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Abstract v

Abstract

Multiple sclerosis (MS) is considered to be a T cell-mediated demyelinating disease.
However, there is increasing evidence for the involvement of B cells and plasma cells in
MS pathogenesis: for instance, B cells and plasma cells are present in MS lesions and a
subgroup of early active demyelinating lesions is characterized by immunoglobulin and
complement depositions. Natalizumab is a humanized monoclonal antibody approved
for the treatment of relapsing-remitting MS. It hinders the transmigration of immune
cells into the CNS by blocking the interaction between the a4 chain (CD49d) of
integrins and their ligands. Although natalizumab is an effective drug with a
pronounced reduction of the relapse rate, some patients do not respond to the
therapy. Histopathology after natalizumab therapy has not been investigated.
Moreover, therapeutic effects of anti-a4 integrin antibody therapy in animals were
only investigated in a T cell-dependent but not B cell-dependent mouse model of MS

with no detailed characterization of the inflammatory infiltrate.

The first aim of the study was to characterize the lesional pathology with a focus on
inflammatory cells in natalizumab-treated patients and to compare the histology with
MS patients who had no prior natalizumab therapy as well as to correlate the
inflammatory cells after natalizumab treatment with clinical and therapy-related data.
The second aim of the study was to investigate therapy effects of a natalizumab
analogon (PS/2 antibody) in a B cell-dependent mouse model of MS (OSE) and to

compare the findings with human data.

Histological analysis showed that inflammatory infiltrates in CNS lesions of natalizumab
treated patients were mainly composed of macrophages, T cells and some B cells and
plasma cells. T cell numbers were not significantly reduced as compared to MS
patients without natalizumab treatment. However, plasma cell numbers were
significantly increased in active demyelinating as well as in inactive demyelinated
lesions after natalizumab therapy. Plasma cell numbers tended to be higher and T cells
lower when natalizumab was still pharmacologically active as compared to later time
points. Higher plasma cell numbers did not correlate with the disease duration or the

therapy duration.



Abstract \Y

Therapy with the natalizumab-analogon PS/2 antibody in OSE mice increased
leukocyte numbers in the blood and resulted in a partial internalization of CD49d-
antibody complexes in T- and B cells. Treatment improved the clinical outcome and
decreased spinal cord demyelination and inflammatory cells of all investigated immune
cell subsets if given early in the disease course. However, PS/2 antibody therapy was
not effective when given late in the disease course. Moreover, no evidence for a
rebound activity was observed after therapy discontinuation. The therapeutic effects
of PS/2 antibody injections were independent of the Fc fragment of the antibody, since

F(ab’), injections showed the same beneficial effects as the intact antibody.

In conclusion, although natalizumab is an effective drug for MS it could be shown that
therapy with natalizumab does not completely prevent immune cells from entering the
CNS. Plasma cell numbers were even increased after natalizumab therapy as compared
to controls. Due to the important role also for B cells / plasma cells in MS

pathogenesis, these findings could be of therapeutic relevance.

Natalizumab analogon therapy is effective in a B cell-dependent mouse model of MS.
PS/2 antibody treatment in the OSE model showed comparable peripheral effects as in
MS patients treated with natalizumab. In contrast to human studies, where an increase
of plasma cells after natalizumab therapy was observed, all investigated inflammatory
cell subsets including T- and B cells, plasma cells and macrophages were decreased
after natalizumab analogon therapy. My studies confirm that the therapeutic effect is

mediated by antibody binding and leads to a partial antibody-receptor internalization.
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Introduction 1

1 Introduction

1.1 Multiple sclerosis

1.1.1 History and epidemiology

Multiple sclerosis (MS), also known as encephalomyelitis disseminata, is an
inflammatory demyelinating disease of the central nervous system (CNS). The first
description of MS dates back to the 14™ century
(Kumar et al, 2011; Herndon, 2003). The first
illustration of MS lesions in medical literature was
published by Robert Carswell in 1838, and more
extensive descriptions were depicted by Jean
Cruveillier in the publication Anatomie pathologique
du corps human (1829-1842) (Herndon, 2003;

Murray, 2009). However, Jean Martin Charcot was

the first who made a correlation between the

Fig. 1.1: Jean-Martin Charcot
(1825-1893) (adapted from Kumar

in 1868 (Fig. 1) (Kumar et al., 2011; Herndon, 2003). etal, 2011).

clinical features of MS and the pathological changes

In Northern Europe the general population prevalence ranges between 60-
200/100.000. The disease is mainly diagnosed in patients between the ages 20 and 40,
whereas it is twice as common in female as in male. The exact cause of MS is still
unknown; however, it is considered to be an autoimmune-mediated disease triggered
by environmental, genetic or infectious factors or a combination of these (Korn, 2008;
Marrie, 2004; Barcellos et al., 2003; Willer et al., 2003; Serafini et al., 2007; Handel et
al., 2010). Especially, smoking, vitamin D deficiency, EBV infection and hormonal
imbalance are discussed as possible determining factors for susceptibility to MS.

(Sospedra and Martin, 2005).
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1.1.2 Clinical course

Different clinical courses can be distinguished. A successful therapy strategy of MS is
dependent on the clinical phenotype, with the four main subtypes of the disease

characterized as follows (Lublin and Reingold, 1996):

The relapsing-remitting subtype is the most frequent form of MS and is diagnosed in
approximately 85 percent of MS patients. It is characterized by disease relapses with
full or partial recovery and no disease progression in periods between relapses (Fig. 2

A).

Patients with a relapsing-remitting disease course usually convert to a secondary
progressive subtype marked by a steady progression of disability without clear phases
of remission (Fig. 2 B). The possibility of entering the secondary progressive phase

increases with longer ongoing disease duration (Scalfari et al., 2013).

The characteristics of a primary progressive subtype are a steady progression of

disability from disease onset with no distinct relapses (Fig. 2 C).

The rare progressive relapsing disease course is characterized by progressive disability
from disease onset with or without full recovery and steady worsening of symptoms in

periods between disease relapses (Fig. 2 D).

A RR B - Fig. 1.2: MS patients
show four different
clinical courses (modified

from Lublin et al., 1996).
ﬂ (A) relapsing-remitting
disease course,
H (B) secondary-progressive
c PP

disease course,

Disability

(C) primary-progressive
disease course,

(D) progressive-relapsing
disease course.

Time
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1.1.3 Neuropathology

The pathological hallmarks of MS lesions include CNS infiltration by inflammatory cells
(Fig. 3 A), white matter demyelination (Fig. 3 B), reactive gliosis (Fig. 3 D) as well as
relative axonal preservation (Fig. 3 C) (Kuhlmann et al., 2002; Kuhlmann et al., 2008).
MS lesions can also occur in the gray matter, both in the cortex and the deep gray
matter (Kutzelnigg et al., 2005). The normal-appearing white matter (NAWM) may also
be affected by diffuse axonal injury with profound microglia activation, reactive gliosis

and T cell infiltration.

In early MS lesions, inflammatory cell infiltrates are mainly composed of massive
infiltration by macrophages containing myelin debris within the cytoplasm as a product
of myelin destruction (Fig. 3 E). Furthermore, lesions are also characterized by
perivascular and parenchymal T cells including CD4" and CD8" cells (Fig. 3 F, G), but
also by few B cells and plasma cells (Kuhlmann et al., 2002; Kuhlmann et al., 2008) (Fig.
3 H). Only in early active demyelinating lesions with minor myelin proteins
incorporated in macrophages, immunopathological patterns of demyelination can be
determined (Brick et al., 1995). Four fundamentally different patterns of
demyelination were defined based on the extent of oligodendrocyte preservation,
geography and extension of plaques, myelin protein loss and immunoglobulin and

complement deposition (Lucchinetti et al., 2000).

MS pattern | is characterized by a sharp border to the normal-appearing white matter.
The active demyelination is associated with T cell- and macrophage-dominant
inflammation. The myelin loss when staining for the different myelin components PLP,

MOG, MAG, MBP and CNP is even.

MS pattern Il shows features similar to pattern I. However, it is distinguished by the
deposition of immunoglobulins and complement C9neo antigen at sites of active
myelin destruction along myelin sheaths as well as within macrophages. Thus, a role

for the humoral immune response in myelin destruction has been postulated.
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G o cDs H CD138

Fig. 1.3: Histological characteristics of a typical early MS brain lesion including inflammation (A), white
matter demyelination (B), relative axonal preservation (C) and reactive gliosis (D). Inflammatory
infiltrates are mainly composed of macrophages (E), T cells (F, G) as well as B cells and plasma cells (H).
Scale bar in inset = 20 um.
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The characteristics of pattern Il are also an inflammatory cell infiltrate composed of T
cells and macrophages as well as the absence of immunoglobulin and complement
deposition as described for pattern I. However, the lesions are characterized by a
diffuse border. A prominent feature of this pattern is preferential loss of the myelin
protein MAG compared to other myelin proteins such as MOG as well as a pronounced

apoptotic oligodendrocyte cell death.

MS pattern IV has been observed only in a few cases with primary progressive MS
(Kornek et al., 2003; Briick, 2005) and is thus of minor clinical relevance. Inflammatory
cell infiltrates are also dominated by T cells and macrophages. Furthermore,
immunoglobulin and complement deposition are absent in this pattern. The hallmark
of pattern IV lesions is non-apoptotic degeneration of oligodendrocytes in a small rim

of periplaque white matter adjacent to a sharp lesion border.

1.1.4 Pathogenesis

MS is assumed to be an autoimmune inflammatory disease. Although the factors
which trigger this process are still unknown, researchers are attempting to explore the
development of the disease in experimental autoimmune encephalomyelitis (EAE), an
animal model of MS. On the basis of immunological findings in EAE as well as the
observations in MS patients, possible immunological pathways in the MS disease

process have been suggested.

In the past, MS was considered to be primarily a T cell-mediated disease (Sospedra and
Martin, 2005; Chitnis, 2007). According to this theory, autoreactive T helper 1 (Th1)
cells are activated in the periphery, and in their activated state they are able to adhere
to the blood brain barrier (BBB) and transmigrate into the CNS. After local re-
activation, T cells proliferate and secrete pro-inflammatory cytokines as well as
chemokines. As a result, microglia, macrophages and astrocytes are activated, the BBB
is disrupted and other immune cells, including monocytes, T cells and B cells, are
recruited from the peripheral blood into the CNS which leads to demyelination, axonal

loss and subsequent neurological disability. Recently, Th17 cells as well as CD8" T cells
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have been discussed as possibly contributing to the pathogenesis of MS (Saxena et al.,

2011).

According to this theory of MS pathogenesis, B cells and plasma cells were considered
to play a secondary T cell-dependent role. However, several lines of evidence indicate
also an important role for B cells and plasma cells in MS, e.g. an expansion of B cells
and plasma cells is found in the cerebrospinal fluid (CSF). Moreover, oligoclonal
immunoglobulins (oligoclonal bands) are found in more than 90 percent of MS patients
in the CSF and are even a helpful diagnostic tool (Owens et al., 1998; Qin et al., 1998;
Baranzini et al., 1999; Colombo et al., 2000; Monson et al., 2005; Obermeier et al.,
2008; Owens et al., 2009). Furthermore, B cell accumulations in close proximity to T
cells, plasma cells and follicular dendritic cells are observed in meninges of MS
patients. Here also the chemokines CXCL13, CCL21 and peripheral node adressin
(PNAd) were found, assuming a formation of germinal-center-like structures which
may maintain a humoral autoimmunity, resulting in increased disability (Prineas, 1979;
Serafini et al., 2004; Magliozzi et al., 2007; Howell et al., 2011). In addition the
depletion of B cells in the blood of MS patients by treatment with rituximab showed
beneficial effects on the disease (Stlive et al., 2005; Cross et al., 2006; Chan et al.,
2007; Petereit et al., 2008; Hauser et al., 2008; del Pilar Martin et al.,, 2009).
Furthermore, plasmapheresis in MS patients is assumed to deplete antibodies from
the immune system and thus result in clinical improvement (Keegan et al., 2005).
Moreover, the presence of B cells and plasma cells in the CNS parenchyma of MS
patients as well as the immunoglobulin and complement depositions in a subgroup of
early active lesions support a key role for B cells as well as plasma cells in MS
pathogenesis (Ozawa et al.,, 1994; Kuhlmann et al., 2002; Vercellino et al., 2009;
Frischer et al., 2009; Lucchinetti et al., 2000).
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1.1.5 MS therapy

1.1.5.1 Treatment concepts

Treatment of MS can be generally grouped into immunosuppressive and
immunomodulatory therapies (Stiive, 2009 a). The mode of action of
immunosuppressive agents is the deletion of leukocytes in the periphery. This results
in reduced disease severity, but also in impaired immune surveillance. The beneficial
impact can also be supported by further effects such as a decrease in pro-
inflammatory cytokine secretion, induction of apoptosis in dendritic cells as well as
inhibition of monocyte and lymphocyte migration as shown after mitoxantrone
therapy (Vollmer et al., 2010). The most widely used immunomodulatory agents are
interferon-beta (IFN-B) and glatiramer acetate. Immunomodulatory drugs have diverse
functions modulating the immune system, e.g. IFN-B reduces matrix metalloproteinase
activity as well as inhibits T cell activation and proliferation. Furthermore, both a
reduction in pro-inflammatory cytokine production as well as an increase in apoptosis
in autoreactive T cells have been described (Dhib-Jalbut and Marks, 2010). Glatiramer
acetate is a synthetic random basic copolymer composed of glutamic acid, lysine,
tyrosine and alanine. In a mouse model of MS, an increase in anti-inflammatory type |l
monocytes was observed, characterized by enhanced secretion of interleukin-10 (IL-
10) and transforming growth factor-B (TGF-B) as well as decreased production of
interleukin-12 (IL-12) and tumor necrosis factor (TNF) (Weber et al., 2007).
Furthermore, it is believed that glatiramer acetate causes a shift in T cells from a pro-
inflaimmatory Th1l state to a Th2 anti-inflammatory phenotype (Schrempf and

Ziemssen, 2007).

A better understanding of the immunological processes behind MS has promoted the
development of new agents with specific targets involved in the MS pathology. One
concept of these new agents is to prevent migration of inflammatory cell infiltrates
into the CNS. The movement of ions, molecules and cells between the blood and the
CNS is regulated by the BBB. It is a physical barrier formed by microvascular
endothelial cells which are connected by tight junctions and surrounded by pericytes,

basement membranes and astrocytes (Takeshita and Ransohoff, 2012) (Fig. 4). The
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perivascular space, the area between the endothelial cells and astrocytes, is limited by
their basement membrane. The astrocytes form with their endfeet the glia limitans,
which represents the outer site of the BBB. Microglial and neuronal processes can also

contribute to the glia limitans (Takeshita and Ransohoff, 2012).

Astrocyte

Basement
membrane

Perivascular space

Fig. 1.4: Cellular components of the BBB (adapted from Takeshita and Ransohoff et al., 2012).

The recruitment of circulating immune cells through the BBB into the CNS is mediated
by several steps (Fig. 5). This multistep procedure comprises cell rolling and capture to
the endothelium surface, activation of adhesion molecules, arrest, crawling and
transmigration to the perivascular space as well as passing of the glia limitans into the

brain parenchyma.
Rolling / capture (Fig. 5 1)

The transmigration process begins with an initial transient contact of the circulating
immune cell with the endothelial cell. This process is mediated by adhesion molecules
of the selectin family, mainly by P-selectin and its respective glycosylated ligand P-
selectin glycoprotein ligand-1 (PSGL-1). In the past it was assumed that the rolling step
is also supported by a-4 integrins such as VLA-4 (CD49d/CD29) and its ligand vascular
cell adhesion molecule-1 (VCAM-1). However, growing evidence indicates no essential
role for these integrins at least for T cells during the rolling / capture process (Coisne et

al., 2009, Bauer et al., 2009). Due to the low binding affinity of selectins and their
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ligands, the immune cell rolls along the vascular wall with greatly reduced velocity

(Engelhardt and Ransohoff, 2012; Takeshita and Ransohoff, 2012).
Activation (Fig. 5 1)

It is assumed that during the rolling process the immune cell can bind chemokines
presented on the endothelial surface. The interaction of these chemokines with G
protein-coupled receptors on the immune cell surface results in a G protein-mediated
intracellular signal (inside-out signal), which increases the affinity and avidity of
integrins such as VLA-4 (CD49d/CD29) and lymphocyte function-associated antigen-1
(LFA-1) by both conformational changes and clustering (Engelhardt and Ransohoff,
2012; Takeshita and Ransohoff, 2012).

Arrest (Fig. 5 )

The immune cell arrest can only take place when integrin activation has occurred.
During this process activated integrins such as VLA-4 and LFA-1 bind to their respective
ligands VCAM-1 and intracellular adhesion molecule-1 (ICAM-1). This results in
cytoplasmic signaling cascades in both immune cells and endothelial cells (Engelhardt

and Ransohoff, 2012; Takeshita and Ransohoff 2012).
Crawling (Fig. 5 1V)

The arrest of the immune cell by integrin-ligand binding leads to a crawling process of
the immune cell on the endothelium surface. During this process, which is
predominantly regulated by LFA-1 and its ligands ICAM-1 and ICAM-2, the immune cell
probes the endothelium in search of optimal sites for transmigration (Engelhardt and

Ransohoff, 2012; Steiner et al., 2010).
Transmigration (Fig. 5 V)

Up to now the transmigration process is not yet fully understood, and two distinct
migration pathways are being discussed. One possible migration route for immune
cells could be through the tight junctions of the endothelium. Another potential route
is proposed by a large pore or vacuole in the endothelial cell. After crossing the
endothelium, high amounts of CXCL12, produced by endothelial cells and astrocytes,

are required to retain the immune cell in the perivascular space. Furthermore, active
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matrix metalloproteinases MMP-2 and MMP-9 are necessary to cleave the
extracellular matrix receptor B-dystroglycan from the astrocyte end-feet to enable the
access of the immune cell across the glia limitans into the CNS parenchyma

(Engelhardt and Ransohoff, 2012; Takeshita and Ransohoff, 2012).

Apart from the migration route through the BBB, immune cells can also enter into the
CNS by migration via the choroid plexus into the cerebrospinal fluid (CSF) as well as
through the blood-leptomeningeal barrier in meningeal microvessels on the surface of

the brain and spinal cord (Engelhardt and Ransohoff, 2012).

n (i ) () v)

Capture/. Diapedesis

3 Activation Arrest Crawling paracellular or
Rolling

transcellular
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- *
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- ? é{ ~ é?'
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ICAM-1  ICAM-2

Perivascular space
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antigen
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TRENDS in immunology

Fig. 1.5: Molecular mechanisms involved in leukocyte recruitment into the CNS (adapted from
Engelhardt and Ransohoff et al., 2012). Not fully understood pathways are indicated by interrogation
marks.

1.1.5.2 Natalizumab therapy

Natalizumab (Tysabri®) is one of the new drugs which prevent the migration of
inflammatory cells into the CNS. It is a humanized IgG4k monoclonal antibody and

received food and drug administration (FDA) approval in 2004 for the treatment of
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relapsing-remitting MS based on the AFFIRM and SENTINEL phase 3 clinical trials
(Rudick et al., 2006; Polman et al., 2006). MS patients are treated intravenously with a
dosage of 300 mg every four weeks. Natalizumab selectively binds to the a4-integrin
(CD49d) component of adhesion molecules such as VLA-4 and lymphocyte peyer patch
adhesion molecule-1 (LPAM-1), which are expressed on all leukocytes except
neutrophils (Stlive at al., 2006 a), thereby preventing the interaction with the ligand
VCAM-1 and mucosal addressin cellular adhesion molecule-1 (MAdCAM-1),
respectively. While the interaction between LPAM-1 and MAdCAM-1 is mainly
required for homing of lymphocytes into the intestine (Holzmann et al., 1989, Hamann
et al., 1994) and not into the CNS (Engelhardt et al., 1998; Jain et al., 2010; Haanstra et
al., 2013), blocking of the a-4 chain of VLA-4 is believed to inhibit cell migration into
the CNS as shown in vitro by a BBB migration model consisting of human immune cells
and human brain-derived endothelial cells (HBEC) (Alter et al., 2003) and in vivo by
intravital two-photon imaging of T cells on leptomeningeal vessels in a Lewis rat model
of EAE (Bartholomaus et al., 2009). Blood analysis before and after natalizumab
infusion revealed different a-4 integrin expression patterns on mononuclear cells
(Niino et al., 2006). Before natalizumab injection higher expression levels of a-4
integrin were observed on monocytes (> 2-fold) and B cells (> 1.5-fold) as compared to
T cells. Among the T cell population CD8" T cells showed more than twice as many a-4
integrins on the cell surface as CD4" T cells. Furthermore, the a-4 integrin levels were
also higher in memory T cells and B cells as compared to naive cells. The administration
of natalizumab led to a significant decrease in free binding sites of the a-4 integrin
receptor, whereby T cells and B cells showed a more pronounced reduction as
compared to monocytes (Wipfler et al., 2011). The lymphocyte number in the blood
also increased 1.5-fold after natalizumab therapy (Krumbholz et al.,, 2008).
Investigation of blood cells before and after natalizumab infusion across a fibronectin
layer, which is a surrogate for the endothelium, showed decreased migration of
peripheral blood mononuclear cells (PBMCs) after the infusion (Niino et al., 2006).
Analysis of the CSF after natalizumab therapy supported the beneficial therapeutic
effect by showing decreased WBC numbers such as T cells, B cells and plasma cells
(Sthve et al., 2006 a; Stive et al., 2006 b). Data showing histopathological changes of

the CNS parenchyma after natalizumab therapy are very limited. Only one histological
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study has been published analyzing a single patient with confounding pathology, as the
patient had developed progressive multifocal leukoencephalopathy (PML) due to

natalizumab therapy (del Pilar Martin et al., 2008).

1.2 Animal models of MS

The investigation of immunological pathways of MS in humans is very restricted.
Animal models are therefore essential to understand the complex pathology of MS.
Several animal models of MS have been established to examine different aspects of

the disease.

