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1 Introduction

1 Introduction

To date, more than 100 different autoimmune and autoimmune-related diseases are
known with about 23.5 million of the population affected only in the US (AARDA,
2020) and around 5 % of the people in Western countries (Davidson and Diamond,
2001). Autoimmune diseases (AlIDs) can either have an impact on single organs or
the whole organism (systemic) (Theofilopoulos et al., 2017). AlDs interfere with
relevant aspects in daily life and might even result in an increased mortality rate
compared to healthy individuals (Bhattacharya and Soni, 2011). Disease onset is
typically detected in young adults after the immune system is entirely developed with
a higher prevalence in women (ca. 80 %) (Fairweather and Rose, 2004; Angum et
al., 2020), presuming an involvement of hormones including glucocorticoids and
progesterone (Tait et al., 2008). Other factors including genetics, environmental and
certain lifestyle factors or viral infections (e.g. Epstein-Barr virus (EBV)) can promote
the development of AIDs (Richard-Miceli and Criswell, 2012; Manzel et al., 2014;
Anaya et al., 2016; Trier et al., 2018; Guan et al., 2019; Abrahamyan et al., 2020). In
general, AlDs are caused by an imbalance of the immune-regulatory network
affecting T cells, B cells and innate immune cells. A basic categorization of the main
disease drivers was established (Hampe, 2012) that divides AlDs into autoantibody-
mediated, including systemic lupus erythematosus (SLE) or neuromyelitis optica
spectrum disorder (NMO SD) (Bhattacharya and Soni, 2011; Lana-Peixoto and
Talim, 2019), and T cell-mediated disorders, e.g. rheumatoid arthritis (RA) (Cope et
al., 2007), type 1 diabetes (T1D) (Atkinson and Eisenbarth, 2001), or multiple
sclerosis (MS) (Compston and Coles, 2008). However, B cells and their contribution,
beyond antibody (Ab) production, to the pathogenicity of AIDs which are primarily
T cell-mediated increasingly moved into the focus of research within the last two
decades (Kim and Berek, 2000; Bugatti et al., 2007; Chastain et al., 2011; Hinman
et al, 2014; Anaya et al., 2016; Wekerle, 2017). The effects of pathogenic
autoreactive B cells to disease progression were further emphasized by the
introduction of B cell-targeting therapies, e.g. with monoclonal antibodies (mAbs),
that reduced disease exacerbation in disorders like MS, SLE, RA and NMO SD
(Chan and Carter, 2010) compared to conventional immunomodulatory or
immunosuppressive therapies (Frohman et al., 2007; Hauser et al., 2017). However,
the idea of an ideal immunomodulatory and mAb treatment strategy is to balance
anti-inflammatory as well as immunoregulatory effects to guarantee

immunocompetence and most effective treatment response. The loss of positive
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1 Introduction

immune regulation might foster progression of the disease due to induction of
pathogenic immune responses during AlDs (Hampe, 2012; Kinzel and Weber,
2016). Broad-acting drugs can further compromise the functionality of the immune
system which can result in higher risks for bacterial and viral infections,
malignancies or secondary autoimmunity (Steinman and Carlson, 2018; Serra and
Santamaria, 2019). One idea might be the restoration of regulatory and disease-
suppressing functions upon autoantigen-dependent immune tolerance induction
(Carballido and Santamaria, 2019). Alternatively, only pathogenic immune cells

could be eradicated instead (Zocher et al., 2003).

1.1 The human immune system

The human immune system consists of the innate and the adaptive immune
response. With both components acting in concert, the immune system reacts to
intra- and extracellular pathogens like bacteria, viruses, fungi, parasites or protozoa
that are destroyed by activated immune cells. Additionally, cells of the immune
system eliminate dysfunctional and dead cells (homeostasis) or malignant cells

(tumor defense) from the organism (Murphy et al., 2014).

Innate immunity represents the first defense line for invading pathogens after
chemical and physical barriers like the skin and comprises cellular and soluble
components (e.g. proteins of the complement system or cytokines). Cells of the
innate immune system include phagocytes (macrophages, granulocytes) and
dendritic cells (DCs) but also natural killer (NK) cells (Murphy et al., 2014). Innate
immune response is induced within hours after infection due to the recognition of
pathogen-associated molecular patterns (PAMPs) on the pathogen’s surface by
DCs and phagocytes (Rieber, 2006). While phagocytes and DCs detect pathogens
with their pathogen recognition receptors (PRRs) and, as a consequence, engulf the
pathogen, NK cells are effector cells that specifically recognize intracellular
infections and destroy infected cells. The whole process of innate immune response
is composed of inflammation, phagocytosis, cytokine release, destruction by NK
cells and/ or complement activation. Only when these mechanisms fail to stop an
infection, the adaptive immune system is activated by cells of the innate immune
system (Molnar and Gair, 2015).

Adaptive immunity is acquired during life by contact with different pathogens and
therefore comprises a broader range of cellular and soluble factors (Abs, cytokines)

with different specificities. Adaptive immunity with its effector mechanisms is first
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active some days after infection and consists of two parts: T cell-mediated cellular
immunity and humoral immunity represented by Ab-producing B cells (Rieber,
2006). Both immune cell types express highly specific antigen receptors that are
created upon random somatic recombination of single gene segments. Therefore,
each cell clone expresses a unique receptor with specificity against a single antigen
and enables the immune system to respond to an unlimited number of pathogens.
Additionally, the adaptive immunity develops an immunological memory which
ensures a faster immune response after infection with a pathogen that was
encountered before (Alberts et al., 2002; Murphy et al., 2014; Molnar and Gair,
2015).

1.2 B cells and antibodies

1.2.1 Antibody structure

B cells are part of the humoral immune response of the adaptive immunity since
they mainly produce and secrete soluble Abs against foreign antigens. Abs (or
immunoglobulins) (Figure 1-1) are produced and secreted by B cells in their final
stage as plasma cells or, prior to activation of the cell, membrane bound as B cell
receptor (BCR). Immunoglobulins (Igs) are made of glycosylated polypeptide chains.
The Y-shaped structure of the Abs consists of two identical heavy (H) and light (L)
chains, connected covalently by a flexible hinge region (disulfide bridge). Each H
and L chain is composed of a N-terminal variable (V) domain (Vu, VL) and a C-
terminal constant (C) domain (H chain: Cu1, Cu2, Cnx3, Cu4; L chain: C.). One Vy
and V. domain form the variable fragment (Fv), the smallest antigen-binding unit.
Additionally, the Ab can be divided in two functionally distinct entities: The Ab-
binding fragment (Fab) and the fragment crystallizable (Fc). The Fab fragment is
located at the N terminus of the Ab molecule and separated in three hypervariable
complementarity-determining regions (CDRs) and four framework regions (FWRSs).
The specific binding sites (paratopes) for potential antigens (epitopes) are formed by
the CDRs, leaving those regions to be highly variable for every antigen molecule.
Compared to the CDRs, the FWRs are less variable for each Ab and mainly support
the binding between CDRs and antigen. The Fc portion is composed of the Cu
domains and defines the biological properties like effector function and the
Ig isotype (Rieber, 2006; Schroeder and Cavacini, 2010; Abbas et al., 2011; Murphy
et al., 2014).
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paratope antigen —
~ Vs

Vi
Cul

C. Fab

Cu2

l l CH3
Figure 1-1 Antibody structure. Antibodies of the immunoglobulin G (IgG) type are
composed of four polypeptide chains: two identical heavy (H) and two identical light
(L) chains covalently linked by a disulfide bond. Each H chain consists of the
constant Cu1, Cy2 and Cy3 domains and the variable V4 domain. The L chain is
separated in the constant (C.) and the variable (V) domain. The V4 and V. domains
of each chain form the antigen-binding region (paratope). Together with the C. and
Ch1 domain they form the Fragment antigen binding (Fab). The Ig class is

determined by the Fragment crystallizable (Fc). lllustration created with
BioRender.com

Fc ¢

Plasma blasts or plasma cells produce different Ig classes (IgA, IgD, IgE, IgG, IgM)
with different functions. For instance, activation of complement after binding to a
bacterial cell in innate immunity is provided by IgM and IgG molecules resulting in
complement-mediated lysis of the foreign pathogens (complement-dependent
cytotoxicity; CDC) (Figure 1-2 B). In addition, IgG mediates Ab-dependent cellular
cytotoxicity (ADCC) or direct killing accomplished by NK cells (Figure 1-2 B), and
opsonization of bacterial cells by macrophages (antibody-dependent cellular
phagocytosis; ADCP). (Rieber, 2006; Murphy et al., 2014).

1.2.2 Tolerance induction

The development of B cells from multipotent hematopoietic stem cells (HSCs) into
mature naive B cells with a functional BCR takes place in the bone marrow. B cells
undergo several stages of development whereby rearrangement of the genes
encoding for the Ig chains by somatic recombination is a central part of this process.
The random assembly of the rearranged H chain and L chain results in the
expression of a fully functional Ab, with IgM and IgD as the most common classes
expressed on immature B cells (Murphy, Travers and Walport 2014). To guarantee
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that the BCR does not bind to endogenous structures (self), negative selection of
the BCR is accomplished in the bone marrow (central tolerance). Once the
immature B cell was tested for its autoreactivity and passes negative selection, it
leaves the bone marrow and relocates into the secondary lymphoid organs (SLOs)

for its final maturation into a mature B lymphocyte (Pelanda and Torres, 2012).

Equally to B cells, lymphatic progenitor cells of the T cell line develop in the bone
marrow (BM). At an early stage, the T cell line splits from the B cell line and
relocates into the thymus to become T lymphocytes. Similar to B cell development,
rearrangement of the chain loci starts with the intention to produce a functional TCR.
The generated TCR is tested for self peptide recognition (negative selection) before
releasing the naive T lymphocytes into the periphery. There, mature B and T cells
are tested again for recognition of self antigens (peripheral tolerance) (Goodnow et
al., 2005; Murphy et al., 2014).

Due to the unlimited number of gene combinations, a high diversity and specificity of
immune receptors can be created. However, since this is a random process, also
receptors binding self antigens can be assembled. When an immune cell recognizes
a self antigen with its receptor, the receptor is either edited or the cell is deleted,
silenced or inactivated prior to clonal expansion and proliferation (Murphy et al.,
2014). However, it is still possible for those cells to circumvent these mechanisms
and escape into the periphery, and, as a consequence, become autoreactive
immune cells. Once these autoreactive cells encounter their antigen in the
periphery, they usually switch to a state of anergy or immunological ignorance
(Murphy et al., 2014). However, if the mechanism of peripheral tolerance fails,
activated autoimmune cells start a cascade of inflammatory processes against
endogenous tissues resulting in a broad spectrum of AlDs (Davidson and Diamond,
2001; Goodnow et al., 2005). However, a complete elimination of autoreactive
immune cells is unrealistic and low to intermediate levels of autoreactivity are
necessary to guarantee a broad repertoire of immune cells (Pelanda and Torres,
2012; Theofilopoulos et al., 2017). Suppose that autoreactive immune cells are a
crucial part of the immune system, it is of great importance to identify how

autoreactivity becomes a pathologic process.

1.2.3 B cell activation

The type of B cell activation (T cell-dependent or —independent) is based on the type

of antigen encountered by the B cell. T cell-dependent activation of B cells is




1 Introduction

induced by three different signals. First, the protein antigen is encountered by the
BCR on the surface of a naive B cell. Subsequently, the protein antigen is
internalized and processed before it is presented via major histocompatibility
complex (MHC) class Il on the B cell surface. MHC class Il is a protein complex
expressed on APCs and B cells for presentation of processed antigen to naive
T helper (Th) cells resulting in their activation. When a Th cell with the appropriate
T cell receptor (TCR) recognizes the processed antigen presented via MHC class II,
the T cell connects with the B cell thereby forming an immunological synapse. Until
that point, the B lymphocyte is still inactive and can now be activated upon a second
signal via the costimulatory receptor CD40 that binds its cognate ligand on the T cell
(CD40L). The third signal is provided by cytokine secretion of the Th cell that
supports B cell activation and mounts in clonal expansion and isotype switching of
the B lymphocyte. Activated B cells differentiate into antibody-secreting plasma cells
or memory B cells that reside in the germinal centers (GCs) of lymph nodes or the
BM (Rieber, 2006; Murphy et al., 2014).

T cell-independent mechanisms of B cell activation include the recognition of
multiple repetitive antigen structures (e.g. lipopolysaccharides, glycolipids, nucleic
acids) and BCR clustering. Additionally, binding of other molecules by the toll-like
receptor (TLR) of the B lymphocyte triggers activation and differentiation of the
B cell into Ab-producing plasma cells but not into memory B cells (Murphy et al.,
2014; Molnar and Gair, 2015).

1.2.4 B cell functions in autoimmune diseases

In the context of AIDs, B cells exert additional Ab-independent functions, e.g.
secretion of proinflammatory cytokines like tumor necrosis factor alpha (TNF-a),
interleukin (IL)-6 or interferon-gamma (IFN-y), and formation of ectopic GCs in
inflamed compartments (Kim and Berek, 2000; Hampe, 2012) (Figure 1-2 A).
Besides, auto-Abs can bind to their cognate receptors and modulate immune
responses upon inhibition or activation of receptor functions. Accumulated immune
complexes induce inflammation upon activation of complement and effector cells
which leads to allergic reactions (Hampe, 2012) (Figure 1-2 B). The contribution of
autoreactive B cells beyond Ab production as a driving force in disease exacerbation
was shown in several animal models for SLE (Chan et al., 1999; Gubbels Bupp et
al., 2008), MS (Abdul-Majid et al., 2002; Molnarfi et al., 2013; Khare et al., 2018) or
RA (Forster et al., 1996; Voigt et al., 2000; O’'Neill et al., 2005). However,
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eradication of B cells in general might not be as beneficial in the long run of AlDs.
Beside their active involvement in disease exacerbation by auto-Ab production and
proinflammatory cytokine secretion (Fillatreau et al., 2002; Bettelli et al., 2006;
Matsushita et al., 2008; Shen et al., 2014), autoreactive B cells can shape the
microenvironment and the response of T cells and myeloid cells in the periphery

upon release of regulatory cytokines (Kinzel and Weber, 2016).
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Figure 1-2 Roles of autoreactive B cells in autoimmune disorders. (A) Overview
of main antibody-dependent and -independent pathogenic functions of autoreactive
B cells in the pathogenesis of autoimmune diseases. (B) Deposition of immune
complexes induces pathogenic effects. After formation of immune complexes with a
potential antigen in the periphery, Fragment crystallizable (Fc) portions of
autoantibodies are bound by C1q, a member of the classical complement pathway.
Eventually, complement is activated upon release of anaphylatoxins C3a and C5a,
resulting in proinflammatory cytokine secretion which attracts neutrophils and
monocytes. Alternatively, binding of autoantibodies to Fc receptors on effector cells
like natural killer (NK) leads to antibody-dependent cell-mediated cytotoxicity
(ADCC). (C) Antibody-independent antigen-presenting cell (APC) function of B cells
occurs via the B cell receptor (BCR)-mediated uptake of antigen and major
histocompatibility complex (MHC)-dependent presentation to naive T cells. Picture
created with BioRender.com and modified after (Hampe, 2012).
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1.3 Multiple sclerosis - an example for neuroinflammatory

demyelination diseases

Over 2.8 million people are affected by MS or a related form of the disease
worldwide (The Multiple Sclerosis International Federation, 2020). It is the most
common chronic neuroinflammatory disorder amongst Northern Europeans and
Americans (Trapp and Nave, 2008) with twice as many women (~ 70 %) affected
compared to men (~ 30 %) (The Multiple Sclerosis International Federation, 2020).
During the clinical course of MS, autoreactive immune cells induce inflammatory
responses resulting in progressive destruction of the neuron-surrounding myelin
sheath. Inflammatory processes further result in plaque formation primarily in the
white matter of the central nervous system (CNS) including the optic nerve and the
spinal cord (Zocher et al., 2003). These primary demyelination events of CNS
neurons result in axonal damage, and the loss of oligodendrocytes and neurons
(Trapp and Nave, 2008; Hersh and Fox, 2018). However, neurodegeneration can
also occur in the grey matter depending on the disease course (Lucchinetti et al.,
1998). Theoretically, plague-forming lesions can occur anywhere in the CNS and
most of the cerebral lesions remain clinically silent. However, a prevalence has been
observed in periventricular and juxtacortical areas of the brain, the brainstem,
cerebellum, in the spinal cord and the optic nerve. Therefore, characteristic
symptoms can be assigned to these regions, e.g. problems in visual acuity (optical
nerve), impaired sensory and motor functions, or bladder and bowel dysfunction
(spinal cord). Other symptoms resulting from brainstem and cerebellum

inflammation involve ataxia, double vision, or dysphagia (Hersh and Fox, 2018).

1.3.1.1 Disease phenotypes

Although MS is not lethal in the first place, progression of the disease can range
from rapidly progressive resulting in severe disabilities to a mild course with few
relapses over several decades (Tremlett et al.,, 2010). Disease phenotypes were
determined upon clinical, imaging and biomarker categorization into the following

four clinical phenotypes (Lublin et al., 2014; Gironi et al., 2016):
(1
(2
(3
(4) secondary progressive MS (SPMS).

clinically isolated syndrome (CIS),
relapsing-remitting MS (RRMS),

)
)
) primary progressive MS (PPMS) and
)
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First clinical symptoms of inflammatory demyelination are presented by the (1) CIS,
whereby monofocal lesions can be detected in the white matter via magnetic
resonance imaging (MRI). The course of the most common form of MS, RRMS (2),
is separated in two phases: the first relapsing stage, and the later occurring remitting
stage. The relapsing phase occurs during an early age of 25 - 30 years and is
characterized by temporary symptoms, for instance problems in visual acuity,
vertigo, or fatigue. Thereafter, patients normally regain neurological function
because remyelination takes place. Plasticity of the brain contributes further to
restoration of neurological function (remission) by compensating the neuronal
decline. RRMS can last for several years to decades with intermediate events of
relapse but peaks 8 - 20 years later with a second disease phase (4) where the
remitting stage is missing. Hence, neurological function is not regained because of
continuous irreversible axon decline (Trapp, et al., 2008). In contrast, PPMS (3) is
characterized by a progressive and consistent decrease of neurological functions
from disease onset without a remission phase. Disease exacerbation can further
result in a benign and malignant form of MS mirrored by a fast and progressive
course after more than a decade following disease onset resulting in high grade of

disability or even death (Gironi et al., 2016).

1.3.1.2 Immunopathogenesis

In general, MS is considered as T cell-mediated AID. However, many aspects of the
precise mode of action are still unclear and involve several potential effector
mechanisms that contribute to disease onset. On a molecular level, disease
initiation is thought to be mediated by peripherally activated CD4* effector Th17 and
Th1 cells which secrete proinflammatory cytokines like IL-17, TNF-a and IFN-y
thereby contributing to the leakage of the blood-brain barrier (BBB) (Alvarez et al.,
2011; Dendrou et al., 2015; Baecher-Allan et al., 2018), a border consisting of
endothelial cells to separate the peripheral blood stream from the CNS to prevent
pathogen invasion (Larochelle et al., 2011). Once the BBB is breached, autoreactive
T lymphocytes together with activated B lymphocytes, DCs and macrophages
infiltrate the CNS (Alvarez et al., 2011; Dendrou et al., 2015; Baecher-Allan et al.,
2018) and CD4* Th17, Th1 and CD8* effector T cells (Teffs) are reactivated by
APCs upon autoantigen presentation resulting in inflammatory reactions against
myelin components (Baecher-Allan et al., 2018). The insulating layer around
neurons consists of several proteins, the major ones are myelin basic protein (MBP)

and myelin proteolipid-protein (PLP). Together with myelin oligodendrocyte
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glycoprotein (MOG) they are the target neuronal antigens for CNS-mediated
immune responses (Mokarizadeh et al., 2014). Reactivated T cells start to secrete
different proinflammatory cytokines to stimulate astrocytes, microglia and
macrophages (Baecher-Allan et al., 2018). Macrophages of the classical-activated
type are activated by Th1 cytokine release, reactive oxygen species (ROS) and
reactive nitrogen species (RNS) that contribute to further damage of myelin
(Noseworthy et al., 2000). Macrophages can also attack the myelin sheath directly
via auto-Ab binding. Beyond macrophage recruitment, Abs of the 1gG type produced
by CNS-residing plasma cells activate complement resulting in co-binding of C1q
and C3 on myelin proteins (Urich et al., 2006). Cytotoxic CD8* T cells are found in
higher numbers, compared to CD4* T cells, in cortical lesions of MS patients and
are causing major damage to oligodendrocytes and neurons. Cross-presentation of
extracellular myelin-derived peptides on MHC class | on microglial cells and also
macrophages activates cytotoxic CD8* T cells resulting in CDC of myelin-producing
oligodendrocytes (Zang et al., 2004). Additionally, release of Iytic granules
granzyme A (GzmA) and B (GmzB) in close proximity to neurons induces additional

axonal damage (Melzer et al., 2009).

The precise mode of action of B cells in the pathogenesis of MS remains to be
elusive. A hallmark of MS are oligoclonal bands (OCBs) detectable in the
cerebrospinal fluid (CSF) of patients (Greenfield and Hauser, 2018). Intrathecal
OCBs are soluble IgG molecules from oligoclonally expanded B cells/ plasma cells
(Bankoti et al., 2014), that underwent antigen activation and somatic mutation
(Eggers et al., 2017). They are characteristic biomarkers for inflammatory processes
in the CNS (Greenfield and Hauser, 2018) since their occurrence and frequency
correlates with disease severity and their existence in the CSF can be verified over
several years (Cepok et al., 2005). Another disease-modifying property of
autoreactive B lymphocytes might be the trafficking of CNS-activated B cells
between peripheral compartments and the CNS (Bankoti et al., 2014), demonstrated
by the detection of similar B cell clones in the brain parenchyma, CSF, draining
cervical lymph nodes and peripheral blood of MS patients (Obermeier et al., 2011;
Palanichamy et al., 2014; Stern et al., 2014). Another feature in AIDs is the
formation of ectopic GCs in regions of active and persistent inflammation (Magliozzi
et al., 2007; Mitsdoerffer and Peters, 2016). In the context of MS, these distinctive
structures are found primarily in the meninges of patients which develop a severe
form of SPMS (Magliozzi et al., 2007; Howell et al., 2011). The function of GCs in
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peripheral SLOs in healthy individuals is the rapid response to pathogens upon B
and T lymphocyte activation by infiltrating APCs. Contradictory to that, the role of
ectopic GCs in inflammatory immune responses is not completely clear but they
might function as centers of (auto-)antigen presentation and B lymphocyte

maturation into Ab-secreting plasma cells (Mitsdoerffer and Peters, 2016).

Beside proinflammatory contribution of Teffs, also anti-inflammatory, regulatory
immune cells modulate the immune response in healthy individuals. CD4* Tregs
suppress overactive immune responses of Teffs upon self antigen recognition and
IL-10 secretion acting in concert with regulatory B cells (Bregs). However, the
homeostasis between pro- and anti-inflammatory immune responses is unbalanced
in AlDs like MS and regulatory lymphocyte activity is dysfunctional (Baecher-Allan et
al., 2018).

1.3.2 Autoantigen myelin oligodendrocyte glycoprotein

MOG has been demonstrated to contributing in neuroinflammatory diseases of the
CNS as a target antigen in several animal experiments (Zocher et al., 2003; Molnarfi
et al., 2013) and the existence of anti-MOG Abs in MS patients was verified as well
(Ziemssen et al., 2019). However, a precise connection between MOG as a target in
human neuroinflammatory diseases remains to be elusive since the verification of
anti-MOG Abs in the CSF of MS patients might be a secondary effect of an unknown
primary neuroinflammatory process against an unknown target structure (Brandle et
al., 2016; Greenfield and Hauser, 2018). Still, its restricted appearance in the CNS
makes MOG a putative target of autoreactive immune cells in comparison to other

components of the myelin sheath.

MOG is a 26 - 28 kDa quantitatively minor type | transmembrane protein (Linnington
et al., 1984). The coding mog gene was identified as member of the Ig gene
superfamily located on chromosome 6p21.3-p22 within the MHC in humans and on
chromosome 17 band C in mice, a homologous region to the human mog gene
location (Pham-Dinh et al., 1993). MOG is highly conserved among species (90 %)
but could only be identified in the adult mammalian brain at the abaxonal membrane
of the myelin sheath in the CNS (Slavin et al., 1997). Since the protein is expressed
solely by oligodendrocytes in a late phase of myelinogenesis in the CNS but not in
the peripheral nervous system (PNS), compared to other components of the
insulating layer surrounding axons, it was assumed that MOG has an important role

in oligodendrocyte maturation and myelin maintenance. However, experiments with
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transgenic mice lacking the mog gene (MOG -/- mice) did not show abnormalities in
myelin development or structure, nor in myelin kinetics (Delarasse et al., 2003). The
extracellular epitope of MOG consists of a single Ig-like variable domain which was
identified as direct target antigen of autoreactive immune cells (Linnington et al.,
1984; Lebar et al., 1986; Breithaupt et al., 2003). The remaining protein is mainly
integrated in the membrane with two putative transmembrane domains (TMD); the
first TMD spans the phospholipid bilayer whereas the second TMD is spanning the

membrane, so that the C terminus is situated intracellularly (Kroepfl et al., 1996).

MOG was first described as myelin component M2 by Lebar et al. after
immunization of animals with complete CNS homogenates, leading to immune
responses against M2 (Lebar et al.,, 1986). Later, Linnington et al. identified the
protein as MOG by comparing immune cross-reactivity, tissue, cellular localization
and molecular mass. MOG was then detected with the mouse mAb 8.18 C5 that
was produced after immunization with cerebellar glycoproteins of rats (Linnington et
al.,, 1984). The demyelinating Ab 8.18 C5 was further used in clinical EAE,
resembling the disease pattern of MS. EAE is mediated by autoreactive CD4*
T cells and B cells (Kuchroo et al., 2002; Krishnamoorthy et al., 2006; Pdllinger et
al., 2009; Molnarfi et al.,, 2013) against myelin proteins like MBP (Zamvil et al.,
1986), PLP (Greer and Pender, 2008) and MOG (Mendel et al.,, 1995). The
phenotype of EAE and the lesion locations in the CNS can be identified partially by
the target autoantigen. While MBP and PLP induce immune responses mainly in the
spinal cord, autoantibodies against MOG result in optic nerve and spinal cord
lesions (Berger et al.,, 1997). MOG is the only known antigen that is highly
encephalitogenic upon immunization in experimental animals, and can concurrently
induce immune responses upon pathogenic demyelinating autoantibody production
(Johns and Bernard, 1999).

The possible functions of MOG are diverse and still under debate. One theory
declares MOG as activator of complement during an immune response to myelin
proteins of the CNS. This has been proven already in vitro by Johns et al. (Johns
and Bernard, 1999). Native MOG was able to bind the C1q component of the
complement in vitro but structural analysis revealed that this may not be the original
physiological function of the protein (Breithaupt et al., 2003). Others suggest that
MOG functions as adhesive 'glue’ in the myelin network due to its late appearance in
myelionogenesis and its L2/HNK-1 carbohydrate epitope that was identified

additionally on myelin-associated glycoprotein (MAG) and myelin protein zero (Po),
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two myelin-specific proteins with mainly adhesive functions in the peripheral nervous
system (Burger et al., 1992). MOG is also considered as contributor to microtubule
depolymerization in oligodendrocytes upon anti-MOG 8.18 C5 Ab binding as
described by Dyer and Matthieu (1994); according to their study, MOG destabilizes
microtubules indirectly via internal MBP domains which are of major importance for
microtubule stability in oligodendrocytes (Pirollet et al., 1992; Dyer and Matthieu,
1994). The destabilization of microtubules is also one of the suggested reasons for
axonal degeneration after inflammatory lesions in CNS regions destroying the vital

myelin sheath (Johns and Bernard, 1999).

Anti-MOG auto-Abs are considered to be a clinically relevant in MS since anti-MOG
Abs were detected in serum samples of pediatric (> 10 years of age) MS patients
(McLaughlin et al., 2009) but rarely detectable in adult patients (Ziemssen et al.,
2019). Following more detailed examination of the disease characteristics of anti-
MOG antibody-positive patients, it became clear that these patients more often
developed disease characteristics separated from the “core” MS. Clinical features
like optic neuritis (ON), myelitis (Peschl et al., 2017), acute disseminated
encephalomyelitis (ADEM) (O’Connor et al., 2007) or ADEM-like presentation of
brainstem attacks were since then categorized as an own disease entity, named
MOG Ab disease (MOG-AD) (Peschl et al., 2017; Di Pauli and Berger, 2018;
Wynford-Thomas et al., 2019). However, the separation of MOG-AD from ‘classical’
MS is debatable because MOG Abs have a relevance in MS. Hence, the discussion
about the classification of MOG-AD as own disease entity resulting in blurring
boundaries between MS and related diseases which reveals the complexity of the

topic.

1.4 Immunotherapy

Immunotherapeutic approaches can be divided in active and passive
immunotherapy. Strategies of active immunotherapy aim to induce an adaptive
immune reaction that will provide a long-lasting protection against diseases. In
contrast, passive immunotherapy focuses on augmenting or suppressing immune
responses by directly applying immune effector cells (e.g. modified T cells) and/ or
soluble factors of the immune system (e.g. Abs, cytokines) to treat diseases (Oiseth
and Aziz, 2017). Until today, the main application of immunotherapy is the treatment
of cancer. Adapting these technologies for therapy of AlDs is still a challenging task.

