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Abstract

Targeted tumor therapy with monoclonal antibodies (mAbs) is based on targeting mutated,
selectively expressed or overexpressed cell surface antigens such as the epidermal growth
factor receptor (EGFR) or the NAD-hydrolase CD38. However, not all patients respond to
targeted therapy. Moreover, many patients develop resistance towards the therapeutic mAb.
Patients with head and neck cancer (HNSCC) or metastatic colorectal cancer (mCRC) may
develop mutations of the EGFR that result in loss of binding by the mAbs cetuximab and
panitumumab. In patients with Multiple Myeloma (MM), loss of CD38 from the cell surface
may render tumor cells inaccessible for the aCD38-specific mAb daratumumab and
consequently resistant against antibody-mediated effector functions, such as natural killer cell
(ADCC)- and complement-dependent (CDC) lysis.

The goal of this thesis was to improve the targeting of EGFR and CD38 overexpressing tumor
cells with nanobody-based heavy chain antibodies (hcAb) and Adeno-associated viral (AAV)
vectors. Nanobodies comprise a single variable domain of 15 kilo Dalton (kDa). The results
show that nanobody 7D12, in contrast to cetuximab, can bind to EGFR epitope escape variants
and subsequently inhibit the proliferation of EGFR variant cells. In case of CD38, some
nanobodies inhibited the enzymatic activities of CD38 more effectively than daratumumab.
To allow Fc-mediated effector functions, selected aEGFR and aCD38 nanobodies were fused
to the hinge, CH2, and CH3 domains of human IgG1. These chimeric lama/human heavy chain
antibodies (hcAb) are about half the size of conventional mAbs (75 kDa vs. 150 kDa). The Fc-
optimized 7D12-hcAb mediated effective ADCC and CDC also against cells expressing EGFR
ECD variants that did not respond to cetuximab or panitumumab. In primary bone marrow
samples from MM patients the combination of daratumumab with aCD38 hcAbs mediated
more effective CDC than daratumumab alone. Finally, CD38-specific nanobodies mediated
more effective transduction of CD38+ MM cells by recombinant AAVs.

The results of this thesis pave the way for novel therapeutic approaches against EGFR or CD38
overexpressing solid and hematological malignancies.



Zusammenfassung

Die zielgerichtete Tumor-Therapie mit monoklonalen Antikdrpern (mAbs) bei soliden und
hamatologischen Tumoren basiert auf Antikdrpern gegen mutierte, selektiv exprimierte oder
Uberexprimierte Zelloberflachenantigene, z.B. dem epidermalen Wachstumsfaktorrezeptor
(EGFR) oder der CD38 NAD-Hydrolase. Es sprechen jedoch nicht alle Patienten auf eine
zielgerichtete Antikdrper Therapie an. Zudem entwickeln viele Patienten eine Resistenz
gegenliber dem threrapeutischen Antikorper. Bei Patienten mit Kopf-/Halstumoren (HNSCC)
und metastasiertem Kolorektalkarzinom (mCRC) kdénnen Mutationen im epidermalen
Wachstumsfaktorrezeptor (EGFR) die Bindung der mAbs Cetuximab und Panitumumab
beeintrachtigen. Beim Multiplen Myelom (MM) koénnte der Verlust der Zellober-
flachenexpression von CD38 die Zugdnglichkeit zum mAb Daratumumab-beeintrachtigen, und
folglich auch die Antikdrper-abhdngige Lyse durch Natirliche Killerzellen (ADCC) und das
Komplementsystem (CDC) verhindern.

Ziel dieser Arbeit war es, das Targeting von EGFR und CD38 lberexprimierenden Tumorzellen
mit Nanobody-basierten Schwerekettenantikérpern (hcAb) und Adeno-assoziierten viralen
(AAV) Vektoren zu verbessern. Nanobodies bestehen aus einer variablen Doméane von 15 kilo
Dalton (kDa). Die Ergebnisse zeigen, dass der Nanobody 7D12, im Gegensatz zu Cetuximab,
EGFR-Epitop-Escape-Varianten bindet und die Proliferation entsprechender Zellen reduziert.
Im Falle von CD38 konnten einige CD38-spezifische Nanobodies die enzymatische Aktivitat
von CD38 stdarker hemmen als Daratumumab. Um Fc-vermittelte Effektorfunktionen zu
ermoglichen, wurden ausgewadhlte aEGFR und aCD38 Nanobodies an die Hinge-, CH2- und
CH3-Domanen von humanem IgG1 fusioniert. Die so generierten chimaren Lama/Human
Schwereketten-Antikorper (hcAb) sind etwa halb so grofl wie herkémmliche mAbs (75 kDa
gegeniber 150 kDa). Der Fc- optimierte 7D12-hcAb konnte gegenitiber Tumorzellen, die EGFR
ECD-Varianten exprimieren, effektiv. ADCC wund CDC auslésen. In primdren
Knochenmarkproben von MM-Patienten konnte die Kombination von Daratumumab mit
aCD38 hcAbs einen starkeren CDC auslésen als Daratumumab alleine. Schlie8lich konnten
CD38-spezifische Nanobodies die Transduktion von Myelomzellen durch AAV-Vektoren
steigern.

Die Ergebnisse dieser Arbeit bahnen den Weg fiir neuartige therapeutische Ansatze bei EGFR
oder CD38 {iberexprimierenden soliden und hdamatologischen Tumoren.
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1. Introduction

The immune system has been recognized as a critical regulator of tumorigenesis (1) for both,
solid and hematological malignancies. Tumor development can be controlled by the immune
system leading to tumor rejection (2). However, tumors often contain immune cell
populations that do not mediate tumor destruction (3). These tumor-infiltrating immune cells
appear to be suppressed by tumor micro-environmental factors (4). Immune suppression can
explain why tumors are not rejected, even in the presence of tumor-specific or tumor-
enriched antigens. Therefore, local immunosuppression is a main target for cellular tumor
immunotherapy. Thus, successful tumor therapy often requires multifactorial approaches:
Targeting the suppressive tumor microenvironment, activating tumor-infiltrating immune
cells and immune effector mechanisms, such as NK- and T cell mediated killing and
complement activation.

According to the National Cancer Institute, solid tumors are defined as “An abnormal mass of
tissue that usually does not contain cysts or liquid areas. Solid tumors may be benign (not
cancer), or malignant (cancer). Different types of solid tumors are named for the type of cells
that form them (f. e. ovarian cancer, lung cancer). Examples of solid tumors are sarcomas,
carcinomas, and lymphomas.” Hematological malignancies are considered to “affect the
blood, bone marrow, and lymph nodes. This classification includes various types of leukemia
(acute lymphocytic (ALL), chronic lymphocytic (CLL), acute myeloid (AML), chronic myeloid
(CML)), myeloma, and lymphoma (Hodgkin's and non-Hodgkin's (NHL)).”

The aim of this work was to explore the use of nanobody-based heavy chain antibodies and
nanobody-displaying AAV to target cell surface antigens of head and neck squamous cell
carcinoma (HNSCC), metastatic colorectal cancer (mCRC), and multiple myeloma (MM) cells.

1.1. Overexpressed surface antigens in head-and neck cancer, metastatic
colorectal cancer and multiple myeloma

Targeted therapy with monoclonal antibodies (mAbs) against solid and hematological
malignancies has become one of the mainstays for cancer patients. Antibody therapy is based
on targeting mutated, selectively expressed or overexpressed surface antigens and/or
immune-checkpoint inhibitors (5), (6). The epidermal growth factor receptor (EGFR) and the
ectoenzyme Cluster of Differentiation 38 (CD38) belong to the group of overexpressed surface
antigens present in various cancer entities, that may endow tumor cells with certain growth-
and survival advantages over non-malignant cells.

1.1.1. Structure and function of the epidermal growth factor receptor (EGFR)

Many solid tumors, such as HNSCC and mCRC, show enhanced cell surface levels of the EGFR,
which is an important regulator of growth, survival, proliferation and differentiation of cells.
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The Erb-receptor family member EGFR is a transmembranous glycoprotein with the size of
170kDa (7) (Fig. 1.1). The EGFR is composed of a highly glycosylated extracellular N-terminus
with ligand binding domain, a transmembrane helix and an intracellular tyrosine kinase
domain. The extracellular domain is divided in four sub-domains: domains Il and IV are long
and cysteine-enriched involved in receptor dimerization; domains | and Il consist of B-leaflets
and mediate ligand binding. Ligand binding is followed by receptor dimerization,
transautophosphorylation and recruitment of signaling proteins (8).

In the inactive state, the EGFR is in a monomeric form with domain Il folded onto domain 1V;
this “tethered” conformation auto-inhibits EGFR dimerization. Upon binding of an EGF-ligand
family member to domain | (f.e. EGF, transforming growth factor alpha, heparin binding EGF,
amphiregulin), domain rearrangement is induced. The dimerization arm is exposed in domain
I, which keeps the EGFR in a stabilized “untethered” conformation, followed by
rearrangements in the transmembrane domain (9) (10). Upon homo- or heterodimerization
with one of the four ErbB family receptors (11), the C-terminus of the activating kinase inserts
into the active site of the receiving kinase, which results in transautophosphorylation of
tyrosine residues on the C-terminal tail (12). Phosphorylated tyrosine residues are docking
points for proteins with phosphor-tyrosine-binding residues (f. w. SH2, PTB). Depending on
ligand and dimerization partner, different downstream signaling pathways are induced that
regulate tumor proliferation, growth, differentiation, migration, and inhibition of apoptosis.
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Fig. 1.1: Model of domain architecture and activation of the EGFR.

Upon EGF binding domain I, the tethered conformation of the EGFR (schematic first and second EGFR) rearranges
to the extended conformation, and EGF is located between domain | and Ill (third EGFR). This leads to EGFR
dimerization, followed by phosphorylation of intracellular tyrosine residues.

The EGFR can enable tumor cells significant advantages over non-malignant cells by inhibiting
apoptosis and promoting proliferation of tumor cells. Hence, the EGFR has become a
promising therapeutic target for the chimeric monoclonal antibody cetuximab and the fully
humanized antibody panitumumab. These FDA approved mAbs inhibit downstream signaling
upon binding, which leads to an increased apoptosis and inhibition of tumor cell proliferation.
An aim of this thesis was to generate and to test the use of EGFR-specific heavy chain
antibodies based on the published 7D12 nanobody (13) to bind and subsequently inhibit
proliferation of HNSCC- and mCRC cells.
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1.1.2. Structure and function of the ecto-NADase CD38

Multiple myeloma often show high cell surface levels of CD38, a 45 kDa surface glycoprotein
functioning as an ectoenzyme (14) (Fig. 1.2). CD38 is involved in the metabolism of
extracellular nicotinamide adenine dinucleotide (NAD*) and cytoplasmic nicotinamide
adenine dinucleotide phosphate (NADP) (15, 16). It has been postulated that the endothelial
CD31 might be a ligand for CD38, there acting as a receptor (31).

The main enzymatic reaction of CD38 is NAD glycohydrolase. It has been shown that CD38+
erythrocytes from cancer patients display an increased NAD glycohydrolase activity and higher
uptake of ADPR compared to the healthy control group (17). Preoperative ADP-ribosylation
and NAD glycohydrolase activity levels were significantly higher in patients with CRC than in
the control group (18). Conceivably, high glycohydrolase activity could promote cancer
progression by hydrolyzing extracellular NAD* to adenosine diphosphate ribose (ADPR) which
can be further processed to adenosine monophosphate (AMP) and to anti-inflammatory and
immunosuppressive adenosine by CD203 and CD73 (19) (20). An immune-suppressive milieu
promoted by CD38 in the TME might be favorable for survival of malignant cells at the tumor
side, since most immune effector cells display an exhausted phenotype in an acidic- and anti-
inflammatory TME (21), (22), (23). CD38 also functions as an ADPR cyclase, converting NAD*
to cyclic ADPR (cADPR) and as a cADPR hydrolase that hydrolyzes cADPR to ADPR. CD38 is a
very inefficient cyclase, generating approximately 80-fold more ADPR than cADPR. However,
even small amounts of cADPR can function as second messenger that regulates intracellular
calcium homeostasis (24) and mobilizes intracellular calcium stores and thereby may

H20
ADPR |
Syeaes hicotinamide

H20
;, ADPR

NAD glycohydrolase

modulate cell proliferation and differentiation (25).

cADPR hydrolase
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Fig. 1.2: Model of architecture and enzymatic activity of CD38.
CD38 NAD glycohydrolase and ADPR cyclase metabolize NAD* to ADPR and cADPR, respectively. cADPR in turn is
converted to ADPR by cADPR hydrolase.

In contrast, the structurally related ADPR cyclase from Aplysia californica shows a much higher
ADPR-cyclase over NAD hydrolase activity than CD38. CD38 has 12 cysteine residues in its
extracellular domain, ten of which are conserved in the Aplysia ADP-ribosyl cyclase. CD38
contains a sixth disulfide pair between cysteine 119 and cysteine 201 (lysine and glutamic acid,
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respectively in the Aplysia cyclase). This extra disulfide bond has been implicated in the
reduced cADPR hydrolase activity of CD38 (26).

CD38 has also become a promising therapeutic target for the chimeric monoclonal antibody
isatuximab and for the fully humanized monoclonal antibody daratumumab in multiple
myeloma (MM). A goal of this thesis was to generate and to test CD38-specific heavy chain
antibodies (hcAbs) based on nanobodies previously generated in our lab. We hypothesized
that smaller hcAbs might bind to difficult accessible cavities on CD38 and inhibit CD38
enzymatic reactions.

1.2. Anti-tumor effects mediated by therapeutic mAbs

Monoclonal antibodies are composed of two heavy chains and two light chains. Nanobody-
based heavy chain antibodies lack light chains and are composed only of two shorted heavy
chains (Fig. 1.3).
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Fig. 1.3: Nanobodies from heavy-chain antibodies.

mADbs contain two heavy and two light chains. A nanobody (Nb) is the variable domain (VHH) of a heavy chain
antibody (hcAb) naturally occurring in camelids. Advantages of nanobodies over mAbs include their small size,
high solubility and the capacity to target cryptic epitopes.

Therapeutic monoclonal antibodies can display various direct and indirect anti-tumor effects.
Direct effects, e.g. blocking of ligand binding, are mediated by binding to the target via the
Fab-fragments of the mAb. Indirect effects are mediated by the Fc-portion of the mAb by
inducing immune effector functions, such as Antibody-Dependent Cellular Cytotoxicity (ADCC)
and Complement-Dependent Cytotoxicity (CDC), and Antibody-Dependent Cellular
Phagocytosis (ADCP). Antibody-dependent cellular cytotoxicity is a lytic mechanism mediated
by Natural Killer (NK) cells, and other mononuclear cells carrying an Fc-receptor (e.g. CD16)
that engage with the Fc-portion of IgG antibodies bound to a tumor antigen (such as EGFR and
CD38), thereby triggering the lysis of tumor cells perforins and granzymes. CDC is induced
when the Fc-portion of mAbs -that are bound to an overexpressed surface antigen, like EGFR
or CD38- binds the C1 complex, which is made up of C1q, C1r, and C1s subunits. Upon binding
of Clq to the Fc-portion of a monoclonal antibody, C1r catalyzes the breakage of Cls ester
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bond, resulting in its activation. Subsequently, C2 and C4 are cleaved into respective “a” and
“b” fragments and formation of C2a4b builds C3 convertase. C3 convertase in turn cleaves C3
into C3a and C3b that binds to other C3 convertases forming C2a4b3b — also known as C5
convertase. C5 cleaves C5 into C5a and C5b. C5b next combines with C6, C7, C8 and C9 to form
a pore-like structure called membrane attack complex (MAC). When MACs are incorporated
in the plasma membrane, tumor cells undergo osmotic lysis and die (27).

Fc-engineering has been shown to improve ADCC and CDC (5), (28), (29). A further goal of this
thesis was to explore the use of such mutations to enhance the effector functions of
nanobody-based heavy chain antibodies.

1.2.1. The mode of action of the EGFR-specific mAbs cetuximab and panitumumab

Cetuximab and panitumumab hinder substrate binding and subsequent EGFR dimerization. As
a result of that, the pro-cancerogenic downstream RAS-RAF-MEK-ERK-MAPK-, PI3K-AKT-
MTOR- and PLC-y1-PKC signaling pathways are inhibited and tumor cells do not proliferate
anymore and undergo apoptosis (30). In addition to direct downstream effects, the 1gG2-Fc
part of panitumumab connects with FcyRlla expressed on myeloid cells like neutrophils and
monocytes, thereby mediating ADCC (31). In contrast, the 1gG1-Fc part of cetuximab induces
ADCC by engaging NK cells through the FcyRIIl (32), resulting in a perforin- and granzyme
induced cell death of HNSCC- and mCRC tumor cells. The second indirect mechanism mediated
by EGFR-specific mAbs is CDC, which apparently cannot be induced by cetuximab or
panitumumab alone, but by combinations of the two different mAbs targeting two non-
overlapping epitopes (33). The binding of two mAbs to the same surface antigen mediates a
hexameric cross-connection of more Fc parts onto the same Clg molecule, followed by
complement cascade and MAC induced osmolytic cell death as described above (34).

Patients diagnosed with mCRC or HNSCC often do not respond to neither cetuximab nor
panitumumab therapy due to primary or acquired resistance mechanisms in intracellular
signaling molecules, such as RAS (35), (36), (37), or the EGFR ectodomain (EGFR ECD). So far,
10 EGFR ECD mutations — V441, S442, R451, 1462, S464, G465, K467, K489, 1491, and S492- in
mMCRC patients have been described that were acquired due to selective pressure during
cetuximab and panitumumab therapy (38), (39), (40). Those point mutations -except the
R451C- are located in either the cetuximab or panitumumab epitope or in their overlapping
epitope, leading to a complete binding or binding abrogation of cetuximab and panitumumab
to the EGFR domain Ill.

In addition to acquired resistance in mCRC, there is evidence of primary resistance
mechanisms in HNSCC patients. Braig et al. described a single nucleotide polymorphism (SNP)
at the position R521K in the EGFR ECD. HNSCC patients with primary EGFR R521K SNP show a
significantly decreased progression free survival compared to patients with a low K-allele
frequency (29). This might be mediated by a reduced glycosylation pattern in the EGFR ECD,
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causing an attenuated affinity for cetuximab to the EGFR. Hence, the proliferation promoting,
anti- apoptotic-EGFR downstream pathway is no longer inhibited.

A goal of this thesis was to determine whether the EGFR-specific nanobody binds to an
independent epitope which is not affected by neither the point mutations, nor the SNP,
respectively.

1.2.2. The mode of action of the CD38-specific mAbs isatuximab and daratumumab

Daratumumab was described to induce apoptosis of CD38+ MM cells by crosslinking and
clustering of cells. Apoptosis is accompanied by phosphatidylserine translocation, loss of
mitochondrial membrane potential and loss of membrane integrity (41). Isatuximab strongly,
and daratumumab partially also inhibit the cyclase activity of CD38 which might counteract
the anti-inflammatory TME (42), (43). The indirect anti-tumor effects of isatuximab and
daratumumab are mainly related to their ability in inducing ADCC, CDC and ADCP of CD38+
myeloma cells as described above. CD38 is not only expressed on myeloma cells, but also on
regulatory myeloid and lymphoid cells. Daratumumab mediated depletion of CD38+
immunosuppressive cells, such as regulatory T cells (Tregs) and myeloid-derived suppressor
cells has been proposed to elevate the anti-tumor activity of immune effector cells (44, 45).
Furthermore, daratumumab inhibits in vitro osteoclastogenesis and bone resorption activity
from BM samples of MM patients by targeting CD38-expressing monocytes and early
osteoclast progenitors (46). CD38 expressing microvesicles (MVs) derived from MM cells are
also targeted by daratumumab; The CD38/CD39/CD73/CD203 mediated catabolism of ATP,
NAD*, ADPR and AMP to adenosine was higher in MVs from MM patients compared to MVs
from control patients. Hence, daratumumab may counteract the synthesis of adenosine and
thereby the anti-inflammatory TME (47).

Daratumumab-treated multiple myeloma patients often show disease relapse independent of
first-, second- or third line therapy. Disease progression and drug resistance might be either
due to intrinsic mediated mutational changes, or extrinsically by the tumor micro-
environment (TME) (48). Genetic abnormalities in myeloma disease progression include
translocation of chromosome 14 (t[14;16] and t[14;4]), MYC amplification, constitutive
activation of NRAS and KRAS, mutations in FGFR3, and inactivation of cyclin-dependent kinase
inhibitors CDKN2A and CDKN2C (49), (50).

Since multiple myeloma is dependent on the bone marrow microenvironment promoting
tumor proliferation, survival and migration, TME-mediated resistance mechanisms have been
postulated. One is a metabolic shift in MM cells from oxidative phosphorylation towards
anaerobic glycolysis — termed the Warburg effect. This shift favors the accumulation of NAD*
and H*, which can lead to an increased extracellular acidity (51). This acidic pH is hypothesized
to deteriorate the therapeutic efficacy of daratumumab by affecting an aspartic acid residue
in the complementarity-determining region (CDR) of the mAb. Binding of daratumumab to its
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epitope on CD38 might be subsequently decreased (52). Moreover, CD8+ T cells, Tumor-
associated Macrophages (TAMs), Dendritic Cells (DC) and Natural Killer (NK) cells can lose their
anti-tumor functions at an acidic pH (21), (53), (54), (55). Moreover, immune- suppressive cell
types like myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Treg) can
proliferate in an acidic TEM, thereby boosting tumor outgrowth (56). In addition, CD38 is also
expressed on other non-malignant cells that are involved in anti-tumor activity, such as NK
cells, B cells and activated T cells. Hence, an off-target effect of daratumumab by depleting NK
cells could impede ADCC and antibody-dependent cellular phagocytosis (ADCP) of tumor cells
(Cherkasova E, et. al, blood, 2015). Furthermore, upregulation of complement inhibiting
proteins CD55 and CD59 may reduce the sensitivity of MM cells to CDC (57).

A goal of this thesis was to evaluate the capacity of nanobody-based hcAbs to inhibit CD38
enzymatic activities and to induce Fc-mediated CDC and ADCC effector functions.

1.3. Nanobody-mediated targeting of Adeno-associated viral (AAV) vectors

AAV (adeno-associated viral vectors) are being used with increasing success for gene therapy
(58), (59), (60). More than 100 clinical studies are currently focusing on the use of AAV to
correct rare hereditary diseases. After transduction of target cells, the AAV genome is
expressed episomally, i.e. without integration into the genome of the target cell. A limiting
factor for the use of AAV vectors in gene therapy is the broad tropism of AAV serotypes, i.e.
the parallel infection of several cell types (61). Previous work in the Koch-Nolte lab showed
that nanobodies targeting cell surface proteins can enhance the transduction of target-
expressing cells, when these nanobodies were fused either to the VP1 capsid protein of AAV2
or to an AAV-specific nanobody (61), (Eichhoff A, dissertation MIN faculty, Hamburg, 2018).