1.2.1 Toxin-induced demyelinating models

Several models of experimental demyelination are based on the use of toxins. For
instance, injections of agents such as ethidium bromide or lysolecithin into defined
areas of the CNS cause focal demyelinating lesions (Blakemore and Franklin, 2008).
Cuprizone is a copper-chelating agent discovered and described in the early 1950s that
also belongs to toxin-based demyelinating agents (Messori et al.,, 2007). The
demyelinating process is induced by feeding of cuprizone and results in an almost
completely demyelinated corpus callosum 5-6 weeks after onset of cuprizone feeding.
This demyelinating process is neither associated with a BBB disruption nor a
contribution of T cells is observed (Bakker and Ludwin, 1987; Kondo et al., 1987;
McMahon et al., 2001). Normal diet without cuprizone leads to spontaneous
remyelination during subsequent weeks (Kipp et al., 2009). Thus, the cuprizone-
induced demyelinating model is suitable for example to study de- and remyelination as

well as oligodendrocyte recruitment.
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1.2.2 Experimental autoimmune encephalomyelitis (EAE) model

The experimental autoimmune encephalomyelitis (EAE) model is used to investigate
immune cell-mediated demyelination of the CNS. EAE was first described in 1933

(Rivers et al., 1933) and became the most frequently used animal model of MS.

EAE can be generated by active immunization. It has been induced in different rodents
and mammals and may have a variable pathology and clinical course depending on the
species and the protein used for immunization (Gold et al., 2006). In general, animals
are actively immunized by injecting proteins that are part of the myelin sheath such as
MBP, PLP, and MOG (Kipp et al., 2009). In mice, MOG peptide with the amino acids
position 35 to 55 (MOGssss) emulsified in complete Freund’s adjuvant (CFA) is a
common approach for active immunization (Mendel et al., 1995; Stromnes and
Goverman, 2006 a). The injected peptide is presented by professional antigen-
presenting cells (APC) such as dendritic cells and macrophages to CD4" T cells in the
periphery. After activation the myelin-specific CD4" T cells are able to cross the BBB.
Local reactivation takes place, CD4" T cells proliferate and secrete pro-inflammatory
cytokines as well as chemokines. As a result microglia, macrophages and astrocytes are
activated, BBB is disrupted and other T cells and macrophages are recruited from the

peripheral blood into the CNS, leading to demyelination and axonal loss.

A further possibility to induce EAE is by adoptive transfer, e.g. pathogenic, myelin-
specific CD4" T cells generated in donor animals by active immunization and then

transferred into recipient mice (Stromnes and Goverman, 2006 b).

Classical EAE by active immunization or adoptive transfer is mainly driven by CD4" T
cells (Schreiner et al., 2009; Constantinescu et al., 2011). Growing evidence of the
important role for B cells and plasma cells in MS pathogenesis promoted the
development of EAE models with stronger contribution of these cells to the disease.
The opticospinal EAE (OSE) mouse model is a double transgenic, spontaneous EAE
model. Here the demyelination is mediated by both T cells and B cells (Bettelli et al.,
2006; Krishnamoorthy et al., 2006). The OSE mouse model is generated by the
interbreeding of the two single transgenic mouse strains 2D2 (Bettelli et al., 2003) and
Th (Litzenburger et al., 1998). In the 2D2 mouse most CD4" T cells express a transgenic

TCR, recognizing MOG peptide in the amino acid position 35 to 55.



Introduction 14

The Th mouse is generated with knock-in technology by inserting the recombinant
heavy chain of a demyelinating MOG specific antibody in the Ig) region. 20-30% of B
cells and plasma cells express B cell receptors (BCR) that recognize MOG protein and
produce MOG-specific antibodies, respectively (Ransohoff, 2006). After crossing the
two single transgenic strains, about 50% of mice spontaneously develop a severe EAE
with infiltrated and demyelinated areas in the spinal cord as well as the optic nerve by
6 + 2 weeks of age (Bettelli et al., 2006; Krishnamoorthy et al., 2006). Cellular infiltrates
are mainly composed of CD11b" cells, CD4" cells, CD8" and B220" cells (Bettelli et al.,
2006; Krishnamoorthy et al., 2006).

1.2.3 Natalizumab analogon treatment in EAE models

In the past, several clones of the antibody directed against a-4 integrin were used as
natalizumab analogon in the animal model of MS. The first in vivo study with a
natalizumab analogon was published in 1992 (Yednock et al., 1992). EAE was induced
in rats by passive transfer of myelin-specific T cells. Two days after the EAE induction, a
single intraperitoneal injection of a monoclonal antibody clone HP2/1 directed against
a-4 integrin resulted in a complete prevention of clinical signs in 75% of treated
animals. In those rats that developed disease, disease onset was delayed and clinical
severity was reduced as compared to untreated animals. Several additional studies
confirmed these results in the mouse model of EAE induced by passive transfer (Baron
at al., 1993; Brocke et al., 1999; Kanwar et al., 2000) or active immunization (Theien et
al., 2001) when the anti o-4 integrin antibody clone PS/2 was administered
immediately after the onset of disease. Treatment during priming or remission phases
showed a mild effect on the clinical course or even resulted in increased numbers of
relapses and augmentation of Th1l responses (Theien et al., 2001; Tsunoda et al.,
2007). However, until today no study was performed in B cell-dependent EAE models.
Also, a detailed description of the inflammatory infiltrate after treatment with the

natalizumab analogon was not provided.
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1.3 Aims of the study

MS is one of the most common diseases of the CNS in the northern hemisphere, and
usually leads to significant disability. Although the exact cause of MS is still unknown, it
is considered to be an autoimmune disease mainly mediated by T cells but also B cells
and plasma cells. Natalizumab is a humanized monoclonal antibody directed against
the ad-integrin of the adhesion molecule VLA-4 and has been approved for the
treatment of MS. It is thought to hinder the transmigration of inflammatory cells into
the CNS. Although natalizumab is an effective treatment with a relapse reduction of 80
% even in patients with insufficient response to other disease modifying therapies as
well as in patients with high disease activity, some patients do not respond at all to
natalizumab treatment (Phillips et al., 2006; Krumbholz et al., 2007; Hellwig et al.,
2008; Leussink et al., 2008; Killestein et al., 2009). The histopathological changes after
natalizumab treatment are still unknown. Moreover, whether natalizumab is effective
in B cell-dependent models of MS has not yet been analyzed. A detailed

characterization of the inflammatory cell infiltrate is still lacking.

In the first part of my thesis | investigated human tissue from patients treated with

natalizumab. The aims of this part are:

Al. to characterize the MS pathology with a focus on inflammatory cells in
natalizumab-treated patients and to compare the histology with MS patients

who had no prior natalizumab therapy;

A2.  to correlate the inflammatory cells after natalizumab treatment with clinical

and therapy-related data.

In the second part of my thesis the results of natalizumab therapy in humans are
reviewed in a B cell-dependent EAE model of MS (OSE) after treatment with a

natalizumab analogon. The goals of the second part are:

B1. to examine treatment effects on peripheral blood cells;
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B2.

B3.

to investigate the histological changes within the CNS after different treatment

paradigms including

a) short-term therapy

b) long-term therapy

c) therapy in the late phase of the disease
d) discontinuation of the therapy;

to study the mode of action of the natalizumab analogon.
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2 Materials and Methods

For additional information on buffers, chemicals, reagents, equipment and

manufacturers see appendix A2, A3 and A4.

2.1 Patients

In the first part of my study | investigated formalin fixed and paraffin embedded tissue
from MS patients that had received natalizumab treatment. All patients fulfilled the
neuropathological diagnostic criteria of inflammatory demyelinating disease consistent

with MS.

Natalizumab treated MS patients

A collection of 12 biopsies and 3 autopsies of MS patients treated with natalizumab
was investigated using immunohistochemistry (Tab. 2.1). PML, a known severe side
effect of natalizumab treatment, was excluded in all patients by
immunohistochemistry and / or in situ hybridization for JC-Virus. Natalizumab therapy
occurred for different periods of time ranging from 1 infusion to 78 infusions. Patient
#5 received an oral anti a-4 integrin inhibitor (firategrast) instead of natalizumab
injections. Furthermore, patient #3 and patient #10 had a plasmapheresis between the

last natalizumab infusion and biopsy.

Controls (MS patients with no prior natalizumab therapy)

Control patients were matched according to disease duration. 11 biopsy (Tab. 2.2) and

10 autopsy controls (Tab. 2.3) were investigated.
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Clinical characteristics of MS patients treated with natalizumab.

Tab. 2.1
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Clinical characteristics of MS biopsy controls.

Tab. 2.2
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2.2 Histochemical stainings

Tissue preparation before staining procedures:

Before starting with the histological staining procedure it is necessary to remove the
paraffin from the tissue sections by melting it off in an oven at 60°C for at least 1 hour
followed by xylol incubation as well as to perform a rehydration by graded isopropyl

alcohol series as follows:

4 x 10 min xylol -> 5 min 100% isopropyl alcohol (IPA) / xylol (1:1) -> 2 x 3 min 100% IPA

->3 min 90% IPA -> 3 min 70% IPA -> 3 min 50% IPA -> dH,0

Tissue preservation after staining procedures:

For the preservation stained tissue sections were dehydrated, mounted in DePex

medium and coverslipped. The dehydration was done as follows:

dH,0 -> 3 min 50% IPA -> 3 min 70% IPA -> 3 min 90% IPA -> 2 x 3 min 100% IPA -> 5
min 100% IPA / xylol (1:1) -> xylol

2.2.1 Hematoxylin-Eosin (HE) staining

HE staining is useful to obtain a general overview of the tissue. Hematoxylin is binding
to basic nucleoproteins and results in blue coloured cell nuclei. In contrast, eosin stains
acidophilic and basic extra- and intracellular proteins, therefore the parenchyma

appears red. The procedure was performed as follows:

m deparaffinization and rehydration (see 2.2)

W rinse 3 x with dH,0

W incubate in Mayer's hemalaun solution for 6 min
W rinse with dH,0

m differentiation by short dip into 1% HCl-alcohol (1% HCl-alcohol in 90% isopropyl
alcohol)

B blueing of the tissue by rinsing under tap water for 10 min
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m incubate in 1% eosin solution for 2-3 min (1% eosin in 70% isopropyl alcohol + 10
drops glacial acetic acid)

m shortly rinse with dH,0

m dehydrate and mount in DePex medium

2.2.2 Luxol Fast Blue/Periodic Acid Schiff (LFB/PAS) staining

Myelin was visualized by LFB/PAS staining. LFB stains myelin deep blue by binding to
lipoproteins, whereas PAS colors grey matter and demyelinated parenchyma pink. The

procedure was performed as follows:

LFB staining

m deparaffinization and rehydration till the 90% IPA step (see 2.2)
W incubate in LFB solution over night at 60°C

m wash with 90% IPA

m differentiation by short dip into 0.05% lithium carbonate solution followed by a
short dip into 70% IPA and a rinsing step with dH,0

PAS staining

W incubate in 1% periodic acid for 5 min

| rinse under flowing tap water for 5 min

m wash shortly with dH,0

m incubate in Schiff’s solution for 20 min

m rinse under flowing tap water for 5 min

W incubate in Meyer’s hemalun solution for 2 min
m wash shortly with dH,0

m differentiation by short dip into 1% HCl-alcohol (1% HCl-alcohol in 90% isopropyl
alcohol)

m blueing of the tissue by rinsing under tap water for 10 min

m dehydrate and mount in DePex medium
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2.2.3 Bielschowsky silver staining

Bielschowsky silver staining was performed to determine axonal density. The axons

appear black / dark brown and the surrounding tissue yellow / brightly brown.

m deparaffinization and rehydration (see 2.2)

W rinse 3 x with dH,0

W incubate in 20% silver nitrate solution (in dH,0) for 20 min under exhaust hood
m rinse with ddH,0

m add dropwise 32% ammonium hydroxide (in dH,0) to used silver nitrate solution
until the formed precipitate cleared while stirring

m incubate in cleared silver nitrate/ammonium hydroxide solution for 15 min in the
dark

m transfer slides to ddH,0 containing few drops of ammonium hydroxide

m add 10 drops of developer solution to used silver nitrate/ammonium hydroxide
solution and incubate the slides until nerve fibers appear black and the parenchyma
brown

W rinse with dH,0
W incubate in 2% sodium thiosulfate solution (in dH,0) for 2 min and rinse with dH,0

m dehydrate and mount in DePex medium

2.3 Immunohistochemical stainings

Immunohistochemical stainings allow specific detection of cell marker proteins by
antibodies. Signal visualization was done with the aid of the avidin biotin method. That
is, tissue was incubated with an antigen of interest specific primary antibody followed
by a further incubation with a biotin conjugated secondary antibody, which was
directed against the primary antibody. More information on antibodies used for
human tissue see Tab. 2.4, mouse tissue see Tab. 2.6 and secondary antibodies see
Tab. 2.5. After the binding of avidin coupled peroxidase (POX) to the biotin and the
oxidation of DAB (or AEC for anti-C9Neo antibody) in the presence of H,0, by POX, a
visual signal was obtained. The binding efficacy of some antibodies might be impaired

due to the fixation of the tissue. In this case antigen retrieval was done with heat, acid
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or protease treatments. The immunohistochemical stainings were performed as

follows:

m deparaffinization and rehydration (see 2.2)
m rinse 3 x with dH,0
m Antigen retrieval

Antigen retrieval: Citric acid- or Tris-EDTA buffer:

Slides were placed in polystyrene cuvettes, filled with 1mM citric acid buffer (pH 6) or
1mM Tris-EDTA buffer (pH 9) and boiled 5 times in a microwave at 800W for 3 min.
After each boiling step the cuvettes were alternately filled with buffer or dH,0. Finally

the cuvettes were cooled down for 30 min at RT and rinsed three times with dH,0.

Antigen retrieval: Proteinase solution:

Slides were incubated in 37°C warm proteinase solution for 10 min followed by two

rinse steps with dH,0.

m wash with PBS

m blockage of endogenous peroxidase to reduce unspecific signals by incubation with
3% H,0, (in PBS) for 20 min at 4°C

W rinse 3 x with PBS

m pre-incubation with 10% FCS (in PBS) for 20 min at RT in a humidified chamber to
prevent unspecific antibody binding

m incubate with primary antibody (diluted in 10% FCS/PBS) over night at 4°C in a
humidified chamber (for the detection of mouse plasma cells a biotin conjugated anti
mouse IgG was used as a primary antibody without an incubation with a secondary
antibody)

m rinse 3 x with PBS

m incubate with biotin conjugated secondary antibody (diluted in 10% FCS/PBS) for 1 h
at RT in a humidified chamber

W rinse 3 x with PBS

m incubate with 0.1% streptavidin conjugated peroxidase (POX) (diluted in 10%
FCS/PBS) for 1 h at RT in a humidified chamber

m rinse 3 x with PBS
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m signal development with DAB solution (or with AEC solution for anti C9Neo
antibody)

m rinse 3 x with PBS

m DAB signal amplification for the detection of human and mouse CD3 positive cells by
incubation with 2% copper sulphate in 0.9% sodium chloride for 10 min

m wash with dH,0

B counterstaining of nuclei with Meyer’s hemalaun solution for 30 sec followed by a
short dip (1 sec) in dH,0

m wash shortly with dH,0

m differentiation by short dip into 1% HCl-alcohol (1% HCl-alcohol in 90% isopropyl
alcohol)

B blueing of the tissue by rinsing under tap water for 10 min

m dehydrate and mount in DePex medium

Tab. 2.4: Antibodies used for formalin fixed and paraffin embedded human tissue.

Antigen Marker for Species Clone Dilution Ant.|gen Manufacturer
retrieval
C9Neo Complement Rabbit polyclonal 1:1500 Stgamer Univgrsity
Citrate Cardiff, UK
CD3 T cells Rat CD3-12 1:50 MW Citrate AbD Serotec
CcD8 Cytotoxic T cells Mouse C8/144B 1:50 MW Citrate Dako
CD20 B cells Mouse L26 1:100 - Dako
CD138 Plasma cells Mouse MI15 1:50 MW EDTA Dako
CNP Myelin protein Mouse SMI-91 1:200 MW Citrate Covance
JC-Virus JC Virus Mouse Pab 2003 1:10 St..eamer uncommercial
Citrate
KiM1P Macrophages |\, e | kiM1P | 1:5000 | MW Citrate | UMiversity Kiel,
and Microglia Germany
MAG Myelin protein Rabbit polyclonal 1:1000 MW Citrate uncommercial
MBP Myelin protein Rabbit polyclonal 1:2000 - Dako
MOG Myelin protein Rat 1:1000 MW Citrate uncommercial
PLP Myelin protein Mouse PLPC1 1:500 MW Citrate AbD Serotec

Tab. 2.5: Secondary antibodies conjugated with biotin for immunohistochemistry.

Antigen Species | Dilution | Manufacturer
Mouse IgG | Sheep 1:200 Amersham
Rabbit IgG Goat 1:500 Dianova
Rat IgG Rabbit 1:200 Dako
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Tab. 2.6: Antibodies used for formalin fixed and paraffin embedded mouse tissue.

Antigen Marker for Species Clone Dilution Ant.lgen Manufacturer
retrieval

B220 B cells Rat RA3-6B2 1:200 MW Citrate BD
CD3 MW Citrate

T cells Rat CD3-12 1:50 + 1% Triton Serotec

X
CNP Myelin protein Mouse SMI-91R 1:200 MW Citrate Covance
I1gG Plasma cells Sheep 1:200 Protease Amersham
Mac-3 Macrophages /| o ¢ M3/84 1:200 | MW Citrate BD
Macroglia

MBP Myelin protein Rabbit polyclonal 1:200 none Dako

BD = Becton Dickinson Biosciences.

2.4 Determination of lesion activity in human CNS tissue

Myelin sheaths are composed of major myelin proteins such as MBP and PLP as well as
minor myelin proteins such as CNPase, MAG and MOG. The lesional demyelinating
activity of multiple sclerosis lesions can be classified according to myelin proteins
incorporated by macrophages (Brick et al.,, 1995). During the “early active”
demyelination process (an early stage in lesion formation) major as well as minor
myelin protein degradation products can be detected in the cytoplasm of macrophages
(Fig. 2.1 A). In later disease stages termed as “late active” lesions, the minor myelin
proteins are already completely degraded and only major myelin proteins can be
found in the cytoplasm of macrophages (Fig. 2.1 B). By contrast, “inactive” MS lesions
are characterized by lower macrophage numbers, increased microglia activation and

neither minor nor major myelin proteins present within macrophages (Fig. 2.1 C).
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Fig. 2.1: Classification of demyelinating activity. (A) Early active lesion. (B) Late active lesion. (C) Inactive

lesion. Scale bar in inset = 10 um.

2.5 Morphometry in humans

Number of T cells, plasma cells and macrophages / microglia cells stained with the
corresponding antibodies was determined in at least 10 standardized microscopic

fields defined by an ocular morphometric grid at a 400x magnification and shown as

cells/mm?.
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2.6 Animals

In the second part of my study the results of natalizumab therapy in humans were
reviewed in a B cell-dependent EAE model of MS (OSE) after treatment with a

natalizumab analogon (PS/2 antibody).

Th mice (Litzenburger et al., 1998) and 2D2 mice (Bettelli et al., 2003) were kindly
provided by Prof. Dr. Fliigel, Institute for Multiple Sclerosis Research (IMSF) Gottingen
Germany and housed under specific pathogen-free (SPF) conditions. The double
transgenic OSE mice (Th x 2D2) (Bettelli et al., 2006; Krishnamoorthy et al., 2006) were
bred in the central animal facility of the University Medicine Goéttingen. Experiments
with double transgenic mice were performed under conventional conditions. The mice

had access to food and water ad libitum and a 12h/12h light/dark cycle.

2.7 Genotyping

Tissue for the genotyping of the double transgenic mice was obtained during the
earmarking procedure or with a tail biopsy. After DNA extraction transgenes were
amplified with specific primers and separated by agarose gel electrophoresis.
Genotyping was done with a GoTaq PCR kit from Promega and is described in detail

below.

DNA extraction:

m digestion of tissue in 500 ul DNA lysis buffer (activated with 0.1 mg proteinase K) for
at least 4 h at 55°C while shaking

m centrifuge for 2 min at 835g

m collect supernatant, add 500 ul isopropanol and vortex for 15 sec
W incubate for 15 min at RT for DNA precipitation

m centrifuge for 30 min at 2320g

m discard supernatant and wash pellet with 1 ml cold EtOH

m centrifuge for 30 min at 2320g

m discard supernatant and dry pellet
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m add 200 ul DEPC H,0 and elute overnight at 55°C

Genotyping PCR Protocol 2D2 (per sample):

9.5 ul
4.0 ul
0.4 ul
0.5 ul

0.5 ul

ddH,0

5x buffer

dNTPs (10 mM of 2.5 mM each)

Primer 1 (Va3.2-2D2-M: CCC GGG CAA GGC TCA GCC ATG CTC CTG)

Primer 2 (Ja18-2D2-M: GCG GCC GCA ATT CCC AGA GAC ATC CCT CC)

(synthesized by Microsynth)

5.0 ul

0.1 ul

DNA

Tag-polymerase (5 U/ul)

Genotyping PCR Protocol Th (per sample):

8.5 ul
4.0 ul
0.4 ul
0.5 ul
0.5 ul
0.5 ul

0.5 ul

ddH,0

5x buffer

dNTPs (10 mM of 2.5 mM each)

Primer 1 1gG WT (mlgH-sense #1: ATT GGT CCC TGA CTC AAG AGA TG)
Primer 2 IgG WT (mlgH-AS #2: TGG TGC TCC GCT TAG TCA AA)

Primer 1 Th (8.18C5-sense #1: TGA GGA CTC TGC CGT CTATTACTG T)

Primer 2 Th (8.18C5-AS #2: GGA GAC TGT GAG AGT GGT GCCT)

(synthesized by Microsynth)

5.0 ul

0.1 ul

DNA

Tag-Polymerase (5 U/ul)

PCR conditions (T3 Biocycler):

m Initial denaturation: 94°C, 2 min

m Denaturation: 94°C, 30 sec

m Annealing: 2D2:58°C, 1 min
Th: 61°C, 1 min

m Extension: 72°C, 1 min

m 35 cycles (denaturation till extension)
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m Final Extension: 72°C, 5 min
m End 4°C, oo

Agarose gel electrophoresis:

The gel contained 1.8% agarose in TBE buffer and 0.005% ethidium bromide. The
electrophoresis was performed in Sub-Cell GT Agarose Gel Electrophoresis System
filled with TBE buffer at 120V for 30 min. The visualization and documentation of the

PCR products occurred by UV light in a gel-documentation device.