So far, mainly passive immunotherapeutic approaches were translated in AID
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treatment. For instance, mAb therapies targeting CD19 on B cells are successfully
used in the treatment of MS, T1D and RA (Chatenoud, 2016). Unfortunately, these
mAb therapies target a broad spectrum of immune cells. Due to the lack of
specificity for autoreactive, pathogenic immune cell subsets, therapy will result in a
constant suppression of immunity and thereby also increase the risk for infectious
diseases and malignancies (Caspi, 2008). Consequently, the development of
antigen-specific immunotherapies of AIDs has recently gained much attention.
These approaches aim to restore immunological tolerance upon application of
autoantigens. For instance, DNA vaccination strategies deploy autoantigen-encoded
DNA vectors which are applied in uninflamed tissue and are transiently expressed
there (Bar-Or et al., 2007; Garren et al., 2008; Luth et al., 2008; Akbarpour et al.,
2015) to induce the uptake of autoantigen by immature DCs and presentation to
Tregs resulting in autoimmune protection or reversal of autoimmune reactions
(Serra and Santamaria, 2019). Protein- and peptide-based immunotherapy includes
the application of complete autoantigen or peptide ligands that bind to T cell or MHC
receptors or the transfer of soluble autoantigen-MHC complexes. Thereby, immune
tolerance should be restored, and autoimmune responses should be mitigated.
Additionally, clonal anergy or deletion of cognate T cells should be induced. Another
promising alternative is the in vitro expansion of tolerogenic Tregs or DCs followed
by transferring the tolerogenic cells back in the patient (Serra and Santamaria,
2019).

1.4.1 Monoclonal antibody therapy

While in cancer immunotherapy the focus of mAb therapy lies in elimination of
malignant cells by activating cytotoxic immune effector mechanisms and
downregulating local immunosuppression, the main goal in AID treatment is the
inhibition of autoreactive effector functions and the stimulation of suppressive,
immune regulatory pathways. The application of mAbs in MS was introduced with
Natalizumab (Tysabri®), a humanized mAb against the adhesion molecule very late
antigen-4 (VLA-4). Natalizumab suppresses leukocyte binding to vascular
endothelial cells of the BBB and therefore the infiltration of immune cells into the
CNS (Trapp and Nave, 2008; Dendrou et al., 2015). Alternatively, mAbs against
specific surface markers on B or T cells (e.g. CD3, CD20, CD52) induce elimination
of these cells upon activation of CDC and ADCC. Inhibition of proinflammatory
cytokine uptake by immune cells (e.g. IL-6, TNF) or blocking of receptor binding
(e.g. B cell activation factor of the TNF family (BAFF)) to prevent activation of
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autoreactive immune cells using mAbs can reduce disease progression as well
(Sherman and Han, 2015; Guerreiro Castro and Isenberg, 2017; Steinman and
Carlson, 2018).

One of the major advances in immunotherapy was the development of the mAb
Rituximab (Rituxan®) targeting CD20 on B cells. Initially, it was exclusively used
and approved by the Food and Drug Administration (FDA) in 1998 for treatment of
patients with low-grade or follicular B-cell non-Hodgkin's lymphoma. Due to the
contribution of B cells in disease progression, Rituximab and modified versions like
Ocrelizumab (humanized IgG1 mAb) and Ofatumomab (Arzerra®; fully human IgG1
mADb) are considered and, to some extent, already approved for the treatment of
several AIDs (e.g. RA, SLE, MS) in order to eradicate autoreactive B cells (Chan
and Carter, 2010). As CD20 is only expressed on the surface of immature, mature
and memory B cells (McLaughlin et al., 1998), B cell progenitors and plasma cells
are spared during anti-CD20 mAb treatment. Results from experiments with EAE
mice demonstrated the contribution of antigen-activated B cells in enhanced disease
severity. Upon expression of proinflammatory cytokines (e.g. IL-6, GM-CSF, TNF-a)
B cells were fostering differentiation of proinflammatory T cells into Th1 and Th17
cells (Fillatreau et al., 2002; Bettelli et al., 2006; Matsushita et al., 2008; Shen et al.,
2014). These type of inflammation-enhancing B cells were also found in a subset of
MS patients and disease exacerbation could be decreased upon depletion of B cells
using anti-CD20 treatment (Li et al., 2015; Gelfand et al., 2017). While most of the
patients clearly benefited from anti-CD20 therapy targeting B cells (Dérner et al.,
2009; Kinzel and Weber, 2016), a minority of patients developed severe disease
progression following anti-CD20 treatment caused by increased proinflammatory
TNF-a release by monocytes (Lehmann-Horn et al., 2011). Furthermore,
experiments using EAE models indicated that naive B cells, plasma blasts and
plasma cells secrete anti-inflammatory cytokines IL-10 and IL-35 as well as
transforming growth factor-beta (TGF-f), resulting in a diminished severity and

shorter induction phase of the disease (Kinzel and Weber, 2016).

1.4.2 Chimeric antigen receptor therapy

Beyond mADb therapy, the application of genetically altered T lymphocytes, which are
used to specifically kill tumor cells in cancer immunotherapy, gained major attention

within the last decades. Resulting from the tremendous success of this approach,
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genetically modified T cells became an attractive prospect for the therapy of AIDs as

well.

During chimeric antigen receptor (CAR) T cell therapy, immune cells are isolated
from patients (autologous) or from a donor (allogenic), activated, genetically
modified with the CAR and clonally expanded ex vivo. In the end, the modified cells
are transferred back into the patient in order to exert their effector cell function and
erase tumor cells from the body (Rosenberg et al., 2008). Via the CAR, T cells can
recognize a certain cell surface antigen. Upon antigen recognition, CAR T cells get

activated and consequently eliminate the target cells.

A conventional monospecific CAR consists of an extracellular binding moiety, a
TMD and one or more intracellular signaling domains (ISDs) (Figure 1-3 A). The
binding moiety is based on a single chain fragment variable (scFv) comprising the
variable domain of the light (VL) and heavy chain (Vu) of a mAb joined by a flexible
peptide linker. CAR-armed T cells can therefore recognize cell surface antigens
independent of the MHC/ peptide recognition via their TCR. The extracellular
binding moiety is linked via a TMD to one or more ISDs. Typically, signal
transduction in CAR-modified T cells is mediated by intracellular immunoreceptor

tyrosine-based activation motifs (ITAMs) (Cartellieri et al., 2010).

Effector functions of the CAR-armed T cells are induced upon antigen recognition on
target cells by forming a disorganized immunological synapse and rapid signal
transmission of activation signals to the nucleus (Cartellieri et al., 2010; Davenport
et al.,, 2018; Watanabe et al., 2018) (Figure 1-3 B). Consequently, CAR T cells
secrete granzymes and perforin, toxic granules that are enclosed in vesicles and
released by CTLs upon target cell encounter. Perforins are polymers that
permeabilize the target cell membrane by pore formation and thereby allow entrance
of granzymes into the cell. Subsequently, caspases are activated and induce
apoptosis in the target cell (Alberts et al., 2002; Murphy et al., 2014). Due to CAR-
mediated activation, T cells also upregulate surface expression of tumor necrosis
factor-related apoptosis inducing ligand (TRAIL) and Fas ligand (FaslL). Upon
binding to their respective death receptors on target cells, they can trigger cell
death. In addition, activated CAR T cells release diverse cytokines that attract and

activate other tumor-infiltrating immune cells (Cartellieri et al., 2010).
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Figure 1-3 CAR structure and activation mechanism. (A) The extracellular
binding domain of the CAR is a single-chain fragment variable (scFv) derived from a
monoclonal antibody (mAb) directed against a tumor-associated antigen (TAA). It is
composed of the variable light (V.) and heavy (Vu) chains which form the paratope of
the mAb. The V. and Vy chains are joined by a peptide linker with one another. The
scFv is followed by a hinge domain and a transmembrane domain (TMD).
Intracellular, second generation CAR constructs contain a CD28- or 4-1BB-derived
costimulatory signaling domain joined with three immunoreceptor tyrosine-based
activation motif (ITAMs) derived from CD3¢ chain of the T cell receptor (TCR),
modified after Cartellieri et al., 2010. (B) The right panel illustrates the activation
mechanism of the CAR. TCR-major histocompatibility complex (MHC)/ peptide-
independent crosslinking with the TAA on the tumor cell surface induces a signaling
cascade. Secretion of granzymes and perforin and expression of tumor necrosis
factor-related apoptosis inducing ligand (TRAIL) and Fas ligand (FASL) results in
apoptosis of the tumor cell. Release of cytokines attracts and activates other tumor-
infiltrating immune cells (Cartellieri et al., 2010). Fc: Fragment crystallizable; Fab:
Fragment antigen binding. IL-2: interleukin-2; IFN-y: interferon-gamma; TNF-a:
tumor necrosis factor-alpha. Picture adapted and modified from BioRender.com.

Maijor clinical success was achieved with the development of second generation
anti-CD19 CARs against B cell acute lymphoblastic leukemia (B-ALL) and diffuse
large B cell lymphoma resulting in complete remission in more than 50% of treated
patients (Freyer, 2018; Bouchkouj et al., 2019; Ali et al., 2020). Therefore, the FDA
approved anti-CD19 CAR T cell therapy for B cell malignancies in 2017 (Waldman
et al., 2020). Despite great anti-tumor effects in the clinic, patients often suffer from
severe to life-threatening side effects. Since the extracellular scFv is directed
against a certain tumor antigen, which can also be expressed on healthy tissue,
activation of CAR T cells results also in on-target/ off-tumor effects against healthy
cells. One of the most prominent examples is the recognition of CD19 on B cells by
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CAR T cells (Kochenderfer et al., 2012; Grupp et al., 2013; Magalhaes et al., 2018).
Because CD19 is expressed on all B cells, excluding plasma cells, patients suffer
from B cell aplasia following CD19 CAR T cell treatment (Kochenderfer et al., 2010;
Kansal et al.,, 2019). Furthermore, CAR T cells release high amounts of
proinflammatory cytokines after target cell encounter which may cause a cytokine
release syndrome (CRS) (Brentjens et al., 2011; Kalos et al., 2011; Brentjens et al.,
2013; Grupp et al., 2013; Davila et al., 2014; Lee et al., 2014; Turtle et al., 2016).
Other severe side effects include allergic reactions following administration of CAR
T cells (Maus et al.,, 2013), neurotoxicity in the CNS (Davila et al.,, 2014;
Kochenderfer et al., 2014; Maude et al., 2014; Lee et al., 2015; Porter et al., 2015;
Brudno et al., 2016; Turtle et al., 2016) or tumor lysis syndrome (TLS) especially
observed during CAR T cell therapy of solid tumors (Brentjens et al., 2011; Porter et
al., 2011; Kochenderfer et al., 2013; Porter et al., 2015). To overcome these side
effects, several approaches in terms of receptor blockage (Grupp et al., 2013; Davila
et al., 2014; Maude et al., 2014; Lee et al., 2015), safety switches or inhibitors for
intracellular signaling transmission (Hoyos et al., 2010; Di Stasi et al., 2011; Fedorov
et al., 2013; Paszkiewicz et al., 2016; Mollanoori et al., 2018) have been developed

over the years.

1.4.2.1 UniCAR and RevCAR T cell system

Switchable adaptor CAR platforms were developed to improve the flexibility and
safety of conventional CAR T cells. Two of these systems were established in the
research group of Prof. Bachmann, termed UniCAR and RevCAR system. The
UniCAR system is composed of the universally applicable UniCAR 28/ and the
adaptable antigen-specific target module (TM) (Figure 1-4). The binding moiety of
the UniCAR 28/C is a scFv based on the anti-La(5B9) mAb (scFv 5B9) with
specificity against the peptide epitope E5B9 derived from the human La/SS-B
protein. In addition, the extracellular domain contains an E7B6 peptide epitope (E-
tag) for detection of the UniCAR 28/C on the cell surface. This E-tag is also derived
from the La/SS-B protein. The hinge region and TMD of the UniCAR 28/ originate
from the CD28 molecule. The UniCAR 28/ is a second generation CAR and
therefore contains an ISD composed of the costimulatory CD28 domain followed by
the activating CD3{ domain containing three ITAMs (Cartellieri et al., 2010;
Bachmann, 2019).
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Because the scFv 5B9 binding moiety is directed against a nuclear antigen that is
not present on the cell surface under normal physiological conditions (Bachmann et
al.,, 1991), UniCAR T cells are per se inert (Figure 1-4, left). Addition of a TM is
required to provide the crosslinkage of the UniCAR T cell and the target cell (Figure
1-4, right). Therefore, the TM consists of an antigen binding domain coupled to the
UniCAR peptide epitope ESB9. While the TM binds to a certain antigen or structure
on the surface of the target cell via its binding motif (Feldmann et al., 2019a), at the
same time its epitope E5B9 is recognized by the UniCAR. In this manner, the TM
functions as a bridging molecule between the UniCAR T cell and the target cell,
resulting in activation of the T cell (switched ON) and subsequent induction of target
cell lysis. Accordingly, in the absence of the TM the UniCAR-engrafted T cell is
inactive (switched OFF).

28,7 signaling
damain
UniCAR 28/T
E-tag |_
ScFv 559[ (1] i
- T against

target antigen [
OFF —T“ .
. N

{ Target cell g

Figure 1-4 Schematic illustration of the UniCAR platform. The UniCAR 28/
construct is composed of the single-chain fragment variable (scFv) 5B9 binding
region, an E-tag, a CD28-derived hinge and transmembrane region and the
intracellular signaling domain including a CD28-derived costimulatory domain fused
to CD3¢ containing three immunoreceptor tyrosine-based activation motifs (ITAMs).
In the absence of a TM, the UniCAR-engrafted T cell is inert (OFF). As soon as a
TM directed against a specific target structure (usually an antigen) is present, the
UniCAR T cell is crosslinked with the target cell by the TM resulting in activation
(ON) of the UniCAR T cell and subsequent induction of effector mechanisms
(Bachmann, 2019).
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UniCAR T cells have been demonstrated to be highly efficient and target-specific in
a variety of in vitro and in vivo studies (Feldmann et al., 2019a; Arndt et al., 2020b).
Therefore, UniCAR T cells are now tested in an ongoing clinical phase IA study
(NCT04230265: Drugs TM123 + UniCARO2-T).

The RevCAR platform (Feldmann et al., 2019b; Feldmann et al., 2020) (Figure 1-5)
is adapted from the UniCAR platform and consists of RevCARs and soluble,
reversed TMs (RevTMs). The basic structure of RevCARs resembles the one of
UniCARs. However, instead of the scFv 5B9, the extracellular portion of the
RevCAR contains the E5B9 peptide epitope. Consequently, RevTMs for the
RevCAR system are composed of an antigen-specific binding moiety fused to the
scFv 5B9. Similar to the UniCAR system, RevCAR T cell activity can be controlled
via TM dosing. Only in the presence of RevTMs, RevCAR T cells are switched ON

and can mediate target cell lysis.

28/7 signaling
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5B9 epitope Esad| [EsE

scFv SB9
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Figure 1-5 Schematic illustration of the RevCAR platform. The RevCAR 28/
construct is composed of the extracellular E5B9 binding region, the CD28-derived
hinge and transmembrane domain and the intracellular signaling domain including a
CD28-derived costimulatory domain fused to CD3{ containing three
immunoreceptor tyrosine-based activation motifs (ITAMs). In the absence of the
RevTM, the RevCAR-engrafted T cell is switched off (OFF). As soon as a RevTM
directed against a specific target structure is added, the RevCAR T cell is
connected with the target cell via the RevTM resulting in activation (ON) of the
RevCAR T cell and subsequent induction of effector mechanisms (Feldmann et al.,
2020).
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In contrast to conventional CARs, the most advantageous feature of the UniCAR
and RevCAR platform is the controllability of CAR T cell activity and effector function
via TMs. Because UniCAR and RevCAR TMs have a small size (<60 kDa), they are
rapidly eliminated over the kidney and possess short serum half-lifes of 20 to 90 min
(Cartellieri et al., 2016; Albert et al., 2017; Mitwasi et al., 2017). In case of negative
side effects, TM administration can be stopped immediately or the dosage can be
tuned during treatment. Therefore, both adaptor CAR systems allow a fast and safe
application of adoptively transferred CAR T cells in patients (Bachmann, 2019).
Moreover, UniCAR and RevCAR T cells can theoretically be redirected to any target
cell if appropriate TMs can be designed and therefore utilized to treat different
(tumor) diseases. The construction of TMs is not limited to the usage of antigen-
specific scFvs, which account for the majority of existing UniCAR and RevCAR TMs
at the moment. As shown for the UniCAR system, also nanobody-based TMs, TMs
derived from small peptide molecules or half-life extended, IgG-based TMs were
successfully established for retargeting of UniCAR T cells against antigens
overexpressed on solid and hematologic tumors, e.g. CD19, CD33, CD98, CD123,
epidermal growth factor receptor (EGFR), diasylganglioside (GD2), sialyl-Tn (STn),
prostate stem cell antigen (PSCA) and prostate-specific membrane antigen (PSMA)
(Cartellieri et al., 2016; Albert et al., 2017; Feldmann et al., 2017; Mitwasi et al.,
2017; Albert et al., 2018; Bachmann et al., 2018; Loureiro et al., 2018; Arndt et al.,
2019; Arndt et al., 2020b; Loureiro et al., 2020; Mitwasi et al., 2020). Another
advantage is the possibility of multiple (tumor) targeting upon application of TMs that
recognize different target structures on target cells. In the context of tumor
immunotherapy, the application of two different TMs at the same time or
consecutively decreases the risk for tumor escape or can even prevent the

development of tumor escape variants (Arndt et al., 2020a).

Compared to the UniCAR system, the RevCAR system has additional advantages.
Since the RevCAR carries a peptide epitope as extracellular binding moiety, tonic
signaling (Calderon et al.,, 2020), that can be caused by scFv dimerization
(Bachmann, 2019; Koristka et al., 2019), should be prevented. Tonic signaling leads
to pre-activation of T cells and may promote T cell exhaustion resulting in limited
therapeutic effects (Albert et al., 2019). However, in the context of adaptor CARs
that are per se inactive, tonic signaling might be also beneficial by promoting CAR T
cell engraftment. Due to its smaller size the RevCAR might be also more favorable

for genetic modification of T cells compared to the UniCAR.
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1.4.2.2 CART cells in autoimmune diseases

Resulting from the vast potential of CAR T cell approaches, a major goal is to utilize
CART cells in treatment of AlDs either by chimeric auto-Ab receptor (CAAR) T cells
targeting auto-Abs on B cells or by genetic engineering of Tregs with CARs directed
against certain antigenic structures. The extracellular binding moiety of the CAAR is
derived from a peptide or protein that is target of the auto-Ab on self-reactive B cells
(Maldini et al., 2018). While the function of CAAR T cells is the elimination of
autoreactive immune cells, the role of CAR Tregs with antigen specificity is more
sophisticated: with their ability to modulate the immune system in a suppressive
manner, antigen-specific CAR Tregs are directed to the site of inflammation in order
to suppress pathogenic autoreactive Teffs by secreting cytokines like 1L-10, IL-35 or
TGF-B1. Studies in mice using Tregs transduced with a CAR directed against
autoantigen MOG demonstrated that upon single intranasal delivery of MOG CAR
Tregs in mouse brains, animals showed reduced EAE symptoms shortly after CAR
Treg administration and even recovered from EAE after 25 days (Fransson et al.,
2012). Animal experiments in humanized mice demonstrated proof of concept for
the functionality of CAAR T cells directed against autoreactive B cells in pemphigus
vulgaris. Thereby, B cells that expressed auto-Abs against desmogleins were
eliminated by the CAAR T cells with extracellular desmoglein 3 (Ellebrecht et al.,
2016; Maldini et al., 2018).

However, two major limitations in the application of CAAR T cells and CAR Tregs
still exist and clarification of these limitations are important prerequisites for a safe
administration of genetically modified T cells in AID treatment. First, the sequence
and molecular structure of the target antigen must be identified to design a CAAR
with the correct epitope that can bind to cognate auto-Abs of the patients. Second,
the characteristics of the auto-Abs and their role in the pathogenicity of the

respective AID must be carefully examined (Chatenoud, 2016; Chen et al., 2019).

1.5 Objectives

Highly specific treatment options are still an unmet clinical need in AlIDs since
immunomodulatory and —suppressing drugs compromise the whole immune system.
In order to spare immunoregulatory immune cells and to guarantee a functional
immune response in neuroinflammatory demyelinating MS and related diseases,
first efforts were undertaken to specifically target pathogenic B cells with the

development of a recombinant protein format (MOG-Fc). These autoreactive B cells
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target MOG, one of the best-investigated autoantigens in MS and related diseases.
The protein is located at the abaxonal membrane of the nerve-protecting myelin
sheath and therefore an ideal target for anti-MOG auto-Abs. The recombinant
protein was constructed according to the template of a mAb. However, MOG-Fc was
directed against autoreactive anti-MOG antibody-expressing B cells which were
depleted by FcyR* endogenous immune effector cells upon binding to the human Fc
region of the recombinant protein. The main finding of the work was that MOG-Fc
bound to anti-MOG-positive primary murine B cells and facilitated specific depletion
of anti-MOG-positive B cells following MOG-Fc administration in transgenic mice. In
addition, circulating anti-MOG Abs were reduced. Overall, the work demonstrated
that strictly targeting auto-Ab-expressing B cells is possible (Zocher et al., 2003).
Based on these findings, the objective of the work presented here was the
implementation of the initial idea to utilize an antigen-derived, Ab-targeting molecule
for the specific depletion of autoreactive B cells and combine it with the modular
adaptor CAR T cell technology. As conventional CAR T cells lack both flexibility and
controllability, the utilization of switchable adaptor CAR systems seems to be a more
favorable approach for the treatment of AlDs. In the group of Professor Bachmann,
two modular CAR platforms, termed UniCAR and RevCAR, were established and
were shown to be highly effective for the elimination of both hematological

malignancies and solid tumors.

In order to learn whether the UniCAR or the RevCAR system is the most beneficial
immunotherapeutic strategy to target pathogenic, autoreactive B cells in MS and
MS-related diseases, the aim of this project was to generate TMs for the UniCAR as
well as for the RevCAR system that are directed against anti-MOG auto-Ab
expressing B cells. For TM design, the idea was to use the extracellular domain of
the MOG antigen. For the UniCAR system, two different MOG TMs should be
generated by fusing either one (monovalent) or two (bivalent) extracellular MOG
domains to the UniCAR epitope E5B9. The resulting monovalent and bivalent MOG
TMs should be used to examine whether an increased TM affinity towards anti-MOG
expressing B cells will also correlate with an enhanced therapeutic efficacy. As the
RevCAR system represents a reversed version of the UniCAR platform, the
RevCAR TM will be generated by fusing the extracellular domain of the MOG
antigen to the scFv 5B9 binding domain that is required for RevCAR binding.

Following designing and cloning of all TMs, TM expression in mammalian cell lines,

TM purification and characterization were supposed to be addressed. Resulting from
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the fact that anti-MOG Ab-expressing B cells are either low in number or even not
detectable in the blood of MS patients, cell lines that permanently express
recombinant anti-MOG receptors on their surface were required as surrogates for
proof of principle studies. For this purpose, commonly used HEK293T and the pre-
B cell line NaMalWa should be genetically modified to express MOG-specific scFvs
on their cell surface. By means of these cell lines, binding properties and TM
functionality within the UniCAR and RevCAR system against anti-MOG scFv
expressing target cells should be tested and compared in vitro. Finally, proof of

concept should be also demonstrated in experimental mice.
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2 Materials and Methods

2.1 Materials

2.1.1 Consumables

Table 2-1 Consumables.
Consumables

cartridges (cell sorter)

cell culture dishes (J 10 cm, & 15 cm)

cell culture flasks (25 cm?, 75 cm?,175 cm?)
cell culture plates
(6 well, 12 well, 24 well, 48 well)

cell culture plates

cell culture plates (96 well)
cell strainers (30 pym)

closure clips

combitips (0.5 ml, 2.5 ml, 5 ml, 10 ml)

cryopreservation tubes, 2 ml

dialysis membrane (exclusion size 14 kDa)

filter paper

magnetic columns
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Supplier

Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany

Greiner Bio-One GmbH,

Frickenhausen, Germany
Greiner Bio-One GmbH

Corning Life Sciences, Corning,
NY USA

Wilson Wolf Co., Saint Paul, MN
USA

Greiner Bio-One GmbH

Miltenyi Biotec GmbH

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Eppendorf AG, Hamburg,

Germany

TPP® Techno Plastic Products

AG, Trasadingen, Schweiz
Carl Roth GmbH & Co. KG

Bender & Hobein, Bruchsal,

Germany

Miltenyi Biotec GmbH
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Consumables

hemocytometer cover glasses

Ni-NTA Spin Columns

nitrocellulose membrane

membrane filters

microplate sealing film

Parafilm

Petri dishes (92x16 mm)

pipette tips (1000 pl, 200 ul)

pipette tips (10 pl)

pipette tips with filter
reaction tubes
(5ml, 2ml, 1.5ml, 0.2 ml,)

scalpels

separation columns
serological pipettes
(2ml, 5ml, 10 ml, 25 ml, 50 ml)

sterile filters (0.2 ym, 0.45 pym)

syringes (5 ml, 10 ml, 20 ml)

Supplier

Engelbrecht Medizin- und
Labortechnik GmbH,

Ederminde, Germany

QIAGEN GmbH, Hilden,

Germany

VWR International GmbH,

Darmstadt, Germany

Merck Millipore, Billerica, MA
USA

Greiner Bio-One GmbH

Heathrow Scientific, Vernon Hills,
IL USA

Sarstedt AG & Co. KG,

Nurnbrecht, Germany
Greiner Bio-One GmbH

Biozym Scientific GmbH,
Oldendorf, Germany

Greiner Bio-One GmbH

Sarstedt AG & Co. KG

B. Braun Melsungen AG,

Melsungen, Germany
Miltenyi Biotec GmbH

Corning Life Sciences

Thermo Fisher Scientific Inc.,
Waltham, MA USA

B. Braun Melsungen AG
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Consumables

syringes (50 ml)

tubes (15 ml, 50 ml)
96 well ELISA plate

96 well microplate (U-/ V-bottom)

Supplier

BD Biosciences, Heidelberg,

Germany

Greiner Bio-One GmbH

Thermo Fisher Scientific

2.1.2 Devices and software

Table 2-2 Devices and software.

Devices

autoclave

biological Safety
Cabinet

Bunsen burner

cell separators

cell sorter

centrifuges

Suppliers designation

Vakulab HP 669-2HR

HERASafe®

Fireboy eco burner

autoMACS® ProSeparator
MACSIMAG™
MACSxpress®

MACSQuant® Tyto®

Biofuge® primoR

Galaxy Mini

Micro Star 17R
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Greiner Bio-One GmbH

Supplier

Minchener Medizin
Mechanik GmbH,

Planegg, Germany

Heraeus Sepatech
GmbH & Co. KG, Hanau,

Germany

Integra Biosciences,

Chur, Switzerland

Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH

Miltenyi Biotec GmbH

Heraeus Sepatech
GmbH

VWR International GmbH

VWR International GmbH
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Devices

Suppliers designation

Micro 22R

MiniStar silverline

ROTANTA 460RF

ROTANTA 460R

3-30K

electrophoresis systems for agarose gels

electrophoretic

transfer cell

flow cytometer

freezing Container

heating block

hemocytometer

ice machine

Sub Cell® GT

Mini-Sub Cell® GT

TransBlot® Semi-Dry Transfer

Cell

FACSAria™ Fusion

MACSQuant® Analyzer

‘Mr. Frosty’

Thermomixer 5436

counting chambers,

Neubauer

AF 10
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Supplier

Andreas Hettich GmbH &
Co. KG, Tuttlingen,

Germany
VWR International GmbH

Andreas Hettich GmbH &
Co. KG

Andreas Hettich GmbH &
Co. KG

Sigma Laborzentrifugen
GmbH, Osterode,

Germany

Bio-Rad Laboratories
GmbH, Feldkirchen,

Germany

Bio-Rad Laboratories
GmbH

Bio-Rad Laboratories
GmbH

BD Biosciences
Miltenyi Biotec GmbH

Nalgene Nunc
International Corporation,
Rochester, NY USA

Eppendorf AG

LO-Labortechnik GmbH,

Friedrichsdorf, Germany

SCOTSMAN, Milan, Italy
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Devices Suppliers designation
immersion Polystat cc1
thermostat

incubators

CO:, incubator HERAcell 240

CO: incubator HERAcell

VIOS 250i

light microscopes

CK2

CKa0, incident light

CK40

magnetic stirrer VS-C7
microtiter plate readers

Infinite® M200 PRO

Sunrise™

microwave

multi step Multipette® E3
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Supplier

Peter Huber
Kaltemaschinenbau
GmbH, Offenburg,

Germany

Heraeus Sepatech
GmbH & Co. KG

Heraeus Sepatech
GmbH & Co. KG

Olympus Optical Co.
GmbH, Hamburg,

Germany

Olympus Optical Co.
GmbH

Olympus Optical Co.
GmbH

VWR International GmbH

Tecan Deutschland
GmbH, Crailsheim,

Germany

Tecan Deutschland
GmbH

Sharp Electronics
(Europe) GmbH,

Hamburg, Germany

Eppendorf AG
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Devices

pH meter

photometer
pipetboy

pipette sets

Suppliers designation

S40 SevenMulti™

BioPhotometer®

EasyPet®

Eppendorf Research® plus
Pipettes

PIPETMAN®

power supply (SDS-PAGE, Western Blot)

scales

SDS-PAGE

equipment

shaker

stand

PowerPac™ universal

PowerPac™ 300

PowerPac™ 1000

BP2100S

Explorer® Pro (precision)

Mini PROTEAN® Tetra

Handcast systems

MaxQ™ 6000 Shaker

Reax 3

MACS MultiStand
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Supplier

Mettler-Toledo, GielRen,

Germany
Eppendorf AG

Eppendorf AG

Eppendorf AG

Gilson Inc., Middleton, WI
USA

Bio-Rad Laboratories
GmbH

Bio-Rad Laboratories
GmbH

Bio-Rad Laboratories
GmbH

Sartorius AG, Géttingen,

Germany

Obhaus Europe GmbH,

Néanikon, Switzerland

Bio-Rad Laboratories
GmbH

Thermo Fisher Scientific

Heidolph, Kelheim,

Germany

Miltenyi Biotec GmbH
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Devices
tube rotator

ultrapure water
system

UV transilluminator

vacuum manifold

vacuum pumps

vortex shakers

waterbath

Suppliers designation
MACSmix™

USF Elga
Molecular Imager®

ChemiDoc™ XRS system

QlAvac 24 PLUS

Vacuubrand RZ 2

Vacuubrand CVC 2000

Genie 2

VF2

Assistent WTE var 3185
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Supplier
Miltenyi Biotec GmbH

Elga Labwater, Celle,

Germany

Bio-Rad Laboratories
GmbH

Qiagen

Brand GmbH & Co. KG,

Wertheim, Germany

Brand GmbH & Co. KG

IKA®-Werke GmbH & Co.
KG, Stauffen, Germany

IKA®-Werke GmbH & Co.
KG

Glaswarenfabrik Karl
Hecht GmbH & Co KG,

Sondheim, Germany
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Table 2-3 Software

Software

Bruker MI Multispectral
FlowJo 10.1

GraphPad Prism 7

i-control™ Microplate Reader
Image Lab™
MACSQuantify™
Magellan™-Data Analysis

Vector NT| Advance 9

21.3 Chemicals and reagents

Table 2-4 Chemicals and reagents.

