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1 Introduction

1.1 Central Nervous System — an immune-privileged organ?

Traditionally, the central nervous system (CNS) was considered an immune-privileged
organ. In 1948, Medawar was the first to publish on the groundbreaking discovery that
foreign tissue grafts are not rejected by the brain. This initial observation was supported
by several following findings, e.g. the lack of classical antigen-presenting cells (APCs)
such as dendritic cells in the CNS parenchyma (Matyszak and Perry 1996), the low
expression of major histocompatibility complex (MHC) I and Il complexes on (Wekerle
and Sun 2010) parenchymal cells (Perry 1998; Bartholomadus et al. 2009), a severely
limited spectrum of cytokines and chemokines (Wekerle and Sun 2010), and the seclusion
from the periphery by specialized barriers (Engelhardt and Ransohoff 2005, 2012). Based
on these observations it was thought that the CNS was entirely secluded from the
peripheral organs and that immune cells could not traffic to this tissue under healthy
conditions. Hitherto, it is common knowledge that both solutes and cells are able to travel
in and out of the CNS, and thus it is more appropriate to classify the CNS as an “immune-
specialized” organ (Engelhardt and Ransohoff 2005, 2012).

Under healthy conditions, the number of immune cells present in the CNS is very limited
compared to peripheral organs (Ousman and Kubes 2012). Immune cells are typically
located in perivascular spaces checking for antigens presented by MHC Il positive
perivascular macrophages (Cross et al. 1990; Engelhardt and Ransohoff 2012). Under
pathological conditions of the CNS (e.g. viral infections, ischemia, or inflammatory
diseases such as multiple sclerosis (MS) the trafficking of leukocytes into the brain
increases significantly (Engelhardt and Ransohoff 2012). This constant surveillance also
of CNS tissue presumably plays an important role because if the trafficking of leukocytes
is inhibited by drugs such as natalizumab or fingolimod (see 1.5), then the risk of
developing a progressive multifocal leukoencephalopathy caused by human

polyomavirus 2 (JC virus) or another fatal CNS infection is increased.
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Figure 1 Neuroanatomy of the vascular blood-brain barrier

The blood-brain barrier (BBB) is localized at the CNS microvessels, capillaries, and post-capillary venules. It consists
of highly specialized endothelial cells (red), the endothelial basement membrane (yellow) in which pericytes (pink) are
located, the parenchymal basement membrane (orange), and astrocytes (green). The perivascular space between the
endothelial basement membrane and the parenchymal basement membrane is filled with cerebrospinal fluid containing
antigen-presenting cells (blue). Reprinted with permission from Trends in Immunology (Engelhardt and Ransohoff
2012). Printed with permission by Elsevier.

1.2 Multiple sclerosis

Multiple sclerosis is the most common inflammatory disease of the CNS. Complete
details of the pathomechanism of MS have not yet been elucidated. However, there is
strong evidence for MS being a T cell-mediated autoimmune disease (see 1.2.2, 1.2.3,
1.3). As the name indicates, MS is a demyelinating and neurodegenerative disease leading
to multiple plaques of axonal, neuronal, and astroglial injury in the CNS of MS patients
(Compston and Coles 2002; Hemmer et al. 2002; Compston and Coles 2008) (see 1.2.2).
The clinical symptoms of patients are due to the affected areas in the CNS. The first
symptoms are often impaired vision caused by optic neuritis and deficits in sensation, and
are often followed by movement disorder (e.g. spasticity and ataxia), fatigue, and

incontinence (Kohler und Hoffmann 2015).

‘1.2.1 Etiology and clinical phenotypes
Multiple sclerosis is the most common cause of neurological disability in young people
(Compston and Coles 2002). The global mean age of onset is about 30 years (Atlas of

MS 2013). MS occurs twice as frequently in women than in men (Compston and Coles
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2008; Atlas of MS 2013) and has a higher incidence in the northern hemisphere compared
to the southern hemisphere (Garg and Smith 2015; Atlas of MS 2013; Compston and
Coles 2008). The number of deaths caused by MS worldwide increased from approx.
12,000 in 1990 to approx. 20,000 in 2013 (GBD 2013 Mortality and Causes of Death
Collaborators 2015), and the global median prevalence increased from 30 (in 2008) to 33
per 100,000 (in 2013) (Atlas of MS 2013). This leads to the prediction that further

increases in incidence can be expected in the future.

Although the etiology of MS is poorly understood, both genetic and environmental factors
are supposed to play a role. Indeed, various genetic regions —mainly immune-related loci—
were identified by genome-wide association studies, and these identified regions are
linked to disease risk. One of these gene complexes is the well-known human leukocyte
antigen (HLA) encoding for MHC (Gourraud et al. 2012). Recent studies showed non-
MHC variants like BCL10, a gene encoding a protein, playing a role in the activation of
(NF)-xB signaling. This is important for controlling gene expression in inflammation,

immunity, cell proliferation, and apoptosis (Beecham et al. 2013; Kemppinen et al. 2011).

The genetic basis for MS susceptibility is further supported by population-based studies
that show that the disease concordance rate for monozygotic twins is approx. 15 %-30 %
as opposed to approx. 2 %—7 % for dizygotic twins and siblings in general (Kamm et al.
2014).

This modest familial risk provides evidence for the importance of lifestyle/environmental
factors in determining MS. Epidemiological studies have repeatedly shown that
environmental factors (e.g. smoking, light exposure), viral infections (e.g. Epstein—Barr
virus infection), and lifestyle (e.g. adolescent body mass index, shift work) influence MS
risk (Hedstrom et al. 2015). Furthermore, vitamin D levels have been shown to be a
predictor for disease activity and progression (Ascherio et al. 2014; Martinelli et al. 2014;
Munger et al. 2014), just as low melatonin levels negatively correlate with disease
relapses (Farez et al. 2015b). Epidemiological studies have also indicated that viral upper
respiratory tract infections increase MS relapses. Among the viruses, EBV is a risk factor
for MS since patients with EBV in the past, or with an acute EBV-triggered infection,
possess an increased risk of developing MS (Levin et al. 2010; Pender and Burrows

2014). Several lifetime parameters such as high sodium intake (Farez et al. 2015a),
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cigarette smoking (Salzer et al. 2013; O'Gorman and Broadley 2014; Hernan et al. 2005),
and obesity (Munger et al. 2013; Langer-Gould et al. 2013) were identified as risk factors.

The clinical presentation of MS may vary. According to the newest classification, three
different phenotypes can be described: (1) clinically isolated syndrome (CIS), (2)
relapsing-remitting disease (RRMS), and (3) chronic progressive disease, the latter of
which can be subdivided into primary progressive (PPMS) and secondary progressive
multiple sclerosis (SPMS). RRMS and CIS can be either characterized as active or
inactive (Lublin et al. 2014).

The CIS is the first clinical presentation of the disease showing characteristics of
inflammatory demyelination in MRI. However, it does not fulfill criteria of dissemination
in time to confirm the diagnosis of MS even though CIS patients have a high risk of
fulfilling diagnostic criteria of MS in the future (Lublin et al. 2014; Compston and Coles
2008). RRMS is the most common phenotype (Compston and Coles 2002, 2008), and
over time 25 %-65 % of patients develop a SPMS (Garg and Smith 2015; Compston and
Coles 2008). In PPMS, disability accumulates from disease onset and is present in 20 %

of the cases (Compston and Coles 2008).

1.2.2 Histopathology

The histopathology of MS is characterized by the presence of inflammatory infiltration,
which is associated with structural changes such as demyelination and a variable degree
of axonal destruction. The rescue of function and attempt to repair the CNS parenchyma
results in glial scarring (Compston and Coles 2008) since the axonal loss cannot be
repaired. The latter might be responsible for the accumulation of disability in the

progression of MS (Bjartmar et al. 2000; Kuhlmann et al. 2002).

The lesions detected by MRI in the CNS of MS patients are called plagues. They consist
of T cells, activated macrophages/microglia, B cells, and plasma cells (Lassmann et al.
2007; Lassmann 2013). The plaques are localized in the white matter (WM) of the
cerebrum, optic nerve, cerebellum, brainstem, and spinal cord (s.c.). Depending on their
location, plaques cause different clinical signs (Compston and Coles 2008) and can be
classified as active, chronic remyelinated plaques by histopathology and MRI (Lassmann
2013). The technical advances of MRI, e.g. high-field MRI, emphasize grey matter (GM)
lesions in the patient's brain (Peterson et al. 2001).
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The active WM demyelinating lesions in MS are subdivided into four patterns. All types
of lesions have a strong infiltration of T cells and macrophages. Pattern I and Il lesions
are characterized by infiltration of T cells and macrophages centered on small veins and
venules with sharply demarcated edges with perivenous extensions. Pattern Il lesions are
distinguished from pattern | lesions by the presence of IgG and the activation of the
complement system. Pattern Il lesions are characterized by the localization around
inflamed vessels and a diffuse spreading of the active lesion into the surrounding WM.
Another characteristic is the preferential loss of myelin-associated glycoprotein (MAG);
meanwhile, other myelin proteins like myelin proteolipid protein (PLP), myelin basic
protein (MBP), or cyclic nucleotide phosphodiesterase (CNP) are preserved. At the
margin of the plaque a pronounced loss of oligodendrocytes (myelin oligodendrocyte
glycoprotein (MOG)) is typically observed. The rare pattern IV lesions are also
characterized by the loss of oligodendrocytes in the periplague zone. However,
differences in the expression of myelin proteins (MAG, MBP, PLP, CNP, MOG) cannot
be observed. Pattern | and Il lesions show close similarities to a T cell-mediated or T cell
plus antibody-mediated autoimmune encephalomyelitis, respectively. Pattern 11l and 1V
lesions are more suggestive of oligodendrocyte dystrophy (Lucchinetti et al. 2000).

\1.2.3 MS etiopathogenesis: the autoimmune hypothesis

With respect to the histopathology of MS the occurrence of demyelinating processes as
well as axonal degeneration are recognized facts. The etiopathogenesis, however, is still
under discussion. Possible processes are (1) inflammation as an exclusive trigger, (2)
neurodegeneration occurring first and followed by inflammation, (3) inflammation and
neurodegeneration occurring simultaneously, or (4) intrinsic neurodegeneration

occurring as a consequence of inflammation (Compston and Coles 2008).

The infiltration of cells into the CNS is one of the crucial steps in the development of MS
(Kebir et al. 2009). It has been shown that autoreactive T cells against MBP have been
part of the lymphocyte repertoire both in MS patients and healthy donors (Goebels 2000).
For unknown reasons these autoreactive T cells become activated. There are several
mechanisms that might empower pathogens to trigger an autoimmune disease: molecular
mimicry, bystander activation, exposure to cryptic antigens, and so-called superantigens.
For example, lymphocytes encounter non-self antigens as viral peptides in secondary
lymphatic organs. These antigens are similar to those antigens in the CNS which may

lead to a cross-reaction (molecular mimicry) (Oldstone 1987; McRae et al. 1995). When
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presented to either T or B cells in the context of the MHC, lymphocytes get erroneously
reactivated, clonally expand, and circulate through the body; they end up accumulating
in the CNS (Wucherpfennig and Strominger 1995; Gonsette 2012).

Traditionally, autoreactive and IFN-y producing T helper type 1 (Th1l CD4") cells were
thought to be the major player in the development of MS. Further research showed that
IL17-producing Th17 cells also play a major role (Steinman 2007; Stromnes et al. 2008).
Furthermore, an impairment of regulatory T cells (Treg) might lead to pathogenicity and
dysregulation of the autoimmune CD4" T cells (Schneider et al. 2013; Rodi et al. 2016).
Some of these aspects were used to create animal models of MS. One of these models is

the Thl CD4" T cell-driven experimental autoimmune encephalomyelitis (EAE).

Over the last decade, the role of other immune cells besides autoreactive Thl CD4*
T cells have been investigated in more detail, showing that both the innate and adoptive

immune system are involved in the pathology of MS.

Apart from the role of CD4" T cells, there is also evidence for the involvement of CD8"
T cells. The histopathologic examinations of MS patients’ CNS parenchyma showed an
even higher amount of CD8" T cells then CD4" T cells (Booss et al. 1983; Babbe et al.
2000). Furthermore, the histopathology of biopsied demyelinated lesions in early stages
of MS showed, apart from infiltration of T cells, a high presence of macrophages, and
fewer B cells and plasma cells (Popescu et al. 2013). In addition, the results of Lucchinetti
and colleagues showed that antibody-mediated and complement-mediated mechanisms
might be linked to the demyelination process (see 1.2.2). The role of B cells in the
development of MS and EAE was further evaluated as, firstly, a producer of
autoantibodies as well as pro- and anti-inflammatory cytokines, and, secondly, an agent
involved in antigen-presentation (Kitamura et al. 1991; Linington et al. 1988).
Macrophages have a shared responsibility. On one hand they promote neuroinflammation
and neurodegeneration by releasing inflammatory cytokines and stimulating leukocyte
trafficking and infiltration into the CNS; on the other hand, they support CNS repair by

phagocytosing myelin debris and producing neurotrophic factors (Bogie et al. 2014).

Cortical lesions in chronic MS lack the breakdown of the BBB, inflammatory
infiltrations, and complement deposition. Here, microglia are doing the phagocytosing.
Furthermore, atrophy and apoptosis of neurons and oligodendrocytes are present. In the
late stage of progressive disease, there is a profound meningeal inflammatory infiltration
by T cells, B cells, and macrophages. This is true for both PPMS and SPMS. Additionally,
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in SPMS, infiltration of the meninges by B cells resembling ectopic follicular structures

have been described (Popescu et al. 2013).

To summarize, there is no final proof for MS being an autoimmune disease, but there is
strong evidence supporting this thesis. Firstly, the massive infiltration of immune cells
including T cells, B cells, and macrophages in lesions of MS patients (see 1.2.2).
Secondly, the presence of autoreactive T cells and autoantibodies in MS patients and the
evidence for molecular mimicry (e.g. through association of MS with virus infections,
especially EBV (see 1.2.1)) suggests that MS is an autoimmune disease (see 1.2.3).
Furthermore, the genome-wide association studies (GWASSs) support the role of the
immune system in MS: virtually all GWASs show a highly significant association of MS
with the MHC region (see 1.2.1). Moreover, the fact that MS can be suppressed by
immunomodulatory treatments supports the thesis of the immune system’s pathogenic

role (see 1.5).

