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Abstract

The field of immunotherapy has advanced greatly in the past decades and brought forward

numerous treatment modalities, including antibody therapy and oncolytic virus (OV) therapy.
Different antibody formats have been engineered for more potent anti-tumor effects, such as T-
cell engagers (TCEs) that simultaneously bind to tumor-associated antigens (TAAs) and the T-
cell receptor, redirecting T-cells to kill cancer cells. Numerous viruses have been explored for
OV therapy, including oncolytic Adenoviruses (0Ads), the most commonly used OVs in clinical
development and an attractive platform for delivery of transgenes to tumors. Tumor
heterogeneity, immune evasion and systemic toxicity pose challenges for effective TCE therapy,
which could be overcome by local delivery of TCEs targeting multiple antigens via oAds. Here,
I generated different TCE formats, bispecific T-cell engagers (BiTEs), bispecific single-chain
Diabodies (scDbs) and trispecific scDb single-chain variable fragments (scDb-scFvs) for
multitargeting of four TAAs, focusing on the epidermal growth factor receptor (EGFR) and the
cellular mesenchymal epithelial transition factor (c-MET). I conducted a first of its kind
comparison of scDbs and BiTEs directed at the chosen targets, analyzing binding properties
and induction of T-cell mediated cytotoxicity. My results showed equal efficacies of the scDb-
cMET and the BiTE-cMET, allowing for the generation of a scDb-cMET-based trispecific
scDb-scFv, which was more favorable for genetic delivery by oAds due to its smaller size and
fewer repetitive sequences than two distinct TCEs. I could show equal binding and induction
of cytotoxicity on single target-positive cells compared to corresponding bispecifics and
superior efficacy on double target-positive cells for the scDb-cMET-scFv-EGFR. I therefore
produced a panel of 0Ads expressing one or two TCEs to characterize dual-targeting strategies
of EGFR and c-MET. I was able to identify an expression strategy that retained oncolytic
activity of oAds while driving expression of functional TCEs. My T-cell activation data
revealed secretion of IL-2 and IFNy and upregulation of CD69 on T-cells in cocultures of 0Ad-
infected tumor cells with PBMCs only when cross-linking TCEs were produced. In addition,
tumor cell killing was enhanced by TCEs when PBMCs were present. Ad5/3-CMV-scDb-
cMET-scFv-EGFR, encoding the trispecific TCE, exhibited the highest potency regarding T-
cell activation and killing throughout all tested cell lines compared to other dual-targeting
strategies with bispecific TCEs via co-expression or co-infection approaches. This oAd showed
efficacy in both single and double target-positive cell lines, indicating potential in treatment of
heterogeneous tumors and reducing the risk of immune evasion of tumor cells. In summary, |
generated and showed the efficacy of the novel scDb-cMET-scFv-EGFR and successfully
incorporated it into a viro-antibody-therapy approach. Future experiments have to be conducted
to elucidate the therapeutic potential of the Ad5/3-CMV-scDb-cMET-scFv-EGFR for different

tumor entities in vivo.
12



Zusammenfassung

Das Feld der Immuntherapie hat in den letzten Jahrzehnten grofle Fortschritte gemacht und

zahlreiche Behandlungsmodalititen hervorgebracht, einschlieBlich Antikdrpertherapie und
Therapie mit onkolytischen Viren (OVs). Verschiedene Antikorperformate wurden fiir
effektivere Anti-Tumor-Wirkungen entwickelt, wie zum Beispiel T-cell Engager (TCEs), die
gleichzeitig an tumorassoziierte Antigene (TAAs) und den T-Zell-Rezeptor binden und dadurch
T-Zellen umleiten, um Krebszellen abzutdten. Zahlreiche Viren wurden fiir die OV-Therapie
erforscht, darunter onkolytische Adenoviren (0Ads), die am hiufigsten in der klinischen
Entwicklung verwendeten OVs und eine attraktive Plattform fiir die Ubertragung von
Transgenen in Tumore. Tumorheterogenitdt, Immunevasion und systemische Toxizitdt stellen
Herausforderungen fiir eine effektive TCE-Therapie dar, die durch von 0Ads getriebener lokaler
Produktion von TCEs mit unterschiedlichen Spezifititen, liberwunden werden kénnten. Hier
habe ich verschiedene TCE-Formate generiert: bispezifische T-cell Engager (BiTEs),
bispezifische single-chain-Diabodies (scDbs) und trispezifische scDb single-chain-variable-
Fragments (scDb-scFvs) fiir das Multitargeting von vier TAAs, wobei der Fokus auf dem
epidermalen Wachstumsfaktor-Rezeptor (EGFR) und dem zelluliren mesenchymal-
epithelialen Ubergangsfaktor (c-MET) lag. Ich fiihrte einen ersten Vergleich von scDbs und
BiTEs durch, die auf die ausgewihlten Ziele gerichtet waren und analysierte die
Bindungseigenschaften und die Induktion der T-Zell-vermittelten Zytotoxizitit. Meine
Ergebnisse zeigten gleiche Wirksamkeiten des scDb-cMET und des BiTE-cMET, was die
Entwicklung eines scDb-cMET-basierten trispezifischen scDb-scFv ermoglichte, welches
aufgrund seiner geringeren Grofle und weniger repetitiven Sequenzen im Vergleich zu zwei
unterschiedlichen TCEs fiir die genetische Ubertragung durch oAds vorteilhafter war. Ich
konnte eine gleiche Bindung und Induktion der Zytotoxizitit an Einzelziel-positiven Zellen im
Vergleich zu korrespondierenden bispezifischen TCEs und eine iiberlegene Wirksamkeit an
Doppelziel-positiven Zellen fiir den scDb-cMET-scFv-EGFR zeigen. Daher habe ich eine Reihe
von 0Ads produziert, die ein oder zwei TCEs exprimieren, um duale Targeting-Strategien von
EGFR und c-MET zu charakterisieren. Ich konnte eine Expressionsstrategie identifizieren, die
die onkolytische Aktivitit von 0Ads beibehielt und gleichzeitig die Expression funktioneller
TCEs antrieb. Meine T-Zell-Aktivierungsdaten zeigten die Sekretion von IL-2 und IFNy sowie
die Hochregulierung von CD69 auf T-Zellen in Kokulturen von oAd-infizierten Tumorzellen
mit PBMCs nur dann, wenn vernetzende TCEs produziert wurden. Zusitzlich wurde die TCE-
vermittelte Zytotoxizitdt verstirkt, wenn PBMCs anwesend waren. Ad5/3-CMV-scDb-cMET-
scFv-EGFR, das den trispezifischen TCE kodiert, zeigte die hochste Wirksamkeit hinsichtlich

T-Zell-Aktivierung und Abtétung von Tumorzellen in allen getesteten Zelllinien im Vergleich
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zu anderen dualen Targeting-Strategien mit bispezifischen TCEs durch Ko-Expressions- oder
Ko-Infektionsansitze. Dieses oAd zeigte Wirksamkeit sowohl in Einzel- als auch in
Doppelziel-positiven Zelllinien, was auf ein Potenzial in der Behandlung heterogener Tumore
und eine Verringerung des Risikos der Immunevasion von Tumorzellen hinweist.
Zusammenfassend habe ich den neuartigen scDb-cMET-scFv-EGFR generiert und seine
Wirksamkeit gezeigt und ihn erfolgreich in einen Viro-Antikdrper-Therapie-Ansatz integriert.
Zukiinftige Experimente miissen durchgefiihrt werden, um das Potenzial des Ad5/3-CMV-

scDb-cMET-scFv-EGFR fiir verschiedene Tumorentititen in vivo zu untersuchen.
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1. Introduction

1.1 Cancer Therapy

In 2020, close to 10 million cancer deaths and approximately 19.3 million new cases were
reported worldwide. The cancer burden is estimated to increase to an estimated 28.4 million
new cases by 2040.[1] This high number of cancer cases calls for effective treatment options.
In the past decades, several breakthroughs have been made with therapies including small
molecule inhibitors, peptide drugs and radiation therapy.[2-4] Since chemotherapy is generally
unspecific and radiation therapy is usually combined with chemotherapy, there is a need for

more targeted treatment strategies.[5, 6]

1.2 Cancer Immunotherapy Approaches

Cancer immunotherapy is a treatment approach that harnesses the immune system to combat
cancer, including treatment approaches such as monoclonal antibodies (mAbs), immune
checkpoint inhibitors (ICIs), oncolytic viruses (OVs), cancer vaccines, and adoptive cell
therapies. It exhibits promising efficacy for various tumors, where conventional therapy has
proven ineffective or not durable.[7] Still, cancer immunotherapy has to overcome challenges
including homing to and persistence of therapeutics in the tumor, the immunosuppressive tumor
microenvironment (TME) and tumor heterogeneity, especially in solid tumors. The challenges

constituted by the TME have driven the development of different treatment modalities.[8]

T-cells are most commonly used in cellular immunotherapy approaches, with three major
treatment modalities: tumor-infiltrating lymphocyte (TIL) therapy, genetically engineered T-
cell receptor T-cell (TCR-T) therapy and chimeric antigen receptor (CAR) T-cell therapy.[9]
TIL therapy involves harvesting T-cells from a patient’s tumor, expanding them in vitro and
reinfusing them back into the patient. TIL therapy is especially effective if the TME is already
rich in TILs.[10] In TCR-T-cell therapy, T-cells with genetically encoded TCRs targeting
specific antigens are expanded.[11] CAR-T cells are equipped with genetically engineered,
synthetic receptors that recognize specific antigens independent of major histocompatibility
complex (MHC) restriction and possess costimulatory and T-cell activation domains.[12] There
are currently six CAR molecules approved for therapy of hematological malignancies, but
efficacy in solid tumors has so far been limited.[ 13, 14] CAR-T cells can be engineered to target
more than one antigen, reducing the risk of immune evasion.[15] Here, antibody therapy and

OVs will be highlighted.
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1.2.1 Antibody Therapy

Antibody therapy allows for a targeted treatment approach, with increasing importance in
clinical practice. Nearly 200 antibody therapeutics were under regulatory review or had market

approval as of November 2023, mAbs making up the largest part.[16]

1.2.1.1 Monoclonal Antibodies

Monoclonal antibodies are produced from a single clone of B-cells, targeting a specific
antigen.[17] Therapeutic applications of mAbs comprise their use for treatment of infectious
diseases, autoimmune diseases and cancer.[ 18] The first murine mAb used in clinical practice
was Muromonab (aCD3) in 1986, for the prevention of organ transplant rejection, realized
through the hybridoma technology, which allowed for production of mAbs in large
amounts.[19, 20] The disadvantage of murine antibodies is the development of human anti-
mouse antibodies (HAMASs) that pose a risk of eliciting neurotoxic responses in patients.[21]
Methods like phage display and transgenic mice have allowed development of humanized and
fully human antibodies, greatly reducing immunogenicity, while retaining their antigen
specificity.[17] Chimeric antibodies retain their murine variable regions, while the constant
region is exchanged by a human sequence. This modification lowered the immunogenicity of
the chimeric antibodies and importantly, the human Fc-region enhanced cell killing via
antibody-dependent cell-mediated cytotoxicity (ADCC) and complement activation.[22, 23]
Antibodies with humanization of the variable regions, where only the complementarity
determining regions (CDRs) are of murine origin, showed an improved immunogenicity profile
compared to murine or chimeric counterparts.[24] Transgenic mice and phage display
technology drove the development of fully human antibodies, completely eradicating the risk

of HAMAS.[25]

Antibody-drug conjugates (ADCs) are novel drugs that take advantage of the specificity of
mAbs for a targeted delivery of a potent cytotoxic payload linked to the mAbs. This approach
allows the use of highly cytotoxic therapeutics while minimizing damage to healthy tissue. As
of 2020, nine ADCs were approved for clinical use by the FDA and more than 80 others were

in clinical development. The most commonly used payloads target tubulins or DNA.[26]

ICIs are mAbs that inhibit regulatory mechanisms of immune activation. Under healthy
conditions, immune checkpoints limit immune responses, inhibition of these checkpoints can
therefore restore T-cell activity in an immunosuppressive TME.[27] ICIs have exhibited strong

tumor controlling effects in advanced metastatic and highly immunogenic tumors, including
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melanoma and Merkel cell carcinoma, with 11 ICIs having received FDA approval as of 2024,

targeting four different immune checkpoint proteins.[28]

1.2.1.2 Recombinant Antibodies

While the treatment strategies described above mainly employ immunoglobulin (Ig) formats,
especially IgG, advances in antibody engineering have led to the development of numerous
other antibody formats. IgG molecules, schematically shown in Figure 1, consist of two heavy
and two light chains, connected by disulfide bonds. The heavy chains form the crystallizable
fragment (Fc) part of the antibody, responsible for the effector functions of the IgG, such as
ADCC. The antigen binding fragments (Fabs) are made up of the light chains and the fragments
of the heavy chains associated with the light chains, forming two heterodimers that form the

monospecific, bivalent IgG molecule.[29] The Fabs contain the variable regions with the CDRs.
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Figure 1 Schematic structure of an IgG antibody. Fab — antigen binding fragment; Vi — variable heavy chain; VL — variable
light chain; Cu — constant heavy chain; CL — constant light chain; Fc — crystallizable fragment; CDR — complementarity-
determining region. Adapted from Hansel et al. 2010.[30]

As only the Fab is involved in antigen binding, the genetic sequences of the variable heavy (V)
and variable light (Vp) chains can be used to produce single-chain variable fragments (scFvs)
without the constant region of the Fabs or the Fc region, retaining antigen affinity.[31] Different

approaches have been pursued to create different antibody formats incorporating scFvs.

Bispecific antibodies (BsAbs) have been developed to target two distinct antigens with a single
molecule. Different formats of BsAbs have been developed, a selection is shown in Figure 2.

The earliest employed formats of BsAbs were chimeric forms of two monospecific 1gGs.[32].
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Importantly, scFvs have been used to create Fc-less BsAbs. These BsAbs can be used to engage

immune cells, as in the case of T-cell engagers (TCEs) or NK-cell engagers (NKCEs).[33, 34]
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Figure 2 Excerpt of bispecific antibody landscape. Adapted from Brinkmann & Kontermann, 2017.[35]

NKCEs retarget NK-cells to cancer cells by binding activating receptors on NK-cells, most
commonly CD16a, and a tumor antigen.[36] In addition to promoting tumor cell killing through
direct cytotoxicity, activated NK-cells produce chemokines and cytokines, initiating an immune
response involving multiple immune cell types.[33] Compared to TCEs, NKCEs have a shorter
research history, but show better safety profiles with lower risk of cytokine release syndrome
(CRS) and neurotoxicity. Furthermore, they represent a better treatment option for patients with
impaired T-cell function, but have shown overall lower response rates compared to TCEs in

some indications.[37]

TCEs cross-link T-cells and cancer cells, typically by binding to CD3 on T-cells and to antigens
present on cancer cells. The advantage of TCEs is their ability to retarget T-cells to malignant
cells irrespective of their MHC status. Furthermore, induction of T-cell mediated cytotoxicity
is possible without costimulation. Simultaneous binding of target cell and T-cell creates a
synapse resembling an immunological synapse, importantly resulting in the exclusion of the
inhibitory CD45 molecule.[38] After formation of the synapse, cancer cells are killed via release
of perforin and granzymes or via bystander mechanisms, more precisely via expression of TNF
superfamily ligands on the T cell surface that bind to and crosslink cell surface death receptors
on target cells.[39, 40] The distance between T-cell and target cell plays a crucial role for

cytotoxicity, more so than antigen density.[41]

Compared to CAR-T cells, TCEs have shown a lower complete response rate in multiple
myeloma (MM), but a significantly better safety profile.[42] The first TCE to be approved
clinically was Blinatumomab, a bispecific T-cell engager (BiTE®) targeting CD3 and CD19 for
the treatment of acute lymphoblastic leukemia (ALL). It is a tandem-scFv consisting of two

scFvs covalently linked by a short linker peptide.[43] Although BiTEs have shown promise in
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various immunotherapy applications, they face important limitations. The small size leads to
rapid systemic clearance, therefore therapies often require continuous infusions.[44] Several
adverse effects are also associated with BiTE therapy, including on-target, off-tumor toxicity
when targeting TAAs, CRS and neurotoxicity.[45, 46] Furthermore, BiTEs have shown only
limited efficacy in the treatment of solid tumors due to the complex TME, higher efficacies

have been reported for hematological malignancies.[44]

Different formats of bispecific TCEs have been engineered, the BiTE being the most prominent
in ongoing clinical trials.[36]. A novel BsAb format that has been employed as a TCE, the
single-chain Diabody (scDb), is structurally very similar to the tandem-scFv, as schematically
depicted in Figure 3. It consists of the same Vy and VL fragments as the tandem-scFv, the
difference lies within the linking of the different domains. While tandem-scFvs follow a
structure of VuiLA-ViuA-VuLB-VunB (scFv-scFv), scDbs are structured as Vi A-ViuB-
VwiB-VinA. This difference in linking makes the scDb more rigid and stable than the tandem-
scFv, the performance in antigen binding remains identical.[47] A novel trivalent antibody
format was generated using the scDb format and fusing an additional scFv to the antigen
binding scFv. The described scDb-scFv molecule is a trivalent, bispecific antibody and showed

superior binding, T-cell activation and target cell killing compared to the bivalent scDb.[48]

bispecific tandem scFv (taFv)
—t 5 WA ] =] V,B |
scFv A
bispecific diabody (Db)

e - A

Figure 3 Formation of tandem-scFv, Diabody and scDb from two scFvs. Adapted from Miiller et al.2011.[49]

1.2.2  Oncolytic Viruses

OVs are viruses that preferentially infect, replicate and spread through tumor cells, which is
facilitated by intrinsic properties of malignant cells.[50] The general mechanism of OV therapy

is outlined in Figure 4.
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Figure 4 Mechanism of oncolytic adenoviruses in cancer immunotherapy. Adapted from Zhao et al. 2021.[51]

For certain viruses, deregulation of pathways that convey antiviral protection under healthy
conditions confer their selectivity. Tumor cells proliferate more rapidly and possess a more
active metabolism compared to healthy cells. Furthermore, the type I interferon response to
viral infection is oftentimes dysfunctional in malignant cells.[52] Other viruses are genetically
engineered to restrict their replication to tumor cells, putting genes under control of tumor-
specific promoters or enhancers, as described for oAds and herpes simplex virus (HSV).[53]
Alternatively, tumor surface markers can be exploited as entry receptors or essential cofactors

for viral gene expression by engineered OVs.[54]

The spread of OVs to surrounding cells depends on multiple factors. Expression of cell surface
receptors that mediate viral entry, the type of virus and the form of cell death undergone by the
infected cells are important factors.[55] Lysis of tumor cells by OVs is inherently immunogenic,
showing characteristics of immunogenic cell death (ICD). Upon cell lysis, pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) are released,
as well as tumor-associated antigens (TAAs). The molecules attract immune cells and cytotoxic

CD8" T-cells are activated following TAA peptide presentation by dendritic cells.[56, 57]

A first OV, T-VEC, an HSV, has been approved for treatment of advanced melanoma in the US
and EU in 2015. Three others (H101, an adenovirus (Ad), ECHO-7, an echovirus, Teserpaturev,
a herpes virus) have been approved in other countries.[58, 59] As of June 2023, 31 different OV

products were being used in clinical trials. Clinical trials have shown that virotherapy is well
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tolerated, but the efficacy is often not yet sufficient.[60] The outcomes of these clinical trials

highlight the need for more potent OVs or OV-based therapies.