Substance

acetonitrile

acetic acid 97-99 %

acrylamide solution 30 %
Rotiphorese® Gel A

ammonium hydroxide

ammonium peroxydisulfate (APS)

aqua ad injectabilia

autoMACS™ Pro Washing Solution

autoMACS™ Pro Running Buffer

Biocoll Separating Solution

LE Agarose

Supplier

Bruker, Karlsruhe, Germany

TreeStar Inc., Ashland, OR USA
GraphPad Software Inc., La Jolla, CA USA
Tecan Germany GmbH

Bio-Rad Laboratories GmbH

Miltenyi Biotec GmbH

Tecan Deutschland GmbH

Invitrogen GmbH, Karlsruhe, Germany

Supplier

Thermo Fisher Scientific GmbH, Schwerte,

Germany
Merck KGaA, Darmstadt, Germany

Carl Roth GmbH & Co. KG

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Sigma-Aldrich Chemie GmbH
Berlin-Chemie AG, Berlin, Germany
Miltenyi Biotec GmbH

Miltenyi Biotec GmbH

Biochrom KG, Berlin, Germany

Biozym Scientific GmbH
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Substance

bisacrylamide stock solution 2 %
Rotiphorese® Gel B

bovine serum albumin (BSA),

2 mg/ml

5-Bromo-4-chloro-3-indolyl
phosphate (BCIP)

bromophenol blue

butanol

calcium chloride dehydrate

cell proliferation dye eFluor® 670
citric acid monohydrate

desfluran

DIG Wash and Block Buffer Set
dimethyl formamide (DMF)
dimethyl sulfoxide (DMSO)
dithiothreitol (DTT)

D-luciferin potassium salt

DNA loading dye (6x%)

ethanol absolute

ethidium bromide

ethylenediaminetetraacetic acid
(EDTA)

GeneRuler™ DNA Ladder Mix
glycerol
glycine

hydrochloric acid

Supplier

Carl Roth GmbH & Co. KG

Thermo Fisher Scientific GmbH

Gerbu, Biotechnik GmbH, Gaiberg, Germany

Sigma-Aldrich Chemie GmbH
Merck KGaA

Merck KGaA

eBioscience, Frankfurt, Germany

Merck KGaA

Baxter Deutschland GmbH, Unterschleil3heim,

Germany

Roche Diagnostics GmbH
Sigma-Aldrich Chemie GmbH
VWR International GmbH
Sigma-Aldrich Chemie GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
VWR International GmbH

Carl Roth GmbH & Co. KG

VWR International GmbH

Thermo Fisher Scientific GmbH
VWR International GmbH
Carl Roth GmbH & Co. KG

Merck KGaA
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Substance

imidazole

isopropanol (2-propanol)
MACSQuant® bleach solution
MACSQuant® calibration beads
MACSQuant® running buffer
MACSQuant® storage solution
MACSQuant® Tyto® running buffer
MACSQuant® washing solution
magnesium chloride hexahydrate
magnesium sulfate

maleic acid

methanol

4-Nitro blue tetrazolium chloride
(NBT)

orange DNA loading dye (6x)

PageRuler™ Prestained Protein
Ladder

phosphate-buffered saline (PBS),

dry substance

PBS solution, pH 7.4
polybrene
polyethylenimine (PEI)
potassium chloride

propidium iodide (PI)

Quick Coomassie® Stain

Supplier

Carl Roth GmbH & Co. KG
VWR International GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH

Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
Roche Diagnostics GmbH
Carl Roth GmbH & Co. KG

Gerbu Biotechnik GmbH

Thermo Fisher Scientific GmbH

Thermo Fisher Scientific GmbH

Biochrom GmbH

Thermo Fisher Scientific GmbH
Sigma-Aldrich Chemie GmbH
Sigma-Aldrich Chemie GmbH
Sigma-Aldrich Chemie GmbH
Thermo Fisher Scientific GmbH
Miltenyi Biotec GmbH

SERVA Electrophoresis GmbH & Co.,
Heidelberg, Germany
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Substance

Roti®-Blot A

Roti®-Blot K

sodium acetate

sodium azide

sodium carbonate
sodium chloride

sodium bicarbonate
sodium dodecyl sulfate (SDS)
sodium phosphate

T cell TransAct™, human

N,N,N',N'-
tetramethylethylenediamine
(TEMED)

tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI)

Triton X-100
trypan blue
trypsin/EDTA solution (10x%)

Tween® 20

2.1.4 Buffers and solutions

Supplier

Carl Roth GmbH & Co. KG
Carl Roth GmbH & Co. KG
VWR International GmbH
Sigma-Aldrich Chemie GmbH
Riedel-de Haen AG, Seelze, Germany
VWR International GmbH
Merck KGaA

Carl Roth GmbH & Co. KG
Sigma-Aldrich Chemie GmbH
Miltenyi Biotec

Carl Roth GmbH & Co. KG

Carl Roth GmbH & Co. KG

SERVA Feinbiochemica GmbH & Co.
Sigma-Aldrich Chemie GmbH
Biochrom AG

Gerbu Biotechnik GmbH

Table 2-5 Compositions of used buffers.

Buffers

alkaline phosphatase (AP)

Components
100 mM Tris-HCI (pH 9.5)
100 mM NaCl

50 mM MgCl2-6 H20 in ddH.0
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Buffers

Enzyme-linked immunosorbent

assay (ELISA) coating
ELISA blocking
ELISA washing

fluorescence-activated cell sorting
(FACS)

SDS running (10x%)

SDS sample (2x)

SDS separation gel

SDS stacking gel

tris acetate EDTA (TAE) (50%)

tris-buffered saline (TBS) (20x%)

tris EDTA (TE)

Roti®-Blot A

Components

1.68 % [w/v] Na2COs (pH 9.6) in ddH.0

10 % [v/V] FCS in 1x PBS
0.05 % [v/v] Tween® 20 in 1x PBS

2 % FCS [v/v] in PBS/EDTA solution

1.92 M glycin

1 % [w/v] SDS

250 mM Tris-HCI (pH 8.3) in ddH>0
10 mM DTT

6 % [w/v] SDS

30 % [v/v] glycerol

0.008 % [w/v] bromophenol blue
187 mM Tris-HCI (pH 6.8) in ddH.O
0.5 % [w/v] SDS

1.5 M Tris-HCI (pH 8.8) in ddH-0
0.5 % [w/v] SDS

0.5 M Tris-HCI (pH 6.8) in ddH.O

2 M Tris-HCI (pH 8.0)

50 mM EDTA

5.7 % [v/v] acetic acid in ddH>O

0.2 M Tris

3 M NaCl (pH 7.5) in ddH.0

10 mM Tris-HCI

1 mM EDTA (pH 7.5) in ddH>0O

10 % [v/v] Roti®-Blot A
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Buffers

Roti®-Blot K

Components
20 % [v/v] methanol in ddH20
10 % [v/v] Roti®-Blot K

20 % [v/v] methanol in ddH20

Table 2-6 Composition of used solutions.

Solutions
ampicillin

APS

BCIP

blocking stock
ELISA stop

imidazole elution

imidazole washing 1

imidazole washing 2

lysozyme
NBT

NBT/ BCIP

PBS
PBS/FCS
PBS/EDTA
PEI

PI

Components

15 % [w/v] in ddH20

10 % [w/v] in ddH20

5 % [w/v] BCIP in 100 % DMF

10 % [w/v] DIG Wash and Block Buffer Set
1 M sulfuric acid (H2S04)

350 mM imidazole

150 mM NaCl in 1x PBS

10 mM imidazole

150 mM NaCl in 1x PBS

20 mM imidazole

150 mM NaCl in 1x PBS

1 % [w/v] lysozyme in 10 mM tris-HCI (pH 8.0)
7.7 % [w/v] NBT in 70 % DMF

0.0385 % [v/v] NBT solution

0.01875 % [v/v] BCIP solution in AP buffer
0.955 % [w/v] in ddH20O

2 % FCS in 1x PBS solution

2 mM EDTA in 1x PBS solution

0.1 % [w/v] in ddH20, sterile filtered

1 gg/mlin 1x PBS solution
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Solutions
sodium acetate
Triton-X

trypan blue

Components
2.5Min ddH20; pH 7.5
5% in RPMIcomplete

0.05 % [w/v] in 1x PBS solution

2.1.5 Enzymes and enzyme buffers

Table 2-7 Enzymes and corresponding buffers.

Enzyme/ Enzyme buffer
Buffer Blue (10x)

Buffer Green (10x)

Buffer Orange (10x)
Enzyme buffer Tango (5%)
KspAl

Lysozyme

Mssl

Ncol

Nhel

Notl

Pstl

Rapid Ligation buffer (5x)
RNase

Sfil

Shrimp Alkaline Phosphatase (SAP)
SAP buffer (10x%)

Xbal

Xhol

Supplier

Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Sigma-Aldrich Chemie GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Roche Diagnostics GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
Thermo Fisher Scientific GmbH
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21.6 Kit systems

Table 2-8 Kit systems.

Kit system

DIG Wash and Block Buffer Set
MACSPIlex Cytokine 12 Kit, human
ONE-Glo™ Luciferase Assay System
OptEIA™ Reagent Set B

OptEIA™ TMB Substrate Reagent Set
Pan T Cell Isolation Kit, human
pGEM®-T Easy vector system
Plasmid Plus Midi Kit

Plasmid Plus Maxi Kit

QIAprep® Spin Miniprep Kit

QIFIKIT®

Rapid DNA Ligation Kit

Zymoclean™ Gel DNA Recovery Kit

Supplier

Roche Diagnostic GmbH
Miltenyi Biotec GmbH
Promega GmbH, Mannheim, Germany
BD Bioscience

BD Bioscience

Miltenyi Biotec GmbH
Promega GmbH

Qiagen GmbH

Qiagen GmbH

Qiagen GmbH

Agilent Technologies
Thermo Fisher Scientific Inc.

Zymo Research GmbH, Freiburg,

Germany
2.1.7 Plasmid vectors
Table 2-9 Plasmids.
Plasmid Supplier

pCD/NL-BH*DDD (lentiviral
packaging plasmid)

Prof. Lindemann, Institute for Molecular

Virology, Medical Faculty TU Dresden,

Germany

pEX-A2_TM-E5B9-MOG
PEX-A128_RevTM-MOG-scFv5B9

PEX-A258_scFVvMOG-E7B6-

Eurofins Genomics
Eurofins Genomics

Eurofins Genomics
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Plasmid
CD28TM-EGFP

pMD2.G (viral envelope)

pSecTag2B scBsTaFv_PSCAhu-
5B9hu

P6NSTS50

p6NSTS0_firefly Luciferase (PGL3
KL.3)

p6NST50_TM-MOG-E5B9
p6NST50_TM-MOG-E5B9-MOG
p6NST50 RevTM-MOG-scFv5B9
p6NST60

pBNST60_scFv MOG ViV -E7B6-
CD28TM-EGFP

PBNST60_hu scFv 5B9 ViV,
E7B6-28/-EGFP

P6NST60_hu scFv 5B9 ViV,
E7B6-Stop-EGFP

P6NST70
p6NST70_hu E5B9-28/-EGFP

p6NST60_hu E5B9-Stop-EGFP

2.1.8 Oligonucleotides

Supplier

Prof. Lindemann, TU Dresden

Prof. Bachmann, University Cancer Center
(UCC) Dresden, Germany, and Institute for
Radiopharmaceutical Cancer Research,
Helmholtz Center Dresden-Rossendorf
(HCDR), Germany

Prof. Lindemann, TU Dresden

Prof. Bachmann, UCC & HCDR

Prof. Bachmann, UCC & HCDR
Prof. Bachmann, UCC & HCDR
Prof. Bachmann, UCC & HCDR
Prof. Lindemann, TU Dresden

Prof. Bachmann, UCC & HCDR

Prof. Bachmann, UCC & HCDR

Prof. Bachmann, UCC & HCDR

Prof. Lindemann, TU Dresden
Prof. Bachmann, UCC & HCDR

Prof. Bachmann, UCC & HCDR

Table 2-10 Sequencing primers and related sequences.

Oligonucleotide/ Description

p6NST50 3’ SFFV prom forward

Sequence (5' — 3")

5'-CACAACCCCTCACTCGG-3'
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Oligonucleotide/ Description
p6NST50 reverse

pFUGW reverse

CMV forward

BGHpolyA reverse

EGFP-N reverse

2.1.9 Antibodies

Table 2-11 Antibodies.

Antibody

anti-His-PE, mouse I1gG1

Anti-human CD8-PE-Vio770™,

mouse IgG2a

Anti-human CD19-VioBlue®,

mouse IgG1k

Anti-human CD25-PE, mouse

lgG2b

Anti-human CD69-APC, mouse

IgG1
Anti-human La, mouse 1gG2a

Anti-human La, mouse 1gG1

Anti-human IgG1 REA control

(isotype control)

Anti-mouse 1gG, rabbit, AP-

coupled

Anti-mouse IgG (Fcy)-PE, goat

F(ab’)2

Sequence (5' — 3)

5'-GACAAACGCACACCGGCCTTATTCC-3'

5-AGCAGCGTATCCACATAGCG-3’

5-CGCAAATGGGCGGTAGGCGTG-3'

5-TAGAAGGCACAGTCGAGG-3

5-CGCCGTCCAGCTCGACCA-3

Clone

GG11-

8F3.5.1

REA734

LT19

4E3

REA824

5B9
7B6

REA293

Polyclonal

Polyclonal
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Supplier

Miltenyi Biotec GmbH

Miltenyi Biotec GmbH

Miltenyi Biotec GmbH

Miltenyi Biotec GmbH

Miltenyi Biotec GmbH

Prof. Bachmann, UCC & HCDR
Prof. Bachmann, UCC & HCDR

Miltenyi Biotec GmbH

Dianova GmbH, Hamburg,

Germany

Immunotech Beckman Coulter,

Krefeld, Germany
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Antibody

Anti-myelin Oligodendrocyte

Glycoprotein, mouse 1gG1
Anti-penta His™, mouse IgG
FcR Blocking Reagent (human)
Goat anti-mouse 1gG (H+L)-PE

Mouse IgG1k Isotype Control
NA/LE (isotype control), BD

Pharmingen™

Mouse 1gG1-PE (isotype

control)

Mouse IgG2a-PE (isotype

control), eBioscience™

6x-His Tag-HRP, rabbit IgG

Clone

8.18-C5

107.3

IS5-21F5

eBM2a

Polyclonal
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Supplier

Sigma-Aldrich

Qiagen GmbH, Hilden, Germany

Miltenyi Biotec GmbH

Thermo Fisher Scientific GmbH

BD Biosciences

Miltenyi Biotec GmbH

Thermo Fisher Scientific GmbH

Thermo Fisher Scientific GmbH
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2.1.10 Basic media, additives, and recombinant proteins

Table 2-12 Basic media, additives and recombinant proteins.

Basic medium, additives or recombinant

protein

Ampicillin

Bacto™ Agar

Bacto™ Tryptone
Bacto™ Yeast (Extract)

Dulbecco's Modified Eagles Medium
(DMEM) GlutaMAX™-| (4.5 g/l D-glucose,

pyruvate)

Fetal calve serum (FCS)

Interleukin-2 (IL-2), human

Interleukin-7 (IL-7), human

Interleukin-15 (IL-15), human
Non-essential amino acids (NEA; 100x%)
OptiMEM® | Reduced Serum Medium (1x)
Penicillin/ Streptomycin (10 mg/ml)

Proleukin® S (clinical IL-2)

Rosswell Park Memorial Institute (RPMI)
1640 Medium

Sodium pyruvate (100 mM)

Stable glutamine (N-acetyl-L-alanyl-L-
glutamine; 200 mM)

TexMACS™ GMP Medium

Zeocin (100 mg/ml)
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Supplier

Gerbu Biotechnik GmbH
BD Biosciences
BD Biosciences
BD Biosciences

Thermo Fisher Scientific GmbH

Biochrom GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Biochrom KG
Invitrogen GmbH

Biochrom KG

Novartis Pharmaceuticals, Horsham,

UK

Biochrom AG

Biochrom KG

Biochrom KG

Miltenyi Biotec GmbH

Invitrogen GmbH
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2.1.11 Composition of culture media

Table 2-13 Composition of culture media.

Culture medium
Cryopreservation medium

D M E Mcomplete

Luria-Bertani (LB) agar

LB medium

RPM Icomplete

TeXMACScomplete

Components

10 % [v/v] DMSO in FCS

10 % [v/v] FCS

1 % [v/v] NEA

100 pg/ml Penicillin/ Streptomycin

in DMEM + GlutaMAX™-| (4.5 g/l D-Glucose,

Pyruvate)

1.5 % [w/v] Bacto™ Agar
in LB medium

1 % [w/v] Bacto™ Tryptone
0.5 % [w/v] Bacto Yeast™
0.5 % [w/v] NaCl

in ddH20; pH 7.2

10 % [v/V] FCS

1 % [v/v] NEA

2 mM stable Glutamine

1 mM Sodium pyruvate
100 pg/ml Penicillin/ Streptomycin
in RPMI 1640

TexMACS™ GMP medium
100 U/ml IL-2

30 U/ml IL-7

30 U/ml IL-15
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Culture medium Components
TexMACSexpansion TexMACS™ GMP medium
200 U/ml IL-2
300 U/ml IL-7
90 U/ml IL-15

2.1.12 Bacterial strain

Escherichia coli (E. coli) strain TOP10F* (Invitrogen GmbH, Karlsruhe, Deutschland)
with the following genotype was used: F{laclqg Tn10 (TetR)} mcrA D (mrr-hsdRMS-
mcrBC) ®80/acZDM15 DlacX74 recA1 deoR araD139 D(ara-leu)7697 galU galK
rpsL (StrR) endA1 nupG.

2.1.13 Cell lines

Table 2-14 Cell lines and related characteristics.
Cell line Characteristics Supplier

CHO-K1 Chinese hamster ovary cells, derived from American Type Culture
female Chinese hamster; epithelial-like, Collection (ATCC),
adherent Manassas, VA USA

HEK293T Human embryonic kidney cells, stable ATCC
expression of SV40 large T antigen,

adherent

HT1080 Human fibrosarcoma cell line, adherent Prof. Lindemann, TU

Dresden

NaMalWa human adult B acute Ilymphoblastic ATCC
leukemia cell line, expression of CD19 as

surface molecule, suspension cell line

3T3 Murine embryonic fibroblast cell line, ATCC

adherent

46



2 Materials and Methods

2.1.14 Mouse strain

For in vivo studies, Naval Medical Research Institute (NMRI)-Foxn1"/" mice were
used. The mutation in gene Foxn1 leads to T cell deficiency in these athymic nude

mice. Animals were obtained from Janvier Labs, Saint-Berthevin Cedex in France.
2.2 Methods
2.2.1 Molecular biological and microbiology methods

2.2.1.1 DNA digestion with restriction enzymes

DNA digestion with restriction endonucleases of type Il is commonly used to
linearize desired DNA sequences or to excise specific DNA fragments from vectors.
DNA sequences are cleaved sequence-specifically within or near to short
recognition sites, leaving DNA fragments with blunt ends or 5' phosphate
overhangs. This application is referred to as preparative restriction digestion.
Analytical restriction digestion, on the other hand, is applied to determine target
DNA sequences isolated from several clones of transformed E. coli. The general
procedure does not differ from preparative restriction digestion. Analysis of both is
performed by agarose gel electrophoresis (chapter 2.2.1.3). For preparative
restriction digestion, linearized DNA sequences are extracted from agarose gels

(chapter 2.2.1.4) and cloned into specific vectors.

For preparative and analytical digestion, enzymes and reaction buffers from Thermo
Fisher Scientific Inc. were used and customized according to manufacturer's
specifications. Preparative restriction digestion was executed with the entire amount
of insert and vector DNA while for analytical restriction digestion 5 ug of plasmid
DNA extracted by mini preparation (chapter 2.2.1.7) was used. The total preparation
volume was 20 ul with 5 U of restriction endonucleases and 1x reaction buffer
replenished in ddH-0.

The preparation digestion was incubated for 1 hour at 37 °C, followed by 20 min
heat-inactivation of restriction enzymes at 70 °C. Linearized vector DNA was
dephosphorylated (chapter 2.2.1.2) before DNA fragments were separated by
agarose gel electrophoresis for subsequent extraction. Using analytical restriction
digestion, DNA was electrophoretically separated and analyzed according to its

pattern resulting from agarose gel electrophoresis (chapter 2.2.1.3).
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2.2.1.2 Dephosphorylation of vectors

Following preparative digestion, 3’ hydroxyl and 5' phosphate ends of the linearized
vector backbone are prone to religate before DNA sequences of interest are
inserted. To prevent this, the 5' phosphate of the linearized vector backbone was
removed using active shrimp alkaline phosphatase (SAP) immediately after
cleavage. Dephosphorylation was performed using 1 pl of SAP for 30 min at 37 °C.
Subsequently, SAP was inactivated at 75 °C for 5 min to prevent SAP acting during
ligation procedure (chapter 2.2.1.5). The complete restriction sample was then

analyzed by agarose gel electrophoresis.

2.2.1.3 Agarose gel electrophoresis

For size-dependent separation of DNA fragments horizontal agarose gel
electrophoresis was performed. The gel is composed of agarose molecules forming
a 3-dimensional matrix with pores of different sizes through which biomolecules like
DNA molecules can pass according to their size. If an electrical field is applied, the
negatively charged DNA moves within the gel towards the positive pole (anode)
whereby the velocity of DNA fragments depends on their molecular weight and the

agarose concentration of the gel.

To analyze digested DNA fragments 1% [w/v] of agarose was dissolved in 1x TAE
buffer by heating in the microwave. After liquid agarose was cooled down 0.2 ug/ml
of ethidium bromide (EtBr) were added to detect double-stranded DNA bands using
UV light. Liquid agarose solidified in a horizontal gel chamber with an appropriate
comb. DNA samples were mixed with 6x loading dye to a final concentration of 1x
and loaded into the cavities of the solid agarose gel. The electrophoresis chamber
was filled with 1x TAE until the gel was completely covered and a voltage of 5 V/cm
electrode gap was applied for 1 h. Detection was executed using the UV
transilluminator. To estimate the size of particular DNA fragments, GeneRuler™
DNA Ladder Mix was used. Predicted restriction patterns of the plasmid and vector
DNA were compared to restriction patterns on the agarose gel to determine if
restriction digestion was successful and to identify correct target DNA fragments for

isolation from the agarose gel.

2.2.1.4 Isolation and purification of DNA fragments from agarose gels

After agarose gel electrophoresis for preparative approaches, target DNA fragments

were identified according to their size and excised with a clean scalpel. To purify
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excised DNA Zymoclean™ Gel DNA Recovery Kit was used according to
manufacturer's instructions. Recovered DNA was diluted in 10 pl of ddH.O and
stored at 4 °C.

2.2.1.5 Ligation of DNA fragments

To covalently link linear DNA fragments with respective vector backbones, a ligase
connects the 3' hydroxy terminus of one single strand of vector backbone and the
5' phosphate terminus of one single strand of the construct DNA via a
phosphodiester under disposal of ATP. Ligation was performed at a molar vector-to-
insert ratio of 1:5 in a total volume of 20 ul using Rapid DNA Ligation Kit. Together
with vector and insert DNA, 5 U of T4 DNA ligase and the respective reaction buffer
(final concentration of 1x) were incubated at room temperature (RT) for 1 h.
Afterwards, the ligated DNA was inserted into competent E. coli via heat-shock
(chapter 2.2.1.6).

2.2.1.6 Heat-shock transformation of competent E. colis

Transformation of bacterial cells is frequently applied for the insertion and
amplification of DNA into competent strands of E. coli. Thereby, transformation is
accomplished by permeabilization of the bacterial cell surface through exogenous
stimuli like heat. For this purpose, 50 yl of Top10F' E. coli was thawed at 4 °C and
mixed with 10 ul of the ligation preparation (chapter 2.2.1.5). The sample was
incubated for 20 min at 4 °C followed by a heat shock for 90 s at 42 °C. The cells
were then cooled for 30 s at 4 °C, resuspended in 950 yl of LB medium and
continuously shaken for at least 1 hour at 37 °C. Depending on the subsequently
applied method, transformed bacterial cultures were either plated and incubated
upside-down (chapter 2.2.1.7) or cultivated in 100 ml LB medium (continuously
shaking at 180 rpm) for 16 hours at 37 °C (chapter 2.2.1.8). Both LB agar and LB
medium were supplemented with 0.0015 % [w/v] ampicillin. The addition of
antibiotics enables the selection for transformed cells since the vector contains an

ampicillin resistance gene.

2.21.7 Plasmid mini preparation

A mini preparation is suitable for isolating small amounts (< 20 ug) of plasmid DNA
from several single clone bacterial cultures to verify the existence of the desired
DNA sequence. The applied method was modified after Holmes and Quigley

(Holmes, 1981). Following transformation (chapter 2.2.1.6) and plating of bacterial
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cultures on LB plates, a single colony of E. coli was picked with a pipette tip from an
agar plate and incubated in 5 ml of ampicillin-supplemented LB medium for 16 hours
at 37 °C (continuously shaking at 180 rpm). Following incubation, 1.5 ml of the
bacterial inoculum were taken for plasmid DNA preparation using QlAprep® Spin
Miniprep Kit according to manufacturer’s instructions. Yielded plasmid DNA from

different single clone cultures was analyzed by restriction digest (chapter 2.2.1.1).

2.2.1.8 Plasmid midi preparation

For extraction of up to 250 ug of plasmid DNA, 100 pl of the selected bacterial pre-
culture were expanded by inoculation of 100 ml of ampicillin-supplemented LB
medium as described in chapter 2.2.1.7. Following incubation, total bacterial
inoculum was taken for plasmid DNA preparation using Plasmid Plus Midi Kit
according to manufacturer’s instructions. Concentration and purity of the DNA were
then determined (chapter 2.2.1.9).

2.2.1.9 Determination of DNA concentration

Quantification of extracted DNA was performed by UV spectrophotometry. This
method uses the property of nucleic acids to absorb UV light at a wavelength of
260 nm (Aze0) due to the excitation of binding and non-binding electrons within the
DNA molecule. By measuring the ratio of the intensity between incident light and
transmitted light, optical density (OD) of the DNA molecule is determined with an UV
photometer. Accordingly, the concentration of measured DNA is proportional to its
absorption; i.e. the optical density at 260 nm (OD2s) of 1 results from a DNA
concentration of 50 ug/ml. Purity of the measured DNA can be determined in
addition by calculating the ratio of OD2so and ODzg (maximum of protein
absorption). An ODa2sor280 ratio of 1.7 to 2.0 is considered optimal while diverting

values indicate impurities in the measured DNA sample.

