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Introduction

1 Introduction

1.1 The immune system

In 1796, Edward Jenner reported that vaccination conferred protection against smallpox
infection. These pioneering observations are usually referred to as the beginning of
immunological research. Nevertheless, the infectious agent was not known until Robert Koch
identified microorganisms to be responsible for triggering infectious diseases. In 1890, Emil
von Behring and Shibasaburo Kitasato isolated proteins with antitoxic, neutralizing activity,
nowadays designated as antibodies. As recently as 1911, the word “immunology” was
invented (1). At that time, Paul Ehrlich had already developed the concept claiming the co-
existence of humoral and cellular immunity (2). According to his “side-chain theory” antigens
interact with antibodies, but also with cellular receptors. Instead, cells were denied to
participate in antibody formation and Ehrlich’'s concept was rejected. This condensed
retrospect of the evolution of immunological research already points to the central role of
developing concepts. The acceptance and rejection of postulates promotes the progress, not
exclusively in immunological sciences. Notably, Ehrlich was rehabilitated as biological
research was increasingly consulted, and in 1948 the word “lymphocyte” was coined for the
first time (3). In vertebrates, these seminal investigations have established the concepts of

innate and adaptive immunity that interact to ensure the body’s defense against pathogens.

1.1.1 Innate immunity

Pluripotent hematopoietic stem cells (HSCs) of the bone marrow differentiate into red blood
cells (erythrocytes), platelets and white blood cells (leukocytes). Leukocytes are classified as
members of the myeloid or lymphoid lineage. They execute their functioning in the body’'s
protection from pathogens by targeted migration and residence in tissues (spleen, lymph
nodes, gut etc.), circulation in the blood and the lymphatic system. The innate immune
system comprises both members of the myeloid (monocytes/macrophages, granulocytes,
dendritic cells (DCs)) and lymphoid (natural killer (NK) cells) lineage. Innate immunity is the
first-line defense of a host against infection with a pathogen. It is non-specific and does not
confer long-lasting immunity, i.e. an immunological memory. Monocytes as circulating
myeloid precursors possess remarkable plasticity. In response to cytokines, they can
differentiate in vitro into myeloid DCs (mDCs) in presence of granulocyte-macrophage colony
stimulating factor (GM-CSF) and interleukin (IL)-4 (4-6) as well as macrophages by co-
culture with macrophage colony-stimulating factor (M-CSF) (7). In vivo monocytes

differentiate into macrophages after migration into the target tissue. Together with
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lymphocytes and DCs, macrophages constitute mononuclear leukocytes. Monocytes and
macrophages act as phagocytes of pathogens and infected/aberrant cells. Activated
macrophages induce inflammation by cytokine secretion, e.g. tumor necrosis factor (TNF)-q,
IL-1B, IL-6 (8, 9). The expression of anti-inflammatory cytokines, e.g. IL-10, IL-4, tumor
growth factor (TGF)-B (10), is involved in the downmodulation of the immune response. As
antigen-presenting cells (APCs), they present antigenic peptides in the context of MHC class
II/HLA class 1l to T cells thereby linking innate immunity to specific, adaptive immunity.
Recruitment of monocytes/macrophages to inflammatory sites depends among other factors
on very late antigen 4 (VLA-4) expression on these cells and vascular cell-adhesion
molecule-1 (VCAM-1) on the surface of endothelial cells. The de novo expression requires
several hours. Granulocytic phagocytes comprise eosinophils, basophils and neutrophils with
the latter being the most abundant leukocytes in blood, circa 60% in humans (11). The
selectin CD62L and integrins CD11a/b on neutrophils as well as the immunoglobulin-
superfamily members intercellular adhesion molecule (ICAM)-1 and ICAM-2 are
constitutively expressed or can be rapidly upregulated. Endothelial cells also possess a
preformed pool of the chemokine IL-8 for neutrophil recruitment. Therefore, neutrophils are
considered to be among the earliest cell types recruited to sites of inflammation, e.g. in the
case of central nervous system (CNS)-inflammation in the course of experimental
autoimmune encephalomyelitis (EAE) (12). Neutrophils may induce endothelial cells to
secrete monocyte chemotactic protein-1 (MCP-1), which results in enhanced macrophage
recruitment (13). Besides pathogen engulfment and intracellular degradation, effector
mechanisms of neutrophils are the production of reactive oxygen species (ROS) for
formation of oxidative burst and neutrophil extracellular traps to fight bacterial and fungal
infections. Neutrophils require a first activation step, e.g. by TNF-a, IL-8 and platelet
activating factor (PAF), a process that is reported to be altered in multiple sclerosis (MS)-
patients (14). DCs represent a third cell type with phagocytic activity. Derived from myeloid
precursor cells, mDCs within non-lymphoid tissue and the blood take up extracellular fluid,
and their encounter with pathogens (whole bacterial cells, bacterial lipopolysaccharide (LPS),
viral RNA) or necrotic cell debris initiates the migration into lymph nodes. Pathogens are
recognized by pattern-recognition receptors, e.g. toll-like receptors (TLRs), c-type lectin
receptors and heat shock protein receptors. mDCs present degraded proteins (immunogens)
in the context of MHC class | and Il and upregulated co-stimulatory molecules on their
surface (CD80, CD86). Besides interactions of MHC class /Il peptide and T-cell receptor
(TCR) as well as co-receptors (CD4, CD8) and co-stimulatory molecules, surface adhesion
molecules, e.g. DC-SIGN and LFA-1, mediate binding to antigen-specific T cells and their
activation to initiate adaptive immune responses. T-cell responses (tolerance or immunity,
T helper (Th) 1 or 2 differentiation) are influenced by cytokines secreted by DCs (15-17).
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Activated mDCs produce, among others, IL-12 that induces Th1l differentiation but also IL-10
in favor of Th2 differentiation (18). IL-10 is not secreted by plasmacytoid DCs (pDCs).
Instead, pDCs are able to produce large amounts of type | interferons. NK cells are of
lymphoid origin and are considered to be cells of the innate system as they are not antigen-
specific. They are effective in immune responses against intracellular pathogens and viruses.
According to the “missing self” hypothesis NK cells mediate target-cell lysis of infected or
mutated cells by the release of cytoplasmic granules containing perforin and granzyme as a
consequence of the lack of MHC class | expression or an overexpression of ligands for NK
cell receptor activation (19). NK-cell receptors specific for MHC class | comprise CD94/NKG2
(20, 21), human killer cell Ig-like receptors (KIR) (22, 23) and murine Ly49 receptors (24).

1.1.2 Adaptive immunity

The concept of T- and B-lymphocyte lineages, which are the main components of the
adaptive immune system, was established in 1965 (25). Adaptive immunity is characterized
by specific recognition of antigens by receptors on the surface of T cells, i.e. cellular
immunity, and by antibodies, which are secreted by B cells and constitute humoral immunity.
Secondly, T and B cells encode an “immunological memory” that develops during the
individual’s life after encountering many different pathogens.

T cells develop in the thymus as naive T cells. During maturation, T cells undergo several
stages of selection. Immature T cells are positively selected if their TCR is able to engage
self-peptide:self-MHC complexes on thymic epithelium. If the T cell is not able to recognize
this complex, it is subjected to “death by neglect”, e.g. by growth-factor deprivation. The
positively selected population is restricted to self-MHC and shows intermediate affinity TCRs
for self-peptide:self-MHC complexes. Negative selection removes T cells with high affinity
TCRs for self-peptide:self-MHC complexes via activation-induced cell death (AICD)
(potentially self-reactive cells). In this way a self-tolerant population of T cells is established.
Self-tolerance is a prerequisite for preserving the host’'s integrity by avoiding pathological
autoimmunity. Mature T cells express TCRs on the cell surface specific for a particular
antigen in the context of self-MHC. As they are released from the thymus naive T cells
circulate in blood, lymph and accumulate in lymphoid tissues. If T cells encounter their
specific antigen, e.g. presented by DCs, they proliferate and give rise to clones with identical
receptor specificity. The TCR consists of two distinct transmembrane polypeptide chains,
TCRa and TCRB, joined by a disulfide bond. Each chain consists of a variable (V) and a
constant (C) domain. For recognition, antigens are displayed to T cells on MHC molecules as
processed peptides. Antigens can be presented to CD8+ T cells by MHC class | molecules,
which are expressed on nearly all nucleated cells. APCs as macrophages, DCs but also

B lymphocytes express MHC class Il molecules for the presentation of antigens to CD4+
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T cells. The ability to recognize a wide range of antigenic peptides is made possible by
recombination of a selected number of germline encoded TCRa and 3 chain gene segments
that form a large number of TCRa and B chains. Polygeny, polymorphism, somatic
recombination of gene segments (variable, diversity in the case of TCRB chain, and joining
regions to a constant region) and the addition/deletion of nucleotides at segment junctions
contribute to the diversity of TCRs and MHC molecules.

Naive CD4+ T-cell differentiation into effector Th cells is triggered by the interaction of the
TCR with antigen and MHC class Il. The T cell:APC-complex formation is consolidated by
adhesion molecules (e.g. CD2/LFA-2:CD58/LFA-3 in humans) and co-receptors (e.qg.
CD4:MHC class IlI, CD28:CD80/CD86, CTLA-4:CD80/CD86) to establish immunological
synapse formation. Innate immunity shapes adaptive immunity responses by inducing and
modulating complex signaling events and effector functions. Cytokines produced by cells of
innate and adaptive immunity also determine the effector phenotype of a CD4+ T cell, for
instance Thl, Th2 (26, 27), induced regulatory T cells (iTregs) (28-30) and Th17 cells
(31-33). By expression of distinct surface receptors and cytokines CD4+ effector T cells
themselves can migrate to sites of inflammation and influence the local immune response.
Thl cells produce interferon (IFN)-y and mediate cellular immunity against intracellular
pathogens. They activate macrophages also by GM-CSF and TNF-a. Th2 cells produce IL-4,
IL-13 and IL-25/IL-17E and mediate the clearance of extracellular pathogens. They activate
B cells but can also secrete 1L-10 to dampen humoral immunity. The concept of either Thl or
Th2 differentiation of CD4+ T cells has been advanced following the description of Th17
cells. These cells are characterized by their production of IL-17A (in the following chapters:
IL-17), IL-17F, IL-6 and IL-22. They are involved in clearing extracellular pathogens and act
early in the course of an immune response thereby contributing to an efficient recruitment of
neutrophils to sites of infection. Thl differentiation can be induced by IL-12 (34) and is
characterized by the expression of the master transcription factor T-bet (35). Th2 cells
differentiate in response to IL-4 (36, 37) and express the transcription factor GATA3 (38).
TGF-B and IL-6 are necessary to induce Th17 differentiation and transcription factor retinoic
orphan receptor yt (RORyt) expression (30, 31, 39, 40). Notably, RORyt expression is
dependent on the repression of Thl and Treg-associated transcription factors by signal
transducer and activator of transcription (STAT) 3 (41, 42). IL-23 may act on committed Th17
cells to maintain and expand the effector phenotype. Effector T-cell functions need to be
regulated (43). Tregs produce suppressive cytokines (IL-10, TGF-B) and are identified by the
expression of the transcription factor Foxp3 (44). They are grouped into natural CD4+ CD25+
Foxp3+ Tregs (nTregs) originating from the thymus and iTregs (45-47). iTreg generation is
induced in the periphery and necessitates TGF-f and IL-2 besides TCR stimulation. The

concept of terminal CD4+ T cell differentiation into effector phenotypes has been established
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due to the identification of unique transcription factors and the description of crossregulatory
networks. As an example, IFN-y elevates Thl-cell proliferation but in parallel interferes with
Th2-cell differentiation (26). In turn, IL-4 induces Th2 but inhibits Thl differentiation.
Recently, Aly et al. reported on JC virus-specific CD4+ T cells with a bifunctional Th1-2
phenotype (48). Possibly, effector CD4+ T cells retain certain plasticity and probably
transdifferentiation has to be taken into account. Cytotoxic CD8+ T cells recognize antigens
presented in the context of MHC class | by infected cells. They express the CD8 co-receptor,
but not CD4. Upon activation they act on the target cell by releasing perforin, granzymes and
granulysin to induce apoptosis. They can express Fas ligand (FasL) thereby inducing Fas-
mediated apoptosis via the death-inducing signaling complex (DISC). B lymphocytes develop
in the bone marrow. They specifically bind antigen by their B-cell receptors (BCRs) to allow
subsequent presentation of processed antigen peptides in the context of MHC class Il. The
BCR is a heterodimeric complex of membrane-bound immunoglobuline (Ig) a and B. The
formation of MHC class Il:peptide complexes is facilitated by the BCRs which deliver
endocytosed antigen to specialized compartments. These vesicles, class Il peptide loading
compartments, may be derived from late endosomes/early lysosomes and allow the efficient
loading of MHC class Il molecules. Naive mature B cells express IgM and IgD on their
surface but during antigen encounter B cells may undergo a class switch to produce IgG, IgA
and IgE, a process that is influenced by Th cells. Notably, the antigen specificity remains
conserved. B cells proliferate and differentiate into either antibody-producing plasma B cells

or memory B cells.

1.1.3 Immunology of the central nervous system

The immune responses initiated by innate and adaptive immunity are convenient to
antagonize infections and tissue damage. However, the mechanisms underlying
inflammation are not of advantage for some specialized tissues, for instance the central
nervous system (CNS). The recruitment of immune cells to inflamed tissue is facilitated by
increased blood-vessel permeability, chemokine guidance and cell adhesion molecule
upregulation on endothelial cells. As a result vasodilatation increases the local blood flow,
fluid accumulates and swelling is observable. The brain (skull) and the spinal cord (spinal
column) are enclosed by rigid bone. Moreover, the CNS is separated from the bone by
durable meninges. The dura mater is closest to the bone, followed by the intermediate
arachnoid mater and the pia mater enveloping the CNS. Thus, in the case of the CNS this
inflammatory swelling will elevate the pressure on the tissue, suppress arterial blood supply
and lead to ischemic damage. Adult CNS neurons display a tightly regulated cell cycle
resulting in a “post-mitotic” state and they are restricted in their regeneration. Therefore,

neuronal damage will be mostly irreversible. To still allow immune surveillance the CNS
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necessitates the unique immune responses of an immunologically privileged site. In normal
CNS tissue MHC class Il expression is absent and limited to activated microglia during
inflammation. Physiologically, the CNS lacks the lymphatic vessels that drain tissues of the
periphery. However, distinct efferent and afferent pathways connect CNS and periphery (49).
Additionally, the pia mater is percolated with blood vessels to supply the CNS. These
pathways are controlled by the meninges, the blood-brain barrier (BBB) and the blood-
cerebrospinal fluid (CSF)-barrier (50). The BBB is a barrier between cerebral blood vessels
and the parenchyma composed of endothelial cells, pericytes, basement membrane and
nearby astrocytes. The blood-CSF-barrier separates the choroid plexus blood vessels from
the CSF, which is synthetized at the choroid plexus, and restricts passage of molecules by
epithelial cells connected by apical tight junctions. In order to allow immunological control
molecules from the CNS parenchyma are transported to cervical lymph nodes (51) and
leukocytes transmigrate from the blood capillaries into the CSF-filled subarachnoid cavity or

perivascular parenchyma (52).

1.2 Multiple Sclerosis

MS was first systematically described as a clinical entity by Jean-Martin Charcot in 1868 as
“sclérose en plaque disseminée” (53) in an attempt to differentiate a condition of younger
patients from the paralysis agitans introduced 1817 by James Parkinson (54). He attributed
to MS a pattern of tremor, paralysis and, at autopsy, grey patches (plagues) scattered
throughout the brain, brain stem and the spinal cord. The concept of MS as an autoimmune
disease developed following transfer experiments of spinal cord and brain homogenates into
healthy primates, which then showed a disease similar to MS (55, 56).

Clinically, the majority of MS patients presents with a relapsing-remitting course of MS with
recurrent disease bouts. In contrast, the primary-progressive course of MS, characterized by
a steady progression of disability, is much more infrequent. MS affects women twice as often
as men. Hallmarks of MS pathology are inflammatory lesions within the CNS, de- and
remyelination of axons, axonal loss and atrophy. Since its initial description MS was studied
in order to identify the natural cause of MS. This question is addressed also with the help of
animal models, which can be induced to develop MS-like disease. Animal and human studies
point to a central role for autoreactive CD4+ T cells in MS pathology. These cells are part of
CNS- and CSF-infiltrating cells in MS. Further, albeit indirect evidence for their role stems
from the observation that a large fraction of the genetic risk of MS is conferred by the HLA
class Il molecules HLA-DR and -DQ.

Therefore, MS is considered to be a CD4+ Th cell-mediated demyelinating autoimmune

disease of the CNS. Both the immune system and the CNS may determine the disease
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process and the clinical course (57). Research and therapy of MS have focused primarily on
the immunological part of MS. Neurodegenerative aspects, neuronal damage and repair
have recently gained more interest, and it will be important in the near future to develop
treatments addressing these aspects as well as advancing our understanding on the etiology

and pathogenesis even further.

1.2.1 Epidemiology and etiology of MS

MS affects predominantly young people between 20 and 40 years of age (58, 59). There are
250,000 to 350,000 people affected by MS in the USA (60). In Europe, the estimated
prevalence rate is 83 per 100,000 (61). In average, 60 to 200 people per 100,000 are
diagnosed with MS in Northern Europe and North America compared to 6 to 20 per 100,000
in areas of low risk, e.g. Japan (57). The north-to-south gradient in MS prevalence on the
northern hemisphere as well as the opposite situation on the southern hemisphere underline
the influence of the environment on MS etiology. A genetic contribution to MS development
was implied by studies of family members of MS patients (62—64). First-degree relatives of
MS patients show a 20- to 50-fold higher risk (2 to 5%) to develop MS, and the concordance
rate in monozygotic twins is at circa 25%. Studies on adoptees in MS families underline a
higher contribution of the genetic risk to MS susceptibility compared to environmental
influences (65). To identify responsible susceptibility genes large genomic screens have
been performed pointing to a prominent role for gene sections on chromosome 6p21 (66).
Interestingly, these sections are part of the MHC that is suspected of mediating 10 to 60% of
the genetic risk in MS thereby linking MS to the immune system (67-69). In MS risk is
conferred by HLA-DR and —-DQ. In Caucasians MS is strongly associated with the DR15
haplotype, which contains DRB1*15:01, DRB5*01:01, DQA1*01:02 and DQB1*06:02 (70). By
far most of the risk stems, however, from the two DR alleles themselves. Variations in the
two cytokine receptors IL-7RA and IL-2RA and in numerous other genes have been
described as additional risk alleles for MS (71-74). A recently published very large genome-
wide association study shows 52 single nucleotide polymorphisms besides HLA-DR as risk
alleles for MS (69), and interestingly, almost all of these are involved in T-cell activation and
function. Furthermore, three environmental risk factors (Epstein-Barr virus (EBV) infection
(75-77), low vitamin D levels (78-80) and smoking (81)) have now been firmly established.
Viral infections are proposed to induce the expansion of autoreactive T cells, either by
molecular mimicry or by bystander activation (82). The fact that women are affected by MS
circa twice as often as men (1.6 to 2.0:1.0) implies differential hormone levels as additional
risk factors in MS. Although the current understanding of MS etiology is not complete the

following concept may apply: the disease may preferentially occur in genetically predisposed
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people after encounter of environmental triggers that in succession lead to the activation of

self-reactive T cells which may have escaped negative selection.

1.2.2 Pathogenesis

The central role of CD4+ T cells in MS pathogenesis is underlined by multiple lines of
evidence. CD4+ T cells are present in CNS and CSF cellular infiltrates in both MS and EAE
(83, 84), a model disease for MS that can be induced in animals. HLA class Il molecules are
the strongest genetic risk factors for MS. Their biological function is the presentation of
antigens. EAE is induced actively with CNS homogenate or, more precisely, also by injection
of myelin components into healthy, susceptible animals to trigger a CD4+ T cell-mediated
MS-like disease (85-87). The importance of CD4+ T cells is highlighted by adoptive transfer
experiments of EAE-induced animal-derived, in vitro reactivated myelin peptide-specific
CD4+ T cells into naive animals (passive induction) (86, 88). EAE cannot be induced by
antibody transfer. Transgenic mice expressing myelin-specific murine TCRs restricted to
MHC class Il develop EAE (89, 90). EAE-derived findings were linked to MS by humanized
mouse models transgenic for HLA-DR or -DQ molecules (91-93). Mice were susceptible to
EAE, and mice that expressed both MS-linked DR molecules together with the myelin basic
protein (MBP)-specific TCR derived from an MS patient were shown to develop spontaneous
or induced EAE (94, 95). Furthermore, the therapeutic approach to treat MS patients with an
altered peptide ligand of MBPs.99) activated cross-reactive CD4+ T cells with Thil
phenotype. Notably, the trial led to MS exacerbations (96, 97). MBP, myelin oligodendrocyte
glycoprotein (MOG) and the most abundant CNS-myelin protein proteolipid protein (PLP) are
potential targets for autoreactive CD4+ T cells. These proteins are constituents of the myelin
sheath wrapped around axons of neurons. Non-myelin candidates for autoantigens are the
small heat shock protein aB-C (a-B crystalline) (98, 99), transaldolase-H (100), neurofilament
M (101), neuron-specific enolase and arrestin (102).

CD4+ autoreactive Thl cells are considered an important subset in MS and EAE
pathogenesis. Myelin-specific Thl cells produce large amounts of proinflammatory IFN-y and
TNF-a (103-105). The involvement of IFN-y in MS is emphasized by disease exacerbations
after administration of IFN-y (106). Like Thl also Th17 cells can induce adoptive transfer
EAE but differences in the pathological presentation were reported (107). IL-17 production by
human Th17 cells in the CNS of MS patients may reflect active disease (108, 109). Thus,
both Thl and Th17 cells are involved in MS pathology, although the data is overall much
weaker for an involvement of Th17 cells.

Mechanistically, (auto)antigens are presented to autoreactive/crossreactive CD4+ T cells in
the periphery. T-cell priming and activation is induced by APCs, e.g. DCs, in lymph nodes.

Myelin-derived autoantigens from the CNS reach the peripheral lymphoid organs as soluble
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molecules via the blood and the lymph. Alternatively, they are phagocytosed by CNS-
resident APCs, e.g. microglia, which present antigen to CD4+ T cells after migration to lymph
nodes. In succession, CD4+ T cells upregulate surface-adhesion molecules (CD2, VLA-4,
LFA-1) and leave the lymph nodes via the blood, probably guided by a number of cues
including adhesion molecules on endothelial cells, chemokines and cytokines. The
interactions of adhesion molecules on T cells and endothelial cells of the BBB (LFA-3,
VCAM-1, ICAM-1) allow transmigration of CD4+ T cells across the BBB and the blood-CSF-
barrier (110-112). Subsequent guidance of T-cell infiltration within the parenchyma is again
mediated along chemokine and cytokine gradients established by endothelial cells, infiltrated
leukocytes and/or CNS-resident cells, e.g. microglia. Next, T cells become reactivated by
APCs of the CNS (113) thereby producing additional proinflammatory chemokines/cytokines.
Reactivation occurs either in the subarachnoid space or the perivascular parenchyma. This
first subtle wave of infiltrating cells is considered to be followed by an even more pronounced
second wave of recruited cells of the innate (neutrophils, macrophages, DCs, NK cells) and
adaptive (CD4+ and CD8+ T cells, B cells) immune system (114-116). These immune cells
create inflammatory lesions in interaction with the CNS (117). CD4+ T cells damage the
myelin sheath by cytokine secretion, for instance, and induce the production of specific
antibodies by B cells as well as the phagocytosis of myelin debris by macrophages (118,
119). Cytotoxic CD8+ T cells can lyse oligodendrocytes and axons (57, 120) which have
been compromised in their function by cytokines (121, 122). The demyelination and loss of
oligodendrocytes results in damaged myelin sheaths of axons. In this situation impulse
conduction is impaired due to the redistribution of ion channels along the axons,
mitochondrial dysfunction and energy failure. Improper exchange of Na“ and Ca®" results in
axonal degeneration (123). Additionally, glutamate, which is released by activated immune
cells or raised by compromised astrocyte function, induces neuronal excitotoxicity (124, 125).
Axonal degeneration correlates with clinical deficits of MS patients (126). These deficits may
resolve, at least during the early stages of MS or in patients with benign disease course
(127). The inflammation may last from a few days to two weeks. The lesions resolve as
myelin is phagocytosed by macrophages, astrocytes proliferate and provide support for CNS
tissue and both CNS cells and T cells may produce anti-inflammatory cytokines (IL-10,
TGF-B) and growth factors (brain-derived neurotropic factor (BDNF), platelet-derived growth
factor, fibroblast growth factor) (128-132). CNS-resident oligodendrocyte precursors and
surviving oligodendrocytes become activated and start to remyelinate demyelinated axonal
segments between nodes of Ranvier. Notably, the former myelin thickness cannot be
established again (133) and thus impulse-conduction velocity is reduced.

However, pathogenesis varies inter-individually and MS lesions can be grouped into four

patterns (134, 135). Pattern | is defined by T cells and macrophages predominating in
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lesions, whereas pattern Il is characterized by additional antibody and complement
deposition. In pattern Ill, lesions show a loss of myelin-associated glycoprotein (MAG) and
oligodendrogliopathy. Patients suffering from primary-progressive (PP)-MS possess a pattern
IV of nonapoptotic degeneration of oligodendrocytes.

Many studies support this concept of antigen-induced, T cell-centered inflammation resulting
in axonal demyelination, neuronal damage and atrophy. Nevertheless, the MS-initiating
factor(s) remain elusive. Findings on MS etiology need to be deepened. Observations of
primary oligodendrocyte apoptosis and cortical demyelination without apparent leukocyte
infiltration await confirmation or refusal (136-138). Is MS initiated by autoreactive T cells
which have escaped their sorting during development? Or is MS rather caused by
neurodegenerative processes predisposing compromised CNS constituents to an
immunological reaction? While the latter questions are not completely resolved, most of the
current evidence, particularly the abovementioned, recent genome-wide association study

(69) point at a primary disturbance in the immune system and in T cells.

1.2.3 Clinical course

When a patient suffers from a first clinical sign or symptom which would be consistent with
MS, but the diagnosis cannot be made formally yet, it is referred to as clinically isolated
syndrome (CIS). The diagnosis of MS is made according to standardized diagnostic criteria.
Originally, it was based clinically on the occurrence of two separate bouts of the disease
(dissemination in time), and these had to affect two different CNS systems, e.g. vision and
sensation (dissemination in space) (139, 140). If these occurred, a clinical diagnosis of
relapsing-remitting MS could be made without ancillary measures. While this basic concept
regarding inflammatory lesions which are disseminated in time and space has remained, the
newest diagnostic criteria are based on magnetic resonance imaging (MRI) findings, and a
diagnosis of MS can today already often be made at the stage of first presentation (141,
142).

MRI scans are the main paraclinical tool (143) to define dissemination in time. CNS white
matter lesions are present in more than 95% of patients. Using contrast-enhancing agents,
e.g. gadolinium, areas in the initial stage of lesion development are examined (144).
Dissemination in space describes the occurrence of symptoms which reflect the impairment
of discrete CNS areas. Tests are MRI, electrophoresis (detection of oligoclonal bands of
immunoglobulins with restricted specificity isolated from the CSF (145)) and evoked
potentials. Visual, somatosensory and brainstem auditory evoked potentials correlate with
the effect of demyelination on saltatory conduction, e.g. a prolonged latency.

In most MS-diagnosed patients the clinical manifestation involves motor, sensory, visual and

autonomic systems. CIS symptoms and neurological deficits during RR-MS, but also in the
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course of progressive MS may vary greatly depending on the affected CNS site. Impairment
of the optic nerve can lead to reduced visual acuity and color vision. Brainstem lesions result
in impaired swallowing, emotional lability and/or vertigo. Lesions within the spinal cord may
lead to weakness, spasticity and dysfunction of the bladder. MS frequently leads to cognitive
impairment and motor neuron dysfunction (paresis, limb weakness, gait ataxia, tremor).
Clinical signs may improve or resolve spontaneously or in response to treatment. MS leads
only to a minor or no shortening of the life-span (58, 59), and reduced life expectancy may be
due to a secondary risk of infections, particularly of the skin, chest and the bladder (146).

Two major clinical manifestations of MS exist that differ in their course as well as their
frequency (57). Whereas a minor fraction of patients (10-15%) shows a steady progression
of disability (PP-MS) (147, 148), 85-90% of MS patients suffer from relapsing-remitting MS
(RR-MS) (149). Remission phases may last for months to years and are clinically
inconspicuous. As disease progresses and disability accumulates the majority of RR-MS
patients (around 65%) develop secondary-progressive MS (SP-MS) at an age around 40
(150-152). At this stage, people suffer from progressive neurological deficits and rarely
interspersed acute MS bouts. The least common presentation is progressive-relapsing MS
(PR-MS) with progressive disease from onset with acute relapses. Once disability has
become irreversible the temporal acquisition of progressive invalidity is similar in PP-MS and
SP-MS groups (153). In line with these clinical presentations remyelination of axons may
occur during the remission phases of disease but also to a lesser extent during progressive
MS periods (127, 154). In contrast to other courses of MS which affect women twice as often

as men PP-MS shows equal gender distributions (155).

1.2.4 Therapy

Prevailing  treatment options in MS target inflammation and act as
immunosuppressants/immunomodulators. For instance, glucocorticoids (steroids) are applied
during acute clinical exacerbations. Glucocorticoids, e.g. cortisone, prednisone or
prednisolone, are used also in asthma or allergy therapy and broadly suppress
(auto)immunity. They may act by generally modulating IL-1, IL-2, IL-4, IL-6, IFN-y and TNF-a
(57), by induction of apoptosis in T cells (156) and/or by interfering with leukocyte migration
across the BBB (157). Their main effect is probably the latter, i.e. closing the BBB. For MS,
five drugs are currently approved. Glatiramer acetate (GA), IFN-B compounds and fingolimod
are used as first-line treatments. Mitoxantrone and natalizumab are applied in escalation
therapies.

GA (Copaxone) is a random copolymer with variable length made of alanine, lysine, glutamic
acid and tyrosine at fixed molar ratios. Interestingly, it was developed to mimic MBP for EAE

induction but disease was blocked (158). Possibly, GA acts by polyclonal T-cell stimulation,
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Th2 activation (159), induction of Tregs (160), interference with DC differentiation and BDNF
induction (161). GA shows an efficacy comparable to IFN-B therapy.

IFN-B formulations are the most frequently used treatment option for RR-MS. As other
approved drugs IFN-B is applied by intraperitoneal (i.p.) injection. Its immunomodulatory
activities comprise the upregulation and increased shedding of adhesion molecules
(reduction of cell adhesion to the BBB), induction of IL-10 and neurotrophic factors and
blocking of BBB opening by inhibition of matrix metalloproteinases (MMPs). Four IFN-
formulations are currently available: IFNBla (Avonex and Rebif) and IFNB1b (Betaferon and
Extavia). Clinical trials revealed an approximately 30% reduction in frequency and severity of
exacerbations, although only moderately (162). Active lesions were reduced as well as the
total lesion load (163, 164). Unresolved questions on IFN-B treatment are the dose,
frequency and route of administration but also the long-term effects of the treatment. The
mechanism of action is not completely understood and also the occurrence and relevance of
neutralizing antibodies in patient subgroups is a matter of debate. The modest impact on MS
progression, the frequency of subcutaneous (s.c.) injections, flu-like symptoms, expensive
recombinant production and the existence of IFN-B non-responders even after initial
responsiveness (antibody producers) are drawbacks of IFN-f3 therapy.

The synthetic sphingosine 1-phosphate receptor 1 (S1P;) agonist fingolimod (FTY720,
Gilenya) is the first approved, orally available immunosuppressant for MS (165). S1P; is
expressed on lymphocytes and activated by lymphatic endothelial cell-produced S1P.
Receptor-binding overrides C-C chemokine receptor (CCR) type 7-mediated lymphocyte
retention in the lymph node. Fingolimod inhibits the egress of lymphocytes from lymph nodes
thereby precluding the systemic trafficking of self-reactive T cells and their CNS invasion
(166). After phosphorylation and S1P;-binding fingolimod induces receptor internalization
which reduces the egress signal in T cells in favor of the CCR7-mediated retention signal
(167). In clinical trials in the context of RR-MS fingolimod was found to improve the time to
first relapse, relapse rate and lesion load. However, no impact on EDSS change was shown
(168, 169). Obviously, FTY720-mediated retention of lymphocytes obviates the immune
system to function properly, e.g. in the clearance of infections. Fingolimod is now the first
approved oral therapy for RR-MS.

Whilst glucocorticoids, GA and IFN-B formulations are widely used as first-line therapies
treatment can be escalated as MS exacerbates and/or patients do not respond to those
drugs. A multiplicity of chemotherapeutics with broad activities are available which are
allocated with long-term immunosuppression. These are prevalently applied at the transition
from RR-MS to SP-MS or if a patient shows aggressive disease bouts and no response to
other treatment options. Among these immunosuppressants are mitoxantrone,

cyclophosphamide, methotrexate, azathioprine and mycophenolate. Notably, chemotherapy
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carries an elevated risk of severe side effects by eradication of immune cell subsets. For
instance, the powerful immunosuppressive agent mitoxantrone is a DNA topoisomerase Il
inhibitor that induces immunodepletion. It is approved for treatment of worsening relapsing
and secondary progressive MS. This treatment is associated with the risk of inducing
therapy-related acute leukemia and cardiotoxicity, as well as secondary infections in addition
to cough, diarrhea, hair loss, loss of menstrual period, fever or vomiting.

The second approved drug, which is used in active RR-MS patients to escalate the treatment
intensity, is the humanized monoclonal antibody natalizumab (Tysabri). It recognizes the
a4-integrin of VLA-4 on activated leukocytes. In this way it interferes with the binding to
vascular VCAM-1 on CNS endothelial cells thereby blocking transmigration into the
parenchyma. In MS patients relapse rate and brain inflammation were reduced upon therapy.
Drawbacks are increasing numbers of progressive multifocal leukoencephalopathy (PML)
cases, the costly recombinant production in mammalian cell lines and hints from EAE
experiments which imply the VLA-4-independent brain-parenchyma immigration of Th17 cells
(170).

