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1 Introduction

1.1  Multiple sclerosis

Millions of patients worldwide are affected by multiple sclerosis (MS), a chronic
inflammatory demyelinating disease of the central nervous system (CNS) (Nakahara et al.
2012). The disease was first described in the year 1838 by Robert Carswell, who illustrated
lesions of the brain and the spinal cord. It is characterized by the pathological hallmarks
inflammation, demyelination, axonal loss and gliosis (Bruck and Stadelmann 2003). The exact
cause remains unknown while a combination of genetic, environmental and infectious factors
is being discussed (Compston and Coles 2008). There is no known cure for MS; treatment

strategies try to prevent or ameliorate relapses and to slow down chronic progression.

1.1.1 Epidemiology, etiology and impact

In 2018, about 2.3 million people worldwide were suffering from MS. In Germany, the
prevalence is estimated to 149 cases per 100,000 inhabitants (Hein and Hopfenmuiller 2000).
Several studies from Tasmania, Spain and Norway have revealed a strong increase in
prevalence and incidence of MS in the last decades (Grytten et al. 2015; Izquierdo et al. 2015;
Simpson et al. 2011). It is twice as common in women than in men and usually begins
between the age of 20 and 50 (Milo and Kahana 2010). The development of modern
diagnostic tools such as magnetic resonance imaging (MRI) and a higher life expectancy of

MS patients might be the cause for the rising prevalence.

Although the prevalence and incidence vary strongly among different populations and
regions, a strong correlation between latitude and the incidence of MS can be observed
(Simpson et al. 2011). Interestingly, this effect has been seen in genetically homogenous
populations as well as in people that migrated to a country with a higher latitude. Therefore,
many investigations on the effect of vitamin D in MS are being performed (Pierrot-
Deseilligny and Souberbielle 2013).

The exact cause of MS is still unknown. Many genes that increase the risk to develop MS are
associated with immunologically relevant proteins like human leukocyte antigen — D related,
interleukin (IL)-10, C-C chemokine receptor type 5 and interferon-gamma (IFN-y).
Environmental risk factors include infections with Ebstein-Barr virus, human herpesvirus 6
and herpes simplex virus 6, low vitamin D levels as well as geographic factors, such as
increasing distance to the equator (Sospedra and Martin 2005). It was also shown that a high
salt consumption and a “western diet” increase the risk for MS (Kleinewietfeld et al. 2013;
Manzel et al. 2014).
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MS has a low mortality, but is the most common reason for disability in young adults (Raffel
et al. 2017). Employment rates of MS patients drastically decrease with disease progression
(Dorstyn et al. 2017). The same effect can be seen when quality of life is assessed (Orme et
al. 2007). The healthcare costs for one patient are approximately € 31.000 per year (Fernandez
et al. 2017).

1.1.2 Symptoms and forms

Depending on the affected CNS region, almost any neurological symptom or sign can be
observed in MS patients. Very common are visual symptoms, including nystagmus, optic
neuritis and diplopia. Anxiety, fatigue, cognitive impairment, depression and instable mood
represent central symptoms. Speech may be affected through dysarthria and many patients
show symptoms of dysphagia. Musculoskeletal problems include spasms, ataxia and
weakness, whereas sensation is affected by pain, hypoesthiasis and paraesthiasis. MS
symptoms can furthermore affect the gastrointestinal tract: Incontinence, diarrhea or
constipation are seen in many patients. In addition, urinary problems such as incontinence
or retention can be observed (Milo and Kahana 2010). Due to the variability and complexity
of the clinical appearance, the disease activity is quantified with the expanded disability status
scale (EDSS) score, reaching from zero (no clinical symptoms) to ten (death), focusing

mainly on motoric symptoms (Kurtzke 1983).

There are different patterns of progression in MS. In 1996, the US National Multiple
Sclerosis society distinguished relapsing-remitting MS (RRMS), secondary progressive MS
(SPMS), primary progressive MS (PPMS) and progressive-relapsing MS (PRMS) based on
the clinical course at the onset of the disease (Lublin et al. 2014).

Because of a deeper understanding of MS in the following years, PRMS was removed in 2014
and the two new phenotypes clinically isolated syndrome (CIS) and radiologically isolated
syndrome (RIS) were added (Lublin et al. 2014).

RIS represents the most frequent form of asymptomatic MS, where MRI suggests MS
lesions, but the patients are symptom-free (Granberg et al. 2013). In most cases though, MS
begins with a CIS, a condition where symptoms occur, but patients do not fulfil all MS
criteria. Subsequently, 70% of those patients develop an RRMS phenotype (Miller et al.
2005). This is the most common subset affecting almost 90% of all MS patients (Compston
and Coles 2002). It is characterized by unpredictable relapses, defined as an acute worsening
of the disease within days or weeks, followed by complete or partial recovery. Between the
relapses, the clinical course is usually stable. “Benign MS” describes the condition where

symptoms always resolve after a relapse (Pittock and Rodriguez 2008).

Almost 70% of the RRMS cases however convert into SPMS over time when recovery from
relapse becomes incomplete and disability accumulates (Weinshenker 1998). This progress
usually takes about 20 years (Rovaris et al. 2006). Rarely, there might be occasional relapses

with minor remissions also in the secondary progressive phase (Lublin et al. 1990).
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A small proportion of MS patients has no remission at all after the initial symptoms. This
entity is called PPMS (Thompson et al. 1997). The disability continuously worsens while
plateaus or minor improvements might occur. At the onset of disease, patients with PPMS
are about 10 years older than RRMS patients (Miller and Leary 2007). Whereas in RRMS,
symptoms develop rapidly within days, this process takes months or years in PPMS. Spastic

and ataxic paresis occur as a result of a progressive myelopathy (Ontaneda and Fox 2015).

Occasionally, atypical forms of MS occur, including Marburg’s acute MS, Balo’s concentric
sclerosis and Schilder’s diffuse sclerosis, which are very rare and potentially considered as

distinct diseases (Stadelmann and Briick 2004).

1.1.3 Diagnosis

As described above, the clinical presentation of MS is very heterogeneous. Hence, the
diagnosis is based on clinical symptoms combined with radiological imaging and laboratory

data.

To the present day, MS is commonly diagnosed according to the McDonald criteria
(Table 1), which were introduced in 2001 and reviewed three times in the following years
(McDonald et al. 2001; Polman et al. 2011; Polman et al. 2005; Thompson et al. 2018).
Accordingly, the diagnosis is based on three features: clinical symptoms, disease evidence

assessed by MRI and cerebrospinal fluid diagnostics.

To improve the McDonald criteria of 2010, the magnetic resonance imaging in multiple
sclerosis (MAGNIMS), a European collaborative research network, published new MRI
recommendations in 2016. In those, MRI findings accurately prove dissemination in space
(DIS) and dissemination in time (DIT), excluding diseases with symptoms similar to MS
(Filippi et al. 2010).

Laboratory analysis of cerebrospinal fluid (CSF) may detect elevated, intrathecally produced
immunoglobulin (Ig)G levels, which are seen in 75% of all MS patients (Link and Huang
20006). To discover deficits in clinically silent cases, evoked potential testing, for example for

sight, vision or motor function, can be used, as MRI hardly detects very small lesions.
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Table 1: McDonald criteria (Thompson et al. 2018)

Clinical Objective clinical lesions Additional criteria to make diagnosis
attacks
2 or mote 2 ot more None; clinical evidence will suffice
2 or mote 1 (as well as clear-cut historical None; clinical evidence will suffice
evidence of a previous attack
involving a lesion in a distinct
anatomical location)
2 or more 1 Dissemination in space (DIS), demonstrated by
MRI or further clinical attack involving
different site.
1 2 or more Dissemination in time (DIT) demonstrated by
an additional clinical attack or by magnetic
resonance imaging (MRI) OR demonstration of
cerebrospinal fluid (CSF)-specific oligoclonal
bands
1 1 DIS and DIT (or CSF-specific oligoclonal
bands)
0 0 One year of disability progression
(progression (retrospectively or prospectively determined)

from onset)

independent of clinical relapse PLUS two of the

following criteria:

* One or more T2-hyperintense lesions characteristic
of multiple sclerosis in one or more of the following
brain regions: periventricular, cortical or

juxtacortical, or infratentorial

* Two or more T2-hyperintense lesions in the spinal

cord

* Presence of CSF-specific oligoclonal bands

1.1.4 Immunopathogenesis and pathology

Most theories on the pathophysiology of MS can be divided into two major models: The

inside-out or the outside-in theory. According to the outside-in theory, the disease is initiated

by the peripheral immune system, where pathogenic, autoreactive T' cells are activated by

viral, environmental and/or genetic stimuli mentioned above (Hemmer et al. 2015). Despite

intensive investigations however, no specific antigen evoking such an autoimmune response
could be identified so far (Banki et al. 1994; Wucherpfennig et al. 1997).
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Regarding disease pathogenesis, activated autoreactive cluster of differentiation (CD)4" T
cells are thought to upregulate adhesion molecules and bind certain receptors of the
endothelium allowing them to cross the blood-brain barrier (BBB). Inside the CNS, they are
reactivated by local antigen-presenting cells (APC), on which they recognize their specific
antigen. In the process of reactivation, they differentiate into T helper (Tw)1 and Tn17 cells.
By secreting pro-inflaimmatory cytokines such as IFN-y and IL-17, they are assumed to
trigger an increased production of chemokines. In turn, this causes the endothelial cells to
upregulate the expression of adhesion molecules and attracts other cellular components of
the immune system like monocytes, dendritic cells, T cells, B cells and plasma cells to invade
CNS tissue as the BBB has become penetrable (Bartholomaus et al. 2009). It is assumed that
these infiltrating cells lead to a general inflammatory condition within the CNS. Being
stimulated by tumor necrosis factor (ITNF) and IFN-y, APC are thought to upregulate
distinct surface molecules and hereby perpetuate T cell activation within the CNS. As a
consequence, macrophages and microglia release reactive oxygen and nitrogen species that
can injure oligodendrocytes and myelin sheaths (Fischer et al. 2012). Further damage is
assumed to be caused by cytotoxic CD8" T cells that attack glial cells directly. The invading
peripheral immune cells together then form the typical inflaimmatory demyelinating lesions

that can be observed in MRI and histology.

Early-active lesions are characterized by demyelinating areas that contain varying numbers
of macrophages filled with myelin degradation products, B cells, plasma cells, and
perivascular and parenchymal T cell infiltrates. According to their cellular composition, they
can be further subdivided into four different patterns (Lucchinetti et al. 2000). Incomplete
demyelination, acute axonal damage but also regeneration are typical signs for acute lesions
(Kuhlmann et al. 2002). Because of a disrupted BBB, they correlate with the presence of

gadolinium-enhancing lesions in the MRI.

In contrast, progressive forms of MS show a lower number of newly-forming inflammatory
lesions. Grey and white matter atrophy is accompanied by gradual expansion of existing
lesions where macrophages with phagocyted myelin can be seen only at the lesion border
and where just few lymphocytes are present within the lesion (Lassmann 2010). Moreover,
normal-appearing white matter shows signs of diffuse abnormal inflammation and
oligodendrocyte precursor cells are more prominent than mature oligodendrocytes
(Nylander and Hafler 2012).

Supporting the inside-out theory, some authors however claimed that inflammation begins
within the CNS, as early lesions show high microglial activation with only few leukocytes,
assuming that these pro-inflammatory microglia are causing the BBB breakdown (Barnett
and Prineas 2004). Further, it has been discussed that the starting point of MS are aggregates
of microglia that represent an initial brain damage. Subsequently, CNS-specific antigens can
be drained from the brain tissue through lymphatic vessels into cervical lymph nodes and

activate immune cells in the periphery (Stys et al. 2012; Kipnis 2016).
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1.1.5 The role of B cells

The most compelling evidence for the involvement of B cells in MS was the astonishing
success of B cell-depleting therapies using monoclonal antibodies against CD20, such as
rituximab and ocrelizumab (Hauser et al. 2008; Hauser et al. 2017). The efficiency of those
anti-CD20 antibody therapies is thought to be related to the loss of B cell cytokine-producing
and antigen-presenting functions, whereas pathogenic autoantibodies seem to play a minor
role (Li et al. 2015).

Thus, the classical focus on T cells as the only relevant key effector cell type in the
pathophysiology of MS has been questioned in the past years (Franciotta et al. 2008). Mature
naive B cells are very efficient APC and interact with CD4" T, cells to become fully activated.
Therefore, B cells encounter antigen specifically via their B cell receptor, process it to
linearized peptides and present it via the major histocompatibility complex - class II (MHC-
II) to CD4" T cells. Subsequently, responding T cells are activated and differentiate into
distinct effector T cells depending on the received stimuli. In turn, the presenting B cell can
differentiate into either memory B cells or antibody-producing plasma cells (Franciotta et al.
2008). Furthermore, B cells are a relevant source of different cytokines. On the one hand,
they are able to produce the pro-inflammatory cytokines IL.-6, TNF and IFN-y that promote
the immunological answer to pathogens, in autoimmune diseases however also to the body’s
own structures (Krumbholz and Meinl 2014). On the other hand, by producing I11.-10 and
IL-35, they can also downregulate inflammation by inducing anti-inflammatory processes
(Fillatreau et al. 2002).

The first evidence for the pathogenic involvement of B cells were oligoclonal bands (OCB)
discovered in the CSF of MS patients more than 50 years ago (Lowenthal et al. 1960). Recent
data indicated that those OCB originate from plasma cell clones within the brain parenchyma
and the CSF (Obermeier et al. 2011). More precisely, they seem to be located perivascular in
both early and chronic MS lesions, where they are assumed to produce immunoglobulin G
(IgG) antibodies (Henderson et al. 2009). It has been demonstrated that these antibodies can
be directed against various antigens including multiple viruses, nuclear components and brain
antigens, but also so-called “nonsense antigens”, meaning that they are not directed against
a known structure. Moreover, B cells can be found in the meninges of MS patients where

they form B cell-rich structures that resemble tertiary B cell follicles (Howell et al. 2011).