2.2.1.10 DNA sequencing

To verify successful cloning, DNA sequencing was executed by Microsynth Seqlab
(Géttingen, Germany). For this purpose, 1.5 ug of purified plasmid DNA and
10 pmol of corresponding reverse or forward primers (Table 2-10) were replenished

with double-distilled water (ddH2O) in a total volume of 15 pl.
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2.2.2 Cell biology methods

2.2.2.1 Cultivation of eukaryotic cells

All cell lines (Table 2-14) were handled within safety work benches and incubated at
37 °C with 5 % CO either in cell culture flasks or cell culture plates under sterile
conditions. The human embryonic kidney carcinoma cell line HEK293T and the
mouse fibroblast cell line 3T3 were cultured in DMEMcompiete medium. The human B
lymphocyte cell line NaMalWa and The Chinese hamster ovarian (CHO)-K1 cell line

were cultured in RPMlcompiete.

Adherent cell lines 3T3, HEK293T and CHO-K1 were cultivated twice a week until
confluence of 80 % to 90 % was obtained. The exhausted medium was completely
removed and PBS/EDTA solution was added, dispersed by gentle tilting, and
incubated for 5 min at 37 °C to detach adherent cells from the bottom of the flask.
Afterwards, cell culturing surfaces were rinsed with PBS before the cell suspension
was transferred into a tube for centrifugation at 360 xg for 3 min at RT. The
supernatant was aspirated, and the cell pellet was resuspended in culture medium.
Usually, cells were split 1:20 (CHO-K1, HEK293T) to 1:50 (3T3) when transferred

into a culturing flask or plate.

The suspension cell line NaMalWa was cultured twice a week. The complete cell
suspension was transferred into a tube and centrifuged at 360 xg for 3 min at RT.
The supernatant was discarded, and the cell pellet resuspended in RPMlcompiete
medium. Cells were counted using a hemocytometer (chapter 2.2.2.3.1) and seeded

back at a density of 2x108 cells/ml culture medium.

2.2.2.2 Freezing and thawing of cultured cells

Working with cell lines for years can alter their properties like senescence and
antibody production or cells can become contaminated. For a long-term
maintenance of immortalized cell lines, it is crucial to prepare back-up samples
periodically that are stored in liquid nitrogen. To this end, cells were collected as
described in chapter 2.2.2.1 and resuspended in 1 ml of cryopreservation medium
which contains dimethyl sulfoxide (DMSO). As a frost protection agent, DMSO
prevents formation of ice crystals during freezing which would irreversibly destroy
cells. The cell suspension was first transferred into cryopreservation tubes and

afterwards into cryopreservation containers which were filled with isopropanol
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according to manufacturer’s instructions to gently freeze cells by lowering the

temperature with a rate of 1 °C per min.

Thawing of frozen cells was executed by gently mixing the pre-warmed culture
medium with the defrosted cell suspension, followed by centrifugation at 360 xg for
3 min at RT to remove remnants of DMSO. The supernatant was aspirated and
cells, resuspended in culture medium, were transferred into appropriate culturing
flasks or plates and incubated under standard conditions. After 24 hours culture
medium was exchanged completely to remove cell debris which can hinder the

proliferation of thawed cells.
2.2.2.3 Determination of cell number

2.2.2.3.1 Cell counting using the Neubauer counting chamber

To determine the number of viable cells with a hemocytometer, the cell suspension
was diluted 1:10 with trypan blue solution. Trypan blue is incorporated in dead and
irreversibly damaged cells, resulting in optical discrimination between viable (non-
dyed) and dead (blue-dyed) cells. Viable cells were counted in each of the 4 main
squares and the mean value multiplied by dilution and chamber factor resulted in the

cell number per milliliter of the original suspension.

2.2.2.3.2 Determination of cell number using flow cytometry

For a more adequate quantification of viable cells, the cell suspension was mixed
with Pl solution and measured at the MACSQuant® Analyzer. Pl is a red-fluorescent
dye that intercalates with DNA for discrimination between dying/ dead (PI-positive)
and viable cells (Pl-negative). Subsequent analysis of data was performed using
MACSQuantify™ software. Measured values multiplied by the dilution factor

resulted in the cell number per milliliter of the original suspension.

2.2.2.4 Lentiviral transduction of eukaryotic cells

Eukaryotic cell lines were transduced via lentiviral gene transfer with desired DNA
sequences to continuously express and secrete recombinant proteins of interest, to
equip tumor cell lines with an artificial receptor (scFv MOG) for in vitro functionality
assays (chapter 2.2.4) and for engraftment of human primary T cells with chimeric
antigen receptors (CARs) (chapter 2.2.2.10). To that, the three-plasmid system
(Soneoka et al., 1995) on the basis of the lentiviral human immunodeficiency virus 1

(HIV-1) was used. In this transient system, the required information for assembly of
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viral particles is allocated to three different plasmids. Lentiviral transfer vectors
p6NST50 (contains a zeocin-resistance gene) and p6NST60 (without a zeocin-
resistence gene) encode the sequence of interest which is, in the end, expressed by
the target cell line. The vectors further contain the spleen focus forming virus (SFFV)
promoter region to constitutively express the final recombinant protein construct
followed by a reporter gene sequence encoding the enhanced green fluorescent
protein (EGFP) fused to the zeocin resistance gene for subsequent selection of
transduced target cells. For generation of viral particles two additional plasmids
were co-transfected: the lentiviral packaging plasmid pCD/NL-BH*DDD provides the
viral group-specific antigens (Gag) and viral enzymes (Pol) while the envelope (Env)
protein in trans is provided by the viral envelope plasmid pMD2.G. Because the
original HIV-1 can only infect certain types of immune cells the lentiviral particles
were pseudotyped with the envelope protein from the vesicular stomatitis virus
(VSV-G) to allow efficient transduction of various human cell lines. HEK293T cells

served as host cells to produce replication-incompetent virus particles.

2.2.2.4.1 Production of virus supernatant

One day before transfection, 6x106® HEK293T host cells were seeded in a cell
culture plate in 12 ml DMEMcompiete- After 24 h, medium was aspirated and HEK293T
cells were transfected with a mixture of 3 ug of viral envelope, 6 ug lentiviral
packaging plasmid, 12 ug of the gene of interest-containing vector and 62 ul of PEI
solution in 2 ml DMEM (without supplements) that was incubated for 15 min at RT
before addition to the cells. Transfected host cells were incubated for 16 h. The
following day, medium was aspirated from HEK293T cells and replaced with
medium suitable for target cell culture. After another 16 hours of incubation, virus-
particle containing medium was aspirated, collected, and stored at 4 °C. This
procedure was repeated four times within a period of 40 h. After the last collection,
viral supernatants were combined, filtered through a 0.45 pm filter and concentrated
by centrifugation at 10000 xg at 15 °C for 60 min. Afterwards, 90 % of supernatant
was removed, residual volume (concentrated virus supernatant) was resuspended
thoroughly and stored at -80 °C in appropriate aliquots until usage. Determination of
virus titer was executed by limiting dilution (1:10, 1:100, 1:1000, 1:10000)
transduction of HT1080 cells with the concentrated virus supernatant. Three days
after transduction, HT1080 cells were measured at the flow cytometer and virus titer

was determined according to percentage of transduced cells.
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2.2.2.4.2 Lentiviral transduction of stable cell lines

At day one, 4x10% HEK293T cells were cultured in DMEMcompiete medium. In parallel,
1x10° target cells were seeded in appropriate culture medium. The following day,
host cells were transfected and cultured as described in the previous chapter. On
day 3, host cell medium was removed, replaced by target cell medium and 6 hours
later, the first transduction of target cells was performed. For that purpose,
supernatant of host cells was harvested and replaced by new target cell medium.
Harvested supernatant containing virus particles was filtered through a 0.45 pm filter
and transferred directly to the target cells. Transduction was repeated two times until
day four as describe above. Target cell medium was exchanged on day five and
target cells were cultured for at least two weeks in the respective culture medium

containing 0.03 % [w/v] zeocin.

2.2.2.5 Immunofluorescence labeling

Expression of cell surface molecules (surface markers) as well as analysis of
antibody binding properties and extracellular expression of CARs was evaluated via
direct and indirect immunofluorescence labeling. Direct immunofluorescence
labeling, commonly used to characterize T cells according to the expression of
certain surface markers, includes staining with only one fluorescently labeled
antibody binding to a specific epitope on the target cells surface whilst for indirect

immunofluorescence labeling, secondary and also tertiary antibodies were used.

For both procedures, antibodies were diluted according to manufacturer's
instructions in PBS/FCS solution. Washing steps were accomplished between each
staining step in PBS solution and by centrifugation at 360 xg for 5 min at 4 °C.
Incubation was always executed in the dark at 4 °C. First, 2x10° cells were
transferred into a 96-well plate and centrifuged. After removing the supernatant,
cells were washed by adding 150 yl PBS and subsequent centrifugation. For flow
cytometry measurements, cells were resuspended in 50 yl PBS and mixed at a ratio
of 1:1 with PI solution to distinguish between living and dead cells. Stained samples

were measured at the flow cytometer and subsequently analyzed (chapter 2.2.2.6).

2.2.2.5.1 Direct immunofluorescent labeling

Determination of cell-specific surface markers was performed using direct
immunofluorescent labeling with the respective fluorochrome-conjugated

monoclonal antibody (mAb) in a total volume of 50 pl PBS/FCS. Cells were

54



2 Materials and Methods

incubated for 30 min and subsequently washed (as described above) before flow

cytometry measurement.

2.2.2.5.2 Indirect immunofluorescent labeling

Indirect immunofluorescent labeling was performed to determine binding properties
of the TM to target cells or to proof extracellular expression of CAR constructs on

T cells.

Target cells were either stained with TM to verify surface expression of the scFv
MOG in general or to determine binding affinities (equilibrium dissociation constant:
Kbp) of different TMs with respect to target cell lines. In the first step, 500 pg/ml of TM
were applied to target cells and incubated for 1 h. Subsequently, target cells were
stained with 5 ug/ml of the secondary mAb mouse anti-human La (clone 5B9) to
detect TMs via their E5B9 tag and incubated for 30 min. In the last step, cells were
stained with the fluorochrome-conjugated tertiary Ab goat anti-mouse 1gG (Fcy) for
30 min followed by measurement at the flow cytometer. To detect TM binding via its
His-tag cells were first incubated with the TM followed directly by staining with the
fluorochrome-conjugated mAb anti-penta His. For Kp determination the TM was
applied to the target cells in limiting dilutions (500 pg/ml to 0.025 pg/ml) and

detected as described above.

Expression of CAR constructs was evaluated by incubating UniCAR T cells with
5 ug/ml of mAb mouse anti-human La (clone 7B6) and RevCAR T cells with 5 pg/ml
mAb mouse anti-human La (clone 5B9) for 30 min followed by staining with the
fluorochrome-conjugated secondary Ab goat anti-mouse IgG (Fcy) for 30 min.
Finally, samples were washed repeatedly (as described above) and diluted before

measurement.

2.2.2.5.3 Quantification of surface structures

Indirect immunofluorescence staining was applied to determine artificial surface
structures (e.g. scFv MOG, CAR construct) or cell type-specific surface antigens
(e.g. CD19 on B cells) in a quantitative manner. To analyze the expression level of
surface structures on different cell types, the bead-based QIFIKIT® was used
according to manufacturer’'s instructions. The target cells were stained with the
murine anti-La mAb (clone 7B6) as primary Ab because both UniCAR construct and
artificial MOG scFv construct contain the epitope (E-tag) recognized by this anti-La
mADb. To exclude the possibility that the Fc part of the primary antibody is binding to

55



2 Materials and Methods

the target cells an additional isotype control of the same IgG subtype was used. In
the second step, pre-labeled cells and the QIFIKIT® calibration beads were stained
with the secondary fluorochrome-conjugated anti-mouse Ab. Flow cytometry
analysis was performed with the MACSQuant® Analyzer. Number of surface
antigens was determined by a calibration curve calculated from fluorescence

intensities of the calibration beads.

2.2.2.6 Flow cytometry and analysis of flow cytometry data

Cells can be analyzed for various properties with flow cytometry, e.g. regarding
physical parameters like cell size, intracellular consistence, and granularity. The
MACSQuant® Analyzer was used for this study to determine cell numbers and
transduction efficiencies, to detect binding properties of TMs with the target cells, to
determine surface expression of different markers on T cells and further to count

viable cells in functional assays. In general, a flow cytometer consists of three parts:

o The fluidic system for hydrodynamic focusing,

o the optical part with excitation source and optical emission systems from the
wavelength filters to the detectors and

o the electronic system for which additional software is necessary to analyze

the digitalized signal.

Single cells in suspension pass one after another a laser beam (hydrodynamic
focusing) based on coaxial laminar flow dynamic properties. Scattered light (forward
and sideward scatter) and fluorescence signal emissions arise in the flow cell, are
detected, and subsequently analyzed qualitatively and quantitatively before
digitalization. Based on the forward scattered light (light diffraction) predictions on
the cell size can be made whereas the sideward scattered light (light dispersion)
provides information about the granularity and surface properties of the cell.
Fluorescence signal emissions are used for antibody-labeled cells absorbing the
energy of the laser beam and emitting light pulses of longer wavelengths. The
variety of fluorescence markers that can be used depends on the number of optical
parts available. The antibodies used in this work are conjugated with different

fluorochromes which have partly overlapping emission peaks, so that the application
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of filters to distinguish between various fluorescence signals at the same time is

essential.

For analysis of data measured at the MACSQuant® Analyzer, the MACSQuantify ™
software was used. The program enables graphical display of results as histograms
in which the frequency scale of certain fluorescence signals can be plotted against
the cell number. Dot plots, on the other hand, project each cell as a point and two
correlating parameters can be displayed in one image. Using a density plot, the
frequency distribution of each event is featured, presenting events in different
shades or colors depending on their density (red: high density; blue: low density). By
visualizing the data as a scatter diagram of cell size (FSC) versus granularity (SSC),
different cell populations as well as viable and dead cells can be distinguished. Next,
cell aggregates can be identified and excluded from further data analysis on the
basis of the correlation of the integral FSC (forward scatter-area, FSC-A) to maximal
FSC (Forward scatter-height, FSC-H). To determine the proportion of single- or
double-positive cells within a defined population, two different fluorescent signals
are plotted against each other. Measuring a negative control sample facilitates the
differentiation between fluorescently labeled (positive) and unlabeled (negative) cells
and enables classification into 4 quadrants or definition of a marker in the histogram.
After analyzing raw data, proportions of positive cells and the median fluorescence

intensity (MFI) can be determined.

2.2.2.6.1 Isolation of cell populations using fluorescence-activated cell

sorting

Single cell sorting was carried out using a novel fluorescence-based technology
developed by Miltenyi Biotec. The principle behind is the implementation of a ‘high-
speed mechanical sort valve’ where single cells under low pressure pass through a
microchip and are sorted by an adaptable valve which directs positive cells into a
sort chamber (open valve) or a closed valve leading negative cells into a waste
chamber inside of a cartridge. Advantages of the closed system are the application
of the sorting method for GMP usage and a gentle treatment of the cells during the

sorting process.

Transduced target cells were first measured at the MACSQuant® Analyzer for
determination of transduction efficiency (EGFP expression) and cell number and
were subsequently diluted in MACSQuant® Tyto® running buffer resulting in a final

concentration of 2x10° cells per ml. Before transferring the cells into the sorting
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cartridge, the suspension was filtered through a 20 um pre-separation filter to
prevent clogging of the valve by cell clumps or debris and to guarantee single cell
sorting. The following steps were executed according to manufacturer's instructions.
To develop a sorting strategy, single cells were first selected according to their size
in the SSC-FSC dot plot and subsequently gated based on their fluorescence
intensity signal. Purity of sorted cells was verified after sorting by flow cytometry.

Sorted cells were cultured according to their specific requirements.

2.2.2.7 Isolation of human peripheral blood mononuclear cells

Human peripheral blood mononuclear cells (PBMCs), containing T and B cells,
monocytes, NK cells and DCs, were isolated from peripheral blood using density
gradient centrifugation. Biocoll with a low viscosity and a density of 1.077 g/ml was
used as separating solution. Facilitated by centrifugation, silica particles in the
separating solution begin to sediment resulting in a density gradient with particles of
lower density remaining on top of the Biocoll and particles of higher density sinking

to the bottom.

Buffy coats obtained from the German Red Cross (DRK) were mixed in a ratio of 1:1
with PBS before carefully coating 20 ml of Biocoll solution with 25 ml of the blood-
PBS mixture. To separate PBMCs from other blood components, centrifugation was
performed for 20 min at 980 xg at RT with slow breaking to preserve the density
gradient. After centrifugation, three phases were visible: an upper phase (blood
plasma), the medial phase with a cell layer containing the PBMCs and a lower
phase with a cell pellet at the bottom containing red blood cells. The upper phase
was removed before gently sucking the intermediate phase and transferring it into a
fresh tube. To wash the PBMCs, 50 ml PBS/EDTA solution were added prior to
centrifugation at 360 xg for 10 min at 4 °C. Washing was repeated twice to remove
remaining separating solution. Afterwards, cells were resuspended in 30 ml
PBS/EDTA solution and counted (chapter 2.2.2.3.2). Cell suspension was stored at
4 °C until further use.

2.2.2.8 Isolation of T cells from PBMCs with magnetic-activated cell sorting

Magnetic-activated cell sorting® (MACS® technology) was applied to separate CD3*
T cells from isolated PBMCs using the Pan T Cell Isolation Kit according to
manufacturer’s instructions. Freshly isolated PBMCs were first incubated with a
specific Biotin-conjugated antibody cocktail, followed by incubation with

ferromagnetic anti-Biotin MicroBeads. Using the method of negative depletion, all
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CD3- populations of the PBMC suspension are labeled and immobilized onto
magnetic autoMACS® columns incorporated in the autoMACS Separator® while
unlabeled cells (CD3*) pass the column. Directly after isolation, the sorted cells were
stained to assess purity and ratio of T cell subpopulations with anti-human
fluorochrome-conjugated CD3, CD4 and CD8 mAbs and measured at the flow
cytometer (chapter 2.2.2.5.1). CD3* T cells were cultured at a density of
2x10° cells/ml in RPMlcompiete medium with 50 U/ml IL-2.

2.2.2.9 Stimulation of isolated human T cells

Activation of naive human T cells was accomplished with T cell TransAct™
according to manufacturer’s instructions. The polymeric nanomatrix of the
TransAct™ reagent is conjugated to CD3 and CD28 agonists mimicking antigen-
dependent activation of human T cells by interaction with CD3 as part of the TCR
complex and the costimulatory molecule CD28, resulting in proliferation of naive
human T cells. Briefly, TransAct™ reagent was diluted 1:100 with 1.5%x108 T cells in
1.3 ml of TexMACScompete medium and incubated for 24 hours followed by

transduction of stimulated human T cells (chapter 2.2.2.10).

2.2.2.10 Engraftment of T cells with chimeric antigen receptors

Stimulated T cells were armed with chimeric antigen receptors (CARs) by lentiviral
transduction (chapter 2.2.2.4), a method used to stably integrate genetic information
into the genome. Instead of the lentiviral p6NST50 vector, which contains the EGFP
reporter and the zeocin resistance gene, the p6NST60 vector was used, containing
only the genes for EGFP and the CAR construct. A selection with zeocin is not

required since transduced T cells are only used for a short period of time.

Transduction was repeated twice on 2 consecutive days, whereby T cells were spin-
infected with virus supernatant for 120 min at 600 xg at 32 °C with slow breaking. In
detail, T cells were transferred to 1.5 ml reaction tubes, centrifuged (360 xg, 5 min,
RT) and resuspended in a total volume of 1 ml TexXMACScompiete medium including
virus supernatant. Following each transfection, T cells were harvested from the cell
culture plate and cell number as well as transduction efficacy (EGFP expression)

was measured at the flow cytometer.

When transduction was finished, cells were harvested and approximately
1x106 cells were seeded into one well of a G-Rex® cell culture plate in 7 mi

TexXMACSexpansion. G-Rex® cell culture plates contain a gas permeable membrane at
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the bottom of the plate where cells reside during culture. This improves oxygen
delivery from the surrounding to the cells resulting in continuous access of oxygen

as well as optimal nutrient supply from the medium.
2.2.3 Methods of protein biochemistry

2.2.3.1 Isolation of target module constructs

The TM design includes a C-terminal 6x histidine tag (6% His-tag) essential for
nickel-nitrolotriacetic acid (Ni-NTA) chromatography. NTA is a chelator
functionalized with sepharose and bivalent Ni?* ions which can bind two imidazole
rings at a time with micromolar affinity. Histidine contains imidazole rings that form
complexes with Ni?* ions of the column matrix resulting in bound His-tagged
proteins. Since natural proteins are commonly not equipped with repetitive histidine
sequences they are not or only weakly bound by the Ni?* ions. Elution occurred by
increasing imidazole concentrations to remove bound proteins from the column.
Imidazole contains a higher affinity compared to histidine and can therefore displace
histidine in a competitive manner from the Ni?* ions, resulting in the elution of the

His-tagged proteins.

Stably transfected CHO-K1 or 3T3 cells (chapter 2.2.2.4.2) were used for TM
production. For that purpose, 2x10° cells were seeded in 50 ml medium and
cultured for 4 days. Supernatant which contains secreted TM was used for
purification. For this purpose, the supernatant was transferred into a tube and
centrifuged for 10 min, 4 °C at 10000 xg to remove remaining cells and cell debris.
Subsequently, the supernatant was filtered through a 0.45 pym filter to clear the
solution from potential remnants. Ni-NTA spin columns were connected to a vacuum
and equilibrated with 5 ml PBS before filtered supernatants were pipetted onto the
columns and a flow rate of 1 drop/s at 300 mbar was adjusted. When supernatants
passed through completely, columns were rinsed with 5 ml PBS. Subsequent
washing and elution steps were executed by centrifugation for 3 min at 4 °C and
980 xg. To remove weakly or unspecifically bound proteins, 500 yl of a 10 mM
imidazole solution was applied directly onto the column and resulting fractions were
collected, followed by another washing step with 500 pyl of a 20 mM imidazole
solution. Elution was executed twice, each with 500 pyl of a 350 mM imidazole
solution. Subsequently, the first elution fractions were dialyzed to remove the

imidazole (chapter 2.2.3.2) All fractions were stored at 4 °C until further analyses.
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2.2.3.2 Dialysis of purified target module constructs

Elution of TM from Ni-NTA spin columns was performed using a solution containing
imidazole which might affect TM properties and might influence further in vitro
experiments. Therefore, the first elution fractions were dialyzed by using a semi-
permeable dialysis membrane with an exclusion size of 14 kDa. Since TMs possess
a size of 25 to 55 kDa they are not capable of passing the membrane. After rinsing
with distilled water (dH20), membranes were closed at one side with a clip, elution
fractions were applied, and completely closed dialysis membranes were placed in
11 PBS per elution fraction for at least 16 hours at 4 °C on a stirrer. The following
day, dialyzed elution fractions were transferred into new reaction tubes and stored at

4 °C until further analysis.

2.2.3.3 Discontinuous sodium dodecyl sulfate polyacrylamide gel

electrophoresis

Concentration and purity of the recombinant TM constructs were evaluated via
discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) after Laemmli (Laemmli, 1970). In this approach, proteins are separated
electrophoretically depending on their molecular weight whilst passing through a gel

of different composition.

SDS as an anionic detergent dissolves hydrophobic molecules, denatures proteins
and neutralizes non-covalent interactions. Additionally, SDS binds to proteins at a
constant charge-to-mass ratio and confers a negative charge, so that the SDS-
protein complex migrates through the gel towards the positive pole in an electrical
field. The polyacrylamide gel consists of three-dimensional polymeric structures of
cross-linked acrylamide (Rotiphorese® Gel A) and N,N'-methylenebisacrylamide
molecules (Rotiphorese® Gel B) forming a network to separate proteins as a
function of their molecular weight. Polymerization was obtained by the radical
initiator APS and its catalyst TEMED. Discontinuous SDS-PAGE was performed in a
Tris-HCI/Tris-Glycine buffer system with two gel types: a wide-meshed stacking gel
to concentrate proteins and a close-meshed separation gel for separating the
proteins by their molecular weight. First, the 12 % separation gel was prepared (for
gel composition see Table 2-15) and after polymerization, 5 % stacking gel was
poured onto the separation gel and a comb was inserted between the glass plates to
form gel pockets. As soon as the gel was polymerized, it was removed from the

holder and put into the electrophoresis chamber.
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Before dialyzed elution fractions were applied to the gel, sample buffer containing
SDS and DTT to reduce intramolecular disulfide bonds was added to the samples in
equal quantities. Sample buffer was further spiked with bromophenol blue to localize
samples on the gel during electrophoresis. All elution fractions containing imidazole
were incubated at 65 °C, while fractions without imidazole were incubated at 95°C
for 10 min to completely denature proteins. For determination of the recombinant
protein concentration a BSA standard of different concentrations was used as well
as a size marker (PageRuler™ Prestained Ladder Mix) for molecular weight
analysis. Gels were running at 80 V until samples reached the separation gel and

increased to 120 V until the loading dye reached the lower gel edge.

Table 2-15 Composition of 5 % stacking and 12 % separation gel.

Components 5 % stacking gel 12 % separation
gel

Rotiphorese® Gel A 0.38 ml 3.89 ml

Rotiphorese® Gel B 0.15 mi 1.61 ml

SDS separation gel buffer - 2.6 ml

SDS stacking gel buffer 0.5 ml -

ddH20 1.3 ml 1.58 ml

APS solution 25 ul 50 ul

TEMED 2.5l 7.5l

2.2.3.4 Determination of concentration and immunochemical detection of

target module constructs

2.2.3.4.1 Coomassie staining of SDS gel

Coomassie brilliant blue G-250 is a dye containing triphenylmethane which binds
unspecifically to aromatic and basic amino acid residues resulting in a

concentration-dependent staining of proteins.

The SDS gel (chapter 2.2.3.3) was incubated in Quick Coomassie® Stain for 1 hour
on a shaker. Concentration determination by comparison with the BSA standard

series was executed using Image Lab™ Software.
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2.2.3.4.2 Western blot and immunochemical detection

Immunochemical detection of TMs was executed to examine if TMs were secreted
correctly by 3T3 or CHO-K1 producer cell lines with all included tags to guarantee
functionality in subsequent experiments. Western blot is based on negatively
charged SDS-protein complexes that migrate towards the positively charged anode.
Due to electrical transfer, proteins are blotted onto the surface of a nitrocellulose
membrane and are immobilized through hydrophobic interactions. Expression of
respective tags was verified afterwards by staining of the membrane with tag-
specific primary antibodies followed by incubation with an AP-coupled secondary
antibody. The AP is essential for the staining reaction with NBT/ BCIP substrate
solution because 5-bromo-4-chloro-3-indolyl phosphate (BCIP) is oxidized to 5,5'-di-
bromo-4,4'-di-chloro-indigo resulting in a purple dye, amplified by 4-Nitro blue
tetrazolium chloride (NBT). Only the spots containing the protein conjugated to the

corresponding tag were stained.

Filter papers soaked with anode buffer were placed onto the lead plate of the device
followed by the nitrocellulose membrane, the separation gel of the SDS gel
completed with filter papers soaked in cathode buffer and the cathode plate. An

electrical field of 18 V was applied for 1 hour.

After blotting, the membrane was placed in blocking solution (DIG Wash and Block
Buffer Set) for 1 hour at RT on a shaker to block unspecific binding sites of the
primary antibody. Thereafter, blocking solution was removed and primary antibodies
added. Since two different tags (6x His, E5B9) had to be detected, two different
primary antibodies, a mouse anti-Penta-His IgG1 mab (0.1 % [v/v] in blocking
solution) and a mouse anti-5B9 1gG2a antibody (0.2 % [v/v] blocking solution),
respectively were used. The membrane was incubated for 1 hour at RT on a shaker.
In order to remove unbound primary antibodies, nitrocellulose membranes were
washed repeatedly with DIG washing buffer for 5 min. Afterwards, membranes were
incubated for 1 hour at RT on a shaker using the secondary rabbit anti-mouse 1gG-
AP antibody (0.1 % [v/v] in blocking solution) binding the Fc part of the primary
antibody. Following incubation, remnants of the secondary antibody were removed
by washing repeatedly as described above. To create an alkaline environment, the
membrane was incubated in AP buffer for 5 min. For detection, NBT/BCIP substrate
solution was pipetted onto the membrane and incubated until bands were visible. To
stop the reaction, membranes were put in ddH>O, dried and analyzed for correct

bands.
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2.2.3.5 Determination of binding affinities of target modules using enzyme-

linked immunosorbent assay

Using the plate-based enzyme-linked immunosorbent assay (ELISA), binding
properties or concentration of molecules such as enzymes, proteins, antibodies or
cytokines can be determined via a capturing compound that is previously solidified
onto the surface of a microtiter plate. Prior to functional studies, binding affinities
between TMs and their corresponding antibody was determined. For this purpose,
the development of an enzyme-linked immunosorbent assay (ELISA) was a suitable

and easy method of choice.