Besides these approved treatments, additional drugs are currently studied in the context of
MS. Oral fumarate (BG00012) has already been tested in a phase Il trial (171) and in two
phase lll trials (publications pending). In RR-MS patients, fumarate reduced the annual
relapse rate by 32%. Observed side effects were abdominal pain, flushing, headache and
fatigue. Laquinimod is another oral immunomodulatory drug. Phase Il trials showed a
reduction of gadolinium-enhancing lesions by 40%, and the drug was well tolerated (172).
The third oral MS disease-modifying drug teriflunomide has anti-proliferative/anti-
inflammatory properties. It acts as a pyrimidine-synthesis inhibitor. A phase Il trial in RR-MS
has shown that CNS lesions were reduced (173). The drug was well tolerated at all doses
tested. However, nausea, diarrhea and neutropenia were observed. These three oral
disease-modifying drugs are currently undergoing or have completed phase Il evaluation.
Additionally, the MS intervention by therapeutic monoclonal antibodies is currently advanced
in clinical trials. Examples are daclizumab and rituximab. Preferential perivascular and
meningeal accumulation of autoreactive CD4+ T cells is a characteristic in demyelinating MS
lesions. The recognition of (auto)antigens results in CD4+ T cell clonal activation, expansion
and a Th1/Th17 proinflammatory response. However, in active MS lesions CD8+ T cells are
more abundant than CD4+ T cells (174). Those cells show increased reactivity to myelin
antigens and secrete cytokines, e.g. IL-2. IL-2 is an important cytokine and growth factor for
activated T lymphocytes. It stimulates their clonal expansion and maturation. The humanized
monoclonal antibody daclizumab is directed against the IL-2 receptor-a chain (CD25) which
is expressed at high levels in activated T cells. This antibody-mediated block leads to an

impaired proliferation and expansion of activated T cells in vitro. In vivo, the mode of action

13



Introduction

of daclizumab is probably primarily mediated by an indirect effect, the expansion of CD56+
NK cells (175). A phase Il clinical trial with RR-MS and SP-MS patients revealed that treated
patients had a 78% reduction in brain inflammatory activity compared to baseline as well as a
stabilization of clinical disease progression (176, 177). Daclizumab is considered to be save
and well tolerated, but the incidence of infections increased and mild-to-moderate cutaneous
adverse events were observed.

For MS patients showing the type Il pathological pattern, plasmapheresis has been shown to
improve disease relapses, e.g. severe optic neuritis (178). B cells are also considered to be
an attractive pharmaceutical target as they are able to act as APCs as well as to produce
cytokines. Thus B cells may play a role in T-cell and macrophage activation. Rituximab is a
chimeric murine-human IgG1k monoclonal antibody against CD20+ pre-B cells and mature
B cells. Memory B cells also express CD20, but to a lower level than naive B cells. Recent
studies suggested that rituximab treatment may lead to circulating B-cell depletion by
induction of apoptosis, complement-induced cytolysis and antibody-dependent cell-mediated
cytotoxicity (115, 179-181). It is still unclear to which extend it affects different immune cell
populations. Rituximab has been found to be highly effective in RR-MS patients in a phase Il
trial (115). But in a phase I/l trial with PP-MS subjects rituximab failed to delay the time of
disease progression (182). The complication of PML has also been reported during rituximab
use, but in most cases patients have also been under additional immunosuppression.

To reestablish tolerance is a further experimental concept in MS therapy. In one approach
antigen-specific T cells are targeted to achieve anergy or AICD (183). A second approach
uses immunization with autoantigenic peptides or altered peptide ligands. High dose altered
peptide ligands were shown to exacerbate disease (96).

A cell therapy that has been used in MS to reestablish tolerance is the transplantation of
autologous hematopoietic stem cells (AHSCs) after intense chemotherapy. Most if not all
T cells are eradicated by this procedure followed by reconstitution of the immune system
after successful engraftment of transplanted AHSCs (184, 185). This high-risk procedure was
reported to halt inflammatory activity (186) but clinical disability progression was not reduced
(187). Transplant-related complications are frequent, including allergy, bacteremia and
transitory deterioration in neurological conditions (188).

Recently, the transplantation of multipotent mesenchymal stromal/stem cells (MSCs) has
been suggested as a therapeutic option providing not only immunomodulatory but also
reparative functions. So far, no adverse effects of autologous MSC transplantations were
reported. Long-term safety data is necessary to approve cell therapies for MS (189-191).
Available treatments focus on the inflammatory facet of MS. There is no treatment for
progressive MS (SP-MS, PP-MS). At these stages neuronal damage and axonal loss

accumulate as the predominant pathologic feature. In addition to immunomodulatory and
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-suppressive approaches, research and treatment development intensified efforts for
neuroprotective therapies during the last years. Conceivable targets are ion channels (123,
192-196), excitotoxicity (197, 198), the induction of growth factors (199, 200) or the
modulation of inhibitory signals, e.g. Nogo (201, 202).

The heterogeneity of MS, e.g. inter- and intra-individual fluctuations in the disease courses
as well as distinct brain-pathology patterns, renders drug development challenging. MS as a
complex disease cannot be entirely recapitulated by in vivo (EAE) and in vitro models. In
summary, available treatments of MS target inflammatory events. They are hampered by
only partial knowledge about their mode of action, the existence of non-responders,
considerable side effects and high manufacturing costs. Except for FTY720 pharmaceuticals
necessitate recurrent s.c., intramuscular (i.m.) or intravenous (i.v.) injections. A substantial
number of MS patients refuse existing injectable treatment per se or during therapy due to
needle phobia. Additional treatment options, especially for oral application, are required. Up

to now pharmaceutical drugs are only able to meet part of MS patients needs.

1.3 Experimental autoimmune encephalomyelitis

Research on human autoimmune diseases is hampered by a limited, but increasing
understanding of human immunology, the (genetic) diversity of humans and the
inaccessibility of autoimmune lesion, e.g. brain tissue in MS. Nevertheless, strong data exists
for human T-cell responses against some myelin components (MBP, MOG, PLP). The role
for these autoantigens has often been examined in the EAE model first, and data from these
studies in animal models is overall stronger than those obtained from MS patients.

First observations of neurological impairments in animals originate from Louis Pasteur in
1885: “neuroparalytic incidents” were reported after the vaccination with spinal cord from
rabies-infected rabbits. Acute demyelination was induced by contaminating spinal cord
constituents (55, 56). The actively induced, paralytic disease was later on termed EAE. EAE
can also be induced in susceptible rodents, i.e. mice (203), rats (204), and guinea pigs (205),
marmosets (206) and non-human primates (55). Immunization can be achieved by injecting
spinal cord homogenate, myelin proteins or peptides reflecting the research progress to
delineate causative antigens. For immunization, those are emulsified in complete Freund’s
adjuvant (CFA) (207). CFA consists of paraffin oil, the emulsifier mannite monooleate and
heat-inactivated Mycobacterium tuberculosis to evoke the activation of the immune system.
Immunization leads to clinical and neuropathological phenotypes with some similarity to MS.
Especially in inbred rodent strains EAE susceptibility and the phenotype depend on the
genetic background and the injected antigen. Disease courses can be acute monophasic

chronic progressive, RR or chronic relapsing (CR). Chronic progressive EAE is induced in
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C57BL/6 mice (MHC restriction: H-2'°) by immunization with MOG 3555, Whereas RR-EAE in
SJL mice (MHC restriction H-2°) follows the injection of PLP (summarized by Miller et al.
(208)). CR-EAE is induced by immunization of Lewis rats and Biozzi AB/H mice with total
guinea pig spinal-cord tissue (209) and MOG (210), respectively. Lewis rats are also used to
study monophasic EAE after immunization with MBP (211). MOG-induced EAE is most
frequently applied in research, and transgenic mouse strains are commonly backcrossed to
the C57BL/6 genetic background. The onset of clinical symptoms/deficits in actively
immunized C57BL/6 and SJL mice is between 9 to 12 days after immunization. During the
following days mice develop a maximal severe disease bout (acute phase). In C57BL/6 mice
subsequent remission is only partial and mice retain a moderate, chronic deficit. A
progressive deterioration may occur. The remission phase of EAE-induced SJL mice is
marked by a profound amelioration up to absence of symptoms. Around day 25 after
immunization mice face an EAE relapse that is followed by a second remission. The clinical
deficit (motor function, gait) is assessed on a 5-point scale. Typically, myelin-specific CD4+
Thl but also Th1l7 cells are considered to mediate EAE initiation. They can be isolated,
cloned and transferred into naive animals (87). The adoptive transfer of CD4+ T cells, which
were isolated from EAE-induced mice and expanded ex vivo by incubation with the disease-
specific antigen, into healthy animals is referred to as passive immunization. The clinical
course is accelerated and exacerbated compared to actively induced EAE (86). Notably, both
the active and the passive immunization induce an artificial disease with a myelin-specific
immune response. This constraint may obscure key pathogenic mechanisms in MS.

The limitations of EAE models hamper the translation of findings to MS. EAE is induced with
the help of Mycobacterium tuberculosis, an inducer of CD4+ Th1/Th17 responses by TLR
activation (212). EAE induction elicits a comparatively homogenous clinical presentation
within each model. Findings may be reproducible but do not reflect the heterogeneity of MS.
In humans, MS manifests spontaneously at the age of 20 to 40 and patients suffer over years
to decades. In contrast, it takes only days to induce EAE in mice. Long-term outcomes and
adverse treatment effects at late disease stages are hardly predictable in EAE. A further
drawback is the genetic restriction especially in inbred mice in comparison to humans, which
represent an “outbred” species. Additionally, controlled housing conditions of animals
contrast with environmental influences in humans. Pathological hallmarks, e.g. CD4+ T-cell
infiltration of the CNS, axonal loss and neuronal damage, are shared by MS and EAE. In
contrast to EAE, demyelination is more pronounced in MS. With regard to B cells, pattern I
lesions of MS patients are identified, amongst others, by the involvement of antibody and
complement. Additionally, B cells, antibodies and complement may become more important
in the chronic disease phase of MS. This complexity, until now, could not be reflected in EAE

models.
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Differences between MS and EAE also became evident in the translation of therapeutic
approaches. Only a small percentage of therapeutic concepts that were efficient in EAE were
also successful in MS (213). In fact, some new approaches even worsened disease or
caused severe side effects. One example for successful translation from EAE to MS is GA
(214), whereas altered peptide ligand therapy was not found to be beneficial in MS thus far
(96). Correlations of EAE models with MS need to be improved. “Humanized” mouse models
have been created to mimic human disease by the transfer of genes from MS patients into
mice. For instance, interactions of MS-associated HLA molecules with human TCRs specific
for myelin peptides can be studied (94, 95, 215, 216). These transgenic mice may develop
spontaneous EAE which is also seen in transgenic mice that express myelin-specific murine
TCRs or BCRs (89, 90, 217-220). It is this spontaneous disease occurrence that may pave
the way from an active, artificial disease induction to a more natural-like triggered disease.
These models resemble human disease more closely regarding clinical (spontaneous) and
histological (B-cell involvement) presentations and may thus contribute to an improved
correlation.

In conclusion, EAE is a valuable tool to study principles of autoimmunity associated with
inflammation and injury of the CNS. Concepts for therapeutic interventions can be studied
and validated. The results need to be reviewed in experiments with human material ex vivo

and/or in human clinical trials in vivo.

1.4 Apoptosis

Cell death is an elementary cellular response. It is essential during the development of
organisms and regulates tissue homeostasis by eliminating unwanted cells, e.g. during T-cell
development in the thymus. Thereby, vertebrates are able to regulate the development of
potentially autoreactive T cells. Historically, cell death has been subdivided into regulated
and unregulated mechanisms. In contrast to uncontrolled cell death (necrosis) and
controlled, nonapoptotic cell death (autophagic cell death, necroptosis, poly (ADP-ribose)
polymerase 1 (PARP1)-mediated cell death) apoptosis is defined mechanistically as a
pathway for programmed cell death (PCD) by sequential activation of caspases. The
pathways involving these Cys-proteases are positively and negatively controlled by B-cell
lymphoma protein-2 (BCL2) family members. The BCL2 family consists of anti-apoptotic,
multidomain pro-apoptotic and BH3-only members. Apoptosis was first described in
C. elegans (221). Morphologically, apoptosis of cells is characterized by nuclear
fragmentation, membrane blebbing and formation of apoptotic bodies. Generally, milder
insults are considered to induce apoptosis whereas more intense insults cause necrosis
(222).
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A cell may sense severe stress in consequence of pathogenic infection, DNA damage,
defective cell-cycle progression, detachment from the extracellular matrix, hypoxia or loss of
cell-survival factors. Stress-inducible intrinsic molecules are c-Jun NH,-terminal kinase
(JNK), mitogen-activated protein kinase (MAPK)/extracellular signal-regulated protein kinase
(ERK), nuclear factor kappa B (NF-kB) or ceramide (223-228). They can transmit the
apoptotic signal. In mammalian cells, the intrinsic apoptosis pathway can be initiated by pro-
apoptotic BCL2-family members but also by BH3-only, pro-apoptotic BCL2-family members.
The latter can also directly inhibit anti-apoptotic members of the BCL2-family. These BCL2-
members protect cells from apoptosis primarily by preserving the integrity of mitochondria
rather than directly inhibiting caspase activation at the level of adaptor molecules, e.g.
apoptotic protease-activating factor-1 (APAF1) or p53-induced protein with a death domain
(PIDD). Anti-apoptotic BCL2-family members reside at the outer mitochondrial membrane.
They prevent the pro-apoptotic multidomain BCL2-family members BAX and BAK from
causing mitochondrial damage (229). BH3-only proteins override this inhibition. BAX and
BAK form an oligomeric channel leading to mitochondrial damage and subsequent
cytochrome c release. Mitochondrial damage may also be induced by BAX/BAK-independent
mechanisms, e.g. intra-mitochondrial K influx or protease-independent caspase-2 activity.
After damage the release of mitochondrial proteins amplifies the apoptotic signaling.
Released cytochrome c induces the formation of the “apoptosome” megacomplex, a
heptamer composed of APAF1 and caspase-9. In succession, caspase-9 changes its
conformation and thus becomes activated. Activated caspase-9 cleaves and activates
downstream caspases, e.g. caspase-3, -6 and -7 thereby triggering the execution phase of
apoptosis. This intrinsic pathway to induce apoptosis resembles PCD in C. elegans.

Additionally, mammalian cells can undergo apoptosis by an extrinsic pathway. This PCD is
induced by pro-apoptotic and proinflammatory cytokines, e.g. FasL, TNF-related apoptosis-
inducing ligand (TRAIL) and TNF-a, respectively. They are ligands for the death-receptor
family (230). After binding to death-domain receptors, FasL, TRAIL and TNF-a induce the
intracellular formation of specific DISCs (231, 232). DISCs deliver a pro-apoptotic signal
through the recruitment of the adaptor protein Fas-associated protein with death domain
(FADD) to engaged receptors and subsequent recruitment and activation of upstream
caspases, e.g. caspase-8. In turn, caspase-8 cleaves downstream caspases (caspase-3 and
-7) to execute cell death. Moreover, activated caspase-8 is able to cleave BID, a BH3-only
pro-apoptotic protein. As a result the cell-death signal is amplified due to mitochondrial
damage. Cytokine-mediated apoptosis in higher multicellular organisms enables the
coordinated regulation of cell numbers in response to environmental stimuli. Different
apoptosis regulators respond to different pro-apoptotic signals: FasL binds to the Fas
receptor (Fas)/CD95, TRAIL binds TRAIL receptor 1/2 and TNF-a activates TNF receptor 1.
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Further specification is provided by evolutionary gene duplications. Mammals possess a
family of caspases with distinct functions according to their subcellular distribution and
protein-protein interactions. Substrate specificities contribute only to a minor degree to this
diversity. Basically, three classes of caspases do exist. Activator caspases, e.g. caspase-2,
-4, -8, -9, -10 and -12, initiate the caspase cascade. They fulfill distinct roles which depend
on the activation complex to which they are recruited to. The downstream execution steps
are implemented by executioner caspases-3, -6 and -7. As a third group inflammatory
caspases, namely caspase-1, -5 and -11, mediate cell death and inflammatory responses.
Humans possess eleven caspases and the substrate is cleaved after aspartic acid residues.
Caspases are activated by proteolytic cleavage of zymogens, removal of the prodomain, and
the separation of large and small catalytic subunits or allosteric changes of the conformation.
The diversification of caspases provides the equipment to allow multicellular organisms to
sense and differentially respond to distinct stimuli.

Mitochondrial outer membrane permeabilization (MOMP) leads to the activation of caspases
and apoptosis via the intrinsic pathway. Cells can additionally undergo caspase-independent
cell death (CICD) after MOMP. This pathway is triggered by the progressive decline of
mitochondrial function, e.g. ATP production, followed by the release of apoptosis-inducing
factor (AIF) (233). Upon death induction AIF translocates from the mitochondrial
intermembrane space to the nucleus to cause chromatin condensation and DNA
fragmentation. Mitochondria-associated and other controlled CICD mechanisms necessitate
further examination. If cells respond by apoptosis the early process is accompanied by cell
shrinkage and pyknosis, the irreversible chromatin condensation. Additionally, extensive
plasma-membrane blebbing can be seen. The nucleus is fragmented and cell fragments
separate into apoptotic bodies (“budding”). These contain cytoplasm, intact organelles and
possibly nuclear fragments enclosed by an intact plasma membrane. However, some
changes occur at the plasma membrane that can be used to detect apoptosis in
experimental approaches. Early apoptotic cells externalize phosphatidylserine (PS) residues
on the outer plasma membrane. Binding of fluorescently labeled Annexin V to PS can be
visualized by microscopy or flow cytometry. Notably, necrotic cells are labeled as well.
Membrane integrity of PS/Annexin V-positive cells can be shown by co-staining with dyes
like propidium iodide (PI) which are excluded by intact membranes. Necrotic cells will stain
positive due to the loss of membrane integrity. Under physiological conditions macrophages,
parenchymal or neoplastic cells quickly phagocytose the apoptotic bodies which are then
subjected to degradation in phagolysosomes. As these processes may nhot be recapitulated
in vitro, cells probably show secondary necrosis and will stain Pl+ here. Essentially no

inflammation is associated with apoptosis or the removal of apoptotic bodies.
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The understanding of apoptosis inspired the development of specific cell death-targeting
therapies. For instance, agents like BCL2 or “inhibitor of apoptosis” proteins have been
invented to target apoptosis in cancer cells (234). Drugs for the interference with pathological
tissue damage and functional decline as a result of cell death are also explored. However,
the success of apoptosis-targeting therapies is limited, probably because the cell-death
regulation is complex in mammals. Due to possible signaling crosstalks a therapy may
require a combinational treatment. In addition, targeted pathways may also be active and
treatment-affected in other physiologically important cell types besides the targeted cell
subset. Disorder-tailored therapies need to be established for the efficient interference with
human diseases that result from adverse, unbalanced cell-death regulation, e.g. stroke,
myocardial infarction, CNS traumata, chronic neurodegenerations, inflammatory diseases

and diabetes.

1.5 Edelfosine

In the 1960s, Herbert Fischer and Paul Gerhard Munder reported that macrophages
upregulated the production of 2-lysophosphatidylcholine (lysolecithin, LPC) during
phagocytosis of silicogenic quartz particles. LPC formation is catalyzed by phospholipase A,.
They made comparable observations upon addition of adjuvant substances, e.g. CFA and its
components, Corynebacterium parvum, endotoxin and vitamin A. The phagocytic activity of
macrophages could be enhanced in vivo and in vitro by the addition of exogenous LPC as
adjuvant (235-238). At that time macrophages were considered to be the immune cell subset
that is central to the induction of the inflammatory response since DCs were not discovered
yet. The increased formation of LPC in macrophages upon encounter of
adjuvants/pathogens was discussed as an endogenous mechanism of the organism to
produce its own adjuvant, directly at the site of inflammation. The water-soluble LPCs might
diffuse via the blood and/or lymph to activate other immune cells. The findings suggested an
immunomodulatory function for LPCs in the defense mechanism of the immune system. To
allow strong regulation of immune responses LPCs like other naturally occurring modulators
could be rapidly metabolized. For example, acyltransferases convert LPCs to
phosphatidylcholine (PC) and lysophospholipases synthesize glycerophosphocholine from
LPCs.

To achieve sustained immunomodulation synthetic LPC analogues with longer in vitro and in
vivo half-lives were generated (Figure 1). By replacing ester bonds for ether linkages at
position C1 and C2 of the glycerol backbone these LPC analogues were unable to be
metabolized by acyltransferases and lysophospholipases. Interestingly, some of those

synthetic ether lipids were endowed with rather selective and strong antitumor activities in
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vitro and in vivo (239-243). Edelfosine (1-O-octadecyl-2-O-methyl-rac-glycero-3-
phosphocholine, ET-18-OCHj;) was the most effective synthetic anticancer alkylphospholipid
(APL) analogue tested. It was synthesized in 1969 (244). Crystal x-ray structures of
D-edelfosine monohydrate indicated that molecules arranged in a bilayer structure, in which

the hydrocarbon chains were interdigitated and tilted (245).

ch\/\/\/\/\/\/\/\/—LO
(ﬁ ——OH
N
LPC H,C)3;N
(H3C)3 \/\OPO
IS
ch\/\/\/\/\/\/\/\/\/o
ﬁ) —0—CHj
Edelfosi HaC)aN~
elfosine (H3C)3 \/\OPO
o

@)
"
N (CH
HSC\/\/\/\/\/\/\/\/OP O/\/ (CHa)s

o
Miltefosine
HSC\/\/\/\/\/\/\/\/O
O
(6] 7OJLCH
+
PAF (H3C)3N\/\07ﬂ707
.

o

3

Figure 1. Chemical structure of the natural LPC from which the synthetic ALP edelfosine is derived by the
introduction of an ether bond for an ester linkeage. Miltefosine represents a member of another, second ATL
subgroup besides ALPs, the alkylphosphocholines. PAF is a natural phospholipid with substantial structural
homology compared to edelfosine.

Edelfosine has been studied in phase | and Il clinical trials for its effectiveness for purging
bone marrow of acute leukemia patients (246, 247). Edelfosine possesses the advantage to
selectively induce death in leukemic cells while normal bone marrow cells are spared (239,
248). The minimal structural requirement for the antitumor activity of APLs was identified in
1990: miltefosine (hexadecylphosphocholine) was lacking the glycerol backbone (249).
Generally, antitumor lipids (ATLs) are classified into two categories. Alkyl ether phospholipids

(AEPs) like the prototypic edelfosine, also referred to as alkyllysophospholipids (ALPS),
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contain ether bonds in the glycerol backbone. In contrast, the alkylphosphocholines lack the
glycerol backbone and are just formed by an esterified long-chain alcohol (e.g. miltefosine).
Key findings on the mode of ATL action were reported in 1993 as edelfosine was found to
induce selective apoptosis in leukemic cells (250, 251). In contrast to other cytotoxic drugs
ATLs do not target the DNA. They do not directly interfere with the formation and function of
the cellular replication machinery. ATLs, as lipid drugs, trigger directly the apoptotic
machinery, e.g. in tumor cells (252, 253). Notably, normal cells are selectively spared.
Edelfosine, for instance, is implicated in binding to Fas/CD95 in a lipid raft-mediated process
thereby exerting its cytotoxic activity (252, 254, 255). This constitutes a novel mechanism in
antitumor therapy. Importantly, lipid drugs are prone to promote unspecific events when used
at high concentrations (cell lysis). It is therefore important to investigate ATLs at
concentrations that do not prevent or divert examinations from the specific and relevant
actions.

The amount of edelfosine that is incorporated into the cell is critical for the execution of the
cytotoxic effects. A strong correlation exists between the cellular uptake of edelfosine and
cytotoxicity. The cell membrane represents a barrier for edelfosine in normal, resting cells.
Normal, resting cells are not able to take up significant amounts of ALPs even in long-term
incubations for more than 72 h (252). By microinjection experiments it was shown that
incorporation of edelfosine into the cell is required to induce DNA fragmentation and
apoptosis. Data indicated a dose-response pattern with a threshold for intracellular ALP
concentrations to trigger apoptotic cell death. Thus, cytotoxicity is determined by the number
of drug molecules per cell, the cell density in in vitro experiments as well as in a specific
organ and the cell type (256). Different mechanisms for the incorporation of edelfosine have
been proposed ranging from direct adsorption to the plasma membrane and subsequent
passive diffusion, endocytosis, lipid flip-flop to specific receptor-mediated transport (253,
257). Generally, transporters are pivotal for the maintenance of transbilayer lipid asymmetry
of cell membranes.

ALPs as phospholipids readily incorporate into cellular membranes (258-260). In tumor-cell
membranes incorporated edelfosine accounted for up to 17% of membrane phospholipids
(261). Whereas association with the plasma membrane may be independent of the resistant
or sensitive nature of the cell, internalization processes seem to be active in sensitive cells to
mediate cellular uptake (262). The putative edelfosine-uptake mechanism may involve two
steps. First, edelfosine binds in an unspecific way to the outer layer of the plasma
membrane. Subsequently, the ether lipid is flipped across the membrane into the cytoplasmic
leaflet. Potential transporters/flippases are not identified yet (263-265).

Edelfosine may not only induce apoptosis by intracellular binding to Fas/CD95. Edelfosine

may accumulate in lipid rafts within the plasma membrane followed by endocytosis and
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translocation to the intracellular location of the CTP:phosphocholine cytidylyltransferase
(CCT), the endoplasmic reticulum (ER) (255, 266, 267). Cytosolic CCT translocates to the
ER to become activated. Here, edelfosine may inhibit the biosynthesis of PC leading to
mitotic arrest and apoptosis (268, 269). Interestingly, the natural edelfosine analogue LPC is
not preferentially located into lipid rafts. This emphasizes the importance of introduced ether
linkages for the incorporation into these sphingolipid- and cholesterol-rich membrane
microdomains. In this regard, edelfosine may induce the clustering of small rafts to larger
conglomerates. The mechanism of edelfosine uptake may thus be through raft-dependent
endocytosis and/or a specific transporter. The relative contribution of each mechanism may
depend on the cell type. The degree of cellular edelfosine uptake and thus apoptosis
correlates with the proliferative activity and the associated metabolic lipid turnover in the cell
(253, 262, 270, 271). Therefore, not only tumor cells but also normal cells are sensitive to
ALPs provided a proliferative state, as seen in activated T cells in the context of autoimmune
diseases.

According to the mechanisms which have been implicated in the action of edelfosine the
drug may activate components of the extrinsic (Fas/CD95) and/or the intrinsic (raft
endocytosis) apoptosis pathways. Both pathways converge and activate caspase-3. Detailed
mechanistic reports claim that edelfosine-treated Jurkat leukemic T cells undergo apoptosis
by the recruitment of DISCs into lipid rafts (272). Under normal conditions Fas is located at
the plasma membrane, but not in lipid rafts. Edelfosine accumulates in the inner leaflet of the
plasma membrane in lipid rafts which in turn may induce the clustering of rafts and the
recruitment of Fas into rafts. Due to this concentration of Fas, FADD and caspase-8 are
translocated into rafts forming DISCs. In this way clusters of lipid rafts may act as
supramolecular scaffolds for the concentration of DISCs allowing the activation of caspase-8
to induce apoptosis in the absence of FasL. The second proposed mechanism for
edelfosine-mediated apoptosis is by endocytosis. Enabled by their one long apolar
hydrocarbon chain APLs insert into the plasma membrane, become endocytosed and are
proposed to interfere with phospholipid biosynthesis, turnover as well as lipid-based signal-
transduction pathways. These targets are critical for the maintenance of membrane integrity
and the assembly of lipid second messengers, e.g. diacylglycerol (DAG), phosphatidic acid
(PA) and phosphoinositides from precursors. These molecules are important for cell
functioning, survival and proliferation (273). If the lipid-dependent metabolic pathways are
disturbed cellular stress is the result which may induce apoptosis. PC is the most abundant
phospholipid in eukaryotic cell membranes, and the inhibition of PC biosynthesis is a major
ALP-induced effect. In this way edelfosine imposes stress on cells (255, 267, 269, 274-278).
Proliferating cells, that require high amounts of PC for membrane formation, may enter

apoptosis. In the ER, ALPs inhibit the de novo PC synthesis by CCT. This effect was found in

23



Introduction

all exponentially growing cells, normal quiescent cells were not affected (270, 279). The
addition of exogenous LPC for PC synthesis prevents apoptosis induction by edelfosine and
underlines the central role for PC-synthesis inhibition by edelfosine. Under physiological
conditions PC is synthesized according to the Kennedy pathway including CCT and
constitutes the precursor for DAG, PA and sphingomyelin (SM). The block of PC production
may interfere with the downstream synthesis of DAG and SM by sphingomyelin synthase
(SMS) in the trans-Golgi network. Ceramide as the second SMS substrate may accumulate
and induce apoptosis (280, 281). Additionally, PC-synthesis inhibition in the ER may elicit
apoptosis by causing ER stress (279, 282) and oxidative stress (283-285). PC depletion was
reported to induce the ER stress related pro-apoptotic transcription factor CHOP/GADD153
that can activate BAX, BAK and BIM (282, 286) as well as ROS. Edelfosine also activates
the stress-activated protein kinase (SAPK)/IJNK pathway (287-291). This pathway is induced
by Fas stimulation and environmental stress factors, e.g. heat shock, ROS and ER stress
(292-294). Activated SAPK/JNK translocates to mitochondria to activate the apoptotic
machinery (295, 296). APLs can also inhibit PC breakdown to PA and subsequently to DAG
(297-299). PA and DAG act as second messengers of the MAPK pathway, for instance the
Ras/Raf/MEK/ERK pathway of cell proliferation. Thus, APLs like edelfosine may affect a
multiplicity of cellular processes, probably with cell type-dependent emphasis but with the
joint outcome of apoptosis induction (Figure 2).

One outstanding advantage of edelfosine in contrast to other chemotherapeutic drugs lies in
its oral administration. However, in clinical trials edelfosine has also been administered i.v.
ELL-12, a liposome-based formulation of edelfosine, has been tested in a phase | trial in
patients with solid tumors. It showed an excellent safety profile with low side effects in the
absence of myelosuppression and hemolysis. Effectivity of edelfosine in the treatment of
non-small cell lung carcinoma could not be shown in a phase Il trial (300). Additionally,
edelfosine, which is able to cross the BBB, was used in a phase Il study to treat patients
suffering from astrocytoma/glioblastoma brain tumors that previously did not respond to
radiotherapy and/or chemotherapy (301). After two month, 56% of treated patients presented
with a cessation of tumor growth. In fact, 50% of cancer patients are treated by radiotherapy.
Edelfosine may increase the sensitivity of cancer cells to radiation. Conventional
radiosensitizers act on DNA. The therapeutic effect of APLs as radiosensitizers is tested in a
clinical phase I trial (302). Another application of edelfosine is MS and autoimmune diseases.
In a pilot MS study edelfosine treatment improved clinical symptoms (303). A subsequent
small phase | trial pointed to improved neurological symptoms after edelfosine treatment
(304). Patents also describe the use of edelfosine to treat ulcerative colitis, viral infections
and psoriasis. Edelfosine was also reported to be cytotoxic and beneficial in the treatment of

Leishmania infections (305).
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Figure 2. Schematic model for edelfosine-induced apoptosis. (A) DISCs are recruited to lipid rafts within the
plasma membrane. Initially, edelfosine accumulates in lipid rafts. Rafts may cluster and recruit Fas/CD95. The
concentraton of Fas/CD95 induces the subsequent recruitment of FADD and procaspase-8 to form DISC (DD:
death domain, DED: death-effector domain). Activation of caspase-8 may lead to apoptosis. (B) Edelfosine also
targets signaling pathways of lipid metabolism. Edelfosine is endocytosed upon lipid-raft internalization and/or
translocated by a transporter in the plasma membrane. At the ER edelfosine inhibits CCT and PC biosynthesis as
well as the synthesis of DAG and SM. The shortage of PC and the accumulation of ceramide causes cellular
stress which may ultimately induce apoptosis (CK: choline kinase, CPT: cholinephosphotransferase, P-Choline:
phosphocholine, CDP-Choline: cytidine diphosphate-choline). The multiplicity of edelfosine-induced cellular
processes is reviewed by Mollinedo et al. and van Blitterswijk et al. (272, 306—308).
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2 Aims

The cytotoxic drug edelfosine is a synthetic analog of LPC. Edelfosine is incorporated by
highly proliferating cells, e.g. activated immune cells. It acts on cellular membranes by
selectively activating the cell-death receptor Fas. Edelfosine also interferes with PC
synthesis catalyzed by CCT thereby inducing apoptosis, e.g. by oxidative stress and the
accumulation of ceramide. Within this study, the effect of edelfosine on the immune system
was investigated in the context of EAE, but also in human T cells.

As an established animal model of MS, EAE is frequently used to identify pathogenic
mechanisms of autoimmune T-cell responses in the CNS. It is also applied to develop new
treatment approaches for MS. In the course of EAE CD4+ T-cell and mononuclear cell
inflammation is followed by axonal and neuronal damage in the CNS. The anti-inflammatory
properties of edelfosine were studied in the RR-EAE model in SJL mice. Mechanisms of
edelfosine action identified in the murine system were verified by the use of human T cells.
The translational confirmation is indispensable for the potential application of edelfosine in
MS. First, the edelfosine interference with human T-cell proliferation was characterized.

These studies were extended to the genomic level. Specific questions were as follows:

1. Which is the effective edelfosine dose to induce clinical amelioration of the
EAE-disease course in mice? The clinically effective edelfosine concentration, which

was apparently devoid of side effects, was established in the SIL mouse model.

2. Can treatment effects be assigned to a distinct edelfosine mechanism or to a more
general, possibly immunoablative action of the drug? Peripheral lymphoid organs
were prepared from EAE-induced, edelfosine-treated SJL mice to clarify the impact of

edelfosine treatment on immune cell compositions and T-cell functions.

3. Is edelfosine interfering with the immune cell infiltration into the CNS during the acute
EAE phase? Immune cell infiltrates were determined and correlated with the neuronal

damage in order to explain the potential mechanistic basis for clinical amelioration.

4. Which edelfosine concentrations interfere with the viability and/or functionality of
stimulated or unstimulated human T cells? Edelfosine was examined for its

dose-dependent impact on cell death and T-cell proliferation.