2.8 Clinical evaluation of EAE

Four weeks after birth the OSE mice were weighted and scored for disease severity
every other day. After appearance of the first clinical symptoms the mice were

monitored every day. EAE scoring system is shown in table 2.7.

Tab. 2.7: Scoring system for clinical symptoms in mice.

Score | Clinical symptoms

0 no clinical symptoms

0.5 tail paresis

1.0 tail paralysis

1.5 slight hind limb paresis

2.0 distinct hind limb paresis, waddling gait, lowered pelvis
2.5 severe hind limb paresis, no ground contact at least with one sole
3.0 hind limb paralysis

35 slight fore limb paresis

4.0 severe fore limb paresis

4.5 tetraparalysis, moribund

5.0 death
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2.9 Antibody treatment of OSE mice

A monoclonal antibody directed against the murine a-4 integrin with the clone name
PS/2 as well as an isotype control antibody rat 1gG2bk directed against the antigen
keyhole limpet hemocyanin (KLH) protein were obtained from Bio X Cell (West
Lebanon, USA). The endotoxin level for both antibodies was < 2 EU/mg (LAL).
Treatments of mice occurred intraperitoneally either with 75 pg of PS/2 antibody in
100 pl sterile PBS or with 100 ul PBS every other day. Two days after the last injection
mice were sacrificed. To investigate short-term as well as long-term treatment effects,
mice were treated either twice or fifteen times with 75 ug PS/2 antibody or with PBS
starting from disease onset (clinical score > 1.0) (Fig. 2.2 A, B). To examine therapy
effects in the chronic disease stages mice were treated nine times either with 75 pg
PS/2 antibody or with PBS, starting 13 days post disease onset (Fig. 2.2 C). To address
the question whether the cessation of the PS/2 antibody therapy leads to a return of
disease activity, similar to as before the medication or to a more severe disease
activity as compared to before the therapy (rebound), mice were treated fifteen times
either with 75 pg of the PS/2 antibody or with PBS starting from disease onset (clinical
score > 1.0). After the fifteenth injection, mice were observed for another 15 days
before sacrifice (Fig. 2.2 D). In addition, treatment effects were also investigated after
long-term treatment with a reduced PS/2 dosage (5 ug) and after short-term

treatment with PS/2 F(ab’), fragments or isotype control F(ab’), fragments.

The different therapeutic regimens are illustrated below:

A

Scorez 1.0
7Spg § 75ug %

pPs/2 PSi2

.I.

> day of treatment
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Fig. 2.2: Experimental design.

2.10 Tissue preparation

Mice were deeply anesthetized by an overdose i.p. injection of a ketamine/xylazine
mixture. After loss of consciousness the progress of the anesthesia was checked by a
pain stimulus as well as the eyelid reflex. The thorax was then opened and a
transcardial perfusion was performed through the left cardial ventricle with PBS until
all blood was washed out. Subsequently the perfusion occurred with 4%
paraformaldehyde to fix the tissue. Head, spine, spleen and liver were extracted and
postfixed in 4% PFA over night at 4°C. To make the preparation of the optic nerve

easier, the optic nerves were cut off at the eyeball before postfixation. On next day the
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brain, including the optic nerves and the spinal cord were taken from the head and
spine, respectively. The brain was cut in 2 mm thick coronal slices with the aid of a
brain-slice-matrix and the spinal cord with a razor blade into 3 mm long pieces. Then
the tissue was washed in water, dehydrated and incubated in paraffin over night. On
the following day tissue was embedded in paraffin blocks with Shandon Histocentre 2.
0.5 pm thin sections were cut with a microtome and coated onto glass slides. The
sample slides were dried in oven at 37°C over night and stored at RT until further

staining procedure (see 2.2 and 2.3).

2.11 Morphometry in mice

Number of T cells, B cells, plasma cells and macrophages was quantified in at least 8
spinal cord cross sections or in 4 optic nerve cross sections at a 400x magnification
using an ocular counting grid and shown as cells/mm?. For the determination of B cell
aggregates in spinal cord meninges more than 20 accumulated B cells were considered
as a B cell aggregate. For the determination of white matter demyelination,
myelinated as well as demyelinated white matter areas were measured in at least 8
spinal cord cross sections after LFB/PAS staining using Cell*A software. The percentage

of demyelinated white matter was calculated relative to the whole white matter area.

2.12 Flow cytometry

The acquisition of samples occurred with the FACS instruments FACSCalibur and

FACSCanto Il. The evaluation of data was performed using FlowJo software.

2.12.1 Blood collection

Few blood drops were collected from mice by vein facialis puncture (Golde et al.,
2005) in a tube containing 300 pl blood collection buffer. For WBC number

determination a small volume of blood suspension was incubated with RBC lysis buffer
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for few minutes followed by WBC quantification with a Neubauer counting chamber.

WBC numbers were then calculated as follows:

WBCs cNo*df(1) = df(2)
o sNo * 0.1

cNo  =counted cell number

df(1) = dilution factor of blood by blood collection buffer

df(2) =dilution factor of blood-collection buffer by RBC lysis buffer
sNo = number of investigated squares

0.1 = square volume (pul)

2.12.2 Antigen detection on cell surface

For the detection of antigens on the cell surface, blood (in blood collection buffer)
containing 60 000 WBCs was pipetted into FACS tubes and the staining procedure

continued as follows:

m wash with FACS buffer by centrifugation at 300 x g for 8 min at 4°C

m blocking of Fc receptors by resuspension of the cell pellet in 100 ul FACS buffer
containing an anti-CD16/32 antibody (Tab. 2.8); antibody incubation for 10 min at 4°C
in the dark

(antibody dilution according to the recommendation on the data sheet)
m wash with FACS buffer by centrifugation at 300 x g for 8 min at 4°C

m staining of cell surface antigens by resuspension of the cell pellet in 100 ul FACS
buffer containing fluorochrome-labelled antibodies (Tab. 2.8, Tab. 2.9); antibody
incubation for 20 min at 4°C in the dark

(antibody dilution according to the recommendation on the data sheet)
m wash twice with FACS buffer by centrifugation at 300 x g for 8 min at 4°C

m RBC lysis by pipetting of 1000 pl 1x BD lysis buffer to the cell pellet while votexing;
after incubation for 3 min at RT the lysis reaction is stopped by addition of 3 ml FACS
buffer

The lysis buffer contains also 1.5% paraformaldeyde. Therefore during the lysis

procedure cells are also simultaneously fixed.
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m wash with FACS buffer by centrifugation at 300 x g for 8 min at 4°C

m resuspension of the cell pellet in FACS buffer and short-term storage at 4°C in the
dark until FACS analysis

2.12.3 Detection of intracellularly located PS/2 antibody

The detection of intracellularly located (internalized) PS/2 antibody was done with a
secondary antibody (anti-rat 1gG2b) specific for the PS/2 antibody. In order to prevent
binding of the secondary antibody to bound PS/2 antibody to receptors on the cell
surface, surface PS/2 antibody was blocked by incubation with a non-fluorophore-
conjugated secondary antibody according to the staining protocol 2.12.2. After the last
washing step cells were suspended in 100 pl BD cytofix/cytoperm solution and
incubated for 30 min at 4°C in the dark. During this step cells are simultaneously fixed
and permeabilized. After two washing steps with BD perm/wash buffer at 300 x g for 8
min at 4°C, cells were incubated with fluorophore-conjugated secondary antibody
diluted in 100 ul BD perm/wash buffer according to the recommended concentration
for 30 min at 4°C. Afterwards cells were washed twice with BD perm/wash buffer at
300 x g for 8 min at 4°C, resuspended in FACS buffer and FACS analysis performed
within a narrow time frame. During the intracellular staining the secondary antibody
may also unspecifically bind to other intracellular located immunoglobulins. Therefore

the measured MFIs were always corrected by the MFIs before PS/2 injection.
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Tab. 2.8: Antigen specific FACS antibodies.

Antigen Species Isotype Clone Fluorochrome Manufacturer
Anti Rat IgG2b Mouse 1gG1, k MRG2b-85 - BL
Anti Rat IgG2b Mouse 1gG1, k MRG2b-85 FITC BL
B220/CDA45R Rat 1gG2a, K RA3-6B2 APC BD
CD3e Armenian | 061, « 145-2C11 PE BL

Hamster
CD4 Rat 1gG2a, K RM4-5 PerCP BL
CD8a Rat 1gG2a, K 53-6.7 APC BL
CD11b Rat 1gG2b, k M1/70 PE-Cy5 BL
CD16/32 Rat IgG2a, A 93 - BL
CD45 Rat 1gG2b, 30-F11 PE BD
CD45.2 Mouse 18G2a, Kk 104 FITC eB
CD45.2 Mouse 18G2a, K 104 PE eB
CD49d Rat 1gG2a, K 9C10 PE BL
CD49d Rat 1gG2b, k PS/2 FITC BL
GR-1 Rat IgG2b, k RB6-8C5 PE BD
NK1.1 Mouse 1gG2a, K PK136 APC BL
Syndecan-1 Rat 18G2a, Kk 281-2 PE BD

Conjugated fluorochromes: FITC = fluorescein isothiocyanate, APC = allophycocyanin,

PE = phycoerythrin, PerCP = peridinin chlorophyll protein, PE-Cy5 = phycoerythrin-cyanine 5.
BL = BioLegend, BD = Becton Dickinson Biosciences, eB = eBioscience

Tab. 2.9: Isotype control FACS antibodies.

Species Isotype Clone Fluorochrome Manufacturer
Mouse 1gG1, MOPC-31C BD

Rat 18G2a, K R35-95 BD

Rat 1gG2b, k A95-1 BD

Conjugated fluorochromes: FITC = fluorescein isothiocyanate, PE = phycoerythrin.

BD = Becton Dickinson Biosciences.

2.12.4 Gating on cell populations

The investigation of T cells (CD3", CD4", CD8), B cells (B220"), plasma cells (Syndecan-

1*) and NK cells (NK1.1") occurred while gating on the lymphocyte population in

SSC/FSC (Fig 2.3 A). By contrast, the determination of granulocytes and monocytes was

performed while gating on more granular cells and larger cells in SSC/FSC, respectively

(Fig. 2.3 B, Fig 2.3 C). In the monocyte gate cells were considered as monocytes with

high expression levels for CD11b and moderate to no expression for Gr-1 (Fig 2.3 C),

whereas cells in the granulocyte gate with high expression levels for Gr-1 and high to

moderate expression levels for CD11b were termed as granulocytes (Fig 2.3 B).
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Fig. 2.3: Gating example. (A) B cells, (B) granulocytes, (C) monocytes.

2.13 Generation of F(ab’), fragments

FL1-H:: CD 49d

For the isotype of the PS/2 antibody were described several effector functions

(Hughes-Jones et al., 1983; Woof et al., 1986; Haagen et al., 1995). To address the

guestion whether PS/2 therapy without the Fc regions has the same effects as therapy

with intact PS/2 antibody, PS/2 F(ab’), fragments were generated.
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2.13.1 Antibody fragmentation

The generation of F(ab’), fragments occurred by digestion of the PS/2 antibody and
isotype control with immobilized pepsin (Fig 2.4). Afterwards the digest was purified
by centrifugation and size exclusion steps to get rid of immobilized pepsin as well as
Fab and Fc fragments. In a pilot study, incubation of antibody with pepsin in a ratio of
10:1 for 24 hours provided the best yield of F(ab’), fragments and no remaining intact
antibody as determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (see 2.13.2). Therefore this ratio was chosen for the following
fragmentation experiment. Before fragmentation, antibody was concentrated to 10
mg/ml as well as buffer exchange to digestion buffer was performed to ensure best
conditions for the pepsin by centrifugation with vivaspin column containing a
membrane with 50kDa molecular weight cut off (MWCO). Antibody concentration was
determined by NanoDrop ND-1000 spectrophotometer at 280nm. Immobilized pepsin
was washed with digestion buffer by centrifugation at 1000 x g for 5 min. After pepsin
resuspension with digestion buffer antibody in a concentration of 10 mg/ml was added
in a ratio 10:1 (substrate to enzyme) and incubated at 37°C while shaking for 24 hours.
Afterwards the digest was separated from the immobilized pepsin by centrifugation at
1000 x g for 5 min. For maximum fragment recovery immobilized pepsin was washed
with washing buffer and the supernate added to the digest. The fragmentation result
was then validated by SDS-PAGE. The purification as well as buffer exchange to PBS

occurred by centrifugation with vivaspin column containing 30kDa MWCO.
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Fragmentation Purification Digest

1. Centrifugation
2. Sizeexclusion '

PS/2 antibody Immobilised
+ Pepsin

Isotype control

Fig. 2.4: Generation of F(ab’), fragments.

2.13.2 SDS-PAGE

Fragmented antibodies were analysed by SDS-PAGE under non-reducing and reducing
conditions using 6% or 12.5% resolving gels with 4% stacking gels containing loading
pockets. Components and proportions for the gels are summerized in Tab 2.10. After
pipetting of tetramethylethylenediamine (TEMED) and ammonium persulfat (APS) to
the components the resolving gels and stacking gels solidified for 60 min and 20 min,
respectively. Afterwards fragmented antibodies were diluted in 4x sample buffer for
non-reducing conditions or with 4x sample buffer containing 5% R-mercaptoethanol
for reducing conditions. Non-reduced samples were heated to 70°C and reduced
samples to 95°C for 5 min. Samples were loaded onto the gel together with a Precision
Plus Protein™ standard marker. Electrophoresis was performed in 1x SDS-PAGE
running buffer containing 0.1% SDS. Samples were run in case of one gel by 30mA and
in case of two gels by 60mA for 1 hour with the Mini PROTEAN® 3 Electrophoresis Cell
System. The gels were then rinsed with warm ddH,0 and the fragments visualized by
incubation with warm coomassie solution while shaking for 15 min. Afterwards the
gels were rinsed with warm ddH,O0 until the fragment bands were clear

distinguishable. Gel documentation occurred with a digital camera.
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Tab. 2.10: Component proportion in resolving and stacking gel.

Resolving gel Stacking gel

6% 12.5% 4%
Acrylamide/ Acrylamide/

20% 41.7% 16.6%
bis-acrylamide bis-acrylamide
1.5M Tris/HCI 0.5M Tris/HCI

25% 25%

pH 8.9 pH 6.8
10% SDS 1% 10% SDS 1%
TEMED 0.05% TEMED 0.2%
10% APS 0.5% 10% APS 0.5%
add ddH,0 to 100% add ddH,0 to 100%

2.14 Statistical analysis

Graph visualization and statistical analysis was performed using GraphPad Prism 5.01.

Significance between two groups was examined by the Mann-Whitney U test.

Significant difference before and after treatment was verified by the Wilcoxon

matched pairs test. If more than two groups were compared the one-way analysis of

variance (ANOVA) Kruskal-Wallis test was used followed by Dunn’s test for multiple

comparisons. Investigation of the relationship between two variables occurred with

the Spearman r test. Clinical score data, percental reduction of free CD49d binding

sites and percental epitope overlap between a-CD49d antibodies are presented as

mean * SEM. Flow cytometry data are shown as mean * SEM of the median

fluorescence intensities (MFIs). All other data are given as median. A value of p < 0.05

was considered significant and is shown by one asterisk. Significance < 0.01 and <

0.001 is indicated by two asterisks and three asterisks respectively.
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3 Results

3.1 Part one: Impact of natalizumab treatment on inflammatory cell infiltrates

in CNS tissue of MS patients

Clinical characteristics

12 biopsies and 3 autopsies of natalizumab-treated MS patients with a disease
duration between 2 (patient #1) and 20 years (patient #14) (Tab. 2.1) were
investigated. 10 of the patients showed relapsing-remitting and 5 patients a secondary
progressive disease course. The mean age during biopsy and autopsy was 37 and 48
years, respectively, and the majority of patients were women. The natalizumab
medication was very heterogeneous in regard to the number of natalizumab infusions,
varying between 1 (patient #1) and 84 infusions (patient #12). In addition one patient
(patient #5) received an oral anti a-4 integrin inhibitor (firategrast) instead of
natalizumab injection. Furthermore, the interval between the last natalizumab infusion
and biopsy / death also varied between 20 days (patient #15) and more than 5 years

(patient #4).

General histopathology

Biopsies and autopsies showed typical MS characteristics including white matter

demyelination, inflammation, axonal damage and reactive gliosis.

3.1.1 Histology shows increased plasma cell numbers after natalizumab treatment in

MS patients

To study the effect on inflammatory cell infiltrates in the CNS after natalizumab
therapy, brain biopsies and autopsies were stained immunohistochemically for
different cell subsets. The number of T cells (CD3), plasma cells (CD138) and
macrophages (KiM1P) was quantified in the lesion and compared to a disease-matched
control group. Active demyelinating and inactive demyelinated lesions were evaluated

separately as the inflammatory infiltrate varies depending on the disease stage.
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Furthermore, autopsies, which most often represent late disease stages, show lower
inflammatory cell infiltrates as compared to biopsies. The evaluation of lesions in

biopsies and autopsies therefore also was performed separately.

T cells were present in inflammatory demyelinating lesions of natalizumab-treated
patients. Quantification of T cell infiltrates in active demyelinating biopsy lesions did
not show a significant decrease in T cell numbers compared to controls (natalizumab
median: 53 cells/mm?, control median: 82 cells/mm?). Also, macrophages were not
significantly reduced in natalizumab-treated patients compared to controls
(natalizumab median: 1376 cells/mm?2, control median: 1766 cells/mm?). By contrast,
plasma cells numbers were significantly higher in natalizumab-treated MS patients as
compared to the control group (natalizumab median: 6 cells/mm?, control median: 0

cells/mm?) (Fig. 3.1.1).
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Fig. 3.1.1: Inflammatory infiltrates in natalizumab-treated MS patients (MS+Nat) and controls (MS) in
active demyelinating biopsy lesions. Natalizumab-treated MS patients showed no significant decrease
in T cell and macrophage numbers; however, significantly increased plasma cell numbers were found as
compared to MS controls with no prior natalizumab therapy. Inflammatory cell infiltrates were counted
in white matter lesions after immunohistochemical staining for T cells (anti-CD3, upper row), plasma
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cells (anti-CD138 middle row) and macrophages / microglial cells (KiM1P, lower row). Plasma cells are
indicated by black arrowheads. Scale bar in inset = 20 um.

Analysis of inactive demyelinated autopsy lesions showed similar results. T cell
numbers and macrophage numbers after natalizumab therapy were not significantly
different compared to the control group (natalizumab median: 14 cells/mm?, control
median: 17 cells/mm?2) (natalizumab median: 267 cells/mm?, control median: 109
cells/mm?). By contrast the quantification of plasma cells showed significantly higher
numbers in natalizumab-treated patients as compared to controls (natalizumab

median: 8 cells/mm?, control median: 1 cells/mm?) (Fig. 3.1.2).
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Fig. 3.1.2: Inflammatory infiltrates in natalizumab-treated MS patients (MS+Nat) and controls (MS) in
inactive demyelinated autopsy lesions. Natalizumab-treated MS patients showed no significant
decrease in T cell numbers and no significant increase in macrophage numbers. However, significantly
increased plasma cell numbers were found as compared to MS controls with no prior natalizumab
therapy. Inflammatory cell infiltrates were counted in white matter lesions after immunohistochemical
staining for T cells (anti-CD3, upper row), plasma cells (anti-CD138 middle row) and macrophages /
microglia cells (KiM1P, lower row). Plasma cells are indicated by black arrowheads. Scale bar in inset =
20 um.
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The comparison of results obtained from inactive demyelinated biopsy lesions was
limited due to the low patient number in the natalizumab-treated group (n=2). Values
are shown in Fig. 3.1.3. Plasma cell numbers were increased in the natalizumab-
treated group with one patient showing high and the other no plasma cells. Of note,
the last natalizumab infusion of the patient with no plasma cells (patient #4) was
around 5 years before the biopsy, whereas the biopsy in the patient with high plasma

cell numbers (patient #2) was taken 22 days after the last natalizumab infusion (Tab.

2.1).
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Fig. 3.1.3: Inflammatory infiltrates in natalizumab-treated MS patients (MS+Nat) and controls (MS) in
inactive demyelinated biopsy lesions. Natalizumab-treated patients showed similar macrophage
numbers, decreased T cell numbers and increased plasma cell numbers as compared to MS controls
with no prior natalizumab therapy. Inflammatory cell infiltrates were counted in white matter lesions
after immunohistochemical staining for T cells (anti-CD3), plasma cells (anti-CD138) and macrophages /
microglia cells (KiM1P). Plasma cells are indicated by black arrowheads. Scale bar in inset = 20 um.

The control group was matched for disease duration, as it is known that plasma cells
increase with longer disease duration (Frischer et al., 2009). However, control groups
revealed slight differences in mean disease durations as compared to the natalizumab-
treated groups. In active demyelinating biopsies as well as in inactive demyelinated
autopsies the mean disease duration of the natalizumab-treated group was slightly
longer and in inactive demyelinated biopsies slightly shorter as compared to controls
(Tab. 3.1.1). Moreover, all three control groups showed a similar mean age at biopsy /
autopsy as compared to the respective natalizumab-treated group. All groups had
more female than male patients, except for the inactive biopsies of the natalizumab-
treated group with an equal distribution of female and male patients as well as the

inactive autopsies of the control group with more male patients.
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Tab. 3.1.1: Mean disease duration, mean age and sex distribution in natalizumab treated patients and
control groups.