Twenty-four hours before the assay, a 96 well microtiter plate was coated with
0.1 mg anti-MOG mAb (clone 8.18-C5) per well in ELISA coating buffer (Table 2-5)
and incubated at 4 °C. Afterwards, wells were washed 3 times with ELISA washing
buffer (Table 2-5) before incubation with 200 ul of ELISA blocking buffer (Table 2-5)
per well for 2 hours at 37 °C. Thereafter, wells were washed 4 times with ELISA
washing buffer before TMs were applied in a dilution series (500 ug/ml to 0.0025
Mg/ml in ELISA blocking buffer) and incubated for 1.5 hours at 37 °C. The plate was
again washed 4 times with ELISA washing buffer followed by 1.5 hours of incubation
with the anti-His-HRP detection antibody (0.01 ug per well) at 37 °C. Finally, wells
were washed 8 times to remove all unbound detection antibody and binding was
detected by adding 100 pl of substrate solution (OptEIA™ TMB Substrate Reagent
Set) containing TMB which reacts with bound HRP resulting in a color shift to blue.
After 10-20 min of incubation in the dark at RT the reaction was stopped by adding
50 pl of stop solution (Table 2-6) containing sulfuric acid which leads to a pH
decrease and color shift from blue to yellow. Absorption measurement was
performed using a spectrometer at a wavelength of 450 nm and a reference

wavelength of 570 nm.

2.2.4 In vitro functional studies

The TMs were tested for their functionality to mediate recognition and TM-
dependent killing of target cells in combination with effector cells (UniCAR or
RevCAR T cells). For this purpose, activation and exhaustion (chapter 2.2.4.1),
cytokine release (chapter 2.2.4.3.1) and cytotoxic potential (chapter 2.2.4.2 and
2.2.5.1) of the CAR T cells were examined. In the experimental set up, target and
effector cells were incubated either with or without (w/0) different concentrations of

TMs for 8 h, 13 hours or 24 hours. Three different types of gene-modified T cells
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were used for the assays: vector control T cells, CAR Stop T cells and CAR 28/C-
modified T cells. The control vector T cells were transduced with p6NST60 vector
only harboring the EGFP signal. The second negative control, CAR Stop T cells
express a CAR without a non-functional 28/C signaling domain, i.e. although
modified T cells recognize the epitope domain of the TMs with the specific
extracellular domain no killing of target cells is initiated since all internal signaling
domains are missing. CAR 28/C T cells possess a functional binding domain for
recognition of TMs as well as a signaling domain derived from the CD3¢{ complex of
the original TCR and a co-stimulatory CD28 domain (28/¢).

In general, 24 hours prior to functional assays, all effector cells were centrifuged for
5min at 360 xg and RT and the TexMACSexpansion medium was replaced by
TexMACS medium w/o cytokines to rest the T cells. As target cells
HEK"c scFv MOG and NaMalWa‘' scFv MOG were used. In vitro studies were
executed at 37 °C using RPMIcompiete. EVery test condition was set up as triplicates in
a total volume of 200 ul. Analysis of cytokine concentration using MACSPlex

cytokine assay (chapter 2.2.4.3.1) was measured as single determination.

2.2.41 T cell activation assay

T cells upregulate the activation marker CD69 upon recognition of antigens via their
TCR. To examine if TM-mediated crosslinkage with target cells leads to activation of
CAR T cells, expression of CD69 was determined. T cells were cultivated alone or in
the presence of target cells (effector to target cell (e:t) ratio of 5:1) with or without
the respective TM. After 24 or 48 h, depending on the target cell line used, cells
were centrifuged for 5 min at 360 x g at 4 °C and supernatants were transferred into
a 96 well plate and stored at -80 °C until determination of cytokine concentrations
(chapters 2.2.4.3.1). The pelleted cells were analyzed via direct
immunofluorescence labeling (chapter 2.2.2.5.1) for the expression of activation and

exhaustion markers.

2.2.4.2 Luciferase assay (cytotoxicity assay)

Cytotoxic activity of CAR T cells against target cells was determined with a short-
time luciferase-based assay using ONE-Glo™ Luciferase Assay System according
to manufacturer’s instructions. The application provides a sensitive method for
quantification of specific lysis by measuring the luminescent signal produced by
luciferase-expressing cells. For co-cultivation, target cells were used in combination

with effector cells in the presence or absence of the respective TM in different
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concentrations depending on the experimental set up (half-maximal effective
concentration (ECso) determination, comparison of varying effector cell numbers or
different incubation times). To evaluate the specific target cell lysis, samples with
only target cells for minimum lysis (max. luciferase signal) or with Triton-X solution
for maximum lysis (min. luciferase signal) were included. Measurement of the assay
was executed after 8 hours or 24 hours (HEK- scFv MOG) and 13 hours
(NaMalWat'c scFv MOG). Directly before measurement, ONE-Glo™ Luciferase
solution was added to each well at a ratio of 1:1, followed by incubation for 5 min in
the dark at RT. Luminescence of the samples was measured with a photometer as

relative light units (RLU). Specific lysis was calculated as follows:

s TN — max.luciferase signal (RLU)—experimental luciferase signal(RLU)
SpeleLC lySlS [A)] max.luciferase signal (RLU)—min.luciferase signal(RLU) x100

2.2.4.3 Determination of cytokine concentration

Detection and quantification of cytokine concentrations was executed using the flow
cytometry-based MACSPIlex cytokine assay. After 24 hours or 48 hours of
incubation, cytokine-containing cell culture supernatants were collected following

centrifugation for 5 min at 360 xg and RT.

2.2.4.3.1 MACSPIlex cytokine assay

Quantitative determination of more than one cytokine at a time was executed with
the Human MACSPIlex Cytokine 12 Kit according to manufacturer’s instructions.
Briefly, the bead-based assay kit provides 12 different capture bead populations,
each population coated with fluorescently labeled antibodies against one of
12 cytokines analyzed. Cell culture supernatants from cytotoxicity assays were
collected, triplets of the samples were pooled and incubated for 2 hours with capture
beads. Detection of bound cytokines was accomplished by adding fluorescence-
conjugated detection antibodies and measuring with the MACSQuant® cytometer.
Calculation of the respective cytokine concentration was achieved by comparing the

fluorescence intensities of test samples with the standard curve acquired in parallel.

2.2.5 In vivo functionality studies

Animal experiments were performed at the Institute for Radiopharmaceutical Cancer
Research Helmholtz Center Dresden-Rossendorf (HCDR) in collaboration with Dr.
Birgit Belter according to the guidelines of German regulations for animal welfare
and have been approved by the Landesdirektion Dresden (24-9165, 40-4,
24.9168.21-4/2004-1).
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For in vivo studies, the Naval Medical Research Institute (NMRI)- Foxn1™/" mouse
strain was used which contains an autosomal recessive mutation on the Foxn1 gene
on chromosome 11 and which results in thymic aplasia and therefore a lack of T
cells. In addition, defects in epidermis and hair follicles resulting in a nude skin.
Experimental groups were housed in pathogen-free sterile cages with a 12 hours’

light/dark cycle and feeding ad libitum.

2.2.5.1 Evaluation of tumor killing in vivo

For the evaluation of TM-mediated target cell killing, co-injection experiments were
executed with four weeks old female NMRI-nude mice (Rj: ATHYM-Foxn1nunu)
obtained by Janvier Labs. Animals were assigned randomly to the three
experimental groups of four individuals. All mice were injected subcutaneously (s.c.)
with 1x108 HEK" scFv MOG target cells. Control groups contained either HEK-«
scFv MOG cells alone or were additionally injected with 0.5x10® RevCAR 28/ T
cells while the experimental group received 10 yg RevTM MOG-5B9 in a total
volume of 100 ul PBS each.

2.2.5.2 Optical imaging of luciferase-expressing tumors in vivo

Tumor cell killing was detected via luciferase expression of HEK'« scFv MOG cells
by bioluminescent imaging. First, animals were anesthetized with 10 % [v/v] and
maintained with inhalation of 8 % [v/v] desflurane in a mixture of 30/10 % [v/v]
oxygen/ air. Injection with 200 ul of 15 pg/ml D-luciferin potassium salt diluted in
PBS was executed intraperitoneally (i.p.) and incubated for 10 min. Injected HEK!-¢
scFv MOG cells express the luciferase enzyme constantly due to the stable
transduction of the luciferase gene. The substrate D-luciferin is oxidized by the
luciferase enzyme in the presence of ATP resulting in the production of luminescent
light. Bioluminescent signals were measured using small animal multimodal imaging
system In-Vivo Xtreme and evaluated with the Bruker Ml and Multispectral Software.
Measurements were executed at the day of co-injection, after one and two days with
exposure times of 1 s, 10 s and 30 s. In parallel, an X-ray image was taken from the

animals in the same position.

2.2.6 Statistical evaluation

Determination of average values, standard deviation and statistical significance was
executed using the GraphPad Prism software 8.0. Statistical analysis of in vitro

experiments was evaluated with two-way analysis of variance (ANOVA) and
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Bonferroni post hoc test to determine significant differences between the mean
values of the groups. For Bonferroni post hoc test the minimum significance level
was set to a =0.05 meaning when the probability of error is < 5% the difference
between two measured samples is considered significant. The signifance level was
displayed as: *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. The p-value is
representing the probability that a difference between the means of the groups

occurs randomly.
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3 Results

3.1 Design and generation of novel MOG target modules

In the course of this work, it was investigated whether the adapter CAR systems
described previously (UniCAR, RevCAR platform, chapter 1.4.2.1) have the
potential to be used as a novel treatment option for AIDs with autoreactive B cell
involvement. Since pathogenic autoreactive B cells actively contribute to the
development of neuroinflammatory diseases like MS, mainly upon autoantigen
presentation and auto-Ab production, the modular CAR T cell platform should be
utilized to specifically deplete these type of B cells. Here, for the targeting of BCR-
expressing B cells, the TM was derived from an antigen. In contrast to previously
published TMs which are mainly derived from Abs directed against certain TAAs, the

design of an antigen-based TM was a novelty.

One of the most prominent autoantigens associated with neuroinflammatory
diseases of the CNS is MOG, a component of the myelin sheath and target of auto-
Abs detected in patients suffering from neuroinflammatory diseases. To target and
deplete B cells expressing anti-MOG BCRs, the extracellular portion of the MOG
antigen was used to design TMs for the redirection of UniCAR or RevCAR T cells
against anti-MOG BCR-expressing cells. Both adaptor CAR platforms will be
compared with respect to target cell binding and cytotoxic efficacy in in vitro studies.
Together with the killing potential, the secretion of proinflammatory cytokines as well
as activation of the CAR T cells will be investigated to evaluate the overall

performance of both modular CAR platforms.

3.1.1 MOG target module constructs

For redirection of UniCAR T cells to anti-MOG BCR-positive B cells, two UniCAR
TMs were designed: a monovalent MOG-E5B9 TM and a bivalent MOG-E5B9-MOG
TM. Simultaneously, a monovalent RevCAR TM, termed RevTM MOG-5B9, was
created for the RevCAR platform. In the following experiments, two questions were
answered: Is the bivalent UniCAR TM superior to the monovalent TM of the UniCAR
platform? |Is the recently optimized RevCAR system more suitable for the MOG

approach compared to the well-established UniCAR system?

The genetic sequences of all MOG TMs (Figure 3-1) were synthesized and
purchased from Eurofins Genomics. All TMs were cloned into the SFFV promoter-

driven vector p6NST50 for establishment of 3T3 or CHO-K1 expression cell lines via
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lentiviral transduction (chapter 2.2.2.4). The genetic sequence of the extracellular
portion of the MOG antigen as part of all TMs that is recognized by anti-MOG Abs
on autoreactive B cells is derived from the extracellular IgV-like domain of human
MOG (Breithaupt et al., 2003; Mayer et al.,, 2013). The monovalent UniCAR TM
MOG-E5B9 contains one MOG antigen domain connected to E5B9 that is
recognized by UniCAR scFv 5B9. The bivalent UniCAR TM MOG-E5B9-MOG is

composed of two MOG antigen domains which are connected via the E5B9 peptide.

In the RevCAR platform, E5B9 is part of the RevCAR construct. Hence, the RevTM
contains the scFv 5B9 as RevCAR binding moiety composed of the V4 (56B9 Vu) and
V. (5B9 VL) domains of the anti-human La mAb (clone 5B9) which is linked to the

extracellular MOG antigen domain.

All TMs comprise the murine Igk signal peptide (SP) for secretion of the translated
peptide into the supernatant at the N terminus and a C-terminal 6xHis tag for TM
purification and detection. Single components of the TMs were coupled by flexible

glycin-serine (G4S) linkers.

SP Hisg
H MOG H E5B9 )—- UniCAR TM MOG-E5B9 (monovalent)
G,S G,Ss
SP Hisg
Bl= oo p=eses k= voc | UniCAR TM MOG-E5B9-MOG (bivalent)
G,S G,
Sp Hisg
H MOG H 5B9V, RevTM MOG-5B9 (monovalent)
(G4S)3

Figure 3-1 Design of MOG TMs for the UniCAR and RevCAR system. The MOG
antigen domain of the TMs is derived from the extracellular domain of the human
MOG peptide. UniCAR TMs MOG-E5B9 (monovalent) and MOG-E5B9-MOG
(bivalent) are composed of the MOG antigen and the E5B9 epitope (UniCAR
recognition domain). RevTM MOG-5B9 (monovalent) contains the same MOG
antigen domain fused to the variable domains of the heavy (Vx) and light (VL) chain
of the mAb anti-human La (clone 5B9) (anti-La(5B9)) as RevCAR binding moiety. All
TMs contain the murine Igk leader sequence (signal peptide, SP) at the N terminus
for protein secretion and a 6xHis tag (Hiss) at the C terminus for purification and
detection of the TMs. G4S: glycin-serine linker.

3.1.2 Expression of target modules

To produce TMs, stable expression cell lines were created via lentiviral transduction
of 3T3 or CHO-K1 wt cells with the respective TM construct. Following four days of

cultivation, supernatants from all TM producing cell lines were collected, purified
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using Ni-NTA affinity chromatography (chapter 2.2.3.1) and elution fractions were
dialyzed in 1x PBS overnight (chapter 2.2.3.2). To quantify the amount of purified
TMs, samples were separated on a SDS gel together with a BSA standard of known
concentration (chapter 2.2.3.3). The gel was stained with Coomassie Brilliant Blue
G-250 and subsequently analyzed using Image Lab™ software. On average, after
purification of 100 ml of supernatant, total amounts of 0.35 mg of UniCAR TM MOG-
E5B9-MOG, 0.5 mg of RevTM MOG-5B9 and 0.3 mg of UniCAR TM MOG-E5B9
were obtained as exemplarily shown in Figure 3-2. The theoretical sizes of the TMs
(UniCAR TM MOG-E5B9: ~ 25 kDa; UniCAR TM MOG-E5B9-MOG: ~ 50 kDa;
RevTM MOG-5B9: ~ 55 kDa) were confirmed upon SDS-PAGE in Coomassie-
stained SDS gels and on Western blots by comparison with the molecular weight
(MW) marker.

TMs BSA Standard [ug]
1 2 3 5 3 1 0.5 0.25

kDa

170
130

100
70

55

40

35

25

te Ltz

(1) UniCAR TM MOG-E5B9-MOG (~ 50 kDa)
(2) RevTM MOG-5B9 (~ 55 kDa)
(3) UniCAR TM MOG-E5B9 (~ 25 kDa)

Figure 3-2 Detection and concentration determination of MOG TMs after
affinity chromatography purification. After lentiviral transduction of 3T3 or CHO-
K1 cells with the respective TM construct, TMs were purified from cell culture
supernatants using Ni-NTA affinity chromatography. After dialysis, purified TMs
were analyzed using SDS-PAGE and Coomassie staining for concentration and
purity determination by comparison with BSA standard. Lane 1: UniCAR TM MOG-
E5B9-MOG (~ 50 kDa); Lane 2: RevTM MOG-5B9 (~ 55 kDa); Lane 3: UniCAR TM
MOG-E5B9 (~25 kDa). MW: Molecular weight marker; BSA: Bovine serum albumin.
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In the representative blots below, immunochemical detection of the TMs via their
E5B9 tag (Figure 3-3) and 6xHis tag (Figure 3-4) was done after Western blotting
(chapter 2.2.3.4.2) using the primary mAb anti-La(5B9) or mouse anti-Penta-His
IgG1, respectively, and the AP-conjugated secondary Ab rabbit anti-mouse IgG. The
primary Ab binds directly to the respective tag included in the TM sequence whereas
the secondary Ab binds to the Fc part of the primary Ab. In each blot, the TMs were
detected in E1 and E2 confirming successful purification of all TMs. Additionally,
high molecular weight (HMW) bands visible on the Coomassie gel (Figure 3-2) were
not visible on the nitrocellulose membrane. Hence, those bands did not contain any
recombinantly tagged TMs and were most likely remnants from cell culture media.
TM MOG-E5B9 is separated in several bands around 25 kDa which might be due to

posttranslational modifications.
Anti-5B9
MOG-E5B9 TM MOG-E5B9-MOG TM

kba MWS FL W2 E1 E2 S FL W2 E1 E2

100
70

55
40 i

35
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Figure 3-3 Analysis of UniCAR MOG TMs by Western blot. TMs were transferred
onto a nitrocellulose membrane for detection with the anti-La(5B9) mAb and AP-
conjugated rabbit anti-mouse IgG mAb after SDS-PAGE. MW: Molecular weight
marker. S: supernatant; FL: flow through; W2: washing fraction two; E1: elution one;
E2: elution two
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Anti-His
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Figure 3-4 Analysis of MOG TMs by Western blot. TMs were transferred onto a
nitrocellulose membrane for detection with the anti-Penta-His mAb and AP-
conjugated rabbit anti-mouse IgG mAb after SDS-PAGE. MW: Molecular weight
marker. S: supernatant; FL: flow through; W2: washing fraction two; E1: elution one;
E2: elution two

The correct expression of the TMs was validated by SDS-PAGE and Western blot.
Both methods confirmed the predicted sizes of all TMs as well as the presence of
the 6xHis tag and E5B9 tag (in case of UniCAR TMs MOG-E5B9 and MOG-E5B9-
MOG).

3.2 Establishment of scFv MOG-presenting cell models

Human B cells natively expressing anti-MOG Abs were not available in sufficient
amounts and the transduction of human primary B cells with recombinant anti-MOG

scFv failed. Instead, a surrogate cell model for anti-MOG scFv-expressing target
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cells had to be generated in order to test whether anti-MOG scFv-expressing cells
can be killed by the modular UniCAR/ RevCAR systems and to characterize the
functional properties of the novel MOG TMs using a robust model system.
Therefore, two different tumor cell lines were genetically modified to express an
artificial anti-MOG BCR on the cell surface. The recombinant anti-MOG scFv
receptor (Figure 3-5) was constructed in the following way: the extracellular binding
domain was derived from the murine anti-MOG mAb 8.18 C5 shown to be cross-
reactive with human MOG (Breithaupt et al., 2003; Mayer et al., 2013). The V4 and
V. domains of the murine 8.18 C5 mAb were fused to the epitope E7B6 (E-tag) of
the human La protein (Bachmann et al., 1991; Bachmann, 2019; Koristka et al.,
2019) to detect surface expression of the novel anti-MOG receptor. The extracellular
proportion was followed by the extracellular and transmembrane region of the
human costimulatory CD28 (CD28 ECD/TMD) molecule. The CD28 ECD/TMD was
further connected via cleavage site of Thosea asigna virus (TAV) 2A (T2A)
(Szymczak et al., 2004; Koristka et al.,, 2019) to the gene coding for the EGFP
reporter protein at the C terminus. During mRNA translation, the T2A cleavage site
causes a ribosomal ‘skip’ between two codons. This leads to a chain termination
and reinitiation of EGFP translation, resulting in relocation of the anti-MOG scFv
receptor into the endoplasmic reticulum (ER). While the anti-MOG scFv receptor

molecule is transported to the cell surface, translated EGFP stays in the cytoplasm

of the cell.
cD28
SP ECD/TMD EGFP
V, 8.18C5 —‘ V. 8.18 C5 H E-tag [ ] scFv MOG
(G483 G,S G,S

Figure 3-5 Design of anti-MOG scFv receptor. The variable domains of the heavy
(VH) and light (VL) chains of the murine 8.18 C5 mAb are joined via glycin-serine
(G4S) linkers to the E7B6 peptide (E-tag) followed by the extracellular and
transmembrane domain of CD28 (CD28 ECD/TMD). The receptor construct is
further fused to the intracellular cleavage site T2A and the EGFP reporter gene. SP:
murine Ig-k leader peptide.

Human embryonic kidney 239T (HEK293T) cell line and Burkitt lymphoma cell line
NaMalWa were chosen for the generation of anti-MOG scFv receptor expressing
model cell lines. On the one hand, HEK293T cells are known to be easy to

transduce and can be killed by UniCAR T cells (Bachmann unpublished). The
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NaMalWa cell line, on the other hand, is a pre-B cell line that resembles primary

B cells the most within this artificial system.

The human cell lines HEK293T and NaMalWa were transduced by lentiviral
transduction (chapter 2.2.2.4.2) with the anti-MOG receptor to achieve target cell

lines with a constant surface expression of anti-MOG scFv (results in chapter 3.3.2).

To analyze cytotoxicity via the well-established luciferase-based cytotoxicity assays
(chapter 2.2.4.2), the cell lines were additionally transduced with a firefly luciferase-
encoding vector. As a result, HEK293T and NaMalWa cell lines, termed HEK'-
scFv MOG and NaMalWa‘c scFv MOG, were successfully established to
recombinantly express both luciferase and anti-MOG scFv receptor and could be
used as surrogate target cell models for further in vitro (chapter 2.2.4, 3.6) and in

vivo (chapter 2.2.5, 3.7) studies.

3.3 Binding properties of MOG target modules

Recognition and appropriate binding to the target structures is one basic
requirement for functionality of the TMs. Hence, TMs were examined with respect to
their binding capability to (i) the anti-MOG mAb 8.18 C5 via ELISA and (ii) to the
target cells HEK'¢ scFv MOG and NaMalWat'¢ scFv MOG.

3.3.1 Determination of binding affinity between anti-MOG antibody and MOG

target modules with enzyme-linked immunosorbent assay

In contrast to the flow cytometry method, where other molecules on the target cell
surface may potentially affect binding of the TMs to the anti-MOG scFv, in the ELISA
approach (chapter 2.2.3.5) these influencing factors are subtracted, and the

unbiased antigen-antibody binding could be determined.

In order to test that the extracellular MOG domain of the novel UniCAR and
RevCAR TMs can be bound by anti-MOG Abs, ELISA plates were coated with the
murine anti-MOG mAb 8.18 C5 and subsequently incubated with the respective
TMs. At the same time, the dissociation constant (Kp) was calculated by applying
the TMs in increasing concentrations. Results in Figure 3-6 show that the
monovalent MOG-E5B9 TM has a Kp of ~ 17 nM. For both the MOG-E5B9-MOG TM
and the MOG-5B9 RevTM a dissociation constant of ~ 2 nM could be determined.
Compared to the Kp of the bivalent MOG-E5B9-MOG TM and the monovalent
RevTM MOG-5B9 the dissociation constant of the monovalent TM MOG-E5B9 is
8.5 times higher. Overall, ELISA data confirm the selected extracellular MOG
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domain of all TMs can specifically interact with an anti-MOG mAb which is an

important pre-requisite for their functionality in the UniCAR and RevCAR system.

-~ TMMOG-E5B9
100+ Ky = 17.38 nM
= 80- -=~ TMMOG-E5B9-MOG
5 Kp =2.34nM
S 601 '~ RevTM MOG-5B9
S 404 Kp =2.6 nM
=
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Figure 3-6 Binding affinities of MOG TMs determined by ELISA. After
immobilizing the anti-MOG mAb 8.18-C5 onto the surface of a 96 well microtiter
plate, increasing concentrations of the TMs were applied. Bound TM was detected
via the C-terminal 6xHis tag and an anti-His-HRP-coupled mAb. Mean and standard
deviation (SD) of optical density (OD) measured at 450 nm and 570 nm as
reference, respectively. Doublet measurements for one representative experiment
are shown.

3.3.2 Determination of binding affinity between anti-MOG receptor-

expressing cell lines and MOG target modules with flow cytometry

To verify binding of the TMs to HEK"*¢ scFv MOG and NaMalWa‘+c scFv MOG cells
(chapter 2.2.2.5), target cells were first incubated with the respective MOG TM.
Before applying the TM to NaMalWa‘'c scFv MOG cells, cells were incubated with
Fc receptor blocking solution (FcR blocking, Miltenyi Biotec) diluted 1:3 in 1x PBS to
block unspecific binding of detection Abs to Fc receptors expressed on the surface
of B cell-derived NaMalWa cells. Following incubation with the respective MOG TM,
a secondary Ab was applied to the cells. This secondary Ab was either conjugated
with a fluorochrome or unconjugated. UniCAR TMs MOG-E5B9 and MOG-E5B9-
MOG were stained with the unconjugated anti-La(5B9) mAb followed by a PE-
conjugated anti-mouse 1gG (Fcy) mAb. Binding of the RevCAR TM MOG-5B9 could
only be detected by incubation with a PE-conjugated mouse anti-His Ab because
the RevTM is lacking the epitope ES5B9. Stained cells were measured by flow
cytometry and data analyzed with the MACSQuant® Software (chapter 2.2.2.5.2).
Results are shown as histograms in Figure 3-7. All TMs bound to HEK"*¢ scFv MOG
cells (Figure 3-7, left panel) with a high percentage: 86 % stained with RevTM
MOG-5B9 (green graph), 88 % incubated with TM MOG-E5B9-MOG (purple graph)

s
76




3 Results

and 91 % that were stained with TM MOG-E5B9 (blue graph). Further, detection of
the UniCAR TMs via the E5B9 tag confirmed that the E5B9 tag was accessible for
the anti-La(5B9) mAb. The accessibility of the E5B9 domain is an important pre-
requisite for the binding of UniCAR T cells in cytotoxicity assays. In contrast, binding
of TMs to NaMalWa‘tc scFv MOG cells (Figure 3-7, right panel) could only be
detected for RevTM MOG-5B9 to a low extent (21 %) which was detected using an
anti-His-PE mAb. Based on these results, it may be concluded that the accessibility
of the scFv MOG receptors differs with respect to the cell line. This might be due to
extracellular membrane-bound molecules influencing the accessibility of the
scFv MOG receptors. Another reason might be a difference in the number of
scFv MOG receptors on the surface of the target cells. Therefore, receptor density
(chapter 2.2.2.5.3) on HEK"¢ scFv MOG and NaMalWa‘'¢ scFv MOG cells was

examined in the next step.

HEK'*c scFv MOG NaMalWa'v scFv MOG

PE-coupledmAb
TM MOG-E5B9
T™ MOG-E5B9-MOG

Cell number
(normalized)

RevTM MOG-5B9

Median 4.24
0%

Median 2.25
91.2%

—
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Figure 3-7 Binding of MOG TMs to scFv MOG-transduced cell lines. HEK"-¢
scFv MOG and NaMalWaltvc scFv MOG cells were incubated with UniCAR TMs
MOG-E5B9, MOG-E5B9-MOG or RevTM MOG-5B9 to verify the binding of MOG
TMs to recombinant anti-MOG scFv receptors on the cell surface. UniCAR TMs
were detected with the secondary mAb anti-La(5B9) and a Phycoerythrin (PE)-
coupled tertiary anti-mouse IgG (Fcy) mAb while RevTM MOG-5B9 was detected
with the secondary anti-His-PE mAb. Median of fluorescence intensity and
percentage of positively stained cells is displayed for each cell line.

For quantification of anti-MOG scFv receptors on HEK“°¢ scFv MOG and
NaMalWwa'v scFv MOG target cell lines (Figure 3-8) the QIFIKIT® was used.
Respective cells were stained with the anti-La(7B6) mAb followed by a PE-
conjugated secondary anti-mouse IgG (Fcy) mAb to detect the E-tag of the
scFv MOG receptor which is expressed C terminally to the scFv MOG on the cell

surface. By calculating the calibration curve from the median fluorescence intensity
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(MFI) values of the different bead populations, the number of receptors on the cells
were quantified. In Figure 3-8 B histograms of both HEK'* scFv MOG and
NaMalWa‘v scFv MOG cell lines after staining with anti-La(7B6) mAb and anti-
mouse IgG (Fcy)-PE mAb are displayed. As negative control, cells were stained with
an appropriate isotype control and the secondary anti-mouse IgG (Fcy)-PE mAb
(red graph). As shown in Figure 3-8 C, receptor density of target cells clearly differs
between both target cell lines. HEK ¢ scFv MOG cells express 8292 anti-MOG scFv
receptors per cell while NaMalWattc scFv MOG cells carry just an eighth of the anti-
MOG scFv receptors on the cells surfaces (1172 anti-MOG scFv receptors). The
percentage of E7B6-tagged anti-MOG scFv receptor-positive HEK-¢ scFv MOG
cells is comparable to the percentage of cells that can bind the novel MOG TMs
(Figure 3-7). NaMalWat'c scFv MOG cells bound 85 % of the anti-La(7B6) mAb
compared to 21 % of the RevTM MOG-5B9 and even no binding was measured for
UniCAR TMs MOG-E5B9 and MOG-E5B9-MOG. The low receptor density on
NaMalWa‘vc scFv MOG cells might explain this discrepancy.
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Figure 3-8 Determination of scFv MOG receptor density on target cells. The
number of scFv MOG molecules on the surface of the target cell lines was
determined via indirect fluorescent staining and QIFIKIT®. HEK-*c scFv MOG and
NaMalwa‘« scFv MOG cells were first incubated with anti-La(7B6) mAb directed
against the E7B6 tag of the anti-MOG scFv receptors. In addition, an isotype control
was used. Detection of the primary anti-La(7B6) mAb was accomplished with a PE-
conjugated secondary anti-mouse 1gG (Fcy) mAb. (A) Receptor density per cell was
calculated from the calibration curve derived from calibration beads of the QIFIKIT®.
(B) Histograms of target cell lines after immunofluorescent staining. The blue curves
display staining with anti-La(7B6) mAb and the red curves the isotype control. The
percentage of cells positively stained with anti-La(7B6) Abs as well as the median
fluorescence intensity are shown for each cell line. (C) Number of anti-MOG scFv
receptors per cell is shown in the bar diagram for HEK-¢ scFv MOG cells and
NaMalwWa‘v scFv MOG cells.