A goal of this thesis was to assess the utility of CD38-specific nanobodies to enhance AAV-
transduction of CD38-overexpressing primary myeloma cells from a patient bone marrow.



2. Objectives of this PhD thesis

Targeted therapy with monoclonal antibodies has become a mainstay for cancer patients.
Cetuximab and panitumumab, and daratumumab have been shown to improve progression
free survival and overall survival in head and neck cancer patients, metastatic colorectal
cancer patients and multiple myeloma patients, respectively. Despite this progress, many
patients still show disease relapse due to primary and acquired resistance mechanisms. The
main goals of this PhD work were 1) to analyze the use of nanobody-based heavy chain
antibodies targeting the EGFR and CD38 to mediate direct (Fig. 2A, left panel) and indirect (Fig.
2B) anti-tumor effects and 2) to explore the use of nanobodies to promote the transduction
of primary myeloma cells by AAV (Fig. 2A, right panel).
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Fig. 2: Graphical abstract illustrating the goals of this thesis.

Targeting of the EGFR in HNSCC, mCRC, and of CD38 in MM with heavy chain antibodies. (A) The schematic on
the left panel depicts direct effects mediated by hcAb and mAbs. (B) The illustration shows indirect effects
mediated by the Fc-part of hcAbs and mAbs inducing complement dependent (A) and NK-cell dependent (B)
killing of tumor cells. (A, right panel) Using direct effects of aCD38 Nbs to enhance cell-specific targeting of AAV
gene therapy vectors. The schematic depicts the strategies used to increase the specificity of AAVs targeting
CD38-overexpressing myeloma cells from a patient bone marrow. Left AAV: fusion of the nanobody to the VP1
capsid protein of AAV (blue). Right AAV: engage AAVs with CD38-expressing target cells via bispecific AAV-Nb
adaptors composed of a CD38-specific nanobody fused to an AAV-specific nanobody.




3. Materials

3.1. Laboratory devices

Table 3.1: Used laboratory devices and the corresponding manufacturer

Laboratory device

Model

Manufacturer

Analytical scale
Autoclave

Autoclave

Incubator for bacteria
Incubator for bacteria
Incubator for bacteria
CO2 incubator
Cis-HPLC column

Flow cytometer
Heating block
Chambers for Agarose-
Gel electrophoresis
Chambers for SDS-PAGE
Micro pipettes
Microtiter plates-
Fluorescence-photometer
pH-Meter

Photometer
Photometer

Roller

Voltage device agarose-
Gel electrophoresis
Voltage device SDS-PAGE
Sterile bench
Thermocycler

Table centrifuge

Table scale
UV-Transilluminator
Vivaspin2

Water bath

Centrifuge

Analytical Plus

Modell 2540 EL

Evo 130 Typ Il
Biotherm 37

Multitron Pro

Ecotron

MCO-20AIC

Multohyp BDS C18
FACS Canto Il
Thermomixer kompakt

Modell 40-0708
XCell SureLock MiniCell
Modell Research

Infinite M200 with Software

i-control, Tecan
Toledo MP220
Nanodrop 2000c
Ultraspec 2000
Mixer SRT6

PowerPac 200
Gelaire Typ BSB4
T3/T Gradient
5424

Scout Pro

Typ TI1

10 kDa size filter
Modell 1007
Rotana 460 R

Ohaus

Tuttnauer Europe
MediTech Service GmbH
Julabo

Infors HT

Infors HT

Sanyo Electric Co.
Langerwehe

BD Biosciences
Eppendorf

PEQLAB Biotechnology
Thermo Fisher Scientific
Eppendorf

Grodig

Mettler

PEQLAB Biotechnology
Pharmacia Biotech
Stuart

Biometra GmbH

BioRad

Gelman

Biometra

Eppendorf

Ohaus

Biometra

Sartorius Stedim

Society for Lab technique
Hettich
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3.2. Chemicals

The used standard chemicals for production of buffers and solutions were obtained from the

companies BD Biosciences, Carl Roth GmbH + Co. KG, GE Healthcare, Merck or Thermo Fisher

Scientific. Special chemicals or chemicals obtained from other companies are listed below.

Table 3.2: Used chemicals and the corresponding manufacturer

Chemical

Manufactorer

3,3’,5,5’-Tetramethylbenzidin (TMB)
Amersham ECL Western Blotting Detection R.
Aqua ad iniectabilia

BSA

Blasticidin

Carbenicillin

Dimethylsulfoxid (DMSO)

DMEM (dulbecco's modified eagle medium)
DNA Gel Loading Dye (6x)

eFluord50

FastStart Essential DNA Green Master Mix
FCS (fetal calf serum)

G418

Geneticin

HIS-Select Nickel Affinity Gel

IgG Elution buffer pH 2.8

Kanamycin

Methanol LiChrosolv Hypergrade
Tetrabutylammonium-phosphat
NuPAGETM LDS Sample Buffer (4x)
NuPAGETM Sample Reducing Agent (10x)
Phosphate buffered saline (PBS)

Pluronic F-68

Polyethylenglycol (PEG) MW 8000
Polyethylenimin (PEI), MW25000

Protein G Sepharose 4 Fast Flow
TAE-Puffer (50x) UltraPure DNA Typing Grade
Triton X-100

Tryptone N1

Tween-20

10

PierceTM/Thermo Fisher Scientific
GE Healthcare

B. Braun Melsungen AG
Sigma-Aldrich/Merck

InvivoGen

Sigma-Aldrich/Merck
Sigma-Aldrich/Merck
GibcoTM/Thermo Fisher Scientific
New England Biolabs
eBioscienceTM/Thermo Fisher Scientific
Roche

GibcoTM/Thermo Fisher Scientific
GibcoTM/Thermo Fisher Scientific
GibcoTM/Thermo Fisher Scientific
Sigma-Aldrich/Merck

Thermo Fisher Scientific
Sigma-Aldrich/Merck

Merck

Sigma-Aldrich

Invitrogen/Thermo Fisher Scientific
Invitrogen/Thermo Fisher Scientific
GibcoTM/Thermo Fisher Scientific
GibcoTM/Thermo Fisher Scientific
Carl Roth GmbH + Co.
Polysciences, Inc.

GE Healthcare

Thermo Fisher Scientific
Sigma-Aldrich/Merck

Organo Technie
Sigma-Aldrich/Merck
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3.3. Buffers and solutions
Table 3.3: Composition of used solutions and buffers

Buffer Composition

Buffer for SDS-PAGE:

NuPAGETM Sample Reducing Agent (10x) 500 mM Dithiothreitol (DTT)
NuPAGETM LDS Sample Buffer (4x) Lithiumdodecylsulfat (pH 8.4)
MES-running buffer 50 mM MES, 50 mM TrisBase, 1% SDS, 1

mM EDTA (pH 7.3)

Buffer for Transfection/AAV production:

PEI (Polyethylenimin) 7.5 mM 25kDa linear Polythylenimine
(Polyxciences Inc.), 0.333 mg/ml solved in
H,0 at 60°C, sterile filtered

NaCl 300mM 300 mM NaCl in H20, sterile filtered

PBS-MK (10x) PBS (10x), 10 mM MgCl2, 25 mM KCl,
sterile filtered

Buffer used for purification of recombinant proteins based on chromatography:

Elution buffer Ni-NTA 50 mM Sodium phosphate, 0.3 M NaCl,
250 mM Imidazol (pH 8.8)

IgG Elution Buffer (Protein G) Thermo Fisher Scientific (pH 2.8)

Neutralizing buffer (Protein G) 1 M Tris (pH 9)

Buffer for agarose-gel electrophoresis:

Tris-Acetat-EDTA-buffer (50x) 2 M Tris-Acetate, 50mM EDTA

Loading dye (6x) 2.5% Ficoll-400, 11mM EDTA, 3.3mM Tris-
HCI, 0.017% SDS, 0.015% Bromphenolbue
(pH 8)

FACS-Buffer 0.02% BSA in PBS

RP-HPLC buffer:

Calcium-buffer 140 mM NaCl, 5 mM KCl 1 mM MgSQ,, 1
mM CaCl,, 20 MM HEPES, 1 mM
NaH2PQOs, 5 mM D-Glucose, pH 7,4)

HPLC-Buffer A 20 mM KH3PO4, 5 mM
Tetrabutylammonium-phosphate, pH 6)
HPLC-Buffer B 50% HPLC-Buffer A, 50% Methanol,

LiChrosolv Hypergrade
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HPLC-Buffer C

Phosphate buffer

NGD-Fluorometric assay buffer
Calcium buffer

3.4. Cell Culture Media

Table 3.4: Composition of the used media

Media

30% HPLC-Puffer A, 70% Methanol,
LiChrosolv Hypergrade

9,1 mM NH2POqs, pH 5,
Triethanolamin buffer (TEA, pH 9)

140 mM NaCl, 5 mM KCI1 mM M, 1 mM
CaCl,, 20 mM DEA-Puffer (1 M DEA, 1 mM
MgCly, pH 9,8)

Composition

Media for eukaryotic cell culture:

DMEM complete medium

RPMI medium

aMem medium

F17 complete medium

F17 transfection medium

F293 medium

12

DMEM (GibcoTM), 1 mM Sodium-
pyruvate, 2 mM L-Glutamine, 10 mM
HEPES, 1x non-essential Amino Acids,
10% FCS

1 mM Natrium-pyruvate, 2 mM L-
Glutamine, 10% FCS

12.5% FCS (Gibco), 12.5% horse serum
(Gibco), 100 IU/mL IL-2 (Proleukin), 2 mM
L-Glutamine (Gibco) £ EGF (5 ng/ml)

FreeStyleTM F17 Expression media

(GibcoTM), 4 mM L-Glutamine, 1% FCS,
0.5 % G418

FreeStyleTM F17 Expression medium

(GibcoTM), 4 mM L-Glutamine, 0.1%
Pluronic

FreeStyleTM 293 Expression medium
(GibcoTM)
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F17/F293 feeding medium

Media for bacteria culture:

LB medium

LB agar

SOC media

3.5.

Antibodies

F17 transfection medium/F293 medium,

20% (w/v) Tryptone N1

10 g/L Tryptone, 5 g/L yeast extract,
10 g/L NaCl (pH7)

10 g/L Tryptone, 5 g/L yeast extract,
10 g/L NaCl, 15 g/L LB agar (pH 7)

8.6 mM NacCl, 2.5 mM KCI, 20 mM
MgS04, 20 mM Glucose, 2% Tryptone,
0.5% yeast extract

All antibodies -commercially obtained or self-produced- used during this work are listed

below.

Table 3.5: Antibodies with corresponding characteristics and manufacturer

Antigen Clone Host Conjugate Manufacturer
CD38, human MU370-hFc Lama - AG Nolte
CD38, human MU1057-hFc Lama AF647 AG Nolte
CD38, human WF211-hFc Lama AF647 AG Nolte
CD38, human JK36-hFc Lama AF647 AG Nolte
CD38, human JK2-hFc Lama - AG Nolte
CD38, human ST52-hcFc Lama - AG Nolte
CD38, human Daratumumab Mouse - UKE pharmacy
CDA45, human HI30 Mouse BV785 BiolLegend
CD19, human HIB19 Mouse PeCy5 BD Biosciences
CD269, human 19F2 Mouse PeCy7 BiolLegend
CD138, human MI15 Mouse FITC BD Pharmingen
CD319, human 162.1 Mouse PeCy7 BiolLegend
CD229, human 30C07 Rat FITC BD

CD56, human MEM-188 Mouse PeCy7 BD

CD55, human IA10 Mouse FITC BD

CD59, human P282 (H19) Mouse FITC BD

Clg, human FO0254 Rabbit FITC eBio

C3b, human 7636 Mouse PE CEDERLANE
CD38, mouse JK3-mlgG2c Lama AF647 AG Nolte
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CD38, mouse JK5-mlgG2c Lama AF647 AG Nolte
CD38, mouse JK13-mlgG2c Lama AF647 AG Nolte
CD38, mouse JK3-mlgG2c Lama AF647 AG Nolte
CD38, mouse NB32-mlgG2c Lama AF647 AG Nolte
CD38, mouse NB11-mlgG2c Lama AF647 AG Nolte
PacO, human/mouse - - - ThermoFisher
Propidiumiodide m/h - - - ThermoFisher

3.6. Plasmids

Table 3.6: Plasmids, origin and reference

Name Manufacturer Reference

pCSE2.5_rblgGFc Thomas Schirrmann, IHK Braunschweig, Jageretal., 2013
pCSE2.5 with rabbit 1gG-Fc sequence
between Not/ and Xbal

pcDNA6.2 Invitrogen

3.7. Size standard for proteins and DNA

Table 3.7: Size standards used for proteins and double-stranded DNA

Name Manufacturer

Size standards for DNA:

GeneRuler 1Kb DNA ladder Thermo Fisher Scientific
GeneRuler 100bp DNA ladder Thermo Fisher Scientific

Size standards for proteins:

Supermarker (1x and 4x) AG Nolte (1x = 75 pg/ml 1gG, 100 pg/ml
BSA, 10 pl/ml Lysozyme)

MagicMark™ XP Western Standard Invitrogen/Thermo Fisher Scientific
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3.8. Enzymes

Table 3.8: Enzymes for cloning and PCR

Name Manufacturer

Restriction enzymes:

Notl New England Biolabs
Notl HF New England Biolabs
Xbal New England Biolabs
Xbal HF New England Biolabs
Nco New England Biolabs
Nco HF New England Biolabs
Pci New England Biolabs
Pci HF New England Biolabs

Ligation enzyme:
T4 ligase New England Biolabs

DNA Polymerase:
PfuUltra HF DNA Polymerase New England Biolabs

3.9. Oligonucleotides

All oligonucleotides were synthesized by Sigma-Aldrich and Eurofins. The corresponding
sequences are attached to this thesis.

3.10. Cell lines

Table 3.9: Prokaryotic and eukaryotic cell lines

Name Source
Prokaryotic cells:
XL-1 Blue E. coli Stratagene

XL-10 Gold E. coli

C2925 dam™ E. coli

Agilent Technologies

New England Biolabs
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Eukaryotic cells:
HEK293-6E

HEK-T

LP1

EL4 NOD

EL4 R

EL4 alt

16

obtained from Dr. Yves Durocher
(licensed by NRC Canada)

obtained from Carol Stocking, HPI,
Hamburg

obtained from the Leibniz-Institute
DSMZ-German Collection of

Microorganisms and Cell Cultures

EL4 R were cells stably transfected with
ARTC2.2, Nolte lab (62)

obtained from Carol Stocking, HPI,
Hamburg

ATCC’TIB-39™



4. Methods
4.1. Celllines

4.1.1. Murine cell lines

Mouse CD38 and ARTC2.2 expressing EL4 R thymoma cells were generated in the Koch-Nolte
lab (62). CD38 gene of EL4 alt cell line was inactivated using CRISPR/Cas9 technology (sc-
401117-NIC, Santa Cruz Biotechnology).EL4 NOD, EL4 R and EL4 alt cell lines were cultured in
a RPMI-1640 medium (Gibco, Life Technologies, Paisley, UK) supplemented with 2 mM sodium
pyruvate (Gibco), 2 mM L-glutamine (Gibco) and 10% (v/v) fetal calf serum (Gibco). All
experiments shown in this thesis were performed with EL4-NOD cells. Hence, EL4 NOD cells
are referred to mCD38 EL4-thymoma cells in the following.

NK-92, a human NK cell line, was obtained from DSMZ. Prior to this work, NK-92 cells stably
co-expressing GFP and human or murine CD16 were obtained by retroviral transduction using
the pSF91 retroviral vector. The sequence for CD16, i.e. the ectodomain of FcyRIll fused to the
transmembrane and cytosolic domains of FceRl, was kindly provided by B. Clémenceau
(Nantes, France). The CD38 gene was inactivated in these cells using CRISPR/Cas9 technology
(sc-401117-NIC, Santa Cruz Biotechnology). NK-92-CD16-GFP cells and NK-92-CD16-GFP-
CD38ko cells were FACS-sorted and grown in an alpha MEM culture medium (Gibco)
supplemented with 10% FCS (Gibco), 10% horse serum (Gibco), 100 IU/mL IL2 (Proleukin,
Novartis, Nirnberg, Germany) and 2 mM L-glutamine (Gibco).

4.1.2. Human cell lines and primary patient samples

The human HNSCC cell lines SAT (EGFR R521K) and UTSCC14 (EGFR WT) were kindly provided
by M. Baumann (2006, University of Dresden, Germany) and R. Grenman (2011, University of
Turku, Finland), respectively. Both lines were cultivated in DMEM (Life Technologies)
supplemented with 10% (v/v) FBS (Merck Millipore) and 1% (v/v) penicillin/ streptomycin
(Gibco/Life Technologies) at 37°C in a humidified atmosphere with 5% CO..

Ba/F3 cells (CSC-C2045, Creative Bioarray) were kindly provided by S. Horn (2014, UKE) and
were maintained in RPMI medium containing 10% (v/v) FBS, 1% (v/v) penicillin/ streptomycin,
and 10 ng/mL recombinant murine IL3 purchased from PeproTech. Prior to this work, different
EGFR expression constructs, the complete human wild-type (WT) EGFR, the respective full-
length cDNA was inserted into a third-generation, self-inactivating (SIN) lentiviral gene
ontology vector LeGO-iG3-Puro+/eGFP as well as LeGO-iG3-Puro+/mCherry (Braig-Karzig F,
dissertation MIN faculty, Hamburg, 2016). The EGFR mutants S492R, K467T, G465R, S464L and
R451C were generated from the WT construct in the pcDNA3.1(+) vector with the QuikChange
XL Site-Directed Mutagenesis Kit (Agilent Technologies). The respective EGFR mutant was
amplified using individually designed oligonucleotides and cloned into the LeGO-iG3-
Puro+/eGFP vector by In-Fusion HD Cloning Plus (Takara Bio). Ba/F3 cells were lentivirally
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transduced with a WT or mutant EGFR encoding vector. Effectively transduced cells were
sorted based on their selectable fluorescent marker by fluorescence-activated cell sorting
(FACS) on a FACSAria lllu (Becton Dickinson), and transduction efficiency was determined.
Ba/F3 cell lines stably expressing EGFR WT or EGFR S492R, K467T, G465R, S464L or R451C
mutants were established by puromycin (1 pg/mL; InvivoGen) and Ba/F3 EGFR WT cells by
puromycin and zeocin (100 ug/mL; InvivoGen) selection.

The human multiple myeloma cell line LP-1 was obtained from the Leibniz-Institute DSMZ-
German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). LP1 cells
were cultured in a RPMI 1640 medium (Gibco, Life Technologies, Paisley, UK) supplemented
with 2 mM sodium pyruvate (Gibco), 2 mM L-glutamine (Gibco) and 10% (v/v) fetal calf serum
(Gibco).

The human cell line NK-92 obtained from DSMZ was stably co-transfected with human CD16
and GFP as described in 1. for mCD16-NK92 cells. Cells were grown in alpha MEM culture
medium (Gibco) supplemented with 12.5% FCS (Gibco), 12.5% horse serum (Gibco), 100 IU/mL
IL2 (Proleukin, Novartis, Nirnberg, Germany), and 2 mM L-glutamine (Gibco). The CD38 gene
was inactivated in these cells using CRISPR/Cas9 technology (sc-401117-NIC, Santa Cruz
Biotechnology) and subsequently FACS-sorted.

Bone marrow aspirates of patients were kindly provided by T. Hansen (2018-2020,
Hematology-Oncology Institute Altona, Germany) and K. Weisel (2018-2020, UKE, Germany)
after written informed consent as approved by the ethics committee (Ethikkommission der
Arztekammer Hamburg, PV4767). Human bone marrow mononuclear cells were prepared by
Ficoll-Paque density gradient centrifugation of bone marrow aspirates and subsequent
depletion of remaining erythrocytes using red blood cell lysis buffer (NH4Cl, KHCOs, EDTA).
BMMCs were subsequently analyzed and further cultivated up to 21 days in alpha MEM
culture medium (Gibco) supplemented with 12.5% FCS (Gibco), 12.5% horse serum (Gibco),
100 IU/mL IL2 (Proleukin, Novartis, Nirnberg, Germany), 2 mM L-glutamine (Gibco)
with/without recombinant human EGF, -IL6, -IL1R and -VEGF. All cytokines and growth factors
were added in 5ng/ml and were obtained from BioLegend.

4.2. Llamaimmunizations and construction of a phage library

Prior to this thesis, two llamas (designated 538 and 539) were immunized subcutaneously by
ballistic cDNA immunization with the full-length open reading frame of CD38 cloned into the
PEF-DEST51 expression vector. The humoral immune response was monitored in serially
diluted serum by ELISA on microtiter plates (Nunc MaxiSorp, Thermo Fisher Scientific,
Waltham, MA) coated with recombinant CD38, using monoclonal antibodies directed against
llama IgG2 and 1gG3 kindly provided by Dr. Judith Appelton, Cornell University, NY. Blood from
the animals was taken 4-18 days after the 3rd or 4th boost.
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4.3. Phage-panning based selection of nanobodies against mouse CD38

Phage libraries from E. coli glycerol stocks of Llamas 538 and 539 were thawed from -80°C.
15 ul of glycerol stocks were mixed with 5 ml of 2YT-2%Glucose-Carbenicllin containing
medium and incubated at 37°C, 200 rpm for 1 hour. Then, the bacteria-suspension was
centrifuged at 4500 rpm for 10 minutes and resuspended in a 10 ml 2YT-2%Glucose-
Carbenicllin containing medium and grown until the optical density (OD) was 0.4. In the next
step, culture supernatants of E. coli transformants were infected with a 10-fold excess of
M13K07 helper phage (GE Healthcare, Chalfont St Giles, UK) for 30 minutes at 37°C, and shook
at 150 rpm. After two washing steps at 4500 rpm for 10 minutes with 2YT-carb, followed by
2YT-Carbenicillin-canamycin medium, the suspension was shook at 220 rpm, 28°C for 6 hours.
Phage particles were precipitated with polyethylene glycol from bacterial supernatants over
night at 4°C. The next day, the supernatants were discarded, and precipitated phages were
resuspended in 1 ml PBS and centrifuged at 14000 rpm for 1 minute. A second precipitation
was performed with polyethylene glycol and NaCl for 30 minutes at 4°C, followed by
centrifugation again at high speed 14000 rpm for 5 minutes at 4°C. The supernatant was
discarded, and the phage pellet was resuspended in 1 ml PBS, and centrifuged at 13000rpm
for 4 minutes. After centrifugation, the supernatant was transferred into a new Eppendorf
tube; this was repeated until there was no visible pellet anymore. The next day, phages were
titrated; therefore, the TG1 E. coli cells (Stratagene, La Jolla, CA) from glycerol stocks were
grown in 20 ml 2YT-medium until an OD of 0.5 was reached. Phages were diluted from 1:103
to 1:10'2 in PBS+1% BSA, then were added to TG1 cells (OD= 0.5) and incubated for 30 minutes
at 37°C. In the last step, 5ul of each cell-phage mix was plated on Carbenicillin containing agar
(1:1000) and incubated overnight. To calculate the titer, the dilution was multiplied by 4000
and the number of clones.