Active Inactive Inactive
demyelinating demyelinated demyelinated
biopsy lesions biopsy lesions autopsy lesions

MS+Nat MS MS+Nat MS MS+Nat MS
Mean disease

duration 12.2 8.0 6.5 8.8 13.7 11.3
+ SEM +1.8 +0.9 +2.5 2.1 +3.5 +2.1

in years

Mean age
at biopsy / autopsy 38.9 333 28.0 345 48.0 48.3
+ SEM +1.9 +4.8 +5.0 +3.8 +7.1 +4.0

in years
Qijg 8/2 5/2 1/1 4/0 2/1 4/6

3.1.2 Higher plasma cell numbers are not dependent on disease duration

To examine whether increased plasma cell numbers in natalizumab-treated patients
are due to a longer duration of the disease and therefore are a disease-related effect,
plasma cell numbers were investigated dependent of the disease duration. The
correlation revealed no dependence between plasma cells and disease duration in
active demyelinating lesions (Fig. 3.1.4, Suppl. Tab. 1). Investigation of plasma cells in
the parenchyma and perivascular spaces separately also showed no increase with
longer disease duration. A statistical correlation was only performed in active
demyelinating biopsy lesions, due to the low patient number of inactive demyelinated

biopsy lesions as well as active- and inactive demyelinated autopsy lesions.

Macrophages / microglia cells showed no correlation with disease duration. However,
CD3" and CD4" T cell numbers were higher with a longer disease duration (CD3" T cells

p =0.011, CD4" T cells p = 0.006) (Suppl. Tab. 1).
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Fig. 3.1.4: Plasma cell numbers in natalizumab-treated patients in relation to disease duration. Plasma
cell numbers in the parenchyma, perivascular space as well as plasma cell numbers in total revealed no
correlation with longer disease duration. Plasma cell numbers were quantified in active demyelinating
and inactive demyelinated lesions in natalizumab-treated patients and are shown in relation to the
disease duration in years. Plasma cell numbers in active demyelinating lesions are depicted in blue and
in inactive demyelinated lesions in red, whereby cells in the parenchyma are shown in dark color and
perivascular cells in light color. Autopsies are indicated by black arrows. The abbreviation n/a was used
if no data were available.

3.1.3 Therapy duration has no effect on plasma cell numbers

To address whether a longer natalizumab therapy duration results in plasma cell
accumulation, plasma cell numbers were investigated dependent of the therapy

duration.

No correlation was found between perivascular, parenchymal or total plasma cell
numbers and therapy duration in active demyelinating biopsy lesions (Fig. 3.1.5, Suppl.

Tab. 2).

T cells and macrophage numbers were increased with longer therapy duration (CD3* T
cells p = 0.031, CD4" T cells p = 0.031, CD8" T cells p = 0.049, macrophages p = 0.043)
(Suppl. Tab. 2).
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Fig. 3.1.5: Plasma cell numbers in natalizumab-treated patients in relation to therapy duration. Plasma
cell numbers in the parenchyma, perivascular space as well as total number of plasma cells revealed no
correlation with longer ongoing therapy duration. Plasma cell numbers were quantified in active
demyelinating and inactive demyelinated lesions in natalizumab-treated patients and correlated with
therapy duration. Plasma cell numbers in active demyelinating lesions are depicted in blue and in
inactive demyelinated lesions in red, whereby cells in the parenchyma are shown in a dark color and
perivascular cells in a light color. Autopsies are indicated by black arrows. The abbreviation n/a was used
if no data were available.

3.1.4 Is there a decrease in plasma cells and an increase in T cells when the

natalizumab treatment effect ceases?

To examine whether plasma cell numbers in natalizumab-treated patients are
dependent on the time interval since the last natalizumab application, cell numbers
were analyzed in correlation to the time interval between last natalizumab infusion

and biopsy or death.

No correlation between perivascular, parenchymal or total plasma cell numbers and
the time interval between the last natalizumab injection and biopsy or death was

found (Fig. 3.1.6, Suppl. Tab. 3).
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Fig. 3.1.6: Plasma cell numbers in natalizumab-treated patients in relation to the time interval
between last natalizumab infusion and biopsy or death. Plasma cell numbers in the parenchyma,
perivascular space as well as total plasma cell numbers showed no dependence on this time interval.
Plasma cell numbers were quantified in active demyelinating and inactive demyelinated lesions in
natalizumab-treated patients and correlated with the time interval between last natalizumab infusions
and biopsy / autopsy. Plasma cell numbers in active demyelinating lesions are depicted in blue and in
inactive demyelinated lesions in red, whereby cells in the parenchyma are shown in a dark color and
perivascular cells in a light color. Autopsies are indicated by black arrows. The abbreviation n/a was used
if no data were available.

CD3" T cells (Fig. 3.1.7, Suppl. Tab. 3) and macrophages / microglial cells (Fig. 3.1.8,
Suppl. Tab. 3) also did not correlate with the time interval after the last natalizumab
infusion. However, perivascular CD4" T cell numbers were increased with longer

interruption of natalizumab therapy (p = 0.043) (Suppl. Tab. 3).

After discontinuing natalizumab treatment, a decrease in free CD49d receptor binding
sites on PBMCs was described for a further 3% months as compared to levels before
the first injection (Wipfler et al. 2011). To determine whether the natalizumab activity
has an influence on plasma cell numbers, cell numbers of all active demyelinating
biopsies until 3%2 months after the last injection were compared to cell numbers of all

remaining active demyelinating biopsies. The comparison of both groups showed a
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tendency for increased plasma cell numbers during the first 3%2 months after halting
natalizumab treatment compared to the other group in which no natalizumab activity
was expected (Fig. 3.1.9). By contrast T cell numbers tended to be lower in the first 3%
months compared to later time points. Analysis was hampered by low patient numbers

for different groups.
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Fig. 3.1.7: T cell numbers in natalizumab-treated patients in relation to the time interval between last
natalizumab infusion and biopsy or death. CD3" T cell numbers in the parenchyma, perivascular space
as well as total CD3" T cell numbers showed no dependence on this time interval. CD3" T cell numbers
were quantified in active demyelinating and inactive demyelinated lesions in natalizumab-treated
patients and correlated with the time interval between last natalizumab infusions and biopsy / autopsy.
CD3"T cell numbers in active demyelinating lesions are depicted in blue and in inactive demyelinated
lesions in red, whereby cells in the parenchyma are shown in a dark color and perivascular cells in a light
color. Autopsies are indicated by black arrows. The abbreviation n/a was used if no data were available.
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Fig. 3.1.8: Number of macrophages and microglia in natalizumab-treated patients in relation to the
time interval between last natalizumab infusion and biopsy or death. Macrophage numbers showed
no dependence on this time interval. Macrophage / microglia numbers were quantified in active
demyelinating and inactive demyelinated lesions in natalizumab-treated patients and correlated with
the time interval between last natalizumab infusions and biopsy / autopsy. Cell numbers in active
demyelinating lesions are depicted in blue and in inactive demyelinated lesions in red, whereby
macrophages are shown in a dark color and microglia in a light color. Autopsies are indicated by black
arrows. The abbreviation n/a was used if no data were available.
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Fig. 3.1.9: Number of inflammatory cell infiltrates in active demyelinating biopsy lesions during the
activity period of natalizumab. Analysis showed a tendency toward increased plasma cell numbers as
well as decreased T cell numbers during the first 3% months after discontinuing natalizumab treatment,
in comparison to the other group in which no natalizumab activity was expected. Inflammatory cell
infiltrates were counted in white matter lesions after immunohistochemical staining for T cells (anti-
CD3), plasma cells (anti-CD138) and macrophages / microglia cells (KiM1P). Cell numbers during
natalizumab activity (< 3% mos.) were compared to cell numbers where no more natalizumab activity
was expected (> 3% mos.). < 3% mos. = cell numbers of natalizumab-treated patients with a treatment
interruption of less than 3% months. > 3% mos. = cell numbers of natalizumab-treated patients with a
treatment interruption of more than 3% months.
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In summary, inflammatory cells are present in demyelinating lesions of natalizumab-
treated patients. T cell numbers were not significantly different compared to MS
patients without natalizumab treatment. Natalizumab-treated MS patients showed
significantly higher plasma cell numbers in active demyelinating as well as in inactive
demyelinated lesions as compared to MS patients with no natalizumab therapy. Higher
plasma cell numbers did not correlate with the disease duration or the therapy
duration. Plasma cells tended to be higher and T cells to be lower when natalizumab

was still pharmacologically active compared to later time points.
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3.2 Part two: Treatment effects with the natalizumab-analogon PS/2 in a B

cell-dependent mouse model of demyelination

In the second part of the work, the results of the natalizumab therapy in humans were
reviewed in an EAE model of MS. Due to the clinical relevance of B cells in MS
pathogenesis, the high frequency of lesions with immune pattern Il as well as the
noteworthy findings on plasma cells in this present study, therapy effects were
analyzed in a B cell-dependent mouse model of demyelination. For medication the
natalizumab-analogon with the clone name PS/2 was used. It is a monoclonal antibody

specifically binding CD49d receptors in mice.

3.2.1 Determination of an appropriate treatment dosage and treatment interval

To study the effects after treatment with the a-CD49d (PS/2) antibody, an appropriate
dosage was determined (Fig. 3.2.1). The intraperitoneal injection of 75 pg of the a-
CD49d (PS/2) antibody in adult mice revealed a strong saturation of the CD49d
receptors on WBCs by about 90% for at least 72 hours. 144 hours after the injection, a
decrease in free CD49d binding sites by about 15% as compared to levels before the
injection was found (Fig. 3.2.1, green curve). Up to 72 hours after injection about 80%
of the PS/2 antibody was bound to CD49d receptors compared to measurements
directly after treatment. The amount of bound antibody then declined, reaching about
10% of PS/2 antibody bound to the CD49d receptors 144 hours after the injection (Fig.

3.2.1, blue curve).

In natalizumab-treated patients a strong and continuous decrease in unblocked CD49d
receptors in PBMCs was shown (Wipfler et al., 2011). The results showed that the
saturation achieved with an intraperitoneal injection of 75 pg PS/2 antibody every
other day corresponds best with the data in humans, and thus this regimen was

chosen for the subsequent experiments.
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Fig. 3.2.1: Detection of free CD49d binding sites as well as the proportion of bound PS/2 antibody to
CD49d receptors upon a single intraperitoneal injection. Before and at definite time points after a
single intraperitoneal injection of 75 pg of the a-CD49d (PS/2) antibody in adult mice, blood was
collected and flow cytometry analysis was performed. The detection of free CD49d binding sites
occurred with a fluorophore-conjugated a-CD49d (PS/2) antibody (green curve). To measure the
proportion of bound PS/2 antibody to CD49d receptors a fluorophore-conjugated a-PS/2 antibody was
used (blue curve). Relative MFI is given for all WBCs and was calculated by the median fluorescence
intensity of interest minus the median fluorescence intensity of the isotype control. Data are mean *
SEM, n = 3-10.
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3.2.2 Treatment effects in the peripheral blood

To assess whether the PS/2 antibody therapy has an effect on peripheral blood cells,
blood samples were collected before antibody injection as well as on the day animals
were sacrificed. Flow cytometry analysis of WBCs was performed. Data from short-
term therapy experiments are shown. Similar findings were found in long-term

treatment experiments (data not shown).

3.2.2.1 Reduction of free CD49d receptor binding sites on WBCs as well as the

proportion of CD49d-positive cells in the blood after treatment with PS/2 antibody

Before a-CD49d (PS/2) antibody injection flow cytometry analysis showed different
CD49d expression levels in different cells subsets (Fig. 3.2.2). The lowest MFI was
observed for Gr-1" cells (4.4 + 0.2), followed by CD4" cells (10.2 + 0.4) and CD8" cells
(13.7 + 3.3). Higher MFIs were measured for Syndecan-1" cells (25.9 + 1.0) and B220"
cells (30.3 + 0.7). Highest MFIs were noticed on NK1.1" cells (48.7 + 2.2) and CD11b"
cells (62.6 £ 1.3) (Fig. 3.2.2 A, C). At the end of the experiment, two days after the last
PS/2 antibody injection, the CD49d MFI was significantly reduced in all immune cell
subsets (Fig. 3.2.2 A, C). The reduction of free CD49d receptor binding sites exceeded
90% in all cell subsets as compared to before therapy (Fig. 3.2.2 D).
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Fig. 3.2.2: Percentage of CD49d" cells and relative CD49d MFI before and after short-term treatment
with a-CD49d (PS/2) antibody. A strong reduction of CD49d-free binding sites as well as a decrease in
CD49d-positive cells in all investigated immune cell subsets after the short-term treatment with a-
CD49d (PS/2) antibody was found. Before and after the treatment blood was collected and flow
cytometry analysis on WBCs was performed. The CD49d MFI on CD3*, CD4", CD8", B220", Syndecan-1*
and NK1.1" cells was determined while gating on the lymphocyte population in SSC/FSC. By contrast, the
CD49d MFI on CD11b" and Gr-1" cells was investigated by gating on the monocyte and granulocyte
population, respectively. Connected dots before and after treatment in (B) and (C) represent data
obtained from one mouse. Relative MFI in (C) is given as the median fluorescence intensity of CD49d
minus the median fluorescence intensity of the isotype control. (D) Percentage reduction of free CD49d
binding sites after the treatment was calculated as follows: relative median fluorescence intensity
before treatment divided by the relative median fluorescence intensity after treatment.
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Furthermore, the immune cell subsets in blood showed different percentage
proportions of CD49d" cells before the a-CD49d (PS/2) antibody injection. The lowest
percentage proportion of CD49d" cells was found in the Gr-1" population (61.4 + 4.9%)
followed by the CD8" population (80.0 + 3.7%) and the CD4" population (84.8 + 2.6%).
In all remaining cell subsets the percentage proportion of CD49d" cells was higher than
97% (NK1.1" population = 97.6 + 0.5%, Syndecan-1" population = 98.4 + 0.5%, CD11b"
population = 99.8 + 0.2%, B220" population = 99.8 + 0.1%) (Fig. 3.2.2 A, B). Two days
after the last injection the percentage proportion of CD49d" cells was significantly
reduced in all immune cell subsets (Fig. 3.2.2 A, B). Almost no CD49d" cells were
observed in the CD4" population (1.3 + 0.3%) and Gr-1" population (2.9 + 0.6%). About
one-tenth of CD49d" cells were seen in the CD8" population (7.6 + 1.0%), the B220"
population (13.5 + 2.4%) and the Syndecan-1" population (14.5 + 3.3%). The highest
proportion of CD49d" cells were found in the NK1.1" population (24.1 + 5.5%) as well
as the CD11b" population (42.6 + 8.5%).

The control group showed no significant differences regarding the CD49d MFI as well
as a similar proportion of CD49d positive cells before as compared to after the
treatment ruling out a disease-dependent effect on the CD49d expression (Fig. 3.2.3 A,

B, C and Suppl. Tab. 4).
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Fig. 3.2.3: Percentage of CD49d" cells and relative CD49d MFI before and after short-term treatment
with PBS. Within the control group no significant differences in regard to the CD49d MFI as well as
similar proportions of CD49d-positive cells before as compared to after the PBS treatment were evident.
Before and after the treatment, blood was collected and flow cytometry analysis on WBCs was
performed. For more information regarding gating of the WBC subpopulations see figure description Fig.
3.2.2. Connected dots before and after treatment in (B) and (C) represent data obtained from one
mouse. Relative MFI in (C) is given as the median fluorescence intensity of CD49d minus the median
fluorescence intensity of the isotype control.

3.2.2.2 Increase in absolute WBC numbers after treatment with the PS/2 antibody

To examine whether PS/2 antibody therapy has an effect on absolute WBC numbers,
blood samples were collected before the antibody injection as well as on the sacrifice
day and the absolute cell number of blood cells was determined with the Neubauer
counting chamber. The absolute number of immune cell subsets was then calculated
based on the percentages investigated with the flow cytometry analysis. The data

described here for the short-term therapy.

The a-CD49d (PS/2) antibody therapy resulted in a significant increase in the WBC
numbers (before treatment: 4061 + 404 cells/ul, after treatment: 13329 + 1969
cells/ul) (Fig. 3.2.4 A). Investigation of a different cell subpopulation showed a
significant increase in cell number after therapy, albeit to a different extent (Fig. 3.2.4

A).
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Fig. 3.2.4: Absolute cell numbers of WBCs before and after short-term treatment with the a-CD49d
(PS/2) antibody or PBS. a-CD49d (PS/2) antibody therapy resulted in a significant increase in the
absolute number of all investigated WBCs but not after the treatment with PBS. The highest intra-
individual fold-change in cell numbers was observed for B220" cells. Before and after treatment blood
was collected and the absolute cell number determined with the Neubauer counting chamber. The
absolute number of immune cell subsets was then calculated based on the percentages of cell subsets
determined by flow cytometry analysis. (A) Connected dots before and after treatment represent data
obtained from one mouse. Mice treated with a-CD49d (PS/2) antibody are shown in green and with PBS
in blue. (B) and (C) intra-individual fold-change of cell subsets were calculated as follows: The absolute
cell number after treatment was divided by the absolute cell number before treatment. Treatment
results with a-CD49d (PS/2) antibody are depicted in (B) and with PBS in (C). Data are given as median.

To investigate the increase in cell numbers of different WBC subpopulations in more
detail, an intra-individual fold-change was determined. The lowest intra-individual
increase in absolute cell numbers was observed for the Gr-1" population (median
increase: 1.7-fold), followed by the CD4" population (median increase: 1.9-fold) (Fig.
3.2.4 B). Higher intra-individual increases were noticed in the NK1.1" population
(median increase: 2.9-fold), the CD8" population (median increase: 3.4-fold) and the
CD11b" population (median increase: 3.6-fold). The highest intra-individual increases
were found in the Syn-1" population (median: 4.8-fold) and B220" population (median:
5.2-fold). The intra-individual fold-change of the B220" population was significantly
higher as compared to the Gr-1" population (p < 0.05) and the CD4" population (p <
0.01) (Fig. 3.2.4 B).

As expected, the control group showed no significant differences in either the absolute
cell number or in the intra-individual fold-change of cell numbers (Fig. 3.2.4 A, C and

Suppl. Tab. 5).
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In summary, PS/2 therapy strongly reduced free CD49d receptor binding sites on

different immune cell subsets and increased leukocyte numbers in blood.

3.2.3 Treatment effects in the CNS

3.2.3.1 Short-term therapy

To address the question as to whether the PS/2 antibody therapy has a therapeutic
effect when applied early, short-term treatment experiments were performed. Upon
first clinical symptoms, at least a tail paralysis (clinical score > 1.0), mice were treated
twice either with 75 pg of a-CD49d (PS/2) antibody or PBS every other day (Fig. 3.2.5).

Two days after the last injection, pathology of the CNS was investigated.

3.2.3.1.1 Decreased clinical severity after treatment with the PS/2 antibody

As the OSE mouse model is a spontaneous, genetically caused EAE model, mice
develop symptoms at different ages and clinical courses with a varying severity. Thus, a
careful randomization of animals to the study and control group was necessary.
Randomization was performed in regard to age, sex as well as clinical score at therapy
onset to obtain comparable results (Tab. 3.2.1). Both groups had the same average age
(PS/2: 40.5 + 3.6d, PBS: 40.5 *+ 2.9d), a similar sex ratio (PS/2 f/m: 1.2, PBS f/m: 1.6)

and the same mean clinical score at therapy onset (PS/2: 1.5+ 0.1, PBS: 1.5 + 0.1).

A therapeutic effect was already evident one day after the first injection of the a-
CD49d (PS/2) antibody with a reduced clinical severity as compared to the control
group (day 2: PS/2 1.8 £ 0.2, PBS 2.1 + 0.1) (Fig. 3.2.5). On day 1 and day 2 after the
second o-CD49d (PS/2) injection the clinical scores in treated animals were
significantly lower as compared to the control group (day 4: PS/2 2.1 + 0.2, PBS 2.9
0.2; day 5: PS/22.0+0.3,PBS 2.9+ 0.2).
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Tab. 3.2.1: Randomization of mice for
the short-term therapy. Data are
shown as mean + SEM.
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Fig. 3.2.5: Disease course of OSE mice during short-term therapy with the a-CD49d (PS/2) antibody or
PBS. Therapy with the a-CD49d (PS/2) antibody resulted in a reduced clinical severity as compared to
controls. Therapy was started at a clinical score > 1.0 either with 75 pg a-CD49d (PS/2) antibody or PBS
intraperitoneally. Medication time points are indicated by black arrows. Clinical scores were monitored
every day. Two days after the last injection CNS pathology was investigated, as indicated by the dagger.
Data are mean £ SEM, n = 13 per group.

3.2.3.1.2 Reduction of white matter demyelination in the spinal cord after treatment

with the PS/2 antibody

To assess the histopathological treatment effects, the area of demyelinated white
matter in the spinal cord was determined. In general, demyelinated areas in the spinal
cord were located in the parenchyma close to the meninges, whereas a diffuse
demyelination was observed in the optic nerve. A significantly reduced percentage of
demyelinated white matter after the therapy with a-CD49d (PS/2) antibody (median:

14.4%) as compared to the control group (median: 25.1%) was found (Fig. 3.2.6).
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Fig. 3.2.6: Spinal white matter demyelination in OSE mice after short-term therapy with the a-CD49d
(PS/2) antibody or PBS. Less demyelination was observed after the a-CD49d (PS/2) therapy as
compared to controls. Myelinated as well as demyelinated white matter areas were measured in the
spinal cord after LFB/PAS staining. The percentage of demyelinated white matter was calculated relative
to the whole white matter area. Black arrowheads indicate demyelinated white matter.

3.2.3.1.3 Less inflammation in the spinal cord and the optic nerve after treatment

with the PS/2 antibody

To investigate whether the PS/2 antibody therapy has an influence on the
inflammatory cell infiltrate, the numbers of T cells (CD3), B cells (B220), plasma cells

(IgG) and macrophages (Mac-3) were quantified.