In other words, the presence of myelin-reactive T cells with encephalitogenic potential
undergoing clonal expansion might play a role in the development of MS in humans.
However, these findings do not explain the specific role of myelin-specific T cells in
disease progression, nor do they explain the complete pathogenesis of MS, which has

been proved to be much more complex.

1.3 Experimental autoimmune encephalomyelitis as an animal model of MS

Most of our knowledge about the histopathology and the concept of MS being an
autoimmune disease was derived from the development and use of animal models
mimicking different aspects of MS. The most commonly used animal model is the
experimental autoimmune encephalomyelitis (EAE) (Ben-Nun et al. 1981; Freund and
McDermott 1942; Gold et al. 2006).

The origin of the EAE model dates back to the 1920s when Koritschoner and
Schweinburg induced paralysis in rabbits after immunization with human s.c.

homogenate (Koritschoner and Schweinburg 1925).

This paralysis was further investigated in 1933/35, when T. M. Rivers performed animal
experiments to analyze the ascending paralysis seen in humans after rabies vaccination.
In the histopathological analyses, inflammatory demyelinating lesions in the CNS were
discovered (Schwentker and Rivers 1934; Rivers 1935). This discovery was the basis for

the development of the rodent active EAE model by Lipton et al. (1953). The model was
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induced by immunizing animals with a combination of CNS homogenates and adjuvants
to provoke an immune response. A hallmark for showing EAE to be a model for an
immune cell-mediated disease were the experiments of Ben-Nun et al. (1981). In these
experiments, lymphocytes were isolated from immunized rats, then cultured under CD4*
T cell polarizing conditions, and finally transferred into healthy recipient animals. The
animals developed a monophasic disease with complete recovery (Ben-Nun et al. 1981).
The development of this adoptive transfer experimental autoimmune encephalomyelitis
(atEAE) allowed for explicitly studying the role of CD4" T cells during
neuroinflammation. It provided formal evidence that MBP-specific T cells can induce an
autoimmune-mediated disease in the CNS (Gold et al. 2006). Later, it was shown that the
induction of EAE is not restricted to T cells reactive against myelin antigens but can also
be initiated by T cells reactive against astroglial, neuronal and oligodendrocyte-specific
antigens (Wekerle and Sun 2010).

The atEAE model in Lewis rats was also used in this study. T cells specific for the CNS
antigen MBP were retrovirally labelled with green fluorescent protein (GFP) (Twmsp-cep
cells) (Flugel et al. 1999), and after activation were transferred into Lewis rats to induce
disease. The GFP allowed for the monitoring and unequivocal identification of the
injected CD4" T cells.

Another big advantage of the atEAE model is the high reproducibility of the disease
course with an incidence of nearly 100 % (Gold et al. 2006). The disease in Lewis rats
starts after an obligatory asymptomatic phase called prodromal phase of about 3—4 days.
The disease is monophasic and characterized by a loss of body weight, followed by a

progressive ascending paresis and a spontaneous full recovery after 9-10 days (Fig. 2).

The atEAE with MBP-specific CD4" T cells reflects mainly an acute inflammatory phase.
The lesions are primarily occurring in the WM of the s.c. Hence, the atEAE primarily
reflects the WM lesions in MS patients and pathologically overlaps with the

aforementioned pattern I and I1 lesions of Lucchinetti et al. (Linker and Lee 2009).
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Figure 2 Representative disease score of a monophasic disease during atEAE in Lewis rat

About 3-4 days after intravenous (i.v.) T cell transfer the clinical disease starts with a loss of bodyweight.
Approximately 12 h later motor symptoms start. Peak of disease develops 1 or 2 days after disease onset and is followed
by a recovery phase of 2-3 more days. Shown is a representative EAE course. Loss of body weight (in %) displayed as
line on the left axis; clinical score (from 1-5) and the corresponding clinical symptoms are displayed as bars and
correspond to the right axis. The color code indicates the different phases of the disease.

1.4 Infiltration route of Twmep-crp cells during EAE course

As described above, the CNS-reactive T cells retrovirally engineered to express
fluorescent markers make it possible to track and functionally characterize these cells

during the course of the immune attack.

Shortly after injection of the activated T cell blasts, they vanish from the blood and home
into the lung. The cells persist in the lung for 24-36 h. After this period, they are drained
to the local mediastinal lymph nodes. About 48 h post transfer (p.t.) the cells reappear in
the blood and spleen, before they invade the CNS at about day 3—4 p.t. During their
journey in the peripheral organs the T cells change their expression profile and acquire a
migratory phenotype (Fig. 3). They downregulate activation markers (e.g. IFN-y, IL-17)
and simultaneously upregulate cell adhesion molecules, chemokine receptors, and
migration markers (e.g. sphingosine-1-phosphate receptor 1 (S1P1)) (Fig. 4). This profile
switch allows the T cells to overcome the BBB and therefore to enter their target organ,
—i.e. the CNS (Flugel et al. 2001; Odoardi et al. 2012).

Before entering the CNS parenchyma, Twmer-cre Cells extravasate from leptomeningeal
vessels of the s.c., where they become reactivated by interacting with local antigen-
presenting cells. After their reactivation the T cells infiltrate the CNS parenchyma and

induce inflammation (Lodygin et al. 2013).
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Figure 3 Migratory pattern of i.v. injected Twmer-crp cells during atEAE

In vitro-activated Twmep-cre Cells promptly vanish from the blood and home into the lung following i.v. transfer. About
48 h later they reappear in the blood circulation and in the spleen before they enter the CNS. Adapted with permission

from Nature (Ransohoff 2012). Printed with permission by Springer Nature.
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Figure 4 Changed mRNA expression profile of migratory T cells versus T cell blasts

Graphs show the mRNA expression profile of Tmep-cre blasts (top) compared to ex vivo sorted Twmep-cre cells from the
lung (middle) and the mediastinal LNs (bottom) 24 h and 48 h after injection. Adapted with permission from Nature

(Odoardi et al. 2012). Printed with permission by Springer Nature.

1.5 Disease-modifying treatments in multiple sclerosis

Based on the hypothesis that the immune system plays a major role in MS pathogenesis,

several disease-modifying treatments (DMTs) aimed to modulate different aspects of the

immune response have been developed. This allows for more personal treatment options

for MS patients depending on factors such as the activity level of the disease and the

pathological particularity of each patient.

‘1.5.1 Established treatments

The first DMT for RRMS was beta-interferon (beta-IFN) 1b, and was approved in the
USA in 1993 and in the European Union in 1995 (Cross and Naismith 2014). In the last
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two decades, eight more DMTSs have been approved in the European Union (Kolber et al.
2015).

Nevertheless, the injectable beta-IFNs (Avonex®, Betaferon®, Extavia®, Rebif®) are
still the first-line treatment of MS due to their known and favorable safety profile as well
as for their long-term clinical experience. They are indicated both for CIS and RRMS
with a mild activity. Furthermore, beta-1FNs are also established in treatment of SPMS
with relapses (Leitlinie MS 2014, Fig. 5). The mode of action (MOA) of the beta-IFNs is
not completely understood, and several mechanisms have been proposed: (1) impairment
of antigen presentation leading to a reduction of T cell activation and proliferation, (2)
decrease of pro-inflammatory cytokine production, (3) impairment of T cell adhesion and
migration across the BBB through a blockage of VLA-4 interaction, and (4) potential
antiviral activity (Yong et al. 1998; Kasper and Reder 2014; Dhib-Jalbut and Marks
2010).

Apart from the group of interferons, the other injectable DMT is glatiramer acetate (GA).
It is a synthetic analog of the MBP (Teitelbaum et al. 1971) and is indicated for CIS and
for RRMS with mild activity (Leitlinie MS 2014, Fig. 5). The exact mechanism of action
Is unclear, but several modes were proposed. GA is supposed to induce specific T cells
predominantly of the Th2 phenotype (Neuhaus et al. 2000; Duda et al. 2000; Weber et al.
2007), which infiltrate and accumulate in the CNS, where they might release anti-
inflammatory cytokines (Aharoni et al. 2000; Sarchielli et al. 2007). Another MOA might
be the induction of Treg cells (Hong et al. 2005).

Recently, some oral drugs have been approved for MS treatment. In 2011, fingolimod
(Gilenya®) was the first oral drug to be approved by the European Commission. In
Europe it is mainly used as escalation therapy for RRMS with high activity (Leitlinie MS
2014; Fig. 5). Fingolimod downregulates the expression of S1P1, thus inhibiting the
egress of lymphocytes from the lymph nodes resulting in lymphopenia. Through this
mechanism, it reduces immune cell infiltration into the CNS and thus interrupts
inflammatory processes in the CNS. Furthermore, the interruption of inflammation might
be supported by a modulation of astrocyte and oligodendrocyte action (Mandala et al.
2002; Brinkmann 2009). The second oral drug recently approved for MS treatment for
mild RRMS (autumn 2013) is teriflunomide (Aubagio®). The main and best-known

MOA of teriflunomide is the reversible inhibition of the dihydroorotate dehydrogenase
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(DHODH), a key enzyme in the pyrimidine synthesis (see 1.5.2). At the beginning of
2014 dimethyl fumarate (Tecfidera®), a drug already used for treatment of psoriasis was
approved for MS treatment in patients with RRMS in mild cases. Dimethyl fumarate
seems to have an anti-inflammatory and cytoprotective effect, which is probably mediated
by the activation of Nrf2 (nuclear factor erythroid 2-related factor 2) (Linker et al. 2011)
and HCA-receptor-2 (hydroxycarboxylic acid receptor 2) (Chen et al. 2014).

Currently, two antibodies are authorized for MS treatment in the EU: alemtuzumab
(Lemtrada®) and natalizumab (Tysabri®), both indicated for patients with high MS
activity (Leitlinie MS 2014; Fig. 5). Natalizumab was the first monoclonal antibody
approved for MS. It is directed against the a-4-subunit of a4fB1- and a4P7-integrins
expressed on the surface of human leukocytes (Rice et al. 2005). In MS it is supposed to
block interaction between o4f1-integrin (known as very late antigen-4, VLA-4)
expressed on the leukocyte plasma membrane, and the vascular cell adhesion molecule-
1 (VCAM-1) leading to a reduced leukocyte migration into the CNS (Engelhardt and
Kappos 2008). Alemtuzumab is a humanized IgG1 monoclonal antibody against CD52
(Hu et al. 2009). CD52 is expressed at high levels on T and B lymphocytes and to a lower
extent on monocytes and eosinophil granulocytes (Rodig et al. 2006). Alemtuzumab leads
to a lysis of CD52 positive cells (Hu et al. 2009).

Additionally, mitoxantrone, azathioprine, and cyclophosphamide (all belong to the
cytostatic group) are approved and indicated as second-line therapy in SPMS treatment
(Leitlinie MS 2014; Fig. 5).
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Figure 5 German DGNM guideline for disease-modifying treatments in MS

Approved drugs indicated for disease-modifying treatment in MS (adapted from Leitlinie MS 2014)
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1.5.2 Teriflunomide

Teriflunomide (A77 1726) is the active metabolite of leflunomide, an anti-inflammatory
drug that has been used for a long time in the treatment of rheumatoid arthritis and
psoriasis (Boyd 2012). Leflunomide is rapidly and nearly entirely converted to
teriflunomide after oral ingestion (Oh and O'Connor 2014). As an agricultural pesticide
named HWA 486, leflunomide was originally developed in the 1980s by Hoechst
(Bartlett 1986).

So far, it is not completely understood how exactly teriflunomide acts. However, it is a
known fact that teriflunomide primarily inhibits cell proliferation through the inhibition
of the enzyme DHODH (Bruneau et al. 1998; Greene et al. 1995; Cherwinski et al.
1995b). DHODH is a mitochondrial protein located at the outer surface of the inner
mitochondrial membrane (Chen and Jones 1976). It is an enzyme catalyzing the oxidation
of dihydroorotate to orotate in de novo pyrimidine biosynthesis (Munier-Lehmann et al.
2013; Levine et al. 1974; Jones 1980). Furthermore, it has been shown that the DHODH
enzyme might be the rate-limiting enzyme in de novo pyrimidine synthesis (Loffler et al.
1997).
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Figure 6 The role of DHODH in the de novo pyrimidine synthesis

Pathway of de novo pyrimidine synthesis. Highlighted in red is the oxidation of dihydroorotate to orotate as catalyzed
by DHODH. Reprinted with permission from Journal of Medicinal Chemistry (Munier-Lehmann 2013). Printed with
permission by American Chemical Society.

Pyrimidine is essential for the synthesis of DNA and RNA. Cells with high proliferative
capacity need to replenish their pyrimidine pool by de novo pyrimidine synthesis (Fig.
6); conversely, homeostatically expanding lymphocytes can supply their pyrimidine

consumption through the salvage pathway (Peters and Veerkamp 1983). The salvage
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pathway generates pyrimidine bases directly from uracil. It is therefore DHODH-
independent (Levine et al. 1974; Jones 1980) (Fig. 7).
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Figure 7 Impact of teriflunomide on the pyrimidine synthesis

Inhibitory effect of teriflunomide on DHODH and thus the abrogation of de novo pyrimidine synthesis, which in turn
effects the metabolism of activated lymphocytes. Reprinted with permission from Clinical Immunology (Claussen and
Korn 2012). Printed with permission by Elsevier.

The dose-dependent antiproliferative effect of teriflunomide in vitro has been frequently
demonstrated (Cherwinski et al. 1995a; Cherwinski et al. 1995c; Cao et al. 1995; Chong
et al. 1996; Elder et al. 1997; Siemasko et al. 1996; Silva et al. 1996; Williamson et al.
1995; Williamson et al. 1996; Xu et al. 1996; Zielinski et al. 1995). Other studies went
into greater detail and showed that the antiproliferative effect is mediated through the
inhibition of the DHODH (Williamson et al. 1995, 1995; Williamson et al. 1996; Kuo et
al. 1996; Davis et al. 1996). In a publication by Korn et al. (2004) the antiproliferative
effect of teriflunomide was shown on MBP-specific T cells. Ringheim et al. (2013)
showed a strong reduction of CD4" T cells, CD8" T cells, B cells, and natural killer
(NK) cells in peripheral blood during active EAE in Dark Agouti rats (Ringheim et al.
2013). These results also hold true in humans: a reduced number of white blood cell
counts could be observed under teriflunomide therapy, whereby the immunological
answer to a flu vaccine was not diminished (Bar-Or 2014).
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Other in vitro experiments showed that teriflunomide strongly inhibits the proliferation
of T cells with a high avidity to ovalbumin (OVA) in vitro (Posevitz et al. 2012). This is
important because high-avidity T cells are assumed to play a major role in autoimmune
diseases including MS (Bielekova et al. 2004). It might be an additional explanation for
teriflunomide’s good safety profile because low-avidity T cells are still present for a

normal immune response against pathogens.