These findings mainly focused on the relevance of antibodies produced by plasma cells. In
the last years though, it has been shown that other cellular B cell properties may be more
crucial for the development of MS, since the clinical effect of anti-CDD20 therapies was not
on account of reduced antibody level (Hauser et al. 2008). In this context, one potentially
important function of B cells may be their capacity to act as APC: Costimulatory molecules,
such as CD80 and CD86, that are essential for the interaction between B and T cells, are
upregulated in MS patients (Fraussen et al. 2014). These findings indicate that pathogenic B

cells may be involved in a CNS-directed autoimmune reaction. In addition, the cytokine
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production of B cells in MS patients is altered. They show a higher production of the
inflammatory cytokines I11.-6 and TNF when compared to healthy controls (Barr et al. 2012).
Investigating the myeloid cell-secreted B cell activation factor (BAFF), an important survival
stimulus especially for auto-aggressive B cells subtypes, it was shown that the concentration
of BAFF is elevated in MS lesions and on B lymphocytes in the blood (Krumbholz et al.
2005; Montes Diaz et al. 2018). In contrast, the number of regulatory B cells, that can
produce the anti-inflammatory cytokines IL-10 and IL-35, were much lower in the peripheral
blood of MS patients compared to healthy controls (Knippenberg et al. 2011). This indicates
that the regulatory functions of B cells, such as suppression of T cell activation and induction

of regulatory T cells may be severely limited in MS.

It must be noted that compared to T cells and macrophages, B cells and plasma cells are
rather rare in MS lesions. However, “pattern II” lesions, that show immunoglobulin and
complement deposition and require plasma cell function, are the most frequent lesion
subtype found in MS patients (Lassmann et al. 2007). As B cells are mostly found in early
and active lesions, it is assumed that their relevance is higher in those early lesions (Michel et
al. 2015).

These findings and descriptions emphasize that B cells are important in the pathophysiology
of MS. Thereby, their altered phenotype and enhanced pro-inflaimmatory properties in MS

patients indicate that they are actively involved in promoting inflammation.

1.2 MS therapies

Down to the present day, there is no known cure for MS. Most approved drugs harbor
immune-modulating properties and aim to obviate rather than repair tissue injury. In doing
so, they prevent new attacks and slow down disability progression. Therapeutic options

depend on the progress of the disease and require an individual risk-benefit evaluation.

1.2.1 Treatment of acute attacks/relapses

A relapse is defined as an acute worsening of symptoms within days or weeks and symptoms
must last at least 24 hours. During those attacks, an intravenous application of high-dosed
glucocorticoids such as methylprednisolone is the standard therapy. The common dosage is
1000 mg/d for 3-5 days (Compston and Coles 2008). Oral administration is also possible
and seems to have a similar safety profile with comparable efficacy (Burton et al. 2012).
Long-term recovery however is not improved. If this treatment fails or is not tolerated,

immunoadsorption or plasma exchange can be performed (Faissner et al. 2016).

1.2.2 Disease-modifying therapies

As of 2019, there are currently twelve drugs approved for RRMS. Generally, a combination

of different MS medications or dose escalation are not recommended. According to the
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current BEuropean guidelines, interferon-beta (IFN-B8; subcutan (s.c.) /intramuscular),
glatiramer acetate (GA; s.c.), teriflunomide (per os (p.o.)) and dimethyl fumarate (DMF; p.o.)

are used as basic therapy in patients with low disease activity (Montalban et al. 2018).

These drugs are generally well tolerated and show a relatively high safety profile (Cross and
Naismith 2014). All four drugs reduce relapse rates and decrease the rate of new MRI lesions
and disability progression (Bar-Or et al. 2014; Paty and Li 1993; Mikol et al. 2008; Gold et al.
2012).

If the basic therapy does not suffice and the disease progresses, another basic therapy or a
so-called escalation therapy should be chosen. Consequently, patients with a high disease
activity can be treated with fingolimod (p.o.), natalizumab (intravenous (i.v.)), alemtuzumab

(i.v.) or ocrelizumab (i.v.).

These drugs are therapeutically more efficient than the basic therapies, but not as safe and
well tolerated. Several phase III studies confirmed their huge effect on disability progression,

new MRI lesions and relapse rates.

Alternative escalation therapy drugs that showed higher efficacy than interferons, include
daclizumab (i.v.), which was withdrawn from the marked in 2018, and mitoxanthrone (i.v.)
(Hauser et al. 2017; Martinelli Boneschi et al. 2005; Wynn et al. 2010).

For PPMS, only few therapeutic options are available. Most tested disease-modifying
therapies did not show any beneficial effects (Ontaneda and Fox 2015). Only the
B cell-depleting monoclonal antibody rituximab has been widely used off-label for many
years in PPMS patients, until its further humanized successor ocrelizumab has been approved
by the US Food and Drug administration (FDA) in March 2017 and by the European
Medicines Agency (EMA) in February 2018 (McGinley et al. 2017).

For the treatment of SPMS only mitoxanthrone has been approved (Scott and Figgitt 2004).
While the number of inflammatory infiltrates was reduced, disease progression could not be

stopped by this treatment (Ontaneda and Fox 2015).

1.2.3 Treatment to repair tissue

The limited success of immunomodulation in progressive forms of MS shows that the
development of neuroprotective and repairing therapies is highly desirable. At the moment,
there is no approved neuroprotective or repairing drug on the market, but there is an ongoing
trial called MS-SMART, that evaluates the effect of three neuroprotective agents (amiloride,
riluzole and fluoxetine) in patients with SPMS (Connick et al. 2018).

Another drug that shows promising results in remyelination is a leucine-rich repeat and
immunoglobulin-like domain-containing protein 1 (LINGO-1) antagonist. LINGO-1 is a
Nogo receptor-interacting protein that appears to be a negative regulator of oligodendrocyte

differentiation and myelination (Mi et al. 2007).



1 Introduction 9

1.2.4 Treatment of symptoms

Some symptoms like spasticity, depression, fatigue and unstable bladder can be improved by
neuro-rehabilitation or medication, while the disease progression is not affected (Kesselring
and Beer 2005). The best way to reduce neurological symptoms is a multidisciplinary
approach that increases the patients’ activity and participation. Physical exercise,
psychological therapy and behavioral cognitive approaches can lead to a higher life quality of
MS patients (Khan et al. 2007).

1.2.5 Dimethyl fumarate

Being the methyl ester of the fumaric acid, DMF itself is a small molecule with the chemical
formula CsHsOs. As lipophilic oral agent named BG-12 (tradename Tecfidera), DMF has
been approved for the treatment of RRMS in 2014.

Fumarates were originally developed as radio sensitizers to make tumor cells more vulnerable
to radiotherapy (Held et al. 1988). Already in the year 1957, the biochemist Schwekendiek
successfully tested DMF against psoriasis in a self-experiment (Schweckendieck
1959). Based on successful clinical trials, DMF was officially permitted for the treatment of
psoriasis in 1994 as the active substance of the oral drug Fumaderm (Altmeyer et al. 1994).
DMF also showed a beneficial effect in other chronic autoimmune diseases, such as
granuloma anulare, necrobiosis lipoidica, Crohn’s disease and sarcoidosis (Meissner et al.
2012).

In the beginning of the 21" century, German physicians observed that psoriasis patients
taking DMF that suffered from MS at the same time, had reduced relapse rates and less
disability progression (Reich et al. 2009). Based on these observations and the fact that both
psoriasis and MS are considered T cell-driven diseases, clinical investigations on the effect of
DMF in MS patients were initiated (Meissner et al. 2012; Reich et al. 2009).

1.2.5.1 Clinical trials

Being considered effective in MS, Fumaderm, a composite of different ethyl hydrogen
fumarate-salts and dimethyl fumarate was tested in an exploratory, prospective, open-label
study in patients with RRMS in 2006. The trial showed that Fumaderm modulates T cell-
mediated cytokine production and significantly reduces frequency and number of new
gadolinium-enhancing MRI lesions (Schimrigk et al. 2006). These promising results lead to
the development of an oral formulation of dimethyl fumarate, named BG-12, which was
tested in a Phase IIb study involving 257 patients with RRMS. Similar to Fumaderm, BG-12
reduced the relapse rates significantly by 32% and new gadolinium-enhancing lesions by 69%
when patients received 240 mg three times a day. Furthermore, fewer new or enlarging T2-
hyperintense and new T1-hypointense lesions were observed upon treatment (Kappos et al.
2008).
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Based on these findings, two randomized, controlled phase III studies were conducted. The
DEFINE study included 1237 patients with RRMS and could confirm that BG-12
significantly reduces the proportion of patients with a relapse, the annualized relapse rate,
the rate of disability progression and the number of lesions on MRI when compared to
placebo. Evaluating the dosage, there was no big difference in the patients’ outcome when
comparing twice or three times daily BG-12 intake (Gold et al. 2012). The other performed
phase I1I study was called CONFIRM and tested the effect of BG-12 compared to placebo
and glatiramer acetate in 1430 patients. It demonstrated similar effects to the DEFINE study:
BG-12 (taken twice of thrice daily) significantly reduced relapse rates and improved
neuroradiologic outcomes relative to placebo. When compared to GA, BG-12 was superior

in the annualized relapse rate and new or enlarging MRI lesions (Fox et al. 2012).

Here upon, BG-12 was marketed under the name Tecfidera and was approved for the
treatment of RRMS by the FDA in 2013 and by the EMA in 2014. Being administrated orally,
the recommended dosage is 120 mg twice a day for the first week of treatment and 240 mg
thereafter. Age, gender and weight do not require a dosage adjustment (Montalban et al.
2018).

1.2.5.2 Side effects and safety concerns

Generally, DMF is considered an immunomodulatory drug with a reasonable safety profile.
In the course of the aforementioned studies, it was found that adverse events upon DMF
treatment include abdominal pain, flushing, and hot flush. Dose-related adverse events were
headache, fatigue and hot flashes. In some cases, increased liver enzymes and

microalbuminuria were observed (Kappos et al. 2008).

Although DMF is considered rather immunomodulatory than immunosuppressive, there is
a risk of developing a critically low lymphocyte cell count. It was shown that lymphocyte
monitoring before and during DMF treatment helps identifying patients at risk for

developing severe, prolonged lymphopenia (Fox et al. 2010).

In some rare cases, low lymphocyte counts due to DMF intake lead to the development of
progressive multifocal leukoencephalopathy (PML). At the present day, five cases of PML in
MS patients treated with DMF have been reported, with one patient not surviving this
complication. In one of the mentioned cases, PML occurred in a patient with normal
lymphocyte counts (Nieuwkamp et al. 2015; Rosenkranz et al. 2015; van Kester et al. 2015;
van Oosten et al. 2013). These safety concerns suggest that down to the present day, the
exact mechanism of action of DMF and especially its effects on the immune system are not

yet fully understood.

1.2.5.3 Mode of action

Esterases in the human gut are thought to hydrolyze DMF quickly, effective and pre-systemic
into monomethyl fumarate (MMF). This molecule is more stable in blood than DMF and
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assumed to be its active metabolite (Schmidt et al. 2007). Consequently, most biological
effects of DMF are supposed to be MMF-mediated. For DMEF/MMF, two major modes of

action ate proposed: Antioxidative/neuroprotective and immunomodulatory effects.

To investigate these effects in a more detailed manner, several zz vivo and vitro studies have
been performed. Murine MS models include the experimental autoimmune encephalitis
(EAE), where the injection of myelin oligodendrocyte glycoprotein (MOG) peptides induces
neuroinflammation and the toxic cuprizone model leading to oligodendrocyte death and a
subsequent reversible demyelination (Torkildsen et al. 2008). Those models confirmed the
clinical benefits observed in patients: when mice were treated with DMF, both in a preventive
and in a therapeutic setting, clinical symptoms improved (Traub et al. 2019; Chen et al. 2014;
Linker et al. 2011). I vitro studies helped elucidating direct effects of MMF/DMF on immune
cells or CNS-derived cells, respectively.

1.2.5.4 Antioxidative effects

The assumption that DMF has anti-oxidative effects is based on several data derived from
EAE, 7n vitro experiments and studies of human biopsies: I vivo experiments in mice showed
that DMF significantly promoted preservation of myelin and axons and diminished
astrogliosis in the MOG peptide (35-55)-induced EAE. When analyzed histologically,
DMF-treated mice had a higher number of surviving neurons compared to controls. It is
suggested that this beneficial effect is mediated by an upregulation of antioxidant response
pathways (Thiessen et al. 2010). In this regard, nuclear factor erythroid 2-related factor
(Nrf2), a transcription factor that promotes the production of anti-oxidative enzymes is
assumed to be the key target of DMF. One of the enzymes regulated by Nrf2, the
nicotinamide adenine dinucleotide phosphate quinolone oxidoreductase-1, was increased in
the liver and cerebellum of MOG peptide immunized rats (Linker et al. 2011). Further
upregulated enzymes are glutathione-reductase 1, glutathione-S-transferase, uridine
diphosphate—glucuronosyltransferase, hemoxygenase and multi drug resistance proteins.
Another study could reveal that the concentration of Nrf2 is increased in glial cells and
neurons of DMF-treated animals compared to the control group (Scannevin et al. 2012). In
human biopsies, DMF treatment led to a translocation of Nrf2 into the nuclei, predominantly
in astrocytes (Metz et al. 2015). Further prove of the Nrf2-dependent effect derived from
the observation that Nrf2 knockout mice had no clinical benefit of DMF treatment (Linker
et al. 2011). The same effect was seen in mice that did not express the hydroxyl-carboxylic
acid receptor 2 (HCAR?2) indicating that this molecule may also be relevant for the beneficial
effects of DMF (Chen et al. 2014). In the cuprizone mouse model, feeding of this agent leads
to toxic demyelination, which is thought to be independent of the peripheral immune system.
In this model, DMF could slightly accelerate re-myelination and reduce acute axonal damage
(Moharregh-Khiabani et al. 2010; Traub et al. 2019). Furthermore, it has been reported that

in mice, DMF protects neural stem/progenitor cells from oxidative damage through the
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aforementioned Nrf2 — mitogen-activated protein kinase (MAPK) pathway by upregulating
anti-oxidative enzymes (Wang et al. 2015).

