This exploratory experiment with four samples was not robust 

enough to test for significant effects of lower doses (100, 250 and 500 U/ml). However, our 

data suggest a reduction of CXCR4-mRNA already at a dose of 100 U/ml IFN-β with a 

magnitude similar to the 1000 U/ml IFN-β dose. We hypothesize that in vitro lower doses of 

IFN-β might trigger some, but not all of the relevant signaling events to inhibit 

CXCR4/CXCL12-induced migration.  

CXCR4 expression levels are one determinant for the migratory response, but the 

threshold for CXCR4 signaling is adjusted by signaling crosstalk with other receptors such as 

the T cell receptor (NGAI et al. 2009). In vivo, additional factors triggered by IFN-β, such as 

increased brain-derived neurotrophic factor (BDNF) expression (LINDQUIST et al. 2011) 

together with its effect on CXCR4-mRNA expression could lead to a functionally relevant 

effect in RRMS patients. Further studies are needed to determine the functional significance 

of these findings. An ideal approach to study the detailed effects of IFN-β on CXCR4 receptor 

will be a longitudinal analysis of individual patients with MS before and until established 

IFN-β1b therapy. This would uncover potential adaptive changes after prolonged IFN-β1b 

treatment. 

Our results clearly demonstrate that IFN-β1b can impair the functional response to 

CXCR4 by downregulating its expression in vitro, but also points to the complex in vivo 

effects of IFN-β1b therapy and complexity of the chemokine system. The potential of IFN-β 

to modulate CXCR4 expression could be of great interest for devising strategies to combine 
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immunomodulatory treatments in MS patients. Better characterization of molecular pathways 

regulated by IFN- might be helpful for identification of new drug targets for add-on 

therapies to improve IFN-β efficacy and to distinguish responders from non-responders. 

5.2. Effect of teriflunomide on microglial proliferation and activation 

In the second study we explored the effects of teriflunomide on proliferation and activation of 

microglia, the primary immune cells in the CNS. 

In 2012 teriflunomide has been approved for the treatment of RRMS (Genzyme 

Corporation, 2012). The main effect of teriflunomide is reported to be anti-proliferative 

achieved by blocking the enzyme DHODH which is involved in de novo pyrimidine synthesis 

and hence, limiting the number of activated immune cells infiltrating into the CNS (DI 

NUZZO et al. 2014). 

Several studies have been published on the effects of teriflunomide on T cells, B cells, 

and macrophages (WILLIAMSON et al. 1995; DAVIS et al. 1996). Pharmacokinetic studies 

demonstrated that a small percentage of teriflunomide crosses the BBB and reaches the CNS. 

Hence, it is possible that it may affect the CNS resident cells. However, very few data suggest 

direct effects of teriflunomide on neurons and other resident cells in the CNS. For example, it 

was shown that teriflunomide causes a significant dose-dependent decrease of NO production 

in LPS/IFN-γ-stimulated primary rat astrocytes (MILJKOVIC et al. 2001). Furthermore, there 

is proof that teriflunomide modulates microglial activation by causing increased secretion of 

IL-10 by microglia (KORN et al. 2004). Our main focus was therefore to evaluate effects of 

teriflunomide on primary rat microglia. 

As explained in the introduction (section 1.5) concentrations of  approximately 1-3 µM 

of teriflunomide may reach the CNS and therefore the choice of the doses from 0.25-5 µM 

was to mimic the situation in vivo where microglia might be exposed to similar doses 

(LIMSAKUN u. MENGUY-VACHERON 2010). As a proof of principle, we could 
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demonstrate that these concentrations of teriflunomide inhibited proliferation of activated rat 

T cells in vitro. 

Microglial proliferation is one of the hallmarks of neuroinflammation. In in vitro mixed 

glial cultures, microglial expansion commences starting from day 4-5 of culture and this 

process is further enhanced by addition of cytokines such as GM-CSF. Furthermore, several 

lines of evidence suggest that GM-CSF is a crucial effector cytokine in the CNS that can 

mediate neuroinflammation (ESEN u. KIELIAN 2007; KOSHIDA et al. 2015). Therefore we 

investigated proliferation of microglia in GM-CSF-treated mixed glial cultures (day 5) 

subjected to teriflunomide treatment. Notably, microglia cultured with GM-CSF grew rapidly 

compared to medium alone. Interestingly, we observed a decreased yield of microglia from 

GM-CSF-treated cultures co-treated with teriflunomide. We could confirm that this effect was 

not due to cytotoxicity but rather due to reduced proliferation of microglia. 