Furthermore, several other targets of teriflunomide were identified in in vitro studies
(Claussen and Korn 2012). For example, teriflunomide might have additional inhibitory
effects on Jakl and Jak3 (Elder et al. 1997; Siemasko et al. 1998), two major tyrosine
kinases, playing an important role in interferon signal transduction. The relevance of this
finding for clinical MS therapy is under discussion because of relatively high in vitro
concentrations of about 100 uM teriflunomide which are necessary to induce effects and
the lack of in vivo experiments (Claussen and Korn 2012; Bar-Or et al. 2014). Thus, the
block of DHODH remains the main target of teriflunomide therapy (Munier-Lehmann et
al. 2013; Sykes et al. 2016).

To evaluate the effectiveness of teriflunomide as a drug it was first tested in active EAE.
Prophylactic and therapeutic treatment with teriflunomide in Dark Agouti rat EAE
showed a delay in disease onset, reduced maximal and cumulative scores and improved
disease outcomes. Furthermore, a reduction in inflammation, demyelination, and axonal
loss has been observed in the histopathology (Merrill et al. 2009). Moreover,
teriflunomide reduces infiltration of macrophages and T cells in the CNS in active EAE
as well as atEAE (Korn et al. 2004; Ringheim et al. 2013). In atEAE it was also shown
that rats developed a less severe EAE if cells were preincubated with teriflunomide before
transfer (Korn et al. 2004).

These promising results obtained from rat EAE experiments generated an interest in using
teriflunomide in clinical studies. The efficiency of teriflunomide was tested in different
phase Il trials. The first two studies were the TEMSO and TOWER clinical trials. There
the treatment of MS patients with 7 or 14 mg teriflunomide was compared to placebo
treatment. The relative reduction of the annualized relapse rate (ARR) compared with
placebo was between 31.5 % and 36.0 %, respectively (O'Connor et al. 2011; Confavreux
et al. 2014). In another clinical trial, the TOPIC study, MS patients with a first clinical
demyelinating event were checked for a second relapse and showed a significantly

reduced risk of new clinical relapse by 43 % compared to placebo under the treatment of
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14 mg teriflunomide (Miller et al. 2014). The treatment with 14 mg teriflunomide and the
subcutaneous injection with interferon-p-1a showed no difference in the ARR in the phase
Il TENERE study (Vermersch et al. 2014).

The quality of the evidence for the effect of teriflunomide treatment over placebo is
currently under discussion. The evidence was rated rather low due to (1) a high risk of
detection bias for relapse assessment, (2) a high risk of bias due to conflicts of interest,
(3) a high dropout rate, and (4) an unclear attrition bias. The study using control treatment
with IFNB-1a had a high risk of performance bias and a lack of power because of limited
sample size (324 patients in total). Even for the long-lasting phase Il study, there was a
problem of high drop out and therefore a limited interpretation of the low remaining ARR
and minimal disability progression. According to He et al. (2016), there is a need for new
studies with a higher quality and longer follow-up (follow-up was between 1 and 2 years)
(He et al. 2016).

Nevertheless, teriflunomide seems to be quite efficient as was shown by comparable ARR
with IFNB and GA combined with a good safety profile (Xu et al. 2016). In addition, the
long term experience with leflunomide in RA patients makes it a good treatment choice
for MS patients (Warnke et al. 2013).

To sum up, teriflunomide’s mechanism of action indicates that it is most efficient in
highly proliferating lymphocytes but spares homeostatically proliferating or resting
hematopoietic cell types (Bar-Or et al. 2014; Tanasescu et al. 2013; Claussen and Korn
2012; Rickemann et al. 1998). This might be the reason for teriflunomide’s good safety
profile. EAE experiments suggest that teriflunomide might be suitable for MS treatment.
The clinical studies showed a convincing reduction of the ARR and comparable
efficiency under teriflunomide in comparison to other oral treatments. Finally,
teriflunomide can be given orally, which is generally better accepted and associated with
a higher quality of life for patients. This would certainly also factor into the decision of

doctors and patients for treatment options (Tanasescu et al. 2013).
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1.6 Aims of the study

The overall aims of this study are as follows:

1) To investigate the effect of teriflunomide on activation and proliferation of CD4*

myelin-reactive T cells in vitro.

2) To investigate the effect of teriflunomide on migration, activation, and proliferation of

CD4" myelin-reactive T cells in Lewis rat EAE
- during the preclinical phase;

- during the clinical phase.
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2 Materials and Methods

2.1 Materials

If not indicated otherwise, the buffers were prepared in Milli-Q purified H20
(MILLIPORE GmbH, Schwalbach, Germany).

Table 1 Medium prepared for the present study

medium ingredients
DMEM 66.9 g/5 | Gibco DMEM Powder (52100-021)
18.59 g/5 | (INVITROGEN, Carlsbad USA)
NaHCO; (CARL ROTH GmbH, Karlsruhe,
Germany)
EH 375 ml DMEM
125 ml Gibco Hepes 1M (INVITROGEN, Carlshad USA)
T cell medium (TCM) 11 DMEM
10 ml Gibco Non-essential Amino Acids
(INVITROGEN, Carlsbad, USA)
10 ml Gibco Penicillin/ Streptomycin (INVITROGEN,
Carlsbad, USA)
10 ml Gibco Sodium Pyruvat (INVITROGEN, Carlsbad,
USA)
10 ml L-Glutamine, PAN (Biotech GMBH, Aidenbach,
Germany)
10 ml L-Asparagine Monohydrate (SIGMA-ALDRICH,
Munich, Germany)
4 ul 2-8-Mercaptoethanol (13.6 mol/l) (INVITROGEN,
Carlsbad, USA)
Re-stimulation medium | 100 ml TCM
(RM) 1ml Rat serum (in-house production)
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medium ingredients
Tcell growth factor | 500 ml TCM
(TCGF) 50 ml heat-inactivated horse serum (BIOCHROM
GMBH, Berlin, Germany)
25 mi conditioned medium from splenocytes treated with

the mitogen Concanavalin A (ConA supernatant)

Phosphor buffered salt | 8.10 mM Na2HPO4 (CARL ROTH GmbH, Karlsruhe,
solution Germany)
(PBS, 10x) 1.47 mM NaH2PO4 (CARL ROTH GmbH, Karlsruhe,
Germany)
137 mM NaCl (CARL ROTH GmbH, Karlsruhe, Germany)
2.68 mM KCI (CARL ROTH GmbH, Karlsruhe, Germany)
adjusted to pH 7.2
FACS PBS 100 ml 1x PBS
5ml Rat serum (in-house production)
Freezing medium 40 ml TCM
50 ml Horse serum (in-house production)
10 ml DMSO (CARL ROTH GmbH, Karlsruhe,
Germany)
ACK buffer NH.CL (CARL ROTH GmbH, Karlsruhe,
0.15 mol/l
Germany
KHCO3NH4CI (CARL ROTH GmbH, Karlsruhe,
1 mmol/l
Germany)
Na, EDTA/Titriplex (CARL ROTH GmbH,
0.1 mmol/l Karlsruhe, Germany)
Adjust to pH 7.2 — 7.4 with 1N HCI
Isotonic percoll 9% Vol. Percoll (GE HEALTHCARE, Munich, Germany)

1x Vol.

PBS 10x
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medium ingredients
Underlay percoll (70 %) | 7 ml Isotonic Percoll
PBS 1x
3.9ml
Percoll (40 %) Aml Isotonic Percoll
PBS 1x
5.9 ml
Complete Freund’s 10 ml Incomplete Freund’s adjuvant (DIFCO
adjuvant LABORATORIES, Detroit, USA)
100 mg Mycobacteria M. Tubercolosis H37Ra, (DIFCO
LABORATORIES, Detroit, USA)
MBP Isolated from guinea pig brains as described (Eylar
etal. 1974)
2.2 Methods
2.2.1 Animals

Rats on a Lew/Crl background (Rattus norvegicus) were supplied by the Animal Facility
of the Medical School Géttingen (Gottingen, Germany) and kept under standardized
conditions. All animal experiments carried out in this study were approved by the

responsible authorities.

‘2.2.2 Generation and culturing of GFP* antigen-specific T cells

CD4" T cells reactive against MBP and retrovirally transduced to express GFP (Tmsp-crp
cells) were established as previously described (Fligel et al. 1999). In brief, eight to ten
week-old female Lewis rats were immunized with 100 pg guinea pig MBP (Fliigel et al.
1999). The paste containing 1 volume of complete Freund’s adjuvant (CFA, 4 mg/ml)
and 1 volume MBP antigen (1 mg/ml) was injected into both sides of the tail-base, 50 pl
on each side, and an additional 50 pul on each side in the popliteal cavities. After 10 days,
the animals were sacrificed using CO.. Subsequently, the draining lymph nodes
(paraaortal, popliteal and inguinal) were taken out. The lymph nodes were prepared as a
cell suspension through a metal mesh. Lymphocytes obtained in this manner were co-
cultured with packaging cells in a 96 u-bottom well plate (THERMOFISHER
SCIENTIFIC INC., Braunschweig, Germany) at a concentration of 2x10%/ml T cells and
3x10°/ml packaging cells at 37 °C and 10 % CO; under sterile conditions (Heraeus
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Heracell 240 incubator, THERMOFISHER SCIENTIFIC INC., Braunschweig,
Germany). Each of the 96 wells contained 100 ul RM and 6 pug/ml of the respective
antigen. As packaging cells, GPE+86 mouse fibroblasts (Markowitz et al. 1988)
previously transduced with a retroviral vector encoding for both eGFP and neomycin-
resistant gene were used (Flugel et al. 1999). The packaging cells were seeded in the
plates two hours before adding the lymphocyte suspension. Two days after antigen
encounter, 50 ul of TCGF was added to each well. Two days later, 100 ul of the
supernatant was discarded and the cells were transferred into 96-well flat-bottom plates.
Furthermore, 100 ul of TCGF containing 0.4 mg/ ml Geneticin/ G418 (PAA
LABORATORIES GmbH, Pasching, Austria) were added to each well for negative
selection. Seven days after antigen encounter, T cells were challenged again with the
cognate antigen. For this purpose, 100 pl of the supernatant was substituted by fresh RM
containing irradiated thymocytes (1.4x10°), MBP (6 ug/ml) and Geneticin/ G418
(0.4 mg/ ml). Two days later, 50 uL of TCGF containing 0.4 mg/ ml Geneticin/ G418
was added to each well. Another day later, the wells containing the most fluorescent Tmgp-
crp cells were selected for further procedure by using an Axiovert 200M fluorescence
microscope (CARL-ZEISS MICROIMAGING, Jena, Germany). The Twmep-crp cells were
pooled in 6 cm dishes (SARSTEDT AG & CO., Nurnbrecht, Germany) and cultured in
TCGF. Four days later, the cells were further stimulated with the cognate antigen. For
this purpose, 3.5x10° Tmer-re cells were cultured in presence of 70x10° irradiated
thymocytes, 6 pg antigen, and 0.4 mg/ml Geneticin in 5ml RM. The stimulation
procedure was repeated up to three times following a 67 day cycle. The Twmgep-crp cells
were either frozen on day 2 as fully activated Twmep-crp cell blasts, or on day 6/7 as resting
Twmep-crp Cells. They were stored in liquid nitrogen. Alternatively, they were directly used
for injection for atEAE experiments on day 2.
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To ensure the specificity of the established cell line against MBP, the Twmgp-cre cells were
tested in vitro by a proliferation assay. The cognate antigen MBP was used as the relevant
antigen. The cells were cultured with APCs in the presence or absence of MBP. The
Twmep-crp Cells strongly proliferate in the presence of MBP, whereas in absence of antigen
(no MBP), almost no proliferation could be measured. The graph clearly shows a specific
reaction of the Tweprcrr cells against MBP presented by professional APCs in vitro
(Fig. 8).
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ccpml
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no MBP MBP

Figure 8 Proliferation assay of Twmep-crp cells in the absence and presence of MBP

For the proliferation assay 1x10° Twmepcre Cells were restimulated on day 6 with 1x10® thymocytes in
100 pL RM per well. The specific antigen was added in a concentration of 30 uM/ 5 ml. After incubating
the cells for 36 h, 3H-thymidine was added and the proliferation was measured after an additional 16 h of
incubation. The result of one representative experiment is shown. Data were acquired in triplicates.

2.2.3 Animal experiments

For all experiments except for the abovementioned primary culture experiments
6— 8 weeks-old rats on a Lew/Crl background (Rattus norvegicus) were supplied by the
animal facility of the Medical School of Géttingen (Goéttingen, Germany) and kept under
standardized conditions. Male and female Lewis rats were used in the EAE experiments.
No differences were noted between the sexes. All experiments abided to Lower Saxony’s
local regulations for animal welfare. The animals were weighed and scored on a daily
basis during the running experiment. From the date of the disease’s onset the animals
were weighed twice a day. If an animal reached the score 3.5 or lost more than 20 % of

its body weight, it was euthanized and taken out of the experiment.



2 Materials and Methods 25

Table 2 Scoring system for rat experimental autoimmune encephalomyelitis

Score Clinical symptom

0 No symptoms
0.5 Partial loss of tail tonus
1 Flaccid tail
2 Gait disorder
3 Hind-limb paralysis
Animals were still able to move forward with their front limbs
3.5 Weakness of fore limbs leading to impaired forward movement
4 Tetraplegia
5 Death

‘2.2.4 Adoptive transfer EAE

For induction of adoptive transfer EAE (atEAE) Lewis rats were injected with 3-5x10°
encephalitogenic Twmep-cre Cell blasts (2 days after antigen encounter). Freshly re-
stimulated Twmep-crp cells or previously frozen Twmer.crp cells were used for the
experiments. In order to minimize the stress of the thawing procedure, the frozen T cells
were rapidly thawed in a 37 °C water bath and immediately diluted with EH-buffer
containing 10 % fetal calf serum (FCS). Tmer-cre cells were then centrifuged down for
6 min at4 °C with 300 xg (Multifuge Heraeus S IS-R, THERMOFISCHER SCIENTIFIC
INC., Braunschweig, Germany). Next, 3-5x10° cells in 1 ml were injected of EH into the
tail vein of the rats. In accordance with the experimental set up, the animals were

sacrificed by exposure to carbon dioxide.