In vitro studies confirmed the beneficial effect of DMF on the survival of neurons and their
axons, which was associated with a reduced astroglial activation (Reick et al. 2014). Moreover,
Nrf2 was shown to be upregulated in microglia, endothelial cells, astrocytes, neurons and
oligodendrocytes when they were exposed to DMF 7 vitro (Thiessen et al. 2010). Neurons
treated with DMF showed an Nrf2-dependent upregulation of their antioxidant response
and showed better 7z vitro survival after toxic oxidative challenge (Scannevin et al. 2012).
Furthermore, an upregulation of glutathione and other antioxidant enzymes in
oligodendrocytes has been shown when they were incubated with DMF 77 vitro (Albrecht et
al. 2012). In summary, DMF and MMF exert evident antioxidative effects on CNS-resident

cells.

1.2.5.5 Immunomodulatory effects

Next to its antioxidative function, DMF has also strong modulating effects on the peripheral
immune system: Iz vitro studies showed that DMF reduces the chemokine (C-C motif)
ligand-2-induced chemotaxis of human monocytes, which potentially leads to a decreased
CNS infiltration (Cross et al. 2011). It has been further demonstrated that DMF inhibits the
production of pro-inflammatory cytokines, such as IL-13, IL.-6 and TNF via activated
microglia and astrocytes (Wilms et al. 2010). Moreover, data indicate that the decreased
production of TNF upon DMF treatment results in a significant downregulation of adhesion
molecules such as intracellular adhesion molecule 1, vascular cell adhesion molecule 1 and
E-selectin on the endothelium, resulting in an impairment of dynamic lymphocyte-

endothelial cell interactions 7z vitro (Wallbrecht et al. 2011).

Several studies elucidated that DMF and MMF are capable of binding the intracellular nuclear
factor 'kappa-light-chain-enhancer' of activated B-cells (NF-xB). In doing so, they inhibit the
translocation of this protein into the nucleus and its binding to the deoxyribonucleic acid.
This affects the cell maturation and leads to a reduced anti-inflammatory cytokine production
as well as an altered antigen-presenting function (Gillard et al. 2015; Litjens et al. 2006; Loewe
et al. 2002). In addition, it has been demonstrated that DMF inhibits toll-like receptor(TLR)-
induced M1 and K63 ubiquitin formation and thereby blocks pro-inflammatory cytokine
production (McGuire et al. 2016).

Furthermore, it was shown that the enzyme glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) is succinated and inactivated by the MMF (Kornberg et al. 2018). Thereby,
aerobic glycolysis of activated myeloid and lymphoid cells with a high metabolic turnover is

thought to be downregulated, mediating the anti-inflammatory effects of DMF.

Animal experiments showed that DMF treatment reduces the infiltration of macrophages
into the spinal cord of EAE-affected mice (Linker et al. 2011). This is possibly mediated by
its active metabolite MMF, which is assumed to be a potent agonist of HCAR2, a receptor
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that is mostly expressed on neutrophils, but also other immune cells (Lukasova et al. 2011).
By impairing the neutrophil recruitment, DMF may exert a secondary immunomodulatory
function leading to less infiltration (Chen et al. 2014). Supporting this hypothesis, another
study showed that in EAE mice, beneficial effects on microglia seem to be also
HCAR2-dependent and to rescue synaptic dysregulation in the inflamed CNS (Parodi et al.
2015).

As MS was traditionally considered a T cell-driven disease, first studies regarding the effect
of DMF on the peripheral immune system of MS patients were performed with a focus on
T cells. These experiments with 7z vitro DMF-treated mononuclear blood cells revealed that
DMEF fosters a Ty2 cell response (Jong et al. 1996). A few years later, it was shown that MMF
increases the production of I1.-4 and I1.-5 of human monocyte-derived dendritic cells, which
are known to foster T2 cell development and down-regulate Th1 cell responses (Litjens et
al. 2004). Along the same line, it was demonstrated that DMF stimulates the development of
Type 1I dendritic cells that produce anti-inflammatory IL-10. Those cells in turn are able to
induce IL-4 secreting Tw2 cells both 7z vive and in vitro (Ghoreschi et al. 2011). The shift
towards T2 cells that was seen in all these experiments could be confirmed in human blood
samples of patients treated with DMF (Gross et al. 2016). Besides the overall reduction in
the absolute count of circulating lymphocytes upon DMF treatment (Gold et al. 2017), it has
been reported that DMF causes a specific reduction of CD8" T cells, resulting in a shift
towards an increasing frequency of CD4" T cells (Spencer et al. 2015). These CD4" cells
additionally showed a rather anti-inflammatory cytokine profile while the frequency of
follicular Ty, cells was reduced upon DMF treatment (Holm Hansen et al. 2018; Tahvili et al.
2015). Furthermore, memory T cell counts appear to be significantly diminished upon
treatment (Spencer et al. 2015; Longbrake and Cross 2016). Another study suggests that
DMTF is a potent inducer of apoptosis in human T cells 7z vitro (Treumer et al. 2003). In

summary, T cell-mediated inflammation seems to be strongly inhibited by DMF treatment.

DMF treatment does not affect the absolute number of monocytes in the blood, but due to
deceasing leukocyte numbers, there is a relative increase of the monocyte frequency.
Furthermore, DMF was shown to reduce the monocytic production of pro-inflammatory
cytokines such as IL-6 and TNF and increased the apoptosis rate of human monocytes
(Michell-Robinson et al. 2016).

B lymphocytes are assumed to play a key role in the pathogenesis of MS by their two main
functions cytokine secretion and antigen presentation (Lund 2008). However, at the

beginning of this data gathering, not much was known about the impact of DMF on B cells.

1.3 Aims of the study

Even though DMF is frequently prescribed for treatment of RRMS and more than 100,000

patients worldwide have taken it since 2013, DMF’s exact mechanism of action is still not
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tully understood. As MS was long time considered a mainly T cell-driven disease, many data
have been collected focusing on the effect of DMF on these cells. However, whether and
how it influences B cells, which were newly recognized key player in the
immunopathogenesis of MS, where they serve as APC and source of pro-inflammatory

cytokines, is still elusive.

Therefore, the current study was performed to gain a deeper understanding how DMF
treatment influences B cells and their disease-driving functions in a more detailed manner:
Peripheral blood mononuclear cells (PBMC) of DMF-treated patients and controls were
acquired to investigate different aspects of DMF-mediated effects, especially on B cells. To
understand whether DMF alters the general competition of PBMC, major immune cell
frequencies such as T cells, CD14" phagocytes and B cells were determined. Next, with more
detailed focus on B lymphocytes, different maturation stages of B cell development were
assessed. B cells can either be activated unspecifically by cytokines and chemokines secreted
by other immune cells or pathogen-associated molecular pattern (PAMP) binding to toll-like
receptors or specifically by the binding of antigen to the B cells receptor. Hence, this study
analyzed the expression of certain surface molecules (CD25, CDG69, CD95 and CD150)
involved in cell interaction and signaling. For antigen presentation, APC internalize
molecules either randomly (myeloid cells) or specifically (B cells), process them and present
linearized peptides to responding T cells. This cell-cell contact is then further stabilized by
the interaction of co-stimulatory molecules and the exchange of secretory signals. The nature
of these signals determines the fate of the responding T cells and shapes their differentiation.
That’s why CD40, CD80, CD86 and MHC-II were measured in this investigation. Lastly, B
cells and myeloid-derived phagocytes can influence other immune cells such as T cells by the
secretion of diverse cytokines and chemokines. These soluble factors bind to receptors on T
cells and thereby trigger a cascade of effects and functions determining their differentiation.
Major pro- (TNF and I1.-6) and anti-inflammatory (IL-10) cytokines were evaluated to
understand the effect of DMF in this field.
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2 Materials and Methods

2.1 Patients

Blood samples were taken from patients of the Géttingen University Medical Center in
Germany between 2015 and 2017 with confirmed RRMS. The diagnosis was based on the
McDonald criteria. Treated patients were taking DMF (Tecfidera) for at least 3 months when
phlebotomy was performed. In the aggregate, 30 control MS patient samples were compared
to 31 samples of MS patients taking DMF. Six patients were analyzed longitudinal, meaning
that blood samples were taken before and during treatment. In addition, demographic and
disease-related information was collected from all patients. All participants provided

informed consent prior to study enrollment as approved by the Géttingen University ethics

review board (#3/4/14).

Table 2: Demographic and disease characteristics of the patients. (DMF = dimethyl fumarate;
y = years; SD = standard deviation; EDSS = extended disability status scale; MS = multiple sclerosis)

horizontal longitudinal
control DMF (switch to DMF)

Number of patients 24 25 6
Age [y] (mean * SD) 3721938 354 +11.1 343194
Female sex [%] 75.0 48.0 50.0
EDSS score (mean * SD) 22120 14+£12 1.8+ 13
MS since [y] (mean * SD) 7.7 £10.0 3.0£32 10.8 £ 7.4
DMF since [m] (mean * SD) - 128 £75 -/76122
Previous treatment [cases]:

Natalizumab 2 1 0

IFN-8 5 5 1

Glatiramer acetate 2 6 2
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2.2 Materials

Table 3: Human monoclonal antibodies for flow cytometry.

(CD = cluster of differentiation;

MHC-II = major histocompatibility complex - class 1I; IL = interleukin; TNF = tumor necrosis

factor)
Antigen Fluorochrome Clone Dilution | Manufacturing
company

CD4 PE-Cy7 RPA-T4 1:100 BD Biosciences
CD8 PE HIT-8a 1:100 eBioscience
CD14 BV421 M5E2 1:100 BD Biosciences
CD14 FITC M5E2 1:100 BD Biosciences
CD14 PE-CF594 MyP9 1:100 BD Biosciences
CD19 APC HIB19 1:100 BD Biosciences
CD19 FITC HIB19 1:100 BD Biosciences
CD19 PerCp-Cy5.5 HIB19 1:100 BioLegend
CD19 PE-Cy5 HIB19 1:100 BD Biosciences
CD20 APC-Cy7 L27 1:100 BD Biosciences
CD24 PerCp-Cy5.5 ML5 1:100 BioLLegend
CD25 BV605 BCI96 1:100 BioLegend
CD27 PacificBlue 0323 1:100 BioLLegend
CD38 FITC HIT2 1:100 BioLegend
CD40 PE/Dazzle 5C3 1:100 BioLLegend
CD69 FITC FN50 1:100 BioLegend
CD80 PE-Cy7 L307.4 1:100 BD Biosciences
CDS86 BVv421 FUN-1 1:100 BD Biosciences
CD95 PE DX2 1:100 BioLegend
CD150 BV421 Al12 1:100 BD Biosciences
MHC-II APC Ta36 1:100 BioLLegend
IL-6 FITC MQ2-13A5 1:50 BD Biosciences
IL-10 PE-CF594 JES3-19F1 1:50 BD Biosciences
TNF A700 MADb11 1:50 BD Biosciences
Dead/Live ZombieAqua™ 1:100 BioLegend
Dead/Live ZombieNIR™ 1:100 BioLegend
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Table 4: Reagents, proteins and inhibitors.

Company
BSA (bovine serum albumin) SERVA GmbH
BD fluorescence-activated cell sorting (FACS) Clean™ BD Biosciences
BD FACS Flow™ BD Biosciences
BD FACS Rinse™ BD Biosciences
BioColl separation solution Biochrom
Cytosine-phosphate-Guanine (CpG) oligodeoxynucleotides Sigma Aldrich
Cytofix/Cytoperm™ BD Biosciences
DMEM (Dulbecco's Modified Eagle's medium) Sigma Aldrich
DMSO (dimethyl sulfoxide) Sigma Aldrich

EDTA (ethylene diamine tetraacetic acid disodium salt dihydrate) | Carl Roth

Ethanol 100% Merck Millipore
Fc-block™ BioLegend

FCS (fetal calf serum) Sigma Aldrich
GolgiPlug™ BD Biosciences
H>S0y4 (sulfuric acid) 97% Merck Millipore
Ionomycin Sigma Aldrich
LPS (lipopolysaccharides) Sigma Aldrich
NaCOj; (sodium carbonate) Merck Millipore
NaHCOs; (sodium hydrogen carbonate) Merck Millipore
PBS (phosphate buffered salt solution) Sigma Aldrich
Perm/Wash™ buffer, 10x BD Biosciences
Paraformaldehyde Merck Millipore
PMA (phorbol 12-myristrate 13-acetate) Sigma Aldrich
RPMI-1640 (Roswell Park Memorial Institute-1640) Sigma Aldrich
Sodium pyruvate 100 mM Sigma Aldrich
TMB (tetramethylbenzidine) eBioscience
TrypanBlue SigmaAldrich
Tween Merck Millipore

B-mercaptoethanol Sigma Aldrich
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Table 5: Solutions, buffers and cell culture media.

(RPMI = Roswell Park Memorial Institute-1640
FCS = fetal calf serum; DMSO = dimethyl sulfoxide; ELISA = enzyme-linked immunosorbent assay;

PBS = phosphate-buffered salt solution; BSA = bovine serum albumin)

Solution Composition

Cryo-medium 60% RPMlcomplete, 20% FCS, 20% DMSO

ELISA blocking buffer 1.8 1 distilled water, 200 ml PBS 10x, 20 g BSA

ELISA coating buffer 11 distilled water, 8.4 g NaHCOj3, 3.5 g NACO;

ELISA stop solution 1 M H.SOy solution

ELISA wash buffer 1.8 1 distilled water, 200 ml PBS 10x, 1 ml Tween

FACS buffer 2% FCS in PBS

RPMIcomplete 0.5 1 RPMI-1640, 50 ml FCS, 5 ml sodium pyruvate, 5 ml L-
glutamine, 0.5 ml 3-mercaptoethanol

Table 6: Consumables. (FACS = fluorescence-

immunosorbent assay)

activated cell sorting; ELISA = enzyme-linked

Product

Manufacturing company

96 well plates, flat bottom

96 well plates, round bottom

FACS tubes, 5 ml

Micro tubes (0.1 ml, 0.5 ml, 1 ml, 1.5 ml)
Multistep pipettes, 1 ml

Nunc™ 96 well ELISA plates

Pipettes (10 pl, 200 pl, 1000 pl)

Pipettes (5 ml, 10 ml, 25 ml)

Sarstedt

Sarstedt

Sarstedt
Eppendorf
Eppendorf
ThermoScientific
Sarstedt

Sarstedt
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Table 7: Technical devices.