5. Which changes of gene expression are induced by edelfosine in human CD4+ T
cells? This approach aimed at confirming proposed mechanisms of edelfosine action,

but also at the detection of new edelfosine-induced pathways in human T cells.
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3 Materials and Methods

3.1 Materials

3.1.1 Reagents

Reagents for animal experiments
Adjuvant, Incomplete (Freund)
Aqua ad injectabilia

Edelfosine

Ketanest® S (25 mg/ml)
M. Tuberculosis H37 Ra
Pertussis toxin, Bordetella pertussis

Rompun® 2%

Peptides:

MOG35-55, rat
H-MEVGWYRSPFSRVVHLYRNGK-OH
PLP139-151

H-HSLGKWLGHPDKF-OH

Reagents for cell culture
AIM V serum free medium
Brefeldin A solution (1000x)
DMEM

DMEM+GlutaMAX
RPMI1640

Serum, fetal bovine (lot: A10408-1568, A10409-1608)
Serum, human type AB (lot: C02106-1878)

Trypan Blue solution
Tark’s solution
X-Vivo 15

B-mercaptoethanol

Company

BD Difco

Braun

R&D
pharmaceuticals
Pfizer

BD Difco
Calbiochem

Bayer Vital

NeoMPS

Cat. No.

263910
8445A-191
AP-121

647028001E
231141
516560
01250847

Lot: W249B // 287040-15(27-2R2)

NeoMPS

Lot: X20D // 346019-02(22-36)

Company
Invitrogen
BioLegend

Gibco

Gibco

Gibco

PAA Laboratories
PAA Laboratories
Sigma Aldrich
Merck

Lonza

Gibco

Cat. No .

12055-091
420601
31885
31966
61870
Al15-104
C15-021
T8154
1092770100
BE04-418F
31350-010
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Reagents for cell stimulation

Anti-CD3

Anti-HLA-DR (L243) blocking antibody
Anti-MHC class | (W6/32) blocking antibody
Concanavalin A from Canavalia ensiformis
lonomycin calcium salt from Streptomyces
conglobatus

PHA, lectin from Phaseolus vulgaris

PMA

Reagents for histology
Acetic acid

D(+)-sucrose

Eosin

Ethanol absolute (1% methyl ethyl ketone)
H33258

Hematoxylin Harris
Hydrochloric acid

Na,HPO,

NaH,PO,

Normal donkey serum (NDS)
Paraformaldehyd

XEM-200

xylene

Reagents for flow cytometry
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

Calcium chloride (CaCl,)

FACS Clean Solution

FACSFlow Sheath Fluid, 20 |

FACS Rinse Solution

FITC Annexin V
Fixation/Permeabilization Concentrate
Fixation/Permeabilization Diluent

IC Fixation Buffer

Permeabilization buffer (10x)

Company

eBioscience

Sigma Aldrich
Sigma Aldrich

Sigma Aldrich
Sigma Aldrich

Company
Sigma Aldrich
Carl Roth
Merck
Th. Geyer
Sigma Aldrich
Merck
Merck
Applichem
Merck
Chemicon
AppliChem
Vogel
SDS

Company
Carl Roth

Fluka Chemika
BD FACS

BD FACSFlow
BD FACS

BD Pharmingen
eBioscience
eBioscience
eBioscience

eBioscience

Cat. No.
16-0031

C0412
10634

L9017
P1585

Cat. No .
27225
4621.2
1.15935.0100
8100020144
B2883
109243
1.09057.1000
A3599,1000
1.06346.1000
S30-100ML
A3813,1000
ND-HS-200
0750021

Cat. No.
9105.3

21085
340345
342003
340346
556419
00-5123
00-5223
00-8222
00-8333
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Propidium iodide
Sodium azide (NaNs3)
Sodium chloride (NacCl)

Reagents for RNA isolation, cDNA synthesis

Chloroform

DEPC-treated water
Ethanol

Isopropyl alcohol

Pellet Paint® Co-Precipitant
Triton X 100

TRIzol® Reagent

Other reagents
[Methyl-3H]-thymidine, 1.0 mCi/ml
10x PBS

1x PBS

Ammonium chloride (NH,4CI)
Betaplate Scint

BSA

Collagenase |

ddH,O

DNase |

EDTA

Ethylenediaminetetraacetic acid disodium salt

(Na,EDTA)
HBSS

LSM 1077 Lymphocyte Separation Medium

Percoll

Potassium bicarbonate (KHCO3)
Sodium bicarbonate (NaHCO3)
Sodium carbonate (Na,CO3)
Sulfuric acid (H2S0O,)

TMB Single Solution

Tween-20

Vybrant® CFDA SE Cell Tracer Kit

Sigma Aldrich
Carl Roth
Carl Roth

Company
Fluka Chemika
Ambion
Carl Roth
Carl Roth
Merck
Carl Roth

Invitrogen

Company

Hartmann Analytic

PAA

PAA
AppliChem
Perkin-Elmer
PAA

Roche

Roche
AppliChem
Carl Roth

Gibco

PAA

GE Healthcare
Carl Roth
Merck

Carl Roth
Merck
Invitrogen
Sigma

Invitrogen

P4170-25MG
K305.1
3957.2

Cat. No.

25690
AM9920
9065.3
6752.4
69049-3
3051.2
15596-026

Cat. No.

MT6038
H15-011
H15-002
A3661,1000
1205-440
K45-001
11088793001

11284932001
A4892,0100
8043.2

14170
J15-004
17-0891-01
P748.2
1.06329.1000
8563.1
1.00716.1000
00-2023
P1379
V12883
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3.1.2 Kits

Label

Bielschowsky for neurofibrils

CD4 T Lymphocyte Enrichment Set - DM
GeneChip Hybridization, Wash, and Stain Kit
GeneChip WT Terminal Labeling Kit

Human Th1/Th2/Th9/Th17/Th22 13plex FlowCytomix
LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit
MACS T cell activation / expansion kit

RNA 6000 Nano Kit

RNeasy MinElute Cleanup Kit

WT Expression Kit

3.1.3 ELISA

Label
Human IFN-y ELISA MAX™ Standard
VeriKine™ Human Interferon-Alpha ELISA Kit

VeriKine™ Human Interferon-Beta ELISA Kit

3.1.4 Software

Label Company
2100 expert (Eukaryote Total RNA Nano) Agilent
AxioVision AxioVs40 V 4.6.3.0 Zeiss
CellSens Entry 1.4.1 Olympus

TIGR MeV 4.6.1
NanoDrop ND-1000 V3.5.2

FlowJo 7.6.2 Tree Star
Expression Console 1.1 Affymetrix
FlowCytomix Pro 2.4 eBioscience
GeneChip Command Console 3.0 Affymetrix
FACSDiva 5.0.3 BD

Prism 5.02
R statistical platform 2.12, gplots 2.8.0

Company
Bio-Optica
BD IMag
Affymetrix
Affymetrix
eBioscience
Invitrogen
Miltenyi
Agilent
Qiagen
Ambion

Company
BioLegend
PBL Laboratories

PBL Laboratories

TM4 Development Group

Thermo Scientific

GraphPad Software

Cat. No.
04-040805
557939
900720
900671
BMS817FF
L34957
130-091-441
5067-1511
74204
4411973

Cat. No.
430102
PBL41100-1
PBL41410-1
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3.1.5 Laboratory animals

Strain Company

C57BL/6J The Jackson Laboratory*
SJL/ICrl Charles River Laboratories
SJL/JHanHsd Harlan Laboratories

*mice were imported and bred by the animal facility of the University Medical Center

Hamburg-Eppendorf

3.1.6 Equipment

Label Company Cat. No.

nQuant™ microplate spectrophotometer  Biotek Instruments

2100 Bioanalyzer Agilent G2938A

accu-jet”® pro Brand 26300

AxioCam HRm Zeiss 426511-9901-
000

Axiovert 40 Zeiss

CKX41 Olympus

CMV-min rotator CMV 79029

Cryo 1T Freezing Container Nalgene 5100-0001

CX21 Olympus

Ebq100 isolated Leica Microsystems

Feeding Needle Fine Science Tools 18060-20

Filtermat A, GF/C Perkin Elmer 1450-421

Filtermat cassettes Perkin-Elmer 1450-101

freezer Sanyo

fridges Bosch, Liebherr

Harvester 96 Mach 11l M TOMTEC 96-3M-FM

Heat Sealer 1295-012 Bag Sealer LKB Wallac

HERAcell® 240 Thermo Scientific

LABS-40K nitrogen tank Taylor-Wharton

LSRII flow cytometer BD

MiniSpin® Eppendorf 5452 000.018

Multifuge 3S-R Heraeus 75004371
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NanoDrop Spectrophotometer ND1000
Neubauer Counting Chamber

RAININ Pipet-Lite LTS™ 8-channel
RC-5C Plus

REGLO Analog MS-4/8

Research Cryostat Leica CM3050 S
RNA Nano Chips

Sample Bag, for MicroBeta® Trilux
Shaking water bath

Single channel pipettes

SS-34 rotor

Swinging Bucket Rotor

SZX16

Vortex Mixer

Wallac Trilux 1450 MicroBeta® Counter

3.1.7 Consumables

Label

96-well flat-bottom microplate
96-well round-bottom microplate
Absolute Counting Tubes

Cell culture dish

Cell culture dish

Cell culture flask, 175 cm?

Cell strainer 40 um

Combidyn® adapter, Luer-Lock
Cover slips, square

Cutfix® scalpel

FACS tubes

Fluoromount G

GeneChip Human Gene 1.0 ST Array
Injekt® Solo syringe

Micro tubes, 1.2 ml

Omnifix®-F syringe

Pipette 10 ml

Pipette 1ml

Thermo Scientific
Marienfeld
Mettler Toledo
Sorvall

ISMATEC

Leica

Agilent

Perkin Elmer
GFL

Gilson, eppendorf
Thermo Scientific
Sorvall

Olympus

VWR International

Wallac

Company

Corning

Greiner Bio-One

BD Trucount
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One

BD Falcon

B. Braun Melsungen
Carl Roth

B. Braun Melsungen
Sarstedt
SouthernBiotech
Affymetrix

B. Braun Melsungen

Henze Laboratory Equipment

B. Braun Melsungen
Greiner Bio-One

Greiner Bio-One

0640110
L8-200

ISM 827

5067-1511
1450-432
1083

28020
75006445

444-1372

Cat. No.
9018
650180
340334
632171
628160
660160
352340
5206634
1871
5518059
55.1579
0100-01
901087
4606027V
11622
9161406V
607180
604181
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Pipette 2 ml

Pipette 25 ml

Pipette 5 ml

Pipette tips

Pipette tips, 10 pl

Pipette tips, 1000 pl

Pipette tips, 200 p
Round-Bottom Tube
S-Monovette® 9 ml, K-EDTA
Sterican® G 24 x 1
Sterican® G 26 x 1
Sterican® G 30 x 1/2
Stericup-GP Express PLUS, 0.22 um
Superfrost/Plus

Tissue Freezing Medium
Tube 15 ml

Tube 50 ml

3.1.8 Cell culture media

Complete mouse medium

Complete TCL medium

3.1.9 Buffers and solutions

0.1 M phosphate buffer

4% PFA

Greiner Bio-One 710180
Greiner Bio-One 760160
Greiner Bio-One 606180
Mettler-Toledo GPS-L250
Sarstedt

Sarstedt 70.762
Sarstedt 70.760.002
BD Falcon 352054
Sarstedt 02.1066.001
B. Braun Melsungen 4657675

B. Braun Melsungen 4657683

B. Braun Melsungen 4656300
Millipore SCGPUO5SRE
Karl Hecht 2409/1
Jung 020108926
Greiner Bio-One 188271
Greiner Bio-One 227261

50 uM B-mercaptoethanol
10% FCS

in RPMI1640+GlutaMAX
L-glutamine

P/S

gentamycin

10% human serum

in RPMI

57 ml NaH,PO,
243 ml Na,HPO,
in 11ddH,O

pH 7.4

40 g/l PFA
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Annexin binding buffer

Assay diluent for IFN-y-ELISA

Blocking solution

Coating buffer for IFN-y-ELISA

Digestion solution

Eosin solution

Eosin solution (stock)
FACS buffer

MACS buffer

Percoll 90%

Percoll A

Percoll B

Phosphate buffer component A

in 0.1 M phosphate buffer
heat 0.1M phosphate buffer, stir and add PFA
10 mM HEPES

140 mM NacCl

2.5 mM CaCl,

in ddH,O

pH 7.4

1% BSA

in PBS

0.1% Triton X 100
10% NDS

in PBS

8.4 g/l NaHCO;

3.56 g/l Na,COs3

in ddH,O

pH 9.5

1 mg/ml collagenase |
0.1 mg/ml DNase |

in DMEM

50 ml eosin solution (stock)
2 ml acetic acid

390 ml 96% ethanol
10 g/l eosin in ddH,0
0.02% NaNs3

0.1% BSA

in 1x PBS

1% human serum
2mM EDTA

in PBS

10% 10x PBS

in Percoll

78% Percoll 90%

in PBS

30% Percoll 90%

in HBSS

0.2 M NaH,PO,

in ddH,O
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Phosphate buffer component B

PI solution

PI solution (stock)

Red blood cell lysis buffer

Stop Solution for IFN-y-ELISA
Wash buffer for IFN-y-ELISA

3.1.10 Antibodies

Antibody

Anti-mouse

Anti-B220-PE-Cy5.5
Anti-caspase-3-PE
Anti-CD3-PB
Anti-CD3-PerCP-Cy5.5
Anti-CD4-APC-eFluor 780
Anti-CD4-eFluor 450
Anti-CD4-FITC
Anti-CD4-PE
Anti-CD8a-eFluor 450
Anti-CD8a-PE-Cy7
Anti-CD11b-APC
Anti-CD11b-FITC
Anti-CD11c-APC
Anti-CD11c-PE-Cy7
Anti-CD16/CD32
Anti-CD25-APC

0.2 M Na;HPO,

in ddH,0

10% PI solution (stock)
in FACS buffer

10 mg/ml PI

in ddH,O

0.15 M NH,CI

10 mM KHCO;

0.1 mM Na,EDTA

in ddH,O

pH 7.4

1.8 N H,SO,

0.05 % Tween-20

in PBS

Clone Company
RA3-6B2 eBioscience
C92-605 BD Pharmingen
500A2 BD Pharmingen
145-2C11 BioLegend
RM4-5 eBioscience
RM4-5 eBioscience
GK1.5 BioLegend
GK1.5 eBioscience
53-6.7 eBioscience
53-6.7 BioLegend
M1/70 eBioscience
M1/70 eBioscience
N418 eBioscience
N418 eBioscience
93 eBioscience
PC61.5 eBioscience

Cat. No.

35-0452-82
550821
558214
100328
47-0042-82
48-0042-82
100406
12-0041-82
48-0081-82
100721
17-0112-83
11-0112-82
17-0114-82
25-0114-82
16-0161-82
17-0251-82
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Anti-CD44-APC
Anti-CD45-APC-Cy7
Anti-CD45-PE-Cy7
Anti-CD62L-PE-Cy7
Anti-CD69-FITC
Anti-IFN-y-PE
Anti-IL-17A-Alexa647
Anti-Ly-6G (Gr1)-FITC
Anti-Ly-6G (Gr1)-PE
Anti-NK1.1-PE
Anti-NK1.1-PE-Cy7

Anti-human

Anti-CD3-PE-Cy7

Anti-CD45RA-PE-Cy5.5

Anti-CD4-APC

Anti-CD4-APC-Alexa Fluor 750 (1:20)
Anti-CD4-APC-Cy7 (1:3)

Anti-CD5-PerCP-Cy5.5
Anti-CD8-PB
Anti-CD19-V450

Anti-CD27-APC-Alexa Fluor 750

Anti-CD38-APC
Anti-CD69-PE

Anti-HLA-DR/DP/DQ-FITC

Anti-lgD-PE
Anti-1IgG
Mouse 1gG,,, K-FITC

Antibodies for IHC

Primary antibodies

Anti-CD3
Anti-CD45
Anti-NeuN

IM7
30-F11
30-F11
MEL-14
H1.2F3
XMG1.2
17B7
RB6-8C5
RB6-8C5
PK136
PK136

UCHT1
MEM-56
RPA-T4
RPA-T4
SK3
L17F12
DN25
HIB19
CLB-27/1
HIT2
FN50
TU39
IAG-2
polyclonal
G155-178

Clone

145-2C11
30-F11
A60

eBioscience
BioLegend

eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience

BD Pharmingen

eBioscience
Invitrogen
eBioscience
eBioscience
BD Pharmingen
BD Pharmingen
Dako

BD Pharmingen
Invitrogen

BD Pharmingen
eBioscience
BD Pharmingen
BD Pharmingen
Jackson IR

BD Pharmingen

Company

eBioscience
BD Pharmingen
Millipore

17-0441-81
103116

25-0451-82
25-0621-81
11-0691-82
12-7311-81
51-7177-82
11-5931-82
12-5931-82
12-5941-81
552878

25-0038-42
MHCD45RA18
17-0049-42
27-0049-73
341115
341109
PB984
560353
MHCD2727
555462
12-0699-73
555558
555779
009-000-003
553456

Cat. No.

14-0031
550539
MAB377
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Secondary antibodies

Anti-hamster Cy2 Jackson IR 127-225-160
Anti-mouse Cy3 Jackson IR 115-165-062
Anti-mouse DyLight488 Jackson IR 715-486-150
Anti-rat Cy3 Jackson IR 712-166-150
3.2 Methods

3.2.1 Preparation of edelfosine

For in vitro experiments dilutions of dissolved edelfosine in dest. H,O were prepared and
stored at -20C until use. For in vivo applications of edelfosine, 20 mg and 5 mg edelfosine
were dissolved in 1 ml aqua ad injectabilia, respectively. To achieve the final concentrations
of 1 mg/ml edelfosine and 0.1 mg/ml edelfosine, 60 pl and 24 pl of the respective predilutions
were diluted with 1140 pl and 1176 pl PBS. The diluted edelfosine was stored in 1.5 ml
reaction tubes at -20C and thawed on the day of ap plication. Based on the injection volume
of 200 pl per mouse and the assumed weight of 0.02 kg per mouse the injected edelfosine
dose per mouse was 1 mg/kg, 10 mg/kg, 15 mg/kg and 25 mg/kg edelfosine. Edelfosine was

applied by intraperitoneal injection or by gavage.

3.2.2 Active induction of EAE

For EAE experiments C57BL/6J mice, SJL/JCrl or SJL/JHanHsd mice were housed in
“individually ventilated cages (IVC)"-racks at least one week prior to the active induction of
EAE. On the day of immunization mice were injected subcutaneously at two sites of the
flanks with 200 pg of MOGs.s5 or 75 pg/ml of PLP(39.151) peptide in incomplete Freund’s
adjuvant (IFA) supplemented with 4 mg/ml Mycobacterium tuberculosis H37A. C57BL/6J
mice were injected intravenously with 300 ng of Pertussis toxin on the day of immunization
and 48 h later. SJL/ICrl and SJL/JHanHsd mice received a single dose of 200 ng Pertussis
toxin on the day of immunization. Body weight and clinical score were monitored on a 0 to 5
scale with classifications of disease severity: 0 = healthy, 1 = limp tail, 2 = ataxia and/or
paresis of hind limbs, 3 = paraplegia, 4 = paraplegia with forelimb weakness, 5 = moribund or
dead. In the following chapters, C57BL/6J and SJL/J mice are referred to as C57BL/6 and
SJL, respectively. Animal experiments were performed in accordance with the guidelines of

the local authorities (approved animal license: 22/08).
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3.2.3 Organ preparation and cell isolation from mic e

Preparation of cells from secondary lymphoid organs

Mice were sacrificed at day 9 after immunization. Lymph nodes and spleens were prepared,
respectively. A single cell suspension was prepared by mincing the tissue and pushing it
through a 40 um cell sieve. The sieve was rinsed with cold PBS + 1% FCS. Cells were
centrifuged at 250xg for 7 min at 4C. Cells derive d from the spleen were resuspended in
5 ml red blood cell lysis buffer and incubated on ice for 7 min. After addition of 30 ml PBS +
1% FCS the cell suspension was subjected to the next centrifugation step at 250xg for 7 min
at 4C. Cells derived from either lymph nodes or sp leen were washed with PBS + 1% FCS
and centrifuged again. Cells were resuspended in FACS buffer or PBS + 1% FCS if the

preparation was followed by recall experiments.

Preparation of cells from the CNS of mice

Mice were sacrificed by general anesthesia (20% O, + 80% CO, followed by pure CO,).
Using a peristaltic pump mice were perfused with PBS + 1% FCS for 5 min at 10 ml/min.
Brain and spinal cord were prepared and processed. Dissected tissue was digested for
60 min at 37<C by addition of 1 mg/ml collagenase | and 0.1 mg/ml DNase | in D-MEM. The
cell suspension was passed through a 40 um cell strainer and centrifuged (250xg, 10 min,
4<C). Cells were then washed with PBS + 1% FCS, cen trifuged (250xg, 10 min, 4C) and
separated from myelin and neurons by Percoll-gradient centrifugation. In brief, cells were
resuspended in 2 ml 30% Percoll. Carefully, the cell suspension was underlain with 3 ml 78%
Percoll. After centrifugation (250xg, 30 min, 4C) the CNS-infiltrating cells and microglia were
collected from the interface of the gradient. Cells were resuspended in FACS buffer,
centrifuged (550xg, 10 min, 4C) and washed two add itional times (250xg, 10 min, 4C).

Preparation of the CNS for histology
Mice were anesthetized by intraperitoneal injection of 120 mg ketamine (Ketanest® S) and
16 mg xylazine (Rompun® 2%) per kg body weight. Mice were transcardially perfused at

5 ml/min with 5 ml cold PBS followed by 25 ml 4% cold PFA in phosphate buffer. The CNS

was prepared as described below.
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Processing of CNS for cryosections

Preparation of brain, spinal cord and optic nerves was followed by post-fixation of the tissue
in 4% PFA in phosphate buffer (30 min, 4C). The ti ssue was impregnated 2-3 days in 30%
sucrose in PBS for cryoprotection. Cervical, thoracic and lumbar spinal cord as well as
cerebellum and forebrain were separated. The tissue was embedded in Tissue Freezing
Medium and frozen in isopentane cooled on dry ice. Tissue was stored at -80C. 12-14 pm
slices were generated using a cryostat, mounted on glass microslides, stored at -80C and

used for immunohistochemical analysis.

Preparation of the CNS for paraffin sections

Brain, optic nerves and the spinal cord contained within the spinal column were prepared and
incubated o.n. at 4C in 4% PFA in 0.1 M phosphate buffer. The spinal column was then
transferred into EDTA buffer for 14 days in which EDTA acted as a chelator for osseous
calcium. Paraffin-embedding as well as hematoxylin-eosin (HE) staining and Bielschowsky-
silver impregnation was performed at the Department of Neuropathology at the University
Medical Center Hamburg-Eppendorf. In brief, paraffin-embedded tissue was cut to yield
2-4 um thin sections and slices were mounted on glass microslides. For histological stainings
paraffin was removed by incubating the tissue sections repeatedly in xylene for 5 min.
Subsequently, sections were watered by successive transfer into anticlimactic ethanol
dilutions. First, tissue slices were washed 2x in 100% ethanol, 2x in 96% ethanol and in 90%
ethanol for 60 s, respectively. Afterwards, sections were washed in 80%, 70% and 50%
ethanol and rinsed 2x with ddH,0O.

3.2.4 Histological analysis

Immunohistochemical analysis

Cryoslices mounted on glass microslides were rinsed 3x with PBS for 5 min. Slides were
incubated with blocking solution for 2 h at RT. The respective primary antibody was diluted in
PBS as indicated and 100 pl of the dilution were transferred per slide. Tissue slices were
incubated o.n. at 4C and then washed 3x with PBS for 5 min. The secondary antibody was
diluted in PBS as indicated and 100 pl per slide were applied. After 2.5 h of incubation at RT
the tissue was rinsed 3x in PBS for 5 min. Finally, glass coverslips were mounted on
Fluoromount G-coated tissue. Images were acquired using a Zeiss Axiovert 40 inverted

microscope and analyzed with AxioVision AxioVs40 V 4.6.3.0 software.
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Quantification of neuronal cell bodies

For quantification of NeuN-positive neuronal cells within the cervical spinal cord 14 pm
cryosections were prepared. The primary anti-NeuN antibody was diluted 1:100 in PBS, the
secondary antibody was diluted 1:400 in PBS. For each mouse, six cervical spinal cord
sections were selected and two adjacent photographs per ventral horn were made.
Photographs were taken with 20x magnification. NeuN+ cells were counted and the average

number of neurons per section was calculated.

Detection of CNS-infiltrating leukocytes and T cells

For the immunohistochemical investigation of infiltrating leukocytes into CNS tissue 12 um
cryosections were prepared. The primary anti-CD45 antibody was diluted 1:50 in PBS and
the secondary antibody was used 1:400 diluted in PBS. To detect infiltrating T cells a primary
antibody against CD3 was diluted 1:100 in PBS. The corresponding secondary antibody was
diluted 1:200 in PBS. One representative mouse per treatment condition was selected and

photographs of the anterior fissure were taken using 20x magnification.

Hematoxylin-eosin staining

Paraffin-embedded tissue was processed as described before. Subsequently, sections were
incubated for 5 min in filtered hematoxylin Harris. Slices were rinsed with ddH,O and
differentiated in 0.2% hydrochloric acid. To allow blueing of stains sections were rinsed with
alkaline tap water for 5 min. After incubation in 70% ethanol for 3 min sections were
transferred into eosin solution for circa 3 min. Unbound eosin was removed by washing the
sections 3x in 100% ethanol and xylene, respectively. Finally, glass coverslips were mounted
on Fluoromount G-coated tissue. Images were acquired using an Olympus SZX16 research

stereomicroscope and analyzed by Olympus CellSens Entry 1.4.1 software.

Bielschowsky-silver staining

To visualize nerve fibers, axons and tangles of neurofibrils, paraffin-embedded tissue
sections were treated as mentioned before. Generally, tissues were incubated in silver nitrate
solution. The addition of ammonia produces ammonium nitrate as well as oxidized,
precipitated silver. In brief, after incubation in H,O sections were placed in wet chambers,
10 drops of reagent A were added and the slides were incubated for 5 min at 40C. After

repeated washing in ddH,O and application of 10 drops of reagent B the sections were
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incubated again in wet chambers (20 min, 40C). Imm ediately afterwards, sections were
transferred into reduction solution, incubated for 2 min, washed 2x with ddH,0 and incubated
with 10 drops of reagent G for 3 min. Finally, tissue was washed twice with ddH,O,
dehydrated in successive ascending ethanol dilutions and xylol. Tissue was coated with
Fluoromount G and covered with glass coverslips. Microscopy was done using an Olympus

SZX16 research stereomicroscope and analyzed by Olympus CellSens Entry 1.4.1 software.

3.2.5 Flow cytometry

Cell-surface staining

For Fc-receptor blocking cells were incubated at 10x10° cells per ml in FACS buffer
supplemented with 1:1000 anti-mouse CD16/CD32 antibody and with 1:20 anti-human IgG,
respectively (10 min, 4C). After addition of antib odies for cell-surface staining the cells were
incubated for another 30 min at 4C. Cells were was hed with FACS buffer and centrifuged
(350xg, 5 min, RT). Data was acquired on an LSRII flow cytometer and analyzed using

FACSDiva and FlowJo software.
Quantification of CNS-infiltrating cells

Cells prepared from the CNS of mice were resuspended in 500 ul PBS + 1% FCS. 50 pl of
the cell suspension were transferred into Absolute Counting Tubes followed by addition of
50 pl FACS buffer containing 1:50 anti-mouse CD16/32 antibody and anti-CD45-APC-Cy7
antibody. During this sample preparation a lyophilized pellet of a known number of
fluorescent beads was released by the tubes. After incubation (20 min, 4C) 300 pl FACS
buffer were added and data was acquired by flow cytometry. The absolute number of
CNS-infiltrating cells was calculated by appropriate gating on CD45+ events as well as bead

events:
events,, Epeads/ test
events,., volume

= couNt

Intracellular cytokine staining

Cells were incubated for 4 h in complete mouse medium supplemented with 100 ng/ml PMA
and 1 pg/ml ionomycin. After 1 h 10 pg/ml Brefeldin A was added to inhibit the intracellular
protein transport thereby inducing the accumulation of proteins within the ER. If cells were

prepared from the CNS of mice, cells were additionally washed 2x with PBS and centrifuged
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(350xg, 5 min, RT). Subsequently, cells were incubated for 30 min at 4C in PBS
supplemented with Component A of the LIVE/DEAD Fixable Dead Cell Stain Kit according to
the manufacturer’s instructions. Cells were washed 2x in PBS (350xg, 5 min, RT).

Cells were resuspended in fixation buffer and incubated for 20 min at RT. The cells were
washed in PBS and additionally 2x in permeabilization buffer to allow detection of
intra-cellular proteins. For cell-surface staining cells were blocked with 1:1000 anti-mouse
CD16/CD32 antibody in permeabilization buffer and incubated for 10 min at 4<T.
Permeabilization buffer was added and cells were centrifuged (350xg, 5 min, RT). Cells were
resuspended in permeabilization buffer containing antibodies for cell-surface staining and
incubated for 30 min at 4C. Cells were washed with permeabilization buffer and centrifuged
(350xg, 5 min, RT). For intracellular cytokine staining cells were resuspended in
permeabilization buffer supplemented with antibodies against IFN-y and IL-17A. After
incubation for 30 min at RT permeabilization buffer was added and cells were centrifuged
(350xg, 5 min, RT). After repeated washing in permeabilization buffer cells were

resuspended in FACS buffer for data acquisition.

Staining for the nuclear transcription factor Foxp3

Cell surface staining was performed according to the cell-surface staining protocol.
Afterwards cells were washed in FACS buffer (350xg, 5 min, RT) and Foxp3
Fixation/Permeabilization Concentrate and Diluent were applied according to the
manufacturer’s instructions. After 1 h of incubation at 4C cells were washed repeatedly in
permeabilization buffer. Cells were resuspended in permeabilization buffer supplemented
with antibody against Foxp3 and incubated for 1 h at 4C. Again, cells were washed
repeatedly in permeabilization buffer. Finally, cells were resuspended in FACS buffer and

analyzed.

Staining for active caspase-3

Cell-surface staining was performed according to the cell-surface staining protocol.
Afterwards cells were washed in FACS buffer (350xg, 5 min, RT), incubated in fixation buffer
(20 min, RT) and washed in permeabilization buffer (350xg, 5 min, RT). Subsequently, the
cells were incubated in permeabilization buffer that contained anti-activated caspase-3
antibody (60 min, RT). Finally, cells were washed repeatedly in permeabilization buffer. For

data acquisition cells were resuspended in FACS buffer.
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Strategy for immunophenotyping of cells isolated from immunized mice

To investigate the impact of edelfosine treatment on immune cell subsets, organs from
EAE-affected mice were prepared as mentioned above. Several combinations of antibodies
and fluorophores were applied. Table 1 summarizes the antibodies utilized for analysis of

lymph node- and spleen-derived cells.

Table 1: Immunophenotyping of cells prepared from peripheral lymphoid organs. Cells were isolated as
described in 2.2.3. Antibodies were applied according to the cell-surface staining protocol except for
antibodies against cytokines IFN-y and IL-17A (refer to: intracellular cytokine staining), Foxp3 (refer to:
Staining for the nuclear transcription factor Foxp3) as well as antibodies against activated caspase-3
(refer to: Staining for active caspase-3).

APC / APC-Cy7 | FITC Pacific PE PE-Cy7 | PE-Cy5.5
Alexa647 | | APC- Blue / PerCP-
eFluor780 Cy5.5
Cell types CD11b CD45 Ly-6G CD3 NK1.1 CD11c CD45R
(Gr1) (B220)
Naive and CD44 CD8a CD4 CD62L CD3
memory T
cells
T cell CD25 CD4 CD69 CD8a Foxp3 CD3
activation and
Tregs
Apoptosis CD25 CD4 CD69 CD8a Caspase-3 CD3
T cell IL-17A CD4 CD11lb | CD8a IFN-y CD45 CD3
differentiation

For analysis of CNS-infiltrating immune cells antibodies were used as mentioned in Table 2.
Here, in all cases the LIVEDEAD® Fixable Aqua Dead Cell Stain Kit was integrated which

possessed an approximate fluorescence-emission maximum at 526 nm.

Table 2: Immunophenotyping of CNS-infiltrating cells. After preparation and isolation of cells from
brains and spinal cords according to 2.2.3 antibodies were used for cell-surface staining. Antibodies
against IFN-y, IL-17A, Foxp3 as well as activated caspase-3 were applied as mentioned in the
respective protocols.

APC / APC-Cy7 | FITC Pacific PE PE-Cy7 PE-Cy5.5
Alexa647 | | APC- Blue / | PerCP-
eFluor780 V450 Cy5.5
Cell types CD11c CD45 CD1l1lb | CD3 Ly-6G NK1.1 CD45R
(Gr-1) (B220)
T cell activation | CD25 CD69 CD4 Foxp3 CD8a CD3
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and Tregs

Apoptosis CD25 CD4 CD69 CD8a Caspase-3 CD3
T cell IL-17A CD4 CD8a IFN-y CD3
differentiation

3.2.6 Isolation of human cells from blood

Isolation of human PBMCs

Buffy Coats were diluted with PBS and PBMCs were separated by Ficoll gradient
centrifugation (650xg, 30 min, RT). Mononuclear cells which accumulated at the interphase
were resuspended in ice-cold PBS and centrifuged (550xg, 10 min, 4C). Cells were washed
in ice-cold PBS and spun down (350xg, 5 min, 4C). The cell number was determined by

staining of cells with Tlrks Blue.

Enrichment of human CD4+ T cells

To achieve enrichment of CD4+ T cells PBMCs were resuspended in Biotin-containing
enrichment cocktail, washed with MACS buffer and incubated with streptavidin particles for
30 min at RT. Negative selection of CD4+ T cells was performed according to the
manufacturer’s instructions (CD4 T Lymphocyte Enrichment Set). Briefly, the cell suspension
was exposed to a magnetic field for 8 min. The enrichment of CD4+ T cells was repeated
and cells were resuspended in MACS buffer. The cell number was determined by staining
with Tirks Blue-solution. 2x10° cells were employed to determine CD4+ T cell purity by flow

cytometry using anti-CD3 and anti-CD4 antibodies. A purity of more than 90% was achieved.