2.25 Teriflunomide solution

For in vitro culture teriflunomide powder (SANOFI, Paris, France) was solved in
dimethyl sulfoxide (DMSQ) and used for cell culture at a concentration of 0.1 molar.
Teriflunomide was diluted to 1, 10, 50, and 100 uM with TCM. Uridine (CARL ROTH
GmbH + Co KG, Karlsruhe, Germany) was solved in TCM as 0.2 molar solution and
added to each well in a concentration of 200 uM. For assessing Twmep-crp cell proliferation
in this study resting Twmep-cre cells were stimulated in 96-well flat-bottom plates. Each

well contained 5x10* T cells, 1x10° irradiated thymocytes in 100 pl RM, and 6 pg/ml of
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MBP. Teriflunomide and uridine was added. Another two days later, 50 uL of TCGF was
added to each well. The Twmgp-crp cells were used for analysis on days three, four, and five

post antigen encounter.

‘2.2.6 Administration of teriflunomide and uridine

For animal treatment, teriflunomide was solved in DMSO and EH + 10 % FCS.

The drug was administered at a concentration of 3, 5 or 10 mg/kg/d in a volume of 500 pl
per animal. It was orally administered by gavage in awake rats once a day. In order to
evaluate the clinical effects of teriflunomide in a preventive setting, the treatment with
teriflunomide started simultaneously with the injection of activated Twmep-crp cell blasts at

day zero and continued until the end of the experiment (Fig. 9).

The uridine was solved in 1 ml of sterile EH and given in excess (500 mg/animal). It was

administered intraperitoneal twice a day (Fig. 9).

2NN RN 1 3]
e JERFNEN]

- teriflunomide 3/5/10 mg/kg/d

. B uridine 2x500 mg i.p./d
injection of Tygp.grp cells

Figure 9 Mode and scheme of administration of teriflunomide and uridine 1

In order to evaluate the differences between the preventive and therapeutic setting, the
treatment with teriflunomide was started at different time points. As described above,
teriflunomide was started at day O for a preventive treatment. For a therapeutic treatment,
teriflunomide was started at the onset of the disease, i.e. when animals started to lose body
weight. Teriflunomide was given in a concentration between 3—7 mg/kg/d. Treatment was

then continued until the end of the experiment (Fig. 10).
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I teriflunomide prophylactic 3/7 mg/kg/d

injection of Tygp.cep cells Il teriflunomide therapeutic 3/7 mg/kg/d

Figure 10 Mode and scheme of administration of teriflunomide and uridine 11

‘2.2.7 Cell isolation

Lung, mediastinal lymph nodes, spleen, s.c. meninges, and s.c. parenchyma were isolated
immediately after having euthanized the animals. Blood samples were collected by
cardiac puncture with a syringe filled with 0.5 ml of EDTA (CARL ROTH GmbH,

Karlsruhe, Germany) in order to prevent clotting. All samples were kept in EH on ice.

Single cell suspensions were obtained by passing lymph nodes, spleen, s.c. meninges, and
s.c. parenchyma through a metal mesh cell strainer (UMG Gottingen, in-house machine
shop) using a pistil (Braun Melsungen AG, Sempach, Switzerland). After centrifugation
(6 min, 4 °C, 300 xg), samples were re-suspended in a certain volume of EH medium and
stored on ice. Additionally, in the cell suspension of the spleen, erythrocyte-lysis was
achieved by incubating the cells in ACK-buffer for 5 min on ice. The reaction was then
blocked by adding ice cold PBS. The samples were then centrifuged (6 min, 4 °C, 300 xg)

and resuspended in ice cold EH.

Mononuclear cells were isolated from the blood by a density gradient separation. In order
to do so, blood samples were mixed at a ratio of 1:1 with room temperature PBS and
carefully underlaid by half the amount of lymphocyte separation medium (LSM1077,
PAA LABORATORIES GmbH, Pasching, Austria). The samples were then centrifuged
for 30 min at 2000 rpm at room temperature with minimal acceleration and deceleration
(Multifuge Heraeus 1S-R, THERMOFISHER SCIENTIFIC INC., Braunschweig,
Germany). The interphase containing the mononuclear cells was carefully collected with
a pipette and transferred in a fresh tube, washed once with ice cold PBS, centrifuged

down, and resuspended in ice cold EH medium.

S.c. parenchyma and s.c. meninges were purified by using a Percoll gradient. For this

purpose, single cell suspensions were (1) kept in EH medium (s.c. parenchyma 35 ml, s.c
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meninges 7 ml), (2) were mixed with isotonic Percoll (s.c parenchyma 15 ml, s.c.
meninges 7 ml), and (3) centrifugated (20 °C, 30 min, 3780 rpm with minimal
acceleration and deceleration). The pellet was resuspended in ice cold EH.

2.2.8 Flow cytometry cell quantification

In order to quantify Twmep-crp Cells in vitro and ex vivo, defined volumes of cell suspension
were mixed with a definite number of fluorescence beads (BECTON DICKINSON
GmbH, Heidelberg, Germany). The samples were measured by use of flow cytometry
(BD FACSCalibur™, BECTON DICKINSON GmbH, Heidelberg, Germany).

‘2.2.9 Surface staining
In order to determine the activation level of Twmep-cre Cells in vitro, surface staining was
performed using the following mouse anti-rat monoclonal antibodies (both from
SEROTEX, Kidlington, UK): OX-40 antigen (CD134) and OX-39 antigen (CD25, IL2
receptor o chain). Mouse IgG (SIGMA-ALDRICH, Munich, Germany) was used as
isotype control. For every surface marker 1x108 cultured Twmep-cep cells were transferred
in a 96-well v-bottom plate and centrifuged for 2 min at 1200 rpm. Subsequently, the
pellet was washed one time with PBS (100 ul) and one time with FACS PBS (100 pl).
Pellets were then incubated on ice in 100 pl of FACS PBS containing the respective
antibody in a dilution of 1:100 for 30 min. Next, Twmer-crp Cells were washed two times
in FACS PBS, and incubated for another 30 min with the secondary antibody in a dilution
of 1:100. Finally, they were washed one time with FACS PBS, one time with PBS, taken
up in 100 ul of PBS, and transferred to 500 pl FACS tubes (BD Biosciences, San Jose,
CA, US) for analysis.

\2.2.10 Proliferation assay

Twmep-crp Cell proliferation in vitro upon teriflunomide treatment was measured by 3H-
thymidine proliferation assay. For this purpose, Tmep-crp Cells were cultured in presence
of the cognate antigen or a sham antigen in 96-well u-bottom plates. Irradiated
thymocytes were used as APCs. Twenty-four hours after antigen encounter, 3H-
thymidine (2 Ci/mmol) was added to each well. The proliferation was measured with a

beta counter 24 h later.
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‘2.2.11 Quantitative real-time polymerase chain reaction (QRT-PCR)

In order to isolate the RNA of in vitro cultured Twmsp-crp cells, total tissue of s.c. meninges
and total tissue of s.c. parenchyma samples were lysed using QIAzol® Lysis Reagent
(QIAGEN GmbH, Hilden, Germany) according to the standard protocols from SIGMA-
ALDRICH and INVITROGEN. The samples were taken up in 500 pl of QIAzol® Lysis
Reagent. Complete cell lysis was reached by repetitive pipetting. Afterwards the cells
were either stored at -80 °C or immediately centrifuged at 12 000 rpm for 10 min at 4 °C
to obtain the soluble part. The tube with the pellet was discharged. The supernatant was
transferred to a fresh tube and incubated for 10 min at room temperature to allow the
complete dissociation of nucleoprotein complexes. Subsequently, 0.1 ml chloroform
were added and mixed by repetitive pipetting for about 15 s until the chloroform was
solved completely. Another incubation of 15 min at room temperature followed. After
that, the samples were centrifuged for 15 min at 12 000 rpm and at 4 °C. The spinning
separated the samples into three phases: a lower phenol-chloroform phase, an interphase,
and an upper aqueous phase, which contained the RNA. The upper phase was transferred
carefully in a new tube and was mixed with 0.25 ml of 100 % isopropanol and 1 pl
glycogen in order to precipitate the RNA. This precipitation step was carried out over
night at -20 °C when the samples contained a small number of cells (less than 10000). All
samples with a number of cells higher than 10000 were incubated for 10 min at room
temperature. Samples were then centrifuged for 10 min at 12000 rpm at 4 °C. The RNA
pellet was washed with 1 ml of 70 % ethanol. Therefore, the sample was vortexed briefly
and centrifuged for 5 min at 7500 rpm at 4 °C. The ethanol was then removed. The pellet
was dried at room air for about 5 to 10 min and resuspended in 11 pl of RNAse-free water
by gentle repetitive pipetting.

In order to isolate the RNA from ex vivo sorted cells the RNeasy Micro Kit (QIAGEN,
Hilden, Germany) was used following the standard manufacturer’s protocol. A maximum
of 5x10°cells was harvest and homogenized in 350 pl RLT buffer. The samples were
stored at -80 °C. After unfreezing the samples, the cell lysate was mixed with 1 volume
70 % ethanol by pipetting. The sample was directly transferred to a RNeasy MinElute
spin column in a 2 ml collection tube. The tube was centrifuged with closed lid for 15 s
at > 8000 xg. The flow-through was discarded. Afterward, 350 pl of RW1 buffer was
added to the RNeasy MinElute spin column. The lid was closed and again centrifuged for
15 s at > 8000 xg. On each column, a mixture of 10 pul DNase | stock solution and 70 pl

RDD buffer was added. The benchtop was incubated at room temperature for 15 min.



2 Materials and Methods 30

Another washing step with RW1 buffer followed as previously described. The RNeasy
MinElute spin column was placed in a new collection tube. For the next step, 500 pul RPE
buffer was added to the spin column and again centrifuged for 15 s at > 8000 xg with the
lid closed. The flow-through was discarded. Afterward, 500 uL of 80 % ethanol was
added to the RNeasy MinElute spin column and centrifuged as described above. The
RNeasy MinElute spin column was placed in a new collection tube and spun with an open
lid for 5 min to dry the membrane. Finally, the RNeasy MinElute spin column was placed
in a new collection tube and 14 ul of RNase-free water was added directly to the center
of the membrane. The tube was centrifuged with a closed lid for 1 min at full speed to
elute the RNA.

In this study, the RNA was used for the direct transfer into cDNA.

The synthesis of cDNA from RNA was performed by using the FermentasRevertAid ™
First Strand cDNA Synthesis Kit (THERMO FISCHER Scientific Inc., Waltham, US)
according to the company’s standard protocol. The cDNA synthesis reaction was done
using the EPPENDORF Mastercycler EP Gradient with the following PCR protocol:
5 min at 25 °C, 60 min at 42 °C, 5 min at 70 °C, and 4 °C for the terminal phase. cDNA
samples were directly used as templates for gPCR reactions or stored at -20 °C.

In order to quantify the gene expression level of (1) cytokines, (2) cytokine receptors, (3)
chemokines, and (4) chemokine receptors, a semi-quantitative real time PCR (qPCR) was
performed. For QRT-PCR analysis, gPCR mastermix and primermix were mixed
separately and successively pipetted into a 96-well Flat Deck Thermo-Fast detection plate
(SARSTEDT AG & Co, Nurnbrecht, Germany). The cDNA was subsequently added. The

reaction batch per well is depicted in Table 3.

Table 3 Reaction batch per well for QRT-PCR

Reagent Volume

gPCR mastermix 125 ul
Primermix 5ul
cDNA template 7.5 ul

(2:10 or 1:20 diluted with Aqua Dest
depending on cDNA concentration)

Total volume 25 pL

The samples were analyzed as duplicates with the Delta-delta Ct method for
quantification wusing the StepOnePlus Real Time PCR System (APPLIED
BIOSYSTEMS, Darmstadt, Germany), and the corresponding StepOne Software v2.0. 3-
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actin was used as the housekeeping gene. The probes (SIGMA-ALDRICH, Munich,

Germany) worked with FAM-TAMRA as fluorophore-quencher pairs. The following

primer were used for total tissue analyses in vitro and ex vivo: B-actin, Interferon-y, and
Interleukin 17. For ex vivo-sorted cells, S1P1, KLF2, CXCR3, and CCR7 were also used.

Table 4 Primer sequences for in vitro analyses

Gene Forward primer Reverse primer Probe
5-3 5°-3 FAM-5° —-3’-TAMRA

Beta-actin GTACAACCTCCTT | TTGTCGACGACGAG | CGCCACCAGTTCGCCA

(B-actin) GCAGCTCCT CcGC TGGAT

Interferon-y AACAGTAAAGCAA | TTCATTGACAGCTTT | CGCCAAGTTCGAGGTG

(IFN-y) AAAAGGATGCATT | GTGCTGG AACAACCC

Interleukin 17 | GAGTCCCCGGAGA | GAGTACCGCTGCCT | ATGTGCCTGATGCTGTT

(IL-17) ATTCCAT TCACTGT

S1P1 GATCGCGCGCGGT | TTTCCTTGGCTGGAG | TTGAGCGAGGCTGCTG
) GTAGAC AGG TTTCTC

(Bartholoméus

et al. 2009)

KLF2 GCACCTAAAGGCG | AGCGCGCGAACTTC | AGGTGAGAAGCCTTAT
) CATCTG CA C

(Bartholoméus

et al. 2009)

CXCR3 AGCAGCCAAGCCA | TAGGGAGATGTGCT | AGGTCAGTGAACGTCA
. TGTACCTT GTTTTCCA AGTGC TAGATGCCTC

(Bartholoméus

et al. 2009)

CCRTY GTGTAGTCCACGG | CTGGTCATTTTCCAG | CCGATGTAGTCGTCTGT
. TGGTGTTCTC SUSUIECT o

(Bartholoméaus

et al. 2009)

‘2.2.12 Cell sorting
Samples were prepared as described in 2.2.7. In order to enrich a pure lymphocyte

fraction, the spleen and lung were further treated.