Device

Manufacturing company

BBD 6220 cell incubator
Centrifuge 5415R
Centrifuge 5810R
CKX41 light microscope

FACS LSRII Fortressa

Neubauer chamber

SAFE 2020 clean bench

IMARK™ microplate reader

ThermoScientific
Eppendorf
Eppendorf
Olympus

BD Biosciences
Bio-Rad

Superior Marienfeld

ThermoScientific

Table 8: Software.

Software

Company

Microplate Manager 6™
FACSdiva™ 6.1.2

Flow]Jo™ 10.2

GraphPad Prism™ 6.01

Bio-Rad
BD biosciences
Tree Star Inc.

GraphPad software Inc.

2.3 Methods

PBMC isolation, sample processing, cryopreservation and subsequent unfreezing were

performed according to established protocols in the laboratory.

2.3.1 Preparation of PBMC

Patients’ blood samples (each 30 ml) were taken by phlebotomy directly into tubes containing
EDTA to avoid cell agglutination. Thereafter, the blood was transferred into sterile tubes
and diluted 3:1 with PBS. To isolate peripheral blood mononuclear cells, this blood-PBS
suspension was given carefully onto a 20 ml BioColl™ layer and centrifuged for 35 minutes
at 448 g and 21 °C with low acceleration and no brake. After centrifugation, PBMC were
concentrated in the interphase between BioColl and the soluble compounds of the blood,
visible as a white layer, which were transferred into a new tube. To remove undesirable
residues, the cells were diluted twice with DMEM followed by centrifugation for 10 minutes

at 1250 revolutions per minute (rpm) and 4 °C. Thereafter, cells were resuspended in 5 ml
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DMEM and the cell number was determined as described below. For cryo-conservation,
cells were diluted to a density of 4x10° ml" in DMEM. Each cryo-tube was filled with 500 ul
of the suspension and 500 ul cryo-medium to achieve a total cell count of 2 million cells per
tube. Using an ethanol cooling box, that allows a slow cooling rate of 1 °K per minute, the

cryo-tubes were frozen and stored in a -80 °C freezer until further preparation.

2.3.2 Flow cytometric staining panels and stimulation regime

To examine the above mentioned aims of the study, different staining panels and stimulation
regimes had to be established. This was necessary because there is a technical limit of the
number of different fluorophores that can be used on the same cells without a too
pronounced spectral overlap. This overlap would lead to undesired unspecific signals in the
different detectors. Thus, the developed panels were tested and optimized before the
patients’ samples were measured. In addition, spectral analysis of the distinct fluorophore

constellations was conducted. The resulting panels are shown in Table 9 and 10:

Table 9: Staining panels (1). (CD = cluster of differentiation; MHC-II = major histocompatibility

complex — class II; IL = interleukin; TNF = tumor necrosis factor)

Cell distribution (a) B cell subsets (b) Cytokine production (c)

CD4 — PE-Cy7 CD19 - APC CD14 — BV421

CDS8 - PE CD20 — APC-Cy7 CD19 — PE-Cy5
CD14 — PE-CF594 CD24 — PerCp-Cy5.5 IL-6 - FITC

CD19 - FITC CD27 - PacificBlue IL-10 — PE-CF594
CD150 — BV421 CD38 - FITC TNF — A700
MHC-II - APC CD95 - PE ZombieNIR
ZombieAqua ZombieAqua
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Table 10: Staining panels (2). (CD = cluster of differentiation; MHC-II = major histocompatibility

complex — class II; IL = interleukin; TNF = tumor necrosis factor)

Activation markers (d)

Antigen-presenting function (e)

CD19 — PerCp-Cy5.5
CD25 - BV605

CD40 — PE/Dazzle

CD14 - FITC
CD19 — PerCp-Cy5.5

CD40 — PE/Dazzle

CDG9 - FITC CD80 — PE-Cy7
CD80 — PE-Cy7 CD86 — BV421
CD86 - BV421 MHC-II - APC
MHC-II - APC CDY95 - PE

CD9Y95 - PE ZombieNIR
ZombieNIR

As some activation markers and cytokines are expressed or synthesized only upon
stimulation, cells in some panels were stimulated and incubated before the staining took

place. The following four substances were used for this:

The CpG dinucleotide has a high abundance in the microbial genome and is recognized by
immune cells as a PAMP. Through the TLR-9 receptor, it promotes antibody and cytokine

production.

Lipopolysaccharides (LPS) are found on the outer membrane of gram-negative bacteria.
Therefore, immune cells produce pro-inflammatory cytokines when LPS stimulates them

through a TLR-4 receptor NF-xB pathway.

Ionomycin is an ionophore produced by the bactertum Streptomyces conglobatus. 1t enhances

cellular calcium influx and makes cells produce more cytokines.

The tumor promoter phorbol 12-myristate 13-acetate (PMA) also upregulates cytokine

production via a protein kinase C pathway.

The developed stimulation regimes are presented in Table 11.
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Table 11: Stimulation regimes. (LPS = lipopolysaccharide; h = hours; CpG =
cytosine-phosphate-guanine; PMA = phorbol 12-myristate 13-acetate)

Staining panel Stimulation regime

Cell distribution (a) No stimulation

B cell subsets (b) No stimulation

Antigen-presenting function (e) No stimulation

Cell distribution (a) 100 pg/ml LPS for 20 h

Activation markers (d) 2 ng/ml CpG for 20 h

Cytokine production (c) 1 pg/ml CpG for 20 h, then +GolgiPlug, after 2 h
+500 ng/ml ionomycin and 20 ng/ml PMA for 2 h

The following surface molecules were assessed to evaluate B cell activation:

CD25 is a type I transmembrane glycoprotein and can be found on activated mononuclear
immune cells. It associates with CD122 and CD132 to form the IL-2 receptor complex. The
MS drug daclizumab binds and blocks this protein (LLeonard et al. 1985).

CD27 is a type I membrane protein that binds CD70 and plays a role in T cell co-stimulation
and B cell maturation. It was shown to be part of the TNF receptor-associated factor 2
(TRAF2) NF-»B pathway (Akiba et al. 1998). SIVA, a pro-apoptotic protein, can bind CD27
and may induce apoptosis (Prasad et al. 1997).

CDG69 is a type II transmembrane protein and member of the C-type lecin family. It is
involved in early activation processes of lymphocytes. Furthermore, it functions as a signal-
transmitting receptor in platelets, natural killer (NK) cells and lymphocytes (Cambiaggi et al.
1992).

CD95 is a so-called death receptor and additionally known as FAS receptor or apoptosis
antigen 1. It is a member of the TNF receptor superfamily and upregulated in activated T
and B lymphocytes. Binding FAS ligand (CD178) induces a trimerization and consequently
the formation of the death-inducing signal complex. This leads to the apoptosis of the cell
and has been shown to play a role in the maintenance of peripheral tolerance. Thus, defects
in CD95 might be involved in the development of autoimmune diseases. The expression of
CD95 is regulated by NF-»B (Liu et al. 2012).

CD150, also known as signaling lymphocytic activation molecule, is a type I transmembrane
molecule that is also a member of the Ig superfamily. It is expressed on stimulated B cells, T
cells, dendritic cells and endothelial cells. It can bind itself as ligand and is involved in B cell
proliferation, co-stimulation, immunoglobulin production and signal transduction (Howie
2002).
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The ability of B cells and CD14" phagocytes to present antigen was assessed with the

tfollowing key molecules:

MHC-II is found on any antigen-presenting cell and crucial for the initiation of immune
responses. After internalization of an external protein, APC digest the phagocyted molecules
to linearized peptides inside their phagolysosomes. Subsequently, they are loaded onto
MHC-II molecules and presented via MHC-II on the cell surface. Antigen-specific CD4" T

cells recognize these short peptides via their T cell receptor.

Being a type I glycoprotein, CD40 has been reported to be involved in B cell differentiation,
co-stimulation, isotype class-switching and protection of B cells from apoptosis. It is a
member of the TNF receptor superfamily and important for the B cell - T cell interaction by
binding CD40 ligand on T cells (Pype et al. 2000).

CD80, also known as B7-1 is mainly expressed on APC such as activated B cells,
macrophages and dendritic cells. It belongs to the immunoglobulin superfamily and forms a
type I glycoprotein. By interacting with CD28 and CD152 (cytotoxic T
lymphocyte-associated protein 4 (CTLA-4)), it plays a crucial role in the regulation of the T
cell activation. While binding CD28 provides a strong costimulatory signal, the interaction
with CTLA-4 inhibits T cell activation (Bhatia et al. 2000).

CD86 is a type I glycoprotein, works in tandem with CD80 to prime T cells and is also
known as B7-2. Similar to CD80 it is expressed on antigen-presenting cells and interacts with
CD28 and CD152 (CTLA-4) on T cells providing co-stimulatory or inhibitory signals,
respectively. Its expression occurs earlier than CD80 and it was shown to be involved in

immunoglobulin class-switching (Chen et al. 1994).

To evaluate B cell function in further detail, the following cytokines were assessed:

IL-6 is also called lymphocyte stimulating factor or IFN-B2. As a pro-inflammatory protein,
it plays an important role in the interaction between the initial and the acquired immune
response. I11.-6 supports B cell growth and activation. Activated B cells themselves produce
IL-6 and further foster the inflammatory process, especially by generating T117 cells, which
are relevant is the pathophysiology of MS (Hunter and Jones 2015). In line, it has been
documented that in MS patients, B cells secrete increased levels of IL-6 (Bar-Or et al. 2010).

TNF is the most prominent member of the TNF superfamily, it is mainly secreted by
macrophages, but also by lymphocytes, endothelial cells and others. It enhances the
chemotaxis of granulocytes and stimulates the phagocytosis of macrophages. Thus, it is
considered a pro-inflammatory cytokine. Binding TNF receptor 1, it has similar downstream
effects as IL.-6, mediated by TRAF2 and NF-xB. This cytokine is important for the current
study as B cells of MS-patients were shown to produce high levels of TNF (Bar-Or et al.
2010).
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IL-10 is considered an anti-inflaimmatory cytokine. Therefore, it was called cytokine-
synthesis inhibitory factor. Main producer of II.-10 are monocytes, but to a smaller extend it
is also synthesized by regulatory T and B lymphocytes. In patients with MS, I11.-10 levels are
reduced (Duddy et al. 2007). Its production is highly regulated and may depend of
MAPK1/2, p38 and NF-«B signaling. Autoregulation is also presumed. When IL-10 is
binding to the IL-10 receptor complex, it has multiple effects on the downstream pathway.
It suppresses the expression of pro-inflammatory cytokines, MHC-II and co-stimulatory

molecules on macrophages (Mosser and Zhang 2008).

2.3.3 Sample preparation

The frozen cryo-tubes containing 2,000,000 cells each were stored at -80 °C. For quick and
safe thawing of the samples they were put into a 37 °C water quench for 30 seconds. As the
cyro-medium is toxic for unfrozen cells, they were transferred into 40 ml RPMI immediately
after thawing. After centrifugation (1250 rpm, 4 °C, 10 min), the supernatant was removed
and the sedimented cells were resuspended in 20 ml RPMI followed by a second

centrifugation. Being resuspended in 1 ml RPMI, the cell number was determined.

Therefore, a Neubauer chamber was used. To exclude dead cells, 10 ul of cell suspension
was diluted in 40 pl or 90 ul TrypanBlue (prediluted 1:10 in PBS), resulting in a dilution factor
(dil. fac.) of 5 or 10. Subsequently, 10 pl of the mixture was given onto the counting chamber.
Cells on four different 1 mm? squares, representing a volume of 0.1 pl each, were counted.

Hereby the total cell number could be calculated using the following formula:

Counted cells
Total cell count = — * 10000 * dil. fac.x volume of suspension [ml]
Before cell staining, the cell suspension was then diluted with RPMI to a concentration of
2x10° cells/ml. A total of 200,000 cells (100 ul of the prepared cell suspension) wetre added
into the single wells of a 96 well plate. If cells were not stimulated (panels a, b, €) U-bottom

96-well plates were used and samples were directly stained as described below (2.3.4).

In order to stimulate the expression of activation markers and the production of cytokines
(panel a, b, c), cells were plated in flat bottom 96-well plates. According to the stimulation
regimes (Table 11), 2 pg/ml CpG or 100 pg/ml LPS were added to the cell suspension. These
plates were then incubated at 37 °C and 5% COs for 20 hours. Supernatants were thereafter

frozen at -18 °C until further examination.

2.3.4 Dead/Live staining

To exclude dead cells from the analysis, cells were stained with fixable Zombie™ dyes
(BioLegend), which react with primary amine groups on proteins. In living cells with an intact
cell membrane, the dye only binds to surface proteins resulting in a low staining. The fact

that the cell membrane of dead cells is much more permeable lets the dye enter and label all
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kinds of proteins within the cytoplasm. Subsequently, they appear much brighter in

Zombie™ fluorescence than living cells.

Before staining, cells were resuspended in 200 ul PBS followed by centrifugation (1250 rpm,
4 °C, 7 min). Thereafter, the supernatant was removed, 30 pl of the Zombie dye (1:100
diluted in PBS) were given onto the cells, excluding non-Zombie single stains. The
incubation time was 10 min at room temperature in the dark. Then the cells were washed in

200 pl fluorescence-activated cell sorting (FACS) buffer.

2.3.5 Surface staining

To minimize false-positive results, 30 ul Fc-block™ (50 pg/ml in FACS buffer) was added
to the cells in each well. This inhibitor blocks non-specific binding of antibodies to Fc
receptors on the cell surface. After an incubation of 10 min at 4 °C in the dark, surface
staining could be performed. The fluorophore-labeled antibodies of each panel were diluted
1:100 in FACS buffer in the same micro tube. The resulting antibody-mix contained all
fluorophores for one panel. Additionally, single antibodies were diluted 1:100 in FACS
buffer.

30 ul of the antibody-mix were added to all patients’ samples and single antibody solutions
to the single stain wells. The following incubation in the dark lasted 15 min at 4 °C.
Thereafter, the cells were washed with 200 ul FACS buffer and then re-suspended in 100 pl
FACS buffer. For all panels, excluding the intracellular staining of the cytokine, the cell

suspension of each well was transferred into 5 ml FACS tubes.