To evaluate binding affinities of the three TMs, indirect immunofluorescence staining
of the target cell lines HEK-scFv MOG and NaMalWat' scFv MOG with
increasing concentrations of the respective TM was performed (Figure 3-9).
UniCAR TMs and RevTM were detected with the anti-His-PE secondary mAb to
determine dissociation constants. The calculated Kp values for TM binding on
HEK'c scFv MOG cells (Figure 3-9 A) show that the monovalent UniCAR TM
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MOG-E5B9 has a lower affinity than the bivalent MOG-E5B9-MOG UniCAR TM
while the monovalent RevTM MOG-5B9 bound with the highest affinity.

Since UniCAR TMs did not show any binding to NaMalWa'« scFv MOG cells, the
Kb value could only be determined for the RevTM MOG-5B9 (Figure 3-9 B).

Data from flow cytometry analysis of HEK-*¢ scFv MOG cells revealed higher
dissociation constants for all TMs in comparison to Kp values determined by ELISA.
In general, the monovalent RevTM MOG-5B9 and the bivalent UniCAR TM MOG-
E5B9-MOG bound with a comparable affinity to anti-MOG Abs or scFv MOG
receptors while the monovalent UniCAR TM MOG-E5B9 showed a lower binding
affinity to both anti-MOG Abs and the scFv MOG receptors on target cell.

A HEKt«e scFv MOG
1004 --- TMMOG-E5B9

T Kp = 56.64 nM
= 807 = TM MOG-E5B9-MOG
= o- Ko = 19.91 nM
Q@
2 —— RevTM MOG-5B9
= 40+ Ko =10.4 nM

204

0 L] L] ] 1
1 10 100 1000 10000
TM concentration [nM]
B NaMalWatu scFvy MOG
1004 —— RevTM MOG-5B9

= Ky =5.19nM
= 804
=
S 60-
2
T 40-
g

204

0 1] 1 1
1 10 100 1000

TM concentration [nM]

Figure 3-9 Binding affinity of MOG TMs to target cells. Cells were incubated with
increasing concentration of respective TM to determine the dissociation constant
(Kp). TMs were detected using a fluorochrome-conjugated anti-His mAb. (A) Kp for
all three TMs was calculated from HEK"<° scFv MOG cell staining while a Kp on
NaMalwa‘«c scFv MOG cells could only be detected for RevTM MOG-5B9 (B).
Mean of relative median fluorescence intensity (MFI) and standard deviation (SD) of
three separate experiments are shown.
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3.4 Generation of human CAR-expressing T cells and binding of MOG

target modules

For the generation of CAR-engrafted effector T cells, primary human T cells were
extracted from whole blood or buffy coat samples (chapter 2.2.2.7, 2.2.2.8),
activated (chapter 2.2.2.9) and transduced with the respective CAR construct
(chapter 2.2.2.10). After demonstrating the binding capability of the novel MOG TMs
to anti-MOG scFv-expressing target cells, binding studies were performed to
analyze whether either UniCAR or RevCAR T cells can bind the novel MOG TMs
since recognition of the appropriate TM is an important pre-requisite for functionality

of the adaptor CAR system and efficient target cell lysis.

3.4.1.1 Genetic modification of human T cells for UniCAR expression

Comparable to second generation CARs, UniCARs contain the ECD, TMD and ISD.
In detail, the UniCAR (Figure 3-10 A) is composed of the variable domain of the L
and H chain of the anti-La(5B9) mAb (scFv 5B9) in V-V orientation as extracellular
part. The scFv 5B9 recognizes the E5B9, a 10 AA peptide epitope sequence of the
nuclear human La/SS-B protein that is part of UniCAR TMs. The E-tag E7B6 is
connected with the scFv 5B9 and is used to validate surface expression of the
UniCAR following transduction. In addition, the UniCAR contains the ECD, TMD and
ISD derived from the human costimulatory CD28 protein (aa 20-220; CD28
ECD/TMD) and the ISD of the CD3¢ chain comprising three ITAMs. The SP derived
from the murine Igk light chain facilitates expression of the construct on the T cell
surface. The T2A site mediates bicistronical expression of EGFP which serves as a
reporter protein for successful transduction and expression (Figure 3-10 B). The
UniCAR construct was cloned into the eukaryotic expression vector p6NST60

driven by the SFFV promoter.

In order to detect whether lentiviral transduction per se has any influence on
cytotoxic effector mechanisms of T cells, ‘Vector control’ T cells were generated by
transduction with an p6NST60 vector encoding only the EGFP marker protein. As
second control, T cells were modified to express the UniCAR Stop construct lacking
intracellular signalling domains. The UniCAR Stop construct can bind the TM via its
scFv 5B9 but the T cell is functionally inert since no activation signal can

transmitted.

In Figure 3-10 the transduction with UniCAR constructs of one representative T cell

donor is displayed and evaluated according to the intracellular EGFP signal. Since
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the EGFP signal is translated separately from the UniCAR sequence, it is not
sufficient to deduce on the UniCAR expression from detection of EGFP alone. For

that reason, additional staining of the UniCAR scFv 5B9 was done (Figure 3-11).
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Figure 3-10 Lentiviral transduction of human T cells with UniCAR constructs.
(A) Schematic representation of UniCAR Stop and UniCAR 28/C construct. Both
constructs contain the scFv 5B9 in Vu-V. orientation joined by a flexible (G4S)s linker
for TM binding. The E-tag is fused C-terminally to the scFv 5B9 for detection of the
UniCAR. The UniCAR Stop construct contains the CD28 extracellular and
transmembrane domains (ECD/TMD) without the intracellular signaling domain
(ISD) while the UniCAR 28/C is equipped with the ECD, TMD and ISD of CD28 and
signaling domain of CD3¢ comprising three ITAM motifs. Both constructs contain the
2pA peptide sequence of the Thosea asigna virus (TAV) (T2A). (B) EGFP
expression of human T cells after lentiviral transduction with the respective UniCAR
construct are shown in the lower right quadrant of each dot plot obtained from flow
cytometry measurements. Numbers indicate percentages of positive cells in each
gate of the dot plot. Unmodified wild type T cells are EGFP-negative. Vector control:
p6NST60 vector encoding for EGFP.
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Validation of expression of the UniCAR construct on transduced T cells was done by
indirect immunofluorescent staining (chapter 2.2.2.5.2). Therefore, T cells were
stained with the anti-La(7B6) mAb detecting the E-tag in the extracellular portion of
the UniCAR construct and the secondary anti-mouse IgG (Fcy)-PE mAb.
Alternatively, transduced T cells were stained with the UniCAR TMs MOG-E5B9 and
MOG-E5B9-MOG, followed by a secondary anti-La(5B9) mAb and a PE-coupled
anti-mouse IgG (Fcy) mAb. Results are displayed in Figure 3-11. Anti-La(7B6) and
TMs recognized the UniCAR to a similar extent (55 — 58 %), confirming the cell

surface expression on transduced T cells and binding capability of UniCARs.

anti-La(7B6) MOG-E5B9 T™M MOG-E5B9-MOG TM
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Figure 3-11 Detection of UniCAR on human T cells. Indirect immunofluorescence
staining of transduced human UniCAR T cells. Cells were stained with either anti-
La(7B6) and secondary anti-mouse IgG (Fcy)-Phycoerythrin (PE) mAb to detect
UniCAR expression via its E-tag (E7B6). Alternatively, MOG TMs MOG-E5B9 or
MOG-E5B9-MOG were used for staining followed by the secondary anti-La(5B9)
mAb and tertiary anti-mouse 1gG (Fcy)-PE mAb to confirm correct expression of
UniCARs and binding capability of the UniCAR scFv 5B9 to the novel UniCAR MOG
TMs. Dot plots obtained from flow cytometry measurements show percentage of
positively stained cells per quadrant.

3.4.1.2 Genetic modification of human T cells for RevCAR expression

The RevCAR sequence (Figure 3-12 A) was cloned into the p6NST70 vector under
the control of the elongation factor-1 alpha (EF-1a) promoter. Aside from the vector,
the SP and the extracellular binding domain, the RevCAR design resembles the
composition of the UniCAR as described previously. N-terminally, the RevCAR
contains the SP derived from the human IL-2 followed by the peptide epitope ESB9,
the ECD/TMD including the ISD of the human CD28 molecule and the ISD of CD3¢
as well as the T2A ribosomal skipping site joined to the EGFP reporter gene. The
RevCAR Stop control is lacking the ISD. Percentages of EGFP expression following
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transduction of human T cells with the according construct are displayed in Figure
3-12 B.
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Figure 3-12 Lentiviral transduction of human T cells with RevCAR constructs.
(A) Schematic representation of RevCAR Stop and RevCAR 28/¢ constructs. Both
constructs contain the E5B9 epitope for RevTM binding followed by a flexible (G4S);
linker. The Stop construct contains the CD28 extracellular and transmembrane
domains (ECD/TMD) without the intracellular signaling domain (ISD) while the
RevCAR 28/C is equipped with the ECD, TMD and ISD of CD28 and signaling
domain of CD3( comprising three ITAM motifs. Both constructs contain the 2pA
peptide sequence of the Thosea asigna virus (TAV) (T2A). (B) EGFP expression of
human T cells after lentiviral transduction with the respective RevCAR construct are
shown in the lower right quadrant of each dot plot obtained from flow cytometry
measurements. Numbers indicate percentages of positive cells in each gate of the
dot plot. Unmodified wild type T cells are EGFP-negative. Vector control: p6NST70
vector encoding for EGFP.

Unlike the UniCAR sequence, the RevCAR construct does not include an E-tag for
detection of RevCAR expression. Therefore, expression of the E5B9 peptide was
confirmed by indirect immunofluorescent staining with the mAb anti-La(5B9) and the
anti-mouse 1gG (Fcy)-PE secondary mAb resulting in ~ 87 % E5B9* cells (Figure
3-13). Furthermore, binding capability of RevTM MOG-5B9 to the RevCAR on
modified T cells was tested by using a PE-conjugated anti-His Ab. RevTM MOG-
5B9 bound to 94 % of the RevCAR-expressing T cells. Confirming the accessibility
of the extracellular binding domain E5B9 with the RevTM MOG-5B9 was an

important pre-requisite for subsequent functional studies.
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Figure 3-13 Detection of RevCAR on human modified T cells. Indirect
immunofluorescent staining of transduced human RevCAR T cells. Cells were
stained with either anti-La(5B9) mAb a fluorochrome-conjugated secondary anti-
mouse IgG (Fcy)-Phycoerythrin (PE) mAb to detect the E5B9 peptide epitope.
Alternatively, RevTM MOG-5B9 and a PE-conjugated secondary anti-His mAb were
used for staining to confirm correct expression and binding capability of the RevCAR
E5B9 to the novel RevTM MOG-5B9. Dot blots obtained from flow cytometry
measurements show percentage of positively stained cells per quadrant.

Following verification of binding of the MOG TMs to target cells and genetically
modified T cells, the next step was to analyze functionality of the TMs with regard to
CAR T cell-mediated cytotoxicity. The TM is a bispecific adapter molecule which
mediates crosslinkage of UniCAR/ RevCAR T cells with target cells resulting in

activation of the adaptor CAR T cells and subsequent lysis of the target cells.

3.5 Redirection of UniCAR T cells in vitro

UniCAR-engrafted T cells in combination with their respective TMs (MOG-E5B9 TM,
MOG-E5B9-MOG TM) were redirected against target cell lines HEK-*c scFv MOG
and examined with respect to upregulation of activation marker CD69 on activated
UniCAR T cells (chapter 3.5.1), secretion of cytokines (chapter 3.5.2). Further, the
cytotoxic potential of redirected UniCAR T cells depending on time (chapter 3.5.3.1)
and concentration of the TMs (chapter 3.5.3.2) was investigated in the following

chapters.

3.5.1 Activation of redirected UniCAR T cells

Successful treatment of patients with the UniCAR T cell approach requires the
activation of the UniCAR T cells upon their crosslinkage with target cells via the
respective TM. Therefore, the activation status, mirrored by the upregulation of

CD69, of the UniCAR T cells was examined. After co-cultivation with
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HEK < scFv MOG target cells and TMs, CD69 expression on UniCAR T cells was
determined by staining with a fluorochrome-conjugated anti-CD69 mAb and flow
cytometry. As negative controls, Vector and UniCAR Stop controls were co-

cultivated under the same conditions as UniCAR 28/ T cells.

CD69 expression of Vector control, UniCAR Stop and UniCAR 28/ T cells after
48 hours under different conditions is illustrated in Figure 3-14. Results from three
independent donors are presented. Most importantly, a significant increase of CD69
expression was observed when UniCAR 28/C T cells were incubated together with
HEK ¢ scFv MOG cells and one of the UniCAR TMs. Thereby, the percentage of
CD69 on activated UniCAR 28/ T cells is similar for both UniCAR TMs. Compared
to Vector and UniCAR Stop controls, basic activation of UniCAR 28/ T cells without
HEK:c scFv MOG cells and/ or TMs was twice as high but not statistically
significant.

48 h
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309 ¢ vector control Tk
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Figure 3-14 Expression of CD69 on genetically modified T cells co-cultured
with HEK'*¢ scFv MOG target cells and UniCAR TMs. Incubation of genetically
modified T cells with (+) or without (-) HEK!'¢ scFv MOG target cells was executed
for 48 hours at an e:t ratio of 5:1 and 50 nM of TM MOG-E5B9 or MOG-E5B9-MOG
for three individual donors in vitro. Subsequently, T cells were labeled with a
fluorochrome-conjugated mAb against CD69 and measured at the MACSQuant®
analyzer. The mean (horizontal line) + standard deviation (SD) from all donors
(diamond) are displayed. Two-way ANOVA with Bonferroni post-test, significance vs.
control T cells (Vector control, UniCAR Stop) with (+) or without (-) respective TM,
and vs. UniCAR 28/C without UniCAR TM.
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3.56.2 Cytokine profile of redirected UniCAR T cells

The secretion of various cytokines by activated T cells plays a major role in the
immune response against malignant cells and is contributing to the activation of
other immune cells. To further characterize the MOG-based UniCAR system,
cytokine release of UniCAR 28/ T cells in the presence or absence of UniCAR TMs
and HEK!M¢ scFv MOG target cells was examined. To estimate cytokine release
from redirected UniCAR 28/C T cells, supernatants from co-cultivation assays were
analyzed using the bead based MACSPlex Cytokine 12 Kit, human (chapter
2.2.4.3.1). Co-cultures were performed with UniCAR T cells from three independent
donors. Among all possible cytokines (GM-CSF, IFN-a, IFN-y, TNF-q, IL-2, IL-4, IL-
5, IL-6, IL-9, IL-10, IL-12 und IL-17A), only small concentrations of proinflammatory
cytokines TNF-a, IFN-y and GM-CSF could be detected in co-culture supernatants
(Figure 3-15). Upon cross-linkage of UniCAR 28/C T cells with HEK-¢ scFv MOG
target cells via the monovalent TM MOG-ES5B9, only GM-CSF levels were slightly
elevated compared to the negative controls for two of three donors. Secretion of
TNF-a and IFN-y was not or only slightly increased. In contrast, in the presence of
bivalent TM MOG-E5B9-MOG, redirected UniCAR 28/ T cells were not stimulated

for cytokine secretion.

In summary, both UniCAR MOG TMs specifically activated UniCAR T cells upon
their crosslinkage with scFv MOG-positive target cells. However, a notable increase
of proinflammatory cytokines following co-cultivation experiments was not detectable
for any of the UniCAR TMs.
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Figure 3-15 Cytokine profile of UniCAR 28/ T cells after co-cultivation with
HEK"“¢ scFv MOG cells and UniCAR TMs. UniCAR 28/ T cells were co-cultured
with (+) or without (-) HEK-*¢ scFv MOG target cells and 50 nM of MOG-E5B9 TM or
MOG-E5B9-MOG TM for 48 hours at an e:t ratio of 5:1. Supernatants from three
individual donors were analyzed with the MACSQuant Cytokine 12 Kit, human.
Results show mean cytokine concentration (horizontal line) of tumor necrosis factor
alpha (TNF-a), granulocyte-macrophage colony-stimulating factor (GM-CSF) and
interferon gamma (IFN-y) for three individual donors.
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3.5.3 Elimination of scFv MOG-positive target cells by UniCAR T cells

3.56.3.1 Time-dependent retargeting of scFv MOG-positive target cells by
UniCAR T cells

Following evaluation of activation and cytokine secretion by TM-redirected
UniCAR T cells, it was examined whether the well-established UniCAR approach
can be used to kill anti-MOG scFv-positive target cells for possible future therapies
of AlDs. TM-mediated lysis of HEK'*¢ scFv MOG and NaMalWa‘'c scFv MOG cell
lines was investigated using the monovalent MOG-E5B9 TM as well as the bivalent
MOG-E5B9-MOG TM in a luciferase-based assay system (chapter 2.2.4.2).

Target cells were incubated together with 50 nM of the respective UniCAR TM and
UniCAR T cells or respective controls at an e:t ratio of 5:1. Measurements were
executed after 8 hours and 24 hours in order to determine if the specific lysis of
target cells increases after a longer incubation period. In Figure 3-16, summarized
data from three different donors are displayed. In general, results show that
UniCAR 28/C T cells killed HEK-c scFv MOG target cells in the presence of UniCAR
TMs to a significantly higher extent than without TM presence after 8 hours
incubation (Figure 3-16 A). The bivalent TM MOG-E5B9-MOG (31.5 + 2.8 %)
mediated a lower lysis compared to the monovalent TM MOG-E5B9 (42.6 + 4.1 %)
but lysis was still significant in comparison to the lysis of UniCAR 28/ T cells without
TM (7.6 £ 1.7 %) or controls. Vector control and UniCAR Stop T cells did not lyse

target cells independent of the presence or absence of TMs.

Extension of incubation time to 24 hours (Figure 3-16 B) resulted in TM-mediated
specific lysis of HEKt¢ scFv MOG cells of 74.1 £+ 11.8 % when the monovalent
MOG-E5B9 TM was used and 57.9 = 13.1 % with the bivalent MOG-E5B9-MOG
TM. But also background lysis of target cells via UniCAR 28/ T cells alone or

control T cells (+/- TM) increased up to 34 %.

89



3 Results

- ***%(1,4,5),
A 1004, B 1009, ey
o P @, @
80 E wio TM 804 **(1'3‘4'&
X g0 B 500 TM MOG-E5BY T 6ol
= E= 50 nM TM MOG-ESB9-MOG  xrnx =
o . 7
W wn
40_ KEKKK 40_ 2
ke a 3 4 6
20- 20- I;[_Ih |'.|:| 5 |
0- 0
Vector control UniCAR Stop  UniCAR 28/Z Vector control  UniCAR Stop  UniCAR 28/2

Figure 3-16 Cytotoxic activity of UniCAR T cells in combination with UniCAR
TMs and HEK"°® scFv MOG target cells after 8 hours and 24 hours of
incubation. In luciferase-based cytotoxicity assays, genetically modified T cells
(Vector control, UniCAR Stop, UniCAR 28/t) were incubated with HEK"“¢ scFv MOG
cells in the presence or absence (w/o) of 50 nM UniCAR TM MOG-E5B9 or 50 nM
TM MOG-E5B9-MOG at an e:t ratio of 5:1 for either 8 hours (A) or 24 hours (B).
Mean specific lysis and standard deviation (SD) are shown for three individual
donors (n=3). Two-way ANOVA with Bonferroni post-test, significance vs. control
T cells (Vector control (1-3), UniCAR Stop (4-6)) and vs. UniCAR 28/ w/o TM (7).

Although in binding studies of UniCAR TMs to NaMalWa'“c scFv MOG cells (chapter
3.3.2) no specific binding of the TMs to NaMalWat'¢ scFv MOG cells were detected,
the question was whether specific depletion of NaMalWat'¢ scFv MOG cells in
presence of UniCAR TMs was anyway possible. Therefore, NaMalWa'¢ scFv MOG
cells were incubated with UniCAR T cells and MOG TMs in the same way as
described for HEK"¢ scFv MOG cells. Here, incubation time had to be extended to
13 hours before any lysis was detectable. Results from one representative donor are
illustrated in Figure 3-17. As displayed in the bar diagram in Figure 3-17 A, after
13 hours, UniCAR 28/C T cells exhibited already a background lysis of 35 % when
incubated with NaMalWa''c scFv MOG cells in the absence of TMs. In the presence
of monovalent MOG-E5B9 TM or bivalent MOG-E5B9-MOG TM, lysis of target cells
was increased to 54.8 + 0.2 % and 47.7 £ 1.6 %, respectively. By subtracting the
background lysis (UniCAR 28/ T cells w/o TM) the normalized specific lysis was
19.5 % (monovalent MOG-E5B9 TM) and 12.4 % (bivalent MOG-E5B9-MOG TM).
Both Vector control and UniCAR Stop T cells did not induce any lysis at all, neither
with nor without TM. Results from 24 hours incubation experiment (Figure 3-17 B)
showed an increase in background lysis caused by the UniCAR 28/ T cells alone
(82.8 + 1.6 % w/o TM), but not by Vector control T cells. No significant increase in
lysis of NaMalWa‘«c scFv MOG target cells with MOG-E5B9 TM of 91.1 £ 0.4 %
(normalized: 8.3 %) and 87.1 + 0.8 % (normalized: 4.3 %) in combination with MOG-
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E5B9-MOG TM could be detected. Results show that a TM-mediated killing of
NaMalWa‘v scFv MOG target cells with UniCAR 28/ T cells is shadowed by a high
background lysis of the UniCAR 28/C construct.
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Figure 3-17 Cytotoxic activity of UniCAR T cells in combination with UniCAR
TMs and NaMalWa'“¢ scFv MOG cells after 13 and 24 hours of incubation.
UniCAR 28/ T cells were incubated with NaMalWa‘* scFv MOG cells in the
presence or absence (w/o) of 50 nM of UniCAR TM MOG-E5B9 or MOG-E5B9-
MOG at an e:t ratio of 5:1 for either 13 hours (A) or 24 hours (B). Vector control or
UniCAR Stop T cells were used as negative controls. Mean and SD of lysis are
shown for triplet measurement of one representative experiment (n=1).

3.5.3.2 Efficacy of UniCAR target modules

The killing efficacy of UniCAR 28/ T cells redirected against target cells depends on
the concentration of the TM. Consequently, the concentration ranges in which the
novel MOG TMs were able to engage UniCAR T cells for maximal target cell killing
had to be determined. To estimate the efficacy of UniCAR TMs, HEK'¢ scFv MOG
cells were incubated with UniCAR 28/ T cells and increasing concentrations of the
respective TM or without TM for 8 hours (Figure 3-18). Thereafter, the half-maximal
efficient lysis (ECso) value was calculated. Redirection of UniCAR 28/ T cells
against HEK"¢ scFv MOG cells in the presence of monovalent MOG-E5B9 TM
resulted in an ECso value of 5.44 nM while incubation with bivalent MOG-E5B9-
MOG TM lead to an ECso value of 0.13 nM. The results obtained from retargeting
experiments indicate that both TMs mediate a decrease in target cell number with
increasing TM concentration. However, the bivalent TM was more efficient with
respect to the amount of TM needed although the maximal specific lysis (MOG-
E5B9-MOG TM: 30.2 + 5 %) was slightly lower in comparison to the monovalent TM
(MOG-E5B9 TM: 34.1 + 7.5 %). Further, the plateau of maximal lysis was attained
between 30 and 75 nM (MOG-E5B9 TM) or 30 and 50 nM (MOG-E5B9-MOG TM).
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Figure 3-18 Cytotoxic activity of UniCAR T cells against HEK"“° scFv MOG
target cells incubated with increasing concentrations of UniCAR TMs.
UniCAR 28/C T cells were redirected against HEK-*c scFv MOG target cells at an e:t
ratio of 5:1 with increasing concentrations (0.05 nM to 300 nM) of the respective TM
or without TM and incubated for 8 hours. Different TM concentrations are plotted on
a logarithmic x-axis against the mean lysis + standard deviation (SD) in percent (%).
Calculation of the linear regression curve and the corresponding ECsp value for
three independent donors (n=3) was done using GraphPad Prism Software.

In conclusion, UniCAR T cells could be redirected against HEK'*c scFv MOG target
cells and exert their cytotoxic function in the presence of UniCAR TMs. However, no

TM-specific effects could be demonstrated for NaMalWa‘c scFv MOG target cells.

3.6 Redirection of RevCAR T cells in vitro

To learn whether RevCAR T cells can be more effectively redirected against anti-
MOG scFv-expressing target cells than UniCAR T cells, RevCAR T cells were
analyzed with respect to activation (chapter 3.6.1), cytokine release (chapter 3.6.2)

and killing potential (chapter 3.6.3).

3.6.1 Activation of redirected RevCAR T cells

Activation status of RevCAR T cells following co-cultivation experiments with target
cells and RevTM MOG-5B9 was analyzed by direct immunofluorescence staining of
the RevCAR T cells after 24 hours or 48 hours. As described already for the
UniCAR approach (chapter 3.5.1), Vector control and RevCAR Stop T cells were co-
cultivated under the same conditions as RevCAR 28/C T cells as negative controls.

Following incubation, CAR-modified T cells were stained with fluorochrome-
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conjugated mAb against the activation marker CD69 and measured at the flow

cytometer.

Significant increase of CDG69 expression (Figure 3-19) was detectable on
RevCAR 28/ T cells in the presence of HEK-*¢ scFv MOG cells and RevTM MOG-
5B9 in comparison to the negative controls. Unexpectedly, CD69 was already
significantly upregulated in the presence of ReviM MOG-5B9 w/o
HEK"c scFv MOG target cells. Unspecific background activation of RevCAR 28/ T

cells alone was very low and comparable to the negative controls.
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Figure 3-19 Expression of CD69 on RevCAR T cells co-cultured in vitro with
HEK'® scFv MOG target cells and RevIM MOG-5B9. Incubation of
RevCAR T cells with (+) or without (-) HEK"*¢ scFvMOG target cells was executed
for 48 hours at an e:t ratio of 5:1 with 1 nM of RevTM MOG-5B9 for three individual
donors in vitro. Subsequently, T cells were labeled with a fluorochrome-conjugated
mAb against CD69 and measured at the MACSQuant® cytometer. The mean
(horizontal line) + standard deviation (SD) from all donors (diamond) are displayed.
Two-way ANOVA with Bonferroni post-test, significance vs. controls (Vector control,
RevCAR Stop) with or without RevTM MOG-5B9 or target cells and vs.
RevCAR 28/¢ without RevTM MOG-5B9 or target cells.

Besides HEKMc scFv MOG cells, also NaMalWa'c scFv MOG cells were used as
target cells to analyze RevCAR T cell activation (Figure 3-20). In comparison to the
negative controls (two donors), CD69 expression is increased on RevCAR 28/
T cells (three donors) when incubated with target cells and RevTM MOG-5B9 at a
significant level. RevCAR 28/ T cells have slightly higher unspecific background

activation in the presence of only target cells without RevTM MOG-5B9. As seen
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before (Figure 3-19), notable CD69 upregulation was detected in the presence of

RevTM MOG-5B9 alone without target cells.
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Figure 3-20 Expression of CD69 on RevCAR T cells co-cultured in vitro with
NaMalWa'“c scFv MOG target cells and RevTM MOG-5B9. Incubation of RevCAR
T cells with (+) or without (-) target cells was executed for 24 hours at an e:t ratio of
5:1 with or w/o 1 nM of RevTM MOG-5B9 for three (RevCAR 28/C) or two (Vector
control, RevCAR Stop) individual donors in vitro. Subsequently, T cells were labeled
with a fluorochrome-conjugated mAb against CD69 and measured at the
MACSQuant® analyzer. The mean of each group (horizontal line) + standard
deviation (SD) from all donors (diamond) are displayed. Two-way ANOVA with
Bonferroni post-test, significance vs. controls (Vector control, RevCAR Stop with or
without RevTM MOG-5B9 or target cells and vs. RevCAR 28/ without RevTM
MOG-5B9 or target cells.

The results obtained from activation experiments further demonstrate a high inter-
donor variability. Upregulation of activation marker CD69 in the presence of RevTM
MOG-5B9 without target cells might result in unspecific cytokine release and

cytotoxic activity of RevCAR 28/C T cells against non-target cells. Thus, in a next
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step specificity of the MOG RevCAR system was analyzed with regard to cytokine
secretion.