In the spinal cord parenchyma reduced numbers of T cells (PS/2 median: 1132
cells/mm?2, PBS median: 1814 cells/mm?) and significantly decreased plasma cell
numbers (PS/2 median: 0 cells/mm?, PBS median: 2.2 cells/mm?) were found after the
a-CD49d (PS/2) antibody therapy. However, similar numbers of macrophages (PS/2
median: 7167 cells/mm?, PBS median: 7374 cells/mm?) as well as B cells (PS/2 median:
182 cells/mm?, PBS median: 227 cells/mm?) as compared to the controls (Fig. 3.2.7)
were also seen. Furthermore, medication with the a-CD49d (PS/2) antibody resulted in
a significant reduction in B cell aggregates (PS/2 median: 0 aggregates/spinal cord
section, PBS median: 1.6 aggregates/spinal cord section) (Fig. 3.2.8) and plasma cell
numbers (PS/2 median: 0.1 plasma cells/spinal cord section, PBS median: 0.8 plasma
cells/spinal cord section) in the spinal cord meninges as compared to the control group

(Fig. 3.2.9).
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Fig. 3.2.7: Spinal cord infiltration in OSE mice after short-term therapy with the a-CD49d (PS/2)
antibody or PBS. Therapy with the a-CD49d (PS/2) antibody showed reduced T cell humbers and
significantly decreased plasma cell numbers, but similar numbers of B cells and macrophages as
compared to the controls. Inflammatory cell infiltrates were counted in the white matter lesions of the
spinal cord after the respective immunohistochemical staining procedures. B cells and plasma cells are
indicated by black arrowheads. Scale bar in inset =20 um.
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Fig. 3.2.8: Number of B cell aggregates in spinal cord meninges of OSE mice after short-term therapy
with the a-CD49d (PS/2) antibody or PBS. Treatment with the a-CD49d (PS/2) antibody resulted in a
significant reduction of B cell aggregates in the spinal cord meninges as compared to the control group.
B cell aggregates were counted after the immunohistochemical staining procedure with an a-B220
antibody. More than 20 accumulated B cells were considered as a B cell aggregate, indicated by black
arrowheads. Scale bar in inset = 20 um.
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Fig. 3.2.9: Number of plasma cells in spinal cord meninges of OSE mice after short-term therapy with
the a-CD49d (PS/2) antibody or PBS. Quantification showed significantly lower plasma cell numbers in
the spinal cord meninges after treatment with the a-CD49d (PS/2) antibody as compared to the
controls. Plasma cells were counted after the immunohistochemical staining procedure with an a-IgG
antibody. Plasma cells are indicated by black arrowheads. Scale bar in inset = 20 um.

The inflammatory cell infiltrate in the optic nerve parenchyma showed a significant
reduction of T cells (PS/2 median: 17 cells/mm?2, PBS median: 44 cells/mm?), B cells
(PS/2 median: 0 cells/mm?, PBS median: 3 cells/mm?) and macrophages (PS/2 median:
24 cells/mm?, PBS median: 208 cells/mm?) (Fig. 3.2.10). With the exception of one
mouse in the control group, no plasma cells in the optic nerve parenchyma were

observed (PS/2 median: 0 cells/mm?2, PBS median: 0 cells/mm?).
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Fig. 3.2.10: Optic nerve inflammatory infiltration in OSE mice after short-term therapy with the a-
CD49d (PS/2) antibody or PBS. Therapy with the a-CD49d (PS/2) antibody resulted in a significant
decrease in T cells, B cells and macrophages. Almost no plasma cells were observed. Inflammatory cell
infiltrates were counted in the optic nerve parenchyma after the respective immunohistochemical
staining procedures. B cells are indicated by black arrowheads.

In summary, short-term treatment with PS/2 antibody resulted in reduced clinical

severity, white matter demyelination and partly decreased infiltration in the spinal

cord and optic nerve.
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3.2.3.2 Long-term therapy

To investigate the treatment effects of a long-term medication, mice were treated
fifteen times either with 75 pg of the a-CD49d (PS/2) antibody or with PBS every other
day starting from the disease onset (clinical score > 1.0). The CNS pathology was

examined two days after the last administration.

3.2.3.2.1 Reduced clinical severity after treatment with the PS/2 antibody

In the same manner as for the short-term therapy, OSE mice were randomized to
obtain two equally distributed groups regarding age, sex and clinical score at therapy
onset. Mice showed a similar average age (PS/2: 42.1 + 2.8d, PBS: 42.3 + 3.2d), the
same mean clinical score at therapy onset (PS/2: 1.5 + 0.1, PBS: 1.5 + 0.1) (Tab. 3.2.2)

and the same distribution of sexes.

One day after the first injection of the a-CD49d (PS/2) antibody mice showed less
clinical disability as compared to the controls (day 2: PS/2 1.8 + 0.1, PBS 2.1 + 0.2) (Fig.
3.2.11 A), as was already shown for the short-term treatment (see 3.2.3.1.1). Two days
after the first injection the clinical scores were significantly different when comparing
treated and non-treated animals (day 3: PS/2 1.9 £ 0.2, PBS 2.5 + 0.2). The peak of the
disease severity was reached 5 days post disease onset in mice treated with the a-
CD49d (PS/2) antibody (clinical score of 2.0 + 0.2) and by contrast 7 days post disease
onset in the control group (clinical score of 3.0 £ 0.1). Treatment effects persisted until
the end of the experiment with a lower mean clinical score in the treatment group
compared to the control group (day 31: clinical score PS/2 1.4 + 0.3, clinical score PBS

2.2 £0.3).

Results from monitoring body weight reflected the clinical disease severity. Treatment
with the a-CD49d (PS/2) antibody resulted in a higher body weight as compared to the

control group (Fig. 3.2.11 B).
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Tab. 3.2.2: Randomization of mice for
the long-term therapy. Data are

shown as mean + SEM.
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Fig. 3.2.11: Disease course and body weight of OSE mice during long-term therapy with the a-CD49d
(PS/2) antibody or PBS. Therapy with the a-CD49d (PS/2) antibody resulted in decreased clinical
severity and less body weight loss as compared to the control group. Therapy onset occurred at a clinical
score > 1.0 either with 75 pg a-CD49d (PS/2) antibody or PBS intraperitoneally. Medication time points
are indicated by black arrows. Clinical scores and body weight were monitored every day. Two days
after the last injection CNS pathology was investigated, as indicated by the dagger. Data are given as

mean = SEM, n = 12 per group.




Results-Part two 70

3.2.3.2.2 Less white matter demyelination in the spinal cord after treatment with the

PS/2 antibody

The percentage of white matter demyelination in the spinal cord correlated with the
clinical symptoms (data not shown). Treatment with the a-CD49d (PS/2) antibody
significantly decreased the white matter demyelination as compared to the control

group (median: PS/2 3.4%, PBS 8.7%) (Fig. 3.2.12).
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Fig. 3.2.12: White matter demyelination in OSE mice after long-term therapy with the a-CD49d (PS/2)
antibody or PBS. White matter demyelination was decreased after the a-CD49d (PS/2) therapy as
compared to controls. Myelinated as well as demyelinated white matter areas were measured in the
spinal cord after LFB/PAS staining. The percentage of demyelinated white matter was calculated relative
to the whole white matter area. Black arrowheads indicate demyelinated white matter.

3.2.3.2.3 Decreased inflammation in the spinal cord after treatment with the PS/2

antibody

To determine the extent of inflammatory cell infiltrates in the spinal cord parenchyma
after treatment with the a-CD49d (PS/2) antibody or PBS, cross sections of the spinal
cord were stained with the respective immunohistochemical markers. Results showed
significantly reduced numbers of T cells (PS/2 median: 115 cells/mm?, PBS median: 445
cells/mm?), B cells (PS/2 median: 2 cells/mm?, PBS median: 74 cells/mm?), plasma cells
(PS/2 median: 0 cells/mm?, PBS median: 37 cells/mm?) and macrophages (PS/2
median: 110 cells/mm?, PBS median: 493 cells/mm?) after treatment with a-CD49d

(PS/2) antibody as compared to the controls (Fig. 3.2.13).
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Fig. 3.2.13: Spinal cord inflammatory infiltration in OSE mice after long-term therapy with the a-
CD49d (PS/2) antibody or PBS. Therapy with the a-CD49d (PS/2) antibody resulted in a significant
reduction of inflammatory cell infiltrates as shown for T cells, B cells, plasma cells and macrophages as
compared to the control group. Inflammatory cell infiltrates were determined in the white matter
lesions of the spinal cord after the respective immunohistochemical staining procedures. B cells and
plasma cells are indicated by black arrowheads. Scale bar in inset = 20 um.

In summary, long-term treatment with PS/2 antibody resulted in reduced clinical

severity, white matter demyelination and spinal cord infiltration.
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3.2.3.3 Treatment in later disease phases

In an attempt to mimic chronic disease stages of multiple sclerosis mice were treated
in the later disease phases. Starting at 13 days post disease onset, mice were treated
nine times either with 75 pg of the a-CD49d (PS/2) antibody or with PBS every other

day. The CNS pathology was examined two days after the last antibody administration.

3.2.3.3.1 No impact on clinical severity after treatment with the PS/2 antibody

The randomization of mice revealed the same mean clinical score on the first day after
the disease onset for both groups (PS/2: 1.8 + 0.2, PBS: 1.8 + 0.1) (Tab. 3.2.3).
Furthermore, both groups showed a shift of the sex ratio towards male mice. At
therapy onset, the average age of antibody treated mice was slightly higher as
compared to the control group (PS/2: 49.7 + 4.1d, PBS: 44.7 *+ 1.3d), but the mean

clinical score was almost the same (PS/2: 2.9 £ 0.2, PBS: 2.8 £ 0.2).

Clinical scores before treatment began were, as expected, similar in both groups (Fig.
3.2.14). The peak of the disease severity was reached between day 7 (PS/2: 2.9 £ 0.3)
and day 8 (PBS: 3.0 + 0.1), respectively. Therapy with the a-CD49d (PS/2) antibody
starting on day 13 showed no effect on the clinical course when compared with the

controls (day 31: PS/2 2.9 £ 0.3, day 31: PBS 2.5 + 0.2).
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Tab. 3.2.3: Randomization of mice for
the therapy in the late phase of the
disease. Data are shown as mean *

SEM.
a-CD49d PBS
(Ps/2)
therapyomset | 97| %7
rapy +4.1 £13
in days
Sex ratio
3/4 3/6
. 9/3 / /
S
(3]
» Mean
S clinical score 1.8 1.8
£ on 1% day post £0.2 +0.1
2 disease onset
é Mean
clinical score at 2.9 2.8
0.5 * PBS therapy onset +0.2 +0.2
& -CD49d i
0.0 in days

1 3 5 7 911131517 19 21 23 25 27 29 31 33
rAAMAAANAANAAANAAT

Days post disease onset

Fig. 3.2.14: Disease course of OSE mice during therapy with the a-CD49d (PS/2) antibody or PBS in
later disease phases. Therapy with the a-CD49d (PS/2) antibody resulted in a similar clinical severity as
compared to the control group. Therapy was started 13 days post disease onset either with 75 pg a-
CD49d (PS/2) antibody or PBS intraperitoneally. Medication time points are indicated by black arrows.
Clinical scores were monitored every day. Two days after the last injection CNS pathology was
investigated, as indicated by the dagger. Data are mean values * SEM. a-CD49d (PS/2) antibody-treated
group: n = 7; control group: n=9.

3.2.3.3.2 No influence on white matter demyelination in the spinal cord after

treatment with the PS/2 antibody

Percentage of white matter demyelination in the spinal cord showed no significant
difference between PS/2 antibody-treated (median: 17.9%) and PBS-treated control
animals (median: 13.1%) (Fig. 3.2.15).
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Fig. 3.2.15: White matter demyelination in OSE mice after therapy with the a-CD49d (PS/2) antibody
or PBS in later disease phases. A similar percentage of white matter demyelination is found after the a-
CD49d (PS/2) therapy as compared to controls. Myelinated as well as demyelinated white matter areas
were measured in the spinal cord after LFB/PAS staining. The percentage of demyelinated white matter
was calculated relative to the whole white matter areas. Black arrows indicate demyelinated white
matter.

3.2.3.3.3 No effect on spinal cord infiltration after treatment with the PS/2 antibody

Inflammatory cell infiltrates in the spinal cord parenchyma showed similar numbers of
T cells (PS/2 median: 353 cells/mm?, PBS median: 361 cells/mm?), B cells (PS/2 median:
13 cells/mm?, PBS median: 17 cells/mm?), plasma cells (PS/2 median: 60 cells/mm?,
PBS median: 57 cells/mm?2) as well as macrophages (PS/2 median: 326 cells/mm?, PBS

median: 258 cells/mm?) in antibody-treated and control groups (Fig. 3.2.16).
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Fig. 3.2.16: Spinal cord inflammatory infiltration in OSE mice after therapy with the a-CD49d (PS/2)
antibody or PBS in the later disease phases. Therapy with the a-CD49d (PS/2) antibody showed similar
numbers in all investigated inflammatory cell subsets as compared to the controls. Inflammatory cell
infiltrates were counted in the white matter lesion of the spinal cord after the respective
immunohistochemical staining procedures. B cells and plasma cells are indicated by black arrowheads.
Scale bar in inset = 20 um.

In summary, PS/2 treatment in late phase of the disease revealed no difference in
clinical severity, white matter demyelination and spinal cord infiltration as compared

to untreated controls.
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3.2.3.4 Long-term therapy with an additional observation period after the last PS/2

antibody administration

To address the question whether the cessation of the PS/2 antibody therapy leads to a
return of disease activity (rebound), mice were treated fifteen times either with 75 ug
of the a-CD49d (PS/2) antibody or with PBS every other day starting from disease
onset (clinical score > 1.0). After the fifteenth injection, mice were observed for

another 15 days before CNS pathology was examined.

3.2.3.4.1 No clinical worsening after stopping the PS/2 therapy

Randomization resulted in a nearly equal distribution of mice regarding the average
age at therapy onset (PS/2: 35.0 + 3.3d, PBS: 34.3 + 3.2d) (Tab. 3.2.4). Moreover, the
mean clinical score at therapy onset was the same in mice treated with a-CD49d (PS/2)
antibody (1.3 £ 0.1) and controls (1.3 + 0.2). Both groups showed a shift of the sex ratio

towards male mice.

As shown in prior experiments a clear therapy effect with decreased clinical disability
in antibody-treated versus PBS-treated animals was evident (Fig. 3.2.17). On the day of
the last injection, the difference in clinical scores averaged 1.3 between both groups
(PS/2: 1.5 £ 0.3, PBS: 2.8 + 0.1). After stopping therapy, clinical scores remained nearly

unchanged in both groups, with no evidence of rebound activity.

Tab. 3.2.4: Randomization of mice for
the experiment with an additional
observation period after the last
injection. Data are shown as mean *

SEM.
a-CD49d PBS
(Ps/2)
therapyomet | 350 | 343
rapy £33 £3.2
in days
Sex ratio
2/4 0/6
/3 / /
Mean
clinical score at 1.3 1.3
therapy onset +0.1 +0.2
in days
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Fig. 3.2.17: Disease course of OSE mice during long-term therapy with the a-CD49d (PS/2) antibody or
PBS and after therapy was stopped. Therapy with the a-CD49d (PS/2) antibody resulted in a better
clinical course as compared to the controls. No worsening of the clinical disability was observed after
the therapy was stopped. Therapy was started at a clinical score > 1.0 either with 75 ug a-CD49d (PS/2)
antibody or PBS intraperitoneally. Medication time points are indicated by black arrows. Clinical scores
were monitored every day. Fifteen days after the last injection CNS pathology was investigated,
indicated by a dagger. Data are mean values + SEM, n = 6 per group.

3.2.3.4.2 No increased white matter demyelination in the spinal cord after cessation

of the PS/2 therapy

The percentage of demyelinated white matter was significantly reduced after therapy
with the a-CD49d (PS/2) antibody (median: 4.9%) as compared to the control group
(median: 15.4%) (Fig. 3.2.18). Furthermore, no difference was observed in the extent
of white matter demyelination two days (median: 3.4) as compared to 15 days after

the last PS/2 injection (median: 4.9%) (Fig. 3.2.12, Fig. 3.2.18).
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Fig. 3.2.18: White matter demyelination in OSE mice 15 days after stopping the long-term therapy
with the a-CD49d (PS/2) antibody or PBS. a-CD49d (PS/2) therapy discontinuation did not increase
white matter demyelination in the spinal cord parenchyma. The extent of white matter demyelination
was similar 15 days as compared to two days after the last PS/2 injection. Myelinated as well as
demyelinated white matter was measured in the spinal cord after LFB/PAS staining. The percentage of
demyelinated white matter was calculated relative to the whole white matter area. Black arrowheads
indicate demyelinated white matter.

3.2.3.4.3 No impact on the inflammatory infiltration in the spinal cord after stopping

the PS/2 antibody therapy

To examine whether the discontinuation of the a-CD49d (PS/2) therapy has an
influence on the inflammatory cell infiltrate in the spinal cord parenchyma, the
number of T cells (CD3), B cells (B220), plasma cells (IgG) and macrophages (Mac-3)

was evaluated.

The quantification showed lower numbers of T cells (PS/2 median: 55 cells/mm?, PBS
median: 90 cells/mm?), B cells (PS/2 median: 4 cells/mm?, PBS median: 32 cells/mm?)
and plasma cells (PS/2 median: 4 cells/mm?, PBS median: 14 cells/mm?) after the
treatment with a-CD49d (PS/2) antibody as compared to the control group, but the
cell number differences were not statistically significant (Fig. 3.2.19). By contrast, the
macrophage numbers were similar in both groups (PS/2 median: 105 cells/mm?, PBS
median: 122 cells/mm?) (Fig. 3.2.19). Furthermore, a tendency toward decreased T cell
numbers and similar B cell, plasma cell as well as macrophage numbers was observed
15 days (T cells median: 55 cells/mm?, B cells median: 4 cells/mm?, plasma cells
median: 4 cells/mm?, macrophages median: 105 cells/mm?) as compared to two days
after the last PS/2 injection (T cells median: 115 cells/mm?, B cells median: 2
cells/mm?, plasma cells median: 0 cells/mm?, macrophages median: 110 cells/mm?)

(Fig. 3.2.19, Fig. 3.2.13).



Results-Part two

79

a-CD49d

CD3

o
N
N
m
% ¥ ." -
- B
.'_‘l i .'{‘\‘
i Aty Teg s
o Bl
2 g‘% ‘wy £
) :
o
S Sy e
."'\ LN YRS NG
el ) § @ ;.‘.
et ! Srphd Sy
e o oy £2-"0 Y e
A B -
s ¢
2 2 )
‘ v
5 .
@
$ |

. oy

IgG* cells / mm? B220* cells / mm? CD3* cells / mm?

Mac-3* cells / mm?

800,
600
400 ns
[ ]
200 ]
| | [ ]
0 . e°
a-CD49d PBS
300, ns
[ ]
200
[ ]
100
n o
o | | - .‘
a-CD49d PBS
200,
1504
100
ns
50 *
. [ ]
L —yv—
0
@-CD49d PBS
600;
400 ns
[ ]
200 . .
gt —r'—..
L
a-CD49d PBS

Fig. 3.2.19: Spinal cord inflammatory infiltration in OSE mice 15 days after stopping the long-term
therapy with the a-CD49d (PS/2) antibody or PBS. a-CD49d (PS/2) antibody therapy discontinuation did
not result in an increase of inflammatory cell infiltrates in the spinal cord parenchyma. T cells tended to
be decreased and all other inflammatory infiltrates were similar 15 days as compared to two days after
the last PS/2 injection. Inflammatory cell infiltrates were counted in the white matter lesion of the spinal
cord after the respective immunohistochemical staining procedures. B cells and plasma cells are

indicated by black arrowheads. Scale bar in inset =20 um.

In summary, cessation of the PS/2 therapy resulted in similar clinical severity as well as

white matter demyelination and a tendency toward decreased spinal cord infiltration

15 days as compared to 2 days after the last PS/2 injection.
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Of all the treatment effects in CNS observed here, PS/2 antibody therapy improved the
clinical outcome and decreased spinal cord demyelination as well as immune cell
infiltrations if given early in the disease course. Therapy with the PS/2 antibody in later
disease stages did not show any therapeutic benefit. Discontinuation of therapy did

not result in a return of disease activity.

3.2.4 Mode of action

3.2.4.1 Therapeutic effects without the involvement of Fc regions during the PS/2

antibody therapy

The a-CD49d (PS/2) antibody was generated in rats and belongs to the IgG class 2b.
Some effector functions are described for this isotype class such as, for instance, the
ability to bind to complement component Clg (Hughes-Jones et al., 1983) as well as
the interaction with FcRI (Woof et al., 1986) and FcRIl (Haagen et al., 1995). To address
the question whether the beneficial therapeutic effects of the a-CD49d (PS/2)
antibody are caused by blocking the CD49d receptors and not by effector functions
related to the Fc region, the Fc region of the antibody was cleaved off by pepsin
digestion. Afterwards F(ab’), fragments were purified and used for the short-term

therapy.