For phage panning, three CD38 wildtype (WT) Black6 (B6) and three CD38 knock-out (ko) B6
mice were killed. Spleens were transferred into a Falcon-tube with a RPMI medium, and then
shredded and filtered with subsequent centrifugation (1600 rpm, 10 minutes, 4°C). The
supernatant was discarded, and the pellet was resuspended in an erythrocyte-lysis buffer for
3 minutes on ice. The reaction was neutralized with 40 ml PBS and splenocytes were
centrifuged again for 5 minutes at 1300 rpm, 4°C. The splenocytes were resuspended in 2 ml
RPMI medium and split into 2 tubes according to two immunized 538 and 539 Llamas. Panning
of specific phages was started with a negative panning round using CD38-ko splenocytes by
adding 20 pl of 538 or 538 phage libraries to 975 ul CD38-ko splenocytes. Cell-phage
suspension were rolled for 1 hour at 4°C, followed by centrifugation at 1500 rpm at 4°C.
Thereby, unspecific binders were removed. The supernatant from negative selection was
further incubated and rolled with CD38-WT-splenocytes for 1 hour at RT. To remove unbound
proteins, cells were washed 20 times in 10 ml PBS and transferred to a new tube every other
time (1300 rpm, 5 minutes, 4°C). After extensive washing, splenocytes were resuspended in
250 pl Trypsin for 10 minutes at RT to elute bound phages from CD38-WT-splenocytes. After
centrifugation, the supernatant with phages was added onto AEBSF to stop the trypsin-
mediated digestion. Eluted phages were titrated and subjected to one or two more rounds of

19



Methods

panning, following the same procedure. Phage titers were determined at all steps by infection
of TG1 E. coli cells. 5 ml of TG1 E. coli cells were infected with 250 ul of eluted phages for 30
minutes at 37°C and 150 rpm. Infected TG1 E. coli cells (1:1000) were distributed on two 2YT-
carbenicillin agar plates and grown overnight at 37°C. The next day, 24 clones of each plate
were picked in 5 ml 2YT-carb-medium at 37°C, overnight at 200 rpm. Lastly, plasmid DNA was
isolated from single colonies using QlAprep Spin Miniprep Kit from Qiagen (4.8.) and subjected
to sequence analyses using pHEN2-specific forward and reverse primers (4.9.). To clone
selected VHHs from pHEN2-vector into the expression vector pCSE2.5, the VHH coding region
was amplified by polymerase chain reaction (PCR) (4.1.) using degenerate VHH-specific
primers. PCR products were purified from agarose gels (4.3.), digested sequentially with Pcil
and Notl (NEB, Ipswich, MA) (4.2.) and cloned into the pCSE2.5 vector downstream of a mouse
IgG2c Fc-portion. Another round of phage panning as described above was done with CD38-
ko EL4 alt cells for negative absorption and mouse CD38 expressing EL4-thymoma cells for
positive absorption.

4.4. Construction of monospecific heavy chain antibodies (hcAbs)
4.4.1. PCR-based amplification of selected VHHs

The coding regions of selected nanobodies found during phage panning (JK3, JK5, JK13, JK16,
NB3, NB7, NB11, NB22, NB24, NB28, NB32, NB38, NB40 and NB42) were subcloned using
restriction enzymes Ncol/Pcil and Notl upstream of the hinge coding region of mouse IgG2c in
pCSE2.5 vectors (kindly provided by Thomas Schirrmann, Braunschweig). Those VHHs with an
internal Ncol cutting side were PCR amplified to exchange the Ncol site with a Pcil cutting side
upstream of the VHH. The three-step PCR was performed to amplify specific DNA-fragments.
First, the double stranded (ds) DNA was denaturized at 95°C, followed by flanked annealing of
specific oligonucleotides (primer) onto their complementary DNA-fragments. The annealing
step was performed at the corresponding melting temperatures ranging from 50°C to 68°C. In
the last step, the complementary DNA strand was synthesized from dNTPs by DNA-
Polymerase (PfuUltra Polymerase) at 70°C. The sequential repetition of all three steps in
various cycles enabled exponential amplification of the specific DNA-fragment.

Table 4.1: Reagents used for endonuclease mediated digestion of pCSE2.5 vectors

Reagents Volume Final concentrations
10x Puffer flr PfuUltra Polymerase 5ul 1x

dNTPs (2 mM each) 5u 0,2 mM each
forward-Primer ‘"TE#155_fwd" (100 ng/ul) 1.25 ul 125 ng
reverse-Primer 'fdSeql_rev' (100 ng/ul) 1.25 pl 125 ng

PfuUltra HF DNA Polymerase (2.5 U/ul) 1l 0,05 U/ul
Plasmid-DANN (10 ng/pl) 1l

ddH20 35.5 pl
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To purify PCR products from substances involved in PCR, PCR products were loaded onto an
agarose gel for gel electrophoresis as described in 4.4. Subsequently, PCR products were
sequentially digested with Pci and Notl (NEB, lpswich, MA) and cloned into the pCSE2.5
expression vector upstream of the hinge region and mlgG2c C220S Fc-portion (4.2).

4.4.2. Endonuclease based digestion of inserts and vectors

To clone a new hcAb, exchanging the Fc-portion and not the VHH region is often easier.
Instead of exchanging the VHH using Pcil and Notl with PCR-based insertion of a Pcil cutting
site, the Fc-portion was directly exchanged with Xbal and Notl without preliminary PCR. All
endonucleases with corresponding buffers to digest DNA-fragments and plasmid-DNA used
for cloning were obtained from New England Biolabs (NEB). Endonucleases are enzymes that
cut dsDNA in palindrome-sequences. Every reaction was performed in a total volume of 30 pl.
Therefore, 1 Unit of endonuclease was used to digest 1 pug DNA for 3 hours at 37°C with
subsequent heat inactivation of enzymes at 65°C for 20 minutes.

Table 4.2: Reagents used for endonuclease mediated digestion of pCSE2.5 vectors

Reagents Volume/concentration

3.1 buffer 3ul

Notl 1l

Xbal or Pcl 1l

DNA 1ug

H20 Fill up to a total volume of 30 pl

4.4.3. Dephosphorylation of vector DNA

After endonuclease-mediated  digestion, vector-based DNA fragments were
dephosphorylated to prevent unspecific reformation into cyclic DNA. Therefore, 1 ul of
Antarctic phosphatase (New England Biolabs) and 3 pl of the tenfold Antarctic concentrated
buffer were added to the reaction mixture and incubated at 37°C for 1 hour. The enzyme was
heat inactivated at 65°C for 10 minutes.

4.4.4. Agarose gel electrophoresis and PCR-DNA clean up

After endonuclease mediated digestion and dephosphorylation of pCSE2.5 vectors, agarose
gel electrophoresis was performed to separate and isolate DNA-fragments based on their size.
Therefore, 1% agarose was dissolved in TRIS-Acetat-EDTA-(TAE)- buffer. Then, the solution
was poured into a gel chamber and 5 pl Roti®-GelStain (Carl Roth GmbH + Co. KG) was added
to a 100ml agarose solution and a comb was placed. Roti®-GelStain is a substance to visualize
DNA bands under UV light. After the gel was hardened, it was placed into a running chamber,
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which was filled up with TAE-buffer. Into the first and last gel pocket two different DNA ladders
(1 kb and 100 bp, Invitrogen™) were pipetted to later assign different DNA bands to size
standards. DNA samples were mixed with 6x loading dye (Thermo Scientific™) and added into
the gel pockets in between the DNA ladder. The loading dye contained the dyes
Bromphenolblue and Xylencyanol FF to visually observe the progress of gel electrophoresis.
On average, for big gels with 100 ml, gel electrophoresis was performed at 100V for 1 hour
and 30 minutes for small gels with 50 ml. Validation was done using a UV light transilluminator
and a Video-Image-System (BioVision 3000 WL). To extract DNA fragments for further cloning,
the gel was placed on the UV- Transilluminator (Type TI1, Biometra) and DNA-bands were cut
out in accordance to reference DNA standards. DNA from gel pieces were subsequently
purified using the Nucleospin Extract Il kit (Macherey-Nagel) according to the manufacturer
protocol.

4.4.5. Quantification of DNA

To check for concentration and purity of dsDNA, samples were analyzed using the spectral
photometer Nanodrop 2000c. Therefore, the absorption of samples was measured at the
wavelength of 260nm and converted concentration using Aeo = 1 = 50 pug/ml for DNA. The
relation of Aaso/A280 was used to determine sample purity. Values between 1,8-2,0 were
defined to be pure.

4.4.6. Ligation of DNA fragments

To lastly ligate the inserted DNA fragment with the vector backbone, 100 ng of enzymatically
digested, purified plasmid DNA (vector backbone) was mixed with the DNA-insert in a relation
of 1:3. DNA fragments were ligated by complementary nucleotide overhangs. The ligase is an
ATP-dependent enzyme catalyzing the formation of phosphodiester bonds between 5'-
phosphate- and 3'-hydroxygoups of DNA. Ligation was done using vector backbone DNA and
DNA-insert in a ratio of 3 to 1 with 1 ul of T4-Ligase (New England Biolabs) in a total volume
of 20 uL 1x ligase buffer. Ligation was done in the Thermocycler for 16 hours at 14 °C and the
reaction was stopped at 65°C for 10 minutes and paused at 4°C.

4.4.7. Transformation of chemically competent E. coli bacteria

To transform chemically competent E. coli bacteria with newly cloned DNA, bacteria were heat
shocked. DNA from cloning performed with the enzyme combination of Pcil/Notl or Ncol/Notl
was transformed into XL1-blue E. coli bacteria (NEB), whereas DNA digested with Xbal/Notl
was transformed into C2925 non-methylating E. coli bacteria (NEB). Amplification of DNA in
C2925 E. coli bacteria enables later digestion with Xbal/Notl, since Xbal can only cut non-
methylated sites. Therefore, 100 ul bacteria aliquots stored at -80°C were thawed on ice. In
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case of retransformation, 50 pl of bacteria were mixed with 10 ng plasmid-DNA. For new
cloning, 50 pl of bacteria was mixed with 2 pul of the ligation preparation. Bacteria and DNA
were inverted and incubated on ice for 20 minutes. Then, bacteria were heat-shocked for 30
seconds in a 42°C warm water bath and subsequently incubated on ice for another 2 minutes.
Next, a 450 ul pre-warmed SOC-medium was added and cells were incubated for 1 hour at
37°C shaking. In the last step, 400 ul of bacteria transformed with ligation-based DNA or 50 pl
of re-transformed bacteria were distributed on carbenicillin containing 2YT-agar plates
(1:1000) in a sterile environment. Agar plates were incubated overnight at 37°C.

4.4.8. Isolation of plasmid DNA

In the next step, individual bacteria colonies were picked in 2YT-medium containing
carbenicillin (1:1000) and incubated over night at 37°C and 240 rpm. Plasmid-DNA was
isolated either using the QlAprep Spin Miniprep Kit from Qiagen or the EndoFree Plasmid Maxi
Kit from Qiagen according to the manufacturer protocol.

4.4.9. Sequencing of isolated DNA

To check for successful cloning, DNA was sequenced using the Didesoxy method according to
Sanger. Sequencing was performed by Eurofins (Ebersberg). Therefore, 75 ng/ul of DNA was
mixed with 2 ul forward or reverse sequencing primer (10uM) and filled with deionized water
to a total volume of 17 pl. Evaluation of sequencing data was done with 4Peaks.

4.5. PCR Mutagenesis

In conventional antibodies, the first free Cysteine within the mouse Fc-portion interacts with
a free Cysteine in the light chain. Since nanobodies lack the light chain, the free Cysteine can
form complexes with other nanobodies. To avoid this, the free Cysteine in migG2c at position
220 and mlgG2a at position 224 were exchanged with Serine by PCR mutagenesis. Primers
were designed as following:

mlgG2c_C220S_fwd

5'CCAGCGGCCGCTCCATCTCCTCCACTCAAAGAGTG 3

mlgG2c_C220S_rev

5'CACTCTTTGAGTGGAGGAGATGGAGCGGCCGCTGG 3

mlgG2a_C224S_fwd

5'CCGACGATTAAGCCGTCTCCGCCGTGTAAGTGTCC 3°

mlgG2a_C224S_rev

5'"GGACACTTACACGGCGGAGACGGCTTAATCGTCGG 3°
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Table 4.3: Reagents used for PCR

Reagents Volume (mlgG2c #435) Volume mlgG2a (#935)
DNA 1.79 pg/ul 1 pg/ul

Reaction Buffer 10x 5ul 5ul

DNA Template 1 (of 1 ul DNA + 86.5 pl H,0) 1 (of 1 ul DNA + 49 pl H,0)
125 ng Primer fwd 1.21 pl 1.25 pl

125 ng Primer rev 1.19 1.15

dNTP 1l 1l

H20 40.6 pl 40.6 pl

PfuUltra HF Polymerase 1l 1l

Overlay Mineral Oil 30 ul 30 ul

PCR was performed 1 h at 37°C. PCR products were purified according to the manufacturer’s
protocol using the PCR Purification Kit described above. Supercoiled dsDNA was digested using
1 pl of Dpnl at 37°C for 1 hour. Then, 2 ul of each PCR product were transformed as described
in 4.7 and DNA was isolated as described in 4.8-4.9 and the DNA was sequenced.

4.6. Transient transfection of HEK293-6E cells with recombinant hcAbs

Selected nanobodies (7D12 (EGFR), JK3, JK5, JK13, JK16, NB3, NB7, NB11, NB22, NB24, NB28,
NB32, NB38, NB40 and NB42) with different Fc-portions (rbFc WT, higG1 WT, higG1-E, higG1-
T, hlgG1-TE, migG2c WT, mlgG2a WT C224S, mlgG2a ADS, mlgG2a LALAPG) were subcloned
behind the hinge region into the pCSE2.5 vector using Notl and Xbal as described in 4.2.
Transfection of HEK293-6E cells was done using 7.5 mM (0.333 mg/ml) of PEI (Polysciences
Inc.) was used. Depending on the volume to be transfected, either 10 ug DNA, 40 pg PEI (124
ul) and 250 pl ddH,0 were prepared for a transfection volume of 10 ml (T75 culture flask) or
30 ug DNA, 80 pg PEI (248 pul) and 750 pl ddH,0 were mixed for a transfection volume of 30ml.
All DNA/PEI mixes were vortexed in 1:1 with 300 mM NacCl (150 mM NacCl in final volume) for
10 seconds. Then, the PEI-mix was added drop by drop to the DNA/NaCl-mix, and vortexed for
another 10 seconds with a subsequent incubation of 20 minutes at RT. The DNA/PEI Mix was
added very slowly to the corresponding cell culture flask directly onto HEK293-6E cells
cultivated in F17 transfection medium. 24 hours post transfection, 0.1-0.2 mg Tryptone N1
were added to prevent cells from starving. Six days post transfection, supernatants were
harvested and cleared by centrifugation, 4000 rpm for 10 minutes.

4.7. SDS-Polyacrylamide gel electrophoresis and Coomassie staining

Recombinant proteins in HEK293-6E cell supernatants were quantified by SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) and Coomassie staining relative to marker
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proteins of known quantities: 10 ul samples of the supernatant were size fractionated side by
side with standard proteins: m/M (amount loaded per lane in pug) bovine serum albumin (1/4),
IgH (0.5/2), IgL (0.25/1), hen egg lysozyme (0.1/0.4). Therefore, samples were mixed with
Loading dye (4x), NuPAGE™reducing agent (10x) and deionized water and denaturized at 70°C
for 10 minutes. Electrophoresis was done in 10 % Bis-Tris NUPAGE™ gels (Thermo Fisher
Scientific) in MES-running buffer at 200 V for 45 minutes. Bands were visualized using
Coomassie-blue staining solution from the Collidial Blue Staining Kit (Invitrogen™). Yields of
recombinant hcAbs typically ranged from 0.5-3 pg/10 pl. For pilot assays supernatants
containing hcAbs were used; in case of potentially good killing hcAbs or enzyme modulating
hcAbs, hcAbs were purified by affinity chromatography using protein G or A sepharose (GE
healthcare) as described in the following.

4.8. Protein purification

Heavy chain antibodies were purified from HEK293-6E cells via affinity chromatography.
Thereby, constant domains of the hcAbs were bound to Protein G, which was immobilized as
a ligand of the Sepharose matrix. 60-90 ml culture supernatant of transiently transfected
HEK293-6E cells were loaded onto Protein G Sepharose 4 Fast Flow (GE Healthcare) columns,
and unbound proteins were eluted using 20 ml PBS after the supernatant was flown through.
The elution of bound hcAbs was performed with a low pH-IgG elution buffer pH 2.8 (Thermo
Fisher Scientific) in three fractions (eluate 1: 1.2 ml, eluate 2 and 3: 2.5 ml each). The acidic
pH was neutralized with a tenth volume of 1M Tris at pH9. Via PD-10 columns, the buffer of
eluates with the highest protein concentration (E2 and E3) was exchanged to PBS+/+. To
increase the concentration of the purified protein, Amicon centrifugation filters with a 10.000
cut off were used. Purified heavy chain antibodies were stored with 0.02% sodium azide at 4
°C.

For flowcytometric analysis, purified hcAbs were conjugated with fluorochrome Alexa Fluor
647 (AF647) as described in 10. and stored at 4°C.

4.9. Calculation of protein concentration from purified hcAbs

To determine the concentration of purified hcAbs, the Thermo Scientific™ Pierce™ BCA
Protein Assay Kit was used. The assay is based on bicinchoninic acid (BCA) enabling a
colorimetric detection and quantitation of total protein. Bovine gamma globulin (BGG)
standard proteins of known concentrations were diluted as described in the manufacturer
protocol. Standards were assayed alongside the purified hcAbs; therefore, hcAbs were diluted
1:10 and 1:5 in duplicate wells and a pre-mixed solution of A:B (50:1) was added to a total
volume of 200 pl for 30 minutes at 37°C. The assay was then analyzed in a spectrophotometer
(VIKTOR3) at 562 nm and concentrations of hcAbs were calculated using the standards.
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4.10. Fluorochrome conjugation of heavy chain antibodies

For flow cytometric assays, a part of purified hcAbs was conjugated with a fluorochrome. For
conjugation of the fluorochrome Alexa Fluor 647 (AF647) with hcAbs, the Kit Molecular Probes
Alexa Fluor 647 Kit from Thermo Fisher Scientific was used. To prepare the matrix for column
chromatography, columns were prepared using Sephadex G-50 Fine (GE Healthcare) was
mixed with PBS-/ to get 10 ml of matrix. To prepare the conjugation, the fluorochrome was
resuspended in 100 pl Dimethylformamid (DMF, 10 mg/ml) and vortexed for 5 minutes at RT.
25 pl of the DMF/Fluorochrome-mix was added to 1 mg hcAb and incubated for 1 hour at RT
rolling. After 1 hour, the conjugated-hcAbs were pipetted onto the prepared column, followed
by the addition of 500 pl elution buffer (PBS-/-) until two blue bands, separated by a colorless
band, were detectable. The first band for elution were the conjugated hcAbs, the second
colorless band was unconjugated protein and the third band was unconjugated fluorochrome.
As soon as drops of the first band arrived at the bottom line of the column, conjugated hcAbs
were collected. The conjugation was validated by photometric measurement (Ultraspec
2000); therefore, the absorption of the sample at 650 nm was calculated compared to the
absorption at 280 nm. HcAbs-AF647 were stored in brown Eppendorf tubes at 4°C.

4.11. Cross-blockade analyses on mouse CD38 epitope

For epitope analyses, mCD38 EL4-thymoma cells were preincubated with a saturating
concentration (100 nM) of unconjugated hcAbs with mlgG2c Fc portion for 30 minutes at 4°C.
CD38-negative EL4 alt cells were used as a control. Then, mCD38 EL4-thymoma cells stained

with Alexa®’-conjugated CD38-specific hcAbs (500 ng in 0.5 pl PBS) with pre-defined epitopes

for 20 minutes at RT and analyzed by flow cytometry on a BD-FACS Canto. Data was analyzed

using the FlowJo software (Treestar). The percentage of cross-blockade was then calculated
from mean fluorescence intensities (MFI) as follows:

MFl in absence of competing Abs — MFI in presence of competing Abs x 100.

MFl in presence of competing Abs

4.12. Dissociation assay of anti-mouse CD38 hcAbs

To analyze binding affinities and relative dissoziation rates of hcAbs, two separate aliquots of
mouse CD38-expressing EL4 thymoma cells were incubated either with Cell Proliferation Dye
eFluor 450 (eBioscience) or with were incubated with 100 nM Alexa®¥’-conjugated hcAbs for
30 minutes at 4°C. Control staining was performed with CD38-negative EL4 alt cells. Cells were
thoroughly washed (1600 rpm, 5 minutes at 4°C) and then mixed at a 1:1 ratio with eFluor
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450-tagged mCD38 EL4-thymoma cells and further incubated at 4°Cfor 0.5, 1, 2, 3 and 6 hours
before FACS analyses. The dissociation of hcAbs from EL4-thymoma cells and association with
the eFluor 450 labeled cells was analyzed using the FlowJo software (Treestar).

4.13. Transient transfection of HEK-T cells with mouse- and human CD38

mCD38, hCD38 and eGFP subcloned into the pcDNA.6 vector were used to transiently
transfect HEK-T cells. Therefore, HEK-T cells were seeded into DMEM (GibcoTM) complete
medium (1 mM Natrium-pyruvate, 2 mM L-Glutamine, 10 mM HEPES, 1 x non-essential Amino
Acids, 10% FCS) at 40% confluency 24 hours prior to transfection. Transfection was prepared
as described in 6. To evaluate transfection efficacy, 1.5 ug of eGFP was co-transfected with
hCD38 and mCD38. DNA/PEI Mix was then added very slowly directly onto HEK-T cells
cultivated in a DMEM complete medium. 24 hours post transfection, successful transfection
was controlled GFP-signal in a fluorescence microscope (EVOS). Right after, the transfection
medium was exchanged with a DMEM complete medium, since PEI might be cell toxic. 48
hours post transfection, cells were harvested and used for further FACS analysis of binding
assays, blockade assays and CDC assays.