Since we observed enhanced expression of DHODH-mRNA in microglia in response to 

LPS/IFN-γ treatment we speculate that the anti-proliferative effect of teriflunomide on 

activated microglia might be DHODH-dependent. However, at this moment a direct evidence 

to support this is lacking. It could well be that teriflunomide also inhibits microglial 

proliferation in a DHODH-independent manner as we observed similar reduction in 

proliferation of microglia in normal mixed glial cultures, post teriflunomide treatment. 

Furthermore, we investigated whether teriflunomide has additional immunomodulatory 

or suppressive effects on microglia that might explain its beneficial influence on disease 

activity in MS. 

Phagocytosis is one hallmark of activated microglia. In experimental demyelinating 

diseases it was shown that recruitment of microglia to clear myelin debris by phagocytosis is 

an essential process for subsequent repair mechanisms (KOTTER et al. 2001; SKRIPULETZ 

et al. 2013). However, as it was shown that “hyperactivated” microglia tackle viable neurons 
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during inflammation, others suggested detrimental effects of microglial phagocytosis 

(BLOCK u. HONG 2005; BROWN u. NEHER 2012). Here, neither resting nor LPS-activated 

microglia showed changed phagocytic activity after teriflunomide treatment.  

Interestingly, at the highest concentration of teriflunomide (5 μM) the mRNA 

expression of the anti-inflammatory factor IL-10 was increased in LPS-treated microglia, 

suggesting that teriflunomide may have an anti-inflammatory effect on microglia. Partly, our 

findings are in line with results from Korn et al., who showed that teriflunomide triggers 

cultured rat microglia to enhance IL-10 release (KORN et al. 2004). In the same study, it has 

been reported that teriflunomide increases the expression of the co-stimulatory molecule 

CD86 (KORN et al. 2004) which has been associated with the induction of T cell proliferation 

and activation (BECHMANN et al. 2001). However, we observed an opposite effect of 

teriflunomide on CD86 expression with a slight but significant decrease in CD86 expression 

in LPS-activated microglia following 72 h teriflunomide treatment. A clear explanation for 

this contrasting finding is lacking and could be attributed to difference in teriflunomide doses 

or differences in the mixed glial cell culture and microglia isolation protocols. Although the 

effects we observed here were only small, it hints at the potential of teriflunomide in 

conferring an anti-inflammatory phenotype to microglia. Nevertheless, no significant effects 

of teriflunomide were observed on the mRNA expression of pro-inflammatory mediators such 

as iNOS and TNF-α in LPS/IFN-γ-treated microglia. This is contrasting to the reports 

showing that low concentrations of teriflunomide might exert pro-inflammatory effects by 

increasing production of pro-inflammatory factors (e.g. TNF-α, IL-1β) in peripheral 

monocytes and cultured macrophages from synovial fluid of rheumatoid arthritis (RA) 

patients (CUTOLO et al. 2003; POPA L et al. 2010). 
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NF-κB, a key mediator in the pro-inflammatory response, is induced in macrophages 

and microglia in response to various external stimuli (e.g. LPS) (BALDWIN 1996). Several 

drugs are known to target NF-κB activation (EPINAT u. GILMORE 1999; MC GUIRE et al. 

2013). Some of the existing MS therapies have been linked to altered NF-κB activation both 

by acting locally in the CNS and by interfering with peripheral immune activation. For 

example, responsiveness of MS patients to IFN-β was linked to NF-κB activation in 

monocytes and granulocytes (ZULA et al. 2011). Also, laquinimod, an oral 

immunomodulatory drug that in Phase III trials was demonstrated to be effective in patients 

with relapsing-remitting MS (BRUCK u. ZAMVIL 2012; COMI et al. 2012) has been shown 

in the model of cuprizone-induced demyelination to act through inhibition of NF-κB 

activation in astrocytes (BRUCK et al. 2012). In our experiments NF-B activation in 

response to LPS-treatment was unaffected in microglia following teriflunomide treatment. 