3.2.4.1.1 Generation of PS/2 F(ab’), fragments

The fragmentation of the a-CD49d (PS/2) antibody with pepsin was performed in a
substrate to enzyme ratio of 10:1 for 24 hours. Thereafter, the a-CD49d (PS/2) digest
was purified and investigated by SDS-PAGE. An intact antibody (IgG) was used as a
control and the separation by SDS-PAGE led to a band at about 150kDa (Fig. 3.2.20 A |,
indicated by red frame). Under reducing conditions the disulfide bonds of the antibody
were cleaved and resulted in an accumulation of heavy chains at about 50kDa and light
chains at about 25kDa (Fig. 3.2.20 A lll, indicated by hc and lc respectively). The
separation of the a-CD49d (PS/2) digest by SDS-PAGE revealed neither a fraction of
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intact antibody (Fig. 3.2.20 B |, indicated by black arrowhead) nor a fraction of the
intact heavy chain under reducing conditions (Fig. 3.2.20 B Ill, indicated by black
arrowhead). However, a fraction at about 100kDa was observed which represents the
F(ab’), fragments (Fig. 3.2.20 B |, indicated by red frame) as well as a fraction at about
25kDa under reducing conditions which contain the cleaved heavy chains (Fig. 3.2.20 B
[ll, indicated by hc). The molecular weight of the cleaved heavy chains was slightly
higher as compared to the light chains (Fig. 3.2.20 B Ill, indicated by Ic). The a-CD49d
(PS/2) digest contained also some other fractions such as a fraction at about 50kDa
under non-reducing conditions (Fig. 3.2.20 B | and Il) and a fraction at about < 15kDa
both under non-reducing and reducing conditions (Fig. 3.2.20 B Il and Ill). It is highly
likely that the 50kDa product represents Fab fragments which were also generated
with the digesting procedure, because this fraction shows half the molecular weight of
F(ab’), fragments and because of its absence under reducing conditions, indicating that
this fraction must have disulfide bounds. The fraction < 15kDa presumably contains the
cleaved Fc fragments which remained after the purification procedure. The isotype
control was digested accordingly and showed the same results (Fig. 3.2.20 C I, 1I, III).
For the following in vivo experiments the a-CD49d (PS/2) digest as well as the isotype
control digest were used and referred to as a-CD49d (PS/2) F(ab’), fragments and

isotype control F(ab’), fragments respectively.
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Fig. 3.2.20: Separation of F(ab’), fragments after pepsin digestion by SDS-PAGE. a-CD49d (PS/2)
antibody and isotype control were incubated with pepsin in a substrate to enzyme ratio 10:1 for 24
hours at 37°C. After the purification procedure the digest was separated by SDS-PAGE and visualized by
Coomassie brilliant blue staining. (A) An intact antibody (IgG) with a molecular weight of ~150kDa is
indicated by a red frame in (A I). (B) a-CD49d (PS/2) F(ab’), fragments with a molecular weight of
~100kDa are indicated by a red frame in (B I). No remaining intact antibody (B I, black arrowhead) as
well as intact heavy chain (B Ill, black arrowhead) was observed after the digestion. (C) Isotype control
F(ab’), fragments with a molecular weight of ~100kDa are indicated by a red frame in (C I). No remaining
intact antibody (C I, black arrowhead) as well as intact heavy chain (C Ill, black arrowhead) were
observed after the digestion. A-C I: 6% gel, non-reducing conditions; A-C Il: 12.5% gel, non-reducing
conditions; A-C Ill: 12.5% gel, reducing conditions; hc = heavy chain, Ic = light chain.
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3.2.4.1.2 Determination of an appropriate treatment dosage and treatment interval

Similar to the treatment with the intact antibody it was necessary to determine an
appropriate a-CD49d (PS/2) F(ab’), fragment treatment dosage as well as treatment
interval. The intraperitoneal injection of 200 pug a-CD49d (PS/2) F(ab’), fragments
every day revealed a persistent strong saturation of the CD49d receptors on WBCs by
more than 80% (Fig. 3.2.21, green curve). Furthermore, in accordance with the results
obtained by SDS-PAGE almost no intact bound PS/2 antibody was detected after
treatment (Fig. 3.2.21, blue curve). Due to the comparable CD49d receptor saturation
as observed when treating with the intact a-CD49d (PS/2) antibody, the a-CD49d
(PS/2) F(ab’), fragments were administered in a dosage of 200 pg intraperitoneally

every day.

110
1 R R R R R R PPy

90+ # -CD49d (Detection of free CD49d binding sites)
80 ¥ 0-PS/2 (Detection of bound intact PS/2 IgG)

Relative MFI [%]
(2]
2
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0

03 24 48 72 96
) ) ) )

200ug 200ug 200ug 200ug
PS/2 F(ab'), i.p. PS/2 F(ab'),i.p. PS/2 F(ab'), i.p. PS/2 F(ab"), i.p.

Hours post first injection

Fig. 3.2.21: Detection of free CD49d binding sites as well as the proportion of bound intact PS/2
antibody to CD49d receptors after treatment with a-CD49d (PS/2) F(ab’), fragments. The daily
administration of 200 pg a-CD49d (PS/2) F(ab’), fragments turned out to be suitable to study
therapeutic effects in this mouse model of demyelination. Before and at definite time points during the
daily administration of 200 pg of a-CD49d (PS/2) F(ab’), fragments in adult mice, blood was collected
and flow cytometry analysis performed. The detection of free CD49d binding sites occurred with a
fluorophore-conjugated a-CD49d (PS/2) antibody (green curve). To measure the proportion of bound
intact PS/2 antibody to CD49d receptors a fluorophore-conjugated a-PS/2 antibody was used (blue
curve). Relative MFI is given for all WBCs and was calculated by the median fluorescence intensity of
interest minus the median fluorescence intensity of the isotype control. Data are mean values + SEM. N
=1 3h, 24h, 48h, 72h post first injection; n = 5 before and 96 hours post first injection.



Results-Part two 84

3.2.4.1.3 Reduction of free CD49d receptor binding sites on WBCs as well as the
proportion of CD49d-positive cells in the blood after treatment with the PS/2 F(ab’),

fragments

To examine whether the short-term therapy with the a-CD49d (PS/2) F(ab’), fragments
has the same effects on peripheral blood cells as observed with the a-CD49d (PS/2)
antibody medication, blood samples were collected before therapy as well as on the

sacrifice day. Flow cytometry analysis was performed.

At the end of the experiment, one day after the last a-CD49d (PS/2) F(ab’), fragments
injection, the CD49d MFI was significantly reduced in all immune cell subsets as
compared to before the therapy (Fig. 3.2.22 A, C). The strongest reduction of free
CD49d binding sites by about 90 percent was found on Syndecan-1" cells (91.1 + 2.1%),
B220" cells (90.2 + 2.7%), CD4" cells (89.6 + 3.4%) and NK1.1" cells (88.2 + 4.5%),
followed by CD8" cells (82.2 + 7.2%), Gr-1" cells (77.2 + 5.5%) and CD11b" cells (73.7
3.2%) (Fig. 3.2.22 D). It should be noted that the CD49d expression on Gr-1" cells was

already very low before the therapy (Fig. 3.2.22 A, C).

Furthermore, the immune cell subsets in blood showed different percentage
proportions of CD49d" cells after the injection of a-CD49d (PS/2) F(ab’),fragments. The
lowest percentage proportion of CD49d" cells was found for the CD4" population (5.5 *
1.6%) and Gr-1" population (9.1 + 3.0%), followed by the B220" population (13.5 #*
5.5%) and Syndecan-1" population (14.6 + 4.4%). A higher proportion of CD49d" cells
was observed in the CD8" population (35.3 + 9.8%) and in the NK1.1" population (47.3
+9.2%). Most CD11b" cells were positive for CD49d (89.5 + 3.4%) (Fig. 3.2.22 A, B).

Thus, similar to the therapy with the intact a-CD49d (PS/2) antibody (Fig. 3.2.2 A, B, C,
D) the flow cytometry analysis revealed also a strong reduction of free CD49d binding
sites on WBCs after the medication with the a-CD49d (PS/2) F(ab’), fragments.
However, a higher proportion of CD49d positive cells especially in the CD11b*

population was present.
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Fig. 3.2.22: Percentage of CD49d" cells and relative CD49d MFI before and after short-term treatment
with the a-CD49d (PS/2) F(ab’), fragments. After short-term treatment with the a-CD49d (PS/2) F(ab’),
fragments free CD49d binding sites as well as the proportion of CD49d positive cells were significantly
reduced as compared to before the therapy. Before and after treatment, blood was collected and flow
cytometry analysis performed. The CD49d MFI for CD3", CD4", CD8", B220", Syndecan-1" and NK1.1" cells
was determined while gating on the lymphocyte population in SSC/FSC. The CD49d MFI for CD11b" and
Gr-1" cells was investigated by gating on the monocyte and granulocyte population, respectively.
Connected dots before and after treatment in (B) and (C) represent data obtained from one mouse.
Relative MFI in (C) is given as the median fluorescence intensity of CD49d minus the median
fluorescence intensity of the isotype control. (D) Percentage reduction of free CD49d binding sites after
the treatment was calculated as follows: relative median fluorescence intensity before treatment
divided by the relative median fluorescence intensity after treatment.
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3.2.4.1.4 Increase in absolute WBC numbers after treatment with the PS/2 F(ab’),

fragments

To assess whether the a-CD49d (PS/2) F(ab’), fragments also have an effect on
absolute WBC numbers, blood samples were collected before the injection of F(ab’),
fragments as well as on the sacrifice day, and the absolute blood cell number was
determined with the Neubauer counting chamber. The absolute number of immune
cell subsets was then calculated based on the percentage numbers determined with

the flow cytometry analysis.

Similar to the medication with the intact a-CD49d (PS/2) antibody (Fig. 3.2.4 A) the
quantification of absolute cell numbers after therapy with the a-CD49d (PS/2) F(ab’),
fragments showed a significant increase in WBC numbers (before therapy: 4061 + 404
cells/ul, after therapy: 13329 + 1969 cells/ul). An absolute increase in cell numbers

could be shown for all investigated cell subsets (Fig. 3.2.23).
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Fig. 3.2.23: Absolute cell numbers of WBCs before and after short-term treatment with the a-CD49d
(PS/2) F(ab’), fragments. a-CD49d (PS/2) F(ab’), fragment therapy resulted in a significant increase in
the absolute cell number of all investigated cell subsets. Before and after treatment blood was collected
and absolute blood cell numbers determined with the Neubauer counting chamber. The absolute
number of immune cell subsets was then calculated based on the percentage numbers evaluated with
the flow cytometry analysis. Connected dots before and after treatment represent data obtained from
one mouse. Data are given as median.

3.2.4.1.5 Decreased clinical severity after the treatment with PS/2 F(ab’), fragments

To determine whether the o-CD49d (PS/2) F(ab’), fragments have the same
therapeutic effect as the intact a-CD49d (PS/2) antibody, short-term treatment
experiments were performed. Upon first clinical symptoms, at least a tail paralysis
(clinical score > 1.0), mice were treated daily either with 200 pg of a-CD49d (PS/2)
F(ab’), fragments or isotype control F(ab’), fragments intraperitoneally for four days.

One day after the last injection the CNS pathology was investigated.
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Randomization of mice showed a similar average age (PS/2 F(ab’),: 30.8 + 1.2d, isotype
control F(ab’),: 32.3 + 2.5d) as well as a similar clinical score at therapy onset for both
groups (PS/2 F(ab’),: 1.4 + 0.1, isotype control F(ab’),: 1.5 * 0.2), but a different sex
ratio (Tab. 3.2.5).

Clinical scores were already significantly lower one day after the first injection of a-
CD49d (PS/2) F(ab’), fragments as compared to the control group (day 2: PS/2 F(ab’),
1.5 £ 0.2, control F(ab’);2.2 £ 0.1) (Fig. 3.2.24). This effect was sustained during the
treatment experiment, with significant differences found on days 2-4. Furthermore,
clinical courses during treatment with a-CD49d (PS/2) F(ab’), fragments were
comparable to the clinical courses of the intact a-CD49d (PS/2) antibody. At the end of
the short-term therapy both groups showed the same mean clinical scores (PS/2

F(ab’),: 2.0 + 0.4, PS/2 IgG: 2.0 + 0.3) (Fig. 3.2.24).

Tab. 3.2.5: Randomization of mice for
the short-term therapy with F(ab’),
fragments. Data are shown as mean +

SEM.
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Fig. 3.2.24: Disease course of OSE mice during short-term therapy with the a-CD49d (PS/2) F(ab’),
fragments or isotype control F(ab’), fragments. Therapy with the a-CD49d (PS/2) F(ab’), fragments
resulted in lower clinical scores as compared to the control group. Clinical courses after therapy with a-
CD49d (PS/2) F(ab’), fragments were comparable to the clinical courses after the therapy with intact a-
CD49d (PS/2) antibody. Therapy was started at a clinical score > 1.0 either with 200 pug a-CD49d (PS/2)
F(ab’), fragments or isotype control F(ab’), fragments intraperitoneally. Medication time points are
indicated by black arrows. Clinical scores were monitored every day. One day after the last injection CNS
pathology was investigated, indicated by a dagger. Data are mean values = SEM. a-CD49d (PS/2) F(ab’),
treated group: n = 5; control group: n=7.
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3.2.4.1.6 Reduced white matter demyelination in the spinal cord after treatment

with PS/2 F(ab’), fragments

The percentage of demyelinated white matter was significantly reduced after therapy
with the a-CD49d (PS/2) F(ab’), fragments (median: 11.9%) as compared to the control
group (median: 29.2%) (Fig. 3.2.25). Furthermore, the extent of white matter
demyelination after treatment with a-CD49d (PS/2) F(ab’), fragments (median: 11.9%)
were comparable to the white matter demyelination after treatment with intact a-

CD49d (PS/2) antibody (median: 14.4%) (Fig. 3.2.25).

a-CD49d F(ab), Isotype control F(ab‘),
- *
“ - oy 3 2 —
aidad: S %. 50 *
5 o4 —™= .
£ .
Z 2 30
& 5 ‘: —
o g 20 4a . .
- £ —t— u .
- T 10 4 —
> A
g 1,
a c " sl
0-CD49d  «-CD49d  Iso. ctrl
lgG F(ab'), F(ab'),

Fig. 3.2.25: White matter demyelination in OSE mice after short-term therapy with the a-CD49d (PS/2)
F(ab’), fragments or isotype control F(ab’), fragments. The white matter demyelination was significantly
decreased after the a-CD49d (PS/2) F(ab’), fragment therapy as compared to the control group and was
similar to the white matter demyelination after therapy with intact a-CD49d (PS/2) antibody.
Myelinated as well as demyelinated white matter was determined in the spinal cord after LFB/PAS
staining. The percentage of demyelinated white matter was calculated relative to the whole white
matter area. Black arrowheads indicate demyelinated white matter.

3.2.4.1.7 Diminished inflammatory cell infiltration in the spinal cord after treatment

with the PS/2 F(ab’), fragments

To determine the extent of inflammatory cell infiltrates in the spinal cord parenchyma
after treatment with the a-CD49d (PS/2) F(ab’), fragments or the isotype control
F(ab’), fragments, cross sections of the spinal cord were stained with the respective
immunohistochemical markers. The quantification showed similar numbers of T cells
(PS/2 F(ab’), median: 692 cells/mm?, control F(ab’), median: 746 cells/mm?2) and as
well as B cells (PS/2 F(ab’), median: 102 cells/mm?, control F(ab’), median: 119
cells/mm?), but significantly reduced plasma cell numbers (PS/2 F(ab’), median: 0

cellsymm?, control F(ab’); median: 10 cells/mm?) as well as macrophages
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(PS/2 F(ab’), median: 5469 cells/mm?, control F(ab’), median: 7224 cells/mm?) after

the treatment with a-CD49d (PS/2) F(ab’), fragments as compared to the control group

(Fig. 3.2.26).
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Fig. 3.2.26: Spinal cord inflammatory infiltration in OSE mice after short-term therapy with the a-
CD49d (PS/2) F(ab’), fragments or isotype control F(ab’), fragments. Therapy with the a-CD49d (PS/2)
F(ab’), fragments resulted in similar numbers of T cells and B cells, but significantly lower plasma cell
numbers and macrophages as compared to controls. Inflammatory cell infiltrates were counted in the
white matter lesion of the spinal cord after the respective immunohistochemical staining procedures. B
cells and plasma cells are indicated by black arrowheads. Scale bar in inset = 20 um.
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In summary, based on the comparable decreased clinical severity, reduced white
matter demyelination as well as inflammatory cell infiltration in the spinal cord after
therapy with the PS/2 F(ab’), fragments and intact PS/2 antibody, it can be concluded

that the therapeutic effects are independent of the Fc fragment.

3.2.4.2 Clinical outcome upon temporary blockage of CD49d receptors

A significant decrease in unblocked CD49d receptors on PBMCs that lasted over the
entire treatment period was observed after natalizumab treatment in humans (Wipfler
et al.,, 2011) In contrast, Niino et al. (2006) described a significant but temporary
reduction of free CD49d receptors through the monthly dose interval. To address the
guestion as to which effect lower PS/2 antibody dosages that show a temporary
reduction of free CD49d binding sites have, long-term treatment experiments with a

reduced a-CD49d (PS/2) dosage were performed.

3.2.4.2.1 Determination of an appropriate treatment dosage for temporary blockage

of CD49d receptors

To determine the appropriate treatment dosage with a significant but temporary
blockage of the CD49d receptors until the next infusion, different dosages of the a-
CD49d (PS/2) antibody were injected once intraperitoneally (Fig. 3.2.27). At defined
time points blood was collected and free CD49d receptor binding sites were
investigated by flow cytometry analysis with a fluorophore-conjugated a-CD49d (PS/2)
antibody. The dosage of 5 ug revealed a strong reduction of free CD49d binding sites
by more than 80% for at least nine hours (Fig. 3.2.27, black curve). 24 hours after the
injection the number of free CD49d receptors was still diminished by about 20%. A
similar level of free CD49d binding sites as compared to before the administration was
observed 48 hours after a single injection. Thus an intraperitoneal medication of 5 pg
every other day turned out to be adequate for studying the treatment effects after a
temporary blockage of CD49d receptors. The obtained results were compared to the
PBS-treated control group as well as to the treatment group that received 75 ug every

other day and showed a persistent saturation of CD49d receptors during the therapy.
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Fig. 3.2.27: Free CD49d binding sites after a single intraperitoneal injection of different a-CD49d (PS/2)
antibody dosages. The 5 pg PS/2 injection every other day turned out to be suitable to study
therapeutic effects after a temporary blockage of CD49d receptors. Before and at definite time points
after a single intraperitoneal injection of different a-CD49d (PS/2) antibody dosages in adult mice, blood
was collected and flow cytometry analysis performed. The detection of free CD49d binding sites
occurred with a fluorophore-conjugated a-CD49d (PS/2) antibody. Relative MFl is given for all WBCs and
was calculated by the median fluorescence intensity of interest minus the median fluorescence intensity
of the isotype control. Data are mean values = SEM. 75 pg injection: n = 3-10, all other dosages: n = 1.

3.2.4.2.2 No impact on the clinical disease course with temporary blockage of CD49d

receptors

Randomization of mice showed a similar average age (5 ug PS/2: 41.9 + 4.5d, 75 pg
PS/2: 42.1 + 2.8d, PBS: 42.3 + 3.2d) (Tab. 3.2.6) and a similar mean clinical score at
therapy onset in the group treated with 5 ug a-CD49d (PS/2) antibody as compared to
the both control groups (5 ug PS/2: 1.7 £ 0.1, 75 ug PS/2: 1.5 £ 0.1, PBS: 1.5 £ 0.1). The
group treated with 5 pug a-CD49d (PS/2) antibody showed a shift of the sex ratio

towards male mice.

Mice treated with 5 pg PS/2 antibody every other day showed a severe disease
progression comparable to the PBS-treated group. No treatment effect was evident.
The peak of disease severity was reached on day 6 in the group treated with 5 ug a-
CD49d (PS/2) antibody and on day 7 in the PBS-treated group showing similar maximal
clinical scores (day 6: 5 ug PS/2 3.1 £ 0.1, day 7: PBS 3.0 + 0.1) (Fig. 3.2.28). At the end
of the experiment both groups had high clinical scores (day 31: 5 ug PS/2 2.3 £ 0.2, day
7: PBS 2.2 + 0.3). By contrast the treatment dosage of 75 pug a-CD49d (PS/2) antibody
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resulted in a significant reduction of the clinical severity as compared to the group

treated with 5 pg a-CD49d (PS/2) antibody.

Tab. 3.2.6: Randomization of mice for the long-
term therapy with a reduced a-CD49d PS/2 dosage.
Data are shown as mean + SEM.
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Fig. 3.2.28: Disease course in OSE mice during long-term therapy with 5 pg- and 75 pug a-CD49d (PS/2)
antibody or PBS. Therapy with 5 pg of a-CD49d (PS/2) antibody had no impact on clinical severity.
Clinical scores were comparable with the PBS-treated control group. Treatment was started when mice
showed a clinical score = 1.0 either with 5 ug a-CD49d (PS/2) antibody, 75 pug a-CD49d (PS/2) antibody
or PBS intraperitoneally. Medication time points are indicated by black arrows. Clinical scores were
monitored every day. Two days after the last injection CNS pathology was investigated, as indicated by a
dagger. Data are mean values + SEM. 5 pug a-CD49d (PS/2): n = 7. 75 ug a-CD49d (PS/2) and PBS: n = 12.
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3.2.4.2.3 No significant influence on white matter demyelination in the spinal cord

upon temporary blockage of CD49d receptors

The percentage of white matter demyelination in the spinal cord was minimally, non-
significantly reduced after therapy with the 5 pg a-CD49d (PS/2) antibody (median:
8.1%) as compared to the PBS control group (median: 8.7%) (Fig. 3.2.29). By contrast
treatment with the dosage of 75 ug a-CD49d (PS/2) antibody resulted in a reduction of
white matter demyelination as compared to the therapy with 5 pug a-CD49d (PS/2)
antibody, but this difference did not reach significance (median: 75 pg PS/2 3.4%).
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Fig. 3.2.29: White matter demyelination in OSE mice after long-term therapy with 5 pg and 75 pg a-
CD49d (PS/2) antibody or PBS. A similar extent of white matter demyelination after therapy with 5 ug
a-CD49d (PS/2) antibody as compared to the PBS-treated controls was evident. Thus, no therapy effect
of the 5 pg antibody dosage was observed. Myelinated as well as demyelinated white matter was
determined in the spinal cord after LFB/PAS staining. The percentage of demyelinated white matter was
calculated relative to the whole white matter area.