4.14. CDC of transiently transfected HEKT-mCD38 cells

To analyze the complement-dependent cytotoxicity (CDC) mediated by hcAbs binding to two
different epitopes, CDC assays were performed. mCD38 EL4-thymoma cells were incubated
for 10-20 minutes at 4°C with mlgG2a-Fc-based hcAbs before addition of pooled human
serum (15% v/v) as a source of complement before 90 minutes incubation at 37°C. As a
negative control, heat inactivated serum (30 minutes at 56°C) was used to verify complement
dependency. Cells were washed and resuspended in PBS/0.2% BSA/propidium iodide before
FACS analysis. The CDC assay was quantified by flow cytometry measuring propidium iodide
(P1) uptake. The percentage of lysed cells was defined as percentage of Pl-positive cells.

The experimental set up had to be changed, since mCD38-expressing EL4 thymoma cells
showed 98% lysis without addition of hcAbs, due to autoreactive IgG or IgM antibodies
naturally occurring in human serum. Therefore, we next used HEKT cells and transiently co-
transfected them with mouse CD38 (in pcDNA vector) or human CD38 (pcDNA vector) and
GFP using the Jet-PEI transfection protocol (described in 13.). 48 hours post transfection,
HEKT-mCD38- and HEKT-hCD38-cells were then used for CDC as described above.
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4.15. ADCC of mouse thymoma cell lines

To determine NK-cell mediated lysis of mCD38 EL4-thymoma cells, ADCC assays were
performed. mCD38 EL4-thymoma cells were incubated for 10—-20 minutes at 4°C with 10 pl
supernatants of the hcAbs JK3, JK5, JK13 and JK16 with an mlgG2a WT C224S and mlgG2a
mADS Fc-portion As a negative control, the ADCC and CDC abrogating mutations LALAPG were
inserted into in the mlgG2a Fc-portion of the corresponding hcAbs. To distinguish the effector
NK-92 murine- or human-CD16 cells from target thymoma cells, NK92-CD16 cells were tagged
with eFluor450 for 10 minutes at 4°C, washed 3 times (1600 rpm, 5 minutes, 4°C) and then
were added at an effector to target ratio [E:T] of 3:1. Cells were co-incubated for 3 hours at
37°C, followed by a 2 times washing step. Cells were then resuspended in 1:500 Propidium
lodid (P1) in PBS+ 0,2% BSA before flowcytometric measurement. The percentage of dead cells
was defined as percentage of Pl-positive cells.

4.16. Human EGFR-specific antibody and -nanobody binding to EGFR-escape
variants

Ba/F3 cells stably transduced with either EGFR WT or EGFR S492R, K467T, G465R, S464L and
R451C (cloned in LEGO.puro-IG vector) were stained for 30 minutes at RT with a polyclonal
EGFR antibody (R&D Systems), the therapeutic antibodies cetuximab or panitumumab, or
heavy-chain antibodies 7D12- or 9G8-hlgG1. After washing cells twice (1600 rpm, 5 minutes)
in PBS/BSA 0.2%, primary staining was followed by appropriate fluorescently labeled
secondary antibodies (R&D Systems) for 30 minutes, RT in the dark. Then, cells were washed
twice again with subsequent flow cytometric analysis on a FACSCanto (Becton Dickinson).
Percentages of stained cells of total EGFR-positive cells were determined with FlowJo v.10.4
(Tree Star).

4.17. Cellular proliferation assay of human EGFR-escape variant —and WT cells

Ba/F3 cells expressing either the EGFR WT or EGFR G465R were seeded in triplicates at a
density of 1 x 10° cells/mL. Cells were treated every 24 hours with 5 pg/mL cetuximab (Merck,
obtained from the UKE hospital pharmacy), 2.5 ug/mL panitumumab (Amgen, hospital
pharmacy UKE), or 2.5 pg/mL 7D12-hcAb or in the corresponding absence of therapeutics as
controls, without or in combination with EGF (5 ng/ml). The average number of viable cells in
a total volume of 500 ul was measured daily for 7 days after trypan blue staining using Vi-CELL
Cell Viability Analyzer (Beckman Coulter).
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4.18. 3D Spheroid proliferation assay of human EGFR WT- and EGFR R521K cells

UTSCC14 or SAT cells were washed and resuspended in ice cold DMEM medium containing
10% FCS, 1% penicillin/streptomycin, 5 ng/mL EGF, and 2% Matrigel Growth Factor Reduced
(GFR) Basement Membrane Matrix or without GFR as control. Matrigel was thawed on ice for
2 hours. Tips used for pipetting and cell culture plates were stored at -80°C for 3 hours prior
to the experiment in order to avoid rapid polymerization of the GFR Matrigel. Cell suspension
(1 x 10%cells/mL) was seeded in a 96-well Greiner Bio-One CELLSTAR™ Cell-Repellent Surface
Cell Culture Multiwell Plates (Fisher Scientific) and centrifuged at 1000 x g for 10 minutes at
4°C. After 7 days of culture, 100 pL medium with 5 pug/mL cetuximab, 2.5 pg/mL panitumumab,
2.5 pg/mL 7D12-hcAb or medium alone as control were added. The medium was changed
every other day, and spheroid size was calculated until day 13 was reached. Pictures were
taken daily with 10 x magnification using Axiovert 25 microscope and AxioCamMRc (Carl
Zeiss). Cell size was calculated using AxioVision v4.9. (Carl Zeiss).

4.19. Construction of humanized 7D12-E345R-hcAb and 7D12-G236A-S239D-I1332E-
hcAb

The previously published (Roovers et al., 2011) coding sequence of 7D12 was cloned via Ncol
and Notl into the pCSE2.5_IgG1 expression vector upstream of the hinge, CH2 and CH3
domains of human IgG1 (kindly provided by Thomas Schirrmann, Yumab, Braunschweig,
Germany) as described in 4.; The CDC-enhancing E345R mutation was introduced into the
7D12-E-hcAb by PCR-mediated mutagenesis as described in 5. The mutation was confirmed
by sequencing. In order to ensure that no other mutations were introduced into the vector,
the hlgG1 Fc-portion encoding the E345R mutation was recloned into the pCSE2.5 vector using
flanking restriction sites (Notl and Xbal). The coding sequence of G236A-S239D-I1332E (Triple,
T) 7D12-T-hcAb mutated hlgG1 Fc-portion was generated by Integrated DNA Technologies
(IDT) and cloned into the pCSE2.5 vector downstream of the hinge region. Recombinant anti-
EGFR hcAbs were expressed in HEK293-6E cells and purified by protein A chromatography as
described in 6. And 8., respectively.

4.20. CDC-mediated killing of HNSCC cell lines

To analyze the cytotoxic potential of the EGFR-hcAb, UTSCC14 and SAT cells were washed and
resuspended in PBS containing 0.2% BSA. Cells were seeded at a density of 50.000 in a total
volume of 200 pL in 96-well plate and 5 pg/mL cetuximab, 2.5 ug/mL panitumumab, 2.5 pg/mL
7D12-hcAb, 7D12-E-hcAb, or 7D12-T-hcAb were added. 15 minutes post incubation with
therapeutic constructs, 50 pL of human serum as a source for complement or 50 uL of control
complement-inactivated human serum (preheated 30 minutes at 56°) were added. Cells were
incubated for 3 hours at 37°C in a humidified atmosphere with 5% CO,. Then, cells were
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washed twice in PBS/BSA 0.2% (1600 rpm, 5 minutes, 4°C) and resuspended in PBS with
propidiumiodid (PI) (1:500) to stain dead cells that were quantified on a FACSCanto (Becton
Dickinson).

4.21. ADCC mediated killing of HNSCC cell lines

The effector cell-mediated cytotoxicity of 7D12-hcAb, 7D12-T-hcAb, or 7D12-E-hcAb and
antibodies cetuximab and panitumumab was analyzed in a standard 4 hours >!Cr release assay
using human effector mononuclear cells (MNC) from healthy donors. MNCs were isolated
from whole blood using two layers of 70% Percoll and 63% Percoll. After a 20 minutes
centrifugation at 2.500 rpm at RT, no break, a white layer of MNCs was isolated. In case of
many erythrocytes, 1-2 times erythrocyte lysis was performed. In the meantime, HNSCC target
cells were tagged with chromium (50 pL >'chrom per 600.000 cells) and incubated with a
slightly opened lid for 2 hours at 37°C in a humidified atmosphere with 5% CO,. Then, target
cells were washed 3 times in R10+ medium. A 40:1 effector-to-target ratio was used in these
experiments. The ADCC assay was performed in 96-well microtiter plates in a total volume of
200 pL. 5 pg/mL cetuximab, 2.5 pg/mL panitumumab, 2.5 pg/mL 7D12-hcAb, 7D12-E-hcAb, or
7D12-T-hcAb were mixed with cells at an 40:1 effector-to-target ratio, followed by a 3 hours
incubation at 37°C. Rituximab and Fc-optimized rituximab-lgG1-DE (S239D and I332E) were
used as control at indicated concentrations. After the incubation, plates were centrifuged at
2.000 rpm for 5 minutes and 25 plL of supernatant was mixed with scintillation solution
supermix (Applied Biosystems) and incubated for 15 minutes with agitation. >'Cr release from
triplicates was measured in counts per minute (cpm). Percentage of cellular cytotoxicity was
calculated using the formula: % specific lysis = (experimental cpm - basal cpm)/(maximal cpm
- basal cpm) x 100. Maximal >1Cr release was determined by adding Triton X-100 (1% final
concentration) to target cells, and basal release was measured in the absence of sensitizing
proteins and effector cells using a scintillation counter device.

4.22. Fluorometric enzyme assay of mouse thymoma and human myeloma cells

To determine the inhibitory or stimulatory effect of our anti-mouse and -human CD38 hcAbs
on the enzymatic CD38 cyclase activity, a fluorometric enzyme assay using nicotinamide
guanine dinucleotide (NGD*) as substrate was performed. NGD* is converted to cyclic GDP-
ribose (cGDPR) and nicotinamide followed by a very slow hydrolysis of cGDPR to GDPR, leading
to accumulation of the fluorescent product cGDPR. Enzymatic production of cGDPR from NGD*
(50 uM, Sigma, St Louis, MO) was monitored continuously for 50 minutes at 410 nm (emission
wavelength) with the excitation wavelength set to 300 nm, using a Tecan Infinite M 200
microplate fluorimeter. As a source for CD38, mouse CD38-expressing EL4 thymoma cellsor
LP1 cells expressing human CD38 were resuspended in calcium-containing buffer and
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seeded at a cell density of 1 x 10° cells/well at 37°C in the dark. 15 minutes prior to starting
the fluorescence measurement, hcAbs or the CD38-inhbitor araF-NAD (BioLog, Bremen) were
added to hCD38-LP1- or mCD38-EL4 thymoma cells at 37°C in a concentration of 10 pug/ml or
1 pg/ml; For some inhibitory selected hcAbs, a dilution series from 10 pg/ml down to 0.01
ug/ml was performed in duplicates. After recording 20 cycles, 500 uM NGD* was added,
followed by further incubation in the dark at 37°C for another 50 minutes. Readings
(EX300/EM410) from wells without CD38 were subtracted from all sample readings and were
plotted for each hcAb concentration in Relative Fluorescence Units (RFU) vs. time. The rate of
cGDPR production was calculated as the slope of these curves (RFU/s) during the linear phase
of the reaction, i.e. between t=500 seconds and t = 1200 seconds.

4.23. HPLC analysis of a human myeloma- and murine thymoma cell line

Metabolism of NAD* and cADPR by the ectoenzyme CD38 on the surface of mCD38 EL4-
thymoma cells and hCD38 LP1 cells was analyzed by HPLC. When NAD* is added as a substrate
the ADP-ribosyl cyclase activity and NAD glycohydrolase activity of CD38 can be followed,
whereas addition of cADPR as substrate exhibits the cADPR hydrolase activity of CD38. To
determine the kinetics of turnover of NAD*and cADPR by LP1 cells (expressing human CD38),
1 x 10° cells were incubated with NAD* (500 uM) or cADPR (500 uM) for 0 (without cells), 5-,
10-, 20-, 60-, 180 minutes and 24 hours at 37°C, shaking at 600 rpm. After incubation cells
were removed by centrifugation (2300 rpm for 5 minutes at 4°C) and the supernatants passed
through a centrifugal filter device with 10 kDa cut off (Vivaspin at 10000 rpm for 15 minutes
at 4°C) to remove proteins shedded or released from the cells. These samples were then
analyzed by reversed-phase HPLC with or without ion-pair reagent on 1200 and 1260 Series
systems from Agilent Technologies. Due to the better separation and resolution cADPR was
analyzed by reversed-phase HPLC on a C-8 Luna column (Phenomenex) with buffer A (20mM
KHPOa, pH 6), a flow rate of 0.8 ml/minutes and the following gradient 0 minutes, 0% MeOH;
5 minutes, 0% MeOH; 27,5 minutes, 50% MeOH; 30 minutes, 50% MeOH; 32 minutes, 0%
MeOH; and 43 minutes, 0% MeOH. All other metabolites were analyzed by reversed-phase
HPLC with the ion-pair reagent tetrabutylammonium dihydrogen phosphate (TBAHP) on a
Multohyp BDS C18 column (250 mm, 4.6 mm, particle size 5 um; Chromatographie Service)
with buffer A (20 mM KHPO4, 5 mM TBAHP, pH 6) and the following gradient: 0 minutes, 15%
MeOH; 3.5 minutes, 15% MeOH; 11 minutes, 31.25% MeOH; 15 minutes, 31.25% MeOH; 25
minutes, 50% MeOH; 27 min, 50% MeOH; 29 min, 15% MeOH; and 38 min, 15% MeOH. In
both cases the flow rate was 0.8 ml/minutes. Absorbance was measured at 260 nm using the
DAD detector of the Agilent systems and data were processed using the ChemStation (Rev.
C.01.05; Agilent Technologies). Peaks were identified by comparing their retention time to
known standards. For NAD*, ADPR, cADPR and AMP standard curves were constructed by
plotting the “area under the curve” against amount of substance for at least three standards

31



Methods

with different concentrations. Using the slope from these standard curves the amount of the
nucleotides in the samples was determined.

Furthermore, the effect of different reducing agents (TCEP, DTT and GSH) on NAD
glycohydrolase and ADPR cyclase on LP1 cells was analyzed. LP1 cells were preincubated with
a dilutional series of the respective reducing agents (10 uM —5 mM) at 37°C, 15 minutes prior
to addition of 500 uM NAD™. The reaction was stopped 60 minutes later. Samples were then
further processed as described above.

4.24. Marker expression of primary patient bone marrow cells

Fresh primary MM cells were obtained from bone marrow aspirates after IRB-approved
consent was obtained from all patients. Experiments were performed in accordance with the
ethical standards of the responsible committee on human experimentation and with the
Helsinki Declaration. The study was approved by the local IRB committee (PV5505). Bone
marrow mononuclear cells (BMMCs) were prepared by Ficoll-Paque density gradient
centrifugation of bone marrow aspirates. Therefore, the bone marrow aspirate was diluted
1:2 with NaCl and carefully pipetted onto 15 ml Ficoll with subsequent centrifugation at 4000
rpm for 40 minutes at 4°C without brake. After gradient centrifugation, the white/yellowish
layer of MNCs was transferred into a new Falcon tube and diluted with NaCl (1:2) and
centrifuged again at 1600 rpm for 5 minutes at 4°C. Supernatant was discarded and the cell
pellet was resuspended in 5 ml red blood cell lysis buffer (NH4Cl + KHCOs; + EDTA) for 5
minutes. Lysis reaction was stopped by adding 15 ml of PBS/BSA (0.2%) and centrifuged again
for 5 minutes at 1600 rpm at 4°C. Thereafter, the cell pellet was resuspended in alpha-Mem
medium for further culture and PBS/BSA (0.2%) for subsequent marker analysis, ADCC and
CDC assays. To analyze the marker expression profile, BMMCs were incubated with directly
labeled antibodies against CD38, CD138, CD229, CD269, CD319, CD56, CD55, CD59, CD19 and
CD45 for 30 minutes in the dark at 4°C. Then cells were washed twice (1600 rpm, 5 minutes
at 4°C) and resuspended in PBS/BSA (0.2%), followed by flow cytometric analysis. MM cells
were further used for CDC and ADCC analysis if the CD38/CD138 double positive population
was larger than 2% of total alive single cells.

4.25. CDC and ADCC of primary MM cells from patient bone marrow

For CDC assays, patient BMMCs were incubated in PBS/BSA (0.2%) and 100 nM CD38-specific
hcAbs, isotype control (L-15-hcAb), or daratumumab and 12.5% pooled human serum as a
source of complement for 90 minutes.

For ADCC assays, BMMCs were incubated in alpha MEM and 100 nM CD38-specific hcAbs,
isotype control, or daratumumab and NK92 cells stably transduced with CD16 and GFP at an
effector to target ratio [E:T] of 3:1 for 3 h.
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For both assays, cells were washed twice with PBS/BSA (0.2%) after the corresponding
incubation time. Then, cells were stained with a panel of commercially available antibodies
(CD38, CD45, CD138, CD229, CD55, CD59, CD269, CD319, CD56, CD19) that allow the
differentiation of MM cells from stroma cells or lymphocytes and analyzed via flow cytometry.
Staining of CD38 was achieved with Alexa®*’-conjugated hcAbs that bind independently of the
hcAb/mAb used for CDC/ADCC: JK36% or MU523%* for daratumumab and WF211-hcAb,
MU523% for JK36-hcAb, and JK36%47 or WF211%4 for MU1067-hcAb. Staining was performed
for 30 minutes in the dark at RT, followed by two washing steps (1600 rpm, 5 minutes at 4°C).
Cells were resuspended in PBS/BSA (0.2%) and subsequently analyzed at a FACS Celesta. To
exclude debris, an FSC threshold was set in a way that the population of small CD19+ B cells
were still included. In case of ADCC, GFP-expressing NK-92 cells were excluded by gating on
GFP-positive vs. negative cells. MM cells in both assays were identified by high co-expression
of CD38 and CD138.

As described above, we cultivated primary MM cells up to 21 days. Flow cytometric analysis
of expression markers were performed at d0, d3, d6, d9 and d15. CDC assays were performed
at day 6, day 9 and day 15 (in this thesis only day 6 is shown). CDC- assays were performed
according to the description above.

4.26. Synthesis of recombinant Nanobody-displaying AAV for transduction of
primary MM cells

Nanobody-displaying AAV used for this thesis were kindly provided by Dr. Anna Marai
Eichhoff (Eichhoff A, dissertation MIN faculty, Hamburg, 2018).

In this work here, Nanobody-displaying AAV were analyzed on their potential to transduce
multiple myeloma patient bone marrow cells. Primary MM cells that had been cultivated for
7 days after isolation were seeded in 96 well culture plate (3 x 10° cells/well) in aMem medium
with 12.5% FCS (Gibco), 12.5% horse serum (Gibco), 100 IU/mL IL2 (Proleukin) and 2 mM L-
Glutamine (Gibco). Then, 2000 — 0 viral genomes of Nanobody-displaying AAV were diluted in
alpha Mem medium and were added to the cells in triplicates. Transduction efficacy was first
analyzed after 24 hours using the fluorometric microscope EVOS (ThermoFisher). After 48
hours, transduction efficacy was evaluated by flow cytometric analysis (FACSCelesta, BD
Biosciences) of the yellow fluorescent protein (YFP) expression in primary MM cells. To
distinguish primary MM cells from BMMCs, cells were stained with an CD38-nanobody that
binds independently from the nanobody used in the CD38-Nb-displaying AAV (JK36), CD138,
CD56, CD319, CD19 and CD45 for 30 minutes in the dark at RT. Then, cells were washed twice
with PBS/BSA (0.2%) and were subsequently FACS-analyzed. AAV-Nb transduction of MM cells
was quantified using FlowlJo software (Treestar).
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4.27. Synthesis of antiAAV-antiCD38 bispecific adaptor proteins to mediate AAV
transduction of primary MM cells

Bispecific AAV-nanobody adaptors used for this thesis were kindly provided by Dr. Anna Marai
Eichhoff (Eichhoff A, dissertation MIN faculty, Hamburg, 2018).

For this thesis, antiAAV-antiCD38 bispecific adaptor proteins were analyzed on their potential
to transduce multiple myeloma patient bone marrow cells. Primary MM cells that had been
cultivated for 7 days after isolation from a MM patient were co-incubated with bispecific
adaptor proteins MU1067-AAV2 and MU370-AAV2 at different concentrations ranging from 0
to 500 vg/cell for 30 minutes at RT. Adaptors that had not bound were removed in three
following washing steps using complete alpha Mem medium. BMMCs were seeded in a-Mem
medium with 12.5% FCS (Gibco), 12.5% horse serum (Gibco), 100 IU/mL IL2 (Proleukin) and 2
mM L-Glutamine (Gibco) at a concentration of 3 x 10° cells/well in triplicates. Lastly, 0 - 500
viral genomes of AAV2RA were added to the cells. Transduction efficacy was first analyzed
after 24 h using the fluorometric microscope EVOS. 48 hours post transfection, transduction
efficacy was evaluated by flow cytometric analysis (FACSCelesta, BD Biosciences) of the yellow
fluorescent protein (YFP) expression in primary MM cells. (Treestar). The following staining
and washing steps were performed according the protocol described above for Nanobody-
displaying AAV.