1.3 Adenoviruses

The most abundantly represented OV in clinical trials are oncolytic adenoviruses (0Ads),
making up over 40% in 2022, serotype 5 being the most frequently used.[61, 62] To date, 116
human Ads have been identified.[63]

The properties of Ads make them particularly suitable as OVs. Wild type Ads exhibit low
pathogenicity for immunocompetent humans, are stable and easy to produce at high titers.
Furthermore, adenoviral gene functions are well described, thus facilitating genomic
modifications.[64] Especially the possibility of modifying oAds at multiple levels, e.g. tropism-
modifications, tumor cell-restricted replication and expression of therapeutic genes, makes

0Ads an attractive candidate for cancer treatment, as described in the following.[65]
1.3.1 Adenovirus Structure and Genome

Ads are non-enveloped icosahedral viruses with a double-stranded DNA genome, schematically
shown in Figure 5.[66] They are about 65-90 nm in size and possess a complex structural
organization. The non-segmented genome can be categorized into early, intermediate and late
regions.[67] Structural and non-structural proteins involved in capsid formation, DNA
encapsidation and maturation of virions are encoded by the late region.[68] The main structural
capsid protein is the hexon, lining the faces and edges of the capsids. The other major
components, the penton bases and fibers, are found on the vertices. Minor components
associated with the capsid are pllla, VI, VIII and IX.[69] The core is made up of the DNA and
the core proteins, which are involved in DNA replication and condensation, as well as cleavage

of precursor proteins.[68]
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Figure 5 Schematic depiction of Adenovirus structure. AVP-adenovirus protease; TP-terminal protease; p-protein. Adapted
from Kulanayake & Tikoo, 2021.[68]

The adenovirus serotype 5 (AdS) genome is a linear, double-stranded DNA genome with a size
of approximately 36 kb. A schematic depiction of the AdS genome is shown in Figure 6. It is
organized into early (E1, E2, E3, and E4) and late (L1, L2, L3, L4, and L5) transcriptional
regions. Inverted terminal repeats (ITRs) make up the ends of the genome, the packaging signal

(y) is located at the left end.[70]

1.3.2 Replication Cycle

The infectious cycle of Ads starts with host cell entry, mediated by high-affinity binding to cell
surface receptors via the fiber knob.[71] The main entry receptor for AdS is the
coxsackie/adenovirus receptor (CAR).[72] Following the interaction of the fiber knob with the
CAR, clathrin-mediated endocytosis is driven by interaction of the penton base with
integrins.[73] The virus-encoded protease then disrupts the capsid and the genome is passaged
into the nucleus.[74] Transcription starts with the E1 genes EIA and E1B. E1A proteins
interfere with various cell cycle and apoptosis regulators, pushing infected cells into the

synthesis phase (S-phase) and subduing the transcription of host cell genes in favor of viral
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genes while promoting apoptosis.[75] E1B proteins then counteract the proapoptotic effects of
E1A activation by inhibition of p53-mediated apoptosis and mimicking the function of Bcl-2 to
inhibit the pro-apoptotic Bak and Bax proteins.[76] E1 gene products transactivate E2 genes
which in turn convey viral DNA replication and transcription.[77] The E3-genes are dispensable
for replication.[66] The E3 protein gpl9k downregulates expression of MHCI molecules,
promoting immune evasion of Ads.[78] Another E3 protein, the adenovirus death protein (ADP)
promotes the release of viral particles via cell lysis, but is only present in one species of human
Ads.[79] Products of the E4 region are involved mainly in shutting down protein production of
the host cells, replication of viral DNA, expression of late proteins and prevention of
concatenation of viral genomes.[80, 81] Transcription of the late genes L1-L5 is driven by the
major late promoter (MLP), which shows low activity in the early infection phase and is fully
activated following viral DNA replication.[82] The proteins encoded by the late genes are
mainly structural proteins of the viral capsid and encapsidation of the viral DNA is triggered by
the packaging signal located at the left end of the genome.[83] After successful assembly, viral
particles are released into the cytoplasm following permeabilization of the nuclear membrane.

Finally, the plasma membrane disintegrates, releasing the viral progeny to spread to neighboring

cells.[66, 79]
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Figure 6 Schematic depiction of the wild-type AdS genome structure. ITR - inverted terminal repeat; y - packaging element;
E - early transcription element; CR - conserved region; 19K - 19 kDa protein; 55K - 55 kDa protein; MLP - major late promoter;
L - late transcription element. Adapted from Bulcha et al., 2021.

1.3.3 Modifying Adenoviruses for Oncolytic Virotherapy

Virions have a tight constraint on the genome size that can stably be packaged inside of them.
Viruses with genomes exceeding 105% of the wild-type (wt) size show very poor replication
and fast genome rearrangement resulting in loss of excessive genes.[84] This limitation only
allows stable insertion of about 1.8 kilobases (kb) into otherwise intact Ad5 genomes.
Therefore, deletions of non-essential regions in the Ad5 genome are necessary for insertion of
larger inserts. As mentioned in 1.3.2, the E3 region encodes for proteins involved in immune
evasion, but the genes are not essential for viral replication.[66] This finding has led to the E3-

region being deleted completely or partially in most armed 0Ads.[85]
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While 0Ads inherently exhibit a good safety profile, a stringent tumor specific replication is
highly desirable. Tumor specificity can be achieved through modifications on numerous levels.
The E1A region encodes proteins essential for viral replication, it is therefore an attractive target
for modulation of viral replication. Replacing the E1A promoter with a cancer specific
promoter, e.g. the survivin or human telomerase reverse transcriptase (hTERT) promoter,
represents an effective strategy.[86, 87] Modification of E1 genes to achieve tumor specificity
is also pursued. In delta-24 (A24) oAds, 24 base pairs (bps) in the CR2 region of E1A are
deleted, leading to a loss of the ability to sequestrate the retinoblastoma protein (pRb), which
negatively regulates cell cycle progression in non-malignant cells by binding the transcription
factor E2F. Consequently, viruses with a A24 deletion cannot free pRb-bound E2F in healthy
cells and replicate.[88] Deregulation of the pRb pathway in many cancers leads to abundantly

available E2F for viral replication, which is crucial for transition into S-phase.[89]

Ad5 has a natural tropism for epithelial cells of the respiratory tract, using the CAR as the main
entry receptor.[90] To increase tropism to tumor entities of different tissues, modifications of
the Ad5 fiber have been investigated. The fiber consists of a tail, attaching the fiber to the penton
base, a central shaft and a knob, the knob initiating viral entry into the host cell.[91] Therefore,
knob modifications and serotype switching of the fiber shaft and knob or just the knob are used
to increase infectivity of tumor cells.[92, 93] Incorporation of an Arg-Gly-Asp
(Arginylglycylaspartic acid or RGD) containing peptide in the HI-loop domain of the fiber knob
has been shown to increase the tropism of Ad5 to otherwise refractory cells by allowing binding
to cellular integrins.[94] Switching the AdS5 knob to the knob of Ad3 switches the entry
receptors to mainly desmoglein 2 and CD46, which are more highly expressed on cancer

cells.[95]

There are multiple possible insertion sites for transgenes in the oAd genome. The late
transcriptional unit is more active than the early units after replication of the viral DNA,
therefore placing transgenes under control of the late gene promoter leads to a higher transgene
expression.[96] In addition to the insertion site, the strategy for control of transgene
transcription is also crucial. Transcription can be driven by endogenous adenoviral promoters,
by usage of internal ribosome entry sites (IRES), 2A sequences and splice acceptors (SAs).[85,
97] Different SAs have been explored for transgene insertion into 0Ads, e.g. the SA of the Ad5
protein I11a[98] and the SAs of the Ad40[99] and Ad41[100] long fibers. Exogenous promoters
have also been employed for transgene expression, such as the cytomegalovirus immediate-

early (CMV) or Rous sarcoma virus long terminal repeat (RSV) promoter.[101, 102] Arming
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of 0Ads with genes for multiple therapeutic proteins has also been shown.[103-105] A challenge
with insertion of transgenes in Ads is posed by the inherent ability of genetic recombination,
which leads to new viral variants in nature.[106] Recombination events have to be considered
when planning structure and location of transgenes, i.e. repeats of identical sequences should

be avoided.[107]

1.3.4 Viro-Antibody-Therapy

To enhance therapeutic efficacy of 0Ads, transgenes with anti-tumor activity can be inserted
into the Ad5 genome. As described in chapter 1.2.1, antibody therapy represents a potent
strategy for cancer treatment with numerous ongoing developments. Combining virotherapy
with antibody therapy via genetic delivery of antibody-based therapeutics has therefore been
investigated with numerous different antibody formats and targets. Genetic delivery of
therapeutic antibodies holds the advantage of higher tumor-blood ratios of antibody
concentrations compared to systemic antibody application.[108, 109] Therapeutic antibodies
genetically delivered by OVs have also been shown to enhance tumor cell killing and prolong
survival, complementary to viral oncolysis.[110] Armed 0Ads have been equipped with genes
for mAbs, scFvs, Fabs, antibody-fusion proteins (e.g. immunocytokines), nanobodies and
BiTEs.[110] Expression of Trastuzumab via an AdS with a serotype 3 knob (Ad5/3) with heavy
and light chains linked via IRES has been shown to induce ADCC and exhibit enhanced
antitumor efficacy in a gastric cancer xenograft model compared to Trastuzumab or the unarmed
virus alone, showing the potential of targeting TAAs with OV-encoded mAbs.[111] OV-
encoded ICIs have shown enhanced treatment efficacy, while reducing systemic side effects
associated with standard ICI therapy. This approach has been pursued with numerous OVs and
antibody formats, including mAbs, nanobodies and scFvs.[110] Furthermore, different OVs
have been developed for delivery of antibodies to tumors for inhibition of the vascular
endothelial growth factor (VEGF) to counteract tumor angiogenesis. Vaccinia viruses with anti-
VEGF scFvs have been employed in several studies, demonstrating augmented inhibition of

tumor growth and reduced blood vessel density in infected areas.[112-115]

BiTE-encoding 0Ads are especially interesting, as various challenges of conventional TCE
therapies can be overcome. Due to their small size, BiTEs have a short half-life and require
continuous infusion. 0Ad-encoded BiTEs are secreted as long as viral replication is ongoing.
Furthermore, TCEs are ineffective in solid tumors with low T-cell infiltration and an
immunosuppressive TME. The immunogenic process of oncolysis aids in increasing the

presence of TILs and therefore enhances TCE efficacy. Lastly, a major limitation of TCEs is
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potential on-target, off-tumor toxicity. Local expression of TCEs leads to retention of the
antibodies within the tumor, with little systemic leakage.[116-118] 0Ads armed with BiTEs
targeting fibroblast associated protein (FAP) have shown specific depletion of FAP™ fibroblasts
in an ex vivo ascites model and an increase of inflammatory markers.[119] In another study with
FAP-targeting BiTEs, genetic delivery via oAds increased T-cell infiltration into oAd-injected
tumors accompanied by stronger inhibition of tumor growth and prolonged survival compared
to treatment with the unarmed oAd in in vivo models of pancreatic and alveolar
adenocarcinoma.[120] EnAdenotucirev (EnAd), a chimeric 0Ad of serotypes 11 and 3, has been
armed with a BiTE targeting the epithelial cell adhesion molecule (EpCAM). In primary
peritoneal ascites and pleural effusion samples, infection with the EpCAM-BIiTE armed oAds
lead to potent T-cell activation, despite an immunosuppressive TME.[121] An armed oAd
overcoming the immunosuppressive TME was also shown for an Ad5 armed with a MUC16-
BiTE, which showed enhanced tumor cell killing in both ex vivo and in vivo xenograft models
of ovarian cancer compared to the parental virus.[122] An Ad5 based virus, ICOVIR-15K-
cBiTE, armed with an EGFR-BITE, has been described in multiple studies. Compared to the
parental virus, it increased accumulation and persistence of TILs and enhanced tumor cell
killing in in vivo models of alveolar adenocarcinoma and colorectal cancer.[123] In combination
with folate receptor alpha (FR-a) specific CAR-T cells, ICOVIR-15K-cBiTE was able to
redirect CAR-T cells to FR-a/EGFR' tumor cells, addressing the problem of tumor
heterogeneity and significantly increasing CAR-T cell activation and proliferation in vitro. In a
murine in vivo model, the combination therapy enhanced antitumor efficacy and prolonged
survival compared to either monotherapy.[124] A single OV addressing the problem of
heterogeneity by co-expression of multiple TCEs or expression of multispecific TCEs has not

been described to date.

Apart from antibodies, other transgenes have been explored for 0oAd therapy, such as cytokines,

including IL-2, IL-12, TNFa, GM-CSF and IFN¢.[125-128]
1.4 Tumor Targets

For more selective tumor cell killing, efforts have been made to identify potential tumor cell
targets. These targets can be divided into tumor-specific antigens (TSAs) and TAAs. While
TSAs are only present on tumor cells and not on healthy cells, TAAs are also present on non-
malignant cells, but are often upregulated in tumors. Unfortunately, TSAs are very rare and not
present for all tumor entities.[129] TAAs are more prevalent, but targeting TAAs poses a higher

risk of on-target, off-tumor toxicity. This makes targeting TA As more challenging and calls for
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strict controllability of therapeutics. The form in which TSAs or TAAs are present on tumor
cells is also of note. Surface antigens can be detected by antibodies, antibody-based therapeutics
or CAR-T cells, whereas intracellular proteins, which are processed and presented via MHCI
molecules, require detection by T-cells via their TCR.[130, 131] Here, four different TAAs, all
surface antigens, were chosen as therapeutic targets, namely EGFR, HER2, ¢c-MET and
IL13Ra2.

1.41 EGFR

The epidermal growth factor receptor (EGFR) belongs to the erbB family of receptor tyrosine
kinases (RTKs). RTKs are cell surface receptors that consist of an extracellular, ligand-binding
domain, a transmembrane domain and an intracellular domain containing the tyrosine kinase
and other regulatory regions.[ 132] Phosphorylation of tyrosine residues on intracellular proteins
occurs after ligand binding and subsequent receptor dimerization. The downstream effects of
TRK signaling include activation of pathways that promote cell proliferation, survival,
differentiation, angiogenesis, migration, metabolism and cell cycle progression.[133] High
levels of RTK activity in tumor cells are correlated with increased aggressiveness, progression
and poor prognosis of tumors.[134] The involvement of EGFR in this variety of tumor
promoting mechanisms makes it an attractive target for cancer therapy. EGFR is overexpressed
in various cancers, including non-small cell lung cancer (NSCLC), colorectal cancer (CRC),
gliomas and head and neck cancer.[135] Two classes of drugs are currently on the market for
anti-EGFR therapy, tyrosine kinase inhibitors (TKIs) and monoclonal antibodies (mAbs). TKIs
are a group of small molecules that bind to intracellular domains of RTKs, including EGFR,
disrupting the downstream signaling cascade.[136] Acquired and intrinsic resistance to TKI
therapy are an important limitation to their efficacy. Resistances can occur due to receptor
mutations, amplification of alternative receptors or due to populations of drug-tolerant persister
cells.[137] mAbs that are currently approved for anti-EGFR therapy, such as Cetuximab[138],
unfold their efficacy through various mechanisms described in chapter 1.2.1. They face similar
challenges as TKIs by development of resistances, which include upregulation of alternative
receptors, such as c-MET, receptor mutations and mutations in mediators of the downstream
signaling cascade, but also unique mechanisms such as impaired ADCC and reduced

degradation of internalized mAb-receptor complexes.[139]
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1.4.2 HER2

Human EGFR2 (HER2) belongs to the same family of receptors (erbB) as EGFR and is a
common dimerization partner of EGFR. HER?2 is typically amplified in e.g. breast, ovarian,
gastric and esophageal cancers, but is also increasingly investigated as a target in glioblastoma
(GBM).[140-142] Existing HER2-targeting therapeutics include TKIs, mAbs and ADCs.
Trastuzumab, a humanized IgG1 antibody, binds to the extracellular domain of HER2 and is
able to inhibit dimerization with other receptors and furthermore triggers ADCC.[135] The only
two ADCs targeting HER2 are based on Trastuzumab.[139]

1.43 c-MET

Cellular mesenchymal epithelial transition factor (c-MET), like EGFR and HER2, is an RTK
encoded by the MET gene, it is also known as hepatocyte growth factor receptor (HGFR). In
cancer, c-MET is involved in tumor invasion, growth, angiogenesis, resistance to TKI or
antibody therapy and the generation and maintenance of cancer stem cells in a variety of solid
tumors.[143-145] As for EGFR and HER2, treatment modalities include TKIs and mAbs.
Interestingly, c-MET amplification has been described as an escape mechanism following
EGFR inhibition.[146, 147] Amivantamab is a bispecific EGFR/c-MET antibody approved for
the treatment of NSCLC. It prevents ligand binding to either receptor and mediates ADCC.[148]

1.44 1IL13Ra2

Interleukin-13 receptor subunit alpha-2 (IL13Ra2) is a high-affinity receptor for IL-13 and has
been believed to be a decoy receptor for IL-13 without any downstream signaling domains.
Recent studies have shown the involvement of IL13Ra2 in tumorigenesis and progression.[ 149,
150] Overexpression of IL13Ra2 has been correlated with poorer prognosis of gliomas, breast
cancer and pancreatic cancer.[151] Compared to the RTKs described above, IL13Ra2 is
primarily expressed in cancer cells, making it a prime target for therapy. In healthy tissue
IL13Ra2 is found exclusively in spermatocytes.[152] Current efforts of targeting IL13Ra2
include CAR-T cell therapy and antibody therapy.[153]

1.5 Tumor Heterogeneity and Combination Therapy

With growing efforts of more targeted therapy approaches, tumor heterogeneity poses an
additional challenge. Solid tumors have been characterized as generally heterogeneous,
consisting of different subpopulations.[154] Monotherapy targeting only a single target can

therefore lead to survival of a small fraction of tumor cells or to development of resistant
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subpopulations that in case of relapse are completely resistant to the original therapy, as
schematically outlined in Figure 7.[155, 156] Approaches of dual- or multitargeting have been
undertaken to circumvent the problem of immune evasion.[157] Such approaches include dual-

CAR-T cell therapies, multispecific antibodies or antibody combinations.[158, 159]

Intra-tumoral Residual disease Relapse
heterogeneity

Figure 7 Schematic depiction of tumor relapse following treatment of heterogeneous tumor. Adapted from Al-Hamaly et
al., 2023.[160]

The chosen targets (chapters 1.4.1-1.4.4) have also been involved in dual-targeting approaches.
As mentioned in chapter 1.4.3, a dual-targeting antibody for EGFR and c-MET, Amivantamab,
has been FDA approved. Different small molecules have also been investigated for EGFR/c-
MET dual inhibition, inducing apoptosis in TKI-resistant EGFR-mutated NSCLC cells and
suppressing xenograft tumor formation.[161] Similarly, another EGFR/c-MET dual-targeting
agent suppressed growth of a triple-negative breast cancer (TNBC) tumor model accompanied
by reduced angiogenesis.[162] In a head and neck squamous cell carcinoma (HNSCC) model,
combined EGFR/c-MET targeting was reported to reduce tumor growth compared to treatment

with the single agents.[163]

Dual-targeting of EGFR and HER?2 has been investigated in the form of combining Cetuximab
and Trastuzumab. In an HNSCC in vivo model, anti-EGFR/HER?2 therapy resulted in decreased
tumor hypoxia compared to single agent therapy.[164] A study combining Cetuximab and
Trastuzumab therapy in a human pancreatic carcinoma xenograft model demonstrated
prolonged survival with the dual-targeting approach compared to standard of care, gemcitabine

chemotherapy.[165]

In GBM, dual-targeting of EGFR and IL13Ra2 is currently being investigated in a phase 1
clinical trial with CAR T-cells, co-expressing two different CARs.[15] Preclinical studies have
investigated EGFR and IL13Ra2 dual-targeting by BiTE-secreting T-cells and bivalent CAR-T

cells, expressing two different CARs via a 2A sequence. BiTE-T cells demonstrated superior T-

30



cell activation, cytokine production and cytotoxicity compared to the bivalent CAR-T cells in
vitro, whereas the bivalent CAR-T cells outperformed the BiTE-T cells in regards to long term

tumor control and survival.[166]

Similarly, co-targeting of HER2 and IL13Ra2 has also been pursued in GBM, employing CAR-
T cells equipped with a dual-targeting CAR, its extracellular domains consisting of a HER2-
binding scFv and a mutated IL-13 molecule, in a murine tumor model. The approach showed
promising results with the CAR T-cell therapy being able to overcome antigen escape, enhanced

tumor control, elimination and increased time until tumor progression.[167]
1.6 Aim of Thesis

The aim of this thesis was to generate oAds equipped with genes for scDbs, BiTEs and scDb-
scFvs for dual-targeting of TAAs, addressing the problem of tumor heterogeneity.