3.2.4.2.4 Diminished inflammatory cell infiltration in the spinal cord after temporary

blockage of CD49d receptors

To investigate whether a temporary blockage of CD49d receptors has as influence on
the inflammatory cell infiltrates in the spinal cord parenchyma, the number of T cells
(CD3), B cells (B220), plasma cells (IgG) and macrophages (Mac-3) was quantified and
compared to the group with a persistent saturation of CD49d receptors during

medication as well as to the PBS treated group.
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Inflammatory cell infiltrates showed a significant reduction in T cells (5 pg PS/2
median: 102 cells/mm?, PBS median: 445 cells/mm?) as well as macrophages (5 pg
PS/2 median: 162 cells/mm?, PBS median: 493 cells/mm?) after the therapy with 5 ug
a-CD49d (PS/2) antibody as compared to the PBS group (Fig. 3.2.30). Furthermore, the
number of B cells (5 ug PS/2 median: 15 cells/mm?, PBS median: 74 cells/mm?) and
plasma cells (5 pg PS/2 median: 8 cells/mm?, PBS median: 37 cells/mm?) were also
decreased, but not significantly. The comparison with the results obtained from the
group with a persistent CD49d receptor blockage showed similar T cell numbers (5 ug
PS/2 median: 102 cells/mm?, 75 ug PS/2 median: 115 cells/mm?), increased numbers
of macrophages (5 pg PS/2 median: 162 cells/mm?, 75 pug PS/2 median: 110 cells/mm?)
as well as of B cells (5 pg PS/2 median: 15 cells/mm?, 75 pug PS/2 median: 2 cells/mm?).
Significantly higher numbers of plasma cells were present (5 pug PS/2 median: 8

cells/mm?, 75 pg PS/2 median: O cells/mm?).
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Fig. 3.2.30: Spinal cord inflammatory infiltration in OSE mice after long-term therapy with 5 pg and 75
pg a-CDA9d (PS/2) antibody or PBS. Therapy with 5 pg a-CD49d (PS/2) antibody resulted in reduced T
cell and macrophage numbers within the spinal cord parenchyma as compared to the PBS control group.
Significantly higher numbers of plasma cells were present in the 5 pug a-CD49d (PS/2) antibody
treatment group compared to the group treated with 75 pg. Inflammatory cell infiltrates were counted
in the white matter lesions of the spinal cord after the respective immunohistochemical staining
procedures.
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In summary, the temporary blockage of CD49d receptors resulted in decreased T cell
and macrophage numbers, but the degree of white matter demyelination as well as

the clinical severity were comparable to the PBS control group.

3.2.4.3 Internalization of receptor-antibody complexes during PS/2 antibody therapy

The following experiments aimed at analyzing whether treatment with a-CD49d (PS/2)
antibodies results in an internalization of receptor-antibody complexes. A single
injection of 75 pg of the a-CD49d (PS/2) antibody resulted in a strong reduction of free
CD49d receptor binding sites for at least 72 hours as observed during the
determination of a suitable dosage for the mouse therapy experiments (Fig. 3.2.1).
Afterwards the number of free CD49d receptor binding sites increased steadily. On the
other hand, bound a-CD49d (PS/2) antibody showed a decrease within the first 72
hours while a persistent strong reduction of free CD49d binding sites was shown. |

therefore hypothesized an internalization of the receptor-antibody complexes.

To examine this, 75 pg of the a-CD49d (PS/2) antibody was injected intraperitoneally in
adult mice. Afterwards blood was collected at definite time points. First the
percentage number of free CD49d binding sites on WBCs was examined by flow
cytometry staining with the same antibody clone as administered therapeutically. As
shown beforehand (Fig. 3.2.1), free CD49d receptor binding sites were reduced > 90
percent already 0.5 hours after the therapeutic antibody injection (Fig. 3.2.31 A, green
curve). The receptor saturation lasted until 72 hours after the injection. 96 hours after
injection about 60 percent of free CD49d receptor binding sites were measured. About
120 hours after the injection similar free CD49d receptor binding site levels as

compared to before the injection were reached.

To determine whether the number of CD49d receptors on the cell surface is altered
after the injection of the a-CD49d (PS/2) antibody, it was necessary to detect the
CD49d receptors at another domain as by the injected antibody. The a-CD49d
antibody clone 9C10 was found to be suitable due to only a minor epitope overlap
between this antibody and the a-CD49d antibody clone PS/2. Staining of naive cells in

vitro with both clones in the same sample showed a decrease of the median
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fluorescence intensity by about 10 percent as compared to single stainings of the
respective antibody clones (Fig. 3.2.31 B). Therefore, the detection of the CD49d
receptor quantity on the cell surface was done with the a-CD49d (clone: 9C10)
antibody and showed a reduction of about 35 percent 0.5 hours after the injection of
the therapeutic a-CD49d (clone: PS/2) antibody (Fig. 3.2.31 A, black curve). 24 hours
after the therapeutic antibody injection the number of CD49d receptors dropped
further to 30 percent and did not begin to rise again until 72 hours after the a-CD49d
(clone: PS/2) antibody injection. The decrease in cell surface CD49d receptors by more
than 50 percent supported the hypothesis that receptor-antibody complexes are

internalized.

In a next step bound a-CD49d (clone: PS/2) antibody after therapeutic injection was
analyzed on the cell surface as well as in the intracellular compartment to further
corroborate the hypothesis. A quantification of bound PS/2 antibody to the receptors
on the cell surface showed a reduction of about 35 percent 72 hours after the injection
as compared to the levels 0.5 hours after the injection (Fig. 3.2.31 A, dark blue curve).
Afterwards, bound PS/2 antibody decreased further until almost no bound antibody
was detectable 144 hours after the therapeutic injection. Furthermore, the flow
cytometry detection of intracellularly located PS/2 antibody showed high numbers
already 0.5 hours after the injection, followed by a continuous decrease (Fig. 3.2.31 A,

light blue curve).

The same effects were observed when analyzing CD4" T cells (Fig. 3.2.31 C) as well as

B220" B cells separately (Fig. 3.2.31 D).
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Fig. 3.2.31: Determination of antibody internalization of WBCs during therapy with the a-CD49d
(clone: PS/2) antibody. A partial internalization of receptor-antibody complexes during the therapy with
a-CD49d (clone: PS/2) antibody was found (A). Before and at definite time points after a single
intraperitoneal injection of 75 pg of the a-CD49d (clone: PS/2) antibody in adult mice, blood was
collected and flow cytometry analysis performed. Detection of free CD49d binding sites occurred with a
fluorophore-conjugated a-CD49d (clone: PS/2) antibody (green curve). The number of CD49d receptors
was investigated by a fluorophore-conjugated a-CD49d (clone: 9C10) antibody (black curve). To
measure the proportion of bound PS/2 antibody to CD49d receptors on the cell surface (dark blue curve)
as well as the amount of intracellular located PS/2 antibody (light blue curve) upon the injection, a
fluorophore-conjugated a-PS/2 antibody was used.

To investigate the extent of epitope overlap between a-CD49d antibody clone: 9C10 and clone: PS/2,
naive cells were simultaneously stained with both clones and the obtained median fluorescence
intensities compared to single stainings of the respective clones (B). The flow cytometry analysis
revealed nearly no epitope overlap between the a-CD49d antibodies clone: 9C10 and clone: PS/2.

Partial antibody internalization could be shown when investigating all WBCs (A), CD4" T cells (C) as well
as B220" B cells (D). Relative MFI was calculated by the median fluorescence intensity of interest minus
the median fluorescence intensity of the isotype control. Data are mean values + SEM. (A), (C), (D) n = 3-
6; (B)n=3.
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Thus, the reduction in free CD49d binding sites for at least 72 hours after the injection
(Fig. 3.2.31 A, green curve) with a simultaneous reduction in CD49d receptors on the
cell surface (Fig. 3.2.31 A, black curve), a decrease in bound PS/2 antibody to the
receptors on the cell surface (Fig. 3.2.31 A, dark blue curve) and, finally, the
intracellular detection of PS/2 antibody (Fig. 3.2.31 A, light blue curve) all indicate a

partial internalization of CD49d receptor-antibody complexes.
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4 Discussion

Natalizumab, a humanized monoclonal antibody directed against a-4 integrin has been
approved for the treatment of MS. Although natalizumab is a highly beneficial drug
which effectively reduces clinical relapses, some patients do not respond to the

therapy. The histopathological effects after natalizumab therapy are still unknown.

In the present study the histopathology in a cohort of natalizumab-treated MS patients
was investigated and compared to MS patients with no prior natalizumab therapy.
Furthermore, the inflammatory infiltrates after natalizumab therapy were correlated
with clinical and therapy-related data. In the second part of the thesis, the results of
natalizumab therapy in humans were reviewed in a B cell-dependent EAE model of MS

(OSE).

4.1 Histopathological changes after natalizumab therapy

MS patients treated with natalizumab showed typical MS pathology with inflammatory
demyelinated lesions in the CNS. The immunohistochemical characterization revealed
that inflammatory infiltrates were mainly composed of T cells and macrophages as well
as some B cells and plasma cells. In the following section, the main findings regarding
CNS inflammation are discussed: a) increased plasma cell numbers compared to

controls and b) T cell infiltration despite natalizumab therapy.

4.1.1 Increased plasma cell numbers in the CNS due to natalizumab therapy

Plasma cell numbers were significantly increased in active demyelinating lesions as
well as in inactive demyelinated lesions as compared to MS patients with no prior
natalizumab therapy (Fig. 3.1.1, Fig. 3.1.2). Controls with no prior natalizumab
treatment were matched for disease duration, as increased plasma cell numbers are
described in MS patients with longer disease duration (Ozawa et al., 1994; Kuhlmann

et al., 2002; Frischer et al., 2009). In addition, in the group of natalizumab-treated
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patients a statistical correlation of plasma cell numbers with disease duration showed
no effect of the disease duration on plasma cell numbers (Fig. 3.1.4, Suppl. Tab. 1). This
may indicate that higher plasma cell numbers are truly related to the natalizumab
treatment itself. However, plasma cell numbers were also not dependent on therapy
duration (Fig. 3.1.5, Suppl. Tab. 2) or the time interval between last natalizumab
injection and biopsy (Fig. 3.1.6, Suppl. Tab. 3). Most patients received other
immunosuppressive and / or immunomodulatory therapies prior to natalizumab and
natalizumab was chosen due to persistent disease activity. This raises the question as
to whether the plasma cell accumulation occurred due to therapy failure even before
natalizumab was started. In this situation, lower plasma cell numbers with a longer
treatment interval would be expected. However, also no negative correlation of
plasma cell numbers with longer ongoing natalizumab therapy was found (Fig. 3.1.5,
Suppl. Tab. 2). Furthermore, the observation of the tendency of higher plasma cell
numbers within the first 3% months after cessation of the therapy, when natalizumab
is still pharmacologically active (Wipfler et al., 2011), as compared to the patients who
underwent biopsy later than 3% months after the last natalizumab infusion, speaks
against the assumption that plasma cells accumulated before the natalizumab
treatment, and supports the hypothesis of a natalizumab-related effect (Fig. 3.1.9). In
general, in my study results comparing subgroups have to be interpreted with caution
due to low patient numbers. Immunosuppressive and immunomodulatory agents such
as mitoxantrone and IFN- have effects on several cytokines, adhesion molecules,
integrins and MMPs and result in inhibition of immune cell migration into the CNS
(Vollmer et al., 2010; Dhib-Jalbut and Marks, 2010). Therefore, it could also be that
significantly lower plasma cell numbers in the controls with no prior natalizumab
therapy are due to a better response to immunosuppressive and / or
immunomodulatory agents as compared to natalizumab-treated patients. However, a
significant reduction in plasma cell numbers was observed both in biopsy (Fig. 3.1.1)
and autopsy controls (Fig. 3.1.2). In the latter group autopsy was performed between
the years 1971 and 1994 when drugs for MS treatment in Europe had not yet been
approved, so that patients were treatment naive (Pozzilli et al., 2002). Thus, |
concluded that plasma cell accumulation in natalizumab-treated patients is most likely

due to the medication itself.
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a-4 integrin, the alpha component of VLA-4, is the target molecule of natalizumab and
is involved in the transmigration process of immune cells through the BBB (Engelhardt
and Ransohoff, 2012). In natalizumab treatment naive patients, immune cells differ in
the VLA-4 expression (Niino et al., 2006). For instance, VLA-4 levels on B cells are
increased by about 1.7-fold and on memory B cells by about 2.4-fold as comparedto T
cells and memory T cells, respectively. In an in vitro model of the BBB, it was shown
that B cells migrate more efficiently than T cells from the same individual across
human brain-derived endothelial cells (HBEC) (Alter et al., 2003). Compared to B cells
significantly higher levels of VLA-4 are observed in healthy humans on plasmablasts
(2.9-fold) and plasma cells (3.5-fold) (Caraux et al., 2010), possibly resulting in a more
efficient transmigration across the BBB. Natalizumab binds to VLA-4 and this can be
shown by a reduction in free VLA-4 binding sites. Yet, it does not reduce free VLA-4
binding sites to the same extent on the different immune cell subsets. It was shown
that after natalizumab therapy, free VLA-4 binding sites as determined by the percent
reduction in MFl were more efficiently decreased on T cells (by 49%) as compared to B
cells (by 29%) (Niino et al., 2006). Furthermore, a correlation was observed between
VLA-4 expression and migratory capacity of PBMCs across HBECs in vitro (Niino et al.,
2006). Thus, it seems possible that after natalizumab treatment B cells as compared to
T cells transmigrate more efficiently into the CNS. The significant but not complete
blockage of VLA-4 receptors on T cells after natalizumab therapy is in line with the T
cell numbers observed in the CNS after natalizumab therapy: Although T cells are
found within lesions (indicating that the transmigration is not completely blocked), T
cells are lower in the first 3%2 months after treatment was stopped (a certain
percentage of VLA-4 binding sites are occupied by the medication) as compared to T
cells numbers found longer than 3% months after the last natalizumab infusion, when
VLA-4 is not bound by the antibody anymore (Fig. 3.1.9). However, plasma cells in
natalizumab-treated patients were even increased compared to controls and tended
to be higher when natalizumab was pharmacologically active (< 3% mos.) as compared
to a longer time interval when no more treatment effect is expected (> 3% mos.) (Fig.
3.1.9). Natalizumab, on the one hand, interferes with the interaction between VLA-4
and VCAM-1 and thus hinders immune cells to enter the CNS, but on the other hand, it

also increases the influx of immune cells out of the bone marrow into the peripheral
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blood circulation. This was shown in a-4 integrin-deficient mice (Scott et al., 2003). In
humans natalizumab therapy leads to 1.5-fold increased lymphocyte numbers in the
peripheral blood (Krumbholz et al., 2008). Among the lymphocyte population the
highest increase in absolute cell numbers after natalizumab therapy was shown for pre
B cells (7.4-fold) followed by B cells (2.8-fold), CD8" T cells (1.8-fold), plasmablasts (1.5
fold) and CD4" T cells (1.5-fold) (Krumbholz et al., 2008). Therefore, one possible
explanation for the observed plasma cell accumulation in the CNS after natalizumab
therapy could be the insufficient blockage of VLA-4 receptors allowing transmigration
into the CNS and an increased number of plasma cell precursors in the peripheral
blood due to release from the bone marrow. B cells / plasma cells might also enter the
CNS independent of VLA-4 using the LFA-1/ICAM-1 as an alternative pathway as it was
shown for Th17 cells in EAE (Rothhammer et al., 2011).

The development into long-lived plasma cells is a multistep process with several
plasma cell precursors (Meinl et al., 2006). This raises the question as to which cell
stage is migrating into the CNS. Pre B cells originate from stem cells in the bone
marrow and migrate to secondary lymphatic organs, where they become mature
(Meinl et al., 2006). Once they come in contact with an antigen they differentiate in an
antigen-driven germinal center reaction to memory B cells and plasmablasts and then
enter the peripheral circulation. Plasmablasts can migrate into the bone marrow and
differentiate into non-dividing plasma cells. Due to anti-apoptotic stimuli from their
microenvironment they can survive for a long time in the bone marrow (Winter et al.,
2012). It is assumed that long-lived plasma cells stay within these survival niches and
do not migrate (Radbruch et al., 2006). Therefore, it is very unlikely that the plasma
cell accumulation in the natalizumab-treated patients results from migration of long-
lived plasma cells out of the bone marrow into the CNS. Meinl et al. (2006) suggested
four possible pathways for the appearance of long-lived plasma cells in the CNS of MS
patients. First, circulating peripheral plasmablasts transmigrate into the CNS where
they differentiate into plasma cells. Second, memory B cells enter the CNS and
undergo local antigen-driven differentiation into plasmablasts and plasma cells. Third,
memory B cells migrate into germinal-center-like structures in meninges where they
undergo differentiation into plasmablasts and plasma cells. Alternatively, a

differentiation to plasma cells from naive B cells in germinal-center-like structures is
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also discussed. Fourth, memory B cells enter the CNS and differentiate locally into
plasmablasts and plasma cells in an antigen independent bystander reaction. Plasma
cells arising from pathway number four may constitute only a minor number because
in infectious CNS disease, it has been shown that most produced immunoglobulins are
directed against the causative agent (Meinl et al., 2006). Furthermore germinal-center-
like structures as necessary in pathway number three are described predominantly in
secondary-progressive MS patients (Serafini et al., 2004; Magliozzi et al., 2007).
Therefore pathway number three would only be plausible for one third of the
natalizumab-treated patients investigated in my study as the other patients had a
relapsing-remitting disease course (Tab. 2.1). In addition, no difference in plasma cell
numbers could be observed between patients with a relapsing-remitting and
secondary-progressive disease course. Plasma cell accumulation in the CNS of
relapsing-remitting natalizumab treated patients could thus be 1) either due to
plasmablast transmigration into the CNS and following differentiation into plasma cells
or 2) transmigration of memory B cell that differentiate into plasma cells in response

to antigen outside of follicles.

In addition, natalizumab could have further effects promoting plasma cell
accumulation. For instance, an up-regulation of the genes MS4A1, PAX5, POU2AF1 and
SPIB were identified in WBCs after natalizumab therapy which suggests an increased B
cell differentiation to plasma cells (Lindberg et al., 2008). Moreover, a B cell-friendly
environment in the CNS after natalizumab therapy could possibly also promote

differentiation of local B cells to plasma cells.

Although natalizumab is an effective MS drug, the findings of increased plasma cell
numbers in the CNS after natalizumab therapy could have implications for the
treatment strategy of MS patients. Neuromyelitis optica (NMO) is an antibody-
mediated inflammatory demyelinating disease characterized by the occurrence of
pathogenic antibodies directed against the aquaporin-4 (AQP-4) water channel, which
is expressed in astrocytic foot processes at the BBB (Lennon et al., 2005). Several lines
of evidence show that NMO patients do not respond to natalizumab therapy and
treatment may even result in worsening of the disease (Barnett et al., 2012; Kleiter et

al., 2012; Jacob et al.,, 2012). In a subgroup of MS patients with early active
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demyelinating lesions, immunoglobulin and complement are present (so-called
immunopattern 1), suggesting a key role for B cells and plasma cells in mediating
disease pathology (Lucchinetti et al., 2000). Therefore, treatment of these patients
with natalizumab could have negative effects due to increased plasma cell recruitment
into the CNS, resulting in disease exacerbation. However, this is highly speculative
since if pathogenic antibodies indeed play a role in mediating pathology, these could
also be produced in the periphery, as is also suggested for NMO (Jarius et al., 2010;
Chihara et al., 2011; Jarius et al., 2011).

4.1.2 T cell numbers in the CNS are affected after natalizumab therapy

T cell numbers were not significantly reduced in active demyelinating lesions as well as
in inactive demyelinated lesions as compared to MS patients with no prior natalizumab
therapy (Fig. 3.1.1, Fig. 3.1.2). Yet T cell numbers tended to be decreased when
intervals between the last natalizumab infusion and biopsy were shorter and
natalizumab still active (interval < 3% mos.) as compared to longer intervals (> 3%
mos.) (Fig. 3.1.9). In addition, a positive correlation of perivascular CD4" T cells and the
interval between last natalizumab infusion and biopsy was found (Suppl. Fig. 3). These
results indicate that despite the natalizumab therapy T cells enter the CNS; however,
they seem to be present in lower numbers, when the medication is pharmacologically
active. Again, it must be stressed that definite conclusions cannot be drawn due to low
patient numbers in subgroups. Although an effective prevention of T cell migration
into the CNS after blockage of VLA-4 receptors was shown in an animal model of EAE
(Bartholomaus et al., 2009), these results show that natalizumab therapy can hinder
only a certain proportion of T cells to enter the CNS. This is also supported by the
positive correlation of T cells with longer therapy duration (Suppl. Fig. 2). An
explanation for these results could be the fact that natalizumab indeed leads to a
significant but not complete reduction of the VLA-4 receptors on blood cells (Niino et
al., 2006). Furthermore, a subset of the quantified T cells could be comprised of Th17
cells. This T cell subset has also been implicated in the pathogenesis of MS
(Brucklacher-Waldert et al., 2009; Fletcher et al., 2010). In EAE it was shown that Th17

cells are able to enter the CNS independently of VLA-4, suggesting migration via the
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choroid plexus into the brain parenchyma in a LFA-1/ICAM-1 dependent manner

(Rothhammer et al., 2011).

4.1.3 No indication for “rebound” of inflammatory cells within lesions after

discontinuation of natalizumab therapy

Single reports described increased lesion activity after discontinuation of natalizumab
and considered it as rebound (Vellinga et al., 2008; Killestein et al., 2010). The
pathological correlate of a possible rebound effect is unclear and could either consist
of 1) a disproportionally high number of lesions after cessation of therapy with
pathology of the single lesion indistinguishable from typical MS lesions, or 2) lesions
with increased numbers of inflammatory cells due to an increased influx from the
periphery. To investigate the second hypothesis, inflammatory infiltrates were
correlated with the interval between last natalizumab infusion and biopsy. Except for a
correlation of perivascular CD4" T cells no correlation of other immune cell subsets
with this time interval was found. The fact that T cells in the natalizumab-treated
group tended to be decreased as compared to MS patients with no prior natalizumab
therapy suggests that the correlation of the CD4" T cell numbers is rather due to a
disease return than to a rebound activity. Importantly, no cases with unusual high
numbers of inflammatory cells were observed. These results support other recent
studies which showed unchanged WBC numbers in the CSF as well as no significant
increase in lesion activity after cessation of natalizumab (Stiive et al., 2006 a; Stiive et

al., 2009 b; O’Connor et al., 2011; Melis et al., 2013).