3.2.7 In vitro cell-culture experiments

Staining for Annexin V-positive cells after in vitro culture with edelfosine

The impact of edelfosine on activated murine T cells was investigated by preparation of
draining lymph node cells from 6 weeks-old female C57BL/6 mice. Cells were seeded at
2x10° cells per well of a 96-well plate in complete mouse medium. For T-cell activation
5 pg/ml Concanavalin A (Con A) and 1 pg/ml anti-CD3 antibody were added, respectively.
After 48 h of incubation edelfosine was added. Cells were analyzed after 96 h. To study the
impact of edelfosine on T-cell activation as well as activated T cells, PBMCs were isolated

and seeded in triplicate at 2x10° cells per well in 96-well plates in 200 pl X-Vivo 15. Cells
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were stimulated with 2.5 pg/ml PHA in presence of edelfosine ranging from 1 pg/ml to
33.3 pg/ml. After 24 h or 3 days of incubation, triplicates of each approach were pooled for
analysis. Alternatively, edelfosine was added after 2 days and cells were pooled after 3 days.
For analysis cells were washed in FACS buffer and blocking of Fc-receptors was performed
as described above. After washing with FACS buffer (350xg, 5 min, RT) cells were
resuspended in binding buffer containing antibodies for cell surface staining as well as
Annexin V. For murine lymph node cells the incubation with antibodies (15 min, RT) was
followed by addition of 1 pl Pl-solution 5 min prior to flow cytometry. For PBMCs, each
approach was split into equal volumes after incubation for 15 min at RT in binding buffer.
One part was used to discriminate between viable cells, cells that were in early apoptosis
and cells that were in late apoptosis or already dead. Therefore, 1 mg/ml of the vital dye PI
was added 5 min prior to cell acquisition by flow cytometry. The second part was washed in
FACS buffer (350xg, 5 min, RT) and stained with anti-activated caspase-3 antibody as
described before. Data was acquired on an LSRII flow cytometer and analyzed using

FACSDiva and FlowJo software.

Generation of human antigen-specific T-cell lines (TCLS)

T cells specific for MBP g3.99) Were prepared from PBMCs of an MS-affected individual that
was proven to carry the HLA-DR15-haplotype. In brief, 2x10° PBMCs per well were seeded
in 96-well plates in complete TCL medium supplemented with 10 pg/ml MBPg3.99) peptide. At
day 7 after seeding 20 IU/ml IL-2 were added to the cells. Subsequently, at day 12 after
seeding proliferating cells were counted and plated at 2x10° cells per well in 96-well plates in
RPMI complete medium supplemented with 10 pg/ml MBPs.99 peptide, 20 IU/ml IL-2 on
1x10° autologous feeder cells irradiated at 60 Gray. Cells were incubated for another 12 days

and the addition of IL-2 was repeated every 3-4 days.

[*H-methyl]thymidine-incorporation assay

T cells were derived from lymph nodes and spleens of SJL mice that were immunized as
previously described. Human PBMCs and TCLs were obtained as mentioned before. Cells
were seeded in 96-well plates at 2x10° cells/well or 2x10* cells/well in the case of TCLs.
Murine cells were cultured in 200 pl of complete mouse medium supplemented with the
disease relevant peptide PLP(139.151, a polyclonal anti-CD3e antibody or mitogenic
Concanavalin A. Human cells were incubated in X-Vivo 15 medium supplemented with a
polyclonal stimulus (particles coated with antibodies against CD2, CD3 and CD28),

mitogenic PHA or with the relevant peptide MBP g3.99) plus 5-fold autologous irradiated feeder
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cells. Only in the case of the homeostatic proliferation experiment for up to seven days were
human PBMCs cultured in AIM V serum free medium including blocking antibodies against
HLA-DR and MHC class |, both at 30 pg/ml. Edelfosine was added as indicated. T-cell
proliferation was determined by the incorporation of [*H-methyl]thymidine after 72 h of
incubation. Precisely, 37x10° Bq [*H-methyl]thymidine was added to each well 16 h before
harvesting the cells. For quantification of beta particle emission the cells were harvested,
washed and analyzed by using a beta counter. The stimulation index (SI) is calculated by
dividing the mean counts per minute (cpm) of stimulated cells by cpm of respective

unstimulated controls.

Characterization of edelfosine impact on T-cell proliferation by CFSE

Cells were prepared from draining lymph nodes of 6 week-old female C57BL/6 and SJL
mice. Cells were labeled by incubation with 0.5 uM CFSE in PBS (10 min, RT) and blocked
by addition of an equal volume of RPMI1640 + 15% FCS. Afterwards, cells were incubated
again (10 min, RT) and washed repeatedly with RPMI1640 + 10% FCS (350xg, 5 min, RT).
Finally, cells were seeded at 2x10° cells per well of a 96-well plate in complete mouse
medium. Cells were stimulated by addition of 5 pg/ml Concanavalin A or 1 pug/ml anti-CD3
antibody. Edelfosine was added at 1 pg/ml, 3 pg/ml, 5ug/ml and 10 pug/ml, respectively. After
4 days of incubation cells were washed in FACS buffer (350xg, 5 min, RT), blocked and
stained as described before. Cells were washed in FACS buffer and 5 min prior to analysis

by flow cytometry 1 mg/ml Pl was added.

Culture of enriched human CD4+ T cells for gene-expression analysis

Enriched CD4+ T cells obtained from Buffy Coats were prediluted in the respective
cell-culture medium to meet the planned culture conditions. Cells were resuspended in
X-Vivo 15, X-Vivo 15 supplemented with 3.3 pg/ml edelfosine, 10 pg/ml edelfosine, bead
particles coated with antibodies against CD2, CD3 and CD28, or 3.3 ug/ml edelfosine in
combination with bead particles coated with antibodies against CD2, CD3 and CD28,
respectively. Bead particles were loaded and used according to the manufacturer’s
instructions at a ratio of 1:2 of loaded beads per cell. The CD4+ T cells were seeded at 2x10°
cells per well of a 96-well plate in 200 pl of the respective cell-culture medium. Cells were
incubated for 30 h. 100 ul of the cell-culture supernatant per well were saved and stored at

-20<C prior to subjecting cells to RNA isolation.
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Analysis of MHC class Il expression of CD4+ T cells by flow cytometry

PBMCs were isolated as described before. Cells were seeded at 2x10° cells in sterile 5 ml
round bottom tubes. Cells were cultured in 500 pl X-Vivo supplemented with 3.3 pg/ml or
10 pg/ml edelfosine as well as particles coated with antibodies against CD2, CD3 and CD28
as indicated for 24 h. First, cells were washed twice with FACS buffer (350xg, 5 min, RT) and
stained for viability by using the LIVE/DEAD Fixable Dead Cell Stain Kit as recommended.
Cells were washed with PBS (350xg, 5 min, RT), blocked and stained for cell-surface antigen
expression as described before. Data was acquired on an LSRIl flow cytometer and

analyzed with FACSDiva and FlowJo software.

3.2.8 RNA isolation, cDNA synthesis and microarray analysis

Isolation of RNA from CD4+ T cells

After 30 h of incubation CD4+ T cells of each approach were pooled and counted. The cell
pellets were resuspended in 1 ml TRIzol reagent, respectively. By using 0.6 mm and
0.45 mm needles and syringes the cells were mixed and 1 pl Pellet Paint® Co-Precipitant as
well as 200 pl chloroform were added. After mixing, cells were incubated for 2 min at RT
followed by centrifugation (12,000xg, 15 min, 4C). The upper phases were transferred to a
new 1.5 ml reaction tube and 500 pl isopropanol were added. Cells were mixed and after
10 min of incubation at RT the suspensions were centrifuged (12,000xg, 10 min, 4<).
Subsequently, cells were washed in 1 ml 75% ice-cold ethanol, centrifuged (12,000xg, 5 min,
4<C) and the dried cell pellets were resuspended in 100 pl DEPC-treated water.

For RNA concentration and purification the RNeasy MinElute Cleanup Kit was used as
recommended by the manufacturer. In brief, RNA samples were mixed in 350 ul buffer RLT
and 250 pl 100% ethanol were added. The sample volumes were transferred into spin
columns and centrifuged (6,600xg, 30 s, RT). The columns were eluted by addition of 500 pl
buffer RPE and centrifugation (6,600xg, 30 s, RT). The wash step was followed by the
addition of 500 pl 80% ethanol and centrifugation (6,600xg, 2 min, RT). The elution of
purified RNA was achieved by the addition of 14 pl RNase-free water and a final

centrifugation step (12,000xg, 1 min, RT).

Determination of RNA concentration and purity

To define the RNA concentration 1 pl per purified RNA sample was transferred on a

NanoDrop spectrophotometer ND-1000 and analyzed by using the program “ND-1000
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V3.5.2". To determine the quality of the prepared RNA the Agilent RNA 6000 Nano Kit was
used according to the manufacturer’s instructions. RNA samples were heated at 70C for
2 min prior to use. Subsequently, Agilent Nano Chips were loaded and analyzed by using the

Agilent 2100 Bioanalyzer and the program “Eukaryote Total RNA Nano”.

Gene-expression analysis by microarray technology

Reverse transcription of RNA to synthesize cDNA was done by using the Ambion WT
Expression Kit. cDNA fragmentation and labeling was performed by applying the Affymetrix
GeneChip WT Terminal Labeling Kit. Subsequently, probes were prepared using the
Affymetrix GeneChip Hybridization, Wash, and Stain Kit and analyzed by microarray
technology (Affymetrix GeneChip Human Gene 1.0 ST Array). The approach simultaneously
allows to measure the expression levels of about 28,869 genes (whole-transcript coverage).
Genes are represented by 26 probes, respectively, which are distributed across the full
length of a gene thereby quantifying all transcripts from the same gene. The gene-expression
scan was performed with the Affymetrix GeneChip Command Console 3.0 Software. The
robust multi-array average (RMA) algorithm was applied for background correction, using the
Affymetrix Expression Console 1.1 Software. The samples were quantile normalized,
followed by mean signal summarization. Hierarchical clustering, t-test and significance
analysis of microarrays (SAM) were performed using the TIGR (the institute for genomic

research) multi experiment viewer (MeV) 4.6.1 Software.

3.2.9 ELISA

Enriched CD4+ T cells were cultured as mentioned before. Stored cell-culture supernatants
were thawed, 12 wells per approach were selected and pooled. For ELISA analysis of IFN-a
and —f3 according to the manufacturer’'s instructions, 100 pl of mixed supernatant were
transferred into microplate strips and incubated for 1 h at RT. Wells were rinsed with wash
buffer and 100 pl of antibody solution was added. After incubation (1 h, RT) wells were
washed 3x with wash buffer. 100 pl of horseradish peroxidase (HRP) solution was added to
the wells and incubation (1 h, RT) was followed by four additional washing steps with wash
buffer. Finally, 100 ul of TMB Substrate Solution was added, wells were incubated for 15 min
at RT and 100 pl Stop Solution was added. Cytokines were quantified by using a microplate
reader to determine the absorbance at 450 nm within 5 min after the addition of the Stop
Solution.

For detection of IFN-y, wells of a 96-well plate were coated with Capture Antibody in Coating

Buffer according to the instructions of the manufacturer. In brief, the coated wells were
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incubated at 4C o.n. and washed 4x with 300 pl Was h Buffer per well. 200 ul Assay Diluent
were added per well to block non-specific binding. The sealed plate was incubated (1 h, RT)
on a plate shaker (200 rpm). After washing in Wash Buffer (4x) 100 pl of pooled supernatant
were transferred into respective wells and sealed samples were incubated for 2 h at RT on a
plate shaker (200 rpm). Wells were washed 4x with Wash Buffer. 100 pl diluted Detection
Antibody solution was added per well and sealed wells were incubated with shaking (1 h,
RT). Again, wells were washed 4x with Wash Buffer. 100 pl of Avidin-HRP solution were
added per well. Sealed wells were incubated for 30 min at RT with shaking. Wells were
washed 5x with Wash Buffer for 1 min. Finally, 100 pl of TMB Substrate Solution were added
per well followed by incubation for 15-30 min to allow color development. The reaction was
stopped by addition of 100 pl Stop Solution per well. Within 30 min the absorbance at

450 nm was acquired using a microplate reader.

3.2.10 Analysis of cytokine production by flow cyto metry

Enriched CD4+ T cells were cultured as mentioned before. Saved cell-culture supernatants
were thawed, 10 wells per approach were selected and 20 pl per well were pooled.
Cytokines secreted by CD4+ T cells were determined by applying the Human
Th1l/Th2/Th9/Th17/Th22 13plex Kit FlowCytomix according to the manufacturer’s
instructions. Briefly, 25 ul of mixed supernatants were incubated for 2 h at RT with an equal
volume of Bead Mixture and 50 ul Biotin-Conjugate Mixture. Cells were washed repeatedly
with Assay Buffer (200xg, 5 min). Afterwards, cells were resuspended in 100 pl Assay Buffer
and 50 pl Streptavidin-PE Solution and incubated for 1 h at RT. Again, cells were washed
repeatedly in Assay Buffer (200xg, 5 min). For analysis with FACSDiva and FlowCytomix Pro
2.4 software, cells were resuspended in Assay Buffer and acquired using an LSRII flow

cytometer.

3.211 Statistical analysis

EAE-disease courses and the homeostatic proliferation experiment were analyzed by
two-way ANOVA and Bonferroni multiple testing correction (post-hoc analysis) using
GraphPad Prism 5.02 software. In graphs representing the EAE-disease courses treatment
effects were indicated by asterisks. Significant differences between groups were described in
respective figure legends after Bonferroni post-hoc analysis. Cumulative disease scores and
neuronal quantification by immunohistochemistry were analyzed by 1-way ANOVA followed

by Bonferroni post-hoc test with asterisks indicative of significant differences between
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groups. Moreover, data generated by flow cytometry for leukocyte subsets derived from
EAE-induced mice were evaluated by Bonferroni post-hoc analysis after 1-way ANOVA. With
regard to lymph nodes and spleen-derived subsets, frequencies were normalized and
expressed as fold-changes in order to allow merging of two independent experiments.
Ex vivo proliferation assays of murine lymph node cells were analyzed by 1-way ANOVA and
Bonferroni post-hoc analysis, whereas results of proliferation assays of spleen-derived cells
were tested by non-parametric Kruskal-Wallis test followed by Dunns post-hoc analysis. For
analysis of human PBMC proliferation, proliferation of MBPgs.99)-specific TCLs as well as
expression of HLA by human B and T cells Bonferroni post-hoc tests succeeded repeated
measures ANOVA. Data generated by ELISA and 13plex FlowCytomix kit were evaluated by
paired t-tests, microarray data was examined by t-test analysis (adjusted P-value for

significant genes: P<0.01).
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4 Results

4.1 Reduced proliferation of T lymphocytes in vitro in the presence
of edelfosine

The proliferative capacity of T lymphocytes isolated from lymph nodes of naive C57BL/6 and
SJL mice was assessed in CFSE-proliferation assays. Cells were labeled with CFSE and
stimulated with anti-CD3 antibody. After four days of culture, cells were stained for the
expression of CD4 and CD8 and with Pl to exclude dead cells. The gradual loss of
CFSE-fluorescence intensity allowed to display the impact of edelfosine on T-cell
proliferation. CD4+ as well as CD8+ T cells from both strains showed an edelfosine dose-
dependent reduction of the proliferative response over eight generations (Figure 3).

In C57BL/6 lymphocytes, the addition of 5 pg/ml edelfosine reduced CD4+ T-cell frequencies
below 1% in generation 3 or higher. 76.2% of the cells were found in generation 0
representing cells that underwent no cell division. However, most C57BL/6 CD4+ T cells
were found in generation 1 and 2 in the absence of edelfosine. For CD8+ T cells, 5 pg/ml
edelfosine decreased the proliferation with equal frequencies appearing in generations 2 and
3. Frequencies in higher generations were reduced. In comparison, the highest frequency of
CFSE+ CD8+ T cells could be assigned to generation 4 (28.8%) in absence of edelfosine
(generation 0: only 0.9% of all cells). This proliferative pattern is reflected by the
corresponding analysis of progenitor frequencies.

For SJL-derived CD4+ T cells, 10 pg/ml edelfosine led to a distribution of frequencies which
was comparable to the distribution for unstimulated cells. The addition of 1 pg/ml and 3 pg/ml
edelfosine resulted in a dose-dependent reduction of CD4+ T cells which proliferated in
accordance to increasing frequencies in generation 0. Regardless of being cultured with or
without edelfosine, the major fraction of SJL mouse-derived CD4+ T cells did not proliferate.
With regard to SJL-derived CD8+ T-cell frequencies, the largest fraction of cells was
detected in generation 3 (26.2%) in the absence of edelfosine (C57BL/6-derived CD8+
T cells: generation 4). Upon presence of edelfosine largest fractions of SJL-derived CD8+
T cells accumulated in generation 0 in a dose-dependent manner. Focusing on SJL-derived
CD4+ as well as CD8+ T cell progenitor distributions, largest fractions were found in
generation 0. Progenitor frequencies reflected an edelfosine dose-dependent increase of
cells which did not proliferate upon stimulation.

Progenitor frequencies of CD4+ T cells from C57BL/6 and SJL mice appeared to be directly
dependent on edelfosine concentrations. CD8+ T cells from either mouse strains also
demonstrated an edelfosine dose-dependent proliferative response. Generally, CD8+ T cells

displayed an accelerated proliferative response compared to CD4+ T cells.
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Figure 3. Edelfosine reduced the proliferation of lymphocytes derived from C57BL/6 as well as SJL mice (n=1 for
each strain). (A) In CFSE proliferation assays CD4+ and CD8+ lymphocytes proliferated upon stimulation with
anti-CD3 antibody as shown by flow cytometry. (B) The addition of edelfosine decreased CD4+ and CD8+ T cell
proliferation in a dose-dependent manner. Bars indicate generations based on corresponding approaches of
stimulated cells in absence of edelfosine. (C) Determination of lymphocyte frequencies in each generation
revealed that CD8+ T cells of either strain origin possessed a higher proliferation rate in comparison to CD4+
T cells. The presence of edelfosine revealed a dose-dependent shift in frequency distributions over generations.
(D) Frequency distributions of lymphocyte progenitors (parental cells of proliferated progeny) over generations
were also shifted back to low generation numbers in dependency on the edelfosine concentration added (—li—
no edelfosine, —#%~ 1 pug/ml edelfosine, -- &+ 3 pg/ml edelfosine, &~ 5 pg/ml edelfosine, —@-- 10 pg/ml
edelfosine, ---O-- unstimulated, no edelfosine).
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4.2 Edelfosine treatment influences clinical symptoms in the EAE-
mouse model

4.2.1 Preventive oral edelfosine administration rev  eals dose-dependent
treatment effects in EAE-induced C57BL/6 mice (dose  finding)

C57BL/6 mice were immunized using the MOGss.55) peptide to develop chronic-progressive
EAE. Five days prior to immunization mice received PBS by gavage on a daily basis to allow
adaption to treatment procedure. After induction of EAE at day O mice were administered
with equal volumes of PBS or edelfosine every day until day 31 (Figure 4 A). The PBS-
treated control cohort developed first signs of EAE at day 12 after immunization reaching
maximum EAE score at day 18 (2.83 £ 0.17). This acute phase of disease was shifted if mice
were treated with edelfosine. Moreover, mice revealed concentration-dependent side effects
at certain edelfosine concentrations. Mice treated with 25 mg/kg edelfosine had a maximum
disease score of 1.5 £ 0. But edelfosine treatment had to be stopped at day 19 after
immunization as mice developed severe side effects like tremor, inactivity, slowed motion as
well as whistling and squealing. Cessation allowed amelioration of impairments. Although
much milder, the latter problems were also observed when mice were treated with 15 mg/kg
edelfosine. This cohort showed a delayed EAE onset with the maximum EAE score (2.5 £
0.25) at day 23. Interestingly, the treatment of mice with 10 mg/kg edelfosine was not only
found to delay the maximum disease score of 1.17 £ 0.67 to day 27 in comparison with PBS-
treated controls, but it also did not lead to apparent side effects. Administration of edelfosine
led to a significant overall treatment effect with significant differences between PBS-treated
controls and mice treated with 10 mg/kg edelfosine (day 14 to day 26, day 29 after
immunization). The analysis of cumulative disease scores underscored the treatment effect
with significant differences when mice were treated with 10 mg/kg edelfosine (cumulative
disease score: 3.25 = 0.58) compared to PBS control cohorts (cumulative disease score:
43.75 + 3.84) (Figure 5 A). Taking into account the edelfosine-treatment effects as well as
the observed side effects 10 mg/kg edelfosine appeared to be the effective concentration of

edelfosine to ameliorate EAE-disease course while causing no detectable side effects.

4.2.2 Preventive treatment of EAE in SJL mice with edelfosine every
other day has no influence on disease course

After having demonstrated the effectiveness of oral application of 10 mg/kg edelfosine on a
daily basis edelfosine was examined in a subsequent preventive approach that aimed at
proving amelioration of RR-EAE disease course by edelfosine in SJL mice. Additionally, this

approach aimed to clarify further options for reducing edelfosine doses by reducing both
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dose and dosing interval. SIL mice were immunized with the PLP39.151) peptide (day 0).
From day 5 after immunization mice were treated with PBS, 1 mg/kg edelfosine or 10 mg/kg
edelfosine every other day by i.p. injection which was the more convenient way of drug
application compared to gavage. Progression of disease course was followed until day 35
(Figure 4 B). No significant differences were detected between cohorts regarding treatment
effects in the course of EAE and regarding cumulative disease scores (Figure 5 B) despite

implicated ameliorations.

4.2.3 Preventive treatment of EAE in SJL mice with  edelfosine on a daily
basis ameliorates disease course

SJL mice were immunized with PLPg39.451). Immediately, PBS, 1 mg/kg edelfosine or
10 mg/kg edelfosine was administered and repeated on a daily basis by i.p. injection. The
progression of disease course was monitored until day 40 (Figure 4 C). A significant
treatment effect was found in this preventive setting, with significant differences between
EAE scores of mice treated with PBS and mice that were treated with 10 mg/kg edelfosine.
Interestingly, those differences emerged at the first disease bout from day 12 to 14 as well as
at the first EAE relapse from day 28 to 33. A significant treatment effect was also detected
when the cumulative disease scores of the three cohorts were analyzed (Figure 5 C).
Significant differences in post-hoc analysis were found for the comparison of PBS-treated
controls (cumulative disease score: 53.39 + 9.53) to 10 mg/kg edelfosine-treated mice

(cumulative disease score: 17.79 + 7.61).

4.2.4 Investigation of the therapeutic effectivenes s of edelfosine on EAE
in SJL mice

After immunization of SJL mice the disease scores were monitored and mice showed first
distinct and evenly distributed signs of EAE across groups at day 11. At this phase of
disease onset the administration of PBS, 1 mg/kg edelfosine or 10 mg/kg edelfosine was
started and continued until day 45 after immunization (Figure 4 D). The comparison of
disease progression implied a reduction of clinical scores upon edelfosine treatment.
However, a treatment effect could not be confirmed by statistical analysis, which was in
concordance with the analysis of cumulative disease scores (Figure 5 D). Despite the
observed tendency towards reduced cumulative disease scores in edelfosine-treated cohorts
(treated with 1 mg/kg edelfosine: 32.5 + 17.87, treated with 10 mg/kg edelfosine: 23.75 *
11.81) compared to PBS-treated mice (cumulative disease score: 63.08 + 18.89) the
differences were not statistically significant. This fact might be ascribed to enhanced

variations of EAE scores especially in the phase of remission after the first relapse.
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Figure 4. Preventive edelfosine treatment influenced EAE in C57BL/6 and SJL mice. (A) Whereas PBS-treated
C57BL/6 mice developed the classical chronic-progressive EAE course, mice treated with edelfosine appeared to
be impacted in their EAE development but also in their physical presentation due to side effects at concentrations
higher than 10 mg/kg edelfosine. Clinical scores for groups of PBS-treated (n=3), 10 mg/kg edelfosine treated
(n=3), 15 mg/kg edelfosine treated (n=2) and 25 mg/kg edelfosine treated (n=2) EAE mice. Note that the
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treatment of mice with 25 mg/kg and 15 mg/kg edelfosine led to drug-related side effects which possibly had an
impact on EAE development in immunized mice that remained clinically inconspicuous (B) The preventive
administration of edelfosine every other day had no significant effect on RR-EAE clinical scores in immunized SJL
mice. Depicted groups: PBS-treated (n=6), 1 mg/kg edelfosine treated (n=6) and 10 mg/kg edelfosine treated
(n=6) EAE mice. (C) In contrast, the preventive treatment of EAE-induced SJL mice with 10 mg/kg edelfosine on a
daily basis ameliorated the disease course: depiction of clinical scores for groups of PBS-treated (n=7), 1 mg/kg
edelfosine treated (n=7) and 10 mg/kg edelfosine treated (n=7) EAE mice. (D) Clinical scores for groups of
PBS-treated (n=3), 1 mg/kg edelfosine treated (n=4) and 10 mg/kg edelfosine treated (n=7) EAE mice with
administration starting at disease onset (day 11). A treatment effect could not be proved. EAE experiments are
shown as mean values + SEM; *P<0.05, **P<0.01 after 2-way ANOVA.

4.3 Analysis of preventive edelfosine-treatment effects in RR-EAE

For a detailed analysis of the impact of edelfosine on different immunological parameters
SJL mice were immunized with the PLP@39.151) peptide. The administration of PBS and
1 mg/kg edelfosine or 10 mg/kg edelfosine by i.p. injection was started at this day of
immunization (day 0) and continued on a daily basis. Schematically, the disease-relevant
peptide PLP@39.151) is presented to antigen-specific T cells by APCs after immunization.
These T cells are activated in lymph nodes and migrate into the blood and into the spleen,
subsequently pursuing their way into the CNS. A comparable exemplary, migratory pattern
has been identified in passively immunized rats by the transfer of MBP-specific T cells that
have been retrovirally transduced to express GFP (113). The infiltration of immune cells, of
which T cells constitute a prominent fraction, into the CNS coincides with the onset of clinical
symptoms of EAE. Accordingly, spleens and lymph nodes were prepared from SJL mice at
day 9, a phase when EAE is not yet clinically apparent. Flow cytometry and ex vivo
proliferation assays were used to analyze the effect of edelfosine treatment on immune cell
composition and function. Flow cytometry, histology and immunohistochemistry were applied
in the acute phase of EAE to study the effects of edelfosine treatment on immune cell
infiltration into the CNS.

4.3.1 Preventive edelfosine treatment increases ac tivated caspase-3
expression in the preclinical phase of RR-EAE

At day 9 after immunization of SJL mice, spleens as well as draining lymph nodes were
prepared from PBS-treated, 1 mg/kg edelfosine-treated and 10 mg/kg edelfosine-treated
mice. Single cell suspensions were made to determine absolute cell numbers followed by
flow cytometry analysis (gating strategy for cell types: Figure 6). With regard to the absolute
cell number in spleens and lymph nodes, the preventive treatment of SJL mice with PBS,
1 mg/kg edelfosine or 10 mg/kg edelfosine until day 9 was found not to induce differences

when comparing these three groups. In detail, absolute cell numbers are depicted in Table 3.
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Figure 5. Cumulative disease scores were reduced upon preventive edelfosine treatment of EAE-induced
C57BL/6 and SJL mice. (A) C57BL/6 mice were treated daily with PBS (n=3), 10 mg/kg edelfosine (n=3),
15 mg/kg edelfosine (n=2) and 25 mg/kg edelfosine (n=2), respectively. Application of 10 mg/kg edelfosine led to
a significant reduction of the cumulative disease score when compared with PBS-treated controls. (B) No
significant reduction in cumulative disease scores was determined for groups of immunized SJL mice that were
treated every other day beginning at day 5 with 1 mg/kg edelfosine (n=6) or 10 mg/kg edelfosine (n=6) compared
to PBS-treated mice (n=6). (C) Instead, the daily administration of 10 mg/kg edelfosine to EAE-induced SJL mice
(n=7), but not the administration of 1 mg/kg edelfosine (n=7), reduced the cumulative disease score compared to
PBS-treated controls (n=7). (D) The therapeutic treatment of EAE-induced SJL mice starting at disease onset
(day 11) yielded cumulative disease scores that implied an edelfosine dose-dependent reduction compared to
PBS-treated controls. However, significance could not be proved. The data that is based on EAE experiments
whose corresponding disease courses are depicted in Figure 4, are shown as mean values + SEM; *P<0.05,
*P<(0.01, **P<0.001 after post-hoc analysis.
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Table 3. Summary of absolute cell counts derived from spleens and lymph nodes of EAE-induced mice at day 9
after immunization. Values are expressed as mean + SEM.

Treatment Spleen Lymph nodes

PBS 6.63x10’ + 6.23x10° 2.31x10’ + 6.25x10°
1 mg/kg edelfosine 5.39x10" + 1.91x10’ 2.25x10" + 9.06x10°
10 mg/kg edelfosine 6.32x10" + 1.86x10’ 2.08x10" + 2.27x10°

Furthermore, neither immune cell-type subset of cells derived from spleens nor subsets
derived from lymph nodes displayed any edelfosine treatment-associated changes in
frequencies compared to PBS-treated controls (Figure 7). In general, frequencies were
calculated by relating gated subset events to gated parental events that corresponded to 100
percent. T cells were identified by expression of CD3. As expected, comparatively higher
fractions of CD3+ T cells were found in lymph nodes of the animals compared to spleens
(Table 4).

Table 4. Frequency of CD3+ T cells from spleens and lymph nodes of EAE-induced SJL mice at day 9 after
immunization. Data is expressed as mean + SEM.

Treatment Spleen Lymph nodes

PBS 40.11 +3.36 % 84.32+1.43%
1 mg/kg edelfosine 36.65+2.19% 82.85+3.94 %
10 mg/kg edelfosine 31.48 +2.80 % 81.09+1.74%

Despite the fact that EAE is considered as a T cell-mediated disease model, it was of interest
to determine if edelfosine treatment induces changes in other immune cell subsets. B cells
are essential in mediating the humoral part of the adaptive immune response, and they were
also found to act as APCs. However, by edelfosine treatment frequencies of B220+ B cells

did not appear to be affected in spleens or lymph nodes (Table 5).

Table 5. Frequency of B220+ B cells from spleens and lymph nodes of EAE-induced SJL mice at day 9 after
immunization. Data is expressed as mean + SEM.

Treatment Spleen Lymph nodes
PBS 20.65+1.25% 8.03£1.09 %
1 mg/kg edelfosine 24.43 +0.51 % 8.45+2.47 %
10 mg/kg edelfosine 21.23+2.37% 10.40 £ 1.36 %

Macrophages, which are part of the innate immune system, link to the adaptive immune
system by acting as APCs and by secretory activation of T cells. Analysis of CD11b+ CD11c-
macrophages in spleens and lymph nodes of mice that received PBS or edelfosine resulted

in equal frequency distributions across cohorts (Table 6).
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Figure 6. Analysis of leukocyte-subset frequencies. The specific expression of cell-surface markers allowed
discrimination between cell types as exemplified by this gating strategy depicting lymph node cells from an
EAE-induced, 10 mg/kg edelfosine-treated mouse. Frequencies were determined by relating the detected number
of events within the respective gate to the measured number of CD45+ events.
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Figure 7. Preventive daily treatment of EAE-induced SJL mice with PBS or edelfosine until day 9. (A) Cells were
prepared from spleens and lymph nodes for quantification. (B) For analysis of possible edelfosine-induced
changes in immune cell frequencies within peripheral lymphoid organs, the number of recorded events was
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always related to all recorded CD45+ events. Absolute cell counts and frequencies for groups of PBS-treated
(n=3), 1 mg/kg edelfosine treated (n=3) and 10 mg/kg edelfosine treated (n=3) EAE mice. Data from one
representative of two independent EAE experiments are shown as mean values + SEM (|:| pBs, 1 mg/kg
edelfosine, Il 10 mg/kg edelfosine).

Table 6. Frequency of CD11b+ CD11c- macrophages from spleens and lymph nodes of EAE-induced SJL mice
at day 9 after immunization. Data is expressed as mean + SEM.

Treatment Spleen Lymph nodes
PBS 4.63+0.49% 294+031%
1 mg/kg edelfosine 494 +£0.31% 414+£1.05%
10 mg/kg edelfosine 6.00 + 0.20 % 4.09+£0.67 %

In lymph nodes of either PBS or edelfosine-treated mice a much lower frequency of GR-1+
CD11b+ neutrophils was detected compared to spleens. However, the frequencies were not

changed in both compartments across treatment groups (Table 7).

Table 7. Frequency of Gr-1+ CD11b+ neutrophils from spleens and lymph nodes of EAE-induced SJL mice at day
9 after immunization. Data is expressed as mean = SEM.

Treatment Spleen Lymph nodes
PBS 2457 £+4.26 % 0.42 +0.06 %
1 mg/kg edelfosine 20.46 +1.51 % 0.34+0.12%
10 mg/kg edelfosine 31.55+4.32% 0.35+0.07%

No differences in conventional CD11c+ CD11b- B220- mDC frequencies were identified in
spleens. Additionally, frequencies in lymph nodes stayed at a low but constant level, even

after edelfosine treatment (Table 8).

Table 8. Frequency of CD11c+ CD11b- B220- mDCs from spleens and lymph nodes of EAE-induced SJL mice at
day 9 after immunization. Data is expressed as mean + SEM.

Treatment Spleen Lymph nodes
PBS 0.73+0.18 % 0.07 £0.01 %
1 mg/kg edelfosine 0.93+0.07% 0.05+0.02 %
10 mg/kg edelfosine 0.83+0.15% 0.06 + 0.02 %

The second major DC subset are CD11¢® CD11b- B220+ Gr-1°" pDCs (309). In spleens
and lymph nodes of EAE-induced mice frequencies of pDCs were low and no differences

were detected across treatment groups (Table 9).

Table 9. Frequency of CD11c¢®” CD11b- B220+ Gr-1"" pDCs from spleens and lymph nodes of EAE-induced SJL
mice at day 9 after immunization. Data is expressed as mean + SEM.