In the first part of this thesis, I aimed to generate a panel of bispecific TCEs that could be used
in dual-targeting approaches. To this end, I chose EGFR, HER2, ¢c-MET and IL13Ra2 as
targets. I conducted a first of its kind comparison of the BiTE and scDb format regarding target
binding and induction of T-cell mediated cytotoxicity in order to identify efficacious scDb and
BiTE molecules for genetic delivery via oAds. In addition, I aimed to identify suitable scDbs
to be used as bases for the novel, trispecific scDb-based scDb-scFv format. This antibody
format has only been described as a trivalent, bispecific molecule to date, but the format holds
the potential to be employed as a trivalent, trispecific antibody and could therefore be used to
target two tumor antigens at the same time with a single molecule. Characterization of the
trispecific scDb-scFvs in regard to antigen binding and induction of T-cell mediated
cytotoxicity was hypothesized to identify scDb-scFvs that perform on par with corresponding
bispecific TCEs on single target-positive cells and show superior binding and induction of T-

cell mediated cytotoxicity on double target-positive cells.

In the second part of the thesis, I aimed to generate and characterize a TCE-encoding virus
panel for a dual-antigen-targeting approach. In order to identify the most promising expression
strategy, I explored two different insertion sites with different expression mechanisms including
endogenous and exogenous promoters, as well as co-expression strategies employing synthetic,
bidirectional promoter cassettes and T2A peptides. Characterization of the virus panel in terms
of oncolytic activity, TCE production, T-cell activation and cytotoxicity in cocultures of 0Ad-
infected tumor cells with PBMCs was aimed to identify an expression strategy that exhibited

little to no attenuation of oAds compared to the parental virus, while maintaining genomic
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stability and driving expression of functional TCEs in amounts that effectively induce T-cell
activation and T-cell mediated cytotoxicity. By comparing different dual-targeting strategies,
i.e. co-expression of two bispecific TCEs with one 0Ad, co-infection of two 0Ads encoding two
different, single TCEs and expression of a trispecific scDb-scFv, I aimed to identify the most
potent dual-antigen-targeting strategy. This implied equal production of two bispecific TCEs or
effective production of the trispecific TCE, potent T-cell activation and T-cell mediated
cytotoxicity in cocultures with single target-positive and double target-positive cells, but
importantly, T-cell activation and effector functions only in settings where TCE targets were
expressed. I aimed to utilize these analyses to validate the feasibility of a dual-targeting
approach and to conclude whether the expression strategy using an scDb-scFv holds possible
advantages over co-expression of two bispecific TCEs due to smaller transgene size and fewer
repetitive sequences, considering the limited genomic capacity of oAds and the risk of
homologous recombination. The in vitro studies were intended to identify the oAd with the
most potent dual-targeting properties for future in vivo translation. A graphical abstract showing

the viro-antibody-therapy approach is shown in Figure 8.
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Figure 8 Viro-antibody-therapy with trispecific T-cell engagers. Schematic depiction of the principle of a combination
therapy with oncolytic adenoviruses and encoded T-cell engagers. 0Ads infect and lyse tumor cells, while at the same time
directing the production of T-cell engagers, i.e. bispecific a) scDbs, b) BiTEs or c) trispecific scDb-scFvs. Virus spread is
limited by anatomical barriers like connective tissue. The small T-cell engagers are able to perfuse the tumor and reach tumor
cells inaccessible to the virus, mediating their destruction through T-cells. Trispecific T-cell engagers can bind two different
targets to address the problem of tumor heterogeneity and immune editing-based treatment resistance.
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2. Materials and Methods

2.1 Materials

2.1.1 General Consumables

Laboratory plastics were purchased from Greiner Bio-One, Corning and Thermo Fisher

Scientific, unless otherwise specified.

Table 1 List of consumables.

1.5 mL, 2 mL, 5 mL Safe-lock reaction tube Eppendorf SE
13.2 mL, Thinwall Polypropylene Tubes Beckman Coulter
2 mL SPRIME Phase Lock GelTM Quantabio
Mini-PROTEAN TGX Stain Free Gel (12 %) Bio-Rad
PD-10 desalting column Cytiva
Poly-Prep® Chromatography Column Bio-Rad
2.1.2 Chemicals
Table 2 List of chemicals.
Acetic Acid Supelco
Agarose Sigma-Aldrich
Ampicillin Carl Roth
ATP New England Biolabs
CsCl AppliChem
D-glucose Gibco
DMSO Sigma-Aldrich
Ethanol VWR
HCl Thermo Fisher
Imidazole Sigma-Aldrich
Isopropanol Carl Roth
Kanamycin Sigma-Aldrich
KCl1 Carl Roth
KH2PO4 Carl Roth
LiCl Carl Roth
Lipofectamine 2000 Thermo Fisher Scientific
Lipofectamine 3000 Thermo Fisher Scientific
Na,HPOq4 - 2 H>O Carl Roth
NaCl Fisher Scientific
NaH>POg4 Carl Roth
Ni-NTA Agarose Protino
Penicillin-Streptomycin Gibco
SDS (20%) AppliChem
Tween 20 Merck
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[-mercaptoethanol

Table 3 List of antibodies.

2.1.3 Antibodies

Sigma-Aldrich

Name/Target Fluorophore Isotype g::::::f Manufacturer
5D5 / anti c-MET - Chimeric IgG1 0.4 nM Kontermann lab
anti CD3 AF700 Mouse 1gG2a, « 1:200 Biolegend
anti CD4 PE Mouse IgGl, 1:200 Biolegend
anti CD69 AF488 Mouse IgGl, 1:200 Biolegend
anti CDS8 APC Mouse IgG1, « 1:200 BD Pharmingen
anti c-Myc AF647 Mouse IgGl, « 1:200 Biolegend
anti HA PE Mouse IgG1 1:200 Miltenyi
anti His PE Mouse IgG1 1:200 Miltenyi
anti IgG Fc APC Rat IgG2a, 1:200 Biolegend
Cetuximab - Chimeric 1gG1 0.4 nM Merck KGaA
IL13Ra2 - Humanized IgG1 0.4 nM Kontermann lab
Trastuzumab - Humanized IgG1 0.4 nM Genentech

2.1.4 Buffers and Solutions

Table 4 List of buffers and solutions.

Bradford Reagent (5x)

Coommassie Blue
Crystal Violet
CutSmart (10x)
DPBS (1x)

ELISA Stop Buffer
ELISA wash buffer
FACS Buffer
Fixation Buffer
Histopaque®-1077

IMAC Elution Buffer

Bio-Rad protein assay (Bio-Rad)

0.008 % Coommasie Blue (w/v), 35 mM HCI
0.5 % (w/v) crystal violet, 20 % (v/v) methanol

New England Biolabs, used as 1x

GIBCO® Dulbecco’s phosphate-buftered saline
(Thermo Fisher Scientific)

2N H>SOq4

0.005 % (v/v) TWEEN 20 in DPBS

2 % FCS, 2 mM EDTA in DPBS

1 % PFA in FACS buffer

Sigma-Aldrich

250 mM Imidazole in 1x sodium phosphate buffer

IMAC Wash Buffer
Laemmli Loading Buffer (4x)

Loading Dye (6x)
PBS (10x)

PFA

QS5 reaction buffer (5x)

r3.1 reaction buffer (10x)
SDS-PAGE Running buffer (10x)

25 mM Imidazole in 1x sodium phosphate buffer

Bio-Rad, used as 1x reducing buffer, 10 % (v/v) B-
mercaptoethanol
New England Biolabs, used as 1x

80.6 mM Na;HPO4, 14.7 mM KH>PO4, 1.37 M NacCl,
26.7 mM KCI; used as 1x PBS
4 % PFA in PBS (Thermo Fisher Scientific)

New England Biolabs, used as 1x
New England Biolabs, used as 1x
Bio-Rad, used as 1x
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Sodium phosphate buffer (5x)

T4 Ligase buffer (10x)
TBE buffer (10x)

TE (10x)

Virus Lysis Buffer

2.1.5 Enzymes

Table 5 List of enzymes.

Agel

BbslI

Clal

Kpnl

MIul

Ncol

Pacl

Platinum II Taq Hot-Start DNA Polymerase
Pmel

Q5 High-Fidelity DNA Polymerase
rSAP

Sall

Swal

T4 Ligase

Xbal

Xhol

2.1.6 Kits

Table 6 List of Kits.

Dual-Glo® Luciferase Assay System
ELISA MAX™ Deluxe Set Human IL-2
ELISA MAX™ Standard Set Human IFN-y
QIAGEN Plasmid Maxi Kit

QIAGEN Plasmid Midi Kit

QIAprep Spin Miniprep Kit

QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit

210 mM NaHPO4, 40 mM NaH2POq4, 1.25 M NaCl,

pH 7.5
New England Biolabs, used as 1x

SERVA Electrophoresis GmbH, used as 1x
Tris-EDTA, Fisher Scientific, used as 1x
0.5 % SDS in TE

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Thermo Fisher Scientific
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

Promega
Biolegend
Biolegend

QIAGEN
QIAGEN
QIAGEN
QIAGEN
QIAGEN

2.1.7 Prokaryotic and Eukaryotic Cell Lines

Table 7 List of prokaryotic and eukaryotic cell lines.

Al72
A549

Glioblastoma
Lung adenocarcinoma



BJ5183

BT474
H1650

Hela

Jurkat

NEB 10-beta

SK-Mel-23
SKOV3
SW480
U215

usg7

Electrocompetent, recombination
proficient E.coli (Agilent)

Breast ductal carcinoma

Lung adenocarcinoma

Cervical Adenocarcinoma

T-cell leukemia

Chemically or electrocompetent E.coli
(New England Biolabs)

Melanoma

Ovarian serous cystadenocarcinoma
Colorectal Cancer

Glioblastoma

Glioblastoma

2.1.8 Media and Supplements for Cell Culture

Table 8 List of media and supplements for cell culture.

DMEM

FCS

LB-Medium (Lennox)
Opti-MEM

RPMI 1640

SOC

2.1.9 Plasmids

Table 9 List of plasmids.

Name

Gibco

Roth

Gibco

Gibco

LB-Medium, 1 % glucose

Description

pAd5/3-(CMV-BiTE-EGFR-HA-His)r

pAdS5/3-(CMV-scDb-cMET-Myc-His)r

pAd5/3-(CMV-scDb-cMET-scFv-
EGFR)r

pAd5/3-(scDb-HER2-Myc-His-CMV-
mCMV-BiTE-EGFR-HA-His)r

pAd5/3-CMV-BIiTE-EGFR-HA-His

pAd5/3-CMV-scDb-cMET-Myc-His

pAd5/3-CMV-scDb-cMET-scFv-EGFR

Ad5/3A24AE3 genome with post E4 insertion
of CMV-BiTE-EGFR-HA-His in reverse
orientation

Ad5/3A24AE3 genome with post E4 insertion
of CMV-scDb-cMET-Myc-His in reverse
orientation

Ad5/3A24AE3 genome with post E4 insertion
of CMV-scDb-cMET-scFv-EGFR in reverse
orientation

Ad5/3A24AE3 genome with post E4 insertion
of scDb-HER2-Myc-His-CMV-mCMV-BiTE-
EGFR-HA-His in reverse orientation
Ad5/3A24AE3 genome with post E4 insertion
of CMV-BiTE-EGFR-HA-His

Ad5/3A24AE3 genome with post E4 insertion
of CMV-scDb-cMET-Myc-His
Ad5/3A24AE3 genome with post E4 insertion
of CMV-scDb-cMET-scFv-EGFR
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pAd5/3-CMV-scDb-cMET-T2A-BiTE-
EGFR
pAd5/3d24-DE3

pAdS/3-FSA-BIiTE-EGFR-HA-His

pAd5/3-scDb-HER2-Myc-His-CM V-
mCMV-BiTE-EGFR-HA-His

pBOMcheck?2

pBOMcheck2-hRluc-CMV-mCMV-Fluc

pBOMcheck2-hRluc-hPGK1-mCMV-
Fluc

pBOMcheck2-hRluc-mCMV-CMV-Fluc

pBOMcheck2-hRluc-mCMV-hPGK1-
Fluc

pBOMcheck2-scDb-HER2-Myc-His-
CMV-mCMV-BiTE-EGFR-HA-His

pF5/3-Ad40SA-BiTE-EGFR-HA-His

pF5/3-Ad40SA-Luc

pGL3-Ad40SA-BiTE-EGFR-HA-His

pGL3-Ad40SA-Luc

pGL3-CMV-BiTE-EGFR-HA-His
pGL3-CMV-scDb-cMET-Myc-His

pGL3-CMV-scDb-cMET-scFv-EGFR

pGL3-CMV-synthPA

pSD24-(CMV-BiTE-EGFR-HA-His)r

pSD24-(CMV-BiTE-EGFR-HA-His-
T2A-scDb-cMET-Myc-His)r

Ad5/3A24AE3 genome with post E4 insertion

of CMV-scDb-cMET-T2A-BiTE-EGFR

AdS5/3A24AE3 genome

Ad5/3A24AE3 genome with post fiber insertion

of Ad40SA-BiTE-EGFR-HA-His

Ad5/3A24AE3 genome with post E4 insertion

of scDb-HER2-Myc-His-CMV-mCMV-BiTE-

EGFR-HA-His

Modified psicheck2 vector for Golden Gate

cloning of bidirectional promoter expression

cassettes

pBOMcheck?2 with bidirectional CMV-mCMV

promoter driving expression of Renilla and

firefly luciferase

pBOMcheck?2 with bidirectional hPGK1-

mCMYV promoter driving expression of Renilla

and firefly luciferase

pBOMcheck2 with bidirectional mCMV-CMV

promoter driving expression of Renilla and

firefly luciferase

pBOMcheck2 with bidirectional mCMV-

hPGK1 promoter driving expression of Renilla

and firefly luciferase

pBOMcheck2 with bidirectional CMV-mCMV

promoter driving expression of scDb-HER?2-

Myc-His and BiTE-EGFR-HA-His

Fiber shuttle with Ad40SA-BiTE-EGFR-HA-

His for homologous recombination with

pVKS500A24

Fiber shuttle with Ad40SA-Luc, used here as

cloning template for other fiber shuttles

pGL3 vector with insertion of Ad40SA-BiTE-

EGFR-HA-His for cloning into fiber shuttle

pGL3 vector with insertion of Ad40SA-Luc,

used here as template for other pGL3-Ad40SA

vectors

pGL3 vector with insertion of CMV-BiTE-

EGFR-HA-His for cloning into pSD24

pGL3 vector with insertion of CMV-scDb-

cMET-Myc-His for cloning into pSD24

pGL3 vector with insertion of CMV-scDb-

cMET-BiTE-EGFR for cloning into pSD24

pGL3 vector with CMV promoter and synthetic

PolyA tail, used here as template for other

pGL3-CMV vectors

E1AA24 shuttle with insertion of CMV-BiTE-

EGFR-HA-His in reverse orientation for

homologous recombination with

pVKS00F5/3AE3

E1AA24 shuttle with insertion of CMV-BiTE-

EGFR-HA-His-T2A-scDb-cMET-Myc-His in
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pSD24-(CMV-scDb-cMET-Myc-His)r

pSD24-(CMV-scDb-cMET-scFv-EGFR)r

pSD24-(CMV-scDb-cMET-T2A-BiTE-
EGFR)r

pSD24-(scDb-HER2-Myc-His-CMV-
mCMV-BiTE-EGFR-HA-His)r

pSD24-CMV-BiTE-EGFR-HA-His

pSD24-CMV-BiTE-EGFR-HA-His-T2A-
scDb-cMET-Myc-His

pSD24-CMV-scDb-cMET-Myc-His

pSD24-CMV-scDb-cMET-Myc-His-
T2A-BiTE-EGFR-HA-His

pSD24-CMV-scDb-cMET-scFv-EGFR

pSD24-Mlu-Sal

pSD24-Sal-Mlu

pSD24-scDb-HER2-Myc-His-CMV-
mCMV-BiTE-EGFR-HA-His

pSElwt
pSecTag-BiTE-EGFR-HA-His
pSecTag-BiTE-IL13Ra2-HA-His
pSecTag-cMET BiTE
pSecTag-EGFR BiTE

reverse orientation for homologous
recombination with pVK500F5/3AE3

E1AA24 shuttle with insertion of CMV-scDb-
cMET-Myc-His in reverse orientation for
homologous recombination with
pVKS00F5/3AE3

E1AA24 shuttle with insertion of CMV-scDb-
cMET-scFv-EGFR in reverse orientation for
homologous recombination with
pVKS00F5/3AE3

E1AA24 shuttle with insertion of CMV-scDb-
cMET-T2A-BiTE-EGFR in reverse orientation
for homologous recombination with
pVKS00F5/3AE3

E1AA24 shuttle with insertion of scDb-HER2-
Myc-His-CMV-mCMV-BiTE-EGFR-HA-His
in reverse orientation for homologous
recombination with pVK500F5/3AE3

E1AA24 shuttle with insertion of CMV-BiTE-
EGFR-HA-His for homologous recombination
with pVK500F5/3AE3

E1AA24 shuttle with insertion of CMV-BiTE-
EGFR-HA-His-T2A-scDb-cMET-Myc-His for
homologous recombination with
pVKS00F5/3AE3

E1AA24 shuttle with insertion of CMV-scDb-
cMET-Myc-His for homologous recombination
with pVK500F5/3AE3

E1AA24 shuttle with insertion of CMV-scDb-
cMET-Myc-His-T2A-BiTE-EGFR-HA-His for
homologous recombination with
pVKS00F5/3AE3

E1AA24 shuttle with insertion of CMV-scDb-
cMET-scFv-EGFR for homologous
recombination with pVKS500F5/3AE3

E1AA24 shuttle for homologous recombination
with pVK500F5/3AE3 for transgene insertion
between E4 and RITR featuring Mlul-Sall
cloning site

Modified pSD24-Mlu-Sal with cloning site
switched to Sall-Mlul for reverse insertions
E1AA24 shuttle with insertion of scDb-HER2-
Myc-His-CMV-mCMV-BiTE-EGFR-HA-His
for homologous recombination with
pVKS00F5/3AE3

Plasmid encoding Ad5 wildtype E1 region
Expression plasmid of BiTE-EGFR-HA-His
Expression plasmid of BiTE-IL13Ra2-HA-His
Expression plasmid of BiTE-cMET

Expression plasmid of BiTE-EGFR
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pSecTag-HER2 BiTE
pSecTag-IL13Ra2 BiTE
pSecTag-scDbCD3xcMET

pSecTag-scDbCD3xEGFR

pSecTag-scDbCD3xHER2
pSecTag-scDbCD3xIL13Ra2
pSecTag-scDb-cMET-Myc-His
pSecTag-scDb-HER2-Myc-His

pSecTag-scDb-scFvCD3xcMETxXxEGFR

pSecTag-scDb-scFvCD3xHER2XxEGFR

pSecTag-scDb-
scFvCD3xHER2xIL13Ra2

pSecTag-scDbXxCD3
pSecTag-scDbXxCD3xX-scFvX
pSecTag-scFv-EGFR-scDb-HER2
pSecTag-scFvhuU3-scFvGG-His
pSecTag-scFv-IL13Ra2-scDb-HER2
pSecTag-Vu4D5

pSecTag-Vu5D5
pSecTag-VulL13Ro2
pSecTag-Vi4D5

pSecTag-VL5D5
pSecTag-VLIL13Ra2

psiCheck2

pTG3602
pVK5/3-d24-SAGFP

pVK500F5/3AE3

pVK500d24

Expression plasmid of BITE-HER2
Expression plasmid of BiTE-IL13Ra2
Expression plasmid of scDb-cMET
Expression plasmid of scDb-EGFR, used here
as template for Vi and Vi amplification
Expression plasmid of scDb-HER2
Expression plasmid of scDb-IL13Ra2
Expression plasmid of scDb-cMET-Myc-His
Expression plasmid of scDb-HER2-Myc-His
Expression plasmid of scDb-cMET-scFv-
EGFR

Expression plasmid of scDb-HER2-scFv-
EGFR

Expression plasmid of scDb-HER2-scFv-
IL13Ra2

Backbone of expression plasmid for Golden
Gate cloning of scDbs

Backbone of expression plasmid for Golden

Gate cloning of scDb-scFvs
Expression plasmid of scFv-EGFR-scDb-

HER2

Backbone of expression plasmid for Golden
Gate cloning of BiTEs

Expression plasmid of scFv-IL13Ra2-scDb-
HER2

Expression plasmid carrying Vu HER2 for
cloning

Expression plasmid carrying Vu c-MET for
cloning

Expression plasmid carrying Vu IL13Ra2 for
cloning

Expression plasmid carrying VL HER2 for
cloning

Expression plasmid carrying VL c-MET for
cloning

Expression plasmid carrying Vi IL13Ra2 for
cloning

Vector for dual expression of Renilla and
firefly luciferase (Promega)

AdS5 wildtype genome plasmid

Control plasmid for 5/3 chimeric fiber
Ad5/3 backbone for homologous
recombination with pSD24 shuttles
Ad5/3 backbone for homologous
recombination with pF5/3 shuttles
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Table 10 List of primers.