In conclusion, although natalizumab is known to be an effective drug for MS
treatment, it could be shown that natalizumab does not completely prevent immune
cells from entering the CNS. Plasma cell numbers were even increased after
natalizumab therapy as compared to controls with no prior natalizumab therapy. Due
to the important role also for B cells / plasma cells in MS pathogenesis, these findings

could be of therapeutic relevance.
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4.2 Effects after natalizumab analogon therapy in a B cell-dependent mouse

model of MS

In the following section peripheral and central effects after therapy with a natalizumab

analogon (PS/2 antibody) in a B cell-dependent mouse model (OSE) are discussed.

4.2.1 Comparable peripheral effects on blood cells after PS/2 antibody therapy ina B

cell-dependent EAE model of MS as compared to natalizumab therapy in humans

Before PS/2 antibody therapy flow cytometry analysis of WBCs revealed the highest
expression of VLA-4 on monocytes followed by NK cells, B cells / plasma cells, T cells
and granulocytes (Fig. 3.2.2 A, C). This expression pattern is very similar to the VLA-4
expression observed on human blood cells (Niino et al.,, 2006; Wipfler et al., 2011;
Harrer et al., 2011; Harrer et al., 2012). Treatment with PS/2 antibody significantly
decreased VLA-4 expression on all investigated immune cell subsets (Fig. 3.2.2 A, C), as
it was also shown in humans after natalizumab therapy (Niino et al., 2006; Wipfler et
al.,, 2011; Harrer et al., 2011; Harrer et al., 2012). Furthermore, an increase in WBC
numbers was observed after PS/2 antibody therapy (Fig. 3.2.4 A) with a pronounced
effect on B cells (Fig. 3.2.4 B), which was demonstrated in humans after natalizumab
therapy as well (Krumbholz et al., 2008). Thus, before and after blockage of VLA-4
comparable effects on WBCs in the B cell-dependent mouse model of demyelination as

in humans are found.

4.2.2 PS/2 antibody therapy is effective when given early in the disease course

After disease onset untreated OSE mice showed a progressive disease course with
steady worsening of symptoms until day 7 followed by a slight recovery (Fig. 3.2.5, Fig.
3.2.11 A). Treatment with 75 pg PS/2 antibody after the first clinical symptoms showed
beneficial effects on the clinical outcome already few days after the first injection (Fig.
3.2.5, Fig. 3.2.11 A). This is in line with another study demonstrating reduced clinical
severity after PS/2 antibody therapy in a T cell-mediated mouse model of EAE when

given immediately after the onset of the disease (Theien et al., 2001).
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Histological analysis of the CNS revealed significantly reduced white matter
demyelination after short-term as well as long-term treatment as compared to
controls (Fig. 3.2.6, Fig. 3.2.12). The marked decrease in demyelinated white matter
area after the long-term treatment as compared to the short-term treatment suggests
mainly a reduction of oedema. In EAE the occurrence of oedema was especially
observed in the spinal cord during the acute disease phase and appeared to be due to
the BBB disruption (Stohl et al., 1979; Floris et al., 2004). Although no electron
microscopy was performed, immunohistochemical staining of several myelin proteins
revealed no evidence of remyelination (data not shown). The quantification of
inflammatory cell infiltrates after PS/2 antibody therapy showed a significant reduction
in all investigated immune cell subsets after the long-term treatment as compared to
controls (Fig. 3.2.7, Fig 3.2.13). No differential effect on a particular immune cell subset

was observed with the chosen dosage of 75 pg PS/2 antibody.

The beneficial effect on the clinical outcome is in accordance with human findings:
Short-term treatment studies showed that already a single natalizumab dosage
significantly decreased Gd-enhancing lesion volume a few weeks after the medication
(O’Connor et al., 2004). Two natalizumab infusions revealed the same results (Tubridy
et al.,, 1999) and six infusions showed in addition lower relapse rates (Miller et al.,
2003; O’Connor et al., 2005). Data after long-term monotherapy with natalizumab
were mainly obtained in the AFFIRM study (Polman et al., 2006; Calabresi et al., 2007;
Rudick et al., 2007; Havrdova et al., 2009; Hutchinson et al., 2009). Natalizumab
treatment over the course of two years reduced the risk of sustained progression of
disability by 42 percent and the relapse rate by 68 percent (Polman et al., 2006). In
addition, higher patient numbers were observed to be free of disease after
natalizumab therapy (Havrdova et al., 2009). However, natalizumab is also associated
with the risk of PML (Langer-Gould et al., 2005; Kleinschmidt-DeMasters et al., 2005;
Linda et al., 2009). The incidence of PML in natalizumab treated patients is less than 1
percent and is further declining in patients who are serum negative for anti-JCV virus
antibody titers, with no prior or current immunosuppressive therapy and with a
natalizumab therapy duration shorter than 2 years (Bloomgren et al., 2012; Kawamoto

et al., 2012).
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In humans a significant decrease in free VLA-4 receptors on PBMCs was described after
natalizumab therapy. However, controversial data have been published on how long
receptors remain blocked. Wipfler et al., (2011) described a persistent reduction in the
free VLA-4 receptors throughout the entire treatment period. In contrast, Niino et al.
(2006) showed that free VLA-4 receptors rose again before the next natalizumab
infusion. Therefore, therapy effects were also investigated in the OSE mouse model
with a lower antibody dosage that showed an initial, but not persistent, reduction of
VLA-4 receptors, mimicking the situation described by Nino et al. (2006). Therapy with
the lower PS/2 antibody dosage resulted in significantly reduced numbers of T cells
and macrophages (Fig. 3.2.30) in the spinal cord lesions. However, B cells and plasma
cells were not significantly decreased, possibly indicating a more efficient
transmigration into the CNS compared to T cells and macrophages. No effect on clinical
severity (Fig. 3.2.28) and white matter demyelination (Fig. 3.2.29) was observed. These
results indicate that a temporary blockage of VLA-4 receptors in the OSE mouse model
has some effects on the immune cells within CNS lesions, but is not beneficial with

regard to demyelination and clinical outcome.

PS/2 antibody therapy after the peak of disease had no effect on the clinical course,
white matter demyelination and spinal cord infiltration (Fig. 3.2.14, Fig. 3.2.15, Fig.
3.2.16). Other studies applying the PS/S antibody in a T cell-mediated relapsing-EAE
model in later disease stages also showed no therapeutic effect (Tsunoda et al., 2007)
or even a worsening of symptoms (Theien et al., 2001). In humans only minor studies
have been published for natalizumab therapy in progressive MS patients, and no clear

therapeutic efficacy has been demonstrated (Cadavid et al., 2013).

Discontinuation of PS/2 therapy showed no return of the disease activity (Fig. 3.2.17).
The extent of white matter demyelination and spinal cord infiltration was similar 15
days as well as two days after the last PS/2 injection and was decreased as compared
to controls (Fig. 3.2.18, Fig. 3.2.12, Fig. 3.2.19, Fig. 3.2.13). The OSE mouse model
might be unsuitable to study rebound effects due to the monophasic disease course.
However, the results are in line with the human findings in this study that showed no

evidence of rebound activity after stopping natalizumab therapy (see chapter 4.1.3).
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4.2.3 Mode of action of PS/2 antibody

Natalizumab was designed on an 1IgG4 framework to increase the biological
pharmacological half-life, but also to reduce effector functions as compared to other
human immunoglobulin G classes (Léger et al., 1997, Mountain and Adair, 1992).
Therefore, natalizumab does not activate complement and can only bind to FcRI on
human monocytes (Jefferis and Kumararatne, 1990). By contrast, PS/2 was generated
in rats and belongs to the IgG class 2b. This isotype is able to bind complement
component C1lg (Hugh-Jones et al., 1983) as well as to interact with FcRI and FcRII
(Woof et al.,, 1986; Haagen et al., 1995), raising the question as to whether the
therapeutic effects of the PS/2 antibody are not only caused by blocking the VLA-4
receptors but also by effector functions related to the Fc region. However, short-term
treatment with PS/2 F(ab’), fragments showed significantly decreased clinical severity
and white matter demyelination as compared to the therapy with the isotype control
F(ab’), fragments (Fig. 3.2.24, Fig. 3.2.25). The beneficial clinical effect after treatment
with the PS/2 F(ab’), fragments was the same as shown for the intact PS/2 antibody
(Fig. 3.2.24). Moreover, therapy with the PS/2 F(ab’), fragments also revealed a
comparable white matter demyelination (Fig. 3.2.25) and the same peripheral effects
as compared to the intact PS/2 antibody (Fig. 3.2.23). These results indicate that the
therapeutic effect of the PS/2 antibody therapy is mostly due to the specific binding to
its target a-4 integrin and is not related to Fc functions. This mode of action is also

assumed for the natalizumab treatment in humans.

After PS/2 antibody treatment, antibody-receptor complexes may be internalized.
Recent studies suggested that binding of natalizumab to a-4 integrin resulted in an
internalization of the antibody-receptor complex (Benkert et al., 2012). My studies
could confirm these findings in the OSE mouse model, indicating a partial
internalization of CD49d receptor-antibody complexes. The internalization effect is not
only described for natalizumab and the PS/2 antibody, but also for another rodent a-4
integrin antibody (Leone et al., 2003; Fleming et al., 2010), indicating a common effect

for antibodies directed against a-4 integrin.
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In conclusion, the present results show that the natalizumab analogon therapy is also
effective in a B cell-dependent mouse model of MS. Natalizumab analogon therapy
was beneficial when given early in the disease course, but not when administered in
late disease stages, correlating to the observations in MS treated with natalizumab. In
contrast to the human studies in which an increase in plasma cells after natalizumab
therapy was observed, all investigated inflammatory cell subsets including T and B
cells, plasma cells and macrophages were decreased after natalizumab analogon
therapy. My studies confirm that the therapeutic effect is mediated by antibody

binding and not Fc mediated, leading to partial antibody-receptor internalization.
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Suppl. Tab. 4: Percentage of €D49d" cells and relative CD49d MFI before and after short-term
treatment with a-CD49d (PS/2) antibody or PBS.
Treatment with PS/2
CD49d+ cells [%]
CD3+ CD4+ CD8+ B220+ Syn-1+ | NK1.1+ CD11b+ Gr-1+
Before
treatment 86.9 84.8 80.0 99.8 98.4 97.6 99.8 61.4
reatmen £2.3 +26 £3.9 +0.1 +0.5 +0.5 +0.2 +52
(mean £ SEM)
After
treatment 2.1 1.3 7.6 13.5 14.5 24.1 42.6 2.9
reatmen +0.8 +03 +1.1 £26 +35 +59 +9.1 £0.6
(mean = SEM)
Treatment with PBS
CD49d+ cells [%]
CD3+ CD4+ CD8+ B220+ Syn-1+ | NK1.1+ CD11b+ Gr-1+
Before
treatment 93.1 88.1 85.4 99.6 96.0 95.8 99.5 48.0
reatmen +17 +26 £338 +0.2 +26 +13 +03 +6.1
(mean + SEM)
After
treatment 90.7 87.2 85.9 99.5 95.7 93.0 99.3 46.1
reatmen +36 +36 £3.9 £0.2 +1.8 £2.0 +0.4 +6.0
(mean = SEM)
Treatment with PS/2
Relative CD49d MFI
CD3+ CD4+ CD8+ B220+ | Syn-1+ | NK1.1+ | CD11b+ Gr-1+
Before
treatment 10.3 10.2 15.5 30.3 25.9 48.7 62.6 4.4
reatmen +0.4 +0.4 £2.9 +0.7 +1.0 +22 +13 +0.2
(mean £ SEM)
After
treatment 0.5 0.5 0.8 2.1 2.1 1.0 3.8 0.3
reatmen +0.1 +0.1 £0.2 +0.3 +0.4 +0.3 +0.5 +0.0
(mean = SEM)
Treatment with PBS
Relative CD49d MFI
CD3+ CD4+ CD8+ B220+ Syn-1+ | NK1.1+ CD11b+ Gr-1+
Before
treatment 10.8 10.5 17.0 28.1 23.9 48.4 61.1 41
+0.3 +0.4 +1.4 +15 +1.3 +2.3 +23 +0.1
(mean £ SEM)
After
treatment 10.2 10.1 18.2 26.9 22.2 43.6 57.9 4.4
reatmen +0.6 +0.6 £32 +15 +1.4 +47 +5.6 +0.1
(mean = SEM)
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Suppl. Tab. 5: Absolute cell numbers of WBCs before and after short-term treatment with a-CD49d

(PS/2) antibody or PBS.
Treatment with PS/2
Absolute cell number / pl blood

WBC | CD3+ | CD4+ | CD8+ B220+ Syn-1+ | NK1.1+ | CD11b+ Gr-1+
Before
treatment 4061 | 1051 | 1092 34 556 41 160 121 1797

+404 +112 +111 +15 + 88 +8 +33 +28 263
(mean £ SEM)
After
treatment 13329 2592 2608 83 3033 188 307 596 3699

1969 | +434 | +413 | £22 +313 £33 +39 +123 +699
(mean = SEM)

Treatment with PBS
Absolute cell number / pl blood

WBC | CD3+ | CD4+ | CD8+ B220+ Syn-1+ | NK1.1+ | CD11b+ Gr-1+
Before
treatment 3564 | 1120 | 1140 10 573 32 225 105 1157

£420 | +247 | £257 +3 +81 +5 +57 +34 + 269
(mean + SEM)
After
treatment 2589 729 741 9 530 33 153 99 777

£462 | +246 | +238 4 +162 £12 +49 24 +143
(mean = SEM)
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A2. Buffers and reagents

Tail lysis buffer
100mM Tris

5mM EDTA
200mM NaCl
0.2% SDS

pH 8.5

1x PBS
9.55g PBS (10x)
add 1000ml H,0

1% Eosin solution

2g Eosin-G CertiStain
198ml 70% isopropanol
filtered

few drops glacial acetic acid before use

Bielschowsky developer solution
20ml 37% formalin

0.5g citric acid

2 drops 65% nitric acid

100ml dest. H,0

add 50ml PBS

Tris-ethylenediaminetetraacetic acid

(Tris-EDTA) buffer
1.21g trizma base

1ml 0.1M EDTA

Add 1000ml dest. H,0
pH 9.0

3,3’-diaminobenzidine tetrachloride
(DAB) solution

25mg DAB

20pl 30% H,0,

TBE
10.8g Tris

5.5g boric acid
4ml| 0.5M EDTA
add 1000 ml H,0

4% PFA

40g PFA

add 1000ml PBS

heating up to 60°C while constantly
stirring to solve the PFA

some drops of 1M NaOH

until the PFA is solved

pH 7.6

LFB solution

1g LFB

1000ml 96% EtOH
5ml 10% acetic acid

Citric acid buffer
2.1g citric acid
add 1000ml H,0
pH 6

Protease-solution

25mg protease
add 60ml H,0

AEC stock solution
12.5g 3-amino-9 ethylcarbazol
250ml dimethylformamid
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Acetate stock solution

1.73ml glacial acetic acid

4.03g sodium acetate trihydrate
add 1000ml ddH,0

pH 5.2

Buffer for blood collection
1mM EDTA in PBS
pH 7.5

1x BD RBC lysis buffer

dilute BD FACS lysing solution
(10x concentrated)

1:10 with dH,0

Digestion buffer
(20mM sodium acetate trihydrate solution)

0.68g sodium acetate trihydrate
add 250ml ultrapure water
pH 4.5

4x sample buffer

50mM Tris

10% Glycerol

2% SDS

0.025% bromophenol blue
pH 6.8

AEC developer solution
4ml AEC stock solution
56ml acetate stock solution
20ul H,0, (30%)

FACS buffer

0.1% BSA

0.1% sodium azide
add 1000ml PBS

1x BD perm/wash buffer

Dilute BD perm/wash solution
(10x concentrated)
1:10 with dH,0

Washing buffer
(10mM Tris/HCI)

0.39g Tris (hydroxymethyl) aminomethane

Add 250ml ultrapure water
pH 7.5

Coomassie solution

30mg coomassie G-250

add 500ml ddH,0

stirred until coomassie is solved
add 0.75ml HCI (33%)
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A3. Chemicals, reagents and manufacturers

3-amino-9 ethylcarbazol Merck KgaA, Darmstadt, Germany

acetic acid Merck KgaA, Darmstadt, Germany
acrylamid/bisacrylamid (30%) Roth, Karlsruhe, Germany
(mixing ratio 37.5:1)

agarose StarPure, StarLab GmbH, Ahrensberg, Germany
ammonium hydroxide Merck KgaA, Darmstadt, Germany

APS Fluka Chemie GmbH, Buchs, Switzerland
B-mercaptoethanol Sigma-Aldrich Chemie GmbH, Steinheim, Germany
BD cytofix/cetoperm BD Biosciences, Heidelberg, Germany

BD FACS lysing solution (10x) BD Biosciences, Heidelberg, Germany
BD perm/wash solution (10x) BD Biosciences, Heidelberg, Germany

boric acid Roth, Karlsruhe, Germany

bromophenol blue Roth, Karlsruhe, Germany

BSA SERVA Electrophoresis GmbH, Heidelberg, Germany
citric acid Merck KgaA, Darmstadt, Germany

coomassie G-250 Biorad, Munich, Germany

copper sulphate Merck KgaA, Darmstadt, Germany

DAB Sigma-Aldrich Chemie GmbH, Steinheim, Germany
DePeX VWR international, Darmstadt, Germany
Dimethylformamid Sigma-Aldrich Chemie GmbH, Steinheim, Germany
dNTPs Invitrogen GmbH, Karlsruhe, Germany

EDTA Roth, Karlsruhe, Germany

Eosin-G CertiStain Merck KgaA, Darmstadt, Germany

ethidium bromide Sigma-Aldrich Chemie GmbH, Steinheim, Germany
EtOH absolute Merck KgaA, Darmstadt, Germany

FACS antibodies BD Biosciences, Heidelberg, Germany

Biolegend, Fell, Germany
eBioscience, NatuTec GmbH, Frakfurt, Germany

FCS Biochrom AG, Berlin, Germany

formalin Merck KgaA, Darmstadt, Germany

glacial acetic acid Sigma-Aldrich Chemie GmbH, Steinheim, Germany
glycerol Sigma-Aldrich Chemie GmbH, Steinheim, Germany
H,0, Merck KgaA, Darmstadt, Germany

Histology antibodies AbD Serotec, Oxford, UK
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isopropanol
Immobilized pepsin agarose

Ketamine

LFB
lithium carbonate

Mayer’s hemalum
methanol

NaCl
NaOH
nitric acid

Paraffine

PBS (10x)

PBS (sterile)

PCR kit (genotyping)
periodic acid

PFA

POX

Precision Plus Protein™
standard marker
Primer for genotyping
proteinase (type XXIV)
proteinase K

Schiff’s solution

SDS

silver nitrate

sodium acetate trihydrate
sodium azide

sodium chloride

sodium thiosulfate

TEMED
tris

Amersham Amersham/GE Healthcare Europe GmbH Freiburg,
Germany

Covance, Princeton, USA
Dako DakoCytomation Glostrup, Denmark
Dianova GmbH, Hamburg, Germany

Merck KgaA, Darmstadt, Germany
Perbio science, Bonn, Germany

Inresa, Freiburg, Germany

BDH Laboratory supplies, VWR Int. Ltd., Poole, UK
Merck KgaA, Darmstadt, Germany

Merck KgaA, Darmstadt, Germany
Merck KgaA, Darmstadt, Germany

Merck KgaA, Darmstadt, Germany
Merck KgaA, Darmstadt, Germany
Merck KgaA, Darmstadt, Germany

Paraplast Plus, Tyco Healthcare GmbH, Neustadt an der Donau,
Germany

Dulbecco, Biochrom AG, Berlin, Germany

Dulbecco, w/o Mg2+, Ca2+, Biochrom AG, Berlin, Germany
GoTaqg, Promega GmbH, Mannheim, Germany

Merck KgaA, Darmstadt, Germany

Merck KgaA, Darmstadt, Germany

Extravidin, Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Biorad, Munich, Germany

Microsynth, Wolfurt-Bahnhof, Austria
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Roche, Mannheim, Germany

Merck KgaA, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Roth, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Merck KgaA, Darmstadt, Germany

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
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tris (hydroxymethyl)
aminomethane
trypan blue solution (0.4%)

xylazine
xylol

Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Sigma-Aldrich Chemie GmbH, Steinheim, Germany

Inresa, Freiburg, Germany
Merck KgaA, Darmstadt, Germany
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A4. Equipment and manufacturers

Brain-slice-matrix

cell*A software
centrifuge 5810 R
centrifuge 5415 R

FACS instrument FACSCalibur
FACS instrument FACSCanto Il
FACS tubes

FlowJo Software

gel-documentation device
gel rack & power supply
SubCell GT & PowerPack 300
glass slides

(superfrost plus)

GraphPad Prism software

incubator Cellstar

microscope BX41
microtome

microwave

Mini PROTEAN® 3
Electrophoresis Cell System
NanoDrop ND-1000
Neubauer counting chamber

ocular morphometric grid

Shandon Histocentre 2

T3 Biocycler
tissue processor TP 1020

Vivaspin column
50kDa MWCO
Vivaspin column
30kDa MWCO

Braintree Scientific Inc. Braintree, MA, USA
Olympus Europa GmbH, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany

BD Bioscience, Heidelberg, Germany

BD Bioscience, Heidelberg, Germany

BD Bioscience, Heidelberg, Germany

Tree Star Inc. Ashland, OR, USA

BioSciTec GmbH, Frankfurt/Main, Germany
Biorad, Munich, Germany

Menzel, Braunschweig, Germany

GraphPad Software, Inc. La Jolla, CA, USA

Nunc GmbH, Wiesbaden, Germany
Olympus, Europa GmbH, Hamburg, Germany
Leica, Wetzlar, Germany

Bosch, Gerlingen-Schillerhohe, Germany

BioRad Laboratories Inc. Hercules, CA, USA

Thermo Fisher scientific GmbH, Schwerte, Germany
Brand GmbH & Co KG, Wertheim, Germany

Olympus Europa GmbH, Hamburg, Germany

Thermo Fisher scientific GmbH, Schwerte, Germany

Biometra GmbH, Gottingen, Germany
Leica, Wetzlar, Germany

Sartotius Stedim Biotech GmbH, Gottingen, Germany

Sartotius Stedim Biotech GmbH, Gottingen, Germany
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