Treatment Spleen Lymph nodes
PBS 0.11+0.01 % 0.09 +0.03 %
1 mg/kg edelfosine 0.13+0.03% 0.08 +£0.02 %
10 mg/kg edelfosine 0.12+0.01% 0.12+0.02 %

61



Results

NK cells constitute members of innate immunity that are also effective in immune responses
against intracellular pathogens and viruses. NK cells were identified by gating on NK1.1+
CD45+ CD11b+ CD3- cells. No differences in frequencies were detected (Table 10).

Table 10. Frequency of NK1.1+ CD45+ CD11b+ CD3- NK cells from spleens and lymph nodes of EAE-induced
SJL mice at day 9 after immunization. Data is expressed as mean + SEM.

Treatment Spleen Lymph nodes
PBS 0.63+0.14 % 0.20 £ 0.04 %
1 mg/kg edelfosine 0.82+0.05% 0.19 +0.06 %
10 mg/kg edelfosine 0.92+0.20% 0.17+0.02 %

These frequency values were representative from one of two independent EAE experiments.
Apparent reproducible treatment effects were assessed by using fold-changes. Each group
of mice comprised three animals in each experiment. Focusing now on T-cell subsets no
differences were found regarding CD4+ and CD8+ T-cell frequencies upon edelfosine

treatment compared to spleens and lymph nodes from PBS-treated controls (Table 11).

Table 11. Frequency of CD4+ and CD8+ T cells from spleens and lymph nodes of EAE-induced SJL mice at day
9 after immunization. Data is expressed as mean + SEM.

Treatment

Spleen

Lymph nodes

CD4+

PBS

1 mg/kg edelfosine
10 mg/kg edelfosine

CD8+

PBS

1 mg/kg edelfosine
10 mg/kg edelfosine

2446 +2.74 %
25.75+1.85%
19.93+2.25%

10.90+0.45%
9.99+0.83 %
9.58 +0.88 %

53.98 +0.89 %
56.08 +1.54 %
53.19+1.40%

23.83+1.56 %
2430+1.92%
24.26 +0.62 %

Interestingly, a significant increase in T-cell frequencies showing a naive CD4+ CD62L""
CD44"" phenotype was observed in lymph nodes upon edelfosine treatment: whereas 47.71
+ 3.11 % CD4+ T cells with a naive phenotype could be isolated from PBS-treated mice,
53.99 * 3.37 % and 55.41 + 3.09 % were found in mice treated with 1 mg/kg and 10 mg/kg
edelfosine, respectively. Results from two individual experiments were expressed and
merged as fold-changes to allow statistical analysis (Figure 8). The treatment of
EAE-induced mice with 10 mg/kg edelfosine led to a significant, 1.22-fold increase in naive
CD4+ T-cell frequencies in lymph nodes compared to PBS-treated, immunized mice. No
significant changes were observed for naive CD8+ T cells from lymph nodes and CD4+ or
CD8+ T lymphocytes isolated from spleens. Moreover, frequencies of CD62L™" CD44""
memory CD4+ or CD8+ T cells were analyzed. However, no treatment-dependent
differences were found in spleens or lymph nodes of EAE-induced SJL mice.
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Figure 8. Increased frequency of naive CD4+ T cells after treatment with 10 mg/kg edelfosine. (A) Lymph node
T cells of EAE-induced PBS- or edelfosine-treated SJL mice were analyzed for frequencies of CD4+ and CD8+
T-cell subsets, but also for their expression of CD62L and CD44 on the cell surface.(B) CD4+ and CD8+ T-cell
frequencies remained unchanged irrespective of the treatment. (C) Increased frequencies of CD62L+ CD44-
naive CD4+ T cells were detected in lymph nodes of mice that received 10 mg/kg edelfosine. Frequencies from
one representative of two independent EAE experiments (n=3 for each group in each experiment), fold-changes
merged from two independent EAE experiments are shown as mean values + SEM (|:| pes, 1 mg/kg
edelfosine, M 10 mg/kg edelfosine); *P<0.05 after post-hoc analysis.
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To study the possible influence of edelfosine treatment on T-lymphocyte activation in
EAE-induced mice, the expression of the early, transiently expressed activation marker
CD69 and CD25, the IL-2 receptor a chain, was analyzed. No differences were seen
between frequencies of CD4+ CD69+ or CD4+ CD25+ T cells isolated from spleens and
lymph nodes of either PBS- or edelfosine-treated groups (Figure 9). The same holds true for
the respective CD8+ T-cell populations. Thus, edelfosine treatment was found not to
influence strong activation signals on T cells in the periphery. For instance, after treatment of
immunized mice with PBS 4.90 + 0.65 % CD69+, activated CD4+ T cells related to CD4+
T cells were determined in lymph nodes. Upon treatment with 1 mg/kg or 10 mg/kg
edelfosine 6.00 £ 1.08 % or 4.96 + 0.59 % CD69+ CD4+ T cells were found in the CD4+
T-cell pool from lymph nodes, respectively. Interestingly, CD25+ and CD69+ CD4+ T cells in
lymph nodes appeared to be slightly more frequent upon 1 mg/kg edelfosine treatment.

As an additional CD4+ T-cell subset CD4+ CD25+ Foxp3+ nTregs were identified in spleens
and lymph nodes of EAE-induced mice by gating on CD4+ CD25+ populations excluding
CD69+ events (Figure 9) (310). In lymph nodes, nTreg frequencies of CD4+ T cells were
determined to be 5.95 £ 0.22 % (PBS-treated mice), 5.75 + 0.25 % (1 mg/kg edelfosine-
treated mice) and 5.88 + 1.21 % (10 mg/kg edelfosine-treated mice). The comparison of
nTreg frequencies from PBS-treated and edelfosine-treated cohorts in either spleens or
lymph nodes did not indicate treatment-dependent changes.

Two T-cell populations considered to be important in EAE are the immunopathogenic Thl
and Thl7 effector T cells. These populations can be identified by their characteristic
production of the cytokines IFN-y and IL-17A (in the following: IL-17), respectively. In detail,
cells were gated by their expression of CD45, CD3 and CD4 and the intracellular production
of the relevant cytokines, IFN-y and IL-17, in the absence of CD11b- and CD8-expression.
To sum up, the treatment of EAE-induced mice with edelfosine was not found to have an
impact on IFN-y or IL-17-producing CD4+ (Table 12) as well as CD8+ lymphocyte-subset

frequencies in the spleen or lymph nodes compared to PBS-treated control mice.

Table 12. Frequencies of lymph node-derived CD4+ IFN-y+ and CD4+ IL-17+ T cells. Data is related to CD4+
T-cell frequencies and shown as mean + SEM.

Treatment CD4+ IFN-y+ CD4+ IL-17+

PBS 0.33 £ 0.004 % 0.44 £ 0.03 %
1 mg/kg edelfosine 0.32+0.07% 0.52+0.14 %
10 mg/kg edelfosine 0.34 +£0.06 % 0.60 + 0.09 %

In previous reports it has been suggested that apoptosis may be involved in eliminating
T lymphocytes from inflammatory brain lesions in EAE-affected Lewis rats (311). In the
present study EAE-induced mice were treated with edelfosine which is considered to act on

cells by apoptosis induction (253, 312).
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Figure 9. No changes in T-cell activation and regulatory T-cell frequencies upon edelfosine treatment. (A)
Activated T-cell subsets were determined by activation markers CD69 and CD25. (B) Edelfosine treatment was
not found to induce changes in frequencies of CD69+ or CD25+ CD4 T cells. Equal frequencies were also found
for CD4+ CD25+ Foxp3+ natural Tregs across treatment groups. Frequencies of lymph node-derived cells from
one representative of two independent EAE experiments (n=3 for each group in each experiment), fold-changes
merged from two independent EAE experiments are shown as mean values + SEM (|:| pes, 1 mg/kg
edelfosine, Il 10 mg/kg edelfosine).

To determine the induction of apoptotic processes by edelfosine treatment, expression of
caspase-3 was analyzed. Caspase-3 is known to be activated during the early events of
apoptosis. Therefore, CD4+ and CD8+ T cells prepared from spleen and lymph nodes of
EAE-induced mice that were treated with PBS, 1 mg/kg edelfosine or 10 mg/kg edelfosine
were stained for caspase-3 activation. As edelfosine is described as acting primarily on
proliferating cells, CD69 was used to specifically determine activated T cells.
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Figure 10. Edelfosine treatment induced the upregulation of activated caspase-3. (A) Gating strategy for
activated caspase-3 in CD4+ and CD8+ T cells as well as their activated, CD69+ descendants. (B)
Representative frequencies of CD4+ and CD8+ T cells as well as activated CD4+ and CD8+ T cells with activated
caspase-3. Here, cells were prepared from lymph nodes. (C) Treatment of EAE-induced mice with 10 mg/kg
edelfosine resulted in a significant increase in CD4+ and CD8+ T-cell frequencies with activated caspase-3 which
was also found for CD8+ CD69+ T cells (spleens). Frequencies from one representative of two independent EAE
experiments (n=3 for each group in each experiment), fold-changes merged from two independent EAE
experiments are shown as mean values + SEM (|:| pes, 1 mg/kg edelfosine, I 10 mg/kg edelfosine);
*P<0.05 after post-hoc analysis.

CDG69, as an activation antigen, is expressed on the surface of activated proliferating T cells.
For this reason the activation of caspase-3 was also determined in activated T cells in order
to detect a treatment-dependent edelfosine effect. Cells from both spleens and lymph nodes
were analyzed (Figure 10). In lymph nodes 0.93 + 0.21 % of CD4+ T cells expressed
activated caspase-3 in PBS-treated mice, compared to 1.54 + 0.35 % of CD4+ T cells that
showed caspase-3 activation after treatment with 1 mg/kg edelfosine and 1.79 + 0.35 % after
treatment with 10 mg/kg edelfosine. By analyzing lymph node-derived T cells from
PBS-treated mice 0.36 + 0.05 % of CD4+ T cells expressed CD69+ and showed activation of
caspase-3. Upon treatment with 1 mg/kg edelfosine 0.50 + 0.12 % of CD4+ T cells were
found to be CD69+ with activated caspase-3. Frequencies were further increased in mice
treated with 10 mg/kg edelfosine: on that condition 0.63 + 0.11 % of CD4+ T cells expressed
CD69 and were stained positive for activated caspase-3. Results from two individual

experiments were expressed and merged as fold-changes to allow statistical analysis. In
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spleens the treatment of EAE-induced mice with 10 mg/kg edelfosine led to a significant
increase in frequencies of CD4+ (1.70-fold) and CD8+ (1.99-fold) T cells with activated
caspase-3 compared to PBS-treated, immunized mice. In view of spleen-derived CD4+
T cells with activated caspase-3 the treatment with 10 mg/kg edelfosine also resulted in a
significant, 1.59-fold increase in frequencies compared to frequencies of respective cells
derived from mice treated with 1 mg/kg edelfosine. With regard to activated CD69+ CD8+
T cells which showed activated caspase-3, significant higher frequencies were also detected
in spleens of mice that were treated with 10 mg/kg edelfosine compared to PBS-treated
(2.04-fold) and 1 mg/kg edelfosine-treated mice (1.95-fold).

4.3.2 The proliferative capacity of T cells is not compromised after
preventive edelfosine treatment in RR-EAE

To examine the influence of edelfosine on proliferation of antigen-specific cells in the
periphery, lymph nodes and spleens from SJL mice were prepared for thymidine-proliferation
assays 9 days after immunization. Mice were treated with PBS, 1 mg/kg edelfosine or 10
mg/kg edelfosine from the day of immunization on a daily basis. Cells were restimulated ex
vivo by addition of a mitogenic (Concanavalin A (Con A)), polyclonal (anti-CD3) or disease-
relevant antigen PLP(139.151). Lymph node and spleen cells of edelfosine-treated mice retained
their proliferative function (Figure 11). The reactivation of cells with PLP(139.151) implied an
edelfosine dose-dependent proliferation. Notably, antigen-induced proliferation appeared to
be accompanied by a treatment-dependent background proliferation in unstimulated control

approaches. Therefore an increased Sl was found upon edelfosine treatment.

4.3.3 CNS-infiltrating T cells appear at lower freq uencies and show a
higher expression of activated caspase-3 upon preve ntive
edelfosine treatment

The acute phase of EAE is clinically apparent in affected mice through maximal impairment
of motor function. Pathologically, this period is characterized by a marked infiltration of
immune cells from the periphery into the CNS (Figure 12). In the case of the EAE model in
SJL mice prominent infiltrates are detectable in the cervical spinal cord region. In this set of
experiments SJL mice were immunized with PLP39.151) t0o induce EAE. Mice were either
treated with PBS, 1 mg/kg edelfosine or 10 mg/kg edelfosine from the day of immunization
on a daily basis. PBS-treated control mice displayed a maximum mean EAE score of 2.67 £
0.51 at day 14 after immunization. By contrast, mice treated with 1 mg/kg edelfosine or
10 mg/kg edelfosine showed a considerably lower clinical score (1.63 £ 0.42 and 0.13 + 0.13,

respectively).
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Figure 11. Edelfosine treatment of EAE-induced mice did not compromise proliferation capacity of lymph node- or
spleen-derived cells. (A) After daily treatment of EAE-induced mice with either PBS or edelfosine, lymph node
cells and spleen cells (not shown) were prepared, restimulated ex vivo with Con A, anti-CD3 antibody or
PLP(139-151) and cultured for 72 h (+ stimulus added, - controls, absence of stimulus). Each symbol represents the
mean value of triplicate approaches. Results from one representative of two independent EAE experiments (n=3
for each group in each experiment). (B) The relative proliferative response of cells within each condition
expressed as Sl. Lymph node- as well as spleen-derived cells showed no significant differences comparing the
Sls of cells that were prepared from mice that received PBS, 1 mg/kg edelfosine or 10 mg/kg edelfosine and
challenged with the same stimulus. Graphs display merged results from two independent experiments (n=6).

At day 15 spinal cords and brains were prepared to analyze cellular infiltration of the CNS by
flow cytometry (Figure 13). Determination of absolute cell numbers was performed by using
BD Trucount tubes which contained a defined amount of fluorescent beads. Thus, cells from

a sample could be quantified by relating gated CD45+ events to the number of gated BD
Trucount bead events. No significant differences of absolute cell numbers in the CNS were
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Figure 12. Quantification of immune cell infiltration at the acute phase of EAE. (A) Maximal EAE scores in
PLP@39.151-immunized SJL mice were indicative of cellular CNS infiltration, for instance of CD45+ and CD3+ cells.
Immunohistochemical stainings of cervical spinal cord sections of representative mice from either PBS, 1 mg/kg
or 10 mg/kg edelfosine-treated groups indicate an edelfosine treatment-based effect on leukocyte and CD3+
T-cell infiltrates. (B) The acute phase of EAE was accompanied by a maximal clinical impairment of mouse
movement. PBS-treated mice showed the expected development of EAE whereas the treatment of mice with
1 mg/kg edelfosine or 10 mg/kg edelfosine resulted in milder clinical EAE scores. In detail, a significant treatment
effect was found with significant differences between PBS-treated and 1 mg/kg edelfosine-treated groups (day 14,
15) as well as between PBS-treated and 10 mg/kg edelfosine-treated groups (day 13 to 15). (C) Quantification of
CNS-infiltrating CD45+ leukocytes was performed by flow cytometry using BD Trucount tubes according to the
displayed gating strategy. CD45+ events were related to detected bead events in the FI-1/FI-2-defined gate and
the absolute number of infiltrating cells was calculated using the absolute bead number.

detected when comparing mice that had been treated with PBS, 1 mg/kg edelfosine or
10 mg/kg edelfosine (Table 13). Single cell preparations of cells from the CNS were also
used to determine frequencies of immune cell subtypes within the tissue in order to identify

edelfosine treatment-related effects (Figure 14, Table 14).
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Figure 13. Identification of infiltrating cells into the CNS of EAE-induced SJL mice in the acute phase due to the

int

expression of characteristic surface-marker molecules. After the separation of CD45™ CNS-residing microglia
from CD45"" infiltrating leukocytes, the latter population was further specified (leukocyte subsets) as exemplified
by this gating strategy depicting cells from an EAE-induced, 10 mg/kg edelfosine-treated mouse.
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Table 13. Absolute numbers of CD45+ cells infiltrating into the CNS of EAE-affected SJL mice in the acute
disease phase. Data is expressed as mean + SEM (n=4 for each group, except PBS-treated group: n=3).

Treatment CNS-infiltrating CD45+ cells
PBS 1.98 10° + 1.27x10°
1 mg/kg edelfosine 1.90x10° + 3.94x10°
10 mg/kg edelfosine 1.04x10° + 6.18x10°

The treatment of EAE-induced mice with 10 mg/kg edelfosine resulted in significantly
reduced frequencies (-1.71-fold) of CD3+ T cells in the CNS. A reduction was also
discovered with regard to CD11¢"®" CD11b- B220+ Gr-1"" pDCs in which case 10 mg/kg
edelfosine additionally led to a significant reduction of frequencies compared to the treatment
of mice with 1 mg/kg edelfosine. In more detail, for mice treated with 10 mg/kg edelfosine the
reduction of pDC frequencies was -3.09-fold compared to PBS-treated and -4.52-fold
compared to 1 mg/kg edelfosine-treated mice. Interestingly, this characteristically increased
frequency upon application of 1 mg/kg edelfosine was also detected for CD11c+ CD11b-
B220- mDCs as well as B220+ B cells, in which cases no differences in frequencies were
found comparing PBS-treated cohorts to 10 mg/kg edelfosine-treated mice. With regard to
mDCs detected frequencies in 1 mg/kg edelfosine-treated mice reflected a significantly
elevated fraction compared to 10 mg/kg edelfosine-treated mice. After treatment of mice with
1 mg/kg edelfosine 5.77 + 0.72 % of CD45+ cells within the CNS were identified as B220+
B cells. This frequency appeared not only to have significantly increased in comparison with
10 mg/kg edelfosine-treated mice but also compared to PBS-treated control mice.
Significantly increased frequencies of neutrophils were found in the CNS of mice that
received 10 mg/kg edelfosine compared to mice which were treated with either PBS or
1 mg/kg edelfosine. In detail, a 6.46-fold increase in neutrophil frequencies was seen upon
10 mg/kg edelfosine treatment compared to PBS-controls. No differences in frequencies of
CD11b+ CD11c- macrophages and NK1.1+ CD11b+ CD3- NK cells were found.

Table 14. Frequencies of cell types of all CD45+ cells that infiltrated into the CNS of EAE-affected mice. Mice
were treated with PBS, 1mg/kg edelfosine or 10 mg/kg edelfosine from the day of immunization. Data is shown as
mean + SEM (n=4 for each group, except PBS-treated group: n=3).

Cell type PBS 1 mg/kg edelfosine 10 mg/kg edelfosine

T cells

4432 +295%

40.08 £2.19%

2594 +574 %

B cells 4.03+0.21 % 5.77+0.72 % 1.79+0.20 %
Macrophages 17.95+2.28% 15.64 £2.59 % 17.33+£1.07%
NK cells 0.99+0.20 % 1.19+0.23% 2.21+0.60 %
pDCs 3.75+0.56 % 5.49+0.42 % 1.21+0.67%
mDCs 9.64+1.42% 11.40 £1.09 % 450+ 1.74 %
Neutrophils 5.64 + 0.66 % 4.42 £ 0.58 % 36.41+7.26%
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Figure 14. Edelfosine treatment-induced changes in infiltrating immune cell frequencies in the acute EAE phase.
(A) Infiltrating CD45+ immune cells into brains and spinal cords were prepared and quantified by flow cytometry.
(B) No changes in macrophage frequencies were identified upon edelfosine treatment compared to PBS-treated
control mice. (C) The treatment of immunized mice with edelfosine was found to modulate frequencies of various
immune cell subsets that infiltrated into the CNS. For instance, the treatment with 10 mg/kg edelfosine led to a
significant reduction in T-cell frequencies compared to PBS treatment. Frequencies from one EAE experiment
(n=4 for each group, except PBS-treated group: n=3), frequencies are shown as mean values + SEM (|:| PBS,
/1 mg/kg edelfosine, M 10 mg/kg edelfosine); *P<0.05, **P<0.01, ***P<0.001 after post-hoc analysis.

Regarding T helper cell subsets the treatment of EAE-induced mice with 10 mg/kg edelfosine
was found to induce a significant reduction in CD4+ T-cell frequencies in comparison to
1 mg/kg edelfosine or PBS in the CNS during the acute disease phase (Figure 15). In spinal
cords and brains of PBS-treated mice 81.60 + 0.59 % of CD3+ T cells expressed CD4 in
comparison to 81.91 + 1.41 % upon treatment with 1 mg/kg edelfosine. Interestingly, the
treatment of mice with 10 mg/kg edelfosine resulted in only 69.85 + 2.95 % of CD3+ T cells
that co-expressed CD4 on their surface. This related to a -1.17-fold decrease of CD4+ T-cell
frequencies due to 10 mg/kg edelfosine treatment compared to PBS-treated controls. In
contrast, no differences were determined for CD8+ T cells (5.63 + 0.83 % after PBS
treatment, 6.16 + 0.70 % after treatment with 1 mg/kg edelfosine, 8.36 + 0.76 % after

10 mg/kg edelfosine treatment).
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Interestingly, the treatment of mice with 1 mg/kg edelfosine resulted in significantly increased
frequencies of CD4+ CD25+ Foxp3+ nTregs. No differences in frequencies were seen on
comparing PBS-treated controls to edelfosine-treated mice. Instead a significant difference
was determined between 1 mg/kg edelfosine-treated mice and mice which were treated with
10 mg/kg edelfosine (9.70 £ 1.31 % after PBS treatment, 13.39 + 1.42 % after treatment with
1 mg/kg edelfosine and 5.25 + 2.55 % after treatment with 10 mg/kg edelfosine (nTregs of
CD4+ T cells).
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Figure 15. Analysis of edelfosine-treatment outcome on T-cell subsets. (A) The gating strategy allows to examine
CD4+ and CD8+ T-cell frequencies as well as CD4+ CD25+ Foxp3+ nTregs. Treatment of mice with 10 mg/kg
edelfosine resulted in a reduced frequency of CD4+ T cells in the CNS in the acute phase of EAE compared to
treatment with PBS or 1 mg/kg edelfosine. (B) Flow cytometry also revealed an increased frequency of nTregs in
CNS of 1 mg/kg edelfosine-treated mice in comparison to 10 mg/kg edelfosine-treated mice. Frequencies from
one EAE experiment (n=4 for each group, except PBS-treated group: n=3), frequencies are shown as mean
values + SEM (|:| pes, 1 mg/kg edelfosine, 10 mg/kg edelfosine); *P<0.05, **P<0.01, after post-hoc
analysis.

Moreover, the daily treatment of immunized mice with edelfosine led to a significant
treatment effect by decreasing frequencies of IL-17-producing CD4+ T cells in the CNS at

acute disease phase in comparison to PBS treatment (Figure 16). No differences could be

74



Results

A
10 mg/kg Edelfosine PBS
110.2 1.8 128.0 1.4
o
]
[ S
S 5 T
z z X
3 rd &) ;.
]
0
o
o
3 5 3
% & &
B
__H H
CD4+ IFN-y+4 H CD8+ IFN-y+4 H :| :|**
*

CD4+ IL-17+1 CD8+ IL-17++

-
- ]
 H

o
'Y
o
N
o
w
o
S
o

0 5 10 15 20 25

Frequency [% of CD4+ cells] Frequency [% of CD8+ cells]

Figure 16. Edelfosine treatment affected cytokine production of T lymphocytes. (A) The production of IFN-y and
IL-17 by CD4+ or CD8+ T cells was analyzed after intracellular cytokine staining. Dead cells were excluded. (B)
The treatment of mice with 10 mg/kg edelfosine led to a decrease in frequencies of IFN-y-producing CD8+ T cells
compared to PBS-treated and 1 mg/kg edelfosine-treated mice. For CD4+ IL-17+ cells the P-value was 0.0463,
but no differences between groups were found in post-hoc analysis. Frequencies from one EAE experiment (n=4
for each group, except PBS-treated group: n=3), frequencies are shown as mean values + SEM (|:| PBS, /=
1 mg/kg edelfosine, 0 mg/kg edelfosine); *P<0.05, **P<0.01, after post-hoc analysis.

Table 15. Frequencies of IFN-y and IL-17-producing T cells in the CNS related to CD4+ or CD8+ T cells. Results
are expressed as mean + SEM.

Phenotype PBS 1 mg/kg edelfosine 10 mg/kg edelfosine
CD4+ IFN-y+ 6.25+1.08 % 4.15+0.78 % 6.10 £ 2.38 %

CD4+ IL-17+ 17.51+£221 % 1546 £1.12 % 8.34+£2.93%
CD8+ IFN-y+ 27.28+1.83% 21.49+2.01 % 12.82+2.01 %
CD8+ IL-17+ 9.88+0.23 % 13.04+£1.19% 566+3.11%
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detected between groups after post-hoc analysis. No treatment effect could be detected with
regard to IFN-y-producing CD4+ T cells. Interestingly, the treatment of mice with 10 mg/kg
edelfosine was found to reduce frequencies of IFN-y-producing CD8+ T cells compared to
mice that received PBS or 1 mg/kg edelfosine. However, IL-17-producing CD8+ T cells
displayed no differences in frequencies related to all CD8+ T cells after application of PBS,
1 mg/kg edelfosine or 10 mg/kg edelfosine (Table 15).

Elevated population frequencies upon 1 mg/kg edelfosine treatment, which have already
been described for nTregs, were also found for activated T cells. By gating on activated
CD69+ T cells of both CD4-positive and CDB8-positive phenotype, significantly higher
frequencies were detected in the CNS of 1 mg/kg edelfosine-treated mice compared to mice

that received 10 mg/kg edelfosine (Table 16).

Table 16. By gating on CD69+ T cells of the CD4+ and CD8+ T-cell fraction, frequencies of activated cells which
infiltrated into brains and spinal cords of EAE-induced mice were identified. Data is expressed as mean + SEM.

Phenotype PBS 1 mg/kg edelfosine 10 mg/kg edelfosine
CD4+ CD69+ 28.34 £5.50 % 32.86 £1.80 % 14.06+4.12 %
CD8+ CD69+ 22.45+3.88 % 34.20 £5.56 % 9.10£2.84%

Finally, the impact of edelfosine treatment on apoptosis induction in CNS-infiltrating
T-lymphocyte subsets was investigated. In addition to the analysis performed at the
preclinical phase of EAE, activation of caspase-3 upon edelfosine treatment was also
determined at the acute phase (Figure 17).

With respect to CD4+ T cells from the CNS a significant, 4.63-fold increase was detected if
mice were treated with 10 mg/kg edelfosine compared to PBS-treated controls. No
differences were detected for caspase-3 activation in CD8+ T cells in general and in
activated CD69+ CD8+ T cells (Table 17).

Table 17. Frequencies of CD4+ or CD8+ T cells as well as their respective CD69+ subsets with activated
caspase-3 of infiltrating CD4+ and CD8+ T cells. Data is shown as mean + SEM.

Phenotype PBS 1 mg/kg edelfosine 10 mg/kg edelfosine
CD4+, 1.93+0.23 % 3.05 + 0.27 % 8.91 + 2.36 %
activated caspase-3

CD4+ CD69, 0.53 +0.08 % 0.91+0.11 % 0.87 £0.11 %
activated caspase-3

CD8+, 2.08+0.29 % 2.07 +0.22 % 1.89 + 0.66 %
activated caspase-3

CDa+ CD6O+, 0.99 +0.19 % 0.97 +0.13 % 1.20 +0.66 %

activated caspase-3
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Figure 17. Increased caspase-3 activation upon application of edelfosine. (A) CD4, CD8 and CD69 allowed the
investigation of caspase-3 activation induced by edelfosine treatment. (B) Frequencies of activated CD4+ but also
CD8+ T cells were upregulated in the CNS of mice that received 1 mg/kg edelfosine compared to 10 mg/kg. (C)
CD4+ T cells with activated caspase-3 showed that treatment with 10 mg/kg edelfosine increased the frequency
of this apoptosis-indicative population compared to respective cells from PBS-treated mice. Frequencies from one
EAE experiment (n=4 for each group, except PBS-treated group: n=3), frequencies are shown as mean values *
SEM (|:| pes, 1 mg/kg edelfosine, 0 mg/kg edelfosine); *P<0.05, **P<0.01, after post-hoc analysis.
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4.3.4 The preventive edelfosine treatment prohibits neuronal loss in
acute RR-EAE

To investigate and model MS, EAE in mice is not only suitable for the study of the
inflammatory facets of this disease but it is suitable for the examination of autoimmunity-
driven damage of CNS tissue and cells. To detect and quantify the damage of neurons within
the cervical spinal cord of EAE-affected SJL mice during the acute disease phase, tissue
sections were prepared for immunohistochemistry. Sections were stained with antibodies
against the neuron-specific nuclear protein called Neuronal Nuclei (NeuN). Cervical spinal
cord sections from age-matched, non-immunized SJL control mice were used to rank EAE-
induced neuronal loss and edelfosine-mediated treatment effects. Quantification was carried
out by detection of NeuN+ neurons within the ventral horn including the lower motor neurons.
Compared to non-immunized controls a significant decrease in NeuN+ neurons was detected
in EAE-induced, PBS-treated mice (Figure 18). Mice which were treated with 1 mg/kg or
10 mg/kg edelfosine did not reveal a significant neuronal loss. Furthermore, tissue sections
were used to display mononuclear cell infiltrations into the cervical spinal cord by histology
(HE-staining). Cells could be readily identified at the anterior side of the spinal cord including
the anterior median fissure. Neuronal damage within cervical spinal cord sections was
assessed by Bielschowsky silver impregnation. Reduced silver visualized nerve fibers and
neurofibrils. Since the anterior and lateral corticospinal tracts comprise mostly motor axons
and are thus fundamentally important for voluntary movements those regions were of special
interest in the context of EAE and its impairment with locomotive functioning. Light-colored

stainings in the white matter of spinal cord sections indicated axonal damage.

4.4 Edelfosine interferes with human T-cell proliferation and
modulates distinct signaling pathways

4.4.1 Edelfosine induces cell death in a concentrat ion-dependent
manner in CD4+ and CD8+ T cells

To delineate the impact of various edelfosine concentrations on human T cells and to
determine a possible damaging range of concentrations, PBMCs were isolated from human
blood. Cells were seeded in triplicates, incubated for 24 h in the absence of a stimulus,
pooled for each respective condition and analyzed by flow cytometry. After gating on CD4+
and CD8+ populations apoptotic cells and dead cells were analyzed by gating on annexin V+
and/or PI+ cell populations (Figure 19). Apoptosis is characterized by the translocation and
exposure of the phospholipid phosphatidylserine from the inner to the outer leaflet of the

plasma membrane (313). This translocation can be detected by staining with Annexin V.
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Figure 18. Reduction of NeuN+ neurons in the acute phase was prevented by edelfosine. (A) Immunized SJL
mice were treated daily with PBS or edelfosine. CNS was prepared at day 14. The EAE course revealed a
significant treatment effect with differences between PBS-treated mice and mice that received either 1 mg/kg or
10 mg/kg edelfosine (day 11 to 13). (B) For each mouse, six sections of the cervical spinal cord were stained
using an anti-NeuN antibody. Per section two photographs were evaluated for each of the two ventral horns.
NeuN+ neurons were counted to determine means. Compared to non-immunized, age-matched SJL mice PBS-
treated mice showed a reduced number of NeuN+ neurons. This reduction could be prevented by treatment with
either 1 mg/kg or 10 mg/kg edelfosine. (C) Representative photographs of cervical spinal cord sections stained for
NeuN+ neurons after treatment with either PBS, 1 mg/kg or 10 mg/kg edelfosine (scale bar represents 100 um,
magnification: 20x). (D) Upper panel: Histological depiction of mononuclear cell infiltration of the cervical spinal
cord by HE-staining (scale bar represents 200 um as indicated with 10x magnification, otherwise scale bars
represent 400 um, magnification: 4x). Lower panel: Bielschowsky silver impregnation for neuronal damage
depicted as overview with close-ups of the anterior and lateral spinal tracts. Arrows denote areas of axon
damage/loss (scale bar represents 400 um (magnification: 4x) or otherwise 200 pm with 10x magnification).
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Viable cells with intact membranes exclude PI. Thus, viable cells are annexin V- PI-, cells in
early apoptosis are annexin V+ PI- and cells in late apoptosis or dead cells are annexin V+
PI+. Notably, this assay does not discriminate between cells that died by apoptosis and those
that died by necrosis.

The incubation of PBMCs with 10 pg/ml edelfosine led to a decrease of the annexin V- PI-
frequencies in CD4+ T cells compared to frequencies in approaches without edelfosine, with
1 pg/ml or 3.3 pg/ml edelfosine. The incubation in the presence of 33.3 pg/ml edelfosine
resulted in only 2.4 % annexin V- PI- CD4+ T cells. Correspondingly, the frequencies of
annexin V+ Pl+ CD4+ T cells increased reaching a maximum after culture in the presence of
33.3 pg/ml edelfosine. Here, the frequencies of annexin V+ PI- CD4+ T cells showed only a

mild increase with increasing edelfosine concentrations (Table 18).

Table 18. Frequencies of CD4+ T cells to determine edelfosine-mediated induction of apoptosis or cell death.

Treatment Annexin V- PI- Annexin V+ PI- Annexin V+ Pl+
No edelfosine 94.9 % 3.1% 19%

1 ng/ml edelfosine 94.1% 4.3 % 1.6 %

3.3 pg/ml edelfosine 94.3 % 4.3 % 1.4%

10 pg/ml edelfosine 58.3 % 9.9% 31.0%

33.3 pg/ml edelfosine 2.4 % 11.4 % 86.1 %

Notably, annexin V+ PIl- and annexin V+ Pl+ CD8+ populations displayed a comparable
increase in frequencies if cultured in the presence of 33.3 pg/ml edelfosine. Frequencies
appeared to be rather constant upon culture without edelfosine and also with 1 pg/ml,
3.3 pg/ml or 10 pg/ml edelfosine. With regard to annexin V- PIl- CD8+ T cells 33.3 pg/ml
edelfosine appeared to interfere massively with cell viability. The addition of 10 pg/ml
edelfosine still made it possible to identify 75.7 % annexin V- PI- cells (Table 19). By
affecting cellular viability in unstimulated T cells, edelfosine may also interfere with the cells’

functional capacity to respond to antigen and to proliferate.