2.3.6 Intracellular staining

To block the Golgi apparatus, 10 ul GolgiPlug™ (pre-diluted 1:10 in RPMI) was added to
the CpG-stimulated cells after 20 hours (panel c). This is necessary to accumulate synthesized
proteins including cytokines inside the cells, making them detectable by flow cytometry. To
further enhance cytokine production, 500 ng/ml ionomycin and 20 ng/ml PMA was added
to each well after 2 hours (Table 11). Following an incubation of additional 2 hours, the plate
was centrifuged and 230 ul supernatant of each well was transferred into a new 96-well plate
and stored at -18 °C until cytokine concentration was analyzed by enzyme-linked
immunosorbent assay (ELISA). The plated cells in turn were resuspended in FACS buffer

and cell surface staining was performed as described in 2.3.4 and 2.3.5.

For intracellular staining, the cell membrane was permeabilized by adding 100 ul Fix/Perm™
per well after cell surface staining for 30 minutes at 4 °C in the dark. Thereafter, cells were
washed with 200 pl Perm/Wash™ per well. 50 pl of the prepared intracellular antibody mix
(pre-diluted 1:50 in Perm/Wash™) were put onto the cells. Because of the increased
permeability, the fluorophore-labeled antibodies can get inside the cell and label the cytokines
of interest. For optimal staining, cells were incubated for 18 hours at 4 °C in the dark. The

next day, cells were washed twice in 200 ul Perm/Wash™ followed by a single wash with
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200 wl FACS buffer. Resuspended in 100 ul FACS butffer, each sample was transferred into
a 5 ml FACS tube and stored at 4°C before evaluation.

2.3.7 Flow cytometry

The fluorophore-labeled cells were analyzed by flow cytometry using the LSRII Fortressa
FACS machine by BD Biosciences. To improve the accuracy of the flow cytometric staining,
all patients’ samples were plated in duplicates. Additional cells were plated in order to
perform single stainings of the fluorophores. Each sample was acquired for 65 seconds per

tube with a2 maximum of 100,000 events recorded.

As not all samples could be measured at the same time, the procedure was repeated several
times. The compensation created when acquiring the data was very similar in all panels and
runs. This is shown below. To make the comparison between the different runs more valid,

the same compensation was applied for all runs.

The obtained data were analyzed using the FlowJo 10.2 software.
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2.3.8 Gating strategy

To avoid false positive signals, only living cells were analyzed. Thus, pre-gating was

performed as shown in Figure 1A.
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Figure 1: Pre-gating and gating strategy for B cell subsets and surface molecule expression. (A) Within all recorded events,
singlets and cells were found using size exclusion (FSC = forward side scatter; SSC = side scatter). Living cells were
thereafter defined as Zombie-. (B) Within the living cells, the B cell gate was defined as cluster of differentiation (CDD)19*.
Surface marker were evaluated as mean fluorescence intensity. B cell subpopulations are defined as follows: memory B cells
(CD27v CD38), plasmablasts (CD20- CD27+ CD38*), mature B cells (CD24vx CD38lov) and transitional B cells (CD24bigh
CD38high),

In the resulting pool of the living cells, the different cell types were defined according to
their characteristic cell surface molecules. To quantify the expression of different cell surface
markers, the mean fluorescence intensity (MFI) was used. In B cells, further subset gating

was executed as shown in Figure 1B.



2 Materials and Methods 28

2.3.9 ELISA of supernatants

To examine not only the frequency of cytokine-producing cells, but to also measure the
amount of secreted cytokines, the concentration of I11.-6, TNF and II.-10 was quantified in
the frozen culture supernatants using ELISA. To bind the cytokine of interest to the cell
surface of a 96-well ELISA plate, the plate was coated with capture antibody (BioLegend),
according to the manufacturer’s recommendation and incubated overnight at 4 °C in the
dark. The next day, the plate was washed three times with ELISA wash buffer. To avoid
unspecific binding, 200 ul ELISA blocking buffer were added and the covered plate was put
on a cycler for 1 hour for incubation. During incubation time, standard samples and patient
samples were prepared according to the manufacturer’s recommendation. Thereafter, the
plate was washed three times to remove unbound proteins and 30 ul of the samples were
added. After an incubation of 2 hours, the plate was washed to remove unbound components
and ELISA detection antibody solution (BioLegend) was added to each well and incubated
for 1 hour according to the manufacturer’s recommendation. After washing the plate with
ELISA wash buffer, 100 ul Strept/Avidin solution (BioLegend) was added to each well and
incubated for 30 minutes following the manufacturers’ recommendation. To remove
unbound Strept/Avidin the plate was washed three times and 100 pl 3, 3°, 5, 5
tetramethylbenzidine (TMB) was added to each well. The reaction was stopped by adding
100 ul of ELISA Stop after 20 minutes, changing the color from blue to yellow. For data

analyses, iMark microplate reader and software was used.

2.3.10 Normalization

To make the obtained data even more precise, the same control blood was analyzed at each
measurement cycle. As there is an unavoidable fluctuation between all runs, normalization
was performed. Therefore, all values measured by the MFI of the cells were normalized to

the mean of the control values by using the following formula:

MFIcontrol
mean MFI (all controls)

MFIl, = MFLormaiizea = MFIaquired *

2.3.11 Statistical analysis

The data of the patient groups were tested for Gauss distribution using the D'Agostino &
Pearson omnibus normality test, the Shapiro-Wilk normality test and the Kolmogorov-
Smirnov normality test. For the comparison of two cross-sectional groups with Gauss
distribution an unpaired t-test was performed; for longitudinal samples the paired t-test. If
the data were not Gauss distributed, a Mann Whitney test was applied in the cross-sectional
analysis and the Wilcoxon matched-pairs signed rank test was used for the longitudinal data.
GraphPad Prism™ 6 was used for all statistical analysis. A p value < 0.05 was considered

statistically significant. For the testing of possible correlations, linear regression was used.
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3 Results

3.1 Development of methods

For this study, several flow cytometric measurements were performed. This method is based
on the mechanism that fluorescence-labeled antibodies bind their specific antigen on the cell
surface or inside a cell. Thus, multiple antigens can be determined on one single cell. The
FACS machine then acquires the labeled cells separately, allowing single cell analysis. This
provides an antigen profile of every cell. As multiple fluorophores are combined, this method
allows detecting several antigens on the surface of a single cell. Hence, cell populations, cell
activation and cytokine production can be characterized. Before the measurement of the
patients’ samples was started, the optimal stimulation regimes, staining compositions and
read-out strategies had to be established. Therefore, different pre-experiments were
performed. The following results describe the most relevant assays to achieve the optimal

procedure.

3.1.1 CpG/LPS titration essays

Some antigens are only upon activation expressed on B cells and myeloid-derived
phagocytes. Therefore, the optimal stimulation for a reliable detection of these markers had
to be established. As B cells express both TLR-9, binding CpG, and TLR-4, binding LPS,
those stimulants were tested. To find the optimal concentration, PBMC of healthy donors
were incubated with different concentrations of CpG or LPS and the expression of defined
activation markers on B cells and CD14" cells were assessed. The time of stimulation was

not altered in this setting as 20 hours of stimulation turned out to be most suitable.

As shown in Figure 2, all examined activation markers were upregulated at a concentration
of 10 pg/ml CpG and most of them at 1 pg/ml CpG. That is why for all future experiments,
a CpG concentration of 2 pg/ml was chosen, being a compromise between the necessity of

an adequate upregulation and the avoidance of a ceiling effect.
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Figure 2: Cytosine-phosphate-guanine titration assay. Human peripheral blood mononuclear cells were stimulated i vitro
for 20 hours with different concentrations of cytosine-phosphate-guanine (CpG). Flow cytometry was performed to
measure the mean fluorescent intensity (MFI) of activation markers on B lymphocytes (CD19%). Data are presented as

mean t standard error of the mean. (7 = 3)

The surface molecule CD150 is not constitutively expressed on myeloid-derived phagocytes,
but upon activation of the cell. As myeloid cells express TLR-4, they can be activated by its
ligand LPS. Hence, this stimulus was chosen and tested for the optimal concentration. As
shown in Figure 3, a concentration of 100 pg/ml induced a significant upregulation of
CD150 expression on CD14" cells. For this reason, LPS stimulation was performed at a

concentration of 100 pg/ml for all patient samples.

In a next step, it was examined whether 7z vifro 1LPS stimulation alters the composition of
human PBMC. After 20 hours of stimulation, increasing concentrations of LPS induced a
strong reduction of CD14" cells and CD4" T cells, while the other investigated cell types
were compensatory increased (Figure 3). Thus, to avoid a methodical bias in this
examination, cell population frequencies were assessed without any stimulation, providing a

more accurate picture of the actual cell frequencies in the patients’ blood.
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Figure 3: Lipopolysaccharides titration assay. Human peripheral blood mononuclear cells (PBMC) were stimulated 7z vitro
for 20 hours with different concentrations of lipopolysaccharides (LPS). Flow cytometry was performed to measure the
mean fluorescent intensity (MFI) of cluster of differentiation (CD)150 on myeloid phagocytes (CD14%) (left graph). Cell
frequencies of different cell types were also analyzed (right graph). Data are presented as mean T standard error of the

mean (7 = 3).
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3.1.2 Intracellular staining

To assess cytokine production by B cells ex vivo, flow cytometry analysis of intracellular
antigens was performed. Therefore, cells were stimulated with CpG or LPS respectively and
GolgiPlug was given to the cells to induce accumulation of cytokines within the Golgi
apparatus, which makes cytokines easier detectable by this method. Next, cells were
permeabilized to allow the intracellular antibodies enter the cell and bind their specific
antigen. Flow cytometry then quantified the frequency of cytokine producing cells [%0] or the

relative amount of accumulated cytokines [MFI] within the B cell gate.

To establish a valid and reliable strategy for the intracellular staining experiments, pre-
experiments had to be performed to adjust the individual parameters. In a first step, it was
found that a pre-stimulation with CpG was necessary to make B cells produce cytokines at
all. The optimal concentration was determined to be 1 ug/ml (data not shown). Further, an
additional boost with ionomycin/PMA was necessary to increase the detectability of
interleukins. However, the most relevant observation was that the duration of the antibody

incubation had a huge impact on the detectability of the cytokines.

As presented in Figure 4, the prolongation of the incubation time with antibodies against
the cytokines of interest from 30 minutes to 18 hours had a big effect on the measured
cytokine expression. Especially the detection of 11.-6 and TNF was relevantly enhanced.
Thus, this experimental procedure was chosen for all patient samples, as an increased

detection intensity (MFI) also increases the discriminatory power of the acquired data.
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Figure 4: Optimization of the intracellular staining. The flow-cytometric dot plots display the expression of the three
cytokines of interest (interleukin-6 (IL-6); interleukin-10 (IL-10) and tumor necrosis factor (TNF)) on B cells (CD19%). In
the upper row, intracellular stain incubation lasted only 30 minutes (min) after 12 hours of Fix/Perm application. The
graphs below in represent the cytokine expression after 16 houts of incubation after only 30 min of Fix/Perm incubation
(FSC = forward scatter).
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3.1.3 Compensation matrices

The emission spectra of the used fluorophores have a natural overlap. To minimize the
spillover of one fluorophore into the detection wavelength of another, the processing
software is using so-called compensation matrices. By applying this mathematical method, a
parallel detection of several fluorophore-conjugated antibodies in one panel is possible and
reasonable. As not all patient samples could be measured in one run, several repeating

measurement cycles had to be performed.

To find out which combinations of fluorophores are possible at all, different combinations
were tested. Exemplarily, Figure 5 illustrates the effect of compensation on the flow
cytometric dot plots. The reciprocal dependency of two antibodies with similar spectra could
be removed completely in most cases, except their overlap was too large. This is due to the
fact that two antibody-linked fluorophores with similar spectra have a high spectral overlap.
Figure 5 shows that the closer the detection wavelengths of the antibodies are the more
difficult it is to compensate them. This is the reason why in some cases, it is not possible to

combine fluorophores.
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Figure 5: The effect of compensation. The dot plots show the intensity of the different fluorophores on cells excluded by
size. These combinations had no biological relevance but helped in combining the different antibodies. (A+B) Shown is
the effect of compensation between V500 (detected at 500nm wavelength) and BV421 (detected at 421nm). As seen in the
(B), the linear dependency between both fluorophores cannot be seen after compensation was applied. (C+D) In contrast,
these dot plots represent detection wavelengths that are very close to each other (V500 (500nm) and BV510 (510nm)). In

this case the compensation was not able to remove the reciprocal dependency (D).
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Figure 6: Compensation matrices of the antigen presentation panel (¢). The percentages in the boxes indicate the spectral
overlap between the different fluorophores. Exemplarily, three measurement cycles of panel (e) are displayed. The red
marked compensation matrix was chosen and applied for all samples in panel (¢). The colors of the single values indicate

the extend of the spectral overlaps.

To determine whether one general compensation matrix should be applied to all samples of
one panel or whether each run should be compensated separately, the obtained spectral
overlaps of the different measurement cycles were compared with each other. An example
of different compensations matrices acquired in separate runs is displayed in Figure 6. It
was observed that the overlap values between the distinct fluorophores differ only slightly
when different measurement cycles were compared to each other. Therefore, one
compensation matrix was applied to all runs (Figure 6, red frame) to avoid data processing
bias. This procedure was carried out for each panel separately (data not shown). Being in line
with the example in Figure 6, they differed only marginally from each other and one

compensation matrix was chosen for all runs of each panel.

This aspect was very important when staining panels were created as these findings had to
be taken into consideration to prevent dependency of one marker of another. Therefore,
several combinations were tested before the final five panels as displayed in Figure 7 were

created and applied.
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Figure 7: Compensation matrices of all five acquisition panels. The letters indicate the respective panel as described above.

Spectral overlap of the single fluorophores is given in percent; colors identify high values.