As mentioned before the inhibition of the DHODH is mediated at nanomolar 

concentrations of teriflunomide (FOX et al. 1999), DHODH-independent effects such as 

inhibition of protein tyrosine kinases and NF-κB activation are achieved only at higher (µM) 

concentrations in vitro (XU et al. 1995; XU et al. 1996). Interestingly, in previous studies it 

was shown that teriflunomide inhibited the TNF-induced NF-κB activation in a human T cell 

line with maximum inhibition at 5-10 µM (MANNA u. AGGARWAL 1999; MANNA et al. 

2000). In contrast, Zeyda and colleagues found that much higher concentrations of 

teriflunomide (200 µM) failed to inhibit critical early T cell signaling events in human 

peripheral blood T cells, including phosphorylation of ERK1/2 and activation of NF-κB via 

degradation of IκBα (ZEYDA et al. 2005). Therefore, it is likely that the effects of 

teriflunomide could underlie a different dose-dependent responsiveness and furthermore 

could be different in cell lines in comparison to primary cells as used in our investigations. 
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Taken together, we provide evidence for potential anti-proliferative mode of action of 

teriflunomide on microglia, in addition to its proposed action to inhibit proliferation of 

activated T and B cells in the periphery. Thus teriflunomide may target also microglia in 

neuroinflammatory diseases, including MS. 

5.3. Conclusion 

The aim of this thesis was to investigate the effects of disease-modifying therapies on primary 

immune cells to gain knowledge on the mechanism of action. 

Our findings demonstrate that in vitro application of recombinant IFN-β1b reduces 

CXCL12/CXCR4-mediated migration of primary human T cells from healthy individuals and 

RRMS patients. It was clearly indicated that IFN-β1b can impair the functional T cell 

response to CXCR4 by downregulating its expression in human primary T cells. However, it 

is still not clear whether our findings are relevant in MS patients and whether CXCR4 has a 

unique function in the treatment with IFN-β1b. Second, our data suggest that teriflunomide 

might also act by inhibiting the proliferation of microglia in the CNS.  

We believe the current findings are highly relevant for the understanding of the mode of 

action of drugs used in the treatment of MS. 
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6. Summary 

Tanja Wostradowski 

Deciphering the mode of action of drugs used in the treatment of multiple sclerosis 

Multiple sclerosis (MS) is an inflammatory, demyelinating, and neurodegenerative disease of 

the central nervous system (CNS). A key event of its pathology is the infiltration of activated 

leukocytes into the CNS. 

Interferon (IFN)-β1b is licensed for the treatment of relapsing forms of MS to reduce the 

frequency of clinical exacerbations. The effect of IFN-β is thought to be mediated by the 

modulation of immune cells including an effect on leukocyte infiltration of the CNS. The 

chemokine CXCL12 and its receptor CXCR4 are involved in this process of transmigration 

into the CNS. Although IFN-β has been shown to decrease CXCL12-induced cell migration in 

PBMCs, it is not clear whether IFN-β plays a role in CXCL12-induced migration of T cells. 

Inhibition of CXCR4-dependent leukocyte migration could be one of the mechanisms of 

immunomodulation by IFN-β1b. T cells have been shown to express the type I IFN receptor 

complex (IFNAR1/2) that is necessary for IFN signaling. Our objective was to investigate a 

crosstalk of key elements in IFN-β and CXCR4 signaling cascade and functional CXCL12-

dependent response in T cells after in vitro IFN-β treatment, and to determine differences in 

CXCR4 expression and function in MS patients compared to healthy controls. 

We could demonstrate that IFN-β1b (1000 U/ml) reduced CXCL12-dependent 

migration of primary human T cells from healthy individuals and RRMS patients in vitro. 

IFN-β1b pretreatment did not lead to a reduction of either ERK1/2 or AKT phosphorylation. 