Spleen single cell suspensions were centrifuged down (6min, 4 °C, 300 xg), taken up in
20 ml of TCM, and incubated at 37 °C and 10 % CO2 (Heraeus Heracell 240 incubator,
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THERMOFISHER SCIENTIFIC INC., Braunschweig, Germany) for 20 min in 10 cm
dishes (SARSTEDT AG&CO., Nurnbrecht, Germany). They were stored in the incubator
to let the macrophages attach to the dishes. Subsequently, the supernatant was transferred
into a fresh falcon, centrifuged again, and taken up in 5 ml of EH containing 1 % of EDTA

to prevent T cell-to-cell adhesion.

In order to purify mononuclear cells from the lung, samples were taken up in 5 ml of 40 %
Percoll. After that 5 ml underlay Percoll were cautiously underlain the mixture. The
samples were then centrifuged (30 min, 2000 rpm, RT, minimal acceleration and
deceleration). The obtained interphase was cautiously collected with a pipette and
transferred in a fresh falcon. A single washing step with PBS followed. Finally, the

samples were taken up in EH plus EDTA.

2.2.13 Apoptosis detection assay

In order to quantify the percentage of apoptotic/ necrotic Twmgp-crp Cells in tissue samples,
Annexin- propidium iodide (PI) staining was performed; 1x10° cells were used for the
staining in a 96-well v-bottom plate. Cells were washed once with ice cold PBS and
incubated in one-time binding buffer 50 uL/well (BD Biosciences, San Jose, CA US)
containing 2.5 pL Annexin V-APC (BD Biosciences, San Jose, CA US) for 15 min at
room temperature and in the dark. The reaction was blocked by transferring the samples
into 500 pl FACS tubes containing 200 pL binding and 1 pL of PI (BD Biosciences, San
Jose, CA US). The samples were acquired using BD FACS Calibur. Analysis of the

percentage of Annexin and P1 positive cells was done with FlowJo V10 software.

2.2.14 Histology

In order to verify the T cell infiltration into and distribution within the s.c., histological
analyses were performed. Animals were perfused with PBS followed by 4 %
paraformaldehyde (PFA). After post-fixation in 4 % paraformaldehyde the s.c. was
prepared out of the vertebral column and cut on a CM305S cryostat CM 3050 S (LEICA,
Wetzler, Germany) into 16 um thick slices. Images were obtained with an Axio Observer
Z1 fluorescent microscope (CARL ZEISS, Jena, Germany) equipped with a 10x air

objective. Images were acquired and processed by using Axiovision 4.8 software.
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2.2.15 Acute slicing and imaging

In order to prepare acute slices of the lung, the whole lung including the trachea was
isolated from the rat thorax and stored in ice cold EH. The airways were then filled with
warm (37 °C) 2 % low-melting agarose (CARL ROTH GmbH, Karlsruhe, Germany) in
TCM by using a cannula inserted into the trachea. Filling up the lung was considered
complete when both the lungs were inflated to a volume comparable to the in vivo
situation. Lungs were kept on ice to allow the agar to polymerize. After cooling, the lung
was cut into smaller pieces that were embedded in 7 % low-melting agarose in TCM.
Subsequently, 1 mm thick slices were obtained by using a 752M Vibroslicer (CAMPDEN
INSTRUMENTS LTD, Loughborough, England) equipped with a fresh razor blade. The
slices were incubated in 4 °C TCM infused with carbogen to ensure suitable environment

conditions for the T cells.

All images were recorded with a LSM710/Axio Examiner Z1 microscope (CARL-ZEISS
Microimaging) combined with a > 2.5 Watt Ti:Sapphire Chameleon Vision Il Laser
device (COHERENT GmbH, Dieburg, Germany). The excitation wavelength was tuned
to 880 nm and routed through a 20x water NA1.0 immersion objective W Plan
Apochromat (CARL ZEISS, Jena, Germany). Emitted fluorescence was detected using
non-descanned detectors (CARL ZEISS, Jena, Germany) equipped with 442/46 nm,
483/32 nm, 525/50 nm, and 607/70 nm band-pass filters (SEMROCK Inc., Rochester,

NY US). Collagen was detected by two-photon generated second-harmonic signals.

\2.2.16 Reinjection of T cells isolated from mediastinal lymph nodes
AtEAE was induced as described in 2.2.4. One group of animals was treated with

3 mg/kg/d teriflunomide, whereas the other group received only the vehicle.

On day 2 the mediastinal lymph nodes were isolated in sterile conditions and kept in ice
cold EH. Single cell suspension was obtained as described in 2.2.2. Subsequently, the
cells were stimulated in 96-well flat-bottom plates on a concentration of 30x 10 T cells
per plate either with the cognate antigen (MBP, 30 uM/ml) or with a shame antigen
(OVA, 40 uM/ml). The absolute number of plated Tmepr-cre Cells was measured by FACS
Calibur.

Two days later the cells were again counted by FACS Calibur. Subsequently, the
amplification rate between day 0 and day 2 was calculated. Moreover, the expression of

the surface activation markers CD134 and CD25 was detected by FACS staining as
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described in 2.2.9. The activation level was further investigated by qPCR analysis for

several genes (IFNy and IL-17) as described above in 2.2.11.
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3 Results

3.1 Analysis of Tuee-cre cell proliferation

In order to assess teriflunomide effects on Twmer-grp cell proliferation in vitro, two

different approaches were pursued.

First, the effect of teriflunomide on the proliferation of Twmepr-cre cells was assessed in
vitro by flow cytometry. Tmep-crp Cells were stimulated with MBP in the presence of
different concentrations of teriflunomide with or without the addition of uridine.
Proliferation was measured by flow cytometry on days 2, 3, and 4 after antigen
stimulation. As shown in Figure 11, teriflunomide impaired Twmgp-crp cell proliferation in
a dose-dependent manner, starting at 1 uM. At higher teriflunomide concentrations, cell
proliferation was completely abrogated. Exogenous addition of uridine could rescue the
blocking of proliferation at concentrations of 1, 10, and 50 uM teriflunomide, but not at
100 uM (Fig. 11).
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Figure 11 In vitro proliferation of Twmsp-crp cells with different concentrations of teriflunomide

1x10° resting Tmger-cre cells were cultured with MBP and 1x10° thymocytes per well. Teriflunomide was
added at 1, 10, 50, and 100 uM with or without the addition of 200 uM uridine (U). Proliferation was
measured flow cytometrically after 48 h, 72 h, and 96 h of incubation. A representative experiment is
shown. The experiment was done in triplicate.
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Second, the effect of teriflunomide on the proliferation of Tmep-cee cells in vitro was
measured by incorporation of 3H-thymidine in the presence of different concentrations
of teriflunomide with or without the addition of uridine. Proliferation was measured 48 h
after antigen encounter (Fig. 12). Proliferation without MBP was minimal and was used

as negative control to define basic proliferation rate.

Under these conditions, the proliferation decreased with increasing teriflunomide
concentrations. Exogenous uridine could completely rescue this effect at a concentration
of 1 uM and 10 uM, and partially at 50 uM teriflunomide. At 100 uM teriflunomide, the

proliferation did not exceed the baseline level and could not be rescued by uridine.
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Figure 12 Proliferation assay of Twmsp-crp cells in presence of different concentrations of teriflunomide
measured by 3H-thymidine incorporation

1x10° resting Tmer-cre cells were cultured with MBP and 1x10° thymocytes per well. Teriflunomide was
added in concentrations of 1, 10, 50, and 100 uM. Uridine (U) was added at a concentration of 200 uM.
36 h after stimulation with MBP, 3H-thymidine was added. Incorporation was measured 16 h after addition
of 3H-thymidine by a beta-counter. The diagram shows the results of three independent experiments. n>2
per group per experiment. Mean + s.e.m.

3.2 Effect of teriflunomide on Twmep-crp cell activation

In order to investigate the effect of teriflunomide on T cell activation in vitro, Tmer-crp
cells were stained for surface activation markers CD134 and CD25 and afterwards were
measured flow cytometrically on day 2 after antigen encounter. As expected, upon MBP
stimulation, Tmepe-crp Cells upregulated both CD134 and CD25 (Fig. 13).

Under the treatment with teriflunomide in concentrations ranging from 1 pM to 100 uM,
no differences in levels of CD134 could be observed. Levels of CD25 were slightly

elevated after treatment of cells with teriflunomide. This increase might be due to a
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delayed proliferation and activation of cells cultured with teriflunomide because of a
decreasing concentration of teriflunomide in the culture medium due to consumption. In

the presence of exogenous uridine, no changes in activation could be detected (Fig. 13).
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Figure 13 Levels of activation markers in Tmep-crp cells stimulated in the presence of teriflunomide

Two days after in vitro stimulation with MBP Twmep-cre cells were stained for expression of surface markers
CD134 and CD25. As control, cells were stained with isotype control antibody (1gG). The top row shows
surface marker levels after stimulation with (red) or without (black) MBP. Shown are overlay histograms
gated for Twmee-cre Cells treated with vehicle (red), teriflunomide (blue) and teriflunomide plus uridine
(orange) of a representative experiment. The experiment was done in triplicate.
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3.3 The effect of teriflunomide on the production of pro-inflammatory
cytokines IFNy and IL-17 in Twmep-cep cells

Pro-inflammatory cytokine production of IFNy and IL-17 was measured in Tuep-crp cells
on day 2 after stimulation with MBP by real time PCR. As expected, upon stimulation an
increase of both cytokines was observed. Interestingly, Twmer-cre cells cultured with
increasing concentrations of teriflunomide (1-100 puM) did not show any reduction in the
expression of inflammatory cytokines compared to Twmgp-cre Cells cultured in the presence
of vehicle. Additionally, when adding uridine to the cells no statistically different changes
in cytokine expression compared to the control could be detected (Fig. 14). The high IFNy
values at 50 and 100 uM of teriflunomide could be due to a high fluctuation of expression
level between experiments. This is also evidenced by the high arrow bars in Figure 14.



3 Results 41

0.5
(7]
Q@
o
o 0.44
o
£
S 031
(==}
2 0.2
a
3
=z
L
N
N) @ N) N N) N N}
§ % Q\C\J * '\/Qs % Q{fs % Qg M Qg *
s & & & $ v 5§ ¢ 3§ 9 3
S S 3 ~ 9 8 $
N S ~
0.20-
(%3]
Q@
o
o
©  0.15-
£
©
@
@ 0.10
@
Qo
o
S 0.054
N~
-
: ﬁ i i i ] i "l i
0.00 —si=
N) o N) N) N) N N)
§§ * Q\C\’ czf N§ * QQS * Q§ * Qg %
AN 3 ™ 9 & $
N S ~

Figure 14 Quantitative PCR of pro-inflammatory cytokine expression in Twep-crp cells cultured with
different concentrations of teriflunomide

1x10° resting Tmep-cre cells were cultured with 1x10° thymocytes and MBP per well. As negative controls,
Twee-cre cells were plated without MBP. The expression level of IFNy (red) in the upper diagram and IL-
17 (blue) in the lower diagram was measured on day 2 after re-stimulation by gPCR. The results of five
independent experiments are shown with n>4, mean + s.e.m.

3.4 The effect of teriflunomide on the preclinical phase in the EAE model
in Lewis rats

3.4.1 Pharmacokinetics with different doses of teriflunomide

In order to investigate the effect of teriflunomide in vivo, Lewis rats were treated with
different concentrations of teriflunomide starting from day O (T cells transfer). The drug
was well tolerated by the rats also at the highest concentration of 10 mg/kg/d. Regarding
the effects, animals treated with a dose of 3, 5, and 10 mg/kg/d of teriflunomide did not

show any clinical score (neither loss of body weight nor motility deficits). As expected,
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the vehicle-treated group showed a typical EAE that started on day 4 and peaked between
day 5 and 6 with paralysis of the lower limbs (Fig. 15).

When the animals were treated with 0.5 and 1 mg/kg/d of teriflunomide there was a dose-
dependent amelioration of the clinical disease. In both groups teriflunomide-treated

animals developed a clinic more or less similar to the vehicle-treated group (data not

shown).
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Figure 15 Pharmacokinetic with 3, 5, and 10 mg/kg/d teriflunomide

Left and right axis display clinical disease score (bars) and percentage of loss of body weight (lines) over
time, respectively. Shown are mean + s.e.m. of three animals per group: vehicle-treated group (green),
teriflunomide 3 mg/kg/d (red), teriflunomide 5 mg/kg/d (blue), and teriflunomide 10 mg/kg/d (orange).

3.4.2 Clinical development of EAE under the influence of teriflunomide

The next step was to evaluate the effect of teriflunomide on a greater cohort of animals.
Therefore, animals were divided into three groups: a vehicle-treated group, a
teriflunomide-treated group (3 mg/kg/d), and a teriflunomide (3 mg/kg/d) plus uridine
(500 mg i.p. twice per day) treated group. The dose of teriflunomide 3 mg/kg/d was
chosen based on the previous pharmacokinetics (see 3.4.1.). The dose of uridine was
chosen according to the literature (Korn et al. 2004). The clinical data are summarized in

Table 5. Under the treatment with teriflunomide incidence of disease was significantly
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reduced. Upon teriflunomide treatment the disease onset was delayed compared to the
vehicle-treated group. An additional treatment with uridine had no influence on the start
of disease compared to a treatment with teriflunomide alone; it also had no influence on
the peak or incidence of disease. The disease duration and severity of clinical symptoms
were significantly reduced by teriflunomide. Uridine seemed to ameliorate the effect of
teriflunomide on disease duration and the maximum score to a certain extent. In total, the
cumulative score during teriflunomide treatment was reduced. This effect was alleviated
by treatment with exogenous uridine. For ethical reasons, six animals of the vehicle-

treated group were taken out of the experiment (Table 5).