4.28. Data evaluation and statistical analysis

Data were depicted using GraphPad Prism version 7.00 (GraphPad Software). For statistical
evaluation, unpaired student t-test, one-way or two-way ANOVA (multiple comparison) were
used with P-values being calculated using two-sided tests. Results were consideredstatistically
significant for P< 0.05 (*), very significant for P < 0.01 (**), and highly significant for P < 0.001
(***). In all experiments, data represent mean + SD of representative or combined
experiments.
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5. Results

5.1. Selection and characterization of mouse CD38-specific nanobodies
5.1.1. Phage display selection yields 5 families of mouse CD38-specific nanobodies

The molecular mechanisms of a multiple myeloma (MM) are still barely understood. Hence,
we aim to long term establish a syngraft MM mouse model that can be targeted with anti-
mouse CD38 hcAbs. We therefore in this thesis aimed to select and characterize mouse CD38-
specific heavy chain antibodies (hcAbs). To do so, two Ilamas had been immunized with cDNA
expression vectors for CD38. Phage libraries were established, and negative and positive
selection panning rounds were performed on primary mouse splenocytes from CD38 WT and
CD38 ko BL/6 mice and CD38-expressing EL4 mouse thymoma cell line. The results revealed a
selection of clones derived from 5 distinct nanobody families, with CDR3 lengths ranging from
3 to 13 amino acid residues (Fig. 5.1). Sequences of the characteristic VHH motif in framework
region 2 (FR2) and of the complementarity determining region 3 (CDR3) are shown.

clone family FR2 CDR3 length
JK3 1 QREL YIVPYGTGSAYTV 13
NB11 1 QREL YIVPYGTGSAYTS 13
JK5 2 EREF DLFDRLVIPREST 13
NB32 3 QREV LNY 3
JK13 4 EREF  WPPRAASWDDYDY 13
JK16 4 EREF  WPQRSASWDDFDY 13
NB3 4 EREF  WPPRAASWDEYDY 13
NB7 4 EREF  WPPRSASWDDYDY 13
NB22 4 EREF  WPPRSASWDDYDY 13
NB24 4 EREF  WPPRAANWDEYDY 13
NB38 5 QREL DVVDSRGLGFDDY 13
NB40 5 QREL DVVDDRGLGFDDY 13
NB42 5 QREL DVVDDRGLGFDDY 13

Fig. 5.1: Alignment of anti-mouse CD38 VHHs revealed five new nanobody families.

Two llamas (538 and 539) were immunized with a cDNA expression vector encoding full length CD38. Phage
display libraries were generated by PCR- amplification of the VHH-repertoire from blood lymphocytes obtained
4-10 days after the last boost immunization. Mouse CD38-specific nanobodies had previously been selected by
binding of phages to CD38 positive EL4 thymoma cell line (JK VHHs). Another round of mouse CD38-specific
nanobody selection was performed in the work for this thesis using CD38 KO mice for a negative selection
(preabsorption), followed by positive selection on splenocytes derived from CD38 WT BL/6 mice (NB VHHs).
Selected clones were sequenced and clones that share the same framework and highly similar CDR3 sequences
were defined as a family, i.e. family 1 — family 5, from top to bottom. The four amino acids listed under FR2
correspond to the characteristic VHH motif of hydrophilic residues in framework region 2.
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5.1.2. Generation and site directed mutagenesis of heavy chain antibodies

To allow Fc-mediated effector functions in later assays, including antibody dependent cell-
mediated cytotoxicity (ADCC) and complement dependent toxicity (CDC), nanobodies
depicted in Figure 5.1 were fused to the hinge, CH2 and CH3 domains of various IgGs: rabbit
IgG, mouse IgG2c, mouse 1gG2a, and human IgG1l. Moreover, mutations were introduced by
site directed mutagenesis to enhance or ablate Fc-mediated effector functions, including
mutations to enhance CDC (E345R or E430S) or to ablate ADCC and CDC (L234A L235A, P329G).

Successful mutagenesis was verified by DNA sequencing (Fig. 5.2).
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Fig. 5.2: Sequence alignment of wildtype mouse IgG2a and two Fc-engineered mutants for enhanced (ADS,

G236A S239D) and reduced (LALAPG, L234A L235A) Fc-mediated effector function.

Fc engineered hcAbs were generated by site-specific PCR mutagenesis. Mutated sequences were confirmed using
Sanger sequencing. (A) shows WT vs. CDC-enhanced Fc-portion, (B) shows WT vs. CDC-abrogating mutations.

Exchanged amino acids are highlighted in red.
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The production of mouse CD38-specific heavy chain antibodies (hcAbs) was done by transient
transfection of HEK293-6E cells. Supernatants containing the hcAbs were harvested 6 days
post transfection. To control for integrity and amount of recombinant protein in HEK cell
supernatants, an SDS-PAGE was performed (Fig. 5.3). Marker proteins (SM) of known
concentration served as a reference to quantify protein concentration in supernatants. All
hcAbs were typically produced at a concentration of 1-2 pug/10 ul. Thereafter, hcAbs were
purified via Protein A based affinity chromatography, protein concentrations were
determined, and some hcAbs were conjugated to fluorochromes for use in flow cytometry.
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Fig. 5.3: SDS PAGE analyses confirms high level expression and secretion of recombinant mCD38-specific hcAbs
by HEK-6E cells.

Expression constructs for VHHs fused to the desirable Fc-portion (here mlgG2c) were transiently transfected into
HEK-6E cells using the Jet-PEI transfection method. Supernatants were harvested 6 days post transfection and
production of hcAbs was verified using size fractionation of proteins by SDS-PAGE (10 ul HEK-cell supernatant
per lane) and subsequent Coomassie staining. The prominent bands at ~45kD correspond to hcAbs.

5.1.3. Cross blockade analyses reveal three independent epitopes on mouse CD38

In order to assign the binding epitopes of the selected nanobodies, a cross blockade flow
cytometry analysis was performed (Fig. 5.4). Therefore, Alexa®’conjugated JK3-mlgG2c, JK5-
mlgG2c, JK-13-migG2c and JK16-mlIgG2c were used to analyze, which of the CD38-specific
nanobodies (9 NBs and 4 JKs) could block binding of the Alexa®4’conjugated hcAbs. The results
allow assignment of the selected nanobodies into three distinct, non-overlapping epitope
binning groups. Bold boxes in the diagonal (JK3 - JK16) show that binding is effectively blocked
when pre-incubation is performed with the same hcAb used for subsequent staining in
Alexa®#”’conjugated form. NB11 blocked binding of JK3 hcAb by 74%, but only marginally
affected binding of JK5, JK13 or JK16 and, thus was assigned to the same binning group (el)
as JK3. Similarly, NB32 blocked binding of JK5 and was thus assigned to the same binning
epitope as JK5 (e2). Remarkably NB32 seemed to enhance binding of the other three hcAbs
(JK3, JK13 and JK15). All members of family 4 (JK13, JK16, NB3, NB7, NB22, NB24) and of family
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5 (NB38, NB40, NB42) blocked binding of JK13 and JK16 by at least 65%. Members of family 4
and family 5 were thus assigned to a 3™ non overlapping binning group (e3). Note that JK13
and JK16 also blocked binding of JK3, suggesting that binding of these Nbs may either sterically
interfere with binding of JK3 or alter the conformation of CD38 so as to inhibit binding of JK3.

ep fam name JK3 JK5 JK13 JK16
1 1 JK3 17 27 18
1 1 NB11 74 5 17 29
2 2 JK5 29 33 5
2 3 NB32 -58 82 -22 -8
3 4 JK13 55 -5

3 4 JK16 79 25

3 4 NB3 -19 4 72 78
3 4 NB7 -22 0 71 82
3 4 NB22 -5 3 66 65
3 4 NB24 -27 0 75 79
3 5 NB38 6 15 79 83
3 5 NB40 0 14 75 il
3 5 NB42 12 13 76 19

Fig. 5.4: Cross blockade analysis reveals binding of hcAbs to three independent epitopes on mouse CD38.
mCD38 HEK-T cells and mCD38 EL4-thymoma cells were preincubated for 30 minutes at 4 °C with unconjugated
hcAbs (indicated on the left) before addition of Alexa®¥’-conjugated hcAbs (indicated on top). Cells were further
incubated for 30 minutes at 4°C, washed twice and analyzed by flow cytometry. Numbers indicate the degree of
inhibition of binding. Negative numbers indicate enhanced binding of the fluorochrome conjugated hcAb in the
presence of the unlabeled hcAb. Efficiency of inhibition is indicated by different shades of grey (dark grey: > 80%
inhibition, light grey: 50-80% inhibition). Self-blockade by the hcAb used for labelling is indicated by highlighted
dark-grey boxes in the diagonal. hcAbs that blocked binding of each other were assigned to the same epitope
(ep 1-3).

5.1.4. hcAbs of family 4 show the slowest dissociation from mouse CD38, i.e. the highest
binding avidity for CD38

Relative dissociation rates of fluorochrome-conjugated heavy chain antibodies from mouse
CD38 expressing EL4 thymoma cells were analyzed to assess their suitability for further assays.
Relative binding avidity of AF®’-fluorochrome-conjugated hcAbs was determined by
observing changes in the mean fluorescence intensity over time due to the dissociation from
EL4 cells. Efluor450-labeled EL4 cells were added as a sink for the dissociated hcAbs. Results
show the slowest dissociation, i.e. strongest binding for hcAbs JK16 and JK13 (family 4),
followed by JK5, NB32, JK3 and NB11 (Fig. 5.5). The difference could best be observed after
0.5 hours. At this time point, hcAbs JK3 and NB11 had already largely dissociated onto
Efluord50 tagged cells, whereas only a small fraction of Alexa®’ conjugated JK13- and JK16
hcAbs had dissociated onto Efluord50 mCD38 EL4-thymoma cells.

38



Results

mCD38 EL4-thymoma
eFluor450 + eFluor450 -
a4 ) @\
0Oh 0.5h 6 h
190 4908 9452
2 i+ NB11
- : - fam 1
19201 o lests {9522
139 | 2396 5366
& JK3
- ) fam 1
k| ‘@ 1 L ,’) b @
18613 18839 7309
299| 1 2612
NB32
@ a - fam3
8477 ;86_33 B ;3257
177] | 1964
] JK5
@ fam 2
7905 ] 7588 7118
{ 159 | 996
= JK13
fam 4
7189 % leorr {6870
N~
<
i 401 2395
<C
2 K16
fam 4
F ’5L26 '.‘f:"/

eFluor450

Fig. 5.5: Nbs JK13 and JK16 (family 4) show the slowest, Nb NB11 (family1) the fastest dissociation from mCD38
EL4-thymoma cells.

Dissociation of fluorochrome-conjugated hcAbs was analyzed by monitoring changes in the mean fluorescence
intensity over time of two mixed aliquots of mouse CD38-expressing EL4 thymoma cells. One aliquot was
incubated with the cell-tracking dye eFluor450 the other aliquot with Alexa®’-conjugated hcAbs for 30 min at
4 °C. Cells were washed three times, mixed at a 1:1 ratio and further incubated at 4 ° for 0, 0.5 or 6 hours. The
eFluord50 labelled cells acted as a sink for dissociated Alexa®’ conjugated hcAbs. The dissociation of nanobodies
from the target cells and association with the eFluor4d50 labelled cells correlates with binding affinity. Numbers

within blots indicate mean fluorescence intensity (MFI).
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5.1.5. mCD38-expressing EL4-thymoma cells metabolize NAD* to ADPR

CD38 catalyzes three distinct enzymatic reactions: First, NAD glycohydrolase hydrolyzes NAD*
to ADP-ribose (ADPR); second, ADPR cyclase converts NAD* to cyclic ADP-ribose and third,
cADPR hydrolase hydrolyzes cADPR to ADPR. CD38 activity may increase the concentration of
the anti-inflammatory and immunosuppressive adenosine in the tumor environment that
might lead to a favorable survival of malignant cells at the tumor site. Hence, we wanted to
check whether the selected hcAbs have a modulatory effect on CD38 enzyme activities.

EL4 thymoma cells express high levels of cell surface CD38. To monitor enzymatic activity by
these cells, NAD* metabolites were measured using a reversed-phase HPLC on a Multohyp BDS
C18 column (Fig. 5.6). For this, mCD38 EL4-thymoma cells were incubated with a high
concentration of NAD* (500 uM) for 15 minutes. For maximal inhibition of CD38, one sample
was incubated with the potent CD38 inhibitor ara-F-NAD for 20 minutes prior to addition of
NAD*. Results are depicted in three chromatograms in Figure 5.6 A. HPLC-chromatogram of
standards (on top) show retention times (Ryr) of the nucleotides cADPR, NMN, NAD*, Ado,
AMP, ADPR and ADP that allow assignment of metabolic products according to their Rr.
Results of the 2" chromatogram show that CD38 expressing EL4 cells metabolize NAD* to
ADPR (blue curve); and that this reaction was strongly inhibited by ara-F-NAD (red curve). The
3" chromatogram confirms that little if any ADPR is produced in control samples without
mCD38 EL4-thymoma cells (green and purple curves). Calculation of the areas under the cure
of standards allowed to quantify nucleotide concentration of NAD*and ADPR (Fig. 5.6 B). The
reduction in the concentration of NAD* by 1.3 nmol (left panel) in the presence of EL4 cells is
mirrored by a corresponding increase in the concentration of ADPR (right panel). Treatment
of cells with ara-F-NAD strongly inhibited the conversion of NAD* into ADPR by EL4 cells.
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Fig. 5.6: mCD38 EL4-thymoma cells metabolize NAD* to ADPR.

mCD38 EL4-thymoma cells (EL4-t) (3 x 10° cells/ well) were incubated with 100 pM NAD" for 15 minutes at 37°C.
One sample was incubated with the potent CD38 inhibitor araF-NAD (1 uM) for 20 minutes at 37°C prior to
addition of NAD*. The reaction was stopped by centrifugation at 4°C and supernatant was loaded onto a Vivaspin
column. The flow through was mixed 1:1 with HPLC buffer and products were measured at 4°C using a reversed-
phase HPLC on a Multohyp BDS C18 column. Detection of nucleotides was performed at A =260 nm. (A) HPLC-
chromatograms of standards (top), supernatants of EL4 cells (middle) and control samples without cells
(bottom). (B) To quantify ADPR production, standards from the first chromatogram were used for calibration.

5.1.6. Family 4 and 5 hcAbs strongly inhibit the NGD cyclase activity of mouse CD38

The ability of CD38-specific nanobodies to modulate the enzymatic activity of the CD38 cyclase
was measured by a colorimetric assay using NGD* (nicotinamide guanine dinucleotide) and
mouse CD38 expressing EL4 cells. CD38 is known to catalyze the conversion of NGD* to cyclic
GDP-ribose (cGDPR). Since the latter can be monitored conveniently by fluorimetry, this
GDPR-cyclase assay was used to analyze potential inhibitory or stimulatory effects of anti-
mouse CD38 nanobodies. Therefore, cells were pre-incubated with CD38 specific hcAbs for 15
min before addition of NGD*.
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Figure 5.7 depicts three diagrams corresponding to individual nanobody families. In each
diagram, maximal production of cGDPR is depicted with the green curve (cells + NGD*), the
maximal inhibition of CD38 with ara-F-NAD is depicted with the red curve and the black curve
shows only cells. The results show that JK3 (family 1), JK5 (family 2) and NB32 (family 3) do
not affect the activity of CD38 EL4 cells (Fig. 5.7 A, B, C, respectively). In contrast, all tested
members of families 4 and 5 (D, nanobodies JK13, NB3, NB7, NB22 and NB24 and E, NB38,
NB40 and NB42) strongly inhibited cyclase activity of EL4 cells.
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Fig. 5.7: Family 4 and 5 hcAbs inhibit NGD cyclase activity of mCD38 EL4-thymoma cells.

mCD38 EL4-thymoma cells (3 x 10° cells/well) were incubated with 10 pg/ml mouse hcAbs or 10 uM ara-F-NAD
for 15 minutes at 37°C before starting the measurement with an Infinite M200 PRO microplate reader (Tecan).
After the first 20 cycles, 50 uM NGD* was added and kinetic fluorescence reading (ex/em: 300/410 nm) was
continued for 50 minutes. Controls are depicted in all three curves: ara-F-NAD (red), cells + NGD* (green) and
cells only (black) together with hcAbs of (A) JK3 (family 1), (B), JK5 (family 2), (C) NB32 (family 3), (D) NB3, NB7,
NB22, NB24 (family 4) and (E) NB38, NB40 and NB42 (family 5). Vertical dotted lines at 500 seconds and 1200
seconds depict the time range quantified in Figure 5.8, 5.9 and 5.10.
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For better quantitative comparison, the slope of the curves in Figure 5.7 during the linear
phase, e.g. from t=500 seconds to t=1200 seconds were calculated. The results are depicted
as dots in Figure 5.8. The assay was performed according to Figure 5.7, except that triplicate
analyses were performed with two concentrations -10 pg/ml or 100 pg/ml- of nanobodies.
The results show that hcAbs of family 4 and family 5 significantly inhibited mCD38 cyclase at
both concentrations, whereas family 1, 2 and 3 (JK3, JK5, NB32) did not have any detectable
effect on cyclase activity of EL4 cells. Family 5 showed the strongest inhibition of 100% at both
concentrations. 100 pg/ml of family 4 hcAbs also achieved a complete inhibition of CD38
cyclase, whereas at 10 pg/ml, a remaining CD38 cyclase activity between 10 % and 30 % could
still be observed. Family 1, 2 and 3 had no effect on cyclase inhibition and hence, CD38 cyclase
activity was still at 100%
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Fig. 5.8: Family 4 and 5 hcAbs inhibit mouse CD38 cyclase activity.

NGD* cyclase assays were performed according to Fig. 5.7 using an Infinite M200 PRO microplate reader (Tecan).
Dots indicate the slope of curves during the linear phase, e.g. from t = 500 seconds to t = 1200 seconds (n = 3).
Statistical significance was calculated using an one-way ANOVA followed by a Bonferroni post hoc test for
multiple comparisons. **** P<0.0001.
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In order to determine the ICso of the inhibitory effect of hcAbs NB38 and NB42 another
colorimetric NGD* assay was performed with a dilutional series of NB38 or NB42 (Fig. 5.9). The
results reveal a slightly stronger inhibition by NB38 compared to NB42, especially at doses
between 1 pug/ml and 100 pg/ml with similar I1Cso values for both hcAbs of ~10 nM.
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Fig. 5.9: hcAbs NB38 (family 4) and NB42 (family 5) inhibit mouse CD38 cyclase activity with similar ICs values
of ~10 nM.

ICso values for the inhibition of NGD* cyclase activity by hcAbs NB38 and NB42 was determined by titration in a
colorimetric NGD* assay. mCD38 EL4-thymoma cells (1 x 10° cells/well) were incubated with a dilutional series of
hcAbs NB38 or NB42 (100 pg/ml, 30 pg/ml, 10 pug/ml, 3 pg/ml, 1 ug/ml, 0.3 pg/ml, 0.1 pug/ml) for 15 minutes at
37°C before starting the measurement with a Tecan reader (90 pg/ml of a 90 kD hcAb correspond to a
concentration of 1 uM). After the first 20 cycles, 50 uM NGD* was added and kinetic fluorescence reading (ex/em:
300/410 nm) was continued for 50 minutes as in Fig. 5.7. Slope curves were evaluated as in Fig. 5.8, i.e. during
the linear phase, e.g. from t = 500 seconds to t = 1200 seconds. Statistical analyses were performed using a
nonlinear regression with four parameters for a sigmoid course of curve.

Next we wanted to determine whether the combination of hcAbs from two Nb families could
achieve an additive inhibitory effect. Hence, hcAbs NB38 (family 4) and NB42 (family 5) were
applied in combination with other members of the other Nb family. The results confirmed the
potent inhibitory effects of hcAbs NB38 and NB42 (Fig. 5.10). However, the results do not
show any significant additive inhibitory potential for any combination of hcAbs of families 4
and 5.
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Fig. 5.10: The inhibitory effects of hcAbs NB38 (family 4) and NB42 (family 5) is not enhanced by combination
with hcAbs from the other family.

NGD assays were performed according to Fig. 5.7, except that cells were incubated with single or combinations
of hcAbs. Dots indicate the slope of curves during the linear phase, e.g. from t=500 seconds to t=1200 seconds
(n=3). Statistical significance was calculated using an one-way ANOVA followed by a Bonferroni post hoc test for
multiple comparisons. **** P<0.0001.*, P<0.05.
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5.1.7. Fc-engineered hcAbs mediate CDC-dependent lysis of mCD38-transfected human
embryonic kidney (HEKT) cells

To analyze the potential of hcAbs to induce complement-dependent cytotoxicity (CDC),human
embryonic kidney (HEK) cells were transiently co-transfected with expression constructs for
mouse CD38 and green fluorescent protein (GFP). 48 hours post transfection, cells were
incubated with saturating amounts of hcAbs, human serum was added for 1.5 hoursas a source
of complement and CDC-dependent uptake of propidium iodide by lysed cells wasmonitored
using flow cytometry (Fig. 5.11). For a negative control, an aliquot of the serum was treated
for 30 min at 56°C in order to inactivate the enzymatic components of the complement
system. As a further control, hcAbs (SB112) directed against an irrelevant target(CD39) not
expressed by HEK cells were used (Fig. 5.11B, panels 1 and 8). The capacity to activate
complement can be abolished by introducing three other amino acid substitutions into human
IgG1 (L234A L235A P329G) (63). The samples with the negative controls and samples
incubated with the LALAPG mutant hcAb show a similar low level of background celldeath
(~20% PI+ cells) (Fig. 5.11A panels 5 and 7, Fig. 5.11B panels 1 - 7). Incubation with hcAbsfrom
resulted in increased numbers of Pl+ cells, ranging from of 30% for hcAb JK3 (Fig. 11B panel 9)
to 60% for hcAb NB38 (Fig. 5.11B panel 14). Substitution of a single amino acid (E340S)has been
shown to enhance the CDC-potency of human IgG1 mAbs and hcAbs, by favoring formation of
hexameric 1gG complexes on the cell surface, thereby promoting stable binding of the Clq
complement component, and subsequent activation of the complement cascade (64). In order
to determine whether such mutations had comparable effects on the CDC potency of CD38-
specific hcAbs, we introduced comparable mutations into the conserved positions of mouse
IgG2a. The results reveal only a moderately enhanced killing of hcAbs carrying the E430S
mutation (Fig. 5.11B panels 15-17).
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Fig. 5.11: CD38-specific hcAbs mediate complement-dependent cytotoxicity (CDC) of mCD38-transfected HEK-
293T cells.

HEK-293T cells were transiently (48 hours) co-transfected with expression constructs for mouse CD38 and GFP
using the Jet-PEI transfection method. 48 hours post transfection, cells (1 x 10° cells/well) were incubated at 37°C
for 90 min with the indicated hcAbs (100 nM) and human serum (12.5% v/v) as a source of complement (active
serum). Serum that had been preincubated for 30 min at 56° to inactivate enzymatic complement components
was used as control (inactive serum). Cells were washed twice and incubated for 15 min at RT with propidium
iodide (PI) before analysis by flow cytometry. Cells lysis is evidenced by loss of GFP and uptake of PI.