2.1.10 Primers

# Name Sequence 5’ 2> 3’ Application
AAAAAGAAGACGGACCGGTGAAGTGC . .
19 | VH5DS5 fwd AGCTGGTGGAATC Golden Gate cloning primer
AAAAAGAAGACGGCACCACTCGAGAC . .
20 | VH5DS rev GGTAACCAATG Golden Gate cloning primer
AAAAAGAAGACGGGGATCCGACATCCA . .
21 | VL5DS5 fwd GATGACCCAGAG Golden Gate cloning primer
AAAAAGAAGACGGCCGCCTTGATTTCC . .
22 | VL5DS5 rev ACCTTGGTGC Golden Gate cloning primer
AAAAAGAAGACGGACCGGTGAAGTGC . .
23 | VH4DS5 fwd AGCTCGTCGAAAG Golden Gate cloning primer
AAAAAGAAGACGGCACCACTCGAGAC . .
24 | VH4DS rev GGTCACCAGTG Golden Gate cloning primer
AAAAAGAAGACGGGGATCCGACATCCA . .
39 | VL4DS5 fwd 2 GATGACCCAG Golden Gate cloning primer
AAAAAGAAGACGGCCGCCTTGATCTCG . .
26 | VL4D5 rev ACCTTCGTTC Golden Gate cloning primer
37 | T7 fwd TAATACGACTCACTATAGG Sequencing primers for pSecTag
38 | BGH rev TAGAAGGCACAGTCGAGG Sequencing primers for pSecTag
AAAAAGAAGACGGACCGGTCAAGTCC . .
43 | VHIL13Ra2 fwd AGCTGGTGCAG Golden Gate cloning primer
AAAAAGAAGACGGCACCAGAGCTAAC . .
47 | VHIL13Ra2 rev2 GGTCACGG Golden Gate cloning primer
AAAAAGAAGACGGGGATCCGACATCCA . .
45 | VLIL13Ra2 fwd GATGACACAGAG Golden Gate cloning primer
AAAAAGAAGACGGCCGCCTTGATTTCC . .
46 | VLIL13Ra2 rev ACCTTGGTGC Golden Gate cloning primer
48 | scDb fwd AGCCACCATGGAGACAGACAC general fwd primer for scDbs
AAAAATCTAGATTAGTGATGGTGATGAT r rimer for Mve-His Tae for
4o | SMET/ILI3Ra2_ | GGTGGTCGACGGCGCTATTCAGATCCTC v prime S‘;Db g&sz%gT f&
Myec-His_rev TTCTGAGATGAGTTTTTGTTCGGCGGCC scDbCD3xIL13Ra2
GCCTTGATTTCC
AAAAATCTAGATTAGTGATGGTGATGAT
50 HER2 Myc- GGTGGTCGACGGCGCTATTCAGATCCTC | rev primer for Myc-His Tag for
His_rev TTCTGAGATGAGTTTTTGTTCGGCGGCC scDbCD3xHER2
GCCTTGATCTCG
51 VHcMET BiTE | AAAAAGAAGACGGGGATCCGAAGTGC BiTE GG Cloning primer
fwd AGCTGGTGGAATC oning prime
VHcMET BiTE = | AAAAAGAAGACGGCTCCACTCGAGAC . . .
52 rev GGTAACCAATG BiTE GG Cloning primer
VLcMET BIiTE f | AAAAAGAAGACGGTTCAGACATCCAG . . .
53 wd ATGACCCAGAG BiTE GG Cloning primer
VLcMET/IL13Ra | AAAAAGAAGACTTCCGCCTTGATTTCC . . .
54 2 BiTE rev ACCTTGGTGC BiTE GG Cloning primer
55 VHHER2 BiTE | AAAAAGAAGACGGGGATCCGAAGTGC BiTE GG Clonine primer
fwd AGCTCGTCGAAAG onng prime
VHHER2 BiTE | AAAAAGAAGACGGCTCCACTCGAGAC . . .
56 rev GGTCACCAGTG BiTE GG Cloning primer
VLHER2 BiTE f | AAAAAGAAGACGGTTCAGACATCCAG . . .
57 wd ATGACCCAGTC BiTE GG Cloning primer
VLHER2 BiTE r | AAAAAGAAGACTTCCGCCTTGATCTCG . . .
58 ov ACCTTCGTTC BiTE GG Cloning primer
59 VHEGFR BiTE | AAAAAGAAGACGGGGATCCGAAGTGC BiTE GG Cloning primer
fwd AGCTGGTTGAAAG gp
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60

VHEGFR_BiTE_
rev

AAAAAGAAGACGGCTCCACTCGAGAC
CGTAACGGTG

BiTE GG Cloning primer

61

VLEGFR_BiTE_f
wd

AAAAAGAAGACGGTTCAGATATTCAGC
TGACCCAG

BiTE GG Cloning primer

62

VLEGFR_BiTE r
(M\%

AAAAAGAAGACTTCCGCTTTAATTTCC
AGTTTGGTGC

BiTE GG Cloning primer

63

VHIL13Ra2 BiT
E fwd

AAAAAGAAGACGGGGATCCCAAGTCC
AGCTGGTGCAGTC

BiTE GG Cloning primer

64

VHIL13Ra2 BiT
E rev

AAAAAGAAGACGGCTCCAGAGCTAAC
GGTCACGGTTG

BiTE GG Cloning primer

65

VLIL13Ra2 BiT
E fwd

AAAAAGAAGACGGTTCAGACATCCAG
ATGACACAGC

BiTE GG Cloning primer

pGL3-Ad40SA

Sequencing primer for pGL3-

93 fwd GCAAAATAGGCTGTCCCCAG AJ40SA vector
94 pGL3-Ad40SA CAGTCATAAGTGCGGCGAC Sequencing primer for pGL3-
rev Ad40SA vector

105

PolyAfwd

TTTTTTCTAGAATCCAAGTCTTCAGAGA
TGCATGAAGACCGGCCGCCGAAATAAA

Multifragment GG cloning of

ATATCTTTATTTTC BOMcheck
106 | PolvA AAAAAGGTACCCACACAAAAAACCAA Multifragment GG cloning of
OlyArey CACAC BOMcheck
AAAAAGAAGACGGAGCTATGGCTTCCA Multifragment GG cloning of
107 | RIuc GG fwd | 4 557GTACG BOMcheck
108 | hRluc GG rev AAAAAGAAGACGGCGGCTTACTGCTCG Multifragment GG cloning of
TTCTTCAGCAC BOMcheck
AAAAAGAAGACGGAGCTATGGCCGATG Multifragment GG cloning of
109 ) Ffluc GG fwd CTAAGAAC BOMcheck
AAAAAGAAGACGGATCCTTACACGGCG Multifragment GG cloning of
110 | Ffluc GG fev ATCTTGCC BOMcheck
113 | BOMcheck fwd | TTTGCTCACATGGCTCGACAG Sequencing Primer for
BOMcheck
114 | BOMcheckrev | TCTAGTTGTGGTTTGTCCAAACTC Sequencing Primer for
BOMcheck

AAAAATCTAGATTAGTGATGGTGATGAT
143 cMET/IL13Ra2_ | GGTGGCCGCTGCTGCCGGCGTAGTCGG Cloning primers for changing
HA_ His rev GCACGTCGTAGGGGTAGGCGGCCGCCT scDb Tag from His to HA-His

TGATTTCCAC

144

HER2_HA_His r
(M\%

AAAAATCTAGATTAGTGATGGTGATGAT
GGTGGCCGCTGCTGCCGGCGTAGTCGG
GCACGTCGTAGGGGTAGGCGGCCGCCT
TGATCTCGAC

Cloning primers for changing
scDb Tag from His to HA-His

AAAAAGAAGACAAGGGAGCGAAGTGC

192 | EGFR VH fwd AGCTGGTTGAAAG scDb-scFv cloning primer
193 | EGFR VH rev éé,lA,AAAACG GA C?T%%CAACTCCACTCGAGAC scDb-scFv cloning primer
194 | EGFR VL fwd ?éﬁéé CGAAGA AG (‘/; CGGTTCAGATATTCAGC scDb-scFv cloning primer
195 | EGFR VL rev ?é?‘?ﬁ GG GATAGC&ACGGTACCTTTAATTTCC scDb-scFv cloning primer
196 | HER2 VH fwd ﬁéé,? CA C?TA CAGCXZ%(? GGGAGCGAAGTGC scDb-scFv cloning primer
197 | HER2 VH rev éé?gﬁg é:g,l%CAACTCCACTCGAGAC scDb-scFv cloning primer
198 | HER2 VL fwd ﬁ? éﬁé (? &%(}%CGGTTCAGACATCCAG scDb-scFv cloning primer
199 | HER2 VL rev iéé"[é? C%é[ﬁ[gACGGTACCCTTGATCTCG scDb-scFv cloning primer
200 | scDb fwd seq GCAGTACATCAATGGGCGTG sequencing primer

221

EGFR HA His rev

AAAAATCTAGATTAGTGATGGTGATGAT
GGTGGCCGCTGCTGCCGGCGTAGTCGG

Editing of BITE-EGFR to HA-
His Tag
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GCACGTCGTAGGGGTAGGCGGCCGCTT
TAATTTCCAG

AAAAAGAAGACAAGGGAGCCAAGTCC

222 | 113ra2_vh_fwd AGCTGGTGCAG scDb-scFv cloning primer
AAAAAGAAGACAACGCCAGAGCTAAC . .
223 | 1l13ra2 vh rv GGTCACG scDb-scFv cloning primer
AAAAAGAAGACGGATCAGACATCCAG . .
224 | 113ra2_vl fwd ATGACACAGAGC scDb-scFv cloning primer
AAAAAGAAGACGGTACCCTTGATTTCC . .
225 | 1l13ra2 vl rv ACCTTGGTGC scDb-scFv cloning primer
AAAAATCTAGAATCCAAGTCTTCAGAG
244 | BGH Poly A fwd | ATGCATGAAGACCGGCCGGGGCCCGAA Cloning of BOMcheck
CAAAAACTCATC
245 | BGH Poly A rev ‘2? (‘:A AAGGTACCCCATAGAGCCCACCGE Cloning of BOMcheck
AAAAAGAAGACAAGGGAGCCAAGTCC . .
258 | IL13_VH fwd 2 AGCTGGTGCAGTC scDb-scFv cloning primer
AAAAAGAAGACAACGCCAGAGCTAAC . .
259 | IL13_VH rev 2 GGTCACGGTTG scDb-scFv cloning primer
AAAAAGAAGACGGATCAGACATCCAG . .
260 | IL13_VL fwd 2 ATGACACAGAG scDb-scFv cloning primer
AAAAAGAAGACGGTACCCTTGATTTCC . .
261 | IL13 VL rev 2 ACCTTGGTG scDb-scFv cloning primer
His- AAAAATCTAGATTAGTGATGGTGATGAT . .
264 Tag Xbal rev GGTGG scDb-scFv to pGL3 insertion
Cloning primer for Golden Gate
AAAAAGAAGACGGAGCTGCCACCATG . .
265 | BC2 Igk fwd GAGACAGAC Insertion of TCEs into
BOMcheck plasmid
BC2_His- AAAAAGAAGACGGCGGCTTAGTGATGG | Cloning primer for Golden Gate
266 Tae tevl TGATGATGGTGG Insertion of TCEs into
& BOMcheck plasmid
BC2_His- AAAAAGAAGACGGATCCTTAGTGATGG | Cloning primer for Golden Gate
267 Tag tev2 TGATGATGGTGG Insertion of TCEs into
& BOMcheck plasmid
276 }Bloflz’[vzh“kz—BG GGCAAACAACAGATGGCTGG Sequencing primer
277 ]g(iel\g"h“kz—sw TCACTGCATTCTAGTTGTGGTTTG Sequencing primer
278 Sglziih“kz—CM ATGGAAAGTCCCTATTGGCG Sequencing primer
279 goxgheCkz—CM AAATGTCGTAACAACTCCGCC Sequencing primer
280 ongh“szm TCCCTCGTTGACCGAATCAC Sequencing primer
281 Eogv"heCszPG GGAATTCGATATCAAGCTTCTCG Sequencing primer
SD24-Sall-Mlul- Recloning of pSD24 Mlul-Sall
326 rev CTGTGCGGTATTTCACACC to pSD24 Sall-Mlul
330 SD24-Sall-Mlul- | AAAAAGCGCGCGTCGACACGCGTCCCA | Recloning of pSD24 Mlul-Sall
fwd 2 TTTTAAGAAAACTACAATTCCC to pSD24 Sall-Mlul
Cloning primer for generation
462 | T2A fwd GCCGCCACCATGGAGACAGACACAC of T2A-coupled TCEs for
insertion into pSD24 shuttle
Cloning primer for generation
463 | T2A fwd 2 GCCGCCACCATGGAG of T2A-coupled TCEs for
insertion into pSD24 shuttle
AGGTCCGGGGTTCTCTTCCACGTCGCC Cloning primer for generation
464 | T2Arev_1 ACATGTAAGCAGGCTGCCTCTGCCTTCG of T2A-coupled TCEs for

CCGCTGCCGTGATGGTGATGATGGTGG

insertion into pSD24 shuttle
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AAAAAACCGGTGGAACCTGGAACCCA
GAGCAGCAGTACCCATAGCAGGAGTGT

Cloning primer for generation

ACCTTGG

465 | T2Arev_2 GTCTGTCTCCATGCTGCCAGGTCCGGG in;ﬁggﬁ;&?"?g;ﬁﬁ tft‘f;
GTTCTCTTC P
sequencing primer for
497 | BEHH prox rev | GCTGCCAGAGCCAGAAAA BEHH/SMMH T2A constructs
sequencing primer for
498 | SMMH prox rev | CCAGTAGCTGGTGAAGGTGT BEHH/SMMH T2A constructs
520 | CD3 fwd CTTCACAATCAGCAGCCTCC sequencing primer
AAAAAGAAGACGGACCGGTGAAGTGC .
521 | scFv-EGFR fwd AGCTGGTTGAAAG recloning of scFv-scDbs
AAAAAGAAGACGCTCCCGCCTCCACCT
522 | scFv-EGFR rev GAACCTCCGGCGGCCGCTTTAATTTCCA recloning of scFv-scDbs
GTTTGGTGC
AAAAAGAAGACCGCGGTGGAACCTGG .
523 | Igk-leader rev AACCCAG recloning of scFv-scDbs
AAAAAGAAGACCCGGGAGCGAAGTGC .
524 | scDb-HER2 fwd AGCTCGTCGAAAG recloning of scFv-scDbs
577 scFv-IL13Ra2 AAAAAGAAGACGGACCGGTCAAGTCC lonine of scFv-scDb
fwd 2 AGCTGGTGC recloning of scFv-scDbs
ScFV-IL13Ra2 AAAAAGAAGACGCTCCCGCCTCCACCT
528 rev 2 GAACCTCCGGCGGCCGCCTTGATTTCC recloning of scFv-scDbs

Table 11 List of instruments.

Centrifuges

Cytometers
Electroporator

Gel documentation
Gel electrophoresis
Incubators
Magnetic stirrer

Microscopes
Nanodrop
Orbital shaker
pH-Meter

Plate Readers

Scale

Thermomixer
Timer
Vortex

2.1.11 Instruments

Eppendorf 5910R, 5810R, 5430R and 5424R
Thermo Fisher Scientific Sorvall Lynx 6000 with rotor FibreLite

F12-6x500-Lex

Thermo Fischer Scientific Sorvall xW80+ Ultra with rotor THP6-
4660, Nippon genetics mini centrifuge

BD Cantoll, BD Fortessa
Bio-Rad MicroPulser

Bio-Rad ChemiDoc, Bio-Rad Gel Doc EZ, Herolab UVT-22 BE-LED
VWR PerfectBlue power supply, Bio-Rad PowerPac Basic
Infors HT Minitron, Thermo Fisher Scientific Heracell 1501 and 2401

Starlab

Zeiss Axiovert 40C and Axiovert Al
DeNovix DS-11, Thermo Fisher Scientific ND 1000

Heidolph Unimax 1010
ph50 Violab Benchmeter

Thermo Fisher Scientific Multiskan SkyHigh Spectrophotometer,
Perkin Elmer Victor3 1420 Multilabel Counter
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Starlab Mixer HC
Annoying lab timer
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2.1.12 Software and Online Tools

Table 12 List of software and online tools.

ApE Plasmid Editor
BD FACS Diva Cytometer Operating Software
Benchling Plasmid Editor
ClustalW Multiple Alignment Tool
FlowlJo Flow cytometry analysis software
GraphPad Prism Data analysis
NEB Tm Calculator Primer melting temperature calculator
NEBioCalculator Ligation calculator tool
Perplexity.ai Conversational search engine
Skanlt Plate reader operating software

2.2 Cloning Strategies

2.2.1 Polymerase chain reaction

2.2.2.1 Q5 High-Fidelity DNA Polymerase

Polymerase chain reaction (PCR) using Q5 polymerase was employed for all cloning steps.
Reactions were set up following manufacturer’s instructions for 25 pl reactions and 30 cycles.

Annealing temperatures were calculated using NEB Tm Calculator.

2.2.2.2 Taq II Platinum Hot-Start DNA Polymerase

Analytical PCRs were performed with Taq I polymerase, following manufacturer’s instructions

for 20 pl reactions and 30 cycles.
2.2.3 Transformation of competent E. coli

2.2.3.1 Chemically Competent NEB10 beta
Chemically competent bacteria were thawed on ice for 10 minutes. DNA was added to bacteria,
the volume of DNA not exceeding one third of volume of bacterial aliquot. Sample was stored
on ice for 30 minutes before 45 second heat-shock at 42 °C. Following the heat-shock, bacteria
were incubated 5 minutes on ice, then were filled to 1 ml with SOC medium and incubated at

37 °C for 45 minutes while shaking. Bacteria were then plated on LB-agar selection plates.