Table 5 Clinical table

incidence onset peak of | disease | highest cumulative .
: of ) ; fatality
of disease disease disease | duration | score score
day day days score score
(S.D) (S.D) (S.D.) (S.D) (S.D)
. 96 % —1| 3.1 4.9 2.4 2.7
vehicle m=27) |3|| ©19) |(©78) |(@24) |, (=11 | OG0,
*|| (n=6) (n=11) | (n=9) *
¥
teriflunomide | 25 % t?dzsz) 5 (0) (()1'5241) 0.55 1233 |0
(n=24) (n=6) (n=2) (n=11) (n=11) (n=11) (n=24)
teriflunomide | 46 o4 ?6342) 5 (0) (11'26 PEE: 27337 |0
+ uridine (n=13) (n.:6) (n=2) (n.:5) (n=5) (n=5) (n=13)

Shown is the mean + S.D. for all acquired clinical parameters. P-values for incidence of disease were
calculated by Fisher’s exact test. P-values for disease duration and highest score were calculated by
ANOVA and multiple comparison by Turkey’s HSD. *p<0.05 **p<0.01 ***p<0.001

3.4.3 Effect of teriflunomide on Twmer-crp cell infiltration in the spinal cord

Since the severity of clinical symptoms in transfer EAE could be significantly reduced by
the treatment with teriflunomide, the infiltration of Tmep.crr cells into the s.c. was

measured. Infiltration was analyzed at the peak of disease on day 5 post transfer.

The histological examination showed a marked reduction of Tmep-cre cell infiltration into
the s.c. parenchyma in teriflunomide-treated animals (Fig. 16B) compared to vehicle-
treated animals (Fig. 16A). In vehicle-treated animals Tmsp-cep cells could be observed in
GM and WM of the s.c. parenchyma, whereas in teriflunomide-treated animals Twgp-crp

cells were few and remained in the submeningeal area.
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Figure 16 Infiltration of Tmep-cre cells in the spinal cord on day 5 p.t. (peak of atEAE) with or without
teriflunomide treatment

Shown are representative fluorescence microscopy images of the s.c. with WM and GM. Animals were i.v.
injected with Tuep-cre cells and either treated with 3 mg/kg/d teriflunomide (B) or only with vehicle (A).
Pictures show infiltration of green Twmee-cre cells (white arrows) into WM and GM in a vehicle-treated
animal (A) and a teriflunomide-treated animal (B). However, in teriflunomide-treated animals there is only
low submeningeal T cell infiltration. The inserts show a magnification of representative areas with
Twee-cre cells indicated by white arrows.

‘3.4.4 Effect of teriflunomide on the inflammatory milieu in the spinal cord

The next step was to investigate whether teriflunomide affects the level of inflammation
in the s.c. To this end, RNA was extracted from s.c. total tissue samples of animals treated
with teriflunomide (3 mg/kg/d) or vehicle. The expression levels of the pro-inflammatory

cytokines IFNy and IL-17 were measured by gPCR on day 4 and day 5 post transfer.
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A reduction in the expression of IFNy and IL-17 both on day 4 (Fig. 17B) and day 5 (Fig.
17C) in the s.c. parenchyma could be detected under the treatment with teriflunomide in
comparison to vehicle-treated animals. In the s.c. meninges the expression of I1L-17 was
clearly reduced under treatment with teriflunomide both on day 4 and 5. The level of
IFNy, however, was only slightly reduced under teriflunomide treatment on both days
(Fig. 17B, C).
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Figure 17 Quantitative RNA analyses of pro-inflammatory cytokines in total tissue of spinal cord
parenchyma and meninges from naive animals and from teriflunomide-treated animals on day 4 and
5

Spinal cords were explanted from naive Lewis rats (A) and from animals on day 4 (B) and day 5 (C) post
transfer of Twmep-cep cells. One group of transferred animals was treated with 3 mg/kg/d teriflunomide (red)
the other group received only the vehicle (green). The naive animals did not receive any treatment.
Expression of IFNy and IL-17 was measured by quantitative PCR. The relative copy numbers compared to
B-actin copies (housekeeping gene) are shown. Mean + s.e.m. of at least 3 (day 4) or 4 (day 5) different
experiments per time point are shown. The data from the naive animals were provided by Dr. Francesca
Odoardi.

‘3.4.5 Effect of teriflunomide on the migratory pattern of Tmee- grp cells

Next, the effect of teriflunomide on T cell proliferation and migration during EAE was

investigated. In Lewis rat transfer EAE, T cells follow a precise migratory pattern: they
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first enter the lung and then migrate to the mediastinal lymph nodes. Three days p.t. the
Twer-crp Cells appear in blood and spleen just before infiltrating the CNS. Therefore, the
absolute numbers of Twmee-cre Cells were quantified in the peripheral organs (lung,
mediastinal lymph nodes, spleen, blood) and the CNS (s.c. meninges, s.c. parenchyma)

with and without teriflunomide treatment (Fig. 18).

Regarding T cell numbers in the first two days p.t., differences were observed only in the
mediastinal lymph nodes, where a higher number of Twmgp-crp Cells in the vehicle-treated

animals could be detected (Fig. 18B) compared to the other two groups.

On day 3 compared to day 2, an increase in T cell number could be detected in the lung
with both vehicle and teriflunomide treatment. Thus, teriflunomide did not impair the
entry of T cells into the lung. Between the teriflunomide-treated groups and the vehicle-
treated group only minor differences could be observed. However, in the mediastinal
lymph nodes, a clearly higher number of T cells could be detected in the vehicle-treated
animals compared to the teriflunomide(zuridine)-treated groups (Fig. 18A, B). These
differences were even stronger in blood and spleen, where the cell number was clearly
reduced under teriflunomide treatment (Fig. 18C, D). In the blood the difference in T cell
number reached significance on day 3 and 4. Conversely, in the s.c. the first T cells

appeared in the meninges and the parenchyma on day 3. The number of T cells in vehicle-

treated animals was much higher than in teriflunomide-treated animals (Fig. 18E, F).

On day 4, an increase in the number of T cells in the lung of vehicle-treated animals could
be observed, whereas the number of T cells in the lung of teriflunomide(+ uridine)-treated
animals remained stable (Fig. 18A). The number of Tmee-cre cells in the mediastinal
lymph nodes decreased in teriflunomide(z uridine)-treated animals, whereas in vehicle-
treated animals the numbers increased and reached a significant difference between
vehicle and teriflunomide treatment and vehicle and teriflunomide/uridine treatment (Fig.
18B). Furthermore, in the blood and spleen, a significantly higher number of T cells could
be observed in the vehicle-treated group compared to teriflunomide(+ uridine)-treated
groups (Fig. 18C, D). In the s.c. vehicle-treated animals showed noticeably higher

numbers of T cells compared to teriflunomide-treated animals (Fig. 18E, F).

On day 5, the number of T cells in the lung was decreasing in the vehicle as well as in the

teriflunomide-treated group (Fig. 18A). In the mediastinal lymph nodes, the number of
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T cells remained stable in the vehicle-treated group, whereas no T cells could be detected
in the teriflunomide-treated group. This difference proved statistically significant (Fig.
18B). Inthe blood and spleen, T cells could almost exclusively be found in vehicle-treated
animals (statistically significant for spleen). The same held true for the number of T cells
in the s.c. parenchyma and s.c. meninges (Fig. 18E, F), which could also be shown by

histological examination (Fig. 16).
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Figure 18 Quantification of Twmer-cre cells in different organs under different treatments during
atEAE

Animals were treated with teriflunomide (red), teriflunomide plus uridine (blue), or vehicle (green).
Twmee-cre Cells per g or ml organ quantified by flow cytometry at the indicated days post transfer. Gated for
GFP* lymphocytes. Each time point and group with n>3 from at least 7 independent experiments. The
statistical significance was tested by ANOVA and multiple comparison by Turkey’s HSD. Results on day 5

were compared by unpaired t-test, since no data were acquired for the group of animals treated with
teriflunomide plus uridine. *p<0.05 **p<0.01 ***p<0.001.
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3.4.6 Distribution of T cells in the peripheral organs

Based on the findings concerning teriflunomide’s influence on migration patterns, the
following task was to answer the question of whether teriflunomide treatment influences
the distribution of T cells in the peripheral organs. Therefore, the number of T cells was
analyzed in the lung (Fig. 19A) and spleen (Fig. 19B) of vehicle and teriflunomide-treated
animals during transfer EAE. After Twmgp-cre Cells from lung, mediastinal lymph nodes,
blood, spleen, s.c. meninges, and s.c. parenchyma were quantified flow cytometrically on

days 1 to 5, the percentage of cells in lung and spleen was calculated.

In the lung an increase of percentage of Twmep-crp Cells on days 2 to 5 in teriflunomide-
treated animals compared to vehicle-treated animals could be observed (Fig. 19A).
However, this difference was statistically significant only on day 5. The percentage of
cells in vehicle-treated animals steadily decreased from 80 % on day 1 to 10 % on day 5;
meanwhile, the percentage of cells in the teriflunomide group started at around 53 %,
dropped to 36 % on day 4, and increased to 55 % on day 5.

In the spleen, during the first two days, the percentage of Tmee-crp cells in vehicle and
teriflunomide-treated animals was comparable at a level of 15 %20 %. In the vehicle-
treated animals the percentage of T cells increased from about 20 % on day 2 to about
55% on day 3, and then remained stable until day 5. Under the treatment with
teriflunomide, only a slight increase in Tuep-crp cells from 16 % on day 3 to 32 % on
day 4 and 38 % on day 5 could be observed (Fig. 19B).
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Figure 19 Higher percentage of Twmep-crp cells in the lung in teriflunomide-treated animals compared
to vehicle-treated animals

Percentage of Tmer-cre Cells in the lung and the spleen of teriflunomide-treated animals (red) compared to
vehicle-treated animals (green) calculated from the absolute numbers of Twuge-cee Cells in all organs
analyzed. Absolute numbers of T cells were acquired by FACS analysis and measured per g or ml per
organ. Shown are mean * s.e.m. Each data point represents one animal. Significance was determined by
unpaired t-test. *p<0.05 **p<0.01 ***p<0.001.
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‘3.4.7 Effect of teriflunomide on the migratory behavior of T cells within the
\ lung tissue

Considering that T cells upon teriflunomide treatment tended to persist in the lung, their
migratory capacity was analyzed in more detail. Firstly, a histological analysis was

performed to detect the distribution of T cells in the lung tissue.

In the vehicle-treated group, T cells tended to accumulate around the bronchi and the
bronchus-associated lymphoid tissues at day 3 p.t., as already described in the literature
(Odoardi et al. 2012). Teriflunomide treatment did not change this pattern of distribution:
Twmep-crp Cells localized around the bronchi at day 3 p.t. also in teriflunomide-treated
animals. Although the relative numbers of Twgp-cre Cells in the lung in teriflunomide-
treated animals were higher compared to vehicle-treated ones, the absolute numbers of
Twmee-cre Cells were lower in the teriflunomide-treated animals than in vehicle-treated
ones (Fig. 20).
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Figure 20 Homing of Twmsp-cre cells to bronchi in teriflunomide-treated and vehicle-treated animals

Representative 2-photon microscopic images of acute lung slices at day 3 p.t. Lung of vehicle-treated animal (A). Lung
of teriflunomide-treated animal (B). Insets show magnification of Tmer-cre cell infiltration (white arrows) around the
bronchi. Scale bar 200 pum.

Due to lower absolute numbers of Twgr.cre cells in the lung under teriflunomide
treatment, the effect of teriflunomide on inducing apoptosis or necrosis in T cells in the
lung was investigated. For this purpose, a flow cytometric analysis of Annexin V (AnnV)
and propidium iodide (PI) staining was performed. The results are shown in Figure 21.
No differences in percentage of apoptotic or necrotic Tmep-crp Cells isolated from lung
were detected in the vehicle-treated group versus the teriflunomide-treated groups. The
percentage of non-apoptotic cells (Pl-, AnnV-) was around 60 % in both groups. The
percentage of apoptotic cells (Pl-, AnnV+) was around 35 %, and the percentage of

necrotic cells (P1+, AnnV-) was around 5 % (Fig. 21).
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Figure 21 Annexin V and propidium iodide staining of Tmer-cre cells in the lung on day 3 p.t.

Percentage of Twee.cre Cells in the lung of vehicle-treated (green), teriflunomide-treated (red) and
teriflunomide plus uridine-treated (blue) animals at day 3 p.t., analyzed by flow cytometry. Non-apoptotic
Twmercre Cells (AnnV-, PI-) (A). Apoptotic Tuee-cer Cells (AnnV+, PI-) (B). Necrotic Tmgp-cer (Pl+,
AnnV-) (C). Result of one experiment (n=1). Gated for Tmgp-cre Cells.

‘3.4.8 Effect of teriflunomide on the emigration of Tmep-crp cells out of the
\ lung

Next, the influence of teriflunomide treatment on the expression profile of Twmep-cre cells
was analyzed. In particular, genes known to be involved in T cell trafficking were
measured, which might explain the higher percentage of Twmer-cre cells remaining in the
lung. Therefore, the expression of the emigration factors KLF2 and S1P1 as well as the
chemokines CCR7 and CXCR3 were analyzed; which change their expression during

T cell migration in peripheral organs (Odoardi et al. 2012).
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Twmer-crp Cells were sorted from lung on day 2, 3, and 4 p.t. Under treatment with
teriflunomide, expression levels of KLF2 (Fig. 22A) and S1P1 (Fig. 22B) were reduced
compared to the vehicle-treated group on all days analyzed.

In the expression profiles of CCR7 and CXCR3, no differences between vehicle treatment
and teriflunomide treatment could be detected (Fig. 22C, D).
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Figure 22 Quantitative PCR analyses for expression of KLF2, S1IP1, CCR7, and CXCR3 in sorted
Twep-cre cells from the lung

Twmee-crp Cells were sorted from the lung of vehicle-treated (green) and teriflunomide-treated (red) animals
at day 2, 3, and 4 p.t. The teriflunomide group was treated with 3 mg/kg/d. Relative copy numbers of KLF2
(A), S1P1 (B), CCR7 (C), and CXCR3 (D) in relation to B-actin are shown. n>3 per time point and group.
Graphs are mean + s.e.m.

3.4.9 Effect of teriflunomide on the reactivation potential of ex vivo-isolated
Twmee-cre cells

In the following step, induction of T cell anergy by teriflunomide was investigated. Twgp-
crp cells were isolated from the mediastinal lymph nodes of vehicle- or teriflunomide-
treated animals on day 2 p.t. The cells were either challenged with the cognate antigen
(MBP) or with a control antigen (OVA) in vitro.
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MBP specific proliferation of Tmee-crp Cells isolated both from vehicle-treated animals
and teriflunomide-treated animals could be observed. The proliferation of cells from
vehicle-treated animals, however, reached higher levels (Fig. 23B). As expected, no
proliferation was observed when only OVA was added to the T cell culture (Fig. 23A).