3.6.2 Cytokine profile of redirected RevCAR T cells

Since T cell activation commonly results in cytokine production, it was analyzed
whether crosslinkage of RevCAR T cells with scFv MOG-presenting target cells via
RevTM MOG-5B9 induced cytokine secretion from redirected RevCAR 28/ T cells.
The procedure for quantification of cytokines was the same as described before
(chapter 3.5.2) for UniCAR T cells. From all possible cytokines (GM-CSF, IFN-q,
IFN-y, TNF-a, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 und IL-17A), mainly
proinflammatory cytokines TNF-a, IFN-y and GM-CSF as well as growth-promoting
cytokine IL-2 were detected at notable amounts in supernatants from co-cultures of
RevCAR 28/C T cells and HEK - scFv MOG target cells with 1 nM of RevTM MOG-
5B9 (Figure 3-21). Release of cytokines differed markedly between the individual
donors. Importantly, proinflammatory cytokines were not released when
RevCAR 28/C T cells were incubated with HEK''¢ scFv MOG target cells alone. Only
IL-2 was slightly increased in this case for one out of three donors. For only one
donor, IFN-y and GM-CSF were slightly increased when RevCAR 28/C T cells were
incubated with RevTM MOG-5B9 alone without target cells. However, production of
all cytokines displayed here clearly increased upon crosslinkage of
RevCAR 28/C T cells with scFv MOG-presenting target cells via RevTM MOG-5B9.
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Figure 3-21 Cytokine profile of RevCAR 28/ T cells after co-cultivation with
HEK"® scFv MOG cells and RevCAR TM. RevCAR 28/ T cells were co-cultured
with (+) or without (-) HEK"¢ scFv MOG target cells and 1 nM MOG-5B9 RevTM for
48 hours at an e:t ratio of 5:1. Supernatants from three individual donors were
analyzed with the MACSQuant Cytokine 12 Kit, human. Results show mean
cytokine concentration (horizontal line) of tumor necrosis factor alpha (TNF-a),
granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon gamma
(IFN-y) and interleukin 2 (IL-2) from three individual donors.
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In Figure 3-22, results from cytokine release after 24 hours of co-cultivation
experiments using NaMalWat¢ scFv MOG target cells in combination with
RevCAR 28/ T cells and RevTM MOG-5B9 for three independent donors are
displayed. Although for donors 1 and 3 TNF-a and/ or IL-2 were slightly more
secreted in the presence of either RevTM MOG-5B9 or target cells alone, in general,
proinflammatory cytokines and IL-2 were specifically increased for all donors when

both target cells and RevTM were present.

In conclusion, activation and cytokine secretion of RevCAR T cells redirected
against both HEK“*¢ scFv MOG and NaMalWa''c scFv MOG target cells in the
presence of RevTM MOG-5B9 was more pronounced than without RevTM. In
contrast to CD69 expression, cytokine secretion was not increased when

RevCAR T cells were incubated with RevTM alone.
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Figure 3-22 Cytokine profile of RevCAR 28/ T cells after co-cultivation with
NaMalWa'“c scFv MOG cells and RevTM MOG-5B9. RevCAR 28/ T cells were
co-cultured with (+) or without (-) NaMalWat'c scFv MOG target cells and 1 nM
MOG-5B9 RevTM for 24 hours at an e:t ratio of 5:1. Supernatants from three
individual donors were analyzed with the MACSQuant Cytokine 12 Kit, human.
Results show mean cytokine concentration (horizontal line) of tumor necrosis factor
alpha (TNF-a), granulocyte-macrophage colony-stimulating factor (GM-CSF),
interferon gamma (IFN-y) and interleukin 2 (IL-2) from three individual donors.
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3.6.3 Elimination of scFv MOG-positive target cells by RevCAR T cells

3.6.3.1 Time-dependent retargeting of scFv MOG-positive target cells using
RevCART cells

To determine if the specific lysis of scFv MOG-positive target cells can be obtained
with the novel RevCAR approach, RevTM-dependent redirection of RevCAR T cells
against HEKt¢ scFv MOG and NaMalWalt'¢ scFv MOG target cell lines was

investigated.

First, HEK-*c scFv MOG target cells were used for luciferase-based killing assays.
Comparison between different time points of measurement (8 hours and 24 hours) is
illustrated in Figure 3-23. Incubation of HEKMc scFv MOG cells with
RevCAR 28/C T cells in the presence of 1 nM of RevTM MOG-5B9 resulted in a
specific killing of 45 + 4.3 % after 8 hours of incubation (Figure 3-23 A). In contrast,
only minor background lysis was detected w/o RevTM MOG-5B9 (8.3 £ 3 %) or with
Vector control or RevCAR Stop T cells. When incubation time was extended to
24 hours (Figure 3-23 B), RevTM-mediated lysis of target cells almost doubled
(78.2 £ 14.8 %). However, unspecific lysis by RevCAR 28/ T cells also increased
threefold (27.4 + 13.4 %) while killing mediated by control groups was still negligible.
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Figure 3-23 Cytotoxic activity of RevCAR T cells in combination with RevTM
and HEK"° scFv MOG cells after 8 hours and 24 hours of incubation. In a
luciferase-based cytotoxicity assay, genetically modified T cells (Vector control,
RevCAR Stop, RevCAR 28/C) were incubated with HEK-*¢ scFv MOG cells in the
presence or absence (w/o) of RevTM MOG-5B9 at an e:t ratio of 5:1 for either
8 hours (A) or 24 hours (B). Mean and standard deviation (SD) are shown for three
individual donors (n=3). Two-way ANOVA with Bonferroni post-test, significance vs.
control T cells (Vector control (1-2), RevCAR Stop (3-4)) and vs. RevCAR 28/ w/o
T™ (5)).

In the next step, RevCAR 28/ T cells and RevTM MOG-5B9 were used to eliminate
NaMalWatvc scFv MOG cells in cytotoxicity assays. Comparable to the UniCAR

R
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approach, specific lysis was measured after 13 hours using the luciferase-based
cytotoxicity assay (Figure 3-24). As an improvement to the redirection of
UniCAR T cells against NaMalWat'c scFv MOG cells, it was possible to lyse target
cells in the presence of RevTM MOG-5B9 (50.2 + 1.6 %). Besides, only minimal
background lysis of RevCAR 28/C T cells (12.5 + 2.9 %) was detected. Control
groups exhibited no lysis of NaMalWa‘'c scFv MOG cells.
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Figure 3-24 Cytotoxic activity of RevCAR T cells in combination with RevTM
and NaMalWa'*c scFv MOG cells after 13 hours of incubation using the
luciferase-based assay system. Genetically modified T cells (Vector control,
RevCAR Stop, RevCAR 28/C) were incubated with NaMalWa'c scFv MOG cells in
the presence or absence (w/o) of RevTM MOG-5B9 at an e:t ratio of 5:1 for 13 h.
Mean specific lysis and standard deviation (SD) of three individual donors are shown
(n=3). Two-way ANOVA with Bonferroni post-test, significance vs. Vector control and
RevCAR Stop T cells and vs. RevCAR 28/C w/o TM.

However, the luciferase-based assay system was not suitable for detection of
specific lysis after 24 hours because RevCAR 28/ T cells mediated high unspecific
lysis without RevTM MOG-5B9 that was overlapping with TM-mediated specific lysis
of NaMalwat¢ scFv MOG cells (data not shown) as seen before with
UniCAR T cells. To circumvent this problem, NaMalWa‘*c scFv MOG target cells
were identified with a fluorescently labeled mAb against the B cell marker CD19
after 24 hours of co-cultivation with genetically modified T cells (Vector control,
RevCAR Stop, RevCAR 28/¢) in the presence or absence of RevTM MOG-5B9, and
measured with the MACSQuant® analyzer (Figure 3-25). Although the method is
different from the luciferase-based assay system with respect to measured
parameters (luciferase signal of living cells vs. CD19-positive cells), by using the
flow cytometry-based approach it was possible to discriminate between specific and
unspecific lysis of NaMalWalc scFv MOG target cells. RevCAR 28/ T cells
mediated a killing of target cells of 75 £ 7.9 % in the presence of RevTM MOG-5B9.
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However, a background lysis of 30.3 £ 16.4 % was detected when target cells were
incubated with RevCAR 28/ T cells without RevTM. After 24 hours, Vector control
and RevCAR Stop T cells exhibited a background lysis of 10 to 20 %.
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Figure 3-25 Cytotoxic activity of RevCAR T cells in combination with RevTM
and NaMalWal“c scFv MOG cells after 24 hours of incubation using flow
cytometry. Genetically modified T cells (Vector control, RevCAR Stop,
RevCAR 28/C) were incubated with NaMalWatvc scFv MOG cells in the presence or
absence (w/o) of RevTM MOG-5B9 at an e:t ratio of 5:1 for 24 hours. Specific lysis
was determined by direct immunofluorescence and flow cytometry. Mean and
standard deviation (SD) are shown for four individual donors (n=4). Two-way
ANOVA with Bonferroni post-test, significance vs. control T cells (Vector control (1-
2), RevCAR Stop (3-4)) and RevCAR 28/¢ w/o TM (5).

3.6.3.2 Efficacy of RevCAR target module

Half-maximal effective concentration (ECso) of the RevTM MOG-5B9 in combination
with RevCAR 28/C T cells and scFv MOG-transduced target cells was evaluated and
analyzed as described for UniCAR T cells (chapter 3.5.3.2). HEK'*c scFv MOG cells
or NaMalWa‘c scFv MOG cells were incubated with RevCAR 28/ T cells and
increasing concentrations of the RevTM or without TM for 8 hours or 13 hours,
respectively. Results for both cell lines are shown in Figure 3-26. Redirecting
RevCAR 28/ T cells against HEK"¢ scFv MOG cells in the presence of RevTM
MOG-5B9 resulted in an ECso of 0.009 nM (Figure 3-26 A) with a plateau of lysis
between 0.5 nM and 1 nM. Determination of ECso of RevTM MOG-5B9 in the
presence of NaMalWa‘'c scFv MOG target cells yielded in a three-fold lower ECsg of
0.003 nM (Figure 3-26 B) compared to HEK"¢ scFv MOG cells. The highest
specific lysis was detectable between concentrations of 0.01 nM and 1 nM of
RevTM MOG-5B9.
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Figure 3-26 Cytotoxic activity of RevCAR T cells against scFv MOG" target
cells incubated with increasing concentrations of RevCAR TM. RevCAR 28/ T
cells were redirected against HEK'¢ scFv MOG (A) or NaMalWa‘« scFv MOG (B)
target cells at an e:t ratio of 5:1 with increasing concentrations (0.05 nM to 10 nM) of
RevTM MOG-5B9 or without RevTM MOG-5B9. HEK!''¢ scFv MOG or NaMalWa'vc
scFv MOG target cells were incubated with RevCAR 28/C T cells for 8 hours or
13 hours, respectively. Different RevTM concentrations are plotted on a logarithmic
x-axis against the mean specific lysis + standard deviation (SD) in percent (%).
Calculation of the linear regression curve and the corresponding ECso values for
three independent donors (n=3) was done using GraphPad Prism Software.

Summiarizing the gathered in vitro data, both UniCAR and RevCAR T cells could be
activated to kill scFv MOG-presenting target cells in a TM-dependent and -specific
manner. However, the RevCAR system was more effective and efficient with respect
to target cell killing and cytokine production than the UniCAR approach. At the same
time, the working concentration of RevTM MOG-5B9 for effective target cell
elimination was much lower compared to the UniCAR TMs. In addition, also
NaMalwa'« scFv MOG target cells could be killed with RevCAR T cells in a TM-

dependent manner.
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3.7 Investigation of RevCAR T cell-mediated cytotoxicity in vivo

Since the scFv MOG-specific RevCAR system showed superior target cell killing
efficacy compared to the UniCAR approach in vitro, the RevCAR system was
chosen to be functionally tested in experimental mice. In co-injection experiments
using xenograft mouse models, the luciferase signal of transplanted tumor cells was
measured. Luciferase-expressing HEK'¢ scFv MOG target cells were used because
they expressed a high luciferase signal which facilitated the measurement of tumor
cell killing. In addition, adherent HEK cells grew out better in xenotransplanted nude
mice than NaMalWa cells. Thus, in this xenotransplanted nude mouse model,
HEK ¢ scFv MOG target cells were co-injected together with RevCAR 28/C T cells
and RevTM MOG-5B9. The treatment group contained four NMRI-Foxn1™/™ mice,
each injected with 1x108 HEK'¢ scFv MOG cells, 0.5x108 RevCAR 28/ T cells
(e:tratio 1:2) and 10 ug RevTM MOG-5B9. Untreated controls were injected either
with  1x10® HEK'*¢ scFv MOG cells or 1x10® HEK* scFv MOG and
0.5x10 RevCAR 28/ T cells w/o RevTM MOG-5B9. Luciferase activity was
measured in all groups in parallel starting with a 0-hour measurement at the day of
the co-injection which was pursued until day two (49 hours). To measure the
bioluminescence, 200 pl D-Luciferin potassium salt solution (15 mg/ml) were
injected i.p. while animals were anesthetized. As shown in Figure 3-27,
quantitatively analyzed data showed a rapid decline of the luciferase signal in the
treatment group already 23 hours post injection. In contrast, the luciferase signal in
the control groups was stable at the same time point. After 49 hours, the luciferase

signal declined also in the control groups but not as much as in the treatment group.

Obtained data from co-injection experiments in mice showed that the
RevCAR 28/ T cells killed HEK"¢ scFv MOG cells in the presence of the RevTM

MOG-5B9 not only in vitro but also in vivo.
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Figure 3-27 Quantitative analysis of luminescence signal from co-injection
experiment with mice. Two control and one experimental group, each consisting of
four NMRI-Foxn1"/nt mice, were analyzed. All mice were injected with the
respective cells s.c. in the left thigh. The first control group received HEK" scFv
MOG cells. The mice of the second control group were injected with HEK-¢ scFv
MOG cells and RevCAR 28/ T cells at an e:t ratio of 1:2. Animals of the treatment
group received HEK-¢ scFv MOG cells, RevCAR 28/C T cells at an e:t ratio of 1:2
and RevTM MOG-5B9. 200 ul D-Luciferin potassium salt solution (15 mg/ml) was
injected i.p. before each measurement and incubated for 10 min before optical
imaging was performed at indicated time points. Mean and standard deviation (SD)
of obtained luminescence signal from four mice (n=4) of the control (black, grey) and
treatment group (blue) was quantitatively analyzed using Bruker MI and
Multispectral Software.
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4 Discussion

Based on the tremendous achievements from cancer immunotherapies including
mAb and CAR applications, the question was if similar approaches could be
adapted for the treatment of AIDs. Although the translation of mAb therapies in AIDs
was successful (chapter 1.4.1), treatment regimens are still unspecific with respect
to depletion of complete subsets of immune cells (e.g. CD20 on B cells, CD52 on T
and B cells), thereby impairing the functionality of the immune system. In some
cases, even life-threatening or debilitating side effects can occur upon mAb
immunotherapy (Serra and Santamaria, 2019). For instance, treatments with
Alemtuzumab (Steinman and Carlson, 2018) in MS can result in the development of
secondary AlDs, causing primarily thyroid autoimmunity like Grave’s disease or
hypothyroidism in one third of treated patients (Costelloe et al., 2012). Since
Alemtuzumab significantly reduces CD52* T and B cell populations already after a
single administration, severe effects are not reversible in the short term (Ziemssen
and Thomas, 2017). In other cases, disease exacerbation was reported upon
Rituximab treatment in patients suffering from MS or NMO SD (Benedetti et al.,
2007; Capobianco et al., 2007) that might be caused by the loss of regulatory B cells
in the course of anti-CD20 mAb treatment (Kinzel and Weber, 2016).

The novelty of the work presented here was that, for the first time, an antigen-
derived Ab-targeting TM was designed and successfully applied for the specific
elimination of auto-Ab expressing B cells in combination with modular adaptor
CART cells. MOG was chosen as model auto-antigen because its occurrence is
restricted to the CNS (Slavin et al., 1997), implying that MOG is not a subject to
central and peripheral tolerance induction in immune cell ontogenesis (Bruno et al.,
2002). Therefore, autoreactive immune cells are in a fully functional state in the
periphery since they are not anergized or inactivated (Zocher, 2002). Although the
existence of anti-MOG Abs in the CSF (Jarius et al., 2016) and plasma of patients
suffering from neuroinflammatory diseases (Peschl et al., 2017; Di Pauli and Berger,
2018; Wynford-Thomas et al., 2019) has been demonstrated, the contribution of
anti-MOG-positive B cells and anti-MOG Abs in disease exacerbation of EAE and
human neuroinflammatory diseases is controversially discussed and not fully
understood (Khare et al., 2018; Reindl and Waters, 2019). Eventually, the results
obtained in this thesis can contribute to build the basis for a future application of the

modular UniCAR and RevCAR T cell platforms in the treatment of AlDs with known
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B cell contribution and help to learn whether the CAR T cell approach might be

useful to effectively treat AlDs.

4.1 Structure and purification of MOG target modules

The MOG sequence used in all TMs is derived from the extracellular IgV-like portion
of the human MOG protein (Linnington et al., 1984) which is evidentially bound by
anti-MOG mAb 8.18 C5 (Breithaupt et al., 2003) and was also demonstrated to be
recognized by anti-MOG Abs in sera of patients suffering from different inflammatory
CNS diseases including MS, ADEM, chronic relapsing inflammatory optic neuritis
(CRION) and anti-aquaporin-4 (AQP4) negative patients (Mayer et al., 2013). In the
UniCAR TMs, the MOG portion is connected to the ES5B9 epitope by a G4S linker. A
second G4S linker connects the E5B9 epitope either with the C terminal 6xHis-tag
(monovalent UniCAR TM MOG-ES5B9) or a second extracellular MOG sequence
(bivalent UniCAR TM MOG-E5B9-MOG). The monovalent RevTM MOG-5B9 is
arranged in a similar fashion but contains the scFv 5B9 as binding moiety for the
RevCARs instead of the E5B9 tag recognized by UniCARs. Introduction of G4S
linker sequences between the single TM domains has been demonstrated to be of
major importance for expression and stability of the recombinant protein construct
(Pantoliano et al., 1991; Vdlkel et al., 2001). Glycine thereby mediates flexibility of
the linker and serine provides increased stability and hydrophilicity due to its polar
properties (Argos, 1990). Further, proper folding of the fusion proteins is mediated
by the G4S linker sequences (Chen et al., 2013).

With their small sizes of 25 — 55 kDa, MOG TMs should ideally be distributed in the
peripheral blood stream, lymph nodes and the CNS in order to target anti-MOG-
positive B cells and redirect UniCAR or RevCAR T cells to the appropriate sites. The
ability to relocate into the CNS of patients was demonstrated with the administration
of anti-CD19 CAR T cells against CNS leukemia (He et al., 2019). In combination
with a TM, a realistic chance exists to penetrate and resolve ectopic GCs in the CNS
in regions of active and persistent inflammation (Magliozzi et al., 2007; Mitsdoerffer
and Peters, 2016) by using CAR T cells. This would be a major advantage over
other therapies like anti-CD20 mAb treatment. Further, tracking of anti-
CD19 CAR T cell migration in experimental animals over longer periods showed that
they also infiltrated lymph nodes (Mulazzani et al., 2019). While anti-CD20 mAbs

could significantly reduce B cells in the peripheral blood, they failed to eliminate
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lymph node-residing B cells (Smith, 2003; Gelfand et al., 2017) and B cells in
ectopic GCs of MS patients (Gelfand et al., 2017).

4.2 Expression and purification of target modules

Stable expression of the TMs was realized by transduction of eukaryotic 3T3
(UniCAR TM MOG-E5B9, RevTM MOG-5B9) or CHO-K1 (UniCAR TM MOG-E5B9-
MOG) cells using a lentiviral transduction system resulting in integration of the TM
sequence in the host genome (Zufferey et al., 1998). In general, recombinant
proteins produced in eukaryotic cells are folded in their native structure when
secreted into the supernatant since eukaryotic cells exert processing, folding,
transport and secretion of proteins (Albert, 2017). In contrast, recombinant protein
production in E. coli results in unfolded recombinant proteins lacking any
glycosylation patterns or posttranslational modifications (Verma et al., 1998). MOG
requires the formation of a disulfide bridge between amino acid 177 and 198, a
characteristic feature of the IgV-like family, as well as N-glycosylation of Asn31
(Johns and Bernard, 1999). Since the correct folding of MOG and the scFv 5B9 of
the RevTM is of vital importance in order to bind the respective paratope on the anti-

MOG Ab, MOG TMs were expressed in a eukaryotic expression system.

Analyses by SDS-PAGE and Western blotting suggested that all TMs are of the
correct size and include the designed tags, concluding the TMs met all structural
requirements. Only monovalent MOG-E5B9 UniCAR TM appears as multiple bands
following SDS-PAGE on both the Coomassie gel and the Western blot membrane
following immunostaining. The existence of multiple bands could be due to aberrant
running of the recombinant protein during SDS-PAGE but it is also possible that this
is a result of glycosylation of the TM as described for recombinant Ab production in
different mammalian cell lines (Zhang et al., 2010) or an incomplete cleavage of the
SP.

4.3 Binding properties of MOG target modules

Beside the structure, posttranslational modification and biomolecular function,
kinetics of receptor-ligand interaction in the development of therapeutic drugs are
critical attributes and need to be examined in detail before a potential drug can
applied in patients (Wang et al., 2018). This is also relevant for the development of
CAR T cell immunotherapies since the affinity between the extracellular binding

moiety of the CAR to its target structure can have significant influence on the
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success of the therapy. Thus, the binding behavior of MOG TMs to their target

structures needed to be investigated.

Characterization of the binding properties of the designed TMs was an important
prerequisite for following redirection of CAR T cells to anti-MOG scFv-positive target
cells. Before the TMs were applied to anti-MOG scFv-expressing target cells,
binding to the mAb 8.18 C5 was demonstrated using an ELISA, which is an easy
and labor-saving method to validate if the designed TM constructs can bind to its
designated binding partner without any limiting effects like steric impediment or
competing structures found in cell-based binding studies (internal observations).
Additionally, a defined concentration of the mAb previously immobilized onto the
microtiter plate guarantees reliable results, whereas in cell-based assays, the
number of receptors on the cell surface can vary, potentially leading to altered
results obtained from each experiment. Besides, it was reported that mAb 8.18 C5
can only bind to conformational epitopes of MOG and not to MOG peptides.
Precisely, the mAb recognizes an 8 amino acid sequence (RDHSYQEE) at the tip of
the FG loop of folded MOG (Brehm et al., 1999; Breithaupt et al., 2003; Breithaupt et
al., 2008; Mayer et al., 2013). Hence, it was concluded that if the TMs can bind the
respective paratope on the mAb 8.18 C5, the MOG antigen structure in the TMs is
correctly folded and resembles the native structure of extracellular MOG in the

myelin sheath.

The equilibrium dissociation constants (Kp) were determined by incubation of serial
dilutions of TMs with mAb 8.18 C5 in an ELISA. While the Kp value of monovalent
MOG-E5B9 TM was ~ 17 nM, the Kp measured for bivalent MOG-E5B9-MOG and
RevTM MOG-5B9 was similar for both TMs with ~2 nM. Concluding from the
results, bivalent TM and RevTM exert a higher binding affinity for the mAb 8.18 C5
compared to monovalent TM. At least with respect to the bivalent TM MOG-E5B9-
MOG the lower Kp value is in concordance with previous findings: a comparative
study by Albert et al. (2018) described a 3-fold increase in binding affinity to EGFR-
positive cell lines for bivalent anti-EGFR UniCAR TMs compared to monovalent anti-
EGFR UniCAR TMs (Albert et al., 2018). However, if the increased affinity resulted
from a higher avidity, or if the bivalent anti-EGFR TM was able to bind faster to
another binding partner with its second binding domain following dissociation from
the first one could not be clarified in detail (Albert, 2017).

Results obtained from binding studies with MOG TMs on cell lines
HEKtve scFv MOG and NaMalWwatlvc scFv MOG revealed differences between the
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model cell lines with respect to TM binding. In principle, all constructed MOG TMs
were able to bind to the anti-MOG scFv receptors expressed on HEK:¢ scFv MOG
cells and all values were within a similar range of dissociation constants from
already published scFv-based antibodies, sdAbs (Nguyen et al., 2001) or
nanobodies (Albert et al., 2017). Kp determination of UniCAR and RevCAR TMs on
HEK < scFv MOG cells using flow cytometry demonstrated that the RevTM MOG-
5B9 exhibited the lowest Kp, bivalent MOG-E5B9-MOG TM a medium Kp and MOG-
E5B9 TM the highest value.

Variation in the Kp values obtained from the flow cytometry approach in comparison
to the ELISA can be explained with the difference in available binding arms of the
cognate receptor: while the mAb 8.18 C5 used for the ELISA has two binding
domains for MOG, the anti-MOG scFv expressed on the model cell lines contains
only one binding domain for MOG. Additionally, different scFv MOG receptor
densities on the two anti-MOG scFv model cell lines (HEKM¢ scFv MOG: ~ 8200
receptors; NaMalWat'¢ scFv MOG: ~ 1100 receptors) can account for variations

between the cell lines.

In terms of pharmacodynamics one can conclude that the monovalent TM MOG-
E5B9 with a high dissociation constant exhibits lower binding affinities towards the
anti-MOG mAb or scFv while the affinity was significantly enhanced (cell-based
assay: 3-fold, ELISA: 8.5-fold) by addition of a second MOG antigen (bivalent
UniCAR TM). However, the lowest dissociation constant was determined for the
monovalent RevTM MOG-5B9. The enhanced affinity compared to the monovalent
UniCAR TM could be explained with the different structure of the RevTM that
includes the scFv 5B9 and therefore, the accessibility of the MOG antigen domain,
for binding to the cognate receptor, or the scFv domain, that is bound by the
detection Ab, could be increased. Besides, dissociation constants from binding
studies using recombinant human MOG (hMOG) to bind the mAb 8.18 C5 in ELISAs
were comparable (2.4 nM) (Spadaro, 2017). Another possible explanation for the
similar Kp values of the bivalent UniCAR TM and the RevTM might be that the
RevTM forms dimers via its scFv 5B9 domain. Therefore, the RevTM could
resemble the bivalent TM format with a comparable affinity. In order to determine
whether a dimerization of the RevTM molecules takes place, a high performance

liquid chromatography (HPLC) with the TMs could help to clarify this issue.

For optimal efficacy of CAR T cell approach, binding affinities between TM and
either target cell or UniCAR/ RevCAR should be balanced out properly. A strong
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binding affinity between antigen and Ab is not necessarily beneficial in terms of
redirecting CAR T cells to target cells because CAR T cells could stick to the
attacked target cell and therefore, CAR T cells would be unable to proceed lysis of
other target cells and therefore prevent the serial killing effect of CAR T cells. On the
other hand, interaction between the CAR-modified T cell and target cell must be
sufficiently strong to keep cell contact long enough to accumulate enough activation
signals in the CAR T cell to induce complete activation of the CAR T cell. Another
point to consider is the risk of TM binding to healthy tissue, as it is described for TMs
directed against TAAs (Albert et al., 2017; Mitwasi et al., 2017). However, this non-
specific effect can be ruled out since the TM is based on an antigen that only binds
to Abs which are either bound to a B cell or exist as soluble molecules in blood and

tissue fluids.

4.4 In vitro cytotoxic potential of UniCAR and RevCAR T cells
redirected by MOG target modules

441 Target module-specific redirection of UniCAR T cells to scFv MOG-

expressing target cells

Activation profiles of UniCAR 28/ T cells were determined via CD69 expression,
secretion of cytokines and cytotoxic potential. Results from activation staining after
co-cultivation with HEK"'¢ scFv MOG cells demonstrated a significant activation of
UniCAR 28/C T cells in the presence of HEK'“¢ scFv MOG cells and TMs for two
donors. A variation of activation between donors is completely normal due to high
donor heterogeneity and is also mirrored in variation of the specific lysis. Compared
to findings from other studies (e.g. [(Albert, 2017)], [(Kegler, 2019)]) where
UniCAR 28/ T cells were activated to levels between 40and 90 %, CD69
expression of UniCAR 28/ T cells is comparably low with UniCAR TMs MOG-E5B9
(22 £ 6 %) and MOG-E5B9-MOG (18 + 5 %). It must be considered that UniCAR T
cell activation is not solely depending on the UniCAR T cell interaction with the TM
and the target cell but further on the chosen target cell models. For instance,
NaMalWa cells are derived from B cells which express several costimulatory
receptors on their surface in order to activate T cells (Kato et al., 2000; Dussault et
al., 2008) in contrast to HEK cells. Moreover, compared to the application of
UniCAR T cells in tumor environments, where T cell activation is suppressed, a

lower activation level of UniCAR T cells might be favorable in case of autoimmunity.
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In AIDs, T cells are main drivers of the disease due to over-activation of CTLs and a

diminished Treg repertoire.