However, CXCR4 surface expression was reduced after 24 h of IFN-β1b pretreatment as 

measured by flow cytometry. Quantitative real time-PCR revealed a similar reduction in 

CXCR4-mRNA. The IFN-β1b induced reduction in migration and CXCR4 expression might 

not mediated by early intracellular signaling events downstream of CXCR4 activation 
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induced by CXCL12. The requirement of several hours’ exposure to IFN-β1b supports a 

transcriptional regulation. Interestingly, T cells of MS patients showed a lower CXCR4 

expression than healthy individuals in vivo, which was not further reduced in patients under 

IFN-β1b therapy.  

A main characteristic of neuroinflammatory diseases such as MS is microglial 

proliferation and activation. The role of microglia in MS pathogenesis is highly debatable 

since both beneficial as well as detrimental functions have been proposed. To gain insights on 

effects of teriflunomide on microglial activation and proliferation, in vitro experiments with 

rodent microglial cultures were performed.  

We analyzed whether teriflunomide influences cellular reactions and immune function 

of microglia by treatment with physiologically relevant concentrations (0-5 µM). Besides 

investigations on proliferation of microglia we examined the polarization of microglia into a 

pro-inflammatory (M1-like) and anti-inflammatory (M2-like) phenotype under the treatment 

of teriflunomide. For the proliferation assay, mixed glial cell cultures were stimulated by 

different concentrations of teriflunomide together with GM-CSF. Here, we concluded that 

teriflunomide exerted significant inhibition of microglial proliferation in mixed glial cultures 

activated with GM-CSF. Only treatment with 5 µM teriflunomide slightly increased 

expression of the anti-inflammatory cytokine IL-10 from activated microglia. In addition, we 

found that teriflunomide leads to significantly decreased expression of co-stimulatory 

molecule CD86 in LPS-activated microglia; however, teriflunomide did not modulate pro-

inflammatory phenotype of primary rat microglia. Furthermore, we observed no influence of 

teriflunomide on the phagocytic activity of unstimulated or LPS-activated microglia. 

Taken together, a better characterization of molecular pathways of either IFN-β or 

teriflunomide might help to identify new drug targets for an add-on therapy to improve the 

efficacy of a MS therapy or differentiate between treatment responder from non-responder. 
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7. Zusammenfassung 

Tanja Wostradowski 

Aufklärung der Wirkungsweise verschiedener Therapeutika zur Behandlung der 

Multiplen Sklerose 

Die Multiple Sklerose (MS) ist eine chronisch-entzündliche Autoimmunerkrankung des 

zentralen Nervensystems (ZNS), die überwiegend durch eine T-Zell vermittelte 

Autoimmunreaktion gegen Myelinantigene hervorgerufen wird. Entsprechend den 

Erkenntnissen aus experimentellen Modellen, geht man davon aus, dass es bei der MS zu 

einer Aktivierung autoreaktiver T-Zellen und einem Funktionsverlust der Blut-Hirnschranke 

kommt. Dies führt zur Infiltration, lokalen Reaktivierung und Proliferation verschiedener 

Immunzellen, die eine lokale Entzündungskaskade initiieren können. Kennzeichen der MS 

sind folglich Inflammation, Demyelinisierung und axonale Pathologien, die sich in 

vielfältigen neurologischen Defiziten widerspiegeln. Obwohl periphere T-Lymphozyten lange 

als Ziel verschiedener MS-Therapeutika im Mittelpunkt standen, gewinnen zunehmend 

Therapien an Bedeutung, die zusätzlich gegen Zellen im ZNS wie Mikroglia und Astrozyten 

gerichtet sind. 

Interferon (IFN)-β ist seit mehr als 20 Jahren eine wirksame, sichere 

Behandlungsmethode der schubförmigen und teils der sekundär-progredienten Multiplen 

Sklerose. IFN-β beeinflusst das Entzündungsgeschehen, indem es unter anderem die 

Einwanderung von Lymphozyten in das ZNS reduziert. Es wurde gezeigt, dass IFN-β1b, 

vermittelt über die Expression von RGS1 (negative regulator of G-protein signaling), die 

Chemokin CXCL12-induzierte Migration von mononuklearen Zellen des peripheren Blutes 

(PBMCs) hemmt. Dennoch ist der Wirkmechanismus von IFN-β nur teilweise verstanden. 