Taken together, these data indicate that Twmsp-crp Cells extracted from teriflunomide-

treated animals were not anergic (Fig. 23A, B).
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Figure 23 Re-stimulation of ex vivo-isolated Twmep-crr cells from mediastinal lymph nodes

Twmer-crp Cells were extracted from mediastinal lymph nodes on day 2 p.t. from animals either treated with
vehicle (green) or teriflunomide 3 mg/kg/d (red). The isolated cells were re-stimulated in vitro in the
presence of MBP or OVA. OVA was used as the negative control. Absolute numbers of Tmgp-cre cells (A)
measured by flow cytometry on day 0 and day 2 after antigen encounter. Mean + s.e.m. Ratio of
proliferation (B) of day 2/day O of the same experiment. Representative data of one experiment (n=1).
Experiment was done in triplicate.

Next, the influence of teriflunomide on the reactivation potential of Twmee-cre cells was
tested. Therefore, two days after isolation from mediastinal lymph nodes with subsequent
re-stimulation in vitro, T cells were stained for CD134 and CD25, which are classical
surface activation markers. When challenged with MBP, the expression of CD134 and
CD25 was increased compared to T cells stimulated with OVA both in T cells extracted

from vehicle-treated animals and for T cells extracted from teriflunomide-treated
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animals. However, no differences in the activation levels between these two groups were

observed (Fig. 24).
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Figure 24 Tmep-crp cells extracted from mediastinal lymph nodes from animals treated with vehicle-
or teriflunomide and re-stimulated in vitro with MBP show the same activation levels

Twmee-crp Cells extracted from mediastinal lymph nodes of vehicle- or teriflunomide-treated animals on day
2 p.t. were cultured in vitro with MBP or OVA. At day 2 after re-stimulation, T cells were stained for
expression of surface markers CD134 (right column) and CD25 (middle column). As the control, cells were
stained with isotype control antibody (IgG) (left column). Overlay histograms gated for Tmge-cee cells are
depicted. The results are of one representative experiment (n=1). The experiment was done in triplicate.

Under the same conditions as for expression of cell surface markers, the influence of

teriflunomide on cytokine production in Tmep-crp Cells was investigated. The expression

levels of pro-inflammatory cytokines IFNy and IL-17 and cell surface marker CD25 were

measured by gPCR.
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In both the vehicle-treated group and the teriflunomide-treated group, the expressions of
IFNy (Fig. 25A), IL-17 (Fig. 25B), and CD25 (Fig. 25C) were upregulated when Twgp-
orp cells were challenged in vitro with their cognate antigen MBP. OVA served as the
control antigen. For IL-17 and CD25, no significant difference in the expression of the
pro-inflammatory cytokines could be detected between the teriflunomide- and vehicle-
treated animals. In the case of IFNy a significantly lower expression was detected in the

teriflunomide-treated animals.
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Figure 25 Expression levels of inflammatory cytokines in Tmer-crp cells extracted from vehicle- or
teriflunomide-treated animals on day 2 after antigen encounter

Results of quantitative PCR for IFNy, IL-17, and CD25 at day 2 after challenge with either MBP or OVA.
The animals were either treated with teriflunomide 3mg/kg/d (red) or received the vehicle (green); Twge-
crp Cells were then isolated from mediastinal LNs and cultured as illustrated in Fig. 14. The bars show the
relative copy numbers compared to B-actin as the housekeeping gene. The mean + s.e.m. of four
independent experiments are presented (n=4). The statistical significance was tested by 1-way ANOVA
and multiple comparison by Turkey’s HSD. *p<0.05, **p<0.01 ***p<0.001.
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3.5 Effect of teriflunomide on the clinical phase in the EAE model in Lewis
rats

The next question to be answered was whether teriflunomide affects the diseases course

when administered in a therapeutic way at the start of the disease, i.e. between day 3 and

3.5 when animals started to lose body weight.

Upon transfer, the vehicle-treated animals started to lose body weight at day 3 and
developed a paralytic disease that peaked on days 5 to 6 (Fig. 26). As seen before (Fig.
15), the prophylactic treatment with teriflunomide completely prevented clinical
symptoms (Fig. 26). On the contrary, in animals that were treated in a therapeutic regimen
(3 mg/kg/d) starting on day 3, disease onset and the peak of the disease were identical to
those observed in the vehicle group. The disease duration of therapeutically treated
animals, however, was slightly shortened compared to that of the vehicle-treated animals
(Fig. 26).
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Figure 26 Clinical effect of teriflunomide administered either as therapeutic or prophylactic
treatment during atEAE

Activated Twmer.cre Cells were i.v. injected into animals, which were treated with 3 different regimens:
(1) vehicle treatment (green); (2) teriflunomide treatment at a dose of 3 mg/kg/d starting on day 0
(prophylactic treatment, red); and (3) teriflunomide treatment at a dose of 3 mg/kg/d starting on day 3
(therapeutic treatment, blue). The clinical data of one experiment are depicted. Mean + S.D. For each data
point n>2.

The infiltration kinetic of Tmer-crp Cells between the vehicle group, therapeutic group,

and prophylactic group was further investigated by flow cytometry.

In line with this study’s clinical data, a reduced number of Twmer.crr cells could be
measured in the s.c. parenchyma, s.c. meninges, and blood of prophylactically treated

animals (Fig. 27).
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Between the vehicle-treated and the therapeutically treated group, no significant
differences could be observed. In contrast to the vehicle-treated group, the number of
Twmer-crp Cells in s.c. parenchyma and blood was slightly decreased in therapeutically
treated animals. Compared to vehicle-treated animals, the number of Twvep-cee cells was

slightly elevated in the s.c. meninges of therapeutically treated animals (Fig. 27).
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Figure 27 Number of Twmep-crp cells in the s.c. parenchyma, s.c. meninges, and blood under vehicle
treatment, prophylactic treatment, and therapeutic treatment at day 4 p.t.

Numbers of Tmer-crp cells quantified by flow cytometry in the indicated tissues at day 4 p.t. Three different
teriflunomide regimens were performed: prophylactic (red), therapeutic (blue), and vehicle treatment
(green). The results of three independent experiments are shown. Mean + s.e.m. (n=5)

The next step was to investigate whether teriflunomide influences the expression of pro-
inflammatory cytokines in either total s.c. tissue or in Tmep-crp Cells sorted from s.c.

parenchyma, s.c. meninges, and blood (Fig. 28 and 29) on day 4 p.t.

In Twmee-crp Cells sorted from s.c. parenchyma of both groups, a similar level of cytokine
expression could be observed as analyzed by quantitative PCR. IFNy as well as IL-17

were expressed at the same level in vehicle-treated and therapeutically treated animals
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(Fig. 28A). The Twmep-crp cells of the therapeutically treated animals showed a slightly
higher expression of IFNy and IL-17 in the blood (Fig. 28B).
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Figure 28 Quantitative RNA analyses of pro-inflammatory cytokines in Twmsp-crp cells sorted from
s.c. parenchyma and blood from either vehicle-treated or therapeutically treated animals on day 4

p.t.

The Twmaep-cre cells were sorted from the indicated organs at day 4 p.t. and analyzed for the expression level
of IFNy and IL-17 by gPCR. The animals were either vehicle-treated or treated with 3—7 mg/kg/d
teriflunomide starting at day 3 p.t. Shown are the relative copy numbers compared to B-actin as the
housekeeping gene. Mean + s.e.m. of three independent experiments with n>4.

In accordance with expression levels of cytokines in sorted cells (Fig. 28) the expression
of IFNy and IL-17 in total tissue of s.c. parenchyma of the vehicle-treated and the

therapeutically treated group did not differ. Again, in the s.c. meninges a lower level of
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cytokines could be detected in the vehicle-treated group compared to the therapeutic

treatment (Fig. 29).
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Figure 29 Quantitative RNA analyses of pro-inflammatory cytokines in the total tissue of s.c.
parenchyma and meninges on day 4 p.t.

Spinal cords were explanted from Lewis rats on day 4 post transfer. The vehicle-treated group (green)
received only the vehicle. The therapeutic treatment (blue) started on day 3 with 3—7 mg/kg/d. The s.c.
parenchyma showed similar levels of pro-inflammatory cytokines in both groups. In the s.c. meninges of
the therapeutically treated animals, higher levels of both cytokines were expressed. Shown are relative copy
numbers compared to B-actin as the housekeeping gene. Mean + s.e.m. of at least 2 different experiments
with n=3.
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4 Discussion

Teriflunomide, one of the new oral disease-modifying agents, was introduced for the

treatment of multiple sclerosis in the European Union in 2013.

So far, the effect of teriflunomide has been mainly studied in vitro or in active
immunization EAE in animal models of MS. Furthermore, most of these studies were
conducted with leflunomide, the precursor of teriflunomide. The data of the present work
displays the effect of teriflunomide in adoptive transfer EAE in Lewis rats both in vitro
and ex vivo, particularly focusing on the effect of the drug on the antigen-specific effector

T cell population.

4.1 Effect of teriflunomide on Twmep-crp cells in vitro

Due to the T cells’ main role in the pathogenesis of MS, much attention has been focused
on identifying drugs that are able to selectively or at least primarily interfere with T cell
function (see 1.5). One of these drugs is teriflunomide. Teriflunomide blocks T cell
proliferation by inhibiting DHODH, a key enzyme of the pyrimidine metabolism (see
1.5.2). This pathway is predominantly active in strongly proliferating cells because
resting lymphocytes can supply their pyrimidine pool from the salvage pathway which is
DHODH-independent. Besides the antiproliferative effect, several other effects of
teriflunomide have been investigated in vitro, e.g. the inhibition of Jak1 and Jak3 tyrosine
Kinase activity. To inhibit phosphorylation of Jakl and Jak3, two major janus tyrosine
kinases downstream of cytokine receptors, an 1Cso of 50 uM teriflunomide was necessary.
In comparison, an 1Cso of 2 uM teriflunomide is required for inhibition of proliferation,
as tested in vitro in a murine cytotoxic T cell line (CTLL-4) (Elder etal. 1997). Therefore,
the antiproliferative effect through inhibition of DHODH likely takes precedence over
other effects (Breedveld and Dayer 2000; Claussen and Korn 2012).

In this study, the drug strongly reduced proliferation of T cells in vitro in a dose-
dependent manner, starting from a concentration of 1 UM up to a concentration of
100 pM, at which nearly no proliferation could be detected (Fig. 11 and 12). In several
studies, the abrogation of proliferation by teriflunomide could be overcome by adding
exogenous uridine in vitro (Zielinski et al. 1995; Williamson et al. 1995; Silva et al. 1996;
Korn et al. 2004). This effect was shown in either murine T and B cell lines (Zielinski et
al. 1995), mouse spleen cells (Williamson et al. 1995), rat MBP-specific T cells (Korn et
al. 2004), and peripheral blood mononuclear cells (Li et al. 2013). In line with the
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literature, this effect could be reproduced using our Twmep-cer cell line. The
antiproliferative effect could be overcome for teriflunomide concentrations of up to
50 uM by supplying exogenous uridine in vitro (Fig. 11 and 12). The concentration at
which the antiproliferative effect cannot be reversed in vitro is comparable to data

acquired in previous studies (Elder et al. 1997; Riickemann et al. 1998).

Two conclusions can be drawn from these experiments: firstly, the block of pyrimidine
synthesis is presumably responsible for the antiproliferative effect in vitro, and secondly,
the concentration of teriflunomide needed for an effective blockage of our cell line is

comparable to that used in previous studies.

Furthermore, it has been described in previous studies that a significant decrease of the
IFN-y production occurs in rat MBP specific T cells when treated with teriflunomide
(Korn et al. 2004). The activation of T cells takes place after recognition of the specific
antigen (in this study MBP) via the surface-expressed T cell receptor and co-stimulatory
molecules. This is followed by a downstream signaling cascade leading to cytokine
production (e.g. IL-17 and IFNy) and expression of cell surface molecules (e.g. CD25 and
CD134) (Brownlie and Zamoyska 2013; Lodygin et al. 2013). After re-stimulation of
T cells with specific antigen in vitro, no difference in cytokine secretion upon treatment
with teriflunomide could be found (Fig. 14). Moreover, surface markers for activation,
CD25 and CD134, were not altered by the treatment with teriflunomide (see 3.2 and Fig.
13).

All in all, the signaling cascade leading to expression of CD134 and CD25 as well as the
cytokine production of IFNy and IL-17 seems not to be affected in vitro. Therefore, this
study suggests that the effect of teriflunomide on changes in lymphocyte proliferation is
rather a consequence of reduced proliferation than impaired activation. Studies have
shown in vitro for human lymphocytes (Li et al. 2013) and rat MBP-specific T cells
(Ringheim et al. 2013) that teriflunomide affects proliferation with little impact on T cell

function.

4.2 In vivo effect of teriflunomide on transfer EAE

Next, the effect of teriflunomide was assessed in vivo. To our knowledge, this is the first

study addressing the effects of teriflunomide on autoreactive T cells in an atEAE model.
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In order to directly investigate the effect of the drug on MBP specific T cells, a transfer
model of EAE in Lewis rats was used. The EAE was induced by i.v. injection of activated
MBP-specific T cells.

Usually, drugs are administered at the minimal effective dose to avoid/minimize side
effects. At high doses, teriflunomide can induce off-target effects independent from the
DHODH inhibition. The drug was titrated in order to identify the most suitable dose in
rats. Five different doses were tested: 0.5, 1, 3, 5, and 10 mg/kg/d teriflunomide. The
minimal effective dose in this study was 3 mg/kg/d teriflunomide (Table 5, Fig. 15). The
disease course could not be altered at lower doses (0.5 and 1 mg/kg/d). A dose-dependent
reduction in loss of body weight and in clinical score could be observed. At 5 and
10 mg/kg/d, no clinical symptoms were observed and no transferred Tmgp-cre cells were
found in the tissues analyzed. The dose-dependent effect on the clinical symptoms
coincides with the dose-dependent linear increase of the teriflunomide plasma level
(Cmax). Steady state seems to be reached in rats after supplying the drug for approximately
three months, which lies outside of the trial period of this study (data supplied by
Genzyme EU B.V., 2015).