3.2 Cell distribution and sutrvival

DMF is thought to act as an immunomodulatory drug. To find out, what kind of cell types

are affected by DMF treatment, the general composition of human PBMC was examined.
This included the frequency of myeloid-detived phagocytes (CD14%), Ty cells (CD4"),
cytotoxic T cells (CD8") and B cells (CD197), as they represent the four major immune cell

types within the PBMC. Prior to that, it was analyzed whether DMF alters the survival of

immune cells in cell culture.
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3.2.1 DMF treatment decreased the survival of PBMC in culture

As previously shown in Figure 1A, dead and ruptured cells were excluded by their size
(necrosis) and the live/dead indicator dye Zombie, which stains apoptotic cells. This step is
required, since in the process of cell freezing, thawing, preparation and incubation, cells
experience physical and chemical stress leading to their necrosis and/ot apoptosis. Small,
ruptured and dead cells were excluded from the analysis, as their antigen expression can be
strongly altered compared to living cells and does not represent the physiological condition
in the patients” blood. While small cells are a hint for dead cells that lose their integrity,
Zombie dye positive cells mainly represent apoptotic cells. It was found that DMF therapy
changed the resistance of PBMC against this external stress with a reduced proportion of
intact cells in the DMF-treated samples (Figure 8). This significant finding was seen in all

stimulation regimes, resembling a relative increase of necrotic cells upon DMF treatment.
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Figure 8: Dimethyl fumarate decreased the proportion of intact cells (excluded by size). Intact shaped cells were found
using size exclusion in the forward scatter (FSC) /side scatter (SSC) dot plot. The left graph shows the frequency of intact
cells within the pool of singlets without any stimulation. Control multiple sclerosis patients (circles) were compared to
dimethyl fumarate (DMF)-treated matches (triangles). On the right side, mean intact cell frequencies of the different
stimulation regimes are plotted. Bars indicate mean * standard error of the mean. (CpG = cytosine-phosphate-guanine;
Iono = ionomycin; PMA = 12-O-Tetradecanoylphorbol-13-acetate; LPS = lipopolysaccharide; n=31 (DMF); n=30
(control); unpaired t-test; * = p < 0.05; ** = p < 0.01; ¥** = p < 0.001)

Regarding Zombie negative, living cells, this effect was not as strong. Figure 9 shows that
DMF treatment reduced the frequency of living cells within all size-excluded cells only upon
the CpG + ionomycin + PMA stimulated condition. This suggests that apoptosis was only

increased after strong stimulation.
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Figure 9: Upon stimulation, the proportion of living cells was reduced by dimethyl fumarate. Living cells were defined as
Zombie negative. The left graph shows the frequency of living cells within the pool of intact cells (size excluded) without
any stimulation. Control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches
(triangles). On the right side, mean living cell frequencies of the different stimulation regimes are plotted. Bars indicate
mean * standard error of the mean. (CpG = cytosine-phosphate-guanine; Iono = ionomycin; PMA =
12-O-Tetradecanoylphorbol-13-acetate; LPS = lipopolysaccharide; » = 31 (DMF); # = 30 (control); unpaired t-test; * =
p < 0.05)

To identify if the observed DMF-induced vulnerability towards external stress is more
prominent in certain cell types, subpopulations were analyzed for apoptosis using Zombie
dye. DMF treatment mainly affected the survival of B cells but did not change the frequency
of living myeloid-derived phagocytes (Figure 10).
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Figure 10: Dimethyl fumarate decreased the frequency of living B cells. Living cells were defined as Zombie negative. In
this case, not stimulated B cells (CD19+) and myeloid-derived phagocytes (CD14+) were gated directly after size exclusion.
Next, the Zombie dye signal was used to identify living cells. Control multiple sclerosis patients (circles) were compared to
dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of the mean. (APC =

antigen-presenting cells; » = 31 (DMF); #» = 30 (control); unpaired t-test; * = p < 0.05)
3.2.2 DMEF treatment leads to an increased CD14" myeloid cell frequency within

the PBMC

Next, it was evaluated how DMF changes the frequency of the distinct cell populations. As
shown in Figure 11, the relative proportion of myeloid-derived phagocytes (being defined
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as CD14") within the PBMC pool was significantly increased upon DMF treatment in the
cross-sectional analysis of all blood samples. A stimulation of the samples with 2 pg/ml CpG
or 100 pg/ml LPS for 20 hours caused a lower CD14" myeloid cell frequency when
compared to the unstimulated measurements. However, the trend towards an increased

CD14" myeloid cell frequency could also be seen in those experiments.
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Figure 11: CD14" myeloid cell frequency increased upon dimethyl fumarate treatment. The left graph shows the frequency
of myeloid-derived phagocytes (CD14") within the peripheral blood mononuclear cell (PBMC) pool without any
stimulation. Control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches
(triangles). On the right side, mean CD14+ myeloid cell frequencies of the different stimulation regimes are plotted. Bars
indicate mean * standard etror of the mean. (CpG = cytosine-phosphate-guanine; Iono = ionomycin; PMA =
12-O-Tetradecanoylphorbol-13-acetate; LPS = lipopolysaccharide; » = 31 (DMF); » = 30 (control); unpaired t-test; ** =
p <0.01)

3.2.3 No change in the frequency of CD4" but relative reduction of CD8" T cells

To determine whether DMF treatment has an influence on the distribution of Ty, cells versus
cytotoxic T cells, subpopulations were analyzed separately. This investigation revealed that
DMF treatment did not alter the proportion of CD4" T cells (Ty cells) within all PBMC in
both the unstimulated and the LPS-stimulated condition (Figure 12).
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Figure 12: CD4+ T cell frequency was not altered by dimethyl fumarate. The left graph shows the frequency of CD4* T
cells within the peripheral blood mononuclear cell (PBMC) pool without any stimulation. Control multiple sclerosis patients
(circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). On the right side, mean CD4" T cell
frequencies of the different stimulation regimes are plotted. Bars indicate mean * standard error of the mean. (LPS =

lipopolysaccharide; # = 31 (DMF); # = 30 (control); unpaired t-test; not significant)

The frequency of cytotoxic T cells, defined as CD8", was significantly decreased upon DMF
treatment when cells were stimulated with 100 pg/ml LPS. A similar trend could be observed

in the non-stimulated measurements (Figure 13).
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Figure 13: Dimethyl fumarate treatment reduced the frequency of CD8* T cells. The left graph shows the frequency of
CD8* T cells within the peripheral blood mononuclear cell (PBMC) pool after an # vitro stimulation with 100 pg/ml
lipopolysaccharide (LPS). Control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated
matches (triangles). On the right side, mean CD8* T cell frequencies of the different stimulation regimes are plotted. Bars

indicate mean % standard error of the mean. (» = 31 (DMF); » = 30 (control); unpaired t-test; not significant)

3.2.4 B cell frequency was not changed upon DMF treatment

Since B cells were of major interest in this study, their frequency within all PBMC was
obtained in every panel. In all different stimulation regimes, there was no significant change
when DMF-treated patients were compared to controls with a slight, not significant tendency

towards an increase (Figure 14).
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Figure 14: B cell frequency was not altered by dimethyl fumarate. The left graph shows the frequency of B cells (CD19%)
within the peripheral blood mononuclear cell (PBMC) pool without any stimulation. Control multiple sclerosis patients
(circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). On the right side, mean B cell frequencies
of the different stimulation regimes are plotted. Bars indicate mean * standard error of the mean. (CpG = cytosine-
phosphate-guanine; Iono = ionomycin; PMA = 12-O-Tetradecanoylphorbol-13-acetate; LPS = lipopolysaccharide; » = 31
(DMFE); # = 30 (control); unpaired t-test; not significant)

Table 12: Summary of cell frequency changes. (SD = standard deviation; DMF = dimethyl fumarate;

CD = cluster of differentiation; PBMC = peripheral blood mononuclear cells; ns = not significant)

Control DMF-treated | Percental | p value
(mean = SD) | (mean * SD) change

CD14+ (% of PBMC) 11.31+1.11 16.21+1.06 +43.3% 0.0028 B
CD4* (% of PBMC) 57.21+£1.91 57.02%1.87 -0.3% 0.9353 ns
CD8* (% of PBMC) 21.59%1.22 17.88+1.22 -17.2% 0.0359 &

CD19+ (% of PBMC) 8.25+0.60 9.43+0.56 +14.3% 0.1635 ns

3.3 B cell subsets

Next, it was tested whether DMF has a differential effect on B cell subsets and/or maturation
stages, even though the total B cell frequency is not altered. Therefore, based on their distinct
expression of surface markers, the frequencies of transitional B cells (CD24"" CD38"&"),
mature B cells (CD24"" CD38""), antigen-experienced B cells (CD27%), memory B cells
(CD27* CD38"") and plasmablasts (CD20- CD27* CD38") were determined.

3.3.1 DMTF increased the immature, transitional B cell frequency

After the generation of B cells in the bone marrow, their eatliest stage released in blood are
immature, transitional B cells characterized by their high expression of CD24 and CD38. As

shown in Figure 15, the frequency of these immature B cells within all PBMC was
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significantly increased upon DMF treatment. Complementary, the proportion of mature B

cells defined as CD24"* and CD38"" was reduced upon DMF treatment (Figure 15).
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Figure 15: Dimethyl fumarate treatment increased transitional B cell frequency. Transitional B cell (BC) (CD24high
CD38high) and mature BC (CD24va CD38lv) frequency of not stimulated pre-gated BC (CD19") was measured using flow
cytometry. Control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches
(triangles). Bars indicate mean % standard error of the mean. (# = 31 (DMF); » = 30 (control); unpaired t-test; ** = p < 0.01;
K = p < 0.0001)

3.3.2 The frequency of antigen-experienced B cells was reduced in DMF-treated

patients

Antigen-experienced B cells can be characterized by their high expression of CD27. As
presented in Figure 16, there was a significant reduction of these cells in the B cell pool of

DMF-treated patients when compared to controls with an absolute reduction by 11.7%.
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Figure 16: Antigen-experienced and memory B cell frequencies were reduced by dimethyl fumarate. Antigen-experienced
B cell (BC) (CD27%) and memory BC (CD27vr CD38) frequency of not stimulated pre-gated BC (CD19%) was measured
using flow cytometry. Control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated
matches (triangles). Bars indicate mean * standard error of the mean. (# = 31 (DMF); #» = 30 (control); unpaired t-test; ****

=p < 0.0001)

3.3.3 DMTF specifically reduced memory B cell frequencies in MS patients

Another investigated subgroup of B cells are memory B cells being defined as CD27" and
CD38. DMF had a suppressing impact on their frequency: The proportion of memory B
cells within all B cells was significantly reduced by DMF treatment (Figure 16). The mean
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frequency relatively decreased upon DMF treatment by 49.1%, suggesting a strong, over-

proportionate memory B cell loss.

3.3.4 The plasmablast frequency was decreased upon DMF treatment

Plasmablasts are the progenitors of antibody-producing plasma cells and are defined as
CD20, CD27" and CD38". In general, they are found in very low frequencies within the B
cell pool (< 8%). Figure 17 shows that iz vivo DMF exposure caused a non-significant

decrease in their mean frequency from 2.17% to 1.48% of all B cells.
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Figure 17: Dimethyl fumarate treatment reduced the frequency of plasmablasts. Plasmablast (CD20- CD27high CD38high)
frequency of not stimulated pre-gated BC (CD19%) was measured using flow cytometry. Control multiple sclerosis patients
(circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of

the mean. (7 = 31 (DMF); » = 30 (control); unpaired t-test; not significant)

Summarizing, especially the proportion of differentiated B cell subsets were reduced upon

DMF, treatment while the frequency of immature transitional B cells was increased.

Table 13: Summary of B cell subset changes. (SD = standard deviation; DMF = dimethyl fumarate;

BC = B cells; Ag-exp. = antigen-experienced; ns = not significant)

Control DMF-treated | Percental p
(mean * SD) | (mean * SD) change value

Transitional BC (% of BC) 5.42%0.85 9.59+1.10 +76.9% | 0.0038 ol
Mature BC (% of BC) 84.04%0.90 80.48+0.85 -4.2% 0.0059 K
Ag-exp. BC (% of BC) 23.98+1.57 12.21+1.02 -49.1% 0.0001 | ****
Memory BC (% of BC) 17.82+1.28 7.74%0.79 -56.6% 0.0001 | ****

Plasmablasts (% of BC) 2.17£0.26 1.481+0.24 -31.8% 0.0560 ns
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3.4 Activation markers

To investigate whether DMF treatment changes the phenotype and possibly function of
human B cells iz vivo, the expression of activation markers was determined in DMF-treated
and control-treated patients using flow cytometry. Therefore, total PBMC were stimulated

with CpG and the frequency and/or normalized MFI of CD25, CDG69, CD95 and CD150

expression were determined.

3.41 DMTF reduced the expression of CD25 on B cells

PBMC were simulated with 2 ug/ml CpG for 20 hours to increase the expression level of
CD25 on B cells. In samples of DMF-treated patients, the expression of this IL.-2 receptor
chain was significantly lower with a relative decrease in the mean MFI values by 49.3%. This

decrease was also seen when looking at the CD25" B cell frequencies (Figure 18).
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Figure 18: CD25 expression on B cells was reduced by dimethyl fumarate treatment. Peripheral blood mononuclear cells
were stimulated with 2 ug/ml cytosine-phosphate-guanine for 20 hours. The expression of the activation marker CD25 was
quantified on B cells (BC) (CD19%) by flow cytometry given by the normalized mean fluorescent intensity (MFI,,) (left
graph). In addition, the frequency of CD25" BC was determined (left graph). Control multiple sclerosis patients (circles)
were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean =+ standard error of the mean.