2.2.3.2 Electrocompetent Bacteria

Electrocompetent NEB10 beta or BJ5183 were thawed on ice for 10 minutes. DNA was added
to bacteria, the volume of DNA not exceeding one third of volume of bacterial aliquot. Bacteria

were then transferred to electroporation cuvettes and pulsed with Bio-Rad Micropulser.
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Prewarmed SOC medium was added immediately after pulsing, then bacteria were incubated

at 37 °C for 45 minutes while shaking. Bacteria were then plated on LB-agar selection plates.
2.2.4 DNA preparation

2.2.4.1 Miniprep

5 ml of LB-medium were inoculated with single bacterial colony and incubated at 37 °C for 16
h shaking at 200 rpm. After incubation, cultures were spun down for 5 min at 4300 g and
subsequently processed using the QIAGEN QIAprep Spin Miniprep Kit following the

manufacturer’s instructions.

When processing bacteria carrying oAd plasmids, cultures were incubated at 30 °C for 24 h.
The protocol of the QIAprep kit was adjusted, wherein twice the amount of buffer P2 was used
and 1.5 times the amount of P3. Samples were not processed via spin columns, but supernatants
of centrifugation after addition of P3 were mixed with 800 pl isopropanol and DNA was
precipitated by centrifugation at 17900 g for 30 min at 4 “C. DNA pellet was subsequently
washed with 500 pl 70 % ethanol. After aspiration of the 70 % ethanol, pellets were dried briefly

and pellets were finally reconstituted in TE buffer.

2.2.4.2 Midiprep
100 ml of LB-medium were inoculated with single bacterial colony and incubated at 37 °C for
16 h shaking at 200 rpm. After incubation, cultures were spun down at 6000 g for 15 min and
pellets were subsequently processed with QIAGEN Plasmid Midi Kit, following the

manufacturer’s instructions.

When processing bacteria carrying oAd plasmids, 3 ml precultures were inoculated and
incubated at 30 °C for 8 h shaking at 200 rpm, before being transferred to 500 ml of LB-medium
and further incubated as described for 16 h. Cultures were then processed with QIAGEN

Plasmid Midi Kit, using twice the amount of P2 and 1.5 times the amount of P3.

2.2.4.3 Maxiprep

3 ml of LB-medium precultures were inoculated with single bacterial colony and incubated for
8 h at 37 °C shaking at 200 rpm. Precultures were then transferred to 250 ml of LB-medium
and further incubated for 8 h. Cultures were pelleted at 6000 g for 15 min and subsequently

processed using the QIAGEN Plasmid Maxi Kit, following the manufacturer’s instructions.
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2.2.5 Golden Gate Cloning

Golden Gate cloning was used for multifragment plasmid assembly. In a single PCR reaction
tube, 2 pul of T4 reaction buffer, 0.5 ul of ATP (10 mM), 0.5 ul of T4 ligase, 1 ul of Bbsl, 3 ul
of backbone plasmid (75 ng) and insert DNA (3:1 molarity ratio to backbone, calculated with
NEBio calculator) were mixed with water in a final volume of 20 pl. Reactions were incubated

in PCR cyclers with following settings:

37°C 2.5-8min)\

30 cycles
16 °C 2.5-8 min/
37°C 5 min
65 °C 5 min

For scDbs, BiTEs and bidirectional promoters, digestion and ligation steps were set to 2:30
min, for scDb-scFvs the steps were extended to 8 min per cycle. After Golden Gate reaction, 2

ul of reactions were used for transformation of competent bacteria.
2.2.6 Cloning of scDbs

Vi and VL sequences were amplified from plasmids via PCR using primers with overhangs for
Golden Gate cloning (HER2: primers #23; 24; 39; 26, c-MET: primers #19-22, IL13Ro2:
primers #43; 45-47). Golden Gate reactions for scDb generation were set up with plasmid
pSecTag-scDbXxCD3 and compatible PCR fragments. Miniprep cultures of clones were
analyzed via analytic restriction digest and subsequent sequencing of seemingly correct clones

with primers #37 or 200 and 38.

For editing the His-Tag of scDbs to Myc-His double tags, primers #48-50 were used to add new

tags via primer overhangs.
2.2.7 Cloning of BiTEs

Vi and VL sequences were amplified from plasmids via PCR using primers with overhangs for
Golden Gate cloning (EGFR: primers #59-62, HER2: primers #55-58, c-MET: primers #51-54,
IL13Ra2: primers #54; 63-65). Golden Gate reactions for BiTE generation were set up with
plasmid pSecTag-scFvhuU3-scFvGG-His and compatible PCR fragments. Miniprep cultures
of clones were analyzed via analytic restriction digest and subsequent sequencing of seemingly

correct clones with primers #37 or 200 and 38.
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For editing the His-Tag of BiTEs to HA-His double tags, primers #48-50 were used to add new

tags via primer overhangs.
2.2.8 Cloning of scDb-scFvs

Vi and Vi sequences were amplified from plasmids via PCR using primers with overhangs for
Golden Gate cloning (scDb-HER2-scFv-EGFR: primers #23; 24; 39; 26, 192-195, scDb-HER2-
scFv-IL13Ra2: primers #23; 24; 39; 26, 258-261, scDb-cMET-scFv-EGFR: primers #19-22,
192-195). Golden Gate reactions for BiTE generation were set up with plasmid pSecTag-
scDbXxCD3xX-scFvX and compatible PCR fragments. Miniprep cultures of clones were
analyzed via analytic restriction digest and subsequent sequencing of seemingly correct clones

with primers #37 or 200 and 38.
2.2.9 Cloning of Bidirectional Promoter Constructs

BGH poly A tail was amplified from scDb expression plasmid with primers #244 and 245,
introducing restriction sites for Kpnl and Xbal for cloning into psiCheck2 vector and
introducing Bbsl sites for Golden Gate cloning. Modified psiCheck2 vector was named
BOMCcheck?2 and the correct sequence was confirmed by sequencing with primers #113 and
114. Primers #107-110 were used to create Golden Gate compatible PCR fragments of Renilla
and firefly luciferase. mCMV-CMV and mCMV-hPGK1 bidirectional promoter cassette

sequences were ordered compatible with Golden Gate cloning.

For cloning of bidirectional promoter constructs with BITE-EGFR-HA-His and scDb-HER2-
Myc-His, TCEs were amplified with primers #265-267.

Golden Gate reactions were set up as described in 2.2.4, with an 8 minute cycler setting.
2.2.10 Cloning of T2A Constructs

Primers #462 and 464 were used to amplify BiTE-EGFR-HA-His and scDb-cMET-Myc-His
from pGL3 plasmids. In a subsequent PCR, primers #463 and 465 were used to add T2A
peptides and make fragments compatible for cloning into pSD24 shuttle plasmids. PCR
fragments were digested with Agel, as were pSD24-CMV-BiTE-EGFR-HA-His, pSD24-
(CMV-BIiTE-EGFR-HA-His)r, pSD24-CMV-scDb-cMET-Myc-His and pSD24-(CMV-scDb-
cMET-Myc-His)r. Agel-digested plasmids were treated with rSAP and ligations were set up
with Agel-digested PCR fragments. Sequence was confirmed via sequencing with primers #96;

104; 279; 497 and 498 (after homologous recombination with pVKS500F5/3AE3).
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2.2.11 Cloning of Fiber Viruses

TCEs were excised from expression plasmids with Ncol and Xbal and inserted into pGL3-
Ad40SA. Next, Ad40SA-TCEs were excised with Xhol and Clal and inserted into the pF5/3
vector. Finally, homologous recombination with the pVK500A24 vector was performed in
BJ5183 bacteria. For homologous recombination, 4 ug of pF5/3 plasmids were linearized with
Pmel and 1 pg of pVK500A24 was linearized with Swal and incubated with rSAP after digest.
DNA was precipitated using 500 mM LiCl. A 2.5 fold volume of EtOH was added and DNA
was precipitated by centrifugation at max rpm at 4 °C for >20 min. Supernatant was aspirated
and pellets were washed with 70% EtOH. DNA was reconstituted in ddH»O. For recombination,
100 ng of pVKS500 plasmid and 600 ng of pF5/3 plasmids were used.

2.2.12 Cloning of E4-Viruses

TCEs were excised from expression plasmids with Ncol and Xbal and inserted into pGL3-
CMV. scDb-scFvs had to be amplified with primers #200 and 264 before insertion into the
pGL3 plasmid. Next, CMV-TCEs were excised with Mlul and Sall and inserted into either
pSD24-Mlul-Sall or pSD24-Sall-Mlul. pSD24 plasmids were linearized with Pmel and
pVKS00F5/3AE3 was used undigested. DNA was processed as described in 2.2.10. For
homologous recombination, 100 ng of pVKS500 plasmid and 500 ng of pSD24 plasmids were

used.
2.3 Cell Culture

2.3.1 General Cultivation Techniques

All cells were cultivated in a humidified atmosphere containing 5 % CO2 at 37 °C. All cell lines
were cultivated in either RPMI 1640 or DMEM medium supplemented with 10 % FBS. Cell
passaging was typically performed every three to four days depending on the confluence. Prior
to detachment of the cells by addition of 1x Trypsin-EDTA (37 °C, up to 10 min depending on
the cell line), cells were washed with DPBS. Detached cells were resuspended in medium and
split as needed. In order to count cells using a Neubauer chamber, cell suspensions were mixed
1:2 with trypan blue staining solution to discriminate viable and dead cells. Cells were stored
in FBS containing 10 % (v/v) dimethyl sulfoxide at -80 °C after gentle cooling in an
isopropanol-filled cryobox. Frozen cells were thawed at 37 °C, resuspended in medium,

centrifuged (500 g, 5 min), and cultivated in appropriate medium.
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2.3.2 Transfection Techniques

For non-adenoviral plasmids, HeLa cells were transfected with Lipofectamine 2000, following
the manufacturer’s instructions. For plasmids containing oAd genomes, Lipofectamine 3000
was used to transfect A549 cells, following the manufacturer’s instructions. 10 ug of DNA was

used for transfection of 0Ad genomes in T25 flasks.
2.3.3 Eukaryotic Protein Production

For production of recombinant antibodies, 225 pg of expression plasmids were used to transfect
HEK?293 (FreeStyle293-F) cells in a final volume of 150 ml. Cultivation and transfection of
HEK293 cells was performed by the Antibody Core Facility of the DKFZ.

For production of virally encoded antibodies, five 150 mm cell culture dishes were seeded with
A549 cells in DMEM containing 2 % FCS. Cells were infected at an MOI of 1 and kept in

culture until CPE was observed for all cells before removing the supernatant for purification.
2.4 Purification of Recombinant Antibodies

2.4.1 Immobilized Metal Ion Affinity Chromatography

Supernatants of transfected FreeStyle-293F cells were dialyzed overnight against PBS using a
membrane with a 6-8 kDa molecular weight cut-off. Supernatants were then incubated with 0.5
ml of equilibrated Ni-NTA agarose beads rolling for 4 hours at 4 °C. The protein solution was
then centrifuged at 2000 g for 5 min and approximately 3 ml of supernatant were left on the
beads for resuspension. Resuspended beads were then loaded on polyprep columns. Beads were
washed with IMAC wash buffer until Bradford test (90 pul 1x bradford solution + 10 pl flow-
through) was no longer positive. Protein was eluted with IMAC elution buffer in fractions of
200 pl. The fractions with high protein concentration (Bradford test) were pooled and dialyzed
overnight against PBS with a membrane with a 10 kDa molecular weight cut-off. Beads were
then centrifuged at 11,000 g for 1 min and supernatant was transferred to a fresh tube. For
antibodies with a low yield, the antibodies were concentrated on VivaSpin protein concentrator
columns for 20 min at 12,000 g at room temperature. The retentate was then transferred to a
fresh tube. For long term storage, aliquots of purified antibodies were stored at -20 °C and after

thawing, aliquots were centrifuged at 11,000 g for 1 min and supernatant was used.

For purification of virally encoded antibodies, supernatants of infected A549 cells were used.
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2.5 Biochemical Characterization of Recombinant Antibodies
2.5.1 Measurement of Protein Concentration

Protein concentration was determined via spectrophotometer measuring absorption at 280 nm,
inputting molecular weight and extinction coefficient €. Parameters were extracted using the

online tool ProtParam by inputting the amino acid sequence without the Igk leader sequence.
2.5.2 SDS-PAGE

For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 1 pg of protein
was used per sample. Proteins were incubated at 95 °C for 5 minutes in 1x Laemmli buffer
containing 10 % P-mercaptoethanol. Proteins were subsequently loaded on 12 % Mini-
PROTEAN TGX Stain-Free gels and electrophoresis was performed at 40 mA constant current
for approximately 30 min. After electrophoresis, gel was boiled once in dH>O and then stained
with coomassie blue solution for approximately 1 h on an orbital shaker. Afterwards, excessive
staining was removed by incubation in dH20 with a laboratory wipe for 30-60 min. Gels were

then imaged with Bio-Rad ChemiDoc.
2.5.3 Analytical Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) was performed by the Kontermann group in Stuttgart

via high performance liquid chromatography (HPLC).
2.6 Flow Cytometry

2.6.1 Determination of Antigen Expression on Tumor Cells

Cells were detached and counted using Neubauer chambers. 1*10° cells were used per sample
and resuspended in FACS buffer. They were seeded in V-bottom 96-well plates and pelleted at
500 g for 3 min at 4 °C. Supernatant was discarded by flicking. Cells were then incubated with
dilutions of primary antibodies (0.4 nM in FACS bufter) for 45-60 min at 4 °C. Cells were then
centrifuged as before and washed once with FACS buffer by addition of 150 ul FACS buffer,
resuspension and centrifugation as before. Secondary antibody APC-anti-IgG Fc was added in
a 1:200 dilution in 100 pl FACS buffer and cells were resuspended and incubated in the dark at
4 °C for 20-30 min. The cells were washed once as before and were then resuspended in 100 pl
FACS buffer containing 4°,6-diamidino-2-phenylindole (DAPI, at 5 pug/ml) and incubated in

the dark for 5 min at 4 °C. The cells were then washed twice as before and resuspended in 100
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ul FACS buffer. The cell suspensions were then transferred to 5 ml round-bottom tubes with

cell strainer caps for analysis.
2.6.2 Binding Studies

TCE concentrations were measured and 5-fold dilution series starting with 20 nM were
prepared. Cells were processed using TCEs as primary antibodies, the protocol is described in
2.6.1. When detecting TCEs in supernatants, the secondary antibodies were specific for His-
tags when detecting a single TCE and specific for HA- and Myc-tags when detecting scDbs and
BiTEs in a single sample. When virus supernatants were used, an additional fixation step was
performed. After the DAPI staining, cells were washed once and then resuspended in FACS
buffer containing 1 % paraformaldehyde (PFA) and incubated at 4°C for 10 min. The cells were
then washed twice and resuspended in 100 pul FACS buffer.

2.7 Purification and Titration of Recombinant Oncolytic

Adenoviruses

2.7.1 Purification of Viral Particles

A549 cells were transfected with plasmids encoding 0Ad genomes in T25 tissue culture flasks,
as described in 2.3.2. Cells were harvested when most cells showed signs of cytopathic effect
(CPE). Three freeze-thaw cycles were conducted with the cell suspensions and half of the cell
suspension was used to infect three 150 mm dishes of A549 cells in DMEM with 2 % FCS.
After three days, cells were harvested by resuspending the medium on the cells. The cell
suspensions were centrifuged in 50 ml falcon tubes and the pellets were resuspended in 3 ml of
the supernatant. The cell suspension was then frozen and thawed three times and centrifuged at
4000 g for 15 min at 4 °C. The supernatant was distributed to three tubes. One tube was used
to infect A549 cells in 24 150 mm dishes in DMEM with 2 % FCS. After 48 h, cells were
detached by pipetting and distributed to 8 50 ml falcon tubes. Cell suspensions were centrifuged
for 5 min at 300 g, the supernatant was removed and pellets were resuspended in a total of 5 ml
DPBS. Three freeze-thaw cycles were performed with the cell suspension and it was
subsequently centrifuged at 4000 g for 15 min at 4 °C. The supernatant was taken and brought
to a total volume of 8 ml with DPBS. Two ultracentrifuge tubes were prepared with 3 ml CsCl
solution (p=1.41 g/ml) overlayed with 5 ml CsCl solution (p =1.27 g/ml). The virus-containing
supernatant was pipetted on top of the gradients and ultracentrifugation was performed at
175,000 g for 1:30 h at 4 °C without deceleration. After centrifugation, bands containing viral

particles were removed using a 5 ml syringe with a G20 needle (approximately 1 ml). The virus-
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containing suspension was transferred to a new ultracentrifugation tube and filled up with CsCl
solution (p = 1.34 g/ml). Ultracentrifugation was performed at 175,000 g, >18 h at 4 °C without
deceleration. The band containing viral particles was removed as before and transferred to a
fresh 5 ml Eppendorf tube. The volume was brought to a total of 2.5 ml with DPBS. A PD-10
desalting column was equilibrated with 25 ml DPBS and the virus suspension was loaded onto
the column. Virus was eluted in 3 fractions with DPBS (0.5 ml, 2 ml, 0.5 ml). 200 pl of glycerol

were added to the 2 ml fraction and aliquots were prepared and stored at -80 °C.
2.7.2 Physical Titer Measurement

Purified viruses were diluted with virus lysis buffer and blanks were prepared in parallel with
DPBS and virus lysis buffer. Samples were then incubated at 56 °C for 10 min while shaking.
After incubation, absorbance at 260 nm (DNA) was measured via spectrophotometer,
measuring each sample with its corresponding blank. Physical virus titers were calculated based

on oAd genome size, calculating the genome copies.
2.7.3 TCIDso Assay

Tissue culture infective dose 50 assays were performed with purified viruses. A549 cells were
seeded in 96-well plates in 100 ul DMEM containing 2 % FCS at 5 x 10° cells per well and
incubated overnight. 10-fold dilutions were prepared of virus stocks in DMEM containing 2 %
FCS. 10 to 107!* dilutions were added to wells in 10 replicates per dilution. Two independent
dilution series were performed for each virus. After 21 days, all wells with visible CPE were
counted. TCID50/ml was calculated as 10x10'*15-%-) with S being the sum of ratios of positive

wells for each dilution, starting at 107!,
2.8 Cytotoxicity Assays

2.8.1 Isolation of PBMCs from Buffy Coats

Blood from buffy coats was diluted with an equal volume of DPBS. 15 ml Histopaque®-1077
were pipetted in a 50 ml falcon tube and overlayed with 25 ml of the diluted blood. The samples
were subsequently centrifuged at 800 g for 25 min at room temperature, with acceleration set
to 3 and deceleration set to 1. After centrifugation, the layer containing the PBMCs was
aspirated and transferred to fresh 50 ml tubes. The tubes were filled with DPBS and the cell
suspension was centrifuged at 400 g for 10 min at room temperature, with normal acceleration
and brake settings. The supernatant was discarded and cells were resuspended in DPBS, filling

the tube after resuspension. Cells were centrifuged at 300 g for 5 min and wash step was

53



repeated a third time. Cells of all tubes were then resuspended and pooled in 50 ml DPBS,
counted and adjusted to preferred density for freezing, typically 4 x 107 cells / ml in RPMI +
10 % FCS medium. 2x freezing medium was prepared, consisting of FCS with 20 % DMSO.
Freezing medium was added dropwise to cell suspension (equal volume) while swirling. After
addition of freezing medium, the cell suspension was rapidly distributed to cryovials and

transferred to -80 °C in a freezing container overnight, before final storage in liquid nitrogen.
2.8.2 Cocultures of Tumor Cells with PBMCs and T-cell Engagers

Target cells were seeded in 96-well plates at 1.5-2 x 10* cells per well in medium containing 10
% FCS and incubated overnight. PBMCs were thawed and seeded in a 150 mm dish and
incubated overnight. The next day, PBMCs were rinsed from the plate, counted and adjusted to
a cell number corresponding to an effector to target cell ratio of 10:1 in medium containing 1
% penicillin / streptomycin (P/S). 4-fold dilution series were prepared for TCEs in 1 % P/S
medium. Medium was removed from cells and replaced by 100 pl of TCE dilution. 100 pl of
PBMC suspension were added on top. After 3 days of incubation, medium was removed from
wells and replaced by 50 pl crystal violet solution. After incubation for approximately 30 min,
crystal violet was removed and wells were washed by repeated immersion into dH,O. Wells
were dried and crystal violet was dissolved with 10 % acetic acid for measuring absorption at

570 nm for quantification.
2.8.3 Cytotoxicity Assays with Tumor Cells and oAds

Target cells were seeded in 48-well plates at 1.5-2.5 x 10* cells per well in medium containing
2 % FCS and incubated overnight. Serial dilutions of 0Ads were prepared in medium containing
2 % FCS and added on top of seeded cells. Dilutions were calculated based on TCIDsy titers.
Cells were incubated until CPE could be observed in the lowest multiplicity of infection (MOI)
for one virus. Wells were then stained with crystal violet as described in 2.8.2, but instead using

100 pl of crystal violet solution with prior fixation of cells in 4 % PFA.
2.8.4 Cocultures of Tumor Cells with PBMCs and oAds

Target cells were seeded in 96-well plates at 1.5-2 x 10 cells per well in medium containing 10
% FCS and incubated overnight. After incubation, medium was removed and replaced with
serial dilutions of 0Ads (100 pl). Plates were then incubated overnight and PBMCs were thawed
as described in 2.8.1. After incubation, PBMCs were counted and adjusted to the desired

effector cell to target cell ratio and added on top of infected cells in 100 pl medium containing
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1 % P/S. After five days of incubation, wells were stained with crystal violet as described in

2.8.2.
2.9 Enzyme-linked Immunosorbent Assay

Enzyme-linked immunosorbent assays (ELISAs) were performed for quantification of IL-2 and
IFNy. Cocultures were set up as described in 2.8.3. Supernatants were taken 24 h after PBMC
addition to quantify IL-2 levels and 48 h after PBMC addition to quantify IFNy levels from a
respective 96-well plate. ELISAs were performed with the ELISA MAX™ Deluxe Set Human
IL-2 and ELISA MAX™ Standard Set Human IFNy, following the manufacturer’s instructions.