5.1.8. CD38-specific hcAbs mediated ADCC against mouse CD38-expressing EL4 thymoma
cells.

To analyze the capacity of CD38-specific hcAbs to induce antibody dependent cell-mediated
cytotoxicity, mouse CD38-expressing EL4 thymoma cells were used as target cells and human
NK-92 cells stably transfected with the mouse Fc-receptor Il (CD16) were used as effector
cells. Flow cytometry analyses confirmed high expression of mouse CD38 by EL4 cells and of
mouse CD16 by NK-92 cells (Fig. 5.12A). To monitor ADCC, EL4 cells pre-loaded with hcAbs
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were incubated with eF450 labeled mCD16 NK92 cells for 3 hours at 37°C at a ratio of 1:3 ratio
before analysis by flow cytometry (Fig. 5.12B). Dead cells were identified by loss of forward
scatter and uptake of propidium iodide. The results show that the three hcAbs (JK3, JK5 and
JK13) mediated effective killing (90 %) of EL4 target cells. In contrast, only background levels
(17%) of cell death were observed when incubations were performed in the presence of the
LALAPG mutants of the hcAbs.
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Fig. 5.12: CD38-specific hcAbs mediate antibody dependent cellular cytotoxicity (ADCC) of mC38 EL4 thymoma.
(A) Mouse CD38 EL4 thymoma target cells were analyzed for their cell surface expression of CD38 and human
NK92 effector cells stably transfected with mouse CD16 (FcyRIIl) were analyzed for their cell surface expression
of mCD16. The schematic illustrates the set-up of the ADCC assay. (B) mCD38 EL4-thymoma cells (1 x 10°
cells/well) were pre-incubated for 10 minutes at 4°C with 100 nM hcAbs-mFc. mCD16 NK92 cells were labelled
with the cell tracking dye Efluor450 for 15 minutes at 4°C. Efluor-labeled mCD16 NK cells (3 x 10° cells/well were
added to the target cells to achieve a 1:3 ratio followed by a 3 hour incubation time at 37°C. Then, cells were
washed twice, and dead cells were stained with propidium iodide (PI) for 15 minutes at RT before analysis by
flow-cytometry. Gating was performed on target cells (Efluor-negative cells). Cell lysis is indicated by a decrease
in forward scatter (FSC) and uptake of PI.
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5.2. Retargeting of solid and hematological malignancies with hcAbs

5.2.1. EGFR-specific hcAb 7D12 inhibits the proliferation of EGFR-escape variant cells

Mutations of the human EGFR-receptor (inter alia S492R, G465R, S464L, R451C) have been
described in patients with metastatic colorectal cancer (mCRC) that are acquired during
therapy and that inhibit binding of the therapeutic monoclonal antibodies (mAbs) cetuximab
and panitumumab. In order to generate EGFR-specific hcAbs, we genetically fused the
published EGFR-specific Nb 7D12 (13) to the hinge, CH2, and CH3 domains of human IgG1.
Moreover, as in case of mouse CD38-specific mAbs, we used site directed mutagenesis to
introduce known mutations to enhance or abrogate CDC and ADCC.

To determine whether the anti-EGFR hcAb 7D12 also binds to the EGFR with acquired
mutations, Ba/F3 cells transduced with wildtype EGFR or EGFR mutants were stained with
7D12-hcAb, cetuximab, or panitumumab and analyzed by flow cytometry (Fig. 5.13A). The
results show that 7D12-hcAb binds to the four EGFR mutant Ba/F3 cells, albeit with reduced
efficacy to the EGFR-R451C mutant. In contrast, binding of panitumumab was abrogated in
case of mutants G456R and S464L, binding of cetuximab was abrogated for the S492R, G465R
and S464L mutants.

To analyze effects of EGFR-specific mAbs and hcAbs on the proliferation of Ba/F3 WT and
G465R-mutant cells, proliferation assays using the Vi-CELL Cell Viability Analyzer were
performed (Fig. 5.13B). Cells were stimulated with EGF for four days and then proliferation
was determined for EGFR WT (left panel) and EGFR G465R (right panel) transduced Ba/F3 cells.
The increase of viable cells after mAb or hcAb treatment was compared to EGF treatment
alone. The results show that 7D12-hcAb blocks proliferation of both, EGFR WT- and EGFR
G465R Ba/F3 cells. Cetuximab and panitumumab also blocked proliferation of EGFR-WT Ba/F3
cells. However, cetuximab had no inhibitory effect on proliferation of EGFR-G465R mutant
cells and panitumumab only slightly reduced proliferation of EGFR-G465R Ba/F3 mutant cells.
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Fig. 5.13: EGFR-specific hcAb 7D12 binds to and reduces the proliferation of cells carrying acquired EGFR escape
variants.

(A) Binding of EGFR-specific hcAb 7D12 and mAbs cetuximab and panitumumab to acquired EGFR escape variants
was analyzed by flow cytometry. EGFR WT or EGFR mutant transduced Ba/F3 cells (1 x 10°) were incubated with
hcAb 7D12-hlgG1 (blue) or cetuximab (light green) or panitumumab (dark green) for 30 minutes at 4°C. Cells
were washed twice and stained with a fluorochrome conjugated secondary antibody against higG1 for another
30 minutes in the dark at RT, followed by flow-cytometric analysis. Relative amount of EGFR+ cells were
determined by gating on EGFR-positive cells followed by gating on antibody/nanobody labelled cells. The
putative binding sites of the three antibodies are projected onto a 3D space fill model of the extracellular domain
of EGFR (pdb code). (B) To assess the effects of EGFR hcAb and mAbs on cell proliferation, Ba/F3 EGFR WT- or
EGFR G465R cells were treated every 24 hours with 32.8 umol/I cetuximab (light green), 17 umol/I panitumumab
(dark green), or 60 umol/I 7D12-higG1 (light blue) or in the absence of Abs as controls. After four days of EGF
stimulation (5 ng/ml), proliferation was determined for EGFR WT (left panel) and EGFR G465R (right panel)
transduced Ba/F3 cells. The increase of viable cells post antibody or hcAb treatment was compared to EGF
treatment alone. Statistics were calculated using an one-way ANOVA with a Tukey post hoc test for multiple
comparisons. *, P<0.05; ***, P<0.001.

The primary SNP R521K in the EGFR ectodomain Ill has also been reported to result in
resistance to mAb targeting. To analyze the effects of 7D12-hcAb on the proliferation of
human head and neck squamous cell carcinoma (HNSCC) cell lines UTSCC14 (EGFR WT) and
SAT (EGFR R521K), a 3D cellular spheroid model was used (Fig. 5.14). Cells were grown for 7
days before mAbs or 7D12-hcAb were added at every second day and growth was monitored
until day 13 by microscopy. The results show that the growth of EGFR WT UTSCC14 spheroids
relative to control was inhibited upon the first treatment with 7D12-hcAb as well with
cetuximab and panitumumab (Fig. 5.14A). Relative spheroid size was not reduced over time
but remained the same until the last treatment at day 13. The effect of hcAb and mAbs on SAT
EGFR R521K spheroids are depicted in Fig. 5.14B. Growth of SAT spheroids was slowed but not
stopped upon treatment with each of the therapeutic constructs.
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Fig. 5.14: EGFR-specific hcAb 7D12 inhibits the growth of 3D spheroids of UTSCC14 and SAT human head and
neck cancer cell lines.

HNSCC cell lines (A) UTSCC14 (EGFR WT) or (B) SAT (EGFR SNP 521K) cells were resuspended in ice cold DMEM
complete medium with 2% Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix or without GFR
as control. Cells were seeded in a 96-well Cell-Repellent Surface 96-well plate (1 x 10* cells/well) and centrifuged
at 1000 x g for 10 minutes at 4°C. After 7 days of culture, 100 uL medium with 5 pg/mL cetuximab, 2.5 pug/mL
panitumumab, 2.5 pg/mL 7D12-hcAb or medium alone as control were added (red arrows). The medium was
changed every other day, and spheroid size was calculated until day 13. Pictures were taken daily with 10 x
magnification using Axiovert 25 microscope and AxioCamMRc and cell size was calculated using AxioVision v4.9.
Statistical analysis was calculated using an one-way ANOVA followed by a Tukey post hoc test for multiple
comparisons. *, P<0.05; ***, P<0.001.

5.2.2. Human CD38-specific hcAbs against epitope 2 inhibit the NGD cyclase activity of CD38
expressing human LP1 myeloma cells

The Koch-Nolte lab had previously isolated (65) 22 families of human CD38-specific
nanobodies and had assigned these to three distinct binding epitopes. Members that bound
to epitope 2 inhibited the NGD cyclase activity of recombinant CD38 protein. Using the
fluorometric NGD assay on living cells described for mouse CD38 (see Fig. 5.7), we wanted to
analyze the effects of human CD38-specific hcAbs and the therapeutic conventional mAb
daratumumab on the NGD cyclase activity of the human myeloma cell line (LP1) which
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expresses high levels of cell surface CD38. LP1 cells were incubated with CD38-specific hcAbs,
daratumumab or ara-F-NAD before addition of NGD* (Fig. 5.15). The results show that
daratumumab, which binds epitope 1, did not have any detectable effect on cyclase activity.
JK36-hlgG1 against epitope 3 reduced cyclase activity slightly, whereas all hcAbs against
epitope 2 (MU523, MU1067 and ST52) showed a significant inhibition of NGD cyclase activity.
The remaining NGD cyclase activity of LP1 cells was ~ 20 % for MU523 and 55 % for ST52. The
combination of ST52 and daratumumab enhanced the inhibition of NGD cyclase activity.
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Fig. 5.15: CD38-specific hcAbs of family 2 inhibit the NGD cyclase activity of human LP1 cells.

The NGD cyclase activity of human CD38 expressing LP1 myeloma cells was measured by the colorimetric NGD
assay using the Infinite M200 PRO microplate reader (Tecan) as described in Figure 5.7. Names and epitope-
assignment of human CD38-specific Nbs are as described in Fumey et al., 2017. ST52 is a variant of Nb JK2 that
contains a H>D substitution in the CDR3. LP1 cells (1 x 10° cells/well) were incubated with the indicated hcAbs-
higG1 (10 pg/ml or 100 pg/ml) or daratumumab (20 pg/ml or 200 pg/ml) or 10 uM ara-F-NAD for 15 minutes at
37°C before measurement was started. After the first 20 cycles, 50 uM NGD* was added and kinetic fluorescence
reading (ex/em: 300/410 nm) was continued for 50 minutes. Dots indicate the slope of curves during the linear
phase, e.g. from t = 500 seconds to t = 1200 seconds (n = 3). Statistical analysis was calculated using an one-way
ANOVA followed by a Tukey post hoc test for multiple comparisons. **, P<0.05; ***, P<0.001.

Next, we adapted the HPLC assay to monitor NAD* catalysis by living human CD38 expressing
LP1 cells (see Fig. 5.6 above). Therefore, LP1 cells were incubated with NAD* (500 uM) for 180
minutes (Fig. 5.16A). Analysis of metabolic products was performed using a reversed-phase
HPLC on a Multohyp BDS C18 column. Chromatograms in Fig. 5.16A (left panel) show that LP1
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cells metabolize NAD* mostly to ADPR and to a small extent also to cADPR (inset). Whereas
the area under the curve (AUC) declines for NAD* with increasing time points, the AUC of ADPR
and cADPR is increased. In Fig. 5.16A, right panel, the AUCs were used for quantification of
total NAD metabolism. Only ~1% (cADPR) of total product (ADPR) is generated by the ADPR
cyclase (notice the 100-fold difference in the scale of the Y-axes). Half of the NAD* was
hydrolyzed to ADPR within 50 minutes of incubation. We also incubated LP1 cells with cADPR
(500 uM) for 24 hours in order to monitor hydrolysis of cADPR to ADPR (Fig. 5.16B).
Chromatograms in Fig. 5.16B show a reduced AUC of the substrate cADPR and an increase in
AUC of the product ADPR over time. The right panel of Fig. 5.16B shows the quantification of
AUCs from the left panel depicting a slower rate of hydrolysis of cADPR to ADPR (~12h for the
conversion of half of the ADPR) by LP1 cells compared to hydrolysis of NAD* to ADPR.
Incubation times of 60 and 180 minutes were chosen as the time point with NAD* and cADPR*,
respectively, for further experiments.
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Fig. 5.16: Kinetic analyses of the enzymatic activities of CD38-expressing LP1 cells.

LP1 cells (1 x 10° cells/well) were incubated at 37°C in the presence of 500 uM NAD* (A) or cADPR* (B). The
reaction was stopped at the indicated time points by centrifugation at 4°C and supernatant was loaded onto a
Vivaspin column. The flow through was mixed 1:1 with HPLC buffer and analysis of metabolic products was
performed using a reversed-phase HPLC on a Multohyp BDS C18 column as described in Figure 5.6. Detection of
nucleotides was performed at A =260 nm.
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CD38 has six disulfide bonds, five of them are conserved also with the well characterized
structurally related ADPR cyclase of the Californian hermaphrodite sea slug, Aplysia
californica. The latter catalyzes a much higher production of cADPR vs. ADPR. The extra non-
conserved disulfide bond between C119 and C201 of CD38 is located near the surface of the
molecule and might be sensitive to reduction in an inflammatory or tumor microenvironment.
We therefore wanted to determine whether reduction agents influence the enzymatic
activities of human CD38 expressing LP1 cells. Hence, LP1 cells were pre-incubated with
dilutional series of the reducing agents DTT, TCEP and GSH for 10 minutes at 37°C followed by
addition of NAD* and further incubation for 60 minutes (Fig. 5.17). The results show a dose-
dependent inhibition of the NAD* hydrolysis by high concentrations of the chemical reducing
agents DTT and TCEP (Fig. 5.17A, B). At intermediate concentrations of DTT and TCEP (0.3 -1
mM ) a slight increase in the relative amounts of cADPR (blue) vs. ADPR (orange) was observed.
The physiological reducing agent GSH, a tripeptide composed of the amino acids glutamate,
cysteine and glycine with a gamma peptide linkage between the carboxyl group of the
glutamate side chain and cysteine, showed little if any effect on NAD* catalysis by LP1 cells at
concentrations below 1 mM. Treatment of cells with GSH at concentrations of 1-5 mM,
resulted in elevated production of cADPR (Fig. 5.17C).
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Fig. 5.17: The reducing agents DTT, TCEP and GSH affect the production of cADPR and ADPR by LP1 myeloma
cells in a dose-dependent manner.

LP1 cells (1 x 10° cells/well) were incubated for 10 minutes with the indicated concentrations of the reducing
agents DTT (A), TCEP (B), or GSH (C), followed by addition of 500 uM NAD* and further incubation for 60 minutes
at 37°C. Analysis of cADPR and ADPR was performed using a reversed-phase HPLC on a Multohyp BDS C18 column
as in Fig. 5.16. Detection of nucleotides was performed at A =260 nm.
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5.2.3. Fc-engineered EGFR- and CD38-specific hcAbs induce CDC and ADCC of human tumor
cell lines

In the following section, Fc-mediated effects of hcAbs on EGFR and CD38 expressing tumor
cell lines will be examined. In these experiments hcAbs were used in which nanobodies were
fused to the hinge, CH2, and CH3 domains of human IgG1l. The CDC-enhancing hexabody
mutation E345R was introduced into the EGFR-specific hcAb by site directed mutagenesis as
described for mouse 1gG2a hcAbs (see Fig. 5.2 above), the corresponding mutant was
designated 7D12-E. In addition, a triple mutant, designated 7D12-T was generated (G236A,
S239D and I1332E) that reportedly enhances antibody-dependent cellular cytotoxicity.

The capacity of EGFR-specific 7D12-hcAb to induce CDC in head and neck squamous cell
carcinoma (HNSCC) expressing EGFR WT (UTSCC14) or the SNP EGFR R521K (SAT) was
analyzed by flow cytometry using uptake of propidium iodide as an indicator of cell lysis (Fig.
5.18). UTSCC14 and SAT cells were pre-incubated for 15 minutes with hcAbs 7D12-WT or
7D12-E, or with the therapeutic mAbs cetuximab or panitumumab, before human serum was
added as a source of complement for 3 hours; heat inactivated serum served as a control. The
results show that effective and significant CDC against UTSCC14 cells could only be induced
with the hexabody mutant hcAb 7D12-E, but not with any of the other hcAbs and mAbs. hcAb
7D12-E induced about 70 % lysis of UTSCC14 cells, whereas all other constructs showed similar
background compared to control with inactivated serum (20%). hcAb 7D12-E also induced
significant lysis of SAT cells compared to control and other constructs, albeit less effectively
than in case of UTSCC-14 cells with a maximal killing of 30 % vs. 10 % background lysis with

heat-inactivated serum control.
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Fig. 5.18: The hexabody (E345R) mutant of 7D12-hcAb induces CDC toward HNSCC cell lines.

The schematic illustrates the experimental set up of the assay. HNSCC cell lines UTSCC14 and SAT (5 x 10*
cells/well) were pre-incubated for 15 minutes with 60 uM of 7D12-hcAb or the E345R mutant (7D12-E-hcAb) or
32.8 uM of cetuximab or 17 uM of panitumumab. Human serum was added as a source for complement (25 %
of total volume); heat inactivated serum served as a control. Cells were incubated for 3 hours at 37°C. Cells were
washed and resuspended in propidium iodide for 15 minutes at RT (PI) before analysis by flow cytometry.
Statistical analysis was calculated using an one-way ANOVA followed by a Tukey post hoc test for multiple
comparisons. *** P<0.001.
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The capacity of 7D12-hcAb to induce ADCC of head and neck squamous cell carcinoma
(HNSCC) expressing EGFR WT (UTSCC14) or EGFR R521K (SAT cells) was analyzed using a >'Cr
release assay. As effector cells, human PBMCs were isolated via Percoll density gradient.
UTSCC14 and SAT target cells were loaded with >1Cr and pre-incubated with hcAbs 7D12-WT
or 7D12-T-hcAb with the therapeutic mAbs cetuximab or panitumumab. Then, effector cells
were added at a 40:1 ratio and incubation was continued for 3 hours. Cell lysis was quantified
by >1Cr release in a scintillation counter (Fig. 5.19). The results show that hcAb 7D12 and
cetuximab induce cell lysis in a concentration dependent manner of both UTSCC14 and SAT
cells, with the triple mutant of hcAb 7D12 showing significantly higher effectivity than the
other Abs. Panitumumab mediated only residual ADCC-dependent lysis of < 10 %.
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Fig. 5.19: Fc engineering of hcAb 7D12-higG1 enhances ADCC of HNSCC cell lines.

The schematic illustrates the experimental set up of the assay. UTSCC14 and SAT cells were loaded with >1Cr for
2 hours at 37°C before addition of antibody constructs. >'Cr-tagged UTSCC14 and SAT were incubated for 15
minutes on ice with dilution series (0.001 — 100 nM) of 7D12-hcAb, its triple mutant ADE (7D12-T-hcAb),
cetuximab, or panitumumab. Then, human PBMCs were added as effector cells at a 40:1 effector to target ratio
and incubation continued for 3 hours at 37°C. Dead cells were quantified by >'Cr release in a scintillation counter.
Statistical analysis was calculated performing an one-way ANOVA followed by a Tukey post hoc test for multiple
comparisons. *, P<0.05; ***, P<0.001

5.2.4. Cultivation of primary multiple myeloma cells from patient bone marrow samples may
alter their sensitivity toward CDC

Primary multiple myeloma cells from patient bone marrow aspirates often express high levels
of CD38. Our aim was to better understand the problems of cultivating primary MM cells and
to find optimal cultivation conditions to allow further analysis of patient samples at different
days. Therefore, fresh bone marrow mononuclear cells (BMMCs) from a MM patient bone
marrow aspirate were isolated using Ficoll density gradient and seeded in complete aMem
medium with different growth factors or cytokines, or without as a control. Cell growth was
monitored by microscopy and multiple myeloma cells were identified by flow cytometry as
cells co-expressing CD38 and CD138 (Fig. 5.20). Dead cells were excluded on the basis of their
low forward scatter (FSC-A). On the day of isolation (day 0) the BMMC preparation contained
58% live cells, of which 10% were identified as MM cells. At day 6 of cultivation in the presence
of IL2 only, the percentage of living cells had increased to 80%, and the relative proportion of
MM cells to 13.7 %. The relative fraction of MM cells was slightly higher in cells cultivated in
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the presence of the growth factors EGF (16.3%), IL6 (15%) and VEGF (15%). In contrast,
cultivation in the presence of the pro-inflammatory cytokine IL1R resulted in a reduction in
both, the proportion of living cells (65%) and in the proportion of CD38/CD138 double positive
MM cells (8%). Additional application of EGF to each of the growth factors and cytokines did
not have any further stimulatory effects. Microscopic analysis revealed an adherent cell layer,
possibly constituted of dendritic cells, fibroblasts and other stromal cells. The depicted picture
in Fig. 5.20 was taken at day 6; Myeloma cells appeared to have formed little islets on adherent

cells.
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Fig. 5.20: Primary MM cells from a patient bone marrow samples survive in culture for 6 days.

Fresh bone marrow mononuclear cells (BMMCs) were isolated from a MM patient bone marrow aspirate using
Ficoll density gradient centrifugations. Cells were seeded at a concentration of 1 x 106 cells/ml in aMem medium
with 10% FCS, 10% horse serum, IL2 (5 ng/ml), glutamine and sodium pyruvate with or without the indicated
additional growth factors or cytokines. One third of medium was exchanged with fresh medium on day 3. Cells
were stained on day O (left panel) and day 6 (right panel) for with fluorochrome-conjugated antibodies against
CD38 and CD138 and analyzed by flow cytometry. Cellular debris (low FSC) was excluded by gating. The inset
shows a light microscopy image captured before cell harvest at day 6 at 10x magnification.
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Next, we wanted to determine the potential cytotoxic effects of CD38-specific hcAbs and the
therapeutic mAb daratumumab on primary CD38/CD138 double positive MM cells.Therefore,
CDC assays were performed with the patient described above on day 0 and day 6.BMMC cells
were pre-incubated with CD38-specific heavy chain antibodies, daratumumab, orisotype
control (L-15-WT-hcAb), followed by addition of 12.5% pooled human serum for 1.5 hours.
MM cells were identified by staining with aCD138 and aCD38. Apoptotic cells were identified
by staining with Pacific Orange (PacO) (Fig. 5.21). Since shrinkage of cells upon dyingresults in
a decrease in FSC-A, some dead cells were lost from analysis due to the gating procedure.
Color coding for increasing PacO reflects cell viability from blue with the highest viability to
red with the lowest viability. Living CD38/CD138 double positive MM cells were quantified
using flow cytometry at day 0 and day 6. At day O, the sample contained 70% livingcells, of
which 13 % showed high cell surface levels of both CD38 and CD138. Whereas additionof JK36-
WT-hcAb had little if any cytotoxic effect compared with the isotype control L-15-WT-hcAb,
applying daratumumab or a combination of JK36-WT-hcAb and MU1067-WT-hcAb resulted in
almost complete loss of CD38"/CD138" MM cells. Concurrently PacO staining cellsappear in a
new population of cells with intermediate levels of cell surface CD38 and CD138. At day 6, the
proportion of living cells had increased (from 70 to 80%) as the proportion of CD38/CD138
double positive MM (from 13% to 17 %). While application of hcAb JK36 alone again showed
little cytotoxicity comparted to the isotype control L-15-WT-hcAb, addition of daratumumab
or a combination of JK36-WT-hcAb and MU1067-WT-hcAb resulted in a loss ofCD38" /CD138"
cells (1 %, 2% residual MM cells, respectively), and the appearance of apoptotic
CD38"/CD138™" cells.
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Fig. 5.21: Daratumumab and combinations of two hcAbs mediate effective CDC of multiple myeloma cells in a
patient bone marrow sample at d0 and d6.