(n = 31 (DMF); # = 30 (control); unpaired t-test; *** = p < 0.001; **** = p < 0.0001)

3.4.2 DMTF treatment diminished the expression of the early activation marker
CD69 on B cells

DMF-treated patients had a significant lower percentage of CD69" B cells in their blood
compared to control-treated patients (Figure 19). The mean CDG69" B cell frequency
decreased from 33.85 & 2.32% to 27.13 * 1.82% in the DMF-treated group. This represents
a relative reduction by 23.4%. The MFI values showed a similar trend.
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Figure 19: CDG69 was reduced by dimethyl fumarate on cytosine-phosphate-guanine-stimulated B cells. Peripheral blood
mononuclear cells were stimulated with 2 ug/ml cytosine-phosphate-guanine for 20 hours. The expression of the activation
marker CDG69 was quantified on B cells (BC) (CD19") by flow cytometry given by the normalized mean fluorescent intensity
(MFI,) (left graph). In addition, the frequency of CD69* BC was determined (left graph). Control multiple sclerosis patients
(circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of

the mean. (#z = 31 (DMF); » = 30 (control); unpaired t-test; * = p < 0.05)

3.4.3 Lower expression of the FAS receptor CD95 on B cells of DMF-treated

patients

Furthermore, MFI values of CD95 (FAS receptor) expression on both unstimulated and
stimulated B cells were quantified. In both conditions, this important protein for controlled
cell death was lower on B cells of DMF-treated patients (Figure 20). CpG stimulation caused

an upregulation in both groups but the significant difference persisted.
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Figure 20: Dimethyl fumarate reduced the expression of CD95 on B cells. Peripheral blood mononuclear cells were
stimulated with 2 pg/ml cytosine-phosphate-guanine (CpG) for 20 hours. The expression of the activation marker CD95
(first apoptosis signal receptor) was quantified on both not stimulated (left graph) and stimulated (right graph) B cells (BC)
(CD19%) by flow cytometry given by the normalized mean fluorescent intensity (MFI,). Control multiple sclerosis patients
(circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of

the mean. (# = 31 (DMF); » = 30 (control); unpaired t-test; ** = p < 0.01; **** = p < 0.0001)

3.4.4 DMTF had an inhibitory impact on CD150 expression on B cells

Next, the expression of CD150, a molecule which acts as a co-activator on B cells, was
examined. No significant difference was observed in unstimulated patient samples (Figure
21). LPS stimulation however slightly upregulated this surface protein, especially in the

samples of control-treated MS patients, uncovering a significant difference between both
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patient groups. In the control group, 15.5111.47% B cells were CD150" upon LPS
stimulation, while in DMF-treated individuals, only 11.70£0.93% of the B cells expressed
CD150.

stimulation with 100 pg/ml LPS
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Figure 21: CD150% B cells were reduced upon dimethyl fumarate treatment. Peripheral blood mononuclear cells were
stimulated with 100 pg/ml lipopolysacchatide (LPS) for 20 hours. The frequency of CD150* B cells (BC) was quantified
on both not stimulated (left graph) and stimulated (right graph) B cells (BC) (CD197). Control multiple sclerosis patients
(circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of
the mean. (7 = 31 (DMF); » = 30 (control); unpaired t-test; * = p < 0.05)

Table 14: Summary of dimethyl fumarate-induced changes of B cell activation markers. (SD =
standard deviation; DMF = dimethyl fumarate; CD = cluster of differentiation; MFI = mean

fluorescent intensity; CpG = cytosine-phosphate-guanine; LPS = lipopolysaccharide)

stimu- control (mean | DMF-treated | percental P

lation t+ SD) (mean * SD) change value
CD25 [MFI] CpG 860.0£96.68 436.3145.92 -49.3% 0.0002 | ***
CD69* [%0] CpG 33.8512.32 27.1311.82 -19.9% 0.0258 *
CD95 [MFI] CpG 3238%319.4 19631£23.8 -39.4% 0.0019 o
CD150* [%] LPS 15.51£1.47 11.70£0.93 -24.6% 0.0306 *

3.4.5

DMEF treatment did not alter activation markers on myeloid-derived

phagocytes

Furthermore, this examination quantified the expression of the activation markers CD95 and
CD150 on CD14" myeloid APC. As shown in Figure 22, their expression was not
significantly altered upon DMF treatment.
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Figure 22: Dimethyl fumarate did not alter the expression of activation markers on myeloid phagocytes. On the left,
petipheral blood mononuclear cells were stimulated with 2 ug/ml cytosine-phosphate-guanine (CpG) for 20 hours. The
expression of the activation marker CD95 (first apoptosis signal receptor) was quantified on myeloid phagocytes (CD14+)
by flow cytometry given by the normalized mean fluorescent intensity (MFI,). The left graph presents the frequency of
CD150* myeloid phagocytes after a stimulation of 100 pg/ml lipopolysaccharide (LPS) for 20 hours. Control multiple
sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean *

standard error of the mean. (# = 31 (DMF); # = 30 (control); unpaired t-test; not significant)

3.5 Antigen-presenting function

To evaluate the ability of B cells and myeloid-derived phagocytes to present antigens, it was
tested whether DMF treatment influences the expression of molecules relevant for antigen
presentation such as MHC-II, CD40, CD80 and CD86.

3.5.1 MHC-II expression on B cells was enhanced by DMF treatment

The MFI values of MHC-II were quantified using the standard protocol. The cross-sectional
analysis revealed no difference between both patient groups (Figure 23), neither in the
unstimulated nor in the stimulated stetting, which indicates that DMF treatment did not alter

its expression.
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Figure 23: Major histocompatibility complex - class II expression on B cells was not altered by dimethyl fumarate.
Peripheral blood mononuclear cells wete stimulated with 2 pg/ml cytosine-phosphate-guanine (CpG) for 20 hours. The
expression of major histocompatibility complex class II (MHC-II) was quantified on both not stimulated (left graph) and
stimulated (right graph) B cells (BC) (CD197) by flow cytometry given by the normalized mean fluorescent intensity (MFI,).
Control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars

indicate mean * standard error of the mean. (# = 31 (DMF); » = 30 (control); unpaired t-test; not significant)
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When analyzing this parameter on B cells longitudinally, MHC-II expression was higher in
patients taking DMF when compared to their own blood control prior to treatment initiation

in the CpG stimulated setting (Figure 24).
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Figure 24: In the longitudinal samples, dimethyl fumarate upregulated major histocompatibility complex - class II on B
cells. Petipheral blood mononuclear cells were stimulated with 2 pg/ml cytosine-phosphate-guanine (CpG) for 20 houts.
The expression of major histocompatibility complex - class II (MHC-II) was quantified on both not stimulated (left graph)
and stimulated (right graph) B cells (BC) (CD19%) by flow cytometry given by the normalized mean fluorescent intensity
(MFI,). Blood samples of the same patients were taken before the initiation of dimethyl fumarate (DMF) therapy (citcles)
and after at least 3 months of DMF treatment. Lines connect the values of individual patients. (# = 31 (DMF); » = 30

(control); Wilcoxon matched-pairs signed rank test; * = p < 0.05)

Next, it was examined whether duration of DMF treatment influenced MHC-II expression
on B cells. In fact, there was a trend towards a higher expression of MHC-II the longer DMF
was taken (Figure 25), but this trend was not significant (p=0.138).
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Figure 25: Major histocompatibility complex - class II on B cells tended to increase the longer dimethyl fumarate was
taken. The expression of major histocompatibility complex - class II (MHC-II) was quantified on not stimulated B cells
(BC) (CD19"). The individual patients’ values (dimethyl fumarate (DMF)-treated patients are represented by circles) were
correlated with the time in months they had taken DMF using linear regression. (» = 31 (DMF); Pearson correlation

coefficient (r) = 0.2356; p = 0.138)

3.5.2 DMTF treatment prevented the stimulation-triggered upregulation of CD40

The expression of the costimulatory protein CD40 on B cells was measured both on

unstimulated and CpG stimulated PBMC. As presented in Figure 26, its expression was
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comparable in both patient cohorts in the unstimulated setting but was differently
upregulated upon stimulation. In DMF-treated subjects, B cells did not increase CD40
expression to the same extent as cells of control-treated patients. This resulted in a significant

decline of CD40 MFI values by 19.8% in samples of treated patients compared to control

subjects.
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Figure 26: Upon stimulation, CD40 expression on B cells was reduced. Peripheral blood mononuclear cells were stimulated
with 2 pg/ml cytosine-phosphate-guanine (CpG) for 20 hours. The expression of the activation marker CD40 was
quantified on both not stimulated (left graph) and stimulated (right graph) B cells (BC) (CD19%) by flow cytometry given
by the normalized mean fluorescent intensity (MFI,). Control multiple sclerosis patients (circles) were compared to dimethyl
fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of the mean. (z = 31 (DMF); » = 30

(control); unpaired t-test; * = p < 0.05)

3.5.3 Independent of the stimulation, CD80 was reduced on B cells by DMF

Another important costimulatory signal during B cell - T cell interaction is provided through
CD80, also called lymphocyte-activating antigen 1. In this study, its expression was measured
in an unstimulated as well as a stimulated setting. Figure 27 shows that a significant
difference between PBMC of DMF- and control-treated patients was already evident without
stimulation. CpG stimulation induced an upregulation of CD80 in samples of both patient
groups, but the significantly lower CD80 expression in DMF-treated patients remained
present. In the CpG stimulated condition, control patients had a mean MFI of 441.5£36.5,
whereas DMF treatment lead to a mean of 279.2%31.5. This corresponds to a reduction by
36.8%.
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Figure 27: Dimethyl fumarate reduced the expression of CD80 on B cells. Peripheral blood mononuclear cells were
stimulated with 2 pg/ml cytosine-phosphate-guanine (CpG) for 20 hours. The expression of the activation marker CD80
was quantified on both not stimulated (left graph) and stimulated (right graph) B cells (BC) (CD19*) by flow cytometry
given by the normalized mean fluorescent intensity (MFI,,). Control multiple sclerosis patients (circles) were compared to
dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of the mean. (» = 31 (DMF);
7 = 30 (control); unpaired t-test; *** = p < 0.001; ** = p < 0.0001)

3.5.4 DMTF restricts the upregulation of the costimulatory protein CD86 on B cells

The expression of CD86 was very low on unstimulated B cells with no significant difference
between both patient groups. Stimulation with 2 ng/ml CpG however considerably increased
the surface expression of CD86 and showed that DMF-treated patients in comparison to the
control cohort had significant lower MFI values with a relative reduction by 48.3%
(Figure 28).
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Figure 28: CD86 upregulation upon stimulation was inhibited by dimethyl fumarate. Peripheral blood mononuclear cells
were stimulated with 2 pg/ml cytosine-phosphate-guanine (CpG) for 20 hours. The expression of the activation marker
CD80 was quantified on both not stimulated (left graph) and stimulated (right graph) B cells (BC) (CD19*) by flow
cytometry given by the normalized mean fluorescent intensity (MFI,,). Control multiple sclerosis patients (circles) were
compated to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of the mean.

(n =31 (DMF); n = 30 (control); unpaired t-test; * = p < 0.05)
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Table 15: Dimethyl fumarate-induced changes of molecules involved in antigen presentation on B
cells. (SD = standard deviation; DMF = dimethyl fumarate; CD = cluster of differentiation; MFI =
mean fluorescent intensity; CpG = cytosine-phosphate-guanine; MHC-II = major histocompatibility

complex — class II; ns = not significant)

stimu- | control (mean | DMF-treated | percental P

lation + SD) (mean * SD) change value
CD40 [MFI] CpG 4999+332.1 4009+248.4 -19.8% 0.0205 &
CD80 [MFI] CpG 441.5%36.52 279.2+31.45 -36.8% 0.0013 | ***
CD86 [MFI] CpG 335.9+53.79 173.5£31.28 -48.3% 0.0109 &
MHC-II [MFI] CpG 20114%715.8 199751210 -0.7% 0.9224 ns

In summary, DMF treatment influenced the expression of molecules required for antigen
presentation differentially. While the costimulatory molecules CD40, CD80 and CD86 were
downregulated by DMF treatment, the important protein for antigen presentation, MHC-II,
remained unchanged or was slightly upregulated upon DMF exposure.

3.5.5 DMTF increased MHC-II expression on myeloid APC over time

Next to B cells, myeloid-derived phagocytes are important APC in the context of MS. Thus,
the expression of MHC-II was analyzed on CD14" monocytes/macrophages (Figure 29),

but no significant alteration was found.
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Figure 29: Dimethyl fumarate did not change the major histocompatibility complex - class II expression on myeloid-
derived phagocytes. Peripheral blood mononuclear cells wete stimulated with 100 pg/ml lipopolysaccharide (LLPS) for 20
hours. The expression of major histocompatibility complex - class IT (MHC-II) was quantified on both not stimulated (left
graph) and stimulated (right graph) myeloid-derived phagocytes (CD14%) by flow cytometry given by the normalized mean
fluorescent intensity (MFI,). Control multiple sclerosis patients (circles) were compared to dimethyl fumarate
(DMF)-treated matches (triangles). Bars indicate mean * standard error of the mean. (# = 31 (DMF); » = 30 (control);

unpaired t-test; not significant)
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However, when correlating the duration of DMF intake to the expression of MHC-II on
myeloid-derived phagocytes, there was a significant increase of MHC-II the longer DMF had
been taken (Figure 30).
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Figure 30: The expression of major histocompatibility complex - class II positively correlated with the duration of dimethyl
fumarate intake. The expression of major histocompatibility complex - class II (MHC-1I) was quantified on not stimulated
myeloid phagocytes (CD14%). The individual patients’ values (dimethyl fumarate (DMF)-treated patients are represented by
circles) were correlated with the time in months they had taken DMF using linear regression. (# = 31 (DMF); Pearson

correlation coefficient (r) = 0.3421; * = p < 0.05)

3.5.6 The expression of CD80 on myeloid phagocytes was reduced by DMF

Further evaluation of the antigen-presenting ability of myeloid-derived phagocytes (CD14")
was performed by comparing the expression of the costimulatory molecules CD40, CD80
and CD86. In an unstimulated condition, only CD80 expression was significantly reduced

upon DMF treatment, while the other markers remained unaltered as shown in Figure 31.

2000+ 4004 * 2000+
— — o — La
. L A T A
5 1500 oOO A,a 5 3004 Oo AA 5 1500 0o° A

O A
@) A @) Ko A, A @) o Y
“— 0,0 A — A A — A
—F 10001 > ) ,“ —F 2004 800 v —£ 1000 W AAAA“M:
o —%—Q —‘%‘— o o] A fr
= ©o° sflos 2 L V= 0000 A
ALQAMLAA
S 5004 9o qf Y 2 1004 . 2 5001
A 00 A A
O O O
0 0 0
control DMF control DMF control DMF

Figure 31: Dimethyl fumarate reduced the expression of CD80 on myeloid-derived phagocytes. The expression of the
activation markers CD40, CD80 and CD86 was quantified on not stimulated myeloid phagocytes (CD14") by flow
cytometry given by the normalized mean fluorescent intensity (MFI,,). Control multiple sclerosis patients (circles) were
compared to dimethyl fumarate (DMF)-treated matches (triangles). Bars indicate mean * standard error of the mean.