2.10 Luciferase Assay

1.5 x 10* HeLa cells were seeded per well in flat-bottom 96-well plates. Transfection was
performed with 200 ng DNA as described in 2.3.2 with Lipofectamine 2000. After 24 h, cells
were processed with the Promega Dual-Glo® Luciferase Assay System, following the

manufacturer’s instructions. Luminescence was measured using a plate reader.
2.11 Statistics

Pairwise and multiple comparisons were performed by GraphPad Prism® implemented
unpaired t test (two-tailed) and One-Way ANOVA. A p-value of <0.05 was considered
statistically significant (*P<0.05; **P<0.01; ***P<0.001)
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3. Results

3.1 Cloning, Production and Characterization of Bispecific T-cell

Engagers

3.1.1 Biochemical Characterization

In the first part of this thesis, I aimed to generate a panel of scDbs and BiTEs in order to firstly
perform an original comparison of the two formats regarding antigen binding and induction of
T-cell mediated cytotoxicity, secondly identify scDbs that are suitable as bases for the scDb-
based trispecific scDb-scFv and lastly select bispecific TCEs that promise efficacy in a viro-
antibody-therapy approach. As targets, I chose EGFR, HER2, ¢c-MET and IL13R02 due to their
implication in various solid tumors, outlined in chapter 1.4. Initially, I designed scDbs in
collaboration with the group of Roland Kontermann in Stuttgart. Sequences for Vus and Vs
were based on publicly available IgG sequences.[168-171] Schematic depictions of the
molecular structure of the scDb and BiTE format are shown in Figure 9. The scDb-EGFR was
already designed and produced at that time by the Kontermann lab and found to be ineffective

(data not shown, personal communication).

scDb BITE

oo SR v v ES ) u
se B v 2 v, “

Figure 9 Composition schematic assembly of the scDb and BiTE format. L - Igk leader; VH - heavy chain; VL - light chain;
L1 -GGGGS; L2 - (GGGGS)3; His - 6x Histidine-Tag.

In light of this result, I decided to design, clone and produce both scDbs and BiTEs for each
TAA, with the exception of EGFR, where only the BiTE was produced. The final panel of

bispecific TCEs is schematically shown in Figure 10.
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Figure 10 Panel of bispecific TCEs.

I cloned all expression plasmids encoding the bispecific TCEs using the Golden Gate method
described in chapters 2.2.6 and 2.2.7 with plasmids for backbones and Vu/Vy inserts kindly
provided by the Kontermann lab. I verified all plasmids by restriction digest and sequencing of
seemingly correct clones. I amplified correctly sequenced plasmids by retransformation of
correct clones into competent bacteria and preparation of DNA from maxiprep cultures.
Transfection and cell culture of suspension FreeStyle293-F cell cultures for recombinant
antibody production were performed by the Antibody Core Facility of the DKFZ. I purified all
constructs from supernatants of transfected cells via immobilized metal ion affinity
chromatography (IMAC), as described in chapter 2.4.1. For all bispecific TCEs, 1 obtained
yields sufficient for all characterization assays and with 260/280 ratios between 0.48 and 0.56.

The 260/280 ratios and concentrations of purified antibodies are listed in Table 13.

Table 13 Purity and concentration of purified scDbs and BiTEs.

260/280 0,54 0,55 0,56
mg/ml 0.26 0,64 0.48
_ BiTE.EGFR | BiTE-HER2 | BiTE-¢cMET | BiTE-IL13Ra2
260/280 0,51 0,53 0,54 0,48
mg/ml 125 0.42 0.35 0.59

To further verify the purity of the constructs, I conducted an SDS-PAGE analysis. The results
are shown in Figure 11. The SDS-PAGE showed clean bands at the expected sizes, with only

very faint bands indicating a low degree of fragmentation or dimerization for all constructs.

57



kDa 1 2 3 4

M 5 6 7
———
100 T g
75 -
45 -
25 ﬁw«#
15 ¢
s -

Figure 11 SDS-PAGE én;lysis of bispecific TCEs. 12% polyacrylamide, 1 pg/lane, Coomassie blue staining under reducing

conditions. 1 — BiTE-EGFR; 2 — BiTE-HER2; 3 — BiTE-cMET; 4 — BiTE-IL13Ro02; 5 — scDb-HER2; 6 — scDb-cMET; 7 —
scDb-IL13R0a2; M — marker.

3.1.2 Binding Analysis

After verifying the integrity of all bispecific TCEs, I conducted flow cytometric analysis to
compare binding properties of scDbs and BiTEs. In order to find suitable cell lines for analysis,
I screened various tumor cell lines with IgG antibodies for expression of EGFR, HER2, c-MET

and IL13Ra2. The expression profiles of cell lines used for TCE characterization are shown in
Figure 12.
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Figure 12 Flow cytometric analysis of antigen expression on target cells. Target cells were incubated with 0.4 nM of I1gGs
specific for either EGFR, HER2, c-MET or IL13Ro2. Binding was detected via flow cytometry using APC-anti-IgG Fc mAb
(blue). An isotype control in the same concentration (red) was used as a reference. Data shown as histogram of fluorescence
intensity (x-axis) and cell count (y-axis).

I performed a binding analysis on target and non-target cancer cells and CD3" Jurkat T-cells. I
incubated target cells with serial dilutions of TCEs and measured fluorescence intensity via
flow cytometry using a secondary detection antibody, as described in detail in chapter 2.6.2.
Binding curves are shown in Figure 13. Analysis revealed binding of all TCE constructs to their
respective target cells. I calculated half maximal effective concentration (ECso) values for
binding curves using the GraphPad Prism software and found slightly lower ECso values for all
scDbs compared to BiTEs, albeit with an n=1, as listed in Table 14. No unspecific binding was

detected. Binding to Jurkat T-cells was very similar between scDbs and BiTEs.
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Figure 13 Binding analysis of bispecific TCEs. Comparison of binding strength and specificity of bispecific scDb and BiTE
formats for A) scDb-HER2 & BiTE-HER2, B) scDb-cMET & BiTE-cMET, C) scDb-IL13Ra2 & BiTE-IL13Ra2 on target
cells, non-target cancer cells and Jurkat T-cells. Binding properties were analyzed via flow cytometry, bound protein was
detected using PE-anti-His mAb. Relative MFI (rel. MFI) shown (n=1) for A and C, rel. MFI shown as mean =SD (n=2) for B.
Ranges of y-axes were adjusted to fit the data.

Table 14 ECso values of binding analysis of bispecific TCEs. ECso values were calculated using GraphPad Prism software
by a dose-response nonlinear regression with a variable slope. Values listed in nM.

scDb on target-cell

BiTE on target-cell
scDb on Jurkat
BiTE on Jurkat

3.13
7.13
10.71
9.79

6.55
10.43
2.65
245
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The next step in the characterization of bispecific antibodies was to analyze induction of T-cell
mediated cytotoxicity. I titrated the TCEs in cocultures of tumor cells and PBMCs and
determined tumor cell viability. The viability curves are shown in Figure 14, with corresponding
ECso values in Table 15. scDb-HER2 and BiTE-HER2 both showed potent induction of
cytotoxicity on HER2" SKOV3 cells, with both constructs inducing the same maximum
cytotoxicity. The ECso value of BiTE-HER2 was significantly lower than that of scDb-HER2.
None of the HER2-constructs induced visible cytotoxicity on HER2™ U87 cells (Figure 14A).
The ¢c-MET constructs performed almost identically on ¢-MET" SKOV3 cells, with no
significant difference between ECso values. On c-MET™ SW480 cells, both scDb-cMET and
BiTE-cMET showed some induction of cytotoxicity, slightly lower in case of scDb-cMET
(Figure 14B). In the case of scDb-IL13Ra2, it showed significantly lower induction of
cytotoxicity on IL13Ra2" U87 cells compared to the BiTE-IL13Ra2. Additionally, the
minimum viability of tumor cells in cocultures with scDb-IL13Ra2 was visibly higher than that
of cocultures with BiTE-IL13Ra2 (42.87% vs 23.84%, respectively), as shown in Figure 14C.

In higher concentrations, both constructs induced cytotoxicity on IL13Ra2" H1650 cells.
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Figure 14 Induction of T-cell mediated cytotoxicity by bispecific TCEs. Cells were incubated with serial dilutions of A)
scDb-HER2 & BiTE-HER2, B) scDb-cMET & BiTE-cMET, C) scDb-IL13Ra2 & BiTE-IL13Ra2. PBMCs were added in an
effector:target cell ratio of 10:1. Cell viability was measured 3 days after PBMC addition using crystal violet staining and
subsequent quantification. Data shown as mean + SD, (n=3 donors, each determined in three independent experiments). Ranges
of y-axes were adjusted to fit the data.
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Table 15 ECso values of bispecifics on target cells in cocultures. ECso values were calculated using GraphPad Prism software
by a dose-response nonlinear regression with a variable slope. Mean of 3 donors in pM, **P < 0.01, unpaired t test.

HER2 IL13Ro2

scDb on target-cell 17.05 ]-x 9.52 12.99 :|
BiTE on target-cell 2.58 6.86 0.93

+*
*

In summary, I was able to produce scDbs and BiTEs targeted against HER2, ¢c-MET and
IL13Ra2, respectively. All TCEs bound their respective targets selectively with only slight
differences between scDbs and BiTEs. Cytotoxicity analysis revealed a clear deficit of the
scDb-IL13Ra2 compared to the BiTE-IL13Ra2, with lower maximum cytotoxicity. The BiTE-
HER?2 also outperformed its corresponding scDb, but the maximum cytotoxicity was equal.

cMET-binding TCEs performed equally well.

3.2 Cloning, Production & Characterization of Trispecific T-cell

Engagers

In order to generate trispecific TCEs that can be used for targeting of two different TAAs with
a single molecule, I decided to utilize the scDb-based scDb-scFv format that has only been
described as a bispecific, trivalent TCE to date[48], but can readily be designed as a trispecific,
trivalent TCE. Based on the results of the cytotoxicity data of the bispecific antibodies, I decided
to clone three different scDb-scFvs. Since the scDb-EGFR was already excluded by the
Kontermann lab, only the scDbs -HER2, -cMET and -IL13Ra2 were possible candidates for
scDb bases of the scDb-scFv constructs. The scDb-IL13Ra2 was significantly inferior to the
BiTE-IL13Ra2 and was therefore also disregarded as a base for a possible scDb-scFv construct.
Even though the scDb-HER2 also presented a significantly higher ECso value on HER2"
SKOV3 cells compared to the BITE-HER?2, it reached the same maximum cytotoxicity at higher
concentrations and was therefore chosen as a base for scDb-scFvs. I selected scDb-HER2-scFv-
EGFR, scDb-cMET-scFv-EGFR and scDb-HER2-scFv-IL13Ra2 for cloning and production.

The molecular structure of the scDb-scFv format is depicted in Figure 15.

scDb-scFv

SER v v, . \

Figure 15 Composition and schematic assembly of the scDb-scFv format. L - Igk leader; VH - heavy chain; VL - light
chain; L1 — GGGGS; L2 - (GGGGS)3; L3 — AAAGGSGGGGS; His - 6x Histidine-Tag.
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I cloned the expression plasmids of scDb-scFvs using the same Vy and Vi sequences used for
the cloning of scDbs and BiTEs. I verified plasmid sequences via restriction digest, followed
by sequencing of seemingly correct clones. After transfection and suspension cell culture of
Freestyle-293F by the Antibody Core Facility, I purified scDb-HER2-scFv-EGFR, scDb-
HER2-scFv-IL13Ra2 and scDb-cMET-scFv-EGFR, the scDb-scFv panel is schematically

shown in Figure 16.

scDb-HER2-scFv-EGFR scDb-HER2-scFv-IL13Ra2 scDb-cMET-scFv-EGFR

/ N\
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N N N

Figure 16 Panel of trispecific TCEs. Schematic depictions of scDb-HER2-scFv-EGFR, scDb-HER2-scFv-IL13Ra2 and
scDb-cMET-scFv-EGFR. Light blue — CD3-binding domain; yellow — HER2-binding domain; green — EGFR-binding domain;
salmon — IL13Ra2-binding domain; dark blue — c-MET-binding domain.

The yield of scDb-scFvs was generally lower than for the bispecific TCEs, I therefore
concentrated all scDb-scFvs using Vivaspin protein concentrator columns. Concentrations and

purities after concentration are listed in Table 16.

Table 16 Purity and concentrations of purified and concentrated scDb-scFvs.

scDb-HER2- scDb-cMET- scDb-HER2-
scFv-EGFR scFv-EGFR scFv-IL13Ra2

260/280 0,58 0,54 0,55
mg/ml 0,41 0,66 0,37

I analyzed purity and integrity of each scDb-scFv via SDS-PAGE. I used scDbs and BiTEs as
controls, the scDbs (scDbs -HER2 and -cMET) corresponding to the scDb bases of the
trispecific TCEs and the BiTEs (BiTEs -EGFR and -IL.13Ra2) corresponding to the CD3 x scFv
parts of the trispecifics. The results of the SDS-PAGE analysis are shown in Figure 17A. In
addition to the SDS-PAGE, an analytic size-exclusion HPLC was performed for all constructs
by the Kontermann lab. The results are shown in Figure 17B. For all bispecific TCEs, single,
distinctive peaks were seen for all constructs. For the scDb-scFvs, a single, clean peak was seen
for scDb-cMET-scFv-EGFR. scDb-HER2-scFv-EGFR and scDb-HER2-scFv-IL13Ra2 both

exhibited a peak with a lower molecular weight shoulder, indicating possible fragmentation.
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Figure 17 Biochemical characterization of trispecific scDb-scFvs and corresponding controls. A) 12 % polyacrylamide
gel, 1 pg/lane, Coomassie blue staining under reducing conditions. B) Size-exclusion HPLC under native conditions (kindly
provided by Oliver Seifert and Roland Kontermann, Stuttgart University). Elution times of proteins corresponding to molecular
masses are indicated. 1 - scDb-HER2-scFv-EGFR; 2 - scDb-cMET-scFv-EGFR; 3 - scDb-HER2-scFv-IL13Ro2; 4 - BiTE-
EGFR; 5 - BiTE-IL13R02; 6 - scDb-HER2; 7 - scDb-cMET; M - Marker.

Next, | analyzed the binding properties of the trispecific constructs via flow cytometry (as

described for bispecific TCEs), directly comparing them to their corresponding bispecific

controls. For each scDb-scFv, binding of each of the three antigen-binding domains was
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analyzed and additionally, bivalent binding of TAA-binding domains was measured. The results

are displayed in Figure 18 and Table 17.

A SKOV3 with EGFR-block

(HER2*, EGFR')

100
80
£ 60
T a0
20
- —
10° 10! 102 103 104 10°
cinpM

U87 (HER2', EGFR*)

15
T 10
=
E

5

LI B B p—
10° 10* 102 10%® 10 10°
cinpM

SKOV3 (HER2*, EGFRY)
250
200
g 150
T 100
50

Tt T T 1
10° 10 102 10® 10 105

cinpM
Jurkat
100
80
g 60
T a0
20

i I E Y B |
10° 10' 102 10®° 10* 10°
cinpM
scDb-HER2-scFv-EGFR

scDb-HER2

BIiTE-EGFR

rel. MF|

B
SK-Mel-23 (c-MET*, EGFR")

cinpM
SW480 (c-MET-, EGFR?)
80

100 100 100 10° 104 105
cinpM
SKOV3 (c-MET*, EGFRY)

60

rel. MF

I T T T T 1
10° 10t 102 103 10* 10°
cinpM
Jurkat
125

100

100 100 102 10° 10° 10°
cinpM

8- scDb-cMET-scFv-EGFR

—& scDb-cMET

4~ BIiTE-EGFR

rel. MFI

rel. MFI

C
BT474 (HER2*, IL13Ra2’)

150

100

r T T T T 1
10° 10* 102 10% 10¢ 10°
cinpM

U87 (HERZ,, IL13Ra2*)

4
s
. 3
e
2
1 L 1
10° 10' 102 10° 10* 10°

cinpM

U251 (HER2*, IL13Ra2*)
6

rel. MFI
-y

103 1072 1(;'1 1(|)° 1(|)1 1(|)2
cinpM

Jurkat

100

80

60

40

20

F T T T T
10° 10 102 103 104 105

cinpM
—8— scDb-HER2-scFv-IL13Ra2
- scDh-HER2

—4— BITE-IL13Ra2

Figure 18 Binding analysis of trispecific scDb-scFvs and corresponding bispecific scDb and BiTE controls. Comparison
of scDb-scFv binding to binding of bispecific controls to single and double target-positive cell lines in addition to Jurkat cells.
A) scDb-HER2-scFv-EGFR vs scDb-HER2 & BiTE-EGFR on SKOV3 preincubated with Cetuximab to block EGFR binding
sites, U87, SKOV3 and Jurkat cells. B) scDb-cMET-scFv-EGFR vs scDb-cMET & BiTE-EGFR on SK-Mel-23, SW480,
SKOV3 and Jurkat cells. C) scDb-HER2-scFv-IL13Ra2 vs scDb-HER2 & BiTE-IL13Ra2 on BT474, U87, U251 & Jurkat
cells. Binding properties were analyzed via flow cytometry, bound protein was detected using PE-anti-His mAb. Relative MFI
(rel. MFI) shown (n=1) for A and C, rel. MFI shown as mean +SD (n=2) for B.
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Table 17 ECso values of binding analysis of scDb-scFvs and controls on target and Jurkat cells in nM. ECso values were
calculated using GraphPad Prism software by a dose-response nonlinear regression with a variable slope.
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My binding analysis showed that all antigen binding domains of the three scDb-scFvs bound to
their respective targets. Due to a lack of a suitable EGFR/HER2" cell line, EGFR*/HER2"
SKOV3 cells were preincubated with Cetuximab to block EGFR binding sites. Compared to
both bispecific controls, the trispecific scDb-HER2-scFv-EGFR exhibited weaker binding to
both EGFR/HER2" and EGFR/HER2" cells, as well as to Jurkat cells, reflected by higher ECso
values. Solely to double positive SKOV3 cells did the scDb-HER2-scFv-EGFR show stronger
binding than both corresponding bispecific TCEs. Similarly, binding of scDb-HER2-scFv-
IL13Ra2 was weaker to both single positive cell lines and Jurkat cells compared to the
corresponding bispecific controls. On HER2*/IL13R02" U251 cells, binding of the scDb-scFv
was stronger in higher concentrations than for the bispecific TCEs, with a slightly higher ECs
value. In case of scDb-cMET-scFv-EGFR, binding to single positive cells was almost identical
compared to the corresponding bispecific TCEs, but weaker on Jurkat cells. On the double

positive SKOV3 cells, binding was stronger than for both bispecific controls.
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In order to investigate the potencies of the trispecific TCEs of inducing T-cell mediated

cytotoxicity, I set up cocultures of single and double target-positive cancer cell lines with