Demgegenüber stehen neue Therapieformen zur peroralen Applikation für die Behandlung 
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von MS, wie z.B. Teriflunomid, dessen Effekte auf das Immunsystem und auf Zellen des ZNS 

bis dato nur unzureichend untersucht sind.  

Teriflunomid ist, wie IFN-β, ein Immunmodulator. Der genaue Wirkmechanismus von 

Teriflunomid ist bisher nicht vollständig geklärt. Es wirkt durch die nichtkompetitive, 

reversible Blockierung des mitochondrialen Enzyms Dihydroorotat-Dehydrogenase 

(DHODH), einem Schlüsselenzym der Pyrimidin-Biosynthese. So wird insbesondere die 

Proliferation aktivierter T- und B-Zellen gehemmt. Verschiedene Studien zeigten zudem, dass 

durch Teriflunomid die Produktion einiger pro-inflammatorischer Zytokine durch 

Makrophagen reduziert wird. 

Die vorliegende Arbeit befasst sich mit möglichen Wirkmechanismen verschiedener 

Therapeutika zur Behandlung der MS. Einerseits kann CXCL12-abhängige T-Zell Migration 

in vitro/in vivo in MS-Patienten durch IFN-β beeinflusst werden, anderseits kann die 

Aktivierung und Proliferation von Mikroglia durch physiologisch relevante Konzentrationen 

von Teriflunomid (0-5 µM) moduliert werden. 

Unsere Ergebnisse aus dem ersten Teil der Arbeit zeigen deutlich eine Hemmung der 

CXCL12-abhängige Migration von humanen T-Zellen von gesunden Probanden und von 

RRMS Patienten (in vitro) durch IFN-β nach 20 h Behandlung. In Untersuchungen der 

CXCR4/CXCL12-abhängigen und IFN-β1b-induzierten Signalkaskaden konnten wir zeigen, 

dass IFN-β1b ausgewählte Signalwege nicht beeinflusst. Im Gegensatz dazu reduziert IFN-

β1b die Expression des Rezeptors CXCR4 in T-Zellen von gesunden Probanden und von 

RRMS Patienten in vitro. Eine Hemmung der Migration bei MS-Patienten in vivo war nicht 

ersichtlich. Daraus kann man schließen, dass der aufgedeckte Mechanismus auf der 

Herunterregulierung der CXCR4 Expression auf Transkriptionsebene basieren könnte. 

Im zweiten Teil der Arbeit haben wir untersucht, ob Teriflunomid neben den 

beschriebenen Effekten auf Leukozyten auch die Proliferation und Funktion von Mikroglia 



Zusammenfassung 

61 
 

beeinflussen kann. Wir konnten zeigen, dass Teriflunomid die Proliferation von aktivierten 

Mikroglia aus gemischten Gliazellkulturen hemmt. Darüber hinaus konnten wir einen 

minimalen Einfluss von Teriflunomid auf immunmodulatorische Faktoren in aktivierten 

Mikroglia feststellen. Zu einem zeigte Teriflunomid eine leichte, aber signifikante 

Hochregulierung des anti-inflammatorischen Mediators IL-10, zum anderem eine Reduktion 

des co-stimulierenden Moleküls CD86 nach Aktivierung mit LPS. Andererseits inhibierte 

Teriflunomid nicht den NF-κB Signalweg, was mit einer Reduktion von inflammatorischen 

Zytokinen und Adhäsionsmolekülen einhergegangen wäre. Unsere Ergebnisse legen nahe, das 

Teriflunomid keine bedeutende Rolle in der Regulation inflammatorischer Funktionen 

einnimmt. 

Zusammenfassend konnten wir feststellen, dass die Wirkmechanismen verschiedener 

Substanzen zur Behandlung der MS, in vitro sowohl einen Einfluss auf Immunzellen aus der 

Peripherie als auch auf Zellen des ZNS nehmen können, sofern sie in der Lage sind in vivo die 

Bluthirnschranke zu überwinden. Die Ergebnisse unterstreichen Effekte von IFN-β und 

Teriflunomid auf wichtige Zelltypen, die abhängig von den gegebenen Bedingungen Einfluss 

auf den Krankheitsverlauf der MS haben könnten. 
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