BMMCs from a MM patient bone marrow aspirate were analyzed either on the day of preparation or after 6 days
of cultivation in the presence of IL2 as described in Fig. 5.19. Cells were incubated for 15 minutes at 4°C with 100
nM of the indicated hcAbs or daratumumab. before addition of 12.5% pooled human serum as source of
complement and further incubation for 1.5 hours at 37°C. Cells were washed and stained for 30 minutes at 4°C
with fluorochrome-conjugated Abs against CD138 and CD38 and with PacO before analysis by flow cytometry.
Decreasing cell vitality is indicated by stronger staining with PacO (live/dead) and decreased staining for CD38
and CD138. Numbers indicate the percentage of cells contained within the indicated gates, i.e. live MM cells
CD38+/CD138+/green, apoptotic MM cells CD38int/CD138int red, and non MM cells (CD38-/CD138- green).

The CDC assay was repeated with primary MM cells from another patient. Fresh BMMCs from
a bone marrow aspirate were isolated using Ficoll density gradient. BMMCs were pre-
incubated with CD38-specific hcAbs or daratumumab, followed by further incubation for 1.5
hours in the presence of 12.5% pooled human serum (Fig. 5.22). Cells were stained with PacO,
aCD138, and aCD38 to quantify the number of living CD38/CD138 double positive MM cells
at day 1 (A) and day 6 (B). Color coding again reflects live/dead staining by PacO ranging from
blue with the highest viability to red with the lowest viability. Results reveal that at day 1,
patient 2 showed a high proportion of CD38+/CD138+ cells (77 %). At day 6 of cultivation, cell
vitality had decreased to 43% and the proportion of MM cells to 65%. Interestingly, neither
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daratumumab nor the combination of hcAbs JK36 and JK2 had any detectable cytotoxic effect
at day 1. At day 6, in contrast, addition of daratumumab or a combination of hcAbs JK36 and
JK2 resulted in a partial loss of CD38"/CD138" cells, with a concomitant appearance
ofCD38"/C138™ cells, many of which were strongly stained by PacO.
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Fig. 5.22: Daratumumab and combinations of two hcAbs mediate effective CDC of multiple myeloma cells in a
patient bone marrow sample at day 6, but not at day 1.

BMMCs from a MM patient bone marrow aspirate were analyzed either on day 1 or day 6 of cultivation in the
presence of IL2 as described in Fig. 5.20. Cells were incubated for 15 minutes at 4°C with 100 nM of the indicated
hcAbs or daratumumab before addition of 12.5% pooled human serum as source of complement and further
incubation for 1.5 hours at 37°C. Cells were stained and analyzed as described in Fig. 5.21.

5.3. Using nanobodies to improve the targeting of tumor cells by AAV

In the last part of this PhD thesis, a third strategy to target tumor cells with nanobodies is
employed — nanobody-displaying AAV and bi-specific adaptors. A limiting factor for successful
gene delivery with AAV vectors is the broad tropism of most AAV serotypes. Nanobodies as
ligands are promising tools to target AAVs specifically to cells. The goal was to use nanobodies
directed against the cell surface protein CD38, which is overexpressed in multiple myeloma-
to specifically target AAVs to MM cells. Nanobody-displaying AAV and bispecific adaptors
composed of a CD38-specific nanobody genetically fused to an AAV-specific nanobody were
previously generated in the Nolte lab (Eichhoff A, dissertation MIN faculty, Hamburg, 2018,
(61)). In this thesis, we aimed to test the potential of nanobody-displaying AAV and bi-specific
adaptors to specifically mediate transduction of primary myeloma cells from a patient bone
marrow.
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5.3.1. Display of CD38-specific nanobody on the AAV-capsid specifically enhances the
transduction of primary MM cells from a patient bone marrow

AAV1 capsids displaying a CD38-specific nanobody fused to a surface loop of the VP1 capsid
protein were tested for their potential to specifically transduce MM cells from a patient bone
marrow. Therefore, BMMCs were isolated via Ficoll density gradient at day 0 and cultivated
for 7 days. At day 7, cells were incubated with aCD38-displaying AAV1 and aP2x7-displaying
AAV as a control for 48 hours at 37°C. These AAV carried a YFP encoding sequence that allowed
a later determination of transduction efficacy. At day 9, BMMCs were stained for CD38
(epitope 3), CD56 and CD45 to allow differentiation between MM cells, cellular debris and
other stromal cells by flow cytometry (Fig. 5.23). The results show that ~ 16 % of living cells
were CD45 negative/CD38 positive, and CD56 positive/CD38 positive. Transduction efficiency
was assessed by the level of YFP fluorescence encoded by the AAV. The results show a strong
YFP signal for almost all MM cells treated with 2.000 viral genomes (vg) per cell of the CD38-
nanobody displaying AAV. There was little if any transduction of other cells. In contrast,
treatment of cells with control P2X7-specific nanobody displaying AAV resulted in little if any
YFP expression.
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Fig. 5.23: Insertion of CD38-specific Nb 1067 into the VP1 capsid protein of AAV2RA enhances transduction of
primary MM cells by AAV2RA.

The schematic illustrates the experimental set up. Nb-displaying AAV were produced as described in Eichhoff et
al., 2019. BMMCs were isolated via Ficoll density gradient and cultivated for 7 days in medium containing IL2 as
described in Fig. 5.21. Cells were transferred to a 96 well plate (1.5 x 10° cells/well) and incubated further in the
absence or presence of the indicated amounts (vg = viral genomes) of AAV1 displaying either the CD38-specific

Nb Mul067 or mouse P2X7-specific Nb (1c81) as control. AAV1 carried a YFP reported gene that allowed
evaluation of transduction efficacy. At day 9, cells were stained for 30 minutes at 4°C with fluorochrome-
conjugated antibodies against CD38, CD56, and CD45 to allow differentiation of MM cells before analysis by flow
cytometry.
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5.3.2. Bispecific adaptors enhance specific transduction of primary MM cells by AAV

As a second approach, we wanted to determine whether bispecific aCD38-aAAV adaptors
mediate specific transduction of primary MM cells from the same patient bone marrow
aspirate that was used in the previous experiment (Fig. 5.24). Therefore, bispecific nanobody-
AAV adaptors were tested for their potential to promote the transduction of AAVs into patient
MM cells. To examine this, 7-day old primary BMMCs were incubated with aCD38 (MU1067)-
aAAV adaptors or aCD296-aAAV control-adaptors for 30 minutes, before AAV6 was added,
again using a YFP encoding reporter gene that allow the determination of transduction
efficacy. 48 hours later, BMMCs were stained with the same marker panel used above (aCD38
(E3), aCD56, aCD45) and analyzed by flow cytometry. Results show that MM cells treated with
the CD38-specific adaptor have a strong YFP positive signal. Other cell population showed little
if any YFP expression. Similarly, MM cells treated with the control aCD296-aAAV adaptor also
showed only weak expression of YFP.
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Fig. 5.24: Bispecific nanobody adaptors mediate transduction of AAV6 into primary human MM cells.
Bi-specific nanobody adaptors consisting of a membrane-protein specific nanobody fused via a peptide linker to
an AAV-specific nanobody were cloned and produced as described in Eichhoff A, dissertation MIN faculty,
Hamburg, 2018. The schematic illustrates the experimental set up. For this assay, the same 7-day old primary
BMMCs as described in the Fig. 5.23 were used. Cells were incubated with aCD38 (MU1067)-aAAV adaptors or
aP2x7-aAAV control-adaptors for 30 minutes at RT. Cells were washed and transferred to a 96 well plate. YFP-
encoding AAV6 were added (500 viral genomes/cell). 48 hours later, MM cells were stained for 30 minutes at
4°C with fluorochrome-conjugated Abs before analysis by flow cytometry as in Fig. 5.23.
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6. Discussion

The aim of this work was to generate CD38- and EGFR-specific hcAbs and to investigate their
potential use for targeting CD38 or EGFR-overexpressing tumor cells. The following
discussions follows the order in which the results were presented in the previous section.

6.1. Mouse CD38 nanobody discovery and generation of heavy chain antibodies

Phage display technology was used to select 5 families of mouse CD38-specific nanobodies
from two immunized llamas. The nanobodies were selected by panning on the mouse CD38-
expressing EL4 cell line and splenocytes from WT mice. Specificity was increased by a pre-
absorption of phage on splenocytes from CD38-deficient mice. Sequencing revealed a small
family 1 consisting of JK3 and NB11 with a QREL framework and a CDR3 of 13 amino acids (aa),
two single clone families JK5 (family 2) with an EREF framework and a 13aa CDR3, and NB32
(family 3) with a QREV framework and a short 3 aa CDR3. Family 4 was the largest family with
6 distinct clones (JK13, JK16, NB3, NB7, NB22, NB24) containing a QREL framework and a 13
aa CDR3. Notably, this family contained a tryptophan (W) residue in the CDR3. Family 5
consists of three clones NB38, NB40 and NB42, with a QREL framework and a 13 aa CDR3.

In order to generate heavy chain antibodies with the capacity to mediate Fc-effector
functions, nanobodies were fused to the hinge, CH2 and CH3 domains of mouse IgG2a.
Moreover, mutations that had previously been reported to enhance CDC (E430S) or to
abrogate CDC and ADCC (L234A, L235A, P329G) effector functions of human IgG1, were
introduced into the corresponding positions of mouse IgG2a (28) (66). 1gG2a was chosen
because this isotype reportedly exhibits relatively high affinity to various FcyR subtypes and a
good capacity to activate the complement cascade (67).

Ultimately, elucidation of the 3D-structure of a protein in complex with an antibody by X-ray
crystallography is the most informative means to map an antibody binding epitope. In the
absence of such a structural model, cross blockade analyses can provide information on the
relative binning epitopes of different antibodies. The results of such cross blockade analyses
revealed three non- or only partially overlapping independent epitopes on mouse CD38.
Family 1 binds to epitope 1; the single clone family 2, as well as the other single clone family
3, bind to epitope 2. The larger families 4 and family 5 bind to an overlapping epitope, which
was assigned to epitope 3. Independent, non-overlapping epitopes allow monitoring the
targeting of CD38-expressing lymphocytes and tumor cells that had been pre-treated with
another hcAb.

We next aimed to evaluate the relative binding strengths of the selected hcAbs to mouse CD38
on the cell surface. To this end, we monitored the rate of dissociation of hcAbs from EL4 cells
as a correlate of binding strength. The results indicate that family 4 hcAb bind with highest
avidity to cell surface CD38, followed by families 2, 3, and 1. Whereas in single application of
hcAbs a high affinity to the target protein is desirable, low binding affinities of hcAbs may be
of advantage for the construction of bispecific hcAbs. Bispecific hcAbs preferentially target
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cells that co-express two different antigens on the same cell surface over cells that express
only one of these antigens and hence, require low binding affinities. Bispecific hcAbs directed
against two different tumor antigens might increase specificity for the tumor and decrease
off-target effects and hence, are seen to be promising tools for future cancer therapies.

Furthermore, we aimed to analyze the capacity of the selected hcAbs to modulate CD38
enzyme activity using EL4 mouse thymoma cells that express high levels of CD38.
Chromatograms of a reversed-phase HPLC on a Multohyp BDS C18 column of NAD metabolites
revealed that EL4 cells specifically metabolized NAD* to ADPR. Hence, the next step was to
analyze the effect of mCD38-specific hcAbs on mCD38 cyclase. The results show that family 4
and 5 hcAbs, i.e. all epitope 3 nanobodies, inhibited the CD38-catalyzed conversion of NGD* to
cyclic GDPR in a dose dependent fashion. Family 1, 2 and 3 directed against epitope 1 and 2,
respectively, had no detectable effects on CD38 cyclase activity. Titrating the two strongest
inhibiting hcAbs NB38 and NB42 revealed a low ICsoof ~ 10 nM. Combined application of family
4 and family 5 hcAbs did not show any additive effects. It has been proposed that the tumor
microenvironment (TME) in MM might be shaped inter alia by CD38 (14), leading to tumor
growth and immunosuppression (68). Thus, blocking the enzymatic activity of CD38 may be of
therapeutic benefit in multiple myeloma. Although CD38 cyclase might play only aminor role
in the production of anti-inflammatory metabolites during purinergic signaling, it generates
the second messenger cADPR. cADPR mobilizes intracellular calcium stores and hence, is
involved in many diverse cell functions, such as cell proliferation and differentiation(25).

Finally, we tested the capacity of mCD38-hcAbs to activate Fc-medicated immune effector
functions, i.e. complement-dependent cytotoxicity (CDC) and antibody-dependent cellular
cytotoxicity (ADCC). Monitoring CDC-mediated killing of mouse target cells proved difficult
since enzymatic complement components are not stable in mouse serum. Using human serum
as a source of complement resulted in a high level of background killing (i.e. in the absence of
any added hcAbs) of mouse EL4 cells. An explanation might be that human serum contains
IgM antibodies that cross-react with antigens on mouse cells and hence, mediate effective
CDC even in the absence of added CD38-specific Abs. However, a different approach, i.e. the
transient transfection of human target cells with mouse CD38 and use of human serum as a
source of complement at last was successful. We transiently co-transfected HEK cells with
expression vectors for mouse CD38 and GFP and monitored complement-mediated
permeabilization of the plasma membrane to GFP and propidium iodide by flow cytometry as
indicators of antibody-mediated, complement dependent cytotoxic effects of mCD38 hcAbs.
Individual mouse 1gG2a hcAbs induced CDC against mCD38-transfected HEK cells with varying
efficiencies. hcAbs directed against epitope 3 appeared more effective than hcAbs directed
against epitope 1 and epitope 2. Previous studies reported a similar higher capacity to induce
CDC of daratumumab compared to mAbs targeting other epitopes of human CD38 (69). In
contrast, individual human IgG1 hcAbs against human CD38 were rather ineffective at
inducing CDC (70). Introduction of the E435R hexabody mutation markedly increased the CDC
potencies of both, human CD38-specific mAbs and hcAbs (71), (70). Introduction of the
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hexabody mutation E430S moderately increased, introduction of the triple mutant (L234A,
L235A, P329G) abrogated the capacity of migG2a hcAbs to induce CDC.

To analyze antibody dependent cytotoxic effects of mCD38-specific hcAbs, mCD16-
transfected NK92 effector cells were added to CD38-expressing EL4 cells in a ratio of 3:1. All
analyzed hcAbs (JK3, JK5 and JK13) mediated effective ADCC of EL4 cells. The capacity to
induce ADCC was abrogated by introduction of the (L234A, L235A, P329G) LALAPG triple
mutation.

In conclusion, five nanobody families were identified and converted into heavy chain
antibodies with different affinities directed against three independent epitopes on mouse
CD38. Antibodies that bind an independent epitope allow their use for detecting tumor cells
during treatment with a therapeutic Ab. Furthermore, our results emphasize the potential of
mCD38-hcAbs for modulating the enzymatic activity of CD38 cyclase, which might be of
therapeutic value for reducing the proliferation of myeloma cells in the tumor
microenvironment. Our CDC and ADCC assays are of value for monitoring the cytotoxic
efficacy of hcAbs vs. tumor cells that overexpress the targeted antigen. The hcAbs reported
here thus hold promise as potential diagnostic and therapeutic tools in myeloma and other
CD38-expressing malignancies in mouse models with a fully immune-competent background.

6.2. Targeting EGFR-variants and CD38 with heavy chain antibodies

Monoclonal antibodies (mAbs) targeting the EGF-receptor (cetuximab, panitumumab) or
CD38 (daratumumab) show therapeutic efficacy in solid and hematological malignancies,
respectively. However, many patients do not respond to targeted therapy due to acquired and
primary resistance. Because of the increasing necessity of new therapeutics, the goal of this
work was to develop and analyze two different nanobody-based therapeutic strategies. First,
heavy chain antibodies were tested on their direct (downstream signaling, enzymatic activity)
and indirect (immune effector functions) effects on tumor cells. Second, nanobodies were
used to increase the specificity of AAVs targeting CD38-overexpressing myeloma cells from a
patient bone marrow.

6.2.1. Direct effects of EGFR- and CD38-specific hcAbs

The EGFR is overexpressed in metastatic colorectal cancer (mCRC) and head and neck
squamous cell carcinoma (HNSCC) patients. Downstream EGFR signaling results in
proliferation, survival and invasion of tumor cells, thereby allowing tumor cells growth
advantages over benign cells. mCRC patients develop EGFR ectodomain mutations under
therapy at positions V441, S442, R451, 1462, S464, G465, K467, K489, 1491, and S492. When
located in the epitope of the corresponding mAbs these mutations may abrogate binding of
cetuximab and/or panitumumab (38). We addressed the question whether nanobody 7D12
which had been isolated by others from immunized Llamas (72), (73), (74) could bind to the
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EGFR escape mutants S492R, G465R, S464L, and R451C. 7D12 competes with cetuximab for
EGFR binding and hence, is called a “cetuximab like nanobody” (75). All work addressing the
retargeting of EGFR variants were performed in the lab of Prof. Dr. Mascha Binder. We tested
the binding of 7D12-hcAb in comparison with cetuximab on Ba/F3 cell lines stably transfected
with either the EGFR WT or S492R, G465R, S464L, and R451C. FACS-binding results confirmed
the loss of binding for cetuximab and panitumumab to the EGFR escape variants G465R and
S464L, whereas binding of 7D12-hcAb was maintained. It is noteworthy that there is a
complete binding abrogation of cetuximab to the S492R mutant, although panitumumab and
7D12-hcAb binding are both fully conserved. Our results are in line with previous findings of
Montagut et al. who showed that the acquired mutation S492R only mediates resistance
against cetuximab, but not against panitumumab in vivo (40). One reason for maintained
binding of 7D12-hcAb to these EGFR variants might be that the epitope of 7D12-hcAb almost
fully overlaps with the EGF binding site after conformational change of the EGFR (13, 75). Since
EGF binding to the EGFR enables tumor cells growth advantages over benign cells, there would
be no acquired mutations located in the EGF binding site. The S492R and G456R mutations
appearin 20 % of all mCRC patients (38), (39, 76). Hence, we wanted to test the effect of 7D12-
hcAb on proliferation of EGFR variant cells with G465R in comparison to EGFR WT cells. Results
showed that proliferation was significantly reduced with 7D12-hcAb, but not cetuximab. A
possible explanation for this might be that the G465R mutation, just like R451C, S464L, S492R
(Fig. 6.1, red dots), is outside the 7D12 epitope and hence, an inhibition of intracellular
downstream signaling pathways such as RAS-RAF-MEK-ERK-MAPK-, PI3K-AKT-mTOR- and PLC-
v1-PKC was preserved.

In addition to acquired resistance within the EGFR in mCRC, primary resistance in one third of
all HNSCC patients was described by Braig et. al. Primary resistance is mediated by the
EGFR single-nucleotide polymorphism (SNP) at position 521 (R521K). R521K (Fig. 6.1, green
dot) is not located within the cetuximab epitope, hence resistance is most likely not due to
any escape mechanisms (29), (77), (78), (79). Primary resistance might be due to an increased
N-glycosylation pattern of the EGFR ectodomain lll, leading to a decreased affinity of
cetuximab. In turn, EGFR downstream signaling pathways are no longer inhibited, which is
most likely the cause for poor prognosis of patients with a high K-allele frequency (29). Hence,
we next wanted to test the effects of 7D12-hcAb on R521K expressing cells in a 3D HNSCC
spheroid model. HNSCC spheroids with EGFR R521K (SAT) and EGFR WT (UTSCC14) were
treated with 7D12-hcAb, cetuximab and panitumumab starting at day 7 at every second day.
Results show that growth of EGFR WT spheroids was fully stopped upon start of treatment
with cetuximab, panitumumab and 7D12-WT-hcAb as expected. However, spheroid size was
not decreased overtime. One reason might be that the constructs could not penetrate the 3D
spheroid, due to high interstitial fluid pressure. Growth of EGFR R521K spheroids was
significantly slower upon treatment independent of the constructs compared to untreated
control spheroids; however, growth was not stopped over time with either cetuximab,
panitumumab or 7D12-WT-hcAb.
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Fig. 6.1: Binding of the mAb cetuximab and hcAb 7D12 to the EGFR.

The 3D structure of the tethered EGFR was depicted using PDB and PyMOL. Domain I, Il and IV are shown in light
grey with EGF (orange sticks) binding to domain I, and domain lll is depicted in dark grey. (A) 7D12 (blue, on the
left EGFR) and cetuximab (heavy chain in dark green, light chain in light green, on the right EGFR) both bind to
domain Ill of the EGFR. The acquired mutations S464L, G465R, K467T, S492R (red dots) in domain Ill are located
within the cetuximab epitope but are outside the 7D12 epitope. The acquired mutation R451C (red dot) and the
primary SNP R521K (green dot) are close to each other outside of the cetuximab and 7D12 epitope. In (B), the
EGFR is depicted from top view showing 7D12 and cetuximab binding to an overlapping epitope.

Acquired resistance of multiple myeloma patients to treatment with the CD38-specific mAb
daratumumab is thought to be the result of reduced cell surface expression of CD38 rather
than due to mutations as described for the EGFR in mCRC and HNSCC (42), (57). Hence, we
aimed to develop CD38-specific hcAbs directed against independent epitopes of
daratumumab. We hypothesized that some nanobodies could bind to cavities on CD38 and
inhibit its enzymatic activities. Furthermore, we hypothesized that CD38-specific hcAbs
targeting different epitopes compared to daratumumab might show improved ADCC- and
CDC-mediated killing of myeloma cells (addressed in 6.2.2.).