PBMCs and serial dilutions of TCEs. Viability curves for all conducted cocultures are depicted

in Figure 19 with corresponding ECso values in Table 18.
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Figure 19 Induction of T-cell mediated cytotoxicity by scDb-scFvs on single-target positive and double-target positive
cancer cells. Cells were incubated with a serial dilution of A) scDb-HER2-scFv-EGFR, scDb-HER?2 or BiTE-EGFR, B) scDb-
cMET-scFv-EGFR, scDb-cMET or BiTE-EGFR or C) scDb-HER2-scFv-IL13Ra2, scDb-HER2 or BiTE-IL13Ra2. PBMCs
were added in an effector:target cell ratio of 10:1. Cell viability was measured 3 days after PBMC addition using crystal violet
staining and subsequent quantification. Data shown as mean = SD, (n=3 donors, each determined in three independent
experiments).
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Table 18 T-cell mediated killing of tumor cells by scDb-scFvs and corresponding scDb and BiTE controls. ECso values
were calculated using GraphPad Prism software by a dose-response nonlinear regression with a variable slope. ECso values in
pM as mean of 3 donors, each determined in three independent experiments, *P<0.05, **P < 0.01, ***P<0.001, unpaired t test.
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scDb-HER2-scFv-EGFR exhibited weaker induction of cytotoxicity than the corresponding
bispecific controls (Figure 19A). In cocultures with EGFR/HER2" SKOV3 cells that were
preincubated with Cetuximab (thereafter EGFR/HER2"), the ECso value for scDb-HER2-
scFv-EGFR was significantly higher than that of scDb-HER2, even though the EGFR-block
did not completely abrogate induction of cytotoxicity by the BiITE-EGFR, indicating that the
scDb-scFv also likely bound to EGFR in higher concentrations. Induction of cytotoxicity of the
scDb-HER2-scFv-EGFR was also significantly weaker on EGFR"/HER2™ U87 and untreated
SKOV3 cells compared to the BiTE-EGFR. Taken together, the corresponding bispecific
antibodies scDb-HER2 and BiTE-EGFR were more effective in inducing T-cell mediated
cytotoxicity on the respective single positive cell lines compared to the trispecific scDb-HER2-
scFv-EGFR, fitting to the weaker binding to those cell lines (Figure 18, Table 17). Even though
binding to EGFR"/HER2" SKOV3 cells was stronger for the scDb-scFv compared to the

corresponding bispecific controls, this did not translate to higher cytotoxicity on these cells.

Similarly, induction of cytotoxicity of the scDb-HER2-scFv-IL13Ra2 was significantly lower
on HER27/IL13Ra2" U87 cells compared to the BiTE-IL13Ra2 and on HER2'/IL13Ra2
BT474 cells compared to the scDb-HER2. On double positive U251 cells, the scDb-scFv was
also outperformed by the BiTE-IL13R0a2. As the scDb-HER2-scFv-EGFR, the scDb-HER2-

scFv-IL13Ra2 also exhibited weaker binding and lower induction of cytotoxicity on single-
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target positive cells compared to the corresponding bispecific TCEs, in addition to lower
induction of cytotoxicity on double positive U251 cells compared to the BITE-IL13Ra2 (Figure
19C, Table 18).

In contrast, the scDb-cMET-scFv-EGFR performed equally well on ¢-MET/EGFR" SW480
cells compared to the BITE-EGFR and although the ECso value on c-MET/EGFR™ SK-Mel-23
cells was significantly higher than for the scDb-cMET, the induction of cytotoxicity was equal
for lower concentrations and visibly higher for higher concentrations. On double-target positive
SKOV3 cells, induction of cytotoxicity of the scDb-scFv was significantly higher than for either
corresponding bispecific antibody (Figure 19B, Table 18).

In summary, the scDb-HER2-scFv-EGFR and scDb-HER2-scFv-IL13Ra2 were both
outperformed by their corresponding bispecific TCEs on single-target positive cells in regard
to both binding and induction of T-cell mediated cytotoxicity. In contrast, the scDb-cMET-scFv-
EGEFR proved to be equally efficacious on single-target positive cell lines as the corresponding
bispecific controls, making it a promising candidate for use as a dual-targeting agent. On double
positive cells, both target binding and T-cell retargeting properties were superior to both

corresponding bispecific controls.

3.2.1 Modification of scDb-HER2-scFv-EGFR and scDb-HER2-
scFv-IL13Ra2

The weaker binding and induction of cytotoxicity observed for the trispecific scDb-HER2-
scFv-EGFR and scDb-HER2-scFv-IL13Ra2 compared to the corresponding bispecific
constructs indicated that the additional scFv possibly caused steric problems of the scDb-scFv
format for the aforementioned constructs. Therefore, I explored switching the position of the
scFv as a possible solution to the problem. I took the scFv from the C-terminal end of the scDb
and fused it to the N-terminus with unchanged linkers. I named the modified construct scFv-

scDb and it is schematically shown in Figure 20.

scDb-scFv
N
scFv-scDb

L2 L3 L1 L2 L1 "”
vo = vi (VS
N

Figure 20 Composition and assembly of scDb-scFv and scFv-scDb formats in comparison. L - Igk leader; VH - heavy
chain; VL - light chain; L1 — GGGGS; L2 - (GGGGS)3; L3 — AAAGGSGGGGS; His - 6x Histidine-Tag.
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In order to clone these constructs, I used the expression plasmid of the scDb-HER2 and added
Golden Gate cloning sites for insertion of the scFvs with the correct linkers. Production was
performed by the Antibody Core Facility, as for the other constructs. I purified the scFv-scDbs
as described for the scDb-scFvs. To investigate the binding properties of the scFv-scDbs, I
titrated them on single and double target-positive cells together with the corresponding scDb-
scFvs. The results of the flow cytometric analysis and associated ECso values are shown in
Figure 21 and in Table 19, respectively. The ECso values for scFv-EGFR-scDb-HER2 were
lower on HER2/EGFR" U87 and double positive SKOV3 cells, but slightly higher on
HER2"/EGFR™ SKOV3 cells pretreated with Cetuximab, compared to the scDb-HER2-scFv-
EGFR. Even though the ECso values appeared promising, the binding strength was consistently
lower for scFv-scDbs (Figure 21A). Similarly, the ECso values of scFv-IL13Ra2-scDb-HER2
were lower on both single-target positive cell lines and the double positive cell line compared
to the scDb-HER2-scFv-IL13Ra2, with the binding strength being lower for all cell lines as
well (Figure 21B).

In conclusion, the recloning of the scDb-scFv constructs moving the scFv from C- to N-
terminus did not lead to stronger binding to target cells compared to the original scDb-scFvs.

In light of these results, I did not perform additional cocultures of tumor cells with PBMCs.

Based on the properties of the scDb-cMET-scFv-EGFR, it was my antibody of choice for

insertion into oAds for dual antigen targeting.
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Figure 21 Binding properties of scFv-scDbs compared to scDb-scFvs. A) scFv-EGFR-scDb-HER2 vs scDb-HER2-scFv-
EGFR on SKOV3 cells pretreated with Cetuximab, U87 and SKOV3 cells. B) scFv-IL13Ra2-scDb-HER2 vs scDb-HER2-
scFv-IL13Ra2 on SKOV3, U87 and A172 cells. Binding properties were analyzed via flow cytometry, bound protein was
detected using PE-anti-His mAb. Relative MFI (rel. MFI) shown (n=1).
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Table 19 ECso values of binding analysis of scFv-scDbs and scDb-scFvs on target cells in nM. ECso values were calculated
using GraphPad Prism software by a dose-response nonlinear regression with a variable slope.
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3.3 Cloning, Production and Characterization of Armed Oncolytic

Adenoviruses

Taking together the data of the bi- and trispecific TCE characterization, I decided to clone,
produce and characterize a virus panel for dual-targeting of TAAs c-MET and EGFR. For dual-
targeting, I pursued three different approaches, depicted in Figure 22. The first approach was to
use an 0Ad armed with the scDb-cMET-scFv-EGFR (Figure 22A), the second strategy was to
co-express the scDb-cMET and the BiTE-EGFR using a single oAd (Figure 22B) and the third
approach was to co-infect tumor cells with two different oAds, one encoding the scDb-cMET
and the other driving expression of the BiITE-EGFR (Figure 22C). I investigated all three
strategies, as they all offered potential advantages. Expression of the scDb-cMET-scFv-EGFR
requires less genomic space than simultaneous expression of the scDb-cMET and the BiTE-
EGFR. In addition, two bispecific TCEs possess more repetitive sequences than the scDb-scFv,
increasing the risk for homologous recombination, which could also occur in the co-infection
setting with two viruses infecting the same cell. The smaller bispecific TCEs could potentially
result in slightly better tissue penetration due to their smaller size, in addition to being more
stable due to their simpler structure. As the co-infection strategy employs oAds expressing a
single TCE, the viruses are likely to be less attenuated compared to oAds encoding larger
transgenes, but differences in viral replication might lead to one 0oAd outcompeting the other

and eliminating it from the tumor.

72



¢ o

Figure 22 Dual-targeting strategies with 0Ads. A) One 0Ad encoding an scDb-scFv. B) One oAd co-expressing two
bispecific TCEs. C) Co-infection of two 0Ads encoding a different bispecific TCE each.

3.3.1 Cloning of Dual Expression Cassettes

3.3.1.1 Bidirectional Promoter Cassettes

In order to drive expression of two different TCEs via a single 0Ad, I explored dual expression
strategies. First, | investigated an approach with bidirectional promoter constructs, allowing
transcription of two genes by a single promoter cassette, with the genes on opposing DNA
strands. Because of the similarity of TCE sequences, I hypothesized that encoding the two TCE
genes in opposing directions would greatly reduce the risk of recombination between identical
sequence segments. In addition, a bidirectional promoter cassette would require less genomic
space than two separate promoters and have fewer repetitive sequences. The promoters
consisted of two different promoters that were fused tail-to-tail with a common enhancer
element. These promoters were chosen due to their relatively short length, as even with an E3
deletion, the transgene capacity of AdS5 is only around 4.5 kb considering the limit of 105 % of
wt genome length.[84] A bispecific TCE with Poly A tail has a DNA length of 1.8-1.9 kb,
leaving approximately 600-700 bp for the bispecific promoters. I generated and tested four
different promoter compositions, extracted from published sequences[172, 173]. Each cassette
containing a minimal CMV (mCMYV) promoter fused to either the CMV or the human
phosphoglycerate kinase promoter (hPGK) in left-to-right (forward) or right-to-left (reverse)
orientations. I named the promoters mCMV-CMV, CMV-mCMYV (612 bp), mCMV-hPGK1 and
hPGK1-mCMYV (573 bp). The general principle is schematically depicted in Figure 23B. To test
gene expression by the bidirectional promoter cassettes, I modified the psiCheck 2 dual
luciferase vector to enable bidirectional expression of Renilla and firefly luciferase,
respectively, by the different promoter cassettes. After cloning of the plasmids, I transfected
them into HeLa cells and measured luciferase expression, subtracting values of untransfected
cells. As a reference, I also transfected the psiCheck 2 vector. Of note, the psiCheck 2 vector

uses two different promoters, the expression of the Renilla luciferase is driven by the SV40
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promoter, whereas expression of the firefly luciferase is driven by the HSV-TK promoter. The
SV40 promoter has a stronger activity compared to the HSV-TK promoter.[174] The results are
shown in Figure 23A. I measured 5.35 x 10° light units (LU) for the firefly luciferase and 2.00
x 10° for the Renilla luciferase using the psiCheck 2 control vector. I detected expression of
both luciferases for all bidirectional promoter constructs, but it was very low for nCMV-CMV
and mCMV-hPGK1 promoters. For the mCMV-CMYV promoter, expression of firefly vs Renilla
luciferase was 2.07 x 10* vs 3.61 x 10* LU and for the mCMV-hPGK1 promoter 4.45 x 10* LU
were measured for both luciferases. The CMV-mCMYV promoter achieved luciferase expression
of 1.76 x 10° vs 6.33 x 10° LU, whereas the hPGK1-mCMYV promoter reached 6.09 x 10* vs
6.12x10° LU. While expression was relatively low for all bidirectional promoter cassettes
compared to the psiCheck 2 control, I measured the highest expression for the CMV-mCMV

construct and therefore chose it for cloning the plasmids for co-expression of TCEs.
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Figure 23 Expression of luciferases from bidirectional promoter cassettes. A) HeLa cells were transfected with plasmids
containing bidirectional promoter cassettes for dual expression of firefly and Renilla luciferase. psiCheck 2 vector was used as
control. Cells were lysed 24 h after transfection and luciferase expression was measured via luminometer using the Promega
Dual-Glo® Luciferase Assay System. Light units (LU) shown as mean +SD (n=3). B) Schematic depiction of bidirectional
promoter expression cassette for two TCEs.

3.3.1.2 Dual TCE Expression via T2A Peptide
As a second dual expression strategy, I also investigated the use of a T2A peptide, which
mediates polycistronic expression via ribosomal skipping.[175] The 2A sequences impair
formation of a peptide bond, leading to translation of two separate proteins from a single mRNA

transcript.[176] To save time, I cloned the expression cassettes directly with genes for scDb-
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cMET and BiTE-EGFR and inserted them into shuttle plasmids for oAd homologous
recombination (see chapter 2.2.12). The scDb-cMET had a Myc-His double-tag and the BiTE-
EGFR had an HA-His double-tag to enable separate detection of both TCEs from a single
sample. The composition of the different expression cassettes is depicted in Figure 24B.
Expression of TCEs was driven by the CMV promoter, with the compositions CMV-scDb-
cMET-T2A-BiTE-EGFR, (CMV-scDb-cMET-T2A-BiTE-EGFR)r, CMV-BiTE-EGFR-T2A-
scDb-cMET and (CMV-BiTE-EGFR-T2A-scDb-cMET)r being tested, i.e. two different
compositions in either forward or reverse orientation. I transfected the shuttle plasmids with the
different expression cassettes into HeLa cells and used the supernatants for incubation with
EGFR+/c-MET+ SKOV3 cells. After a second incubation with fluorophore-coupled anti-Myc
and anti-HA secondary antibodies, I measured fluorescence intensity via flow cytometry. I
calculated the concentrations based on standard curves generated using purified antibodies with
known concentrations. The (CMV-scDb-cMET-T2A-BiTE-EGFR)r and CMV-BiTE-EGFR-
T2A-scDb-cMET expression cassettes performed very poorly, with no scDb-cMET detected in
the supernatants of transfected cells and only very low concentrations of BITE-EGFR detected,
0.07 nM for both constructs (Figure 24A). For the other two expression cassettes, higher
concentrations of both TCEs were measured. In the supernatant of cells transfected with
plasmids encoding CMV-scDb-cMET-T2A-BiTE-EGFR, 2.4 nM of scDb-cMET and 4.6 nM
of BiTE-EGFR could be detected. For the (CMV-BiTE-EGFR-T2A-scDb-cMET)r expression

cassette, the detected concentrations were 3.8 nM and 1.1 nM, respectively.

For virus cloning, I therefore chose the CMV-scDb-cMET-T2A-BiTE-EGFR expression
cassette, due to the more equal and slightly higher expression of both TCE:s.
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Figure 24 Expression of scDb-cMET and BiTE-EGFR with T2A peptide from transfected shuttle plasmids. A)
Concentrations of scDb-cMET and BiTE-EGFR in supernatants of transfected HeLa cells in nM. Supernatants were taken 2
days post transfection and concentrations were measured via flow cytometry using standard curves calculated with purified
antibodies. Data shown as mean + SD (n=2). B) Composition of T2A expression cassettes. E4 — early transcriptional region 4;
RITR - right inverted terminal repeat.

3.3.2 Design and Production of 0Ad Panel

Taking together the TCE characterization data and the results of the co-expression analysis, |
decided to clone an 0Ad panel for dual-targeting of c-MET and EGFR in order to find the most
effective TCE expression and dual-targeting strategy. I tested two different insertion sites. The
first site, between the stop codon of L5 and E4 (after-fiber site) and the second site, between
the end of the RITR and cap site of E4 mRNA (after-E4 site), have both been described.[177]
Expression was driven either by the exogenous CMV promoter or the Ad40 splice acceptor
(Ad40SA). A schematic depiction of insertion sites and expression strategies is shown in Figure

25.

* After-fiber insertion site
* Expression via Ad40SA

LITR E1AA24 AE3 5/3 Fiber \/ E4 RITR
# |

» After-E4 insertéka

* Expression via CMV-promoter

* Co-expression via CMV-promoter

with T2A-sequence or bidirectional

CMV-mCMV promoter

* Insertion in left-to-right (forward) or
right-to-left (reverse) orientations

Figure 25 TCE-expression strategies. LITR — left inverted terminal repeat; E1AA24 — early transcription region 1A with 24
base pair deletion; AE3 — early transcription region 3; 5/3 fiber — chimeric serotype 5 fiber with serotype 3 knob; Ad40SA —
splice-acceptor of Ad40 long fiber; E4 — early transcription region 4; RITR — right inverted terminal repeat.
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I cloned plasmids containing the oAd genomes via homologous recombination of shuttle
plasmids with viral backbone plasmids, as described in chapters 2.2.11 and 2.2.12. After
transfection of A549 cells with oAd-genome plasmids and subsequent amplification of
replicating viruses, I purified viral particles via ultracentrifugation and measured infectious
virus titers via TCIDso assay, described in chapters 2.7.1 — 2.7.3. A schematic depiction of the
genomes of the virus panel is depicted in Figure 26A. Virus particle (VP) and TCIDso titers are
shown in Figure 26B, together with the VP/TCIDs ratios. For all viruses with inserts behind
the E4 region, similar ratios between 4 and 14 were measured, with exception of the
bidirectional promoter viruses. Their VP/TCIDso ratios were higher with 74.3 for the virus with
insertion in the forward orientation and 22.5 for the virus with the insert in reverse orientation.
The oAd with the BiTE-EGFR insert behind the fiber gene with the Ad40SA was produced at
visibly lower titers than the E4-viruses, with a clearly higher VP/TCIDso ratio (242). Compared
to Ad5/3-CMV-BiTE-EGFR and Ad5/3-(CMV-BiTE-EGFR)r, the ratio was 60- and 22.5- fold
higher, respectively.
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Figure 26 Panel of TCE-armed oAds. A) Schematic depiction of viral genomes. LITR - left inverted terminal repeat; E1A -
E3; E4 - early viral genes; A24 - 24 bp deletion; AE3 - deleted E3-region; 5/3 Fiber - chimeric fiber with Ad5 shaft and Ad3
knob; Ad40SA - splice-acceptor of Ad40 long fiber; FSA - Fiber splice-acceptor; CMV - cytomegalovirus promoter; mCMYV -

minimal CMV; RITR - right inverted terminal repeat. B) Virus particle (VP) titer, tissue culture infectious dose 50 (TCIDso)
titer and VP/TCIDso ratio of virus panel.