Table 19. Frequencies of CD8+ T cells to determine edelfosine-mediated induction of apoptosis or cell death.

Treatment Annexin V- PI- Annexin V+ PI- Annexin V+ Pl+
No edelfosine 76.3 % 19.1% 4.7 %

1 ng/ml edelfosine 81.5% 15.8 % 2.7 %

3.3 pg/ml edelfosine 82.1% 15.8 % 2.0%

10 pug/ml edelfosine 75.7 % 13.5% 10.0 %

33.3 pg/ml edelfosine 6.5 % 452 % 48.2 %
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Figure 19. Edelfosine impact on T-cell viability. (A) Gating strategy to determine frequencies of annexin V+ and/or
Pl+ CD4+ as well as CD8+ T cells. Dot plots for annexin V- and Pl-gating of approaches in absence of edelfosine,
with 10 pg/ml edelfosine or 33.3 pg/ml edelfosine. (B) With regard to CD4+ T cells just 10 pg/ml edelfosine led to
a decrease in annexin V- PI- frequencies accompanied by a remarkable increase in annexin V+ Pl+ CD4+ T-cell
frequencies. In the case of CD8+ T cells a marked decrease in annexin V- Pl- cells was only observed with 33.3
pg/ml edelfosine which resulted in comparable frequencies of annexin V+ PI- as well as annexin V+ Pl+ cells.

4.4.2 Edelfosine interferes with proliferation of h uman PBMCs after
mitogenic activation, but also with proliferation o f antigen-specific
T-cell lines

In order to characterize the influence of edelfosine on the proliferation of human T cells,

PBMCs were first stimulated with a mitogenic stimulus, PHA. Proliferation was analyzed after

three days of culture. First, the impact of edelfosine on T-cell activation and proliferation was

investigated by adding edelfosine immediately as the cells were seeded. Cells were
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incubated without or in the presence of PHA. A reduction in proliferation was already
detectable upon addition of 1.0 pg/ml edelfosine and also found in the case of higher
concentrations (Figure 20 A). Interestingly, unstimulated controls also showed a reduction in
cellular proliferation in presence of 10 pg/ml edelfosine or higher concentrations. Here, the
half maximal inhibitory concentration (ICs;) was determined by nonlinear regression. For
stimulated cells the IC5, was 0.64 £+ 0.10 pg/ml edelfosine. In the absence of PHA the ICsg
was 0.44 + 0.05 pg/ml edelfosine.

The second approach aimed at characterizing the edelfosine influence on already
proliferating cells. For that reason cells were activated with PHA, and edelfosine was added
two days later. Here, concentrations of 3.3 pg/ml edelfosine or higher resulted in an efficient
reduction of proliferation (Figure 20 B). In comparison, 33.3 pg/ml edelfosine was found to
significantly reduce the proliferation in unstimulated controls.

In chapter 4.4.1 the question was raised if edelfosine, which was found to affect viability of
unstimulated cells, may also compromise the capacity of T cells to proliferate upon
stimulation. To address this question PBMCs were incubated with or without edelfosine for
24 h in the absence of stimulation. Cells were washed extensively to remove edelfosine
followed by further culturing for three days. In control approaches cells were incubated
without PHA. Cells were found to retain their proliferative function after incubation with
edelfosine at concentrations of up to 1 pg/ml (Figure 20 C). 3.3 pg/ml edelfosine or higher
interfered with the cellular capacity to proliferate upon stimulation with PHA. With regard to
unstimulated cells, no significant reductions of proliferation were identified.

To further investigate the influence of edelfosine on T-cell proliferation in the context of
antigen-specific stimulation, T-cell lines (TCLs) specific for MBPg3.99) Were used. Edelfosine
was added immediately after seeding of cells. After three days of culture 1.0 pg/ml edelfosine
was already detected to profoundly reduce T-cell proliferation in stimulated as well as
unstimulated conditions (Figure 20 D).

In an additional approach PBMCs were incubated for up to seven days without the addition
of a stimulus. Cells were cultured in medium alone, in presence of anti-HLA-DR- and
anti-MHC class I-blocking antibody or with 3.3 pg/ml edelfosine. Both the addition of the
antibody and edelfosine resulted in considerably lower proliferations. In the case of
edelfosine the proliferation was reduced to non-detectable levels (Figure 20 E). These results
implied an effect of edelfosine on cellular proliferation even if cells were not activated by

adding a defined stimulus, i.e. in the unstimulated condition.
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Figure 20. Human T-cell proliferation was affected by edelfosine. (A) Reduced PBMC proliferation upon addition
of edelfosine on cell seeding was independent of the addition of PHA. Notably, PHA-activated cells appeared to
be susceptible to edelfosine at 10-fold lower concentrations. (B) The inhibitory effect of edelfosine was also
observed if the drug was added to already activated, proliferating T cells. Here, a significant reduction of
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proliferation in unstimulated cells was only detectable with 33.3 pg/ml edelfosine. (C) Preincubation of PBMCs
with at least 3.3 pg/ml edelfosine interfered with the cells’ capacity to proliferate upon PHA stimulation. No effect
was detected in preconditioned, but unstimulated cells (experiments A-C: sample size n=3 donors, each approach
was seeded in triplicates). (D) 1 pg/ml edelfosine or higher concentrations profoundly diminished proliferation in
MBP 3.99)-specific TCLs. One representative TCL of two is shown. Cells were incubated in quadruplicates. (E)
PBMCs were cultured without addition of stimulus. Proliferation was detectable after seven days. The presence of
anti-HLA-DR- and anti-MHC class I-blocking antibodies or 3.3 pug/ml edelfosine inhibited cellular proliferation. Bars
represent mean values + SEM, *P<0.05, **P<0.01 and ***P<0.001 after post-hoc analysis.

4.4.3 Whole genome expression analysis of CD4+ T ce lIs reveals impact
of edelfosine on a distinct set of signaling pathwa yS

Enriched CD4+ T cells from PBMCs of two age-matched female as well as two age-matched
male donors were incubated for 30 h without edelfosine, in presence of 3.3 pg/ml edelfosine
and 10 pg/ml edelfosine, respectively. In parallel approaches, cells were incubated with
beads coated with antibodies against CD2, CD3 and CD28 or with coated beads and
3.3 ug/ml edelfosine. Cell-culture supernatant was saved and cells were subjected to RNA
isolation, cDNA synthesis and microarray analysis for gene expression. Comparative

gene-expression analysis was performed according to Table 20.

Table 20. Modulated gene expression in CD4+ T cells upon culture with edelfosine. A signal log ratio (SLR) = 0.8
for upregulated genes or < -0.8 for downmodulated genes was set as a cut-off to determine genes whose
expressions were significantly modulated after t-test analysis.

Pairwise comparison SLR<-0.8 SLR=0.8
Unstimulated

3.3 pg/ml edelfosine vs. no edelfosine 21 0

10 pg/ml edelfosine vs. no edelfosine 60 11
Stimulated

3.3 pg/ml edelfosine vs. no edelfosine 665 287

In general, edelfosine modulated the gene expression of human CD4+ T cells in the case of
stimulation but also if no exogenous stimulus was added, although to a limited extent. Except
for the transcription factor 4 (TCF4) gene, every significantly downregulated gene in cells
cultured with 3.3 pg/ml edelfosine could also be identified in cells cultured with 10 pg/mi
edelfosine. Moreover, the latter condition yielded 11 upregulated genes (SLR = 0.8) and
additional downregulated genes (SLR < -0.8). Therefore, further analysis of the unstimulated
cells focused on the 10 pg/ml edelfosine approach. Next, the database for annotation,
visualization and integrated discovery (DAVID)-bioinformatics database was used to
annotate the differentially expressed genes to functional themes/groups and assign to them
so-called gene-ontology (GO) terms for specific pathways of cellular function (314). The GO
project is an effort to consistently describe gene products in databases. DAVID, as a tool, is
designed to allow systematical mapping of large numbers of genes in lists associated with

biological annotations (e.g. GO terms). Three structured controlled vocabularies (ontologies)
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have been developed to describe gene products in a species-independent manner: the
associated biological process (BP), cellular components and molecular functions. The
GOTERM_BP_FAT set which has been specifically designed by the DAVID consortium was
selected to filter the broadest terms in order to prevent overshadowing of more specific
terms. Table 21 summarizes the top-3 GO-terms which were selected due to their highest
GO P-values. As expected from its originally identified activities, the addition of 10 pg/ml
edelfosine was leading to an upregulation of genes associated with apoptosis and cell death
in the unstimulated setting, a knowledge-based finding that was in accordance with the

previously described analysis for annexin V and PI after edelfosine incubation.

Table 21. Gene-expression analysis allowed clustering of up- or downregulated genes to determine biological
pathways affected by edelfosine in human CD4+ T cells. (A) The incubation of unstimulated cells with 10 pg/mi
edelfosine for 30 h resulted in the upregulation of apoptosis- and cell death-associated genes. Genes involved in
immune response and antigen processing and presentation were downregulated. (B) In the case of stimulated
cells which were cultured in presence of 3.3 pg/ml edelfosine the downmodulation of cell-cycle progression-
related genes was found. Additionally, the incubation with edelfosine resulted in the upregulation of genes
assigned to immune response- and virus response-pathways characterized by type | interferon-regulated genes.

A Setting: unstimulated + 10 pg/ml edelfosine vs. uns  timulated

GO
Up (ID) Gene Examples P-value
Apoptosis (GO:0006915) JUN, RHOB, KRAS 1.8 x 10
Programmed cell death (GO:0012501) JUN, RHOB, KRAS 1.9 x 10
Learning (GO:0007612) JUN, KRAS 2.2x107
GO
Down (ID) Gene Examples P-value
Immune response (GO:0006955) CD74, CD79A, I1GJ, IRF8, CCL22 39x10™
Antigen processing and presentation of
peptide or polysaccharide antigen via MHC ~ CD74, IFI30, HLA-DMA, HLA-DPA1 22x10™
class Il (GO:0002504)
Antigen processing and presentation ) ) -8
(G0:0019882) CD74, IFI30, HLA-DMB, HLA-DRA 1.3x10
B Setting: stimulated + 3.3 pg/ml edelfosine vs. stim  ulated
GO
Up (ID) Gene Examples P-value
Immune response (GO:0006955) IFIH1, IFI6, IFI44L, TNFSF10, CXCR4 2.6x10™
Response to virus (GO:0009615) IRF7, ISG20, IFI44, MX1, MX2, RSAD2 7.5x 10™°
Regulation of apoptosis (G0O:0042981) CASP10, CARD16, DDIT3, HSPA1A 1.0x10°®
GO
Down (ID) Gene Examples P-value
Cell cycle (GO:0007049) BARD1, CKS1B, E2F1, CDCA2, CCNF 3.4 x 10
Cell cycle phase (GO:0022403) CKS2, DMC1, E2F1, RAD51, CCNA2 2.6x10%
M phase (GO:0000279) FBX043, MAD2L1, MKI67, CENPV 3.0x107
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A second novel and interesting finding was the downmodulation of MHC class ll-associated
genes, if cells were cultured in presence of 10 pg/ml edelfosine without stimulus. Here,
genes were clustered by the GO-terms immune response, antigen processing and
presentation of peptide or polysaccharide antigen via MHC class Il, or antigen processing
and presentation. In stimulated CD4+ T cells edelfosine interfered with the cell-cycle
progression by downmodulation of cell cycle-associated genes. Strikingly, besides the
upregulation of genes associated with the regulation of apoptosis, the incubation of
stimulated cells with 3.3 pg/ml edelfosine was leading to the upregulation of genes that were
allocated to GO-terms like immune response and response to virus. Most of these genes

were found to be type | interferon-associated genes. Gene lists were created to focus

Table 22. Gene-list summary of antigen processing and presentation (MHC class Il)- as well as immune response
(type | interferon)-associated genes. (A) Unstimulated human CD4+ T cells were cultured with 10 pg/mi
edelfosine. 25 downregulated genes were assigned to biological pathways for antigen processing and
presentation (SLR < -0.8). (B) Stimulated, 3.3 pug/ml edelfosine-treated CD4+ T cells demonstrated upregulation
of genes involved in biological processes of immune response and response to virus (SLR = 0.6).

A unstimulated + 10 pg/ml edelfosine vs. unstimulate

d: HLA class ll-associated genes

Gene ID Description f(')%nglaﬂo
HLA-DRA major histocompatibility complex, class Il, DR alpha -2.7
IGJ immunoglobulin J polypeptide, linker protein for immunoglobulin alpha 27
and mu polypeptides
LYN tyrosine-protein kinase Lyn -1.8
IGHM immunoglobulin heavy constant mu -1.7
IGHD immunoglobulin heavy constant delta -1.7
MEF2C myocyte enhancer factor 2C -1.6
IGKC immunoglobulin kappa constant -1.6
HLA-DMB major histocompatibility complex, class Il, DM beta -15
IGLJ3 immunoglobulin lambda joining 3 -15
IRF8 interferon regulatory factor 8 -1.4
HLA-DPA1 major histocompatibility complex, class Il, DP alpha 1 -1.4
IGK@ immunoglobulin kappa locus -1.4
VSIG6 V-set and immunoglobulin domain containing 6 -1.4
IGKC immunoglobulin kappa constant -1.3
HLA-DQA2 major histocompatibility complex, class Il, DQ alpha 2 -1.2
IGHAL immunoglobulin heavy constant alpha 1 -1.2
FCRL3 Fc receptor-like 3 -1.2
IL13RA1 interleukin 13 receptor, alpha 1 -1.1
CD79A B-cell antigen receptor complex-associated protein alpha chain -11
IFI30 interferon, gamma-inducible protein 30 -1.0
CD74 HLA class Il histocompatibility antigen gamma chain -1.0
BLNK B-cell linker -0.9
HLA-DMA major histocompatibility complex, class Il, DM alpha -0.9
IGHV4-31 immunoglobulin heavy variable 4-31 -0.9
BTK Bruton agammaglobulinemia tyrosine kinase -0.8
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B stimulated + 3.3 pg/ml edelfosine vs. stimulated: type | interferon-regulated genes

Gene ID Description Ecl)%nglatio
IFIT2 interferon-induced protein with tetratricopeptide repeats 2 4.1
IF144 interferon-induced protein 44 3.4
RSAD2 radical S-adenosyl methionine domain containing 2 3.4
IF44L interferon-induced protein 44-like 3.3
IFIT1 interferon-induced protein with tetratricopeptide repeats 1 3.3
IFIT3 interferon-induced protein with tetratricopeptide repeats 3 3.3
DDX60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 2.8
DDX60L DEAD (Asp-Glu-Ala-Asp) box polypeptide 60-like 2.8
MX1 interferon-induced GTP-binding protein Mx1 2.6
OAS1 2'5'-oligoadenylate synthetase 1, 40/46kDa 2.6
XAF1 XIAP associated factor 1 25
IFI6 interferon, alpha-inducible protein 6 2.3
OAS3 2'-5'-oligoadenylate synthetase 3, 100kDa 2.0
MX2 interferon-induced GTP-binding protein Mx2 1.9
OASL 2'-5'-oligoadenylate synthetase-like 1.8
RGS1 regulator of G-protein signaling 1 1.8
IFIH1 interferon induced with helicase C domain 1 1.6
TNFSF13B tumor necrosis factor (ligand) superfamily, member 13b 1.3
1ISG20 interferon stimulated exonuclease gene 20kDa 1.4
IRF7 interferon regulatory factor 7 1.0
EIF2AK2 interferon-induced, double-stranded RNA-activated protein kinase 0.9
TNFSF10 TNF-related apoptosis inducing ligand TRAIL 0.8
IL-8 interleukin 8 0.6
ISG15 interferon-stimulated protein, 15 kDa 0.6

especially on the prominent, novel identified biological pathways that appeared to be
modulated upon edelfosine treatment of human CD4+ T cells (Table 22).

In the case of unstimulated cells that were incubated with 10 pug/ml edelfosine, the list of
downmodulated genes summarizes genes with SLR < -0.8 which could be allocated to the
GO terms immune response and antigen processing and presentation. These genes were
largely assignable to MHC class II- and immunoglobulin-regulation. The second gene list
collects genes that appeared to be upregulated in human stimulated CD4+ T cells if cultured
with 3.3 pg/ml edelfosine. This list contains not only genes allocated to type | interferon-
associated immune responses with SLR = 0.8 but also type | interferon-associated genes
with SLR = 0.6 that were previously detected in a longitudinal gene-expression study of
PBMCs derived from interferon beta-treated MS patients (315). Probably, the performed
microarray analysis of our study underestimated the strength of regulation of those genes.
Theoretically, a group of weakly regulated genes may have a profound cumulative biological
effect comparable to the potential effect of some genes which appear to be strongly

regulated. In order to determine and to visualize patterns of gene expression consecutive
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comparisons were performed by generating heatmaps (Figure 21). The first sequence for
downregulated, antigen processing- and presentation-related genes was as follows:
approach “unstimulated” in comparison to approaches “unstimulated with 3.3 pg/ml
edelfosine” and “unstimulated with 10 pg/ml edelfosine”. The heatmap indicates the
consecutive downregulation of genes with increasing edelfosine concentration. Only those
genes were considered that presented with at least one SLR < -0.8 in all three possible
pairwise comparisons. Thus, in absence of edelfosine the highest expression levels were
determined for these genes that may be involved in antigen-processing and presentation.
The second sequence comprised upregulated, immune and virus response-allocated genes
by comparing the “unstimulated” condition to the approaches “stimulated” and “stimulated
with 3.3 pug/ml edelfosine”. Here, only those genes were considered that presented with at

least two SLR = 0.8 in all three possible pairwise comparisons.

A Edelfosine-induced downregulation of expression of genes for antigen processing.
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B Edelfosine-mediated increased expression of type | interferon-associated genes.
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Figure 21. Modulation of gene expression in human CD4+ T cells mediated by stimulation and edelfosine
addition. (A) The incubation of cells in absence of a stimulus resulted in an edelfosine concentration-dependent
downregulation of antigen processing- and presentation-associated genes. (B) The activation of cells with beads
coated with antibodies against CD2, CD3 and CD28 in presence of 3.3 pg/ml edelfosine resulted in a consistent
upregulation of immune and virus response-associated genes. The values of differential gene-expression
changes correspond to the SLR (red for upregulation, blue for downregulation). Genes are clustered hierarchically
in the dendrogram over the expression matrix. The height of the branches is inversely proportional to the degree
of neighborhood between clusters (images generated with R statistical platform 2.12, gplots package 2.8.0).

The constructed heatmap emphasized the consistent upregulation of immune and virus
response-associated, type | interferon-related genes upon stimulation in presence of
3.3 ug/ml edelfosine. Provided that cells were incubated without edelfosine, the absence and
presence of a stimulus for CD4+ T cells resulted in the clustering of immune- and virus-
allocated genes into two subgroups. These groups were either characterized by a subtle
upregulation of genes if cells were stimulated or downregulation in case of stimulation.

Despite these detected differences in gene expression between the two clusters, they could
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not be discriminated by divergent induction: genes in both clusters are interferon-inducible.
Regardless of this clustering of genes in the absence of edelfosine, the addition of 3.3 pg/mil

edelfosine induced a consistent and profound upregulation of expression of these genes.

4.4.4 Edelfosine-induced downmodulation of MHC clas s ll-surface
expression of B-cell subsets

The RNA microarray of CD4+ T cells revealed that under non-stimulating conditions in
presence of edelfosine, cells downregulated the expression of genes associated with MHC
class Il antigen presentation. Therefore, HLA-DR/DP/DQ expression in CD4+ and CD8+
T cells and additionally in B cells as classical APCs was investigated. The knowledge of
MHC class Il expression on human CD4+ T cells is rather limited, and the impact of
edelfosine may shed new light on this aspect for the function of CD4+ T cells. After PBMC
isolation from three donors cells were incubated for 24 h without edelfosine, in presence of
3.3 pg/ml edelfosine and with 10 pg/ml edelfosine, respectively. The median fluorescence
intensities (MedFlIs) for HLA-DR/DP/DQ expression on B-cell subsets and T-cell subsets
were determined by flow cytometry. After excluding dead cells CD19+ B cells were selected.
CD19 is expressed on B cells during all stages of development, but expression is lost on the
surface of terminally differentiated plasma cells. The further subdivision by the surface
markers IgD and CD27, a tumor necrosis factor receptor family member, allowed to define
the impact of edelfosine on MHC class Il expression of distinct B-cell populations. Adult
peripheral blood B lymphocytes can be divided by these markers into discrete subsets: IgD+
CD27-, IgD+ CD27+ and IgD- CD27+ B cells. Whereas IgD+ CD27+ B cells produce mainly
IgM, IgD- CD27+ B cells produce IgG, IgM and IgA. The function of CD27 in B cells is the
interaction with CD70 to promote the differentiation of CD27+ memory B cells towards
plasma cells (316, 317). CD27 is not expressed on naive B cells. Surface IgD is expressed
on the surface of mature B cells. With regard to CD19+ B cells en bloc, but also for IgD+
CD27- and IgD+ CD27+ B-cell subsets the culture of PBMCs with 3.3 pg/ml edelfosine and
10 pg/ml  edelfosine resulted in a concentration-dependent downregulation of
HLA-DR/DP/DQ expression on the cell surface (Figure 22). In comparison the expression
levels appeared to be rather low on IgD- CD27+ B cells. In the latter population no
differences in HLA-DR/DP/DQ expression levels were found. Since edelfosine was initially
found to affect MHC class II-related genes in CD4+ T cells flow cytometry was also used to
assess the impact of 3.3 pg/ml edelfosine and 10 pg/ml edelfosine on HLA-DR/DP/DQ
expression on the surface of T cells. After PBMC isolation followed by incubation for 24 h,
cells were stained with antibodies to gate on CD4+ and CD8+ T cells preceded by the
exclusion of dead cells. Antibodies directed against CD27 and CD45RA were included. In

detail, CD27 is expressed by naive as well as memory T cells.
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Figure 22. Edelfosine-mediated downmodulation of HLA-DR/DP/DQ expression on human B cells. (A) Gating
strategy to identify viable CD19+ B cells and their IgD+ CD27-, IGD+ CD27+ and IgD- CD27+ subsets after the
incubation of PBMCs for 24 h in the absence of edelfosine or in the presence of 3.3 pg/ml and 10 pg/mi
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edelfosine, respectively. (B) Histograms display the edelfosine-induced downmodulation of HLA-DR/DP/DQ on
the previously described B-cell subsets in comparison to the respective unstained control approach ( no
edelfosine, ==== 3.3 pg/ml edelfosine, ==+ 10 pg/ml edelfosine, =====-= isotype control). (C) Summary of MedFlI
values determined for each treatment within each B-cell subset (n=3 donors, + edelfosine added as indicated,
- no edelfosine added). For CD19+, IgD+ CD27- and IgD+ CD27+ populations significant reductions of
HLA-DR/DP/DQ expression were observed (*P<0.05, **P<0.01 after post-hoc analysis).

CD45RA, a transmembrane tyrosine phosphatase also known as the 220 kDa isoform of the
leukocyte common antigen (LCA), is expressed on naive CD4+ and CD8+ T cells. The
MedFIs for HLA-DR/DP/DQ expression on naive and memory CD4+ and CD8+ T cells were
determined. Although an edelfosine-induced downmodulation of HLA-DR/DP/DQ expression
could not be proven on CD4+ and CD8+ T cells, at least memory T cells, which showed an
approximately 2-fold higher HLA-DR/DP/DQ expression compared to naive T cells, pointed
to a comparable tendency as found in B cells (Figure 23). Potentially, the very low
expression levels of HLA-DR/DP/DQ interfered with the detection of the edelfosine-treatment
effect in T cells. More importantly, in the case of B cells as classical HLA-DR/DP/DQ-
expressing antigen-presenting cells the impact of edelfosine on MHC class Il expression

previously identified by whole genome expression analysis was verified.

4.4.5 Edelfosine reduces IFN- vy secretion of stimulated CD4+ T cells

The whole genome expression analysis of CD4+ T cells activated with stimulatory beads
coated with antibodies against CD2, CD3 and CD28 in presence of 3.3 pg/ml edelfosine
indicated the upregulation of genes with close association to immune response and response
to virus. Table 22 B summarizes upregulated genes that are assignable to type | interferon-
mediated signaling pathways. To exclude that the upregulation of type | interferon-associated
genes in stimulated, edelfosine-treated CD4+ T cells reported from the gene-expression
analysis was due to the presence of IFN-a or -B in the cell-culture medium, cell-culture
supernatants were analyzed by ELISA to determine the concentrations of IFN-a and IFN-p,
but also IFN-y. In the case of detection of type | interferons T cells themselves or accidentally
transferred pDCs may be the potential producers of these cytokines and may explain the
observed gene induction. Interestingly, IFN-a as well as IFN- were virtually undetectable by
ELISA in supernatants of stimulated CD4+ T cells after 30 h of incubation in both absence or
presence of 3.3 ug/ml edelfosine. Instead, supernatants of cells cultured without edelfosine
contained 3,606.09 + 525.12 pg/ml IFN-y (Figure 24 A). Interestingly, the presence of
3.3 pg/ml edelfosine allowed the detection of only 940.78 + 81.23 pg/ml IFN-y which is
equivalent to a -3.83-fold reduction. The downmodulation of IFN-y was verified by using the
flow cytometry-based human Th1/Th2/Th9/Th17/Th22 13plex Kit FlowCytomix (Figure 24 B).
The presence of 3.3 pg/ml edelfosine led to an IFN-y-reduction from 1,462.76 + 282.26 pg/ml
to 552.93 £ 86.61 pg/ml (-2.65-fold less). Moreover, the Thl-related cytokines IL-2 and TNF-

a were also reduced if incubated with 3.3 pg/ml edelfosine in comparison to their respective
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Figure 23. Edelfosine impact on HLA-DR/DP/DQ expression on human T cells. (A) Gating strategy to identify
viable CD4+ and CD8+ T cells and their naive (CD27+ CD45RA+) and memory (CD27+ CD45RA-) subsets after
the incubation of PBMCs for 24 h in the absence of edelfosine or in the presence of 3.3 pg/ml and 10 pg/mi
edelfosine, respectively. (B) Histograms display the considerably low expression of HLA-DR/DP/DQ on the
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previously described T-cell subsets in comparison to the respective unstained control approach ( no
edelfosine, ==== 3.3 pug/ml edelfosine, == 10 pg/ml edelfosing, ======= isotype control). (C) Summary of MedFI
values determined for each treatment within each T-cell subset (n=3 donors, + edelfosine added as indicated, - no
edelfosine added). For CD27+ CD45RA+ and CD27+ CD45RA- populations of CD4+ and CD8+
T cells no significant reduction of HLA-DR/DP/DQ expression was observed after post-hoc analysis (depicted
P-value: as determined by repeated measures ANOVA).

control approaches in absence of edelfosine. Concentrations of IL-2 were reduced to
3,632.17 = 355.19 pg/ml compared to 8015.25 + 624.31 pg/ml. Concentrations of TNF-a
were reduced to 1,993.94 + 349.69 pg/ml compared to 4,332.94 + 853.58 pg/ml.

With regard to the secretion of Thl7-associated cytokines, IL-17A, IL-22 as well as IL-6
revealed an edelfosine-dependent downregulation. The concentration of IL-17A was 282.88
+ 50.76 pg/ml in absence of edelfosine compared to 243.92 + 41.13 pg/ml in presence of
3.3 pg/ml edelfosine. In case of IL-22, 3,038.11 + 470.69 pg/ml (no edelfosine) and 1,507.88
+ 205.23 pg/ml (3.3 pg/ml edelfosine) were found. Concentrations of IL-6 were 315.44 +
78.44 pg/ml (no edelfosine) and 41.28 + 9.99 pg/ml (3.3 pg/ml edelfosine).
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Figure 24. Cytokine secretion was modulated in activated CD4+ T cells by edelfosine. (A) A significant reduction
of IFN-y-secretion was monitored upon edelfosine treatment. (B) This result was confirmed by a human 13plex kit
which allowed the detection of not only reduced concentrations of IFN-y in supernatants of edelfosine-treated
cells, but also reduced concentrations of the Thl-associated cytokines IL-2 and TNF-a as well as the
Thl7-associated cytokines IL-17A, IL-22 and IL-6. Cells of 4 individuals were used, error bars indicate SEM of
respective means (*P<0.05, **P<0.01 after post-hoc analysis).
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5 Discussion

In 1979 Andreesen et al. already reported that edelfosine selectively induced cell death in
mitogen-activated human peripheral blood lymphocytes (PBLS) in vitro, whereas the viability
of resting PBLs was not impaired (318). The demonstration of these immunomodulatory
properties led to further investigation of edelfosine and its applicability as a treatment in
autoimmune diseases, for instance MS. In a pilot study MS patients at different disease
stages were treated with edelfosine, and improved clinical symptoms were reported (303).
Due to these immunomodulatory as well as the antitumoral activities ALPs were already
used in 1992 in a phase | trial to treat two patients that suffered from both cancer and MS
(304). Not only was a tumor response detected, but also neurological symptoms were
improved. These exploratory clinical investigations were accompanied by a series of
descriptive EAE studies, mostly with rats, but also with mice (304, 319-321). The above
studies lack functional investigations to detect edelfosine-induced maodifications of cellular
responses to treatment. In 1999, Cabaner et al. pursued mechanistic research of
immunomodulation by edelfosine (312). Their findings implied that apoptosis induction might
not only be the mechanism leading to the drug’s antitumor activity, but might also account for
its immunomodulatory capacity. The data obtained within the present study shows that
edelfosine not only interferes with T-cell proliferation in vitro by modulating distinct biological
processes, but demonstrates further that edelfosine induces apoptosis in T cells of EAE-
induced mice with ameliorated clinical disease outcome, and has additional, entirely

unexpected effects.

Influence of edelfosine on murine T-cell proliferation

By labeling cells prepared from lymph nodes of C57BL/6 mice with CFSE, the proliferation of
anti-CD3 antibody-stimulated CD4+ and CD8+ T cells was found to be inhibited by
edelfosine in a concentration-dependent manner (Figure 3). With increasing concentrations
of edelfosine not only the gated events, but also progenitor numbers were redistributed
towards lower generation numbers. With regard to both T-cell subsets 1 pg/ml edelfosine
only induced subtle reductions of T-cell proliferation whereas 5 pg/ml edelfosine potently
interfered with proliferation. SJL mice-derived lymph node cells were used not only to prove
edelfosine’s dose-dependent effects on T-cell proliferation, but also to more precisely define
the inhibitory effects of edelfosine within the concentration range between 1 pg/ml and
5 pg/ml (Figure 3). 1 pg/ml and 3 pg/ml edelfosine inhibited proliferation with only minor
differences. Both concentrations induced a more than twofold increase in frequencies of non-

proliferating cells compared to frequencies of cells cultured in absence of edelfosine.
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10 pg/ml edelfosine induced an almost complete block of proliferation of CD4+ and CD8+
T cells. Moreover, with regard to progenitor frequencies of CD4+ and CD8+ T cells from SJL
mice, a dose-dependent decrease of cells, which have left generation 0 and proliferated, was
identified.