The chosen dose of 3 mg/kg/d is in accordance with the dose used in previous studies in
DA rats (Merrill et al. 2009). In active EAN in Lewis rats, leflunomide was used at a
concentration of 1.5-20 mg/kg/d (Korn et al. 2001), and in atEAE leflunomide was used
at a concentration of 20 mg/kg/d (Korn et al. 2004). Considering that 86 % of leflunomide
Is converted to its active metabolite teriflunomide (Merrill et al. 2009), this dose roughly
equals to 17 mg/kg/d teriflunomide (Korn et al. 2004; Merrill et al. 2009), which is much
higher than the dose used in this study. These differences might be due to different
pathogenicity or numbers of cells transferred into the rats.

At the chosen dose of 3 mg/kg/d teriflunomide, the infiltration of Tmep-crp cells into the
CNS (Fig. 16) and the resulting inflammation were clearly reduced (Fig. 17). These
effects could also be shown in previous studies in an active EAE model in DA rats
(Merrill et al. 2009; Ringheim et al. 2013). In addition, a lower demyelination and axonal

loss was observed (Merrill et al. 2009).

Due to the known effect of teriflunomide on cell proliferation, the number of T cells in
different organs, namely, the lung, mediastinal lymph nodes, spleen, blood, s.c. meninges,
and s.c. parenchyma, was assessed during different phases of EAE (Fig. 18). Both flow
cytometric (see 3.4.2) and histological data (see 3.2.3) clearly showed a strong reduction
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of about 80 % Twmer-cre Cells in all investigated compartments and at all investigated time

points compared to vehicle treatment.

In attempt to overcome the block of proliferation, exogenous uridine was substituted.
However, in contrast to the in vitro results, quantification of Tmep-crp cell number showed
no significant increase in the indicated organs (Fig. 18). Also, only a slight effect on the
disease duration, the maximum score, and disease severity could be seen (Table 5). The
same lack of effect upon uridine administration was observed in the paper by Korn et al.
(2004) for leflunomide treatment. Furthermore, application of uridine has been
established for other treatment regimens, e.g. for tumor treatment with 5-fluorouracil (5-
FU), a classical antimetabolite. An additional treatment with uridine raised the sensitivity
of the tumor for 5-FU (Martin et al. 1982; Klubes and Cerna 1983) in mice, and led to a
rescue of the side effects caused by 5-FU in humans. It proved efficient to administer
uridine either i.v., i.p., or orally (van Groeningen et al. 1986; van Groeningen et al. 1993).
All these results indicate that the treatment and metabolism of externally supplied uridine

per se is working.

It is possible that uridine can overcome only part of the teriflunomide effect in vivo
explaining the partial effect on EAE. Results can be interpreted in light of studies showing
that the effect of leflunomide on B cell and Th cell activity could be reversed by uridine
but not the suppression of cytotoxic effector T cells in a mouse model for autoimmune
diabetes (Pinschewer et al. 2001). Further studies need to be carried out to investigate the
discrepancy between the in vitro and in vivo effect of uridine on treatment with

teriflunomide.

4.3 Impairment of T cell migration

Considering the low numbers of Twmep-cre cells infiltrating the s.c. meninges and s.c.
parenchyma, the effect of teriflunomide on the distribution pattern of autoreactive T cells
during their migratory phase in the periphery and in their target organ (CNS) was

investigated.

Interestingly, teriflunomide seemed to change the homing pattern of T cells during EAE.
In vehicle-treated animals the transferred T cells mainly homed into the lung at day 3
after injection, first distributing around the alveoli and later localizing around the
bronchial structures. After that, they emigrate out of the lung, pass through the spleen,

and arrive at the meningeal blood vessels, from where they extravasate into in the CNS
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parenchyma (Fig. 18). In the teriflunomide-treated animals the distribution of cells inside
the lung was not affected but the egression of the T cells from the lung seemed impaired:

the majority of cells was trapped in the lung (Fig. 19, 20).

To further analyze the diminished T cell egression from the lung, known factors
facilitating this process were investigated. In the preclinical phase of atEAE it was shown
that Tmee-crp Cells change their expression profile in the lung, upregulating adhesion
molecules, chemokine receptors, as well as S1P1. S1P1 is essential for egression from
peripheral lymphoid organs and the lung (Odoardi et al. 2012). During proliferation it
becomes downregulated, trapping cells in lymphatic tissue. After proliferation, T cells
upregulate S1P1 (Rosen and Goetzl 2005; Cyster and Schwab 2012). For this, T cells
must enter the cell cycle to induce the expression of molecules involved in T cell
egression (Pham, Trung H M et al. 2008). It is therefore possible that blocking the
proliferation with teriflunomide in the G1 phase of the cell cycle (Tanasescu et al. 2013;
Breedveld and Dayer 2000) can also prevent T cells from acquiring the necessary

phenotype to leave the lung tissue.

The expression of chemokine receptors and S1P1 was evaluated in T cells isolated from
lung of teriflunomide-treated and vehicle-treated animals. Interestingly, the effector
T cells isolated from the lung of teriflunomide-treated animals showed a lower expression
of S1P1 compared to the vehicle-treated animals. No differences in the expression of
chemokine receptors CCR7 and CXCR3 were observed. Moreover, the transcription
factor KLF2, a master regulator of S1P1 expression (Carlson et al. 2006), which is strictly
linked to the regulation of the cell cycle, was downregulated (Fig. 22) in T cells treated

with teriflunomide.

Whether teriflunomide leads to apoptosis was also tested since this could also contribute
to the lower numbers of T cells observed after treatment. Higher levels of apoptosis could
not be observed compared to vehicle-treated animals (Fig. 21). Studies that showed that
teriflunomide mediates cytostatic but not cytotoxic effects (Riickemann et al. 1998; Korn
et al. 2004) and can even prevent apoptosis (Korn et al. 2004) support the findings of the
present study. The functionality of T cells transferred could be confirmed by extracting
Twmer-cep Cells from lung draining lymph nodes. Upon stimulation with the cognate
antigen (MBP), cells were still able to proliferate (Fig. 23), showing a comparable level
in activation (Fig. 24). Contrary to in vitro-stimulated Twmepcrp cells treated with

teriflunomide, cells isolated from teriflunomide-treated animals showed a significantly
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lower production of IFNy compared to cells isolated from vehicle-treated animals; in
contrast, there was no difference in IL17 production (Fig. 25) between the two groups.
However, after transfer in naive rats, these T cells were able to provoke mild EAE (flaccid
tail) (data not shown). Similar studies support the findings of this study: T cells extracted
from animals treated with HWA 486 (leflunomide) are still completely functional
(Bartlett 1986; Merrill et al. 2009; Korn et al. 2001), as highlighted by the fact that
abrogation of treatment with leflunomide still leads to development of an EAN (Korn et
al. 2001).

All in all, the data indicate that teriflunomide, when administered in a prophylactic way,
induces a block of MBP-specific T cell proliferation without affecting T cell activation.

However, it also impairs their migratory capacity.

4.4 Teriflunomide in therapeutic treatment

It has been shown that teriflunomide is very effective in preventive treatment of EAE
(Merrill et al. 2009; Ringheim et al. 2013). In this study, teriflunomide was very effective
in preventing disease in atEAE when administered before clinical onset (Table 5, Fig.
15). When administered after onset of disease in a therapeutic setting, the clinical effect
was limited (Fig. 26).

Therapeutic treatment with teriflunomide started shortly after the appearance of the first
clinical symptoms (weight loss), which coincides with the entry of T cells into the CNS
(Odoardi et al. 2012). Under a therapeutic regime, onset and peak of the disease were
identical to those in the vehicle-treated group. No significant differences in the invasion
of Tmer-cre Cells into s.c. meninges and s.c. parenchyma could be detected at the early
stage of the disease (Fig. 27). However, the disease duration was slightly shortened, and
recovery seemed to be faster. On the contrary, when animals were treated
prophylactically, EAE could be completely prevented (Fig. 15 and 26). Furthermore,
there was no significant difference in the severity of inflammation in the CNS when
treated therapeutically (Fig. 29), and no influence on the production of proinflammatory
cytokines (Fig. 28). However, more data needs to be acquired in a greater cohort of

animals to obtain conclusive results.

In this study, the discrepancy between preventive and therapeutic treatment in the
reduction of symptoms can be interpreted in light of the peculiarity of the CNS milieu.

As described above, the major mechanism of teriflunomide is the block of proliferation.
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However, in atEAE, after invading the CNS, almost no T cells proliferate indicating that
reactivation of T cells in the CNS is not sufficient to trigger proliferation (Lodygin et al.
2013). Nevertheless, it leads to production of pro-inflammatory cytokines. Without
proliferation, there will be no impact of teriflunomide on T cells, therefore explaining the

lack of a clinical effect.

Previously, it has been shown that in the active EAE/EAN models, leflunomide and
teriflunomide both influence the clinical course when administered in a therapeutic
manner. An inhibition in the maximal clinical score was shown as well as a faster
recovery of treated animals (Korn et al. 2001; Merrill et al. 2009; Ringheim et al. 2013).
Because of differences in the set-up, the comparability to this study is limited. The
previous studies all worked with an active EAE/EAN model, in which animals are
immunized, whereas the study at hand used an atEAE model. Furthermore, Merrill et al.
(2009) and Ringheim et al. (2013) both worked with Dark Agouti rats, a model that
resembles a RRMS. Moreover, for this clinical study, a dose of 3 mg/kg/d was used,
whereas in the study by Ringheim et al. (2009) animals were treated with 10 mg/kg/d
teriflunomide and in the study by Korn et al. (2001) with 20 mg/kg/d leflunomide
(approx. 17 mg/kg/d teriflunomide see 4.2.). Only Merrill et al. (2009) showed a
significant reduction of the median maximal disease score and median cumulative disease
score under a treatment with 10 mg/kg/d as well as 3 mg/kg/d teriflunomide (Korn et al.
2001; Merrill et al. 2009; Ringheim et al. 2013).

However, also in this study, a slight tendency of a faster recovery could be seen in the
group of therapeutically treated animals (Fig. 26). Previous studies showed an impact of
teriflunomide on bystander cells supporting the impact of teriflunomide on the late phase
of atEAE, e.g. recruitment of macrophages (Gold et al. 2006), migration of neutrophils
and macrophages (Cutolo et al. 2003; Kraan et al. 2000; Claussen and Korn 2012), and
cytokine production of macrophages and microglial cells (Korn et al. 2004; Claussen and
Korn 2012). It was shown that in the development of active EAE, teriflunomide seems to
influence the number of recruited macrophages/microglia and neutrophils in the CNS as

well as in the periphery (Ringheim et al. 2013).
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5 Summary and conclusion

In this study the effect of teriflunomide, a recently approved drug for MS, on antigen-

specific CD4+ T cells was investigated in vitro and in vivo using a classical model of MS,
namely the transfer EAE in Lewis rats. Moreover, the time of action of the drug was

addressed in the same model.

Regarding the in vitro effect, according to published literature our data could confirm that
teriflunomide has a strong anti-proliferating effect on antigen-specific T cells.
Interestingly, the activation profile of the T cells remained unaffected. These data were
also confirmed in vivo. Indeed, in transfer EAE in Lewis rats, myelin-reactive T cells
were strongly impaired in their proliferation. However, the few T cells able to reach the
CNS switched to an activatory profile with increased expression of pro-inflammatory
chemokines. Notably, we observed that in vivo, beside the well-known anti-proliferating
effect, teriflunomide impairs T cell migration capacity prejudicing the egression of
T cells from the lung. The tendency of a diminished expression of KLF2 and S1P1 in
myelin-reactive T cells isolated from treated animals suggest that these genes may
represent potential key factors for the observed impaired T cell migration.

Regarding the time of action, in our EAE model, teriflunomide was very effective in
preventing EAE if it was given in a preventive treatment manner. If teriflunomide was
given as a therapeutic regime, only modest clinical effects not associated with changes in
T cell infiltration and activation could be observed. The discrepancy of the results can be
interpreted in light of the peculiarity of the CNS milieu where the infiltrating T cells
undergo activation but not proliferation. This failure to proliferate will impact the major
mechanism of action of teriflunomide, i.e. the inhibition of the enzyme DHODH, which
could explain the observed lack of clinical effect in the therapeutic treatment.

The understanding the MOA of drugs for multiple sclerosis is focus of current scientific
research. Knowledge on this effect might empower medicine in the future to develop
personalized therapy specifically framed for individual patients depending on their
pathogenesis process. In this context, the present study indicates further potential MOAs
of teriflunomide, but future research should focus on and further investigate this potential

in order to increase the current scientific knowledge.
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6 Abstract

Multiple sclerosis (MS), the most common autoimmune disorder of the CNS, is
characterized by the infiltration of autoreactive inflammatory cells. Nowadays, more and
more immune modulating drugs are entering the European market, one of them being
teriflunomide. Teriflunomide (A77 1726) is the active metabolite of leflunomide, an anti-
inflammatory drug that has been used for a long time in the treatment of rheumatoid
arthritis and psoriasis. In MS, teriflunomide has been shown to significantly reduce the
relapse rate in clinical studies. The drug is known to be a potent inhibitor of the enzyme
DHODH, a mitochondrial enzyme critical for de novo pyrimidine synthesis. The de novo
pyrimidine synthesis pathway is essential for the expansion of cells with high-
proliferating capacity, and it has been proposed that teriflunomide’s main mechanism of
action is an anti-proliferative effect on rapidly dividing cells such as lymphocytes.

However, other mechanisms like the inhibition of tyrosine kinases can also play a role.

Therefore, in the present study, we aim to investigate the effect of teriflunomide on CD4"
MBP-reactive T cells both in vitro and in vivo using the experimental autoimmune
encephalomyelitis (EAE) model in Lewis rats. Moreover, we aim to understand in which

phase of the disease the drug exercises its therapeutic action.

Our in vivo and in vitro data confirmed that the block of proliferation of antigen-specific
T cells is the main mechanism of teriflunomide. In addition, this study revealed that
teriflunomide interferes with antigen-specific T cell migration during the pre-clinical
phase, impairing T cell egression from the lung. At the molecular level, the reduced
egression was associated with a differential expression of S1P1 and KLF2, which are
important genes in mediating leukocyte egression from lymphoid and non-lymphoid

organs.

Furthermore, regarding the time of action, the data indicate that teriflunomide is very
effective in preventing disease when administered before clinical onset of EAE, but less

effective if administered after onset.

In summary, the data reveal an unexpected mechanism of action of teriflunomide on
T cell migration beside the well-known anti-proliferative effect. Additionally, the data

reinforce the use of teriflunomide for prophylactic treatment.
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