Prior to this thesis, CD38 nanobodies had been isolated by our group from immunized llamas
and shown to recognize three epitopes of CD38 (65). To generate CD38-specific hcAbs,
nanobodies were fused to a Fc-portion to allow later effector function (80) and the effect of
these hcAbs on CD38 enzymatic activity was analyzed. CD38 catalyzes three distinct enzymatic
reactions. NAD" is metabolized to ADPR and cADPR by NAD glycohydrolase and ADPR cyclase,
respectively. Under physiological conditions, CD38 displays much stronger hydrolase (99%)
than cyclase (1%) activity. The third reaction mediated by cADPR hydrolase metabolizes cCADPR
to ADPR. First, the effect of our CD38-specific hcAbs on NGD cyclase naturally expressed on
the LP1 multiple myeloma cell line was tested. Results show that CD38-specific hcAbs against
epitope 2 (MU523, MU1067, ST52) inhibited the CD38-catalyzed conversion of NGD* to cyclic
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GDPR by 50-70%, whereas JK36 against epitope 3 only showed a slight inhibition (10-20%).
Daratumumab against epitope 1 had little to no effect on cyclase. This data is in line with
previous results from our group (65).

We aimed to monitor NAD glycohydrolase, cADPR cyclase and cADPR hydrolase activities by
LP1 myeloma cells using HPLC. Results show that conversion of NAD* to ADPR and cADPR
followed similar kinetics, but only 0.8% of the product was cADPR. Hydrolysis of ADPR to
cADPR reflecting cADPR hydrolase activity was significantly slower compared to the
conversion of NAD* to ADPR by the NAD glycohydrolase. One reason for the slow metabolism
of cCADPR to ADPR might be the low Kmn of cCADPR hydrolase compared to glycohydrolase.
CD38 contains a non-conserved surface exposed disulfide bond connecting C119 and C201
and hence, enzymatic activity might be prone to redox-mediated reduction by the tumor
microenvironment (TME). Glutathione (GSH) is one of the key redox regulators to compensate
tumor-associated oxidative stress, hypoxia and acidosis and hence, GSH is increased among
different tumors. Elevated levels of GSH in tumors were associated with enhanced cell
proliferation (81), decreased levels of apoptosis (82), increased resistance to
chemotherapeutic drugs (83), (84), and radiation therapy (85). Glutathione disulfide—
glutathione couple (GSSG/2GSH) allows cancers to compensate severe oxidative damage and
to maintain balanced intracellular ROS levels leading to an increased tumor cell proliferation
through activation of redox signaling pathways. Although GSSG/2GSH measures highest
concentrations intracellularly (86), GSH is also present in the extracellular room (ECR). Next to
the liver being the main supplier for extracellular GSH (87), GSH is also exported from the ICR
to the ECR by GSH complex export transporters (GS-X pumps) and multidrug resistance
proteins (MRP1) that are both upregulated in cancer cells (88, 89). Therefore, extracellular
glutathione in multiple myeloma might play a role in reducing disulfide bridges of CD38, thus
leading to an altered 3D tertiary structure and enzymatic activity. Hence, we tested different
reducing agents — the chemical compounds DTT and TCEP, and the naturally occurring GSH -
for their capacity to influence NAD glycohydrolase and ADPR cyclase activities of LP1 myeloma
cells. The results show a concentration dependent inhibition of both enzymatic activities by
high concentrations of DTT and TCEP, while intermediate concentrations had a slight
stimulatory effect. Interestingly, the naturally occurring GSH stimulated cyclase activity in a
dose dependent manner, and slightly inhibited glycohydrolase activity at the highest
concentration of 5 mM. C119 and C201 distinguish human CD38 from Aplysia ADPR cyclase
that elsewise show homology in 10 of the 12 cysteine residues. The two non-conserved
cysteines at position 119 and 201 in human CD38 are replaced by lysine and glutamic acid,
respectively, and this enzyme displays a much stronger cADPR-cyclase than NAD-hydrolase
activity (26). This emphasizes the potential role of C119 C201 in CD38 enzymatic activity. C119
and C201 are located outside the MU523 epitope (Fig. 6.2A, left CD38), but within the epitope
of isatuximab, which is on the opposite site of the catalytic center of CD38 (Fig. 6.2A, right
CD38). Hence, it is most interestingly that isatuximab was described to strongly inhibit CD38
cyclase activity, suggesting isatuximab to be an allosteric inhibitor (43). The finding of an
allosteric inhibition is supported by our results showing that cyclase activity is also significantly
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reduced upon application of MU523 that binds to a non-overlapping epitope compared to
isatuximab far apart from the catalytic site (Fig. 6.2B).

A

Fig. 6.2: Binding of hcAbs MU375 and MU523, and mAb isatuximab to CD38.

The 3D structure of CD38 was generated using PDB and PyMOL. CD38 is depicted in light grey with NAD* (orange
sticks) binding to the active center. The 5 conserved disulfide bridges within the CD38 molecule are shown in
green, the non-conserved disulfide bond at C119/C201 in red. (A) The N-terminus is depicted in red and is
connected to a schematic illustration of the transmembrane domain. MU523 against epitope 2 (yellow, on the
left CD38) binds more to the backside of CD38 and isatuximab against epitope 3 (heavy chain in dark orange,
light chain in lighter orange, on the right CD38) binds onto the C119/C201 disulfide bridge. In (B), CD38 is depicted
from top view showing MU523 and isatuximab binding to non-overlapping epitopes.

6.2.2. Indirect effects of EGFR- and CD38 specific hcAbs

To allow effector functions in terms of immune cell recruitment and complement activation,
selected aEGFR- and aCD38 nanobodies were fused to the hinge, CH2, and CH3 domains of
human IgG1. Newly generated chimeric llama/human heavy chain antibodies (hcAb) are about
half the size of conventional mAbs (75 kDa vs. 150 kDa), which might facilitate tumor
penetration and thereby we suggest an improved efficacy for cancer treatment (65).
Furthermore, Fc-engineering was employed (5), to enhance ADCC and/or CDC of tumor cells.
This idea was initiated in 2016 by the randomized, controlled, open label, multicenter phase
Il study RESGEX, in which the efficacy and safety of cetuGEX plus chemotherapy (CT) in
comparison to cetuximab plus CT in patients with stage IllI/IV recurrent and/or metastatic
HNSCC was tested. CetuGEX —an ADCC optimized mAb - against HNSCC back then was shown
to increase anti-tumor activity by sensitizing SNP R521K HNSCC cells again (ClinicalTrials.gov
Identifier NCT02052960). Hence, we inserted either ADCC (G236A, S239D and I1332E =T for
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triple mutation)- or CDC (E345R or E430S = E)- or both enhancing mutations into the Fc-portion
of EGFR- and CD38-specific hcAbs to overcome resistance and allow better killing of mCRC,
HNSCC and MM cell lines and primary cells.

Cetuximab and panitumumab have been shown to induce effective ADCC in HNSCC- and mCRC
patients, respectively. However, there is a lack of therapeutic response in patients showing
primary and acquired resistance. Hence, we aimed to develop a CDC (E345R, E)- and ADCC
(G236A, S239D and I332E = T)-enhancing 7D12-hcAb binding to an epitope not involved in
resistance. 7D12-hcAbs with different Fc-portions were tested on EGFR WT and EGFR variant
MCRC and HNSCC cells. On the contrary to 7D12-WT-hcAb, cetuximab and panitumumab that
did not induce CDC-mediated killing, 7D12-E-hcAb induced a 2.2-fold stronger killing of EGFR
WT expressing HNSCC cells. That none of the mentioned constructs, except 7D12-E-hcAb,
induced killing goes in line with previous published data of cetuximab or panitumumab in
single application being unable to induce CDC, since they bind to an overlapping epitope.
Combinations of two different mAbs targeting two non-overlapping epitopes on the same
surface antigen can mediate cross-connection of cell surface antigens, leading to enhanced
binding of the hexameric C1g molecule. This in turn activates the complement cascade and
membrane attack complex (MAC) induced osmotic cell death (90). CDC-mediated killing of
EGFR R521K expressing HNSCC cells showed similar results compared to EGFR WT HNSCC cells,
in that the overall killing by 7D12-E-hcAb was half as strong in SNP cells. This suggests that
primary resistance in HNSCC cells could only partially be overcome by 7D12-E-hcAb.

The main anti-tumor effect of cetuximab is antibody-dependent cell cytotoxicity. Therefore,
the effect of 7D12-WT-hcAb, 7D12-T-hcAb, cetuximab and panitumumab on mediating ADCC
was also tested on EGFR WT and EGFR R521K HNSCC cell lines. The results show a significantly
greater killing of EGFR WT HNSCC cells with the ADCC-optimized 7D12-T-hcAb compared to
7D12-WT-hcAb and cetuximab in single application. Interestingly, panitumumab hardly
mediated any ADCC. This is contrary to literature describing that the 1gG2-Fc part of
panitumumab primarily connects with FcyRlla expressed on myeloid cells like neutrophils and
monocytes, thereby mediating ADCC (31). The assay here was performed with peripheral
blood mononuclear cells containing lymphocytes and monocytes. The lack of response to
panitumumab therefore remains to be elucidated. One explanation might be that the higG1-
Fc part of 7D12-T-hcAb, 7D12-WT-hcAb and cetuximab connecting with NK cells might be
more potent in killing compared to myeloid cells. The killing rate of EGFR R521K expressing
HNSCC cells by 7D12-T-hcAb was not significantly greater compared to 7D12-WT-hcAb, and
cetuximab. Overall killing mediated by 7D12-E-hcAb in the CDC assay was similar to 7D12-T-
hcAb in the ADCC assay. At first glance, this finding was also rather surprising, since post start
of the RESGEX study, the ADCC-optimized cetuximab (cetuGEX) was seen as a promising tool
to overcome primary resistance in HNSCC. Although cetuximab did not inhibit the
downstream EGFR pathway in cells expressing the EGFR R521K variant, its binding affinity was
sufficient to mediate ADCC when applied with an ADCC-optimized Fc-portion. However, the
post study evaluation showed that cetuGEX has no superior effects over cetuximab. Hence,
both mAbs seem to have similar efficacies (Keilholz U., Journal of Clinical Oncology, 2018).
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To conclude, CDC- and ADCC-optimized 7D12-hcAb mediated better HNSCC cell lysis
compared to their WT-Fc counterpart, at least in the EGFR WT expressing cells. Targeting
primary resistance of HNSCC cells was partially successful; however, overcoming resistance is
still a major challenge.

In contrast to the growth factor blocking effects of cetuximab and panitumumab,
daratumumab has no direct anti-tumorigenic downstream signaling effects. The main
therapeutic mode of action for daratumumab is thought to be ADCC and CDC of multiple
myeloma cells and regulatory immune cells (91).

In the following part, CDC- and ADCC data of two different patients with diagnosed multiple
myeloma is shown, the sample of patient 1, which was sensitive to CDC and sample of patient
2, which was resistant to CDC-mediated killing, but sensitive to ADCC at day 0 and 1 (data not
shown), respectively. After Ficoll-gradient isolation of bone marrow mononuclear cells
(BMMCs) from bone marrow aspirates of myeloma patients, CDC- and ADCC assays were
performed. CDC assay of patient 1 at day O shows that the CD38+/CD138+ myeloma
population (13%) was killed upon administration by the combination of daratumumab+JK36-
WT-hcAb and MU1067-WT-hcAb+JK36-WT-hcAb and WF211-E345R-hcAb, which was absent
with the isotype control L-15-WT-hcAb. These results were expected, since hexameric
clustering with subsequent CDC induction is only mediated upon administering a combination
of mAbs binding to two independent epitopes or E345R-optimiced constructs (33). Therefore,
it is not surprising that the single application of JK36-WT-hcAb did not cause killing of the
myeloma population. Unlike Dechant’s hypothesis, daratumumab alone did mediate CDC-
dependent lysis of myeloma cells to the same extent as the combination of daratumumab
with JK36-WT-hcAb. This goes in line with literature describing that daratumumab, unlike
cetuximab or panitumumab, can induce CDC in single application (91). Analysis of bone
marrow aspirate of patient 2 showed an enormously high infiltration with 77% CD38+/CD138+
myeloma cells. At day 1, no killing of CD38+/CD138+ myeloma cells could be induced with
either of the tested constructs. Patient 2 represents classic resistance to CD38-targeting of
unknown reasons. However, patient 2 when tested in an ADCC assay at day 1, was shown to
be sensitive to all of the tested constructs (daratumumab, JK36-WT-hcAb, WF211-T-hcAb,
daratumumab + JK36-WT-hcAb). Up to now, we cannot explain the resistance in CDC assay,
but sensitivity in the ADCC assay of patient 2.

Hence, to better understand resistance mechanisms and to analyze changes in the sensitivity
to mAb- and hcAb targeting, a system for cultivating primary BMMCs was established. Results
show that myeloma cells survive in aMem medium with horse serum, fetal calve serum,
glutamine, sodium pyruvate and IL2. Microscopic pictures showed that 8 out of 10 patients
(data only shown for one representative patient) formed an adherent stroma cell layer and
MM cells were attached to cell arms and formed little 3D islets on the adherent cell layer.
Cytokines that are naturally produced by malignant B cells, stromal cells, and activated T
lymphocytes, such as IL1B and IL6, were added to the cell culture (92). Furthermore, different
growth factors, such as EGF and VEGF (vascular endothelial growth factor) have been
described to drive carcinogenesis in myeloma (93), (94). The addition of IL6, EGF, and VEGF
resulted in slightly higher proportions of living cells and of the relative proportion of MM cells.
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Addition of IL1R, in contrast, resulted in decreased cell vitality and a strong decrease in the
proportion of MM cells.

The successfully established culture method of primary BMMCs enabled us to perform assays
at different time points. BMMCs of patient 1 showed similar CDC-sensitivity at day 0 and day
6. The CD38+/CD138+ myeloma population showed an increase over 6 days in culture of about
30% (13% vs. 17%). Daratumumab and the combination of two hcAbs JK36-WT-hcAb and
MU1067-WT-hcAb showed specific cytotoxicity toward MM cells, whereas the single JK36-
WT-hcAb in a single application did not mediate CDC.

A second patient 2 appeared completely resistant to CDC on day 1. BMMC cells of this patient
were again analyzed on day 6. Of note, overall cell viability was decreased at day 6 (85% day
1, to 43% day 6). In the viable population, a decrease of CD38+/CD138+ MM cells (77% day 1,
65% day 6) was observed. Although patient 2 showed CDC-mediated resistance at day 1, the
MM cells were at least partially sensitive to CDC at day 6. Treatment with daratumumab or a
combination of two hcAbs JK36-WT-hcAb and JK2-WT-hcAb showed a loss of CD38hi/CD138hi
cells and a concomitant appearance of CD38int/CD138int cells that were highly stained by
PacO. A possible explanation is that apoptotic cells excrete and/or internalize portions of their
cell membranes. A decrease in cell size and thereby FSC as a consequence of cell lysis could
also account for the reduction in the proportion of cells in the live gate (from 43% to 30%).

6.3. Using aCD38 nanobodies to enhance cell-specific targeting of AAV gene
therapy vectors

AAVs are being used with increasing success for gene therapy (58), (59), (60). More than 100
clinical studies are currently focusing on the use of AAVs to correct rare hereditary diseases.
After transduction of target cells, the AAV genome is multiplied and expressed episomally, i.e.
without integration into the genome of the target cell. A limiting factor for the use of AAV
vectors in gene therapy is the broad tropism of AAV serotypes, i.e. the parallel infection of
several cell types (61) and hence, production costs are extremely high.

Reducing production costs is possible when specificity of AAVs is increased. One strategy to
increase specificity is to equip replication defective AAV vectors with a tumor targeting ligand
that can be used for the delivery of (suicide) genes to tumor cells. Prior to this thesis, Dr. Anna
Marei Eichhoff developed two nanobody-based approaches to enhance target cell specificity
and efficiency of AAVs in the Nolte lab. First, the direct incorporation of Nbs in the viral capsid
(61); and second, the use of nanobody-based bispecific adapter proteins, which can increase
the transduction of target cells with AAV2RA (Eichhoff A, dissertation MIN faculty, Hamburg,
2018). For the first approach, nanobodies were inserted into a surface loop of the VP1 caspid
protein at position 453-459 (GTTTQSR) that had been previously published as a successful
insertion position of the fluorescent protein mCherry (95). The CD38 nanobody was provided
with a 25 AS long GS-linker so that the N-terminal antigen-binding side of the nanobody can
protrude from the capsid. For the second strategy, a CD38-specific nanobody was genetically
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fused via a linker peptide to AAV-specific nanobodies. Bispecific adapters thereby link AAVs
and the cell surface protein CD38.

An aim of the thesis presented here was to determine whether aCD38 nanobodies can be
used to enhance the transduction by recombinant AAV of primary multiple myeloma cells
from a patient bone marrow. Transduction efficacy was evaluated by the AAV-containing YFP
cassette, which gave a positive signal upon successful transduction. Nanobody-displaying AAV
were incubated with primary cells from the patient 2 bone marrow and transduction rate was
subsequently analyzed. Display of CD38-specific nanobodies on the AAV capsid resulted in a
20- to 100-fold enhanced transduction of patient 2 myeloma cells. Furthermore, results show
that CD38 Nb-AAV-fusion-proteins specifically transduced only CD38/CD138 high expressing
MM patient cells and no other CD45+/CD56- patient stroma- and bone marrow cells. This
might be most likely due to the selectively high expression of CD38 on myeloma cells,
suggesting that this approach might reduce off-target effects. To prove this, an in vivo mouse
model is needed. Similar results were obtained with the adapter strategy. A successful and
specific transduction of CD38/CD138 high expressing MM patient cells was observed, whereas
other CD45+/CD56- patient stroma- and bone marrow cells were not transduced. Again, the
reason for the high specificity of this method is most likely mediated by the overexpression of
CD38 on myeloma cells.

When comparing Nb-AAV-fusion-proteins with the bispecific adaptor approach it can be said
that there are certain advantages of adapters over Nb-AAV-fusion-proteins. Bispecific
adapters are easy reformattable in terms of exchanging both the receptor-specific Nbs and
the AAV-specific Nbs (96). This enables also two identical or different nanobodies that could
be linked on the side of the membrane protein as well as on the side of the AAV; avidity of the
adapters for the AAVs or for the target cells might be thereby improved. By coating the viral
capsid with adapter proteins, immunogenic epitopes of the capsid might be masked or the
binding of neutralizing antibodies upon administration could be sterically prevented. Thus, in
addition to improving the transduction of patient myeloma cells, the viral capsids could also
escape the recognition by the immune system.

However, there are also certain advantages of the fixed incorporation of Nbs into the AAV
capsid over bispecific adapters. When it comes to clinical trials with Nb-AAV-fusion-proteins,
there is only the safety of one reagent as a therapeutic agent in tumor therapy that would
have to be evaluated; for bispecific adapter proteins, the safety of two combined reagents
would be necessary to be evaluated in each case. In vivo experiments with adapters are also
a lot more complex since it needs to be determined whether simultaneous or sequential
administration of adapter proteins and AAVs would achieve better effects. As a prerequisite
for clinical applications, it will be essential to test both strategies in vivo in mouse models.
First, it is necessary to evaluate, if the tropism of the AAVs is altered by the incorporation of
Nbs or the use of bispecific adapter proteins; And second, the limiting point is whether target
cells are also transduced in vivo. To test this, GFP- or luciferase-encoding AAVs could be
injected into WT mice and target receptor knock-out (KO) mice.
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7. Conclusion and Outlook

Acquired and primary resistance to aEGFR- and aCD38 monoclonal antibodies in cancer
patients is still a major challenge. The results of this thesis show improved anti-tumor activity
of EGFR- and CD38-specific hcAbs carrying CDC- and ADCC-enhancing mutations. The
engineered 7D12-hcAbs constructs thus hold promise for closing the therapeutic gap for
patients with EGFR ECD variants not responding to cetuximab or panitumumab. Similarly, the
Fc engineered WF211 hcAb may have the potential to improve already existing therapy
regimes for patients diagnosed with multiple myeloma. Moreover, in primary bone marrow
samples from MM patients, the combination of daratumumab with CD38-specific hcAbs that
recognize a distinct epitope enhanced CDC- mediated tumor cell lysis compared to
daratumumab alone. It is tempting to speculate that small hcAbs might improve the
therapeutic efficacy of approved FDA mAbs by binding to distinct epitopes, inhibiting the
enzymatic activity of the target protein, inhibit downstream signaling, and/or enhance
immune effector functions, such as NK-cell- and complement mediated lysis of tumor cells.
Finally, AAV vectors displaying a CD38-specific nanobody were shown to mediate specific
transduction of primary multiple myeloma cells from a patient bone marrow with a GFP
reporter gene. Similar effects were achieved with bispecific Nb-Nb adaptors. Further studies
will show whether this strategy can be used to produce checkpoint inhibitors, pro-
inflammatory cytokines or other therapeutic proteins in the tumor microenvironment in vivo.
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PDPK1
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green fluorescent protein

glutathione

glutathione S-conjugate pump

hour

heavy chain antibody

human embryonic kidney

human epidermal growth factor receptor
head and neck squamous cell carcinoma
human IgG1

immune globulins

interleukin

janus kinase

kilo Dalton

knockout

Kirsten rat sarcoma viral oncogene
monoclonal antibody

mitogen activated protein kinase
metastatic colorectal cancer
mitogen-activated protein kinase/extracellular signal-regulated kinase
minute

mouse IgG2a

mean fluorescence intensity

mechanistic target of rapamycin

multidrug resistance protein 1

sodium chloride

nicotinamide adenine dinucleotide
nanobody

National Center for Biotechnology Information
nicotinamide guanine dinucleotide

next generation sequencing

natural killer cell

neuroblastoma rat sarcoma viral oncogene
optical density

overall survival

polyacrylamide gel electrophoresis
phosphate buffered saline

polymerase chain reaction

protein data bank for 3D structures
phosphoinositide-dependent protein kinase 1
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PI3K
RAF
RAS
rbFc
rpm
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RT
SDS
SOC
SOS
STAT
TAE
TCEP
TGF-a
TKI
Tris

uv
Ve
VH
VHH
VL
VP
WT

polyethylenimine

progression free survival

phosphatidylinositol 3-kinase

rapidly accelerated fibrosarcoma

rat sarcoma viral oncogene

rabbit Fc

rounds per minute

cell culture medium from the Roswell Park Memorial Institute
room temperature

sodium dodecyl sulfate

super optimal broth

son of sevenless homolog

signal transducers and activators of transcription
tris-acetate-EDTA

tris(2-carboxyethyl)phosphine

transforming growth factor alpha

tyrosine kinase inhibitor
Tris(hydroxymethyl)-aminomethane

unit (enzyme)

ultraviolet

viral genome

variable domain of a heavy chain of an antibody
variable domain of the heavy chain of heavy chain antibodies
variable domain of the light chain of an antibody
viral protein

wildtype
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