In summary, the results point to an edelfosine concentration-dependent inhibition of
C57BL/6- or SJL-derived CD4+ and CD8+ T-cell proliferation. Moreover, a concentration of
10 pg/ml edelfosine prohibited a cellular proliferative response. Concentrations of 3 pg/ml
and 5 pg/ml edelfosine were effective in impairing proliferation. To sum up the results for
both T-cell subsets from the two mouse strains, 1 pg/ml edelfosine-mediated interference
with T-cell proliferation appeared to be only comparably low, especially in C57BL/6 mouse-
derived CD4+ T cells. These results are in accordance with earlier reports. The IL-2-
dependent propagation of MBP-specific T-cell lines (TCLs) generated from lymph node cells
of immunized Lewis rats was found to be suppressed in a dose-dependent manner by
edelfosine (304). A dose of 5 pg/ml or higher resulted in an almost complete inhibition of
T-cell proliferation. This effect was not seen with other phospholipids tested (natural
2-lysophosphatidylcholine, PAF and 1-octadecyl-2-glycero-3-phosphocholine). Upon
restimulation of T cells using MBP or Con A the proliferation of T cells appeared to be
inhibited at 10 pg/ml edelfosine. Additionally, edelfosine was identified to induce dose- and
time-dependent apoptosis in human mitogen-activated T cells isolated from peripheral blood
while sparing resting T cells (312). This apoptotic response was found to be even more
profound in human leukemic TCLs. Notably, in these studies edelfosine was used at 10 uM,
i.e. approximately 5.24 pg/ml. Compared to CD4+ T cells, CD8+ T cells of both mouse
models displayed accelerated clonal expansion following contact with antigen, a functional
difference that has been reported also in the context of anti-viral immune responses (322). In
general, the speed and nature of a T-cell response is not only dependent on antigen
concentration and the duration of antigen exposure, but also on the context of antigen
recognition by T cells. Interactions between co-stimulatory molecules on APCs and their
ligands expressed on the surface of T cells, for instance CD80:CD28, influence the level of
T-cell activation (323, 324). Different requirements identified for co-stimulatory molecules in
CD4+ and CD8+ T-cell responses point to distinct mechanisms to activate these cells (325).
Furthermore, these findings indicate that different thresholds or activation requirements exist
to develop effector CD4+ and CD8+ T cells (326, 327). One contributing factor might be the
almost ubiquitous cellular MHC class | expression, whereas MHC class Il molecules are

expressed only on limited cell subsets (328).
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Amelioration of EAE-disease course by edelfosine treatment

In 1992, the first reports on edelfosine-treatment effects in EAE, the experimental model for
MS, were published. Klein-Franke and Munder induced EAE in female Lewis rats by injecting
MBP from guinea pig CNS tissue (304). For immunization MBP was dissolved in PBS and
emulsified in mineral oil supplemented with M. tuberculosis H37Ra. For daily treatment,
edelfosine was dissolved in full fat milk and administered using an intragastric cannula. Rats
received edelfosine doses of between 0.5 mg and 10 mg, which corresponded to 3 to
60 mg/kg. Doses of 3 mg/kg up to 15 mg/kg edelfosine per day reduced clinical symptoms
and duration of disease without any side effects irrespective of initiation of treatment (day O
and day 5 were compared). Higher doses were reported to suppress EAE symptoms but they
were accompanied by severe side effects (dehydration, apathy, cachexia and high mortality).
Therapy after EAE onset was found not to influence the disease course. In summary, 2.5 mg
edelfosine (corresponding to circa 15 mg/kg) elicited a significant treatment effect, but a
dose-dependency could not be established. In the same year, data on the effectiveness of a
cyclic ether analogue of edelfosine, SRI 62-834, in the treatment of EAE in Lewis rats were
published (319). For the induction of CR-EAE rats were immunized with total guinea pig
spinal-cord tissue (209). The drug was dissolved in 20% ethanol and mixed with milk before
administration for 16 days to immunized rats starting at day 15, the beginning of
spontaneous remission. SRI 62-834 was given daily at 25 mg/kg by gavage. Half of the
animals were found to be fully protected from relapse and mice with relapse showed only
mild symptoms compared to controls. Interestingly, after cessation of treatment no rat
exhibited a relapse pointing to a curative potential of SRI 62-834. These studies were
extended in 1995 by using CR-EAE in immunized Lewis rats to study the therapeutic
treatment with SRI 62-834 in comparison to edelfosine (320). Treatment started at day 16
after immunization and was commenced daily until day 31. Edelfosine, SRI 62-834
(racemate) and its R-(+)-enantiomer MLS 266-337 were dissolved in 5% ethanol, water and
milk for oral application by gavage at 25 mg/kg. Whereas cyclosporine, for instance, only
delayed disease relapse until discontinuation of treatment, all three lysolecithin derivatives
tested (edelfosine, SRI 62-834, MLS 266-337) suppressed the manifestation of further
relapses with curative effects upon treatment cessation. Regarding the examination of
edelfosine by EAE in mice, Baker et al. have used Biozzi AB/H mice to induce chronic-
relapsing EAE with autologous spinal cord homogenate (321). Mice were treated with
10 mg/kg or 50 mg/kg edelfosine dissolved in milk beginning on the day immunization (day
0). The treatment with 10 mg/kg edelfosine was found to delay EAE onset and to reduce
clinical severity. Instead, 50 mg/kg edelfosine completely inhibited EAE onset and weigth
loss of the animals. 90% of mice treated with 25 mg/kg edelfosine did not develop EAE. Also

when application was started prior to disease onset (day 9) or at EAE acute phase (day 12),
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the treatment of mice with 50 mg/kg edelfosine led to reduced clinical scores compared to
controls. The effect of edelfosine on the EAE relapse was additionally studied. Administration
was started at day 27 (post-acute remission) and led to a reduction of incidences of relapsing
disease (from 56% and 61% in controls to 33%, respectively). Significance in reduction of
relapse incidences was only reached when applying 75 mg/kg edelfosine. Interestingly, in
contrast to the first disease bout, no differences in relapse onset and severity of EAE were
monitored during comparison of edelfosine-treated to control mice. Of note, the authors did
not report any treatment-related side effects despite the comparably high edelfosine doses
administered in some experiments. Based on these elementary findings the following EAE
experiments were designed to refine and to characterize the treatment outcome of edelfosine
in EAE-induced mice. In a first EAE experiment in MOG ss.s5-immunized C57BL/6 mice the
preventive treatment effect of 25 mg/kg, 15 mg/kg and 10 mg/kg edelfosine was examined
(Figure 4 A). 10 mg/kg edelfosine was identified to be effective in ameliorating chronic-
progressive EAE without causing any side effects after oral administration. Reduced EAE
scores were also seen for the treatments with higher edelfosine concentrations. However, in
contrast to previously reported EAE experiments in Lewis rats and in Biozzi AB/H mice,
C57BL/6 mice revealed edelfosine-related side effects when receiving 15 mg/kg edelfosine
or higher (tremor, inactivity, slowed motion). Additionally, EAE incidences were reduced upon
edelfosine treatment (25 mg/kg: 2 (5), 15 mg/kg: 2 (5), 10 mg/kg: 3 (5)) compared to controls
(PBS-treated mice: 3 (4)) reflecting an observation that has been also described in Biozzi
AB/H mice. In accordance with previous EAE trials in Biozzi AB/H mice, 10 mg/kg edelfosine
treatment resulted in a delayed onset of EAE. The beneficial effect of 10 mg/kg edelfosine
was subsequently validated in EAE-induced SJL mice, which developed a relapsing-remitting
clinical disease course after immunization with PLP39.151). TO evaluate the relative efficacy of
10 mg/kg edelfosine the following trials comprised also a cohort of 1 mg/kg edelfosine-
treated mice. As experiments by Klein-Franke and Munder pointed to the effectiveness of
treatment initiation from day 5 after immunization, EAE-induced SJL mice received 1 mg/kg
or 10 mg/kg edelfosine from day 5. Additionally, dose rates were limited by edelfosine
treatment only every other day in order to further reduce the risk of side effects. Clinical
scores of 10 mg/kg edelfosine-treated mice pointed to an ameliorated disease course, a
treatment-dependent delay of EAE onset and reduced cumulative disease scores compared
to PBS-treated controls, but results were not significant (Figure 4 B). In 2003, Bhamra et al.
presented data on pharmacokinetics and tissue distribution of a liposomal formulation of the
edelfosine L-isomer (TLC ELL-12) in female Buffalo rats (329). Various tissues and blood
samples were analyzed for L-edelfosine by high-performance liquid chromatography (HPLC)
after administration of 12.5 mg/kg TLC ELL-12 by i.v. injection. A rapid distribution and

uptake of the drug into the tissues was found as the time to reach highest concentrations
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was 0.25 to 8 h in all organs examined except ovaries and uterus (Tmax=24 h). Interestingly,
half-lifes were determined to be 13.1 h in the blood as well as 14 h in spleens. Furthermore,
Kotting et al. have demonstrated that circa 96% of edelfosine was absorbed in the first
24 hours after oral treatment of rats (330). After application of 10 mg/kg edelfosine to BALB/c
mice, concentrations in blood plasma were found to decrease from 50.7 £ 28.1 pg/mlto 2.5 =
1.3 pg/ml 24 h after i.v. injection and the half-life of elimination was 22.29 + 14.02 h (331).
Moreover, no saturation of the edelfosine-elimination process was detected with
concentrations between 5 and 30 mg/kg after i.v. administration. These data indicate that
edelfosine given every 48 h may not be suitable for maintaining a local concentration
necessary to interfere with the priming of autoreactive immune cells in EAE and that intervals
need to be reduced to antagonize clearance of edelfosine from peripheral lymphoid organs.
Consequently, in the present study EAE-induced mice received 1 mg/kg or 10 mg/kg
edelfosine on a daily basis from the day of immunization (day 0). A significant treatment
effect with differences between PBS- and 10 mg/kg edelfosine-treated groups during acute
disease phases emphasized the effectiveness of this dose in ameliorating EAE in a
preventive setting (Figure 4 C). Daily treatment was adequate, probably by sustaining
edelfosine concentrations in peripheral lymphoid organs which were effective to interfere with
immune cell functions. Interestingly, in these in vivo EAE experiments an effective
edelfosine-concentration range was identified that can be used to deviate a theoretically
effective in vitro dose. Equivalence with applied edelfosine concentrations in in vitro
experiments, for instance the introductory CFSE assays, would underline the in vivo
relevance of the chosen in vitro concentrations of edelfosine. According to Bhamra et al.
12.5 pg/kg edelfosine, formulated as TLC ELL-12, injected i.v. into Buffalo rats resulted in
maximally 153.9 pg/ml edelfosine after 8 h in spleens of treated rats (329). Theoretically,
10 mg/kg would result in 123,12 pg/ml edelfosine. Taking into account the absolute number
of splenocytes isolated from a SJL mouse (circa 3-10x10’ cells) and the maximally possible
cell number per 96-well in in vitro trials (2x10° cells) the inferred effective edelfosine
concentration is 0.82 to 0.25 pg/ml edelfosine. This order of magnitude is similar to the
concentrations investigated in the already discussed CFSE-assay experiments, but also the
edelfosine concentrations effective in inhibiting human T-cell proliferation (discussed later).
Using this theoretical approach provides another interesting piece of information. On the
basis of the rat data, 1 mg/kg edelfosine treatment would result in 12.31 pg/ml edelfosine in
the spleen. Considering the number of splenocytes of SJL mice the local concentration would
be 0.41 to 0.12 pg/ml edelfosine/1x10° splenocytes. Munder and Modolell reported that the
incubation of spleen-derived macrophages with PC (lysolecitin) at low concentrations
(2.5 pg/ml and 1.0 pg/ml PC per 1x10’ cells, equivalent to 0.25 to 0.1 pg/ml PC per 1x10°

cells) in vitro increased the immune response/number of plague-forming cells (238). This
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observation of immune activation at low PC/edelfosine concentrations will be recurrently
referred to in the course of the discussion.

In the present study the characterization of edelfosine has been conducted primarily in SJL
mice. This model of RR-EAE allowed to study the impact of edelfosine treatment on the
course of EAE during the first disease bout, but also during further remissions and relapses.
In the subsequent EAE trial the therapeutic effect of edelfosine was tested. The
administration was started during the clinical onset of EAE. In view of the human situation,
MS is present in affected patients in two major forms. Whereas the primary-progressive
disease course affects 10-15% of patients, 85-90% of individuals suffer from relapsing-
remitting MS. Based on the clinical situation, in which a RR-MS patient is requesting medical
advice when experiencing a disease bout, the subsequent EAE experiment was designed to
investigate the therapeutic effect of edelfosine treatment.

Mice were treated daily with PBS, 1 mg/kg or 10 mg/kg edelfosine as soon as they
manifested clinical symptoms. PBS-treated mice in the control group showed the
characteristic RR-EAE disease course (Figure 4 D). Treatment with edelfosine appeared to
reduce clinical severity in a dose-dependent manner during the first disease bout. During the
course of the subsequent remission phase and first relapse, mean EAE scores of 1 mg/kg
and 10 mg/kg edelfosine-treated mice appeared to be almost identical. The fact that no
significant treatment effect and no differences between groups were detectable may be
assigned to small sample sizes per treatment group as a result of comparably low EAE
incidences (PBS-treated mice: 6 (8), 1 mg/kg edelfosine: 5 (8), 10 mg/kg edelfosine: 7 (8))
and concomitant drop-outs of mice that presented with EAE scores of 4 or mice that
developed an irregular disease course. Here, 3 (3) PBS-treated mice experienced a relapse,
whereas 10 mg/kg edelfosine-treated mice developed an EAE-relapse incidence of 3 (7)
which equates to 57.14% of mice without disease progression upon treatment. In
comparison, in Biozzi AB/H mice the initiation of oral treatment in the remission phase with
50 mg/kg edelfosine was reported to lead to absence of clinical disease in 66% of mice
(322).

To sum up, results implied that edelfosine interfered with relapsing EAE in SJL mice.
Significant differences between preventive PBS and 10 mg/kg edelfosine treatment were
observed during the acute disease phases (a significant treatment effect with significant
differences between PBS-treated and 10 mg/kg edelfosine-treated groups is also detectable
by 2-way ANOVA after Bonferroni post-hoc analysis for the therapeutic treatment setting
when EAE scores are analyzed until day 20). These results suggest that the major effect of
edelfosine is not only the modulation of T-cell priming for EAE induction but also the
induction of relapses. In the SJL mouse model EAE is actively induced by the injection of

PLP139.151, Which is presented to and recognized by antigen-specific autoreactive T cells.
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These cells migrate into the CNS to induce autoimmune inflammation in concert with other
leukocyte subsets leading to demyelination of axons, neuronal damage and the induction of
clinical symptoms. Subsequently after remission relapses occur due to intermolecular
epitope spreading. This process is very well characterized in immunized SJL mice by the
priming of T cells specific for PLP7s.191) (primary relapse) and MBPga.104) (Secondary
relapse) (332, 333). These repeated priming processes may constitute ideal phases for

intervention by edelfosine application.

Edelfosine treatment of EAE-induced SJL mice modulates caspase-3 activation
of peripheral lymphocytes without constraining their proliferative capacity

MS but also EAE, as autoimmune inflammatory diseases, are mediated by brain-specific
encephalitogenic T cells. Their progenitor T cells constitute normal, inconspicuous parts of
the immune system. Upon activation by specific antigen, superantigens or crossreaction to
microbial antigens autoreactive T cells are activated and become pathogenic. Their progeny
migrate into the CNS after crossing the disrupted BBB, followed by the initiation of the
disease (86, 87, 334, 335). Seminal studies in EAE have provided insights into this homing
process by adoptive transfer of T cells specific for myelin constituents (88, 336, 337). By
transferring GFP-expressing MBP-specific, ex vivo activated T cells from Lewis rats into
naive recipients the migratory pathways for encephalitogenic T cells have been shown (113).
After transfer T cells were detected in parathymic lymph nodes (12-36 h), followed by
emigration into the blood (60 h) and subsequently into the spleen. Only few transferred
T cells were found in peripheral lymph nodes at this disease phase. T cells migrated into the
CNS (60-80 h) whereas T cells in the spleen were depleted. With regard to actively
immunized SJL mice injected with PLP139.151), disease onset was seen much later (day 9-12)
compared to adoptive transfer-based EAE with MBP-specific T cells (day 3-5 in the Lewis rat
model (113), around day 7 in the SJL model (88)). As the daily preventive edelfosine
treatment appeared to ameliorate clinical signs of EAE day 9 after immunization was chosen
to determine treatment effects on encephalitogenic T-cell priming in secondary lymphoid
tissues (spleen, lymph nodes). 2-lysophosphatidylcholine and its synthetic analogs were
initially described to enhance the phagocytic activity of macrophages (235-237). Therefore
they were assigned an immunomodulatory role in defense mechanisms of the immune
system. Based on these prior data the investigation of edelfosine-treatment effects was not
limited to T cells but extended to other constituents of the adapative (B cells) and innate
immune system (macrophages, neutrophils, mDCs, pDCs, NK cells). In addition, preventive
treatment was used to elucidate the effect of edelfosine on CNS-infiltrating cells both of the

adaptive and the innate immune system (discussed later).
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Independent of the treatment with PBS, 1 mg/kg edelfosine or 10 mg/kg edelfosine, no
differences in absolute cell numbers of spleens and lymph nodes were detectable (Table 3)
indicating that edelfosine does not lead to major perturbations or loss of peripheral immune
cells. Edelfosine does not act by eradicating total cell numbers in secondary lymphoid organs
that are indispensable for priming and triggering antigen-specific immunity. Furthermore, the
comparison of leukocyte subsets from spleens and lymph nodes also showed that edelfosine
did not induce frequency changes relative to PBS controls (Table 4-10). Frequencies of
Th-cell subsets (CD4+ T cells, CD8+ T cells) were not changed in either organ (Table 11).
Interestingly, in lymph nodes of mice treated with 10 mg/kg edelfosine relative frequencies of
naive CD4+ T cells related to all CD4+ T cells were increased compared to controls, possibly
reflecting an edelfosine-mediated interference with T-cell priming by APCs (Figure 8). Upon
priming T cells are activated and develop from naive to effector T cells. Changes in
frequencies of activated T cells due to edelfosine treatment were analyzed by CD69, a
marker for early cellular activation, and CD25, a general activation marker. Moreover, CD25
expression is considered a marker of CD4+ Foxp3+ nTregs. Despite the determination of
increased naive CD4+ T-cell frequencies in lymph nodes of 10 mg/kg edelfosine-treated
mice, no changes were observed for frequencies of activated T cells (Figure 9). The data
pointed at a trend that was also found in the case of frequency comparisons of other, notably
CNS-infiltrating cell types: the treatment of mice with 1 mg/kg edelfosine was frequently seen
to increase the frequencies of various cell types. Here, previous descriptions implied that
small amounts of edelfosine enhanced the phagocytic activity of peritoneal macrophages
in vivo and in vitro (235, 238), an effect of immunological activation that may also be
considered for other cell types, e.g. T cells, and will be discussed at a later point. Importantly,
the treatment with edelfosine did not induce the ablation of nTregs from peripheral lymphoid
organs (Figure 9). Tregs are thought to be involved in preventing the development of
autoimmune diseases since changes in number and function were identified in MS (338,
339) and EAE (340-342). The activation of the immune system needs to be regulated by
distinct mechanisms in order to ensure tolerance to autoantigens. Among other mechanisms
like AICD and apoptosis of immature self-reactive lymphocytes, Tregs were identified as
important, active mediators of peripheral tolerance that control effector T cells (343). This
immune tolerance is mediated by natural CD4+ CD25+ Foxp3+ nTregs originating from the
thymus (47). However, also peripheral naive CD4+ and CD8+ T cells were described to
differentiate into IL-10 and/or TGF-B-producing iTregs during activation in presence of
specific cytokines (e.g. TGF-B) (344, 345). Tregs actively participate in peripheral immune
homeostasis and restriction of tissue injury during inflammation in draining lymph nodes and
the target organs. Thus, invariant nTreg frequencies after recurring edelfosine treatment did

not point to adverse side effects on nTreg-mediated peripheral tolerance mechanisms.
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Activation by specific antigens presented by APCs in the context of MHC class Il leads to the
differentiation of CD4+ T cells into functionally distinct effector subtypes, which possess
specific cytokine phenotypes. Thl cells produce IFN-y, Th2 cells produce IL-4 and, as a third
subset, Th17 cells are defined by their production of IL-17A (IL-17). Thl cells have been
shown to possess pathogenic potential (336, 346), but also Th17 cells were found to induce
autoimmunity (347-349). Therefore, both effector subsets are of special interest in the
context of EAE. No differences were found for Thl- and Thl7-frequencies in spleens or
lymph nodes of either 1 mg/kg or 10 mg/kg edelfosine-treated immunized mice compared to
PBS controls (Table 12). Edelfosine was thus not found to interfere with the differentiation of
CD4+ or CD8+ T cells into IFN-y- or IL-17-producing subsets within peripheral lymphoid
organs.

To confirm the proposed mechanism of apoptosis induction by edelfosine the frequencies of
caspase-3-activated CD4+ and CD8+ T cells were evaluated. For the first time the ex vivo
analysis of peripheral T cells from edelfosine-treated, EAE-induced mice demonstrated
increased frequencies of apoptosis-prone T cells (Figure 10). Significant differences were
found for CD4+ and CD8+ T cells from spleens of 10 mg/kg edelfosine-treated mice
compared to PBS-treated mice. The effectiveness of this edelfosine dose was emphazised
by the significant difference compared to the 1 mg/kg edelfosine treatment, but also by the
consistency of frequencies from 1 mg/kg edelfosine-treated and PBS-treated mice. Elevated
levels of apoptosis-induced T cells were also detected in CD4+ and CD8+ T cells derived
from lymph nodes, although no significance could be shown. As mentioned before, EAE is
considered as a CD4+ T cell-mediated autoimmune disease. Interestingly, the active
immunization of C57BL/6 mice with MOG ss.s5) was also reported to generate CD8+ aBTCR+
encephalitogenic T cells (350). The subsequent enrichment of MOG-specific CD8+ T cells
from lymph nodes and spleens allowed the adoptive transfer of EAE into naive C57BL/6
recipient mice. These findings imply that apoptosis induction in CD8+ T cells of EAE-induced
mice may constitute an additional beneficial edelfosine-treatment effect.

Prior data indicated that edelfosine induces apoptosis in activated peripheral blood T cells
after stimulation with mitogen but not in resting ones (312). In contrast to these in vitro
experiments, the initial T-cell priming and activation in EAE-induced animals occurs by
presentation of the disease-relevant PLP39.151) peptide in the context of MHC class II.
Probably, the role of these encephalitogenic T cells as early immigrants is to drive and to
initiate tissue damage. In contrast, their relevance in the effector phase may only be
secondary. The initial infiltration of the CNS by autoreactive T cells and their restimulation by
resident APCs results in elevated proinflammatory cytokine (IFN-y, IL-23, TNF-a) and
chemokine (RANTES, IP-10, IL-8) levels (57). CNS-persistent microglia and astrocytes

become activated and immune cells (neutrophils, monocytes, CD4+ and CD8+ T cells,
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B cells) infiltrate into the CNS constituting a second, effector wave manifesting inflammatory
CNS lesions and the onset of clinical deficit (334, 351). Notably, the populations of CD4+ as
well as CD8+ T cells in general, but also CD69+ activated T cells, with activated caspase-3
were considerably low. Therefore, the observed increase in frequencies of apoptotic T cells
upon 10 mg/kg edelfosine treatment may be sufficient to interfere with processes necessary
to mediate full-blown EAE, like the effective priming, transmigration and reactivation of
encephalitogenic, early invading T cells.

To further delineate the influence of daily edelfosine treatment on the functional properties of
spleen and lymph node-derived T cells, cells were used in ex vivo restimulation experiments.
The repetitive edelfosine treatment of mice was not found to interfere with the capacity of
lymphocytes to proliferate and to respond to inflammatory cues independent of the stimulus
used (mitogenic, polyclonal or disease-relevant) (Figure 11). Within each
stimulation/activation approach no significant changes in Sls were observed by daily
edelfosine treatment of mice confirming that selected edelfosine doses did not act by
prohibition of functional T-cell properties. These findings are of great practical and
translational relevance. In contrast to edelfosine, the vast majority of immunosuppressant
drugs, which are in clinical use nowadays to treat autoimmune diseases, e.g. mitoxantrone
and cyclophosphamide, eradicate certain immune cells or broadly inhibit immune function.
These therapies carry the risk of various side effects, among which the increase in
susceptibility to infections due to immunosuppression/leukopenia is a major drawback.

EAE induction leads to T-cell activation in vivo that was possibly reflected by these recall
experiments in vitro. This was indicated by readily detectable proliferation in control
approaches, which lacked the addition of a recall stimulus. Interestingly, not only after
restimulation but also after ex vivo culture in the absence of a recall stimulus the cells
revealed a tendency towards edelfosine dose-dependent decline in proliferation. Since the
Sls upon each recall stimulus appeared not to be of equal values but rather elevated with
increasing edelfosine concentrations, these Sl-skewings may reflect a more pronounced
edelfosine-treatment effect in vivo.

These restimulation experiments did not provide more detailed information about the basis
for that indicated Sl-skewing. Further investigations of this Sl-skewing and the underlying
influence of edelfosine on T-cell proliferation in vivo have to be performed to clarify
conceivable mechanisms. On the one hand edelfosine treatment of EAE-induced mice may
interfere with the general proliferative capacity of T cells in vivo. Thus, ex vivo analysis of
T cells may show a comparable frequency of proliferated cells as in PBS-treated control
mice. However, reductions may be seen in numbers of generations. On the other hand the
edelfosine treatment may block proliferation of a defined T-cell subset while others may not

be affected. Here, one may expect a reduced frequency of proliferating cells compared with
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PBS-treated mice. No reductions may be seen in generation numbers, whereas frequencies
of T cells within each generation may be diminished. One way to approach this question may
be the transfer of CFSE-labeled T cells into EAE-induced, PBS- or edelfosine-treated mice.
Daily treatment of mice would continue as the T cells become activated after homing to
lymphoid tissue. Labeled cells may be detected by flow cytometry after preparation from
peripheral lymphoid organs and additional antibody staining, possibly including Ki-67 to
detect proliferation.

To sum up, on day 9 after immunization spleens and lymph nodes of PBS- and edelfosine-
treated mice showed equal absolute cell numbers, equal frequencies of immune cell subsets
and comparable proliferative responses upon recall stimulations. Interestingly, differences
were found in frequencies of naive CD4+ T cells and frequencies of cells in early stages of
apoptosis induction after 10 mg/kg edelfosine treatment compared with PBS controls. These

findings may be related in EAE amelioration upon treatment with 10 mg/kg edelfosine.

Edelfosine treatment ameliorates clinical symptoms, reduces CNS-infiltrating
T-cell frequencies and reduces neuronal damage

In MS and EAE, impairment of motor function is maximal during acute disease. This effector
phase was characterized by significant differences in EAE scores between PBS- and
edelfosine-treated mice. The cellular basis of these discrepancies in clinical outcomes was
studied by analyzing absolute leukocyte numbers that infiltrated into the CNS. No differences
in numbers of CNS-migrating cells were determined after daily PBS, 1 mg/kg or 10 mg/kg
edelfosine application despite a tendency to reduced cell numbers with increased edelfosine
concentrations (Table 13). 10 mg/kg edelfosine led to reduced T-cell and pDC frequencies
compared to PBS controls (Figure 14, Table 14). Notably, the treatment with 1 mg/kg
edelfosine increased frequencies of B cells, mDCs and pDCs compared with infiltrates from
10 mg/kg edelfosine treated mice. This effect might be explained by advancing the already
introduced notion of enhanced phagocytic activity of macrophages at lower edelfosine
concentrations (235, 238). Macrophages and PAF-activated platelets have been identified as
the major sources of lysophosphatidic acid (LPA), a biologically active lysophospholipid.
Moreover, platelets and mast cells are the major producers of a second lysophospholipid,
S1P. LPA is synthesized extracellularly in microvesicles. Pathways for LPA synthesis as well
as formation and membrane shedding of microvesicles are enhanced after immunological
activation, probably by edelfosine, resulting in increased LPA release into extracellular fluids.
LPA- and S1P;-receptors expressed by lymphocytes are regulated by activation and play
important roles in lymphocyte migration and distribution in lymphoid tissue. The development

of the immunosuppressive S1P; agonist FTY720 has taken advantage of this function (352,
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353). Additionally, it was shown that both LPA and S1P enhanced the production of
proinflammatory IL-6 and IL-8 by human maturing DCs when LPS was added to in vitro
generated, immature DCs (354). Interestingly, signaling via S1P; on mature classical myeloid
CD8a+ DCs inhibits the expression of IL-12 which reduces differentiation of ThO-cells into
IFN-y-producing Thl cells (355). It remains speculative if edelfosine acts on macrophages
and, due to its structural similarity to PAF, on platelets thereby enhancing LPA- and S1P-
release resulting in elevated DC activation and maturation. Since phagocytosis is also an
intrinsic function of other cell types besides macrophages, low concentrations of edelfosine
may also increase the phagocytic activity in the DC population. Potentially, the structural
similarity of edelfosine to endogenous biologically active lysophospholipids like LPA and S1P
allows a direct impact of the drug on activation of DCs and other leukocyte subsets. Thus,
naive DCs may be induced to mature, a process that has been shown to be accompanied by
CCL19 expression. These initial CCL19-producing DCs may migrate into the CNS in
response to RANTES. CCL19 is a chemokine that in concert with CCL21 acts on CCR7-
expressing cell types. In this way CCL19 mediates homing of mature DCs (5, 356—-358) and
B cells (359, 360). Interestingly, it was shown that CCR7+ central memory T cells express
lymph node homing factors in contrast to CCR7- effector memory T cells that express
receptors to invade inflamed tissue (361). Possibly, central memory T cells may home to the
CNS in the case of 1 mg/kg edelfosine-treated, EAE-induced mice executing their function of
DC activation to generate a profound wave of effector cells. In contrast, edelfosine treatment
did not affect the recruitment of macrophages into the CNS, a process mainly guided along
gradients of the complement component C5a produced by Kupffer cells.

A dramatic increase in frequencies of neutrophils was observed when mice received
10 mg/kg edelfosine compared to PBS- and 1 mg/kg edelfosine-treated mice. Previous
reports confirmed comparably low detectable concentrations of edelfosine in brains of treated
naive rats (329) and mice (331). Due to the ability of edelfosine to cross the BBB (362), the
effect of acute EAE (an opened BBB) on local drug concentrations in the CNS may be only
secondary. However, achieved drug concentrations after 10 mg/kg edelfosine treatment may
be sufficient to induce activation in neutrophils. Neutrophils can be readily activated in vitro
by the addition of PAF (363). Interestingly, PAF is a natural analogue of edelfosine and is
involved in inflammation processes, like neutrophil chemotaxis (364, 365). The two
molecules differ in their structure on account of a methoxy group (edelfosine) replaced for an
acetyl group (PAF) in the glycerol backbone at position sn-2. Mollinedo et al. have shown
that HL-60 tumor cells lacking PAF-receptor (PAF-R) undergo edelfosine-induced apoptosis
(253). These neutrophilic promyelocyte leukemia cell lines can be induced to undergo
granulocytic differentiation by the addition of dimethylsulfoxid. During this process PAF-Rs

develop and the cells become apoptosis-resistant indicating that apoptotic action of
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edelfosine is not related to PAF-Rs. Also peripheral blood mature neutrophils were not
susceptible to apoptosis. Moreover, human neutrophils showed an increased cytosolic free
Ca®* concentration mediated by edelfosine binding to PAF-R, but the affinity was 5000-fold
lower compared to PAF (366). Thus, edelfosine may not be able to induce apoptosis but
rather activates neutrophils due to molecular similarity with its physiological counterpart PAF.
CD4- and CD8-expression was analyzed to examine T-cell subsets that contributed to the
significantly reduced frequencies of T cells in the CNS in 10 mg/kg edelfosine treated mice
compared to mice that received PBS. Whereas no impact of edelfosine on CD8+ T-cell
frequencies could be proven, CD4+ T-cell frequencies were markedly reduced upon
10 mg/kg edelfosine treatment (Figure 15). EAE in PLPgsg.45)-immunized SJL mice is
considered to be a CD4+ T cell-mediated diease (88). Therefore, the present results
emphasize the effectiveness of edelfosine therapy to specifically affect the disease-relevant
cell populations. With regard to previously observed shifts in disease onset upon 10 mg/kg
edelfosine treatment for 1-3 days compared to PBS controls, one might argue for a delayed
EAE onset and that maximal infiltration might occur 1-3 days later compared to controls.
Instead, it has been shown in introductory experiments that a delayed onset upon edelfosine
treatment is not accompanied by an equally acute, severe disease bout as seen in
PBS-treated animals. Therefore, to investigate edelfosine-mediated changes in the CNS
across groups as soon as scores of PBS-treated controls peak, appears to be an adequate
procedure to generate reliable, stringent and reproducible data.

As already indicated for activated T cells in lymph nodes of 1 mg/kg edelfosine-treated mice
the analysis of T-cell frequencies in CNS infiltrates confirmed the previous assumption.
Whereas frequencies of CD69+ CD4+ and CD8+ T cells appeared to be diminished in the
CNS of 10 mg/kg edelfosine-treated mice compared to PBS-treated controls, the application
of 1 mg/kg edelfosine significantly elevated frequencies of CD69+ T cells compared to
10 mg/kg edelfosine-treated mice (Figure 17 B, Table 16). Naive and effector T cells are
(re)activated after their transmigration into the CNS by brain-resident APCs (microglia,
astrocytes) along with DCs (113, 351, 367). Possibly, this process is more pronounced in the
case of 1 mg/kg edelfosine treatment. Interestingly, Miller et al. have postulated a hierarchy
for CNS-migrated APCs according to their potential in T-cell activation (367). mDCs were
observed to be superior to both pDCs and CD8a+ CD11c+ DCs, which in turn were superior
to macrophages in presenting PLP39.151) peptide to naive and effector T cells. Since infiltrate
analyses showed enhanced frequencies of DCs after 1 mg/kg edelfosine treatment, this
population may contribute to elevated T-cell restimulation and activation in the CNS. Along
this line, nTreg recruitment to sites of antigen presentation may be enhanced, thus explaining
the observed increased frequencies of CNS-infitrating nTregs if mice were injected daily with

1 mg/kg edelfosine compared to 10 mg/kg edelfosine-treated mice (Figure 15). It has been
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shown in vitro that nTregs are capable of suppressing activation and/or proliferation as well
as cytokine formation of CD4+ and CD8+ T cells in the absence of APCs (368, 369). The
induction of nTreg suppressive activity requires antigenic stimulation, for instance by means
of activation signals provided through TCRs, whereas the suppression by activated nTregs is
not antigen specific (370). Several modes of nTreg functioning have been postulated.
Activation of suppressive function in nTregs may be conferred by APCs (e.g. pDCs, which
show elevated frequencies upon 1 mg/kg edelfosine treatment) in a contact-dependent
manner due to CTLA-4 (CD152) and LAG3 on Tregs interacting with co-stimulatory CD80
and CD86 expressed by APCs (371, 372). Interestingly, Fallarino et al. proposed that nTregs
might directly mediate suppression via CTLA-4 (373). The interaction with CD80 and CD86
induces indoleamine 2,3-dioxygenase (IDO) in DCs, an enzyme catalyzing the depletion of
tryptophan. Hereby, elevated nTreg frequencies in 1 mg/kg edelfosine-treated mice might
interfere with proinflammatory actions of activated T cells in the CNS. To sum up, the
increased frequencies of DC subsets in the CNS of 1 mg/kg edelfosine-treated mice may
exert secondary effects on T-cell subsets.

EAE is primarily a CD4+ T cell-mediated disease (88) and specificity of autoreactive T cells
for distinct myelin peptides has been studied in detail (374). Both CD4+ Th1l cells secreting
IFN-y and IL-17-producing CD4+ Thl7 cells are involved in pathology with the latter
especially important during disease onset. CD8+ T cells in EAE may have regulatory
functions (375-377). However, these cells also readily produce IFN-y potentially acting as an
early source of IFN-y driving Thl-cell differentiation (378). Notably, treatment with 10 mg/kg
edelfosine led to reduced frequencies of IFN-y-producing CD8+ T cells compared to PBS- or
1 mg/kg edelfosine-treated mice (Figure 16, Table 15). In contrast, no effect could be
observed for either the edelfosine treatment or for the previously mentioned diminished
CD8+ IFN-y-producing T cells on CD4+ IFN-y-producing T cells. The potential of
noncytotoxic CD8+ T cells to be sources for IL-17 has been reported before (379).