(n = 31 (DMF); #» = 30 (control); unpaired t-test; * = p < 0.05)
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3.6 Cytokine production

The effect of DMF on the cytokine production of B cells and myeloid cells was analyzed by
performing intracellular staining for cytokines as described in 2.3.6. Using flow cytometry,
the cellular cytokine content was quantified by determining the MFI of the respective
fluorescence-labeled antibody. In a second approach, the cytokine concentration in the
supernatant was measured using ELISA to substantiate the flow cytometry-based results.
This study focused on the two pro-inflaimmatory cytokines IL.-6 and TNF, and one anti-

inflammatory, namely 1L-10.

3.6.1 DMTF reduced the production of pro-inflammatory IL-6 and TNF in B cells

To make the B cells produce detectable levels of cytokines, cells were pre-stimulated with
1 pg/ml CpG overnight and after inhibition of the Golgi apparatus, cytokine production was
boosted by adding 500 ng/ml ionomycin and 20 ng/ml PMA. Upon DMF treatment, a
reduction of pro-inflaimmatory IL-6 synthesis by B cells was observed (Figure 32). This
statistically significant decline was seen in both cross-sectional as well as longitudinal samples.
There was a reduction of MFI values from a mean of 1032.7 to 788.1 in the cross-sectional
samples, equivalent to a solid reduction by 23.7%. With a mean reduction by 60.4%, this

effect was even stronger in the longitudinal samples.
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Figure 32: Interleukin-6 production of B cells was reduced upon dimethyl fumarate treatment. Peripheral blood
mononuclear cells were stimulated with 1 ug/ml cytosine-phosphate-guanine for 20 hours and 500 ng/ml ionomycin /
20 ng/ml phorbol 12-myristate 12-acetate for 4 hours. The production of intetleukin-6 (IL-6) by B cells (CD19+) was
quantified by flow cytometric intracellular staining given by the normalized mean fluorescent intensity (MFI,). In a
cross-sectional setting, control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated
matches (triangles) (left graph). In addition, six patients’ blood samples were taken before the initiation of DMF therapy
(circles) and after at least 6 months of DMF treatment (triangles). Lines connect the values of individual patients. Bars
indicate mean * standard error of the mean. (# = 31 (DMF); » = 30 (control); » = 6 (longitudinal); unpaired t-test

(cross-sectional); Wilcoxon matched-pairs signed rank test (longitudinal); ** = p < 0.01; ** = p < 0.001)

Next, the production of TNF by B cells was evaluated, as it is another important pro-
inflammatory cytokine involved in pathogenic immune responses. The cross-sectional data
analysis revealed no significant difference between control and DMF-treated patients
regarding TNF synthesis. In the longitudinal samples however, there was a highly significant
decline in the production of TNF (Figure 33).
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Figure 33: Tumor necrosis factor alpha production of B cells was decreased upon dimethyl fumarate treatment. Peripheral
blood mononuclear cells were stimulated with 1 ug/ml cytosine-phosphate-guanine for 20 hours and 500 ng/ml ionomycin
/ 20 ng/ml phorbol 12-myristate 12-acetate for 4 hours. The production of tumor necrosis factor alpha (TNF) by B cells
(CD19%) was quantified by flow cytometric intracellular staining given by the normalized mean fluorescent intensity (MFI,,).
In a cross-sectional setting, control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated
matches (triangles) (left graph). In addition, six patients’ blood samples were taken before the initiation of DMF therapy
(circles) and after at least 6 months of DMF treatment (triangles). Lines connect the values of individual patients. Bars
indicate mean * standard error of the mean. (# = 31 (DMF); » = 30 (control); » = 6 (longitudinal); unpaired t-test

(cross-sectional); Wilcoxon matched-pairs signed rank test (longitudinal); *** = p < 0.001)

3.6.2 Production of anti-inflammatory IL-10 by B cells was slightly reduced upon
DMF treatment

In a next step, the ability of B cells to produce the anti-inflammatory cytokine IL-10 was
analyzed. Again, cross-sectional as well as longitudinal data were collected. Figure 34 shows
that DMF treatment significantly lowered the mean IL-10 intensity by 15.7% from an MFI
of 345.6 to 291.5. The longitudinal samples showed the same trend but did not reach

statistical significance.
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Figure 34: Dimethyl fumarate reduced the interleukin-10 production of B cells. Peripheral blood mononuclear cells were
stimulated with 1 pg/ml cytosine-phosphate-guanine for 20 hours and 500 ng/ml ionomycin / 20 ng/ml
phorbol 12-myristate 12-acetate for 4 hours. The production of interleukin-10 (IL-10) by B cells (CD19%) was quantified
by flow cytometric intracellular staining given by the normalized mean fluorescent intensity (MFI,). In a cross-sectional
setting, control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles)
(left graph). In addition, six patients’ blood samples were taken before the initiation of DMF therapy (circles) and after at
least 6 months of DMF treatment (triangles). Lines connect the values of individual patients. Bars indicate mean * standard
error of the mean. (# = 31 (DMF); » = 30 (control); » = 6 (longitudinal); unpaired t-test (cross-sectional); Wilcoxon

matched-pairs signed rank test (longitudinal); * = p < 0.05)
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3.6.3 DMTF caused a shift towards a more anti-inflammatory cytokine profile in B

cells

The analysis of I1.-6, TNF and I1.-10 production by B cells revealed a decline in the synthesis
of both pro- and anti-inflammatory cytokines upon DMF treatment. To evaluate whether
this change is rather beneficial or harmful, the ratios of produced pro- and anti-inflammatory

cytokines were calculated using the following formulas:

MFI (IL 10) _ MFI (IL 10)
MFI (IL6)  MFI (TNF)

Anti inflammatory quotient =

As IL-10 is assumed to be anti-inflammatory and IL-6/TNF pro-inflammatory, an increase
of this quotient represents a shift towards a more anti-inflammatory cytokine profile.
Analyzing the cross-sectional data accordingly, no significant difference between both patient
groups were found (Figure 35). However, looking at the longitudinal data, IL-10/IL-6 ratio
increased indicating a more anti-inflammatory cytokine profile after DMF-treatment in

individual patients.
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Figure 35: Interleukin-10 / intetleukin-6 ratio was increased in B cells upon dimethyl fumarate treatment. Peripheral blood
mononuclear cells were stimulated with 1 pg/ ml cytosine-phosphate-guanine for 20 hours and 500 ng/ ml ionomycin / 20
ng/ml phorbol 12-myristate 12-acetate for 4 hours. The production of intetleukin-6 (IL-6) and intetleukin-10 (IL-10) by B
cells (CD19%) was quantified by flow cytometric intracellular staining given by the normalized mean fluorescent intensity
(MFI,) and the I1-10/1IL-6 ratio was determined. In a cross-sectional setting, control multiple sclerosis patients (circles)
were compared to dimethyl fumarate (DMF)-treated matches (triangles) (left graph). In addition, six patients’ blood samples
were taken before the initiation of DMF therapy (circles) and after at least 6 months of DMF treatment (triangles). Lines
connect the values of individual patients. Bars indicate mean * standard error of the mean. (# = 31 (DMF); » = 30 (control);

n=6 (longitudinal); unpaired t-test (cross-sectional); Wilcoxon matched-pairs signed rank test (longitudinal); ** = p < 0.01)

In parallel to the I11.-10/IL-6 ratio, the I.-10/TNF ratio showed no significant difference
when analyzing the cross-sectional data, but a significant anti-inflammatory shift in the
longitudinally evaluated data of the individual patients (Figure 36). Table 16 summarizes

the effect of DMF on the cytokine production of B cells.
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Figure 36: Dimethyl fumarate treatment elevated the intetleukin-10 / tumor necrosis factor alpha ratio in B cells. Peripheral
blood mononuclear cells were stimulated with 1 ug/ml cytosine-phosphate-guanine for 20 hours and 500 ng/ml ionomycin
/ 20 ng/ml photbol 12-myristate 12-acetate for 4 hours. The production of tumor necrosis factor alpha (INF) and
interleukin-10 (IL-10) by B cells (CD19") was quantified by flow cytometric intracellular staining given by the normalized
mean fluorescent intensity (MFL,,) and the IL-10/TNF ratio was determined. In a cross-sectional setting, control multiple
sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches (triangles) (left graph). In addition,
six patients’ blood samples were taken before the initiation of DMF therapy (circles) and after at least 6 months of DMF
treatment (triangles). Lines connect the values of individual patients. Bars indicate mean * standard error of the mean.

(n = 31 (DMF); # = 30 (control); » = 6 (longitudinal); unpaired t-test (cross-sectional); Wilcoxon matched-pairs signed rank

test (longitudinal); * = p < 0.05)

Table 16: Dimethyl fumarate-induced changes of the cytokine production of B cells. (SD = standard

deviation; DMF = dimethyl fumarate; ns = not significant)

control DMF-treated | percental | p value
(mean * SD) | (mean * SD) change

Interleukin-6 1033%80.4 788.1141.7 -23.7% 0.0084 * ok
Tumor necrosis factor 1709%62.1 1597%+60.2 -6.4% 0.1973 ns
Interleukin-10 345.6x19.0 291%15.0 -15.7% 0.0286 *

3.6.4 In CD14" myeloid cells, DMF inhibited pro-inflammatoty IL-6 and TNF

secretion

Production of IL-6, TNF and IL-10 measured by intracellular cytokine staining was also
obtained for CD14" myeloid cells using flow cytometry. There was a significant reduction of
IL-6 synthesis by 31.8% from a mean MFI of 3112 to 2122 in the cross-sectional samples
upon DMF treatment. This trend was also seen in the longitudinal data, where a mean
reduction by 43.9% was observed (Figure 37). In addition, a significantly reduced
production of TNF was observed in CD14" myeloid cells upon DMF. The MFI was
decreased from a mean of 4072 in the control group to a mean MFI of 3562 in the
DMF-treated group, equaling a reduction by 12.5%. The longitudinal data showed the same,

however not significant trend probably due to one outlier value (Figure 38).
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Figure 37: Interleukin-6 production in myeloid-derived phagocytes was reduced by dimethyl fumarate. Peripheral blood
mononuclear cells were stimulated with 1 pg/ ml cytosine-phosphate-guanine for 20 hours and 500 ng/ ml ionomycin / 20
ng/ml phorbol 12-myristate 12-acetate for 4 hours. The production of intetleukin-6 (IL-6) by myeloid-detived phagocytes
(CD14%) was quantified by flow cytometric intracellular staining given by the normalized mean fluorescent intensity (MFIy).
In a cross-sectional setting, control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated
matches (triangles) (left graph). In addition, six patients’ blood samples were taken before the initiation of DMF therapy
(circles) and after at least 6 months of DMF treatment (triangles). Lines connect the values of individual patients. Bars
indicate mean * standard error of the mean. (# = 31 (DMF); » = 30 (control); » = 6 (longitudinal); unpaired t-test

(cross-sectional); Wilcoxon matched-pairs signed rank test (longitudinal); * = p < 0.05; *** = p < 0.001)
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Figure 38: Tumor necrosis factor alpha production in CD14* myeloid cells was reduced by dimethyl fumarate. Peripheral
blood mononuclear cells were stimulated with 1 ug/ml cytosine-phosphate-guanine for 20 hours and 500 ng/ml ionomycin
/ 20 ng/ml phorbol 12-myristate 12-acetate for 4 hours. The production of tumor necrosis factor alpha (TNF) by CD14+
myeloid cells was quantified by flow cytometric intracellular staining given by the normalized mean fluorescent intensity
(MFI,). In a cross-sectional setting, control multiple sclerosis patients (circles) were compared to dimethyl fumarate
(DMF)-treated matches (triangles) (left graph). In addition, six patients’ blood samples were taken before the initiation of
DMF therapy (circles) and after at least 6 months of DMF treatment (triangles). Lines connect the values of individual
patients. Bars indicate mean * standard error of the mean. (» = 31 (DMF); » = 30 (control); » = 6 (longitudinal); unpaired

t-test (cross-sectional); Wilcoxon matched-pairs signed rank test (longitudinal); *** = p < 0.001)

3.6.5 IL-10 production of CD14" myeloid cells was not influenced by DMF

The production of the anti-inflammatory cytokine IL-10 in myeloid-derived phagocytes was
not significantly influenced by DMF treatment. Figure 39 shows that neither cross-sectional

nor longitudinal data were significantly different upon treatment.
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Figure 39: Dimethyl fumarate did not alter the interleukin-10 production of CD14* myeloid cells. Peripheral blood
mononuclear cells were stimulated with 1 ug/ml cytosine-phosphate-guanine for 20 hours and 500 ng/ml ionomycin / 20
ng/ml phorbol 12-myristate 12-acetate for 4 hours. The production of interleukin-10 (IL-10) by CD14* myeloid cells was
quantified by flow cytometric intracellular staining given by the normalized mean fluorescent intensity (MFI,,). In a cross-
sectional setting, control multiple sclerosis patients (circles) were compared to dimethyl fumarate (DMF)-treated matches
(triangles) (left graph). In addition, six patients’ blood samples were taken before the initiation of DMF therapy (circles)
and after at least 6 months of DMF treatment (triangles). Lines connect the values of individual patients. Bars indicate mean
+ standard error of the mean. (# = 31 (DMF); » = 30 (control); » = 6 (longitudinal); unpaired t-test (cross-sectional);

Wilcoxon matched-pairs signed rank test (longitudinal); not significant)

3.6.6 CD14" myeloid cells underwent an anti-inflammatory shift upon DMF

treatment

To classify the effects of DMF on the cytokine production of myeloid-derived phagocytes
in a more functional way, the same anti-inflammatory quotients as for B cells were calculated.
A significant change in the I1.-10/IL-6 ratio was seen both in cross-sectional and longitudinal
data towards a more anti-inflammatory cytokine response profile. The quotient