Cytokine secretion of the same donors showed little (GM-CSF) to almost no (TNF-q,
IFN-y) increase of proinflammatory cytokines in the presence of monovalent
MOG TM in comparison to previously published studies where UniCAR T cells were
directed against TAA-positive tumor cell lines (Albert et al., 2017; Mitwasi et al.,
2017; Albert et al., 2018; Loureiro et al., 2018; Arndt et al., 2020b; Feldmann et al.,
2020). In the presence of the bivalent MOG TM, no increase of proinflammatory
cytokine secretion beyond baseline level (without TM or target cells) could be
detected. While cytokine secretion in tumor treatment is essential in order to raise
and maintain anti-tumor responses (Mitwasi, 2019), the role of cytokines in AlDs is
still controversially discussed with various contributions of the single cytokines to
different AIDs. For instance, TNF-a contributes to RA pathogenesis but TNF-a
blockage in RA patients can result in higher prevalence to develop SLE. On the
other hand, studies with EAE mice indicated a controversial role of TNF-a and IFN-y
in MS by either exacerbating disease progression or downregulating it (Santamaria,
2013). Growth promotion by IL-2 is certainly beneficial for proliferation of
UniCAR 28/C T cells in an immunosuppressive tumor environment but can cause
excessive proliferation of autoreactive T cells in the context of AIDs as IL-2 further
augments perforin transcription in CTLs, and treatment of mice with IL-2 resulted in
enhanced CTL effector function (Geng et al., 2012). Although GM-CSF is mainly
contributing to differentiation of myeloid cells, its secretion by B cells, activated
T cells, granulocytes, macrophages and other immune cells, defines GM-CSF as an
important contributor in inflammatory immune response and AIDs. Amongst others,
GM-CSF supports the permeabilization of the BBB in MS (Lotfi et al., 2019) and
secretion of GM-CSF by helper T cells infiltrating the CNS in EAE exacerbates

disease progression (Shiomi and Usui, 2015).

From this work, it can be concluded that UniCAR TMs are not able to induce
proinflammatory cytokine and IL-2 secretion beyond baseline levels. In general,
additional cytokine expression caused by UniCAR T cells in patients suffering from
AIDs could result in CRS. Therefore, modest cytokine secretion of UniCAR T cells
should be preferred in AIDs like MS. Which influences the different activation pattern
and cytokine secretion of UniCAR 28/ T cells have in an autoimmune context

should be evaluated in more detail in future research.
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Results obtained from cytotoxicity assays using HEK"«¢ scFv MOG cells indicating a
higher maximum specific lysis upon redirection of UniCAR 28/ T cells with the
monovalent MOG TM compared to the bivalent MOG TM with a minor difference
between 10 and 20 %. One explanation for that could be the different location of the
E5B9 domain between the UniCAR TMs. Variations in binding affinity, accessibility
of the E5B9 tag for UniCAR T cells or steric differences can result thereof. A higher
binding affinity was already demonstrated upon Kp determination. Steric differences
might occur from the distance between UniCAR T cell and target cell once they are
connected with one another by the TM. As a result, the connection between UniCAR
T cell and target cell might be more complex and could therefore influence the killing
of the target cell (Cartwright et al., 2014; Mitwasi, 2019). In contrast, the ECso of the
bivalent TM is 42 times lower compared to the monovalent MOG TM. That means,
the bivalent MOG TM is more efficient than the monovalent MOG TM with respect to
applied amount of MOG TM.

A TM-dependent lysis of NaMalWa'v scFv MOG cells in combination with
UniCAR 28/C T cells was shadowed by a high background lysis in the absence of
MOG TMs. However, addition of MOG TMs resulted in a minor increase of target
cell lysis, implying an additional TM-dependent effect. In combination with the low
anti-MOG scFv receptor density on NaMalWat¢ scFv MOG cells and the
incapability of the MOG TMs to sufficiently bind to NaMalWat¢ scFv MOG cells, this
minimal TM-dependent killing effect of UniCAR T cells might be explained.

4.4.2 Target module-specific redirection of RevCAR T cells to scFv MOG-

expressing target cells

Redirection of UniCAR 28/ T cells with MOG TMs against target cells which
artificially express scFv MOG molecules on the cell surface was successful. The
proof of concept could be provided and as a first approach to use UniCAR T cells
beyond cancer treatment, results are promising to continue and modulate the

application.

A first attempt in refining and improving the application was made by using
RevCART cells instead of UniCAR T cells as effector cells. Since previous studies
showed that the RevCAR approach could be superior over the UniCAR system
(Feldmann et al., 2020), the question was whether targeting of anti-MOG scFv-
expressing cells could be further improved by the RevCAR system. As described in

section 1.4.2.1, the RevCAR construct is derived from the UniCAR construct but
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with a different ECD. Instead of the scFv derived from the mAb anti-La(5B9), the
ECD of the RevCAR contains the peptide epitope E5B9 which is a 10 amino acid
sequence of the human La protein (Bachmann et al., 1991; Bachmann, 2019). One
advantage of this modification is the smaller size of the gene encoding for the
RevCAR. With this reduction in size, more RevCARs can be transduced in one

T cell (internal observations).

Although the modular UniCAR T cell approach already provides improved safety
upon the introduction of the TM as safety switch, in comparison to conventional
monospecific CAR T cells, the transduction of T cells with this artificial receptor can
result in a permanent low to mediate activation of the T cells (‘leaky’ or tonic signal)
that might result in unspecific killing of cells (Calderon et al., 2020). This effect is
caused by the introduced CD28 domain which forms dimers in its native
conformation as receptor (Sadelain, 2016). When dimerization takes place, the
neighboring scFvs of the UniCAR can connect via their H and L chains, leading to
‘domain swapping’ generating a pre-activation of the UniCAR-engrafted T cells
(Albert et al.,, 2019; Bachmann, 2019). In RevCARs, possible tonic signaling is
reduced since RevCAR T cells do not contain extracellular scFv domains that can
enhance tonic signaling effects of conventional CARs or UniCARs. However, they
still contain the CD28 domain which might result in dimerization of neighboring
CD28 domains and tonic signaling. Furthermore, RevCARs cannot unspecifically
bind to cell surface antigens since they do not contain an extracellular Ab-based

binding moiety (Feldmann et al., 2020).

To test if targeting of anti-MOG scFv expressing cells can be improved by the
RevCAR system, a novel monovalent RevTM, directed against scFv MOG, was
generated and examined for RevCAR T cell activation, cytokine production and

cytotoxic potential against anti-MOG scFv-positive target cells.

Activation of RevCAR T cells is a prerequisite for induction of cytotoxic T cell
mechanisms. Indeed, RevCAR 28/C T cells with either HEK-*¢ scFv MOG cells or
NaMalWavc scFv MOG cells demonstrated high CD69 upregulation of
RevCAR 28/C T cells in the presence of RevTM MOG-5B9. However, incubation of
RevCAR 28/ T cells with RevTM MOG-5B9 alone already resulted in
CD69 increase. This effect was significant but still lower than when
RevCAR 28/ T cells were incubated with both target cells and RevTM at the same
time. Upregulation of CD69 expression possibly results from a dimerization of the

RevTM mentioned before. Dimerized or multimerized scFv domains of the RevTM
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could bind to a RevCAR 28/ T cell, the ECDs of the RevCAR 28/C T cell might be
connected with each other leading to unspecific activation upon crosslinkage of
RevCARs on the T cell surface. Of course, an activation of RevCAR 28/ T cells
without contribution of target cells is not intended because it raises the risk of
uncontrollability of RevCAR 28/ T cells which could secrete proinflammatory
cytokines and other effector molecules and cause inflammation. For now, it is not
clear whether this CD69 upregulation is sufficient to accumulate enough activation
signals to completely activate RevCAR T cell functions e.g. with respect to
cytotoxicity. However, since the CD69 expression level further increased upon
crosslinkage of RevCAR 28/C T cells with target cells by RevTM application, it is
unlikely that the RevCAR 28/C T cells were completely activated with the RevTM
alone. At least in this study, it was clearly shown that RevCAR T cells did not
significantly kill target cells in the absence of RevTM confirming that the RevCAR
system worked in a TM-dependent manner. When targeting prostate stem cell
antigen (PSCA) and/ or prostate-specific membrane antigen (PSMA) on tumor cells
with RevCAR 28/C T cells, the system clearly demonstrated to be highly specific and
strictly dependent on the presence of RevTM as well as the appropriate target cells
(Feldmann et al., 2020). Moreover, an increased cytokine secretion from donors that
showed high CD69 expression in the presence of RevTM alone could not be
detected and therefore confirms the observations that RevCAR T cell activation is

strictly TM-specific and -dependent (Feldmann et al., 2020).

Examining the cytokine profile of RevCAR T cells from co-cultivation experiments
after 48 hours with HEKM¢ scFv MOG cells and RevTM clearly indicated
upregulation of TNF-a, IFN-y, GM-CSF and IL-2 but with notable inter-donor
variations. In comparison to that, mean proinflammatory cytokine release after
24 hours in combination with NaMalWat*c scFv MOG cells and RevTM was two
(TNF-a, GM-CSF) to four (IFN-y) times higher and the difference in IL-2 levels was
even more pronounced (46 times). One reason for the discrepancy is the difference
in the time point of cytokine measurement (24 vs. 48 hours). While all measured
proinflammatory cytokines are indicators for T cell activation and secreted early
following activation, their persistence differs over time (Pollard et al., 2013; Sterner
et al., 2019; Brudno et al., 2020; Gust et al., 2020). As shown by Arndt et al. (2014),
secretion of TNF-a peaks at 6 hours after co-cultivation of T cells with appropriate
bispecific Ab and target cells, while IFN-y secretion peaks at 48 hours in vitro (Arndt

et al., 2014). After 48 hours, also IL-2 concentrations are decreased because IL-2 is
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consumed by proliferating CAR T cells (Dhupkar and Gordon, 2017). Further,
variations in cytokine concentrations result from the fact that T cell donors for each
target cell line were different for co-cultivation experiments, and, of course, HEK and
NaMalWa cell lines can induce different activation levels of CAR T cells as results
from experiments with UniCAR T cells have shown. Overall cytokine secretion of
RevCAR T cells was still lower compared to application of UniCAR or
RevCAR T cells against tumor antigens (Albert et al., 2017; Feldmann et al., 2020;
Loureiro et al., 2020). The comparison of redirected UniCAR 28/ T cells with
redirected RevCAR 28/C T cells with respect to activation potential and cytokine
release demonstrated unequivocally a superiority of RevCAR 28/ T cells, especially
in the combination with a MOG TM and anti-MOG scFv-positive pre-B cell line
NaMalWa.

In functional cytotoxicity assays with RevCAR 28/ T cells, a similar specific lysis of
around 40 % for both target cell lines in combination with RevTM MOG-5B9 could
be detected. Because an 8-hour incubation period was not sufficient to detect
RevTM-dependent lysis of NaMalWat*c scFv MOG cells in the luciferase-based

assay (data not shown), incubation was extended to 13 hours.

Specific and unspecific lysis of HEK“¢ scFv MOG cells after 24 hours was
comparable to findings from cytotoxicity assays with UniCAR 28/ T cells. By
detecting the CD19 expression on NaMalWaLuc scFv MOG cells, the maximal
specific lysis of NaMalWa'« scFv MOG cells in the presence of RevTM MOG-5B9
was comparable to 24 hours’ cytotoxicity assays with HEK"“¢ scFv MOG cells. An
increase of lysis was significant in contrast to the controls, confirming that the killing
effect via the RevCAR system is still specific and TM-dependent after 24 hours’ co-

cultivation.

Although overall lysis did not differ between UniCAR and RevCAR T cell application,
the concentration of RevTM (1nM) used to achieve a maximum of 40 % specific
lysis is only one fiftieth in comparison to UniCAR TM (50 nM) concentration. Further,
the half-maximal efficient concentration with RevCAR T cells in the picomolar range
(HEK!¢ scFv MOG: 9 pM; NaMalWa''c scFv MOG: 3 pM) is lower compared to the
UniCAR T cell approach (MOG-E5B9 TM: 5,44 nM; MOG-E5B9-MOG TM: 0.13 nM).
These findings are in line with previously acquired data (Feldmann et al., 2020)
demonstrating that the RevCAR system worked highly efficient for targeting of
HEK"c scFv MOG and NaMalWa''c scFv MOG cells and that killing efficacy of this

system was better than for the UniCAR platform.
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Finally, the functionality of the modular CAR platform was verified in vivo by co-
injection experiments in NMRI-Foxn1"/" mice as xenograft model. This model
system is very well established to demonstrate the functionality of modular adaptor
CART cells in a tumor setting (Loureiro et al., 2018; Mitwasi, 2019; Feldmann et al.,
2020). Indeed, results from quantitative analysis clearly revealed that redirected
RevCAR 28/t T cells can effectively kill anti-MOG scFv-expressing HEK¢ cells
specifically in the presence of the RevTM MOG-5B9 in vivo within a short period of
time. A reduction of the Iluciferase signal in the control group with
RevCAR 28/t T cells and target cells alone without RevTM is also detectable but not
as pronounced compared to the experimental group. Reduction of the luciferase
signal in the control groups can be explained by allogenic effects of non-matched
RevCAR 28/t T cells against foreign target cells by recognition of allogenic antigens
on target cells by the TCR of RevCAR 28/ T cells independently from RevCAR
specificity. These allogenic effects are even more pronounced in murine

microenvironment.

Taken together, in this thesis, three different novel MOG TMs were proven to be
functional for the specific elimination of anti-MOG-positive target cells by redirected
UniCAR- or RevCAR-engrafted T cells. While the UniCAR TMs could only be used
for a redirection of UniCAR 28/ T cells against HEK-*¢ scFv MOG target cells,
RevTM MOG-5B9 was successfully applied in redirecting RevCAR 28/ T cells
against HEK'¢ scFv MOG and NaMalWatl'¢ scFv MOG target cells in vitro and in
vivo (HEK ¢ scFv MOG cells).

4.5 Future prospective

In this thesis, the prove of principle was delivered that scFv MOG expressing target
cells can be killed by redirected UniCAR or RevCAR T cells in vitro and in vivo. In
order to characterize features and to compare properties of both modular adaptor
CAR systems in more detail, additional experiments can be done in the future which

could not be performed during this study due to time limitations.

Choosing a suitable mouse model for testing of UniCAR/ RevCAR system
functionality in vivo is challenging, especially with respect to an autoimmune context.
The well-established EAE model, used to mimic MS in animal models, is commonly
utilized to examine autoreactive immune cells and their contribution to
neuroinflammation. Adapting the modular adaptor CAR technology for an application

in EAE mice should be critically examined: UniCAR/ RevCAR T cells are not
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applicable to murine B cells in vitro or in vivo due to unspecific xenogeneic effects.
Alternatively, TMD and ISD domains of the CAR sequences could be adapted
(Viaud et al., 2018) to create murine UniCARs/ RevCARs. These murine UniCAR/
RevCAR T cells could further provide insight in the persistence of CAR T cells in

vivo as well as their distribution over time in the organism.

In addition, it is of high interest to validate functionality of the modular adaptor CAR
platforms against human B cells extracted from patients positive for MOG auto-Ab
expression. Unfortunately, the number of peripheral anti-MOG-positive B cells in
patients is very low (Winklmeier et al., 2019) and extraction from peripheral blood is
most likely insufficient. Instead, extraction of human B cells from peripheral blood of
an arbitrary donor could be accomplished, followed by transduction of human B cells
with an artificial anti-MOG receptor as shown for human cell lines HEK293T and
NaMalWa. Studies examining transducibility of primary human B cells concluded
that B cells can be transduced between 10 and 30 % when activated via CD40/
CDA40 ligand (CD40L) in order to stimulate proliferation using a lentiviral transduction
system (Bovia et al., 2003). To improve transduction efficacy of B cells, a modified
method presented by Frecha et al. (2009) could be used to facilitate quiescent
human B cell transduction. Thereby, the commonly used VSVG-pseudotyped
lentivirus was exchanged with a lentivirus that incorporates glycoproteins and fusion
proteins from the Edmonstons measles virus. This virus enters B cells over their
signaling lymphocytic activation molecule (SLAM) receptors which are upregulated
on B cells upon activation. With this method, a maximum of 50 % overall
transduction rate was achieved (Frecha et al., 2009). This amended lentiviral
transduction method might be a suitable option for transduction of human B cells in

the future.

Long-living plasma cells which reside in the bone marrow and secrete highly specific
Abs are playing a major role in the humoral immune response and in autoimmunity.
Although the application of UniCAR/ RevCAR T cells can eradicate anti-MOG-
expressing B cells, it would spare plasma cells and therefore autoreactive anti-MOG
Abs. However, application of recombinant fusion protein MOG-Fc in transgenic mice
that developed anti-MOG-expressing B cells to a high proportion, demonstrated a
long-term reduction of circulating anti-MOG Abs (Zocher, 2002). Concluding thereof,
the mere existence of soluble MOG TM in the circulation might be sufficient to block
anti-MOG Ab binding to myelin which could be further validated in future

experiments with human or even murine anti-MOG Ab-secreting plasma cells.
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The small size of the TMs is advantageous with respect to safety management of
adaptor CAR systems because the short half-life of TMs guarantees a fast on/ off-
switch of the adaptor CAR T cells in case severe side-effects occur. The downside
of this approach is that a constant infusion of TM would be necessary since Ab
derivatives with molecular sizes of 25 to 60 kDa are cleared from the system within
20 to 90 min (Albert et al., 2017; Mitwasi et al., 2017). To extend half-life of the TMs
in the peripheral blood, size-extended 1gG4-based TMs of 110 kDa were introduced
(Bachmann, 2019; Mitwasi, 2019; Loureiro et al., 2020). Using these 1gG4-based
TMs, single administration of the TM could be possible instead of continuous
infusion. One possibility for the application in tumor immunotherapy suggested by
Loureiro et al. (2020) is to administer small-sized TMs together with UniCAR T cells
in the first treatment phase for a removal of tumor cells and in a second treatment
phase, in order to maintain UniCAR T cell effector function, infuse TMs of large size
(e.g. lgG4-based TMs) which can persist for longer time in the patient and extend
the anti-tumor effects of UniCAR T cells (Arndt et al., 2020a; Loureiro et al., 2020).
This might also be a considerable option for the elimination of autoreactive anti-
MOG B cells since their number in patients is small and a longer persistence of
MOG TMs would be favourable. Thus, for future investigations it might be of interest

to generate half-life extended MOG TMs based on IgG backbones.

Taken together, the presented work describes a potential application to target and
eradicate autoreactive B cells with the help of a novel modular adaptor CAR T cell
platform. Targeted cells were efficiently eliminated in a TM-specific and TM-
dependent manner in vitro and in vivo. In addition, the reactivity of CAR-engrafted
T cells has been demonstrated to be safe and controllable via dosing of the MOG
TMs. Moreover, the flexibility of the modular CAR platform allows the utilization of a

variety of TMs which can be adapted accordingly and quickly.

119



5 Summary

5 Summary

The development of autoimmune diseases is caused by a variety of different
elements including environmental factors, certain genetic predispositions, or viral
infections. Divers origins of autoimmune diseases lead to multi-facetted disorders
and make reliable therapies challenging. Although several treatment options exist
that affect e.g. inflammatory aspects in chronic demyelinating diseases like multiple
sclerosis (MS) by monoclonal antibody (mAb) therapy, conventional drugs are
mostly broad-acting and therefore compromise the functionality of the immune
system which, in turn, can result in higher risks for bacterial and viral infections,
malignancies or secondary autoimmunity. Thus, other approaches investigate
opportunities of autoantigen-dependent immune tolerance induction but are still in
the early phases of development and clinical efficacy remains to be elusive.
Alternatively, engaging either natural or genetically engineered immune cells has
become a promising treatment option in cancer immunotherapy. Highly effective
results of chimeric antigen receptor (CAR)-engrafted human T cells in clinical
studies as well as the approval of CAR T cell products for cancer treatment raised
the question if CAR T cells can be utilized to treat autoimmune diseases as well.
However, conventional CAR T cells lack both flexibility and controllability since they
are equipped with a CAR against a single antigen. As long as they recognize their
target antigen, CAR T cells are permanently activated and cannot be controlled
when negative side effects occur. To overcome these obstacles, universal
switchable adaptor CARs, like the UniCARs, were developed. The modular UniCAR
platform is composed of the universally applicable UniCAR T cells and the
adaptable antigen-specific target module (TM). The binding moiety of the UniCAR is
based on a monoclonal antibody with specificity against a peptide epitope that is
part of the TM binding to a certain antigen on target cells. Therefore, crosslinkage of
the UniCAR T cell with the target cell is only provided when the TM is present.
Following connection with the target cell, the UniCAR T cell is executing its effector
functions resulting in target cell elimination. A recent modification of the UniCAR
binding domain resulted in the reversed CAR (RevCAR) platform which aims to
increase specificity and safety and reduce tonic signaling of conventional CARs.
Thereby, the extracellular monoclonal antibody-based domain of the UniCAR was

exchanged with the peptide epitope domain of the TM.

One of the best-investigated autoantigens in neuroinflammatory diseases is myelin

oligodendrocyte glycoprotein (MOG), a protein located at the abaxonal membrane of
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the nerve-protecting myelin sheath. Although inflammatory diseases like MS are
primarily T cell-driven, also autoantibodies against MOG were detected in MS
patients which points towards the involvement of autoreactive B cells in disease
exacerbation. These findings are underlined by the effective treatment of MS
patients with anti-CD20 mAbs. Here, MOG was used as the first model target
antigen for the retargeting of CAR-engrafted T cells against anti-MOG antibody

expressing human cells.

Novel TMs based on the extracellular portion of the human MOG antigen for
redirection of UniCAR and RevCAR T cells against anti-MOG antibody expressing
cells were constructed. To evaluate the optimal MOG TM format, a monovalent
(25 kDa) and bivalent MOG TM (50 kDa) were developed for the UniCAR platform.
Both TMs were demonstrated to successfully redirect UniCAR T cells to an anti-
MOG scFv-expressing human cell line in a TM-specific and —dependent manner in
vitro already after a short incubation time of 8 hours, thereby demonstrating the
efficacy of the UniCAR-engrafted T cells. Moreover, it was possible to control the

cytotoxic potential of the UniCAR T cells by dosing of the TMs.

In order to learn whether the effect of the scFv MOG-specific UniCAR system can
be improved, a monovalent RevTM was developed for the RevCAR platform which
outperformed both UniCAR TMs with respect to RevTM dose-dependent killing
efficacy against two anti-MOG scFv expressing cell lines in vitro. Furthermore,
release of proinflammatory and T cell growth promoting cytokines was higher and
more pronounced in comparison to UniCAR T cells. TM-dependent killing of anti-
MOG scFv-expressing cells by RevCAR T cells was also successfully demonstrated

in vivo.

Taken together, the modular adaptor CAR T cell (UniCAR/ RevCAR) approach
offers a remarkable potential for treatment of MOG-related neuroinflammatory
autoimmune diseases. Although this work is just a first attempt to translate
CART cells in the application of autoimmune diseases, it could prepare the ground
for future investigations to target only errant immune cells contributing to

exacerbation of autoimmune disorders.
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Die Entwicklung von Autoimmunerkrankungen wird durch eine Vielzahl
verschiedener Faktoren verursacht, darunter gewisse Umwelteinflisse, genetische
Veranlagungen oder Virusinfektionen. So vielfaltig die Urspringe von
Autoimmunerkrankungen sind, so divers sind die daraus resultierenden
Erkrankungen, wodurch die Entwicklung zuverlassiger Therapien erschwert wird.
Obwohl verschiedene Behandlungsmdglichkeiten existieren, welche die Symptome
bei Autoimmunerkrankungen wie neuroinflammatorischer Multipler Sklerose (MS)
mildern koénnen, z.B. mit monoklonalen Antikérpern (mAk), wirken die meisten
Medikamente breit und unspezifisch. Dies beeintrachtigt die Funktionalitat des
Immunsystems, was wiederum zu einem hoheren Risiko fUr bakterielle und virale
Infektionen, maligne Erkrankungen oder sekundare Autoimmunitat fihren kann.
Andere Therapieansatze untersuchen daher Madoglichkeiten einer Antigen-
abhangigen Immuntoleranz-Induktion. Allerdings befinden sich diese noch in den
frihen Entwicklungsphasen und deren klinische Wirksamkeit muss noch bewiesen
werden. Alternativ hat es sich in der onkologischen Immuntherapie als erfolgreich
erwiesen, entweder natlrliche oder gentechnisch veradnderte Immunzellen zu
aktivieren. Bisher wurden humane T-Zellen, welche mit Hilfe chimarer
Antigenrezeptoren (CAR) mit ausgewahlter Spezifitdt ausgestattet sind, sehr
erfolgreich in der Klinik gegen Tumorerkrankungen genutzt. Basierend auf diesen
klinischen Erfolgen stellt sich die Frage, ob CAR T-Zellen auch zur Behandlung von
Autoimmunerkrankungen eingesetzt werden kénnen. Herkémmlichen CAR T-Zellen
mangelt es jedoch sowohl an Flexibilitdt als auch an Kontrollierbarkeit, da sie mit
einem CAR gegen ein einzelnes Antigen ausgestattet sind und in Gegenwart des
Zielantigens dauerhaft aktiviert und nicht kontrollierbar sind. Um Limitationen
konventioneller CARs zu Uberwinden, wurden universelle Adapter-CARs (UniCARs,
RevCARs) in der Gruppe von Prof. Bachmann entwickelt. Die modulare UniCAR-
Plattform besteht aus universell einsetzbaren UniCAR T-Zellen und anpassbaren
antigenspezifischen Zielmodulen (TMs). Die Bindungseinheit des UniCAR basiert
auf einem mAk mit Spezifitdt gegen ein Peptidepitop, das Teil des TMs ist und
welches spezifisch an Zielantigene auf Tumorzellen bindet. Das TM fungiert als
Adaptermolekdl, das eine Vernetzung der UniCAR T-Zelle mit der Zielzelle herstellt.
Nach der Vernetzung mit der Zielzelle tUber das TM wird die UniCAR T-Zelle
aktiviert, so dass die Zielzelle eliminiert wird. Eine vor Kurzem vorgenommene

Modifikation der extrazellularen UniCAR-Doméne fihrte zu der Reverse CAR

122



6 Zusammenfassung

(RevCAR)-Plattform, welche die Spezifitdt und Sicherheit noch weiter erhéhen
sowie tonische Signale konventioneller CARs reduzieren soll. Dabei wurde die
extrazellulare mAk-basierte UniCAR-Domane mit dem Peptidepitop des TM

ausgetauscht.

Eines der am besten untersuchten Autoantigene bei neuroinflammatorischen
Erkrankungen ist das Myelin-Oligodendrozyten-Glykoprotein (MOG). Dieses Protein
befindet sich ausschlieBlich im zentralen Nervensystem an der abaxonalen
Membran der nervenschitzenden Myelinscheide. Obwohl neuroinflammatorische
Erkrankungen wie MS hauptsachlich durch T-Zellen verursacht werden, wurden bei
MS-Patienten auch Autoantikbrper gegen MOG nachgewiesen, was auf die
Beteiligung autoreaktiver B-Zellen an der Verschlimmerung der Krankheit hinweist.
Diese Ergebnisse werden durch die wirksame Behandlung von MS-Patienten mit
anti-CD20-mAks belegt. In dieser Arbeit wurde MOG als erstes Modell-Zielantigen
fur das Retargeting von CAR-modifizierten T-Zellen gegen anti-MOG-Ak-

exprimierende humane Zellen verwendet.

Ziel dieser Arbeit war neue TMs basierend auf der extrazellularen Domane des
MOG Antigens zu entwickeln, die dazu dienen, UniCAR oder RevCAR T-Zellen zur
Eliminierung von anti-MOG Ak-exprimierenden Zielzellen zu aktivieren. Zur
Bestimmung des optimalen MOG-Antigen TM-Formats wurden fur die UniCAR-
Plattform ein monovalentes (25 kDa) und ein bivalentes MOG-Antigen TM (50 kDa)
entwickelt. Die Wirksamkeit des UniCAR-Systems wurde in vitro demonstriert. Es
konnte dabei gezeigt werden, dass beide TMs bereits nach einer kurzen
Inkubationszeit von 8 Stunden eine TM-spezifische Lyse Anti-MOG scFv-
exprimierender menschlicher Zelllinien durch UniCAR-T-Zellen vermitteln. Dartber
hinaus war es mdglich, das zytotoxische Potential der UniCAR-T-Zellen durch die

Dosierung der TMs zu kontrollieren.

Um zu uberprufen, ob der Effekt basierend auf der UniCAR-Platform gegen anti-
MOG scFv-exprimierende Zielzellen noch gesteigert werden kann, wurde ein
monovalentes MOG-Antigen RevTM fir die RevCAR-Plattform entwickelt. In
Kombination mit RevCAR-T-Zellen Ubertraf die Anwendung des RevTM beide
UniCAR TMs hinsichtlich Bindungsaffinitdt und dosisabhangiger Zytotoxizitat gegen
zwei anti-MOG scFv-exprimierende Zelllinien in vitro. Aulderdem war die Freisetzung
proinflammatorischer und T-Zellwachstum-férdernder Zytokine im Vergleich zu
UniCAR T-Zellen héher und ausgepragter. Weiterhin wurde die Funktionalitat des

RevCAR-Systems gegen anti-MOG-scFv-exprimierende Zielzellen in vivo bewiesen.
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Zusammenfassend kann geschlussfolgert werden, dass die modularen Adapter-
CAR T-Zell-Plattformen neben der Krebsimmuntherapie auch bemerkenswertes
Potential fur die Behandlung von MOG-assoziierten Autoimmunerkrankungen hat.
Damit konnte ein erster Grundstein dafir gelegt werden, CAR T-Zellen auf die
Anwendung in Autoimmunerkrankungen zu udbertragen, um zukilnftig gezielt
fehlerhafte Immunzellen zu beseitigen, die nachweislich zur Verschlimmerung von

Autoimmunerkrankungen beitragen.
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