As frequencies of apoptosis-prone T cells were observed to be elevated in spleens of 10
mg/kg edelfosine-treated mice, the frequencies of T cells with activated caspase-3 were also
evaluated in lymphocyte infiltrates of the CNS. In this study increased frequencies of CD4+
T cells that expressed activated caspase-3 after daily treatment with 10 mg/kg edelfosine
were found (Figure 17, Table 17). These data indicate that either edelfosine is able to induce
apoptosis in T cells that have infiltrated the CNS of EAE-induced mice or that the treatment is
sufficient to induce apoptosis in T cells in the periphery, an effect that may not inhibit those
cells to infiltrate into the CNS but still lead to disease amelioration. Statistical analysis was
performed by 1-way ANOVA as for all other subset analysis, but data is not normally
distributed in this case. Conservative Kruskal-Wallis testing did not allow the detection of a

significant treatment effect here pointing to the necessity of larger sample numbers.
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CNS-infiltrating cells in the acute phase of EAE were characterized due to their expression of
surface antigens, transcription factor Foxp3 and cytokines. The recruitment of
encephalitogenic T cells acting in concert with other leukocytes and CNS-resident cells
mediates the formation of inflammatory lesions. At this stage CNS damage is already
observable which not only affects the myelin sheath and oligodendrocytes but also neuronal
cell survival. Whereas NeuN+ neurons were reduced if EAE-induced mice were treated daily
with PBS compared to healthy controls, edelfosine treatment prevented a significant
neuronal loss (Figure 18 B). Results indicated unchanged numbers of neurons per section
for 10 mg/kg edelfosine-treated mice compared to healthy controls and pointed to a gradual
loss of neurons upon 1 mg/kg edelfosine treatment. Immunohistochemical data correlated
with disease scores of the mice. NeuN+ cells were quantified in ventral horn regions of spinal
cords which contain alpha motor neurons. These neurons are primarily involved in extrafusal
muscle fiber innervation of skeletal muscles. In this way it is probable that their damage has
a direct impact on clinical disease and treatment outcome. Qualitative evaluation of
mononuclear cell infiltration by HE-staining pointed to an edelfosine dose-dependent
treatment effect (Figure 18 D). Infiltrating cells readily accumulated at the anterior side of
spinal cord sections of PBS-treated mice. In contrast, the tissue of 10 mg/kg edelfosine-
treated mice hardly allowed detection of infiltrating cell accumulations. Notably, the depicted
tissue sections were prepared from representative mice with EAE scores correlating with
respective mean EAE scores of each treatment group. Bielschowsky silver impregnation of
respective sections indicated reduced axonal densities if mice were treated with PBS in
comparison to edelfosine-treated mice (Figure 18 D). Treatment-dependent EAE-course
alterations correlated with the extent of neuronal damage reflected by light-colored areas in
corticospinal tracts within the white matter. These anterior and lateral corticospinal tracts
contain motor axons that synapse with second-order alpha motor neurons of the ventral horn
within the grey matter. In this way reduced axonal densities may affect locomotive functions

of EAE-induced mice.

Edelfosine interferes with human T-cell activation and proliferation

After having shown the effectiveness of edelfosine treatment in the murine system, it is
necessary to translate these findings into the human setting. Therefore, experiments with
human cells were performed. The culture of unstimulated human PBMCs in the presence of
10 pg/ml edelfosine or higher resulted in a marked reduction in viable CD4+ T-cell
frequencies. Frequencies of cells that were in late apoptosis or dead were concomitantly
increased (Figure 19, Table 18). Interestingly, frequencies of CD4+ T cells in early apoptosis

were only increased moderately. In contrast, frequencies of both early and late
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apoptotic/dead CD8+ T cells were equally increased if cultured with 10 pg/ml or 33.3 pg/mi
edelfosine (Figure 19, Table 19). To sum up, CD4+ T cells appeared to be more susceptible
to edelfosine-induced cell death. It remains speculative if apoptosis in CD4+ T cells
progresses so fast that most apoptosis-prone cells have already entered late apoptosis/death
after 24 h or if concentrations higher than 3.3 pg/ml directly induce cell death by necrosis.
Due to its chemical structure including one apolar hydrocarbon chain edelfosine inserts
easily into the lipid bilayer of plasma membranes. Thus, if present in high concentrations
edelfosine may rather act as a detergent and lead to cell lysis and necrosis. In comparison,
in CD8+ T cells apoptosis either progresses with slower kinetics, or CD8+ T cells are less
susceptible to edelfosine-mediated toxicity. Edelfosine was shown to integrate into lipid rafts
within the cellular membrane thereby recruiting Fas/CD95, FADD and caspase-8 (272).
These DISC-raft clusters are implicated to elicit FasL-independent apoptosis. Probably, high
concentrations of the drug induce membrane disruptions upon excessive lipid raft integration.
Obviously, the amount of edelfosine incorporated into the cell determines its cytotoxicity. The
number of drug molecules per cell, the cell density/dilution among cells and the prevailing
cell types are important determinants of the drug'’s killing effect (256).

Additionally, edelfosine interfered with the activation and proliferation of mitogen-stimulated
PBMCs in a dose-dependent manner. A profound, significant reduction in proliferative
response was observed at concentrations of 1.0 pg/ml edelfosine or higher (Figure 20 A).
10 pg/ml edelfosine led to a significant reduction in proliferation in unstimulated controls.
Interestingly, these findings indicate that ex vivo mitogen stimulation is not the only condition
to study edelfosine effects on T-cell proliferation. Additionally, edelfosine was effective in
reducing PHA-mediated T-cell proliferation when added 48 h after activation (Figure 20 B). In
this case a significant reduction was only observed at 3.3. pg/ml edelfosine or higher.
Moreover, the proliferation in unstimulated controls was significantly diminished at edelfosine
concentrations higher than in the preceding approach for unstimulated cells. Results showed
a greater effect of edelfosine-mediated inhibition when added coincidentally with activation.
In addition, 3.3 pg/ml edelfosine induced a significant inhibition of T-cell proliferation if
PBMCs were preincubated for 24 h with edelfosine in the absence of a mitogenic stimulus
(Figure 20 C). Nevertheless, some proliferation was detectable even after preincubation with
10 pg/ml edelfosine, whereas 33.3 pg/ml edelfosine blocked T-cell proliferation completely.
Unstimulated control approaches could not identify significant differences comparing the
various edelfosine concentrations tested. Here, 33.3 pg/ml edelfosine also maximally ablated
T-cell proliferation or otherwise affected T-cell function. These results are in agreement with
the previously dicussed data on apoptosis induction and cell death (Figure 19, Table 18-19)
since the frequencies of viable CD4+ T cells were reduced after incubation with 10 pug/mi

edelfosine. The incubation with 3.3 pg/ml did not affect viability in preincubation experiments.

110



Discussion

However, it effectively interfered with T-cell proliferation after preincubation and also when
added conincidentally with or 48 h after T-cell activation. When comparing the edelfosine-
mediated reduction of proliferation in all three PHA-stimulated settings, an interaction was
observed with significant differences between immediate addition and addition 48 h after
activation, but also between immediate addition and preincubation if cells were treated with
3.3 pg/ml edelfosine. In this way 3.3 pg/ml edelfosine inhibited proliferation more effectively
when added immediately compared to addition 48 h after activation or pretreatment. No such
differences were found for comparisons of the three approaches at other edelfosine
concentrations.

To test the drug’s interference with a more physiological condition, i.e. antigen-specific T-cell
proliferation, MBP g3.99-specific T-cell lines (TCLs) were incubated with edelfosine. These
experiments not only showed the inhibition of proliferation of activated cells by edelfosine,
but they also illustrated the impact of edelfosine on proliferation of cells, that have not been
stimulated by the addition of MBP(39q (Figure 20 D). Obviously, edelfosine not only
interferes with actively induced proliferation, namely the addition of a mitogenic or a disease-
relevant, specific stimulus in vitro, but also with the “background’-proliferation in the
unstimulated control conditions. This effect was already observed in ex vivo proliferation
experiments with lymphocytes derived from EAE-induced SJL mice (chapter 4.3.2). In the
case of lymphocyte preparations from peripheral blood or lymphatic organs, activated T cells
as well as APCs may be concomitantly used for ex vivo proliferation assays. The APCs may
provide stimulation for T cells albeit on a comparably lower level. Instead, the use of TCLs
enabled the detection of proliferation, even without the addition of a stimulus in a setting
devoid of APCs loaded with exogenous antigen. This proliferation may be assigned to a
process named “homeostatic proliferation”. Homeostatic proliferation depends on contact to
self peptide-MHC ligands and cytokines (e.g. IL-7) provided by other cells, e.g. classical
APCs and probably T cells, in order to prevent apoptosis of T cells that lack the encounter of
their cognate antigen (380-384). Mouse models implied that the peptides involved in positive
T-cell selection in the thymus also drive homeostatic proliferation (385, 386). Especially DCs
were shown to act on MBP-specific T-cell clones in vitro in absence of nominal, exogenous
antigen (387, 388). A distinct activation (induction of IL-12RpB, and IFN-y expression, Ca?*
currents) and long term survival of T cells were reported upon cell-cell contact. It is this
homeostatic proliferation that plays a fundamental role in maintaining the T-cell pool during
the lifetime of an individual. In fact, proliferation of PBMCs could be readily observed after
seven days in the presented experiment (Figure 20 E). In order to block TCR:MHC
interactions cells were also cultured with anti-HLA class | and Il antibodies. Only minor
antigen-independent proliferation was detectable indicating that proliferation was mediated to

a large degree by MHC class | and/or class Il interactions with TCRs. Here, the culture with
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3.3 ug/ml edelfosine dramatically reduced proliferation to baseline levels interfering
profoundly with homeostatic proliferation of T cells.

The presented findings allow to conclude that edelfosine is capable to inhibit the proliferation
of T cells after mitogenic and antigen-specific activation, also at concentrations that were
clearly shown not to be toxic/lytic. Moreover, edelfosine may exert its immunomodulatory
effects by interference with proliferation that is not dependent on presentation of exogenous

antigen.

Edelfosine modulates MHC class Il- and type | interferon-associated signaling
pathways of human CD4+ T cells

Edelfosine was shown to induce apoptosis in tumor cells and activated T cells (253, 312).
Previous reports proposed Fas ligand-independent mechanisms to induce DISC-complex
formation by edelfosine recruitment into lipid rafts (254, 272, 389). Moreover, edelfosine may
also act by inhibiting the PC biosynthesis resulting in apoptosis in proliferating cells (255,
274, 275). Cell proliferation was also found to be interrupted by edelfosine inhibiting PC
breakdown into lipid second messengers for the MAPK pathway (297, 299, 390). The goals
of the present gene-expression analysis were to deepen the understanding of already known
mechanisms of edelfosine action (apoptosis induction, cell-cycle arrest), but also to discover
novel effects of edelfosine in the context of immune cells. The two main questions that were
asked are: which pathways are induced de novo by edelfosine treatment of unstimulated
cells? Which pathways are modulated in stimulated CD4+ T cells upon drug application?

Whole genome gene-expression analysis was performed using enriched human CD4+
T cells. Cells were incubated for 30 h in absence or presence of edelfosine. It has been
previously shown that 3.3 pg/ml edelfosine do not induce reductions in frequencies of
unstimulated, viable annexin V- Pl- PBMCs (Figure 19 B). Thus, this concentration can be
excluded to be toxic/lytic. However, 3.3 ug/ml edelfosine appeared to be potent in interfering
with CD4+ T-cell proliferation after preincubation (Figure 20 C). Moreover, homeostatic T-cell
proliferation was inhibited by 3.3 ug/ml edelfosine (Figure 20 E). Figure 19 B also implies that
10 pg/ml edelfosine differs from 3.3 pg/ml by inducing a profound increase in frequencies of
unstimulated, late apoptotic/dead annexin V+ Pl+ CD4+ T cells at the expense of viable
T cells. 10 pg/ml edelfosine also significantly reduced the proliferation of PBMCs which were
cultured for three days in absence of an exogenous stimulus (Figure 20 A). Based on these
data, which reflect both differences with regard to CD4+ T-cell viability and a potential
enhancement of interference with T-cell proliferation, gene-expression analysis was
performed of unstimulated CD4+ T cells cultured with 3.3 pg/ml or 10 pg/ml edelfosine. To

investigate the impact of edelfosine on the gene-expression profile of stimulated CD4+
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T cells, cells were incubated with 3.3 pg/ml edelfosine. As mentioned previously, this
concentration did not reduce frequencies of viable CD4+ T cells after 24 h of incubation
without exogenous stimulus. However, it significantly reduced the proliferation of activated
T cells (Figure 20 B) and T cells after 24 h of preincubation (Figure 20 C). The particular
effectiveness of 3.3 pg/ml edelfosine when added immediately was not only emphasized by
the significant reduction of T-cell proliferation (Figure 20 A). Performing a comparison
between all three settings of PHA-mediated T-cell proliferation (immediate edelfosine
addition, addition after 48 h, 24 h pretreatment followed by T-cell activation) 3.3 pg/ml
edelfosine was found to be unique among all concentrations tested. Due to its profound
impact on proliferation when added immediately significant differences were found compared
to the addition after 48 h and the pretreatment condition.

Despite the mentioned differences induced by 3.3 pg/ml and 10 pg/ml edelfosine on
unstimulated T cells both concentrations induced consistent changes of gene expression in
CD4+ T cells (Table 20). The fact that all genes whose expression was modulated by
3.3 ug/ml edelfosine also appeared in lists of modulated genes after 10 pug/ml treatment
(except TCF4) underlined the effect of enhancement of induced changes by increased
edelfosine concentrations. Therefore, further in-depth analysis of the unstimulated setting
was performed using the 10 pg/ml edelfosine approach. In contrast, the stimulated condition
generated a large number of up- and downmodulated genes.

The clustering of differentially upregulated genes of unstimulated CD4+ T cells treated with
10 mg/kg edelfosine confirmed the well-described induction of apoptosis by edelfosine
(Table 21 A). Notably, this confirmation was generated by analyzing cells cultured in absence
of exogenous stimulation and previous reports attributed apoptosis induction specifically to
activated cells. Here, one has to take into account that upregulations may have occurred in
cells that have already been activated in vivo or cells that were activated in vitro by
transferred APCs. This hypothesis is underlined by the comparably moderate presentation of
apoptosis-associated pathways with 2x107 as the lowest GO P-value, the limited number of
upregulated genes (11) and the comparatively high edelfosine concentration of 10 pg/mi
edelfosine which was necessary to achieve upregulation in the unstimulated setting. The
JUN proto-oncogene, also referred to as c-Jun, is activated by the JNK pathway. The
induction of c-Jun has been reported in response to cellular stress (UV light, ionizing
irradiation, hydrogen peroxide, TNF-a) leading to apoptosis (224, 227, 391, 392). Its role in
apoptosis is not associated with its function in cell cycle progression and proliferation (393).
Moreover, activated Ras can induce elevated transcription activity of c¢-Jun by
phosphorylation of its transactivation domain (226, 394). Interestingly, both identified proto-
oncogenes RhoB and KRAS are members of the Ras superfamily of GTPases, which are

involved in regulation of the actin cytoskeleton, cell adhesion, motility, proliferation and
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apoptosis. RhoB itself is an important mediator of antineoplastic and apoptotic functions of
farnesyltransferase inhibitors for inhibiting malignant cell growth (395). The Ras signaling
pathway itself can be induced by ceramide upon Fas-initiated apoptosis (228).

In contrast, 10 pg/ml edelfosine but also 3.3 pg/ml edelfosine readily downmodulated the
expression of genes assigned to immune response and antigen processing and presentation
via MHC class Il (lowest GO P-value: 3.9x10™) (Table 21 A, Table 22 B). This interesting
treatment outcome is even more remarkable in view of the cell type under investigation. In
general, CD4+ T cells interact via their TCR with MHC class Il on APCs (DCs, B cells,
macrophages, thymic epithelial cells). On other cell types MHC class Il expression can be
induced by activation, for instance by proinflammatory cytokines like IFN-y. In this way
human T cells may express HLA class Il as an activation marker, which is involved in antigen
presentation and subsequent bystander activation of T cells (396—398). This is possibly
pointing to a role in homeostatic proliferation. MHC class Il on T cells was also reported to
act as a signal-transducing receptor via its cytoplasmic tail into T cells thereby mediating
protein kinase C (PKC) membrane translocation. CD3 and HLA class Il triggering elevates
CD3-mediated T-cell blast proliferation (399). The master regulator of MHC class Il
expression is the class Il transactivator (CIITA). The CHTA promoter (P) Il isoform, which is
responsible for HLA-DR, -DP and —DQ cell-surface expression, is not transcribed in activated
mouse T cells due to methylated CIITA-PIII (400). In the present experiment CD4+ T cells
were cultured without or with edelfosine in the absence of stimulation. IFN-y concentrations
were at baseline, undetectable levels in both conditions as found by 13plex Kit FlowCytomix
analysis (not shown). A conceivable deprivation of IFN-y upon edelfosine addition could not
account for the observed downregulation of MHC class ll-associated genes, which was
reproducible in human B cells on protein level by flow cytometry (Figure 22). But possibly,
again referring to the 13plex data, edelfosine is interfering with vesicular transport of
cytokines (Figure 24) and HLA class Il to the T-cell surface. In this regard, edelfosine may
act as an immunomodulatory, chemotherapeutic drug, maybe by integration into the
phospholipid bilayer of transport vesicles and/or endosomal compartments for MHC class I
loading. To develop a better understanding, the molecular mechanisms how edelfosine
affects molecules of the MHC class Il processing/presentation pathways clearly merit further
study.

If incubated with stimulated human CD4+ T cells, edelfosine induced the downregulation of
genes assigned to cell-cycle progression (Table 21 B). This effect of edelfosine has been
examined in previous reports. Interestingly, edelfosine inhibits cell division, but it does not
interfere with cell nuclear division thereby multinucleated cells accumulate in G,/M phase of
cell cycle followed by apoptosis (276, 401-406). Pushkareva et al. observed tetra- and

octaploid cells at the Go/G; phase of the cell cycle (407). Of note, microtubule assembly

114



Discussion

appears not to be compromised by edelfosine (408). Thus, edelfosine is able to directly
induce apoptosis, e.g. by DISC-complex formation, and/or to exert a cytostatic effect by
inhibiting cytokinesis of the same cell type. The relative contribution of each effect is
considered to be dependent on the cell type as well as the drug dose (409). The inhibition of
PC biosynthesis may constitute a mechanism mediating the edelfosine-induced inhibition of
mitosis (241, 410). Comprising about 50 mol% of phospholipids, PC is the most abundant
phospholipid in membranes of eukaryotic cells. Its unobstructed biosynthesis is therefore
required to cope with the increased demand to generate cellular membranes during mitosis.
Edelfosine inhibits CCT (274), the key enzyme controlling the rate-limiting step of the
de novo PC biosynthesis (411-413), thereby inducing severe stress sufficient to impose
apoptosis on proliferating cells. This cytotoxic effect can be abrogated by the addition of LPC
as an exogenous source of phospholipid (274, 276) as well as by the overexpression of CCT
(414). In this way edelfosine-treated cells can be prevented from accumulation in the G,/M
phase and subsequent apoptosis. Interestingly, the cytostatic Go/G; block is not resolved and
may be independent of the inhibition of PC synthesis. CCTa is a soluble enzyme of the
nucleus, the Golgi apparatus, ER and transport vesicles that gets activated upon association
with the nuclear membrane. It is not established if edelfosine directly interacts with CCT or by
other indirect processes. One possibility to explain more precisely how the inhibition of PC
synthesis is initiating apoptosis would be that reduced PC blocks the downstream synthesis
of SM and DAG by SMS. Thus, a second SMS substrate may accumulate: ceramide, which
has been associated with apoptosis (228). Besides interfering with the biosynthesis of PC,
APLs can also interfere with PC breakdown into PA by phospholipase D and its subsequent
degradation to DAG (297, 299, 390). PA and DAG act as lipid second messengers on the
MAPK pathway, for instance the Ras/Raf/MEK/ERK pathway of cell proliferation. Edelfosine
also diminishes formation of DAG and concomitant inositol 1,4,5-trisphosphate (IP3) by
phospholipase C, an enzyme that conducts the breakdown of PI-4,5 bisphosphate (PIP2)
(415, 416). In this regard, the biosynthesis and turnover of phospholipids is not only
important for the maintenance of membrane integrity. They are also the stock for precursors
of lipid second messengers that mediate cellular function, survival and proliferation. As some
reports on tumor cells described dissociations between apoptosis induction and detectable
changes in PC metabolism it has to be elucidated if the interference with lipid biosynthesis is
the general cause for cell-cycle arrest and the cytotoxic action of edelfosine (417—-419).

A further finding of high interest was the prominent upregulation of type | interferon-
associated genes upon incubating stimulated CD4+ T cells with 3.3 pg/ml edelfosine.
Physiologically, the expression of type | interferons is induced by viral components, e.g.
ss/dsRNA, DNA and viral glycolipids, but also by bacterial components (DNA, LPS). In the

majority of triggers, responding cells are macrophages, mDCs and/or pDCs (420). The
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present finding may be a side effect mediated by type | interferons binding to the ubiquitously
expressed heterodimeric type | interferon receptor, which is composed of IFNAR1 and
IFNAR2 subunits. In subsequent downstream signaling events, STAT1/STAT2 get
phosphorylated and this heterodimer translocates into the nucleus to initiate transcription of
IFN-a/B-inducible genes. Interestingly, IFN-a/B activates also other pathways. For instance,
the formation of STAT1 homodimers can induce the transcription of genes that contain the
IFN-y-activated sequence (GAS). Of note, cross-talks by feedback circuits have been
reported for IFN-a/p and the type Il interferon IFN-y. IFN-o/f signaling pathways were found
to upregulate IFN-y production by DCs but also by T cells which leads to the induction and
maintenance of Thl cells (421-423). Together with signaling via the TCR, IFN-a and -3 were
found to induce IFN-y production by STAT4 activation. IFN-y was also identified to have an
impact on IFN-a/B. The enhancement of IFN-a signaling by IFN-y was found to be dependent
on the tyrosine kinase Syk (424). Therefore, type | and Il interferons may influence each
other in terms of signaling and production. The findings of gene-expression analysis would
argue in favor of the expectation of elevated IFN concentrations taking into account
previously described crosstalks of IFN pathways. Interestingly, type | interferons were absent
in supernatants of CD4+ T cells used for gene-expression analysis thereby contradicting
theoretical autocrine or paracrine type | interferon-induced gene expression. ELISA- and
13plex-data results indicate that, upon treatment with 3.3 pg/ml edelfosine, viable CD4+
T cells are inhibited to express and/or secrete IFN-y. The decrease in IFN-y concentration
may be the consequence of edelfosine interfering with cellular activation, proliferation and
type Il interferon production. This downmodulation occurs despite the induced expression of
type | IFN-associated genes in stimulated, edelfosine-treated cells. In future experiments one
could reduce the possibility of IFN-y crosstalk a priori by enriching naive CD4+ T cells after
PBMC isolation. In this way the culture of already in vivo activated T cells, e.g. Thl, as
sources of IFN-y could be avoided. However, no apparent downregulations of IFN-y-
associated genes were found by microarray analysis. Nevertheless, reduced IFN-y
concentrations could have been the result of edelfosine interfering with T-cell activation
and/or vesicle transport to the cell membrane. Interestingly, this inhibitory effect of edelfosine
appeared not only to affect secretion of IFN-y but also of other cytokines as a more general
effect.

To sum up, the detected upregulation of type | interferon-associated genes in stimulated,
edelfosine-treated CD4+ T cells cannot be deduced from the presence of either IFN-a or —3
in the cell culture supernatant. Moreover, even the concentration of IFN-y was reduced in
edelfosine-containing approaches compared to approaches without edelfosine. This finding
excludes the additional possibility of induction of type | interferon-associated genes due to

feedback cross-talk by type Il interferon and emphasizes the role of edelfosine.
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Serrano-Fernandez et al. have performed a longitudinal analysis on IFNB1b treatment of MS
patients (315). Subjecting isolated PBMCs to microarray analysis over one year, 14
significantly upregulated genes were identified at all three timepoints. Those biomarkers
have also previously been shown to be differentially expressed in the case of IFNBla-
(IF144L, 1SG15) (425, 426), IFNB1b therapy (IFIT3, SN/SIGLEC1) (427) or both (EI2AK2,
IFI16, IF144, IFIH1, IFIT1, IFIT2, MX1, OASL, RSAD2 and XAF1) (425-429). Postulated
biomarkers like IL-8 were identified only directly after onset of IFNB1b therapy. These IFN-
regulated transcripts may constitute early biomarkers for long term IFNB activity. The authors
identified IFI44L, IFIT1 and RSAD2 to show the greatest fold-change (>1.3). By incubating
stimulated human CD4+ T cells with edelfosine, these candidates were also found to be
highly upregulated (fold-changes of SLR: 3.3 to 3.4), thereby seconded only by IFl44 (3.4)
and IFIT2 (4.1). In principle, except for SN all 14 upregulated transcripts were also identified
as upregulated genes in the case of edelfosine-incubated stimulated CD4+ T cells.
Additionally, further type | interferon-regulated genes were identified (Table 22 B).
Functionally, transcripts can be grouped according to their role in immune response and/or
response to virus (Table 21 B). IFN-B-inducible XAF1 may act as an intermediate regulator
for TRAIL-induced apoptosis (430).

Sturzebecher et al. compared the differential gene expression of responders, initial
responders, who produced neutralizing antibodies in the course of treatment, and
non-responders to identify unique responder-expression profiles (431). Responders were
found to upregulate nine genes comprising OAS but also TRAIL, potentially linking IFNB
treatment to elevated apoptosis. Probably, the induction of genes associated with the
activation of the immune response by interferon therapy may exhaust components of cellular
(auto)immunity in the periphery. In this way, the inflammatory response in the CNS of
MS-affected individuals may be diminished. Type | interferons also possess anti-proliferative
properties by directly inducing apoptosis (432), possibly by amplifying FasL/Fas-induced
apoptosis (433, 434) and induction of p53 (435, 436). For instance, apoptosis mediated by
IFN-B in melanoma cell lines was dependent on the cleavage and activation of caspase-3, -8
and -9, cytochrome c release from mitochondria and DNA fragmentation. Moreover, the
expression of TRAIL was induced (437). Considering the IFNB treatment-induced change of
MS-patient subsets from responders to antibody-producing non-responders, the a priori
existence of non-responders as well as the high costs of recombinant IFNB production
reliable approaches are necessary to classify patients before deciding on a course of
treatment. One meaningful a priori approach may be the identification of responsible single
nucleotide polymorphisms (438).

As expected, genes attributed to the regulation of apoptosis were also upregulated

(Table 21 B). Among these genes were the previously mentioned c-Jun and KRAS, but also
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the GTPase GIMAP1 and the Rho guanine nucleotide exchange factor (GEF) 3, which
accelerates the activity of GTPases by catalyzing the release of bound GDP. SMAD3, an
intracellular signal transducer that can associate to form SMAD3/SMAD4/JUN/FOS
complexes, was also upregulated. As mentioned, TNF-a was described earlier to induce
apoptosis. Stimulated, edelfosine-treated CD4+ T cells showed a significant upregulation of
TRAIL and tumor necrosis factor (ligand) superfamily, member 13 (APRIL). The binding of
TRAIL to its receptor can activate MAPK8/INK, caspase-8 and -3 (439, 440). Like
caspase-8, upregulated caspase-10 acts as an initiator caspase independently of caspase-8
to mediate apoptosis by Fas and TNF (441). In this way edelfosine may induce
DISC-complex formation and subsequent apoptosis in T cells in the absence of FasL (272).

The novel identification of increased expression of type | interferon-regulated genes in
activated, edelfosine-treated human CD4+ T cells may point to edelfosine as a potent
apoptosis-inducing, immunomodulating, cost-effective and orally available treatment in the

context of MS.
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6 Summary

Edelfosine was tested in EAE-mouse models to define effective concentrations which
ameliorate the clinical course in the absence of side effects. Consequently, 10 mg/kg
edelfosine were used to treat EAE in SJL mice in a preventive as well as in a therapeutic
setting. 1 mg/kg edelfosine was used as a reference regimen. Trials additionally included a
PBS-treated control cohort. To link the detected amelioration of EAE to mechanistic changes
upon edelfosine treatment, secondary lymphoid organs (lymph nodes, spleens) were
investigated at day 9 after immunization by flow cytometry (start of treatment: day of
immunization). A significant higher frequency of T cells which showed signs of activated
caspase-3 was found in lymphoid organs of mice that were treated with 10 mg/kg edelfosine.
Here, also significantly more naive T cells were detected.

At day 9 after immunization, the proliferative capacity of lymph node cells as well as
splenocytes was tested in ex vivo thymidine-incorporation assays. Upon edelfosine treatment
in EAE mice, lymphocytes retained their proliferative capacity irrespective of the recall
stimulus (mitogenic, polyclonal or disease-relevant).

Flow cytometry was used to investigate treatment-dependent changes in the composition of
immune cells infiltrating into the CNS of immunized mice in the acute phase of EAE. The
treatment with 10 mg/kg edelfosine led to a significantly reduced frequency of infiltrating
CD4+ T cells. Within the CD4+ T-cell population the frequency of T cells with activated
caspase-3 was significantly increased. The immunohistochemical evaluation of NeuN+
neurons in the acute phase of EAE using cervical spinal cord sections revealed a significant
loss of neurons if mice were treated with PBS compared to non-immunized control mice. In
comparison, no significant loss was found when comparing non-immunized mice to mice that
were treated with 10 mg/kg edelfosine.

The treatment of human CD4+ T cells with edelfosine led to an edelfosine dose-dependent
decrease of the proliferative response in thymidine-incorporation assays. Subsequently,
CD4+ T cells were used to perform gene-expression analysis. Here, an edelfosine-induced
decrease of MHC class Il molecules and molecules involved in MHC class ll-associated
processing and presentation was found in unstimulated CD4+ T cells. Furthermore, type |
interferon-associated genes were found to be upregulated if cells were stimulated in the
presence of edelfosine. Interestingly, those genes were also identified to be upregulated in a
published longitudinal study of gene-expression profiles, in which PBMCs from MS patients
under IFN-B treatment were investigated. Both observations are novel and might offer the
opportunity to develop edelfosine further for clinical use. Since the drug is orally available

and well tolerated, this remains an important and interesting goal.
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7 Abbreviations

(c)DNA
(S1P):
AEP
AHSC
AICD
AlF
ALP
ANOVA
APAF1
APC
APL
APRIL
ATL
BBB
BCL2
BCR
BDNF
BP
BSA
CCL
CCR
CCT
CD
CFA
CFSE
CICD
CITA
CIs
Con A
cpm
CSF
CTLA-4
Cy
DAG
DC
ddH,O
DISC
ds
EAE
EBV
EDSS
ELISA
ER
ERK

(complementary) deoxyribonucleic acid
(sphingosine 1-phosphate) receptor 1
alkyl ether phospholipids

autologous hematopoietic stem cell
activation-induced cell death
apoptosis-inducing factor
alkyllysophospholipid

analysis of variance

apoptotic protease-activating factor-1
antigen-presenting cell, allophycocyanin
alkylphospholipid

tumor necrosis factor (ligand) superfamily, member 13
antitumor lipid

blood brain barrier

B-cell lymphoma protein-2

B-cell receptor

brain-derived neurotropic factor
biological process

bovine serum albumin

CC chemokine ligand

C-C chemokine receptor
CTP:phosphocholine cytidylyltransferase
cluster of differentiation

complete Freund’s adjuvant
carboxyfluorescein diacetate, succinimidyl ester
caspase-independent cell death

class Il transactivator

clinically isolated syndrome
Concanavalin A

counts per minute

cerebrospinal fluid

cytotoxic T-lymphocyte antigen 4
cyanine

diacylglycerol

dendritic cell

deionized-distilled water

death-inducing signaling complex
double-stranded

experimental autimmune encephalomyelitis
Epstein-Barr virus

expanded disability status score
enzyme-linked immuno sorbent assay
endoplasmic reticulum

extracellular signal-regulated protein kinase
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Abbreviations

FADD
FasL
Fas
FITC
Foxp3
GA
GAS
GEF
GM-CSF
GO
HE
HLA
HSC

Fas-associated protein with death domain
Fas ligand

Fas receptor

fluorescein isothiocyanate

forkhead box protein 3

glatiramer acetate

IFN-y-activated sequence

Rho guanine nucleotide exchange factor

granulocyte-macrophage colony stimulating factor

gene ontology

hematoxylin-eosin

human leukocyte antigen
hematopoietic stem cell
intramuscular

intravenous

inhibitory concentration

intercellular adhesion molecule
identity document

indoleamine 2,3-dioxygenase
Interferon

Immunoglobulin
Immunohistochemistry

interleukin

inositol 1,4,5-trisphosphate

induced regulatory T cell

c-Jun N-terminal kinase

killer cell Ig-like receptors

leukocyte common antigen
lymphocyte function-associated antigen
lysophosphatidic acid
2-lysophosphatidylcholine
lipopolysaccharide
myelin-associated glycoprotein
mitogen-activated protein kinase
myelin basic protein

monocyte chemotactic protein-1
macrophage colony-stimulating factor
myeloid DC

median fluorescence intensity
major histocompatibility complex
matrix metalloproteinase

myelin oligodendrocyte glycoprotein
mitochondrial outer membrane permeabilization
magnet resonance imaging

multiple sclerosis

mesenchymal stromal/stem cell
neuronal nuclei
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NF-kB nuclear factor kappa B

NK natural killer

nTreg natural regulatory T cell

PA phosphatidic acid

PAF platelet activating factor

PARP1 poly (ADP-ribose) polymerase 1

PBL peripheral blood lymphocyte

PBMC peripheral blood mononuclear cell
PBS phosphate buffered saline

PC phosphatidylcholine

PCD programmed cell death

pDC plasmacytoid DC

PE phycoerythrin

PHA phytohemagglutinin

Pl propidium iodide

PIDD p53-induced protein with a death domain
PIP2 PI-4,5 bisphosphate

PKC protein kinase C

PLP proteolipid protein

PMA phorbol myristate acetate

PML progressive multifocal leukoencephalopathy
PP primary-progressive

PR progressive-relapsing

PS phosphatidylserine

RANTES regulated upon activation, normal T cell expressed, and secreted
RORyt retinoic orphan receptor yt

ROS reactive oxygen species

RR relapsing-remitting

s.C. subcutaneous

SAPK stress-activated protein kinase

Sl stimulation index

SLR signal log ratio

SM sphingomylein

SMS sphingomyelin synthase

SP secondary-progressive

SS single-stranded

STAT signal transducer and activator of transcription
TCL T-cell line

TCR T-cell receptor

TGF tumor growth factor

Th T helper

TLR toll like receptor

TNF tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand
uv ultraviolet

VCAM-1 vascular-cell adhesion molecule-1
VLA-4 very late antigen 4
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