3.3.3 Antibody Production and Oncolytic Activity
3.3.3.1 Antibody Expression via Bidirectional Promoters
To analyze the potency of bidirectional promoters for driving co-expression of two TCEs, |
infected different tumor cell lines with oAds encoding bidirectional promoter cassettes and
analyzed the supernatants via flow cytometry, as described in 2.6.2 and 3.3.1.2. The oAds
encoding the bidirectional CMV-mCMYV promoter made an exception by encoding the TCEs
scDb-HER2 and BiTE-EGFR. This was due to these viruses being cloned prior to the

finalization of the characterization of all TCEs. Unfortunately, the production of antibodies in
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cells infected with oAds armed with bidirectional promoter cassettes was very low for BiTE-
EGFR and I could not detect the scDb-HER2 at all, as seen in Figure 27A. PCRs were
performed with both the plasmids containing the whole 0Ad genomes and purified viral
genomes to check for integrity of the inserted bidirectional promoter expression cassettes. Gel
electrophoresis of PCR amplicons revealed clear differences between oAd plasmids and
purified viral DNA, presented in Figure 27B. While PCR of plasmids showed strong bands at
expected insert size (~5300 bp) with additional smaller bands, the PCRs with purified viral
DNA revealed multiple deletions in the inserts. I therefore decided to exclude the bidirectional

promoter viruses from further experiments.
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Figure 27 Characterization of bidirectional promoter viruses. A) Antibody concentrations in nM in supernatants of infected
target cells. Cells were infected with MOI 5, supernatants were taken 7 dpi and analyzed via flow cytometry on SKOV3 cells.
Antibodies were detected using AF647-anti-Myc or PE-anti-HA antibodies. Relative MFIs were used to calculate
concentrations based on standard curves created by titration of purified antibodies. B) Gel electrophoresis of PCR amplicons
of bidirectional promoter expression cassettes in 1% agarose gel. On the left, amplicons of PCR performed with oAd plasmids,

on the right, amplicons of PCRs of purified virus DNA. 1 - Ad5/3-scDb-HER2-CMV-mCMV-BiTE-EGFR; 2 - Ad5/3-(scDb-
HER2-CMV-mCMV-BiTE-EGFR)r.

3.3.3.2 Antibody Expression of TCE-armed oAds via Splice
Acceptor or CMV Promoter

Next, I measured antibody expression following infection of tumor cell lines SK-Mel-23,
SW480 and SKOV3 with 0Ads driving TCE-expression via the Ad40SA in the after-fiber site
or via CMV promoter in the after-E4 site. I chose the cell lines due to their EGFR and c-MET
expression profiles (Figure 12). The EGFR/c-MET" SK-Mel-23 cells, the EGFR"/c-MET"
SW480 cells and the EGFR*/c-MET" SKOV3 cells would be used in follow-up experiments
testing dual-targeting strategies in cocultures of oAd-infected tumor cells and PBMCs. 1
infected tumor cells with different MOIs, calculated with the TCIDso titers. I infected SK-Mel-
23 cells with an MOI of 25 and SW480 and SKOV3 cells with an MOI of 5. I removed the
supernatants seven days post infection (dpi) and quantified TCEs via flow cytometry, using
standard curves generated with purified antibodies. The results of the antibody quantification

are shown in Figure 28.
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Figure 28 Antibody Production of TCE-armed oAds. Antibody concentrations were measured in supernatants of infected
target cells. Cells were infected with MOI 25 (SK-Mel-23) or MOI 5 (SW480, SKOV3), supernatants were taken 7 dpi and
analyzed via flow cytometry with SKOV3 cells. Antibodies were detected using a PE-anti-His antibody or in case of dual
expression, AF647-anti-Myc or PE-anti-HA antibodies. Relative MFIs were used to calculate concentrations based on standard
curves created by titration of purified antibodies. Values shown as mean + SD, (n=3), *P < 0.05, **P < (0.01, ***P < 0.001,
*#*xP < 0.0001, ns: not significant, one-way ANOVA.

The Ad5/3-FSA-BiTE-EGFR showed significantly higher production of the BiTE-EGFR
compared to the BITE-EGFR encoding viruses with inserts behind the E4 region, with p-values
below 0.0001 and very high antibody concentrations between 23 and 147 nM. As described in
chapter 3.2, ECso values of T-cell mediated cytotoxicity for the BITE-EGFR were between 0.62
pM on SKOV3 cells and 15.78 pM on U87 (Table 18). For the 0Ads encoding the BITE-EGFR
in the after-E4 site, TCE production was slightly higher in the reverse orientation. In contrast,
production of the scDb-cMET was higher in 0Ads with insertions in the forward orientation.
For the scDb-cMET-scFv-EGFR, insert orientation seemed to have no effect on the level of
TCE production. The antibody titers for the E4-viruses with single TCE expression ranged
between 0.35 and 10 nM. Highest titers were measured for 0Ads with scDb-cMET insertion,

80



whereas titers for BITE-EGFR and scDb-cMET-scFv-EGFR were slightly lower and very

similar.

Unequal production of TCEs was observed after infection with the Ad5/3-CMV-scDb-cMET-
T2A-BiTE-EGFR. In all tested cell lines, production of the BiITE-EGFR was visibly higher than
that of the scDb-cMET, in SKOV3 cells the difference was significant (p = 0.045). Additionally,
I measured production of antibodies after co-infection with Ad5/3-CMV-BiTE-EGFR and
Ad5/3-CMV-scDb-cMET. In contrast to infection with the T2A-peptide encoding virus,

production of both TCEs was very similar in all tested cell lines.

The imbalance in antibody production for the Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR
raised the question of potential recombination taking place within the virus genomes. Therefore,
Iinfected A549 cells at a low MOI and used the supernatant to infect freshly plated cells. T used
purified viral genomes as templates for PCR after each passage to amplify the insert region in
the 0Ad genome. Gel electrophoresis of PCR amplicons revealed deletions within the insert in
purified viruses, as well as increasing frequency of deletions within the insert with increased
passaging, shown in Figure 29. Sequencing of the smallest additional band in passage 4 revealed
deletion of the sequence from the end of the CMV promoter to the beginning of the Vi of the
scFv-EGFR (Figure S1). PCR of the insert region in the oAd-encoding plasmid did not reveal

additional bands that would indicate possible deletions.
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Figure 29 PCR of CMV-scDb-cMET-T2A-BiTE-EGFR inserts in passaged Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR
infected AS549 cells. Gel electrophoresis of PCR amplicons in 1 % agarose gel. 1 - purified virus; 2 - passage one, 4 dpi; 3 -
passage two, 9 dpi (cumulative); 4 - passage 3, 14 dpi (cumulative); M - DNA Ladder; P — 0Ad-encoding plasmid.

3.3.3.3 Oncolytic Activity of TCE-armed oAds

In order to analyze the oAd panel for possible attenuation, I tested the viruses for cytotoxicity,
comparing oncolytic activity to a control virus without insert (Ad5/3-AE3). I tested oncolytic
activity by titrating oAds on target cells with MOIs calculated based on TCIDso titers. |
incubated cells until CPE could be observed in the lowest MOI for one virus. I then stained the

remaining cells with crystal violet and imaged the plates. Representative experiments are shown
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in Figure 30 (repeats shown in Figure S2). The Ad5/3-FSA-BiTE-EGFR virus showed clear
attenuation compared to the Ad5/3-AE3 control virus on SW480 and SKOV3 cells and slight
attenuation on SK-Mel-23 cells. As described in chapter 3.3.2, I calculated a significantly higher
VP/TCIDs ratio for the Ad5/3-FSA-BiTE-EGFR compared to the other 0Ads, meaning that a
substantially higher amount of virus particles was used for the cytotoxicity assays. Of note,
amplification of the Ad5/3-FSA-BiTE-EGFR during production also required more days of
incubation than any other virus of the panel, further supporting the observation that the

oncolytic activity was considerably attenuated.

The oAds with inserts in the after-E4 site exhibited attenuated oncolytic activity compared to
the control virus depending on the orientation of the insert. For all inserts with single TCE-
expression (CMV-BiTE-EGFR, CMV-scDb-cMET and CMV-scDb-cMET-scFv-EGFR), oAds
were visibly attenuated when the insert was present in the reverse orientation. In the forward
orientation the 0Ads were not or only slightly attenuated. Due to the higher oncolytic activity
of viruses with inserts in the forward orientation, I did not produce the oAd with the T2A

expression cassette in a reverse orientation.

In conclusion, analysis of oncolytic activity revealed strong attenuation of the Ad5/3-FSA-
BiTE-EGFR and visible attenuation of oAds carrying transgenes in the after-E4 site in the

reverse orientation, but not in the forward orientation.
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Figure 30 Oncolytlc activity of o0Ad panel Cytotox1c1ty assays of 0Ads on SK-Mel-23, SW480 & SKOV3. Target cells were
infected with serial 5-fold dilutions of 0Ads (MOI = TCIDso titer / cell). Cells were stained with crystal violet at time points of

best visibility of differences between oAds. Representative experiments are shown.

3.3.4 Characterization of the Quality of Virally Produced Trispecific

scDb-scFv

After having confirmed that the TCE-encoding 0Ads efficiently drove expression of TCEs in

infected tumor cells, I addressed the question whether the virally produced TCEs performed on

par with purified TCEs. I compared binding properties and induction of cytotoxicity of virally

encoded scDb-cMET-scFv-EGFR to the conventionally purified antibody. I infected A549 cells
with Ad5/3-(CMV-scDb-cMET-scFv-EGFR)r, as this oAd showed lower cytotoxicity
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compared to its counterpart with the insert in the forward orientation, thus extending time where
antibodies could be produced by live, infected cells. Antibodies were then purified following
the same protocol as for antibodies purified from transfected FreeStyle-293F suspension
cultures, as described in chapter 2.4.1. Size-exclusion HPLC analysis was kindly performed by
the lab of Roland Kontermann (Stuttgart University) and it revealed high molecular weight
species (HMWS) for the virally produced scDb-cMET-scFv-EGFR [scDb-cMET-scFv-EGFR
(v)]. An overlay of the SEC of virally and non-virally produced antibody is depicted in Figure
31C. In terms of binding and cytotoxicity, the virally produced antibody showed almost equal
binding with ECso values of 0.81 nM for the scDb-cMET-scFv-EGFR and 1.79 nM for the
scDb-cMET-scFv-EGFR (v). The binding curves are shown in Figure 31A. Induction of T-cell
mediated cytotoxicity on SKOV3 cells showed a slightly higher potency of the conventionally
purified antibody, with ECso values of 0.36 pM and 1.26 pM for non-virally and virally

produced scDb-scFvs, respectively (Figure 31B). The difference was statistically insignificant

(p=0.2).

In conclusion, the characterization of the virally produced scDb-scFv showed comparable

properties to the purified scDb-scFv regarding antigen-binding and induction of T-cell mediated

cytotoxicity.
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¥ scDb-cMET-scFv-EGFR (v) ° ¥ scDb-cMET-scFv-EGFR (v) —— scDb-cMET-
o 150 £ 1004 3 scFv-EGFR
E]_oo- 2 —— scDb-cMET-
£ S 5o scFv-EGFR (v)
50- S
G T T T T 1 G T T T 1 1 1 1T 1
103 102 10! 10° 10! 102 102 107 10° 10! 102 0 10 20 30 40
cinnM cinpM time (min)

Figure 31 Characterization of virally produced scDb-cMET-scFv-EGFR (v). A) Binding properties of scDb-cMET-scFv-
EGFR purified from supernatant of transfected FreeStyle-293F cells compared to scDb-cMET-scFv-EGFR purified from
supernatant of oAd-infected A549 cells (v). Binding was analyzed by titration of scDb-scFvs on SKOV3 cells. Bound protein
was detected using PE-anti-His mAb via flow cytometry. Relative MFI shown as mean +SD, (n=2). B) Induction of T-cell
cytotoxicity of virally (v) and non-virally produced scDb-cMET-scFv-EGFR on SKOV3 cells. Cells were incubated with a
serial dilution of scDb-scFvs. PBMCs were added in an effector:target cell ratio of 10:1. Cell viability was measured 3 days
after PBMC addition using crystal violet staining and subsequent quantification. Three independent experiments with different
donors were conducted, data shown as mean + SD, (n=3). C) Overlay of size-exclusion by HPLC using Superdex™ column of
scDb-cMET-scFv-EGFR (blue) and scDb-cMET-scFv-EGFR (v) (red) under native conditions, kindly provided by the
Kontermann lab (Stuttgart University). Elution times of proteins corresponding to molecular masses are indicated.

3.3.5 T-cell Activation Induced by TCE-armed oAds in Cocultures
of Infected Tumor Cells and PBMCs

Next, [ wanted to verify the potency of TCE-armed oAds as agents for dual-targeting of EGFR
and c-MET. In order to assess the efficacy of TCE-armed oAds regarding their ability to mediate

potent T-cell activation, I set up cocultures of oAd-infected tumor cells and PBMCs. Taking
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into consideration the TCE production and oncolytic activity data, I decided to exclude the
Ad5/3-FSA-BIiTE-EGFR due to its poor replication and the 0Ads with insertions in the reverse
orientation, as they induced similar levels of TCE-production with reduced oncolytic activity. |
hypothesized that the Ad5/3-CMV-scDb-cMET-scFv-EGFR would be suitable for targeting
both single and double target-positive cells, performing at least on par with oAds encoding a
single TCE on the respective target cells and with strategies for dual expression of both BiTE-

EGFR and scDb-cMET by either co-expression or co-infection.

I titrated oAds on single target-positive cell lines SK-Mel-23 (EGFR/¢c-MET") and SW480
(EGFR*/c-MET"), as well as on the double target-positive cell line SKOV3 (EGFR/c-MET").
1 dpi, I added PBMC:s to the infected cells. I took supernatants of cocultures 24 h and 48 h after
addition of PBMC:s for quantification of cytokines IL-2 and IFNy, respectively. Both cytokines
are produced by T-cells following activation.[178, 179] In addition, I measured expression of
CD69, an early T-cell activation marker[178], on CD4+ and CD8+ T-cells 24 h post addition of
PBMC:s. The results of the T-cell activation analysis are shown in Figure 32, with significant
results indicated only for the AdS5/3-CMV-scDb-cMET-scFv-EGFR (all significant results
indicated in Figure S3).

On single target-positive EGFR/c-MET" SK-Mel-23 cells, all activation markers were
significantly higher for Ad5/3-CMV-scDb-cMET compared to Ad5/3-CMV-BiTE-EGFR and
Ad5/3-AE3 infection. CD69 expression and cytokine secretion were significantly higher for all
dual-targeting strategies compared to both Ad5/3-CMV-BiTE-EGFR and Ad5/3-AE3 infection
in these cells. There were no significant differences between dual-targeting strategies and
Ad5/3-CMV-scDb-cMET for any of the activation markers. Compared to the other tested cell
lines, cytokine secretion and CD69 upregulation on CD8" T-cells were lower for the dual-
targeting strategies, with exception of IFNy secretion for Ad5/3-CMV-scDb-cMET-T2A-BiTE-
EGFR infection and co-infection of Ad5/3-CMV-BiTE-EGFR and Ad5/3-CMV-scDb-cMET.
In summary, I observed upregulation of T-cell activation markers when SK-Mel-23 cells were
infected with 0Ads driving expression of at least one TCE targeting c-MET. These markers

were not upregulated when no c-MET targeting TCE was produced.

On single target-positive EGFR"/cMET™ SW480 cells, all activation markers were significantly

higher after infection with Ad5/3-CMV-BiTE-EGFR compared to Ad5/3-CMV-scDb-cMET or

Ad5/3-AE3, except for IL-2 secretion. Despite the cMET™ status of SW480 cells, CD69

expression was significantly higher for both CD4" and CDS8" cells after infection with Ad5/3-

CMV-scDb-cMET compared to the control virus. Ad5/3-CMV-scDb-cMET-scFv-EGFR
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infection elevated all activation markers significantly higher than control virus infection or
infection with Ad5/3-CMV-scDb-cMET. IFNy secretion was significantly higher after Ad5/3-
CMV-scDb-cMET-scFv-EGFR infection compared to all other viruses. In addition, Ad5/3-
CMV-scDb-cMET-scFv-EGFR infection led to a significantly higher CD69 expression on
CD8" T-cells than co-infection with Ad5/3-CMV-BiTE-EGFR and Ad5/3-CMV-s¢cDb-cMET.
Infection with the Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR virus also led to significantly
higher IFNy secretion and CD69 expression on CD4" and CD8" T-cells than both the Ad5/3-
CMV-scDb-cMET and Ad5/3-AE3. In addition, it led to a significant increase in IFNy secretion
compared to co-infection with Ad5/3-CMV-BiTE-EGFR and Ad5/3-CMV-scDb-cMET. In
summary, Ad5/3-CMV-scDb-cMET-scFv-EGFR performed on par or better than Ad5/3-CM V-

BiTE-EGFR infection and dual-targeting strategies regarding T-cell activation markers.

On double target-positive EGFR"/cMET" SKOV3 cells, infection with all viruses led to a
significant increase of CD69 expression of both CD4" and CD8" T-cells compared to the control
virus. In both cases, infection with Ad5/3-CMV-scDb-cMET-scFv-EGFR reached the highest
level of significance. Secretion of cytokines IL-2 and IFNy was also significantly elevated after
infection with all viruses compared to the control virus, except for Ad5/3-CMV-scDb-cMET.
The Ad5/3-CMV-scDb-cMET performed poorest regarding IL-2 secretion, with all other armed
0Ads eliciting a significantly higher response. While IFNy secretion was also lowest for this
virus, only Ad5/3-CMV-scDb-cMET-scFv-EGFR and Ad5/3-CMV-scDb-cMET-T2A-BiTE-
EGFR infection reached significantly higher secretion. There were no significant differences
between dual-targeting strategies for any of the markers, except for significantly higher IL-2
secretion after Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR infection compared to co-infection
with Ad5/3-CMV-BiTE-EGFR and Ad5/3-CMV-scDb-cMET. In summary, T-cell activation
markers were upregulated in all tested cocultures where TCEs were expressed, albeit with an

overall lower T-cell activation for the Ad5/3-CMV-scDb-cMET.

In conclusion, the T-cell activation data showed that on single target-positive tumor cells,
infection with Ad5/3-CMV-scDb-cMET-scFv-EGFR consistently performed at least on par
with the single TCE encoding viruses on single target- and double target-positive cell lines and
similarly to the other dual-targeting strategies, indicating efficacy of dual-targeting approaches
using TCE-armed oAds. Infection with 0Ads encoding the non-targeting TCEs led to little to
no T-cell activation. The 0Ad encoding the trispecific antibody performed very similarly to the
Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR across all tested T-cell activation markers, except
for significantly higher IFNy expression on SW480 cells.
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Figure 32 T-cell activation markers of PBMCs cocultured with oAd-infected target cells. Cells were infected with MOI 5
(SK-Mel-23) or MOI 1 (SW480, SKOV3). PBMCs were added 1 dpi in a 3:1 effector:target cell ratio for SW480 and SKOV3
and 6:1 for SK-Mel-23. IL-2 concentrations in the supernatant and CD69 surface expression were measured 24h post addition
of PBMCs. IFNy concentrations in supernatants were measured 48h post addition of PBMCs. Cytokine levels were measured
via ELISA, CD69-expression via flow cytometry. Data gathered from 3 independent experiments with different donors, values
shown as mean = SD (n=3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA. Only significant
differences between values for Ad5/3-CMV-scDb-cMET-scFv-EGFR and other viruses shown.
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3.3.6 Cytotoxicity of TCE-armed oAds in Cocultures of Infected
Tumor Cells and PBMCs

Lastly, I intended to build on the T-cell activation data by analyzing the combined effect of
oncolysis and T-cell mediated cytotoxicity in cocultures of tumor cells infected with TCE-
armed oAds and PBMCs. As I had already confirmed functionality of TCEs encoded by oAds
in chapter 3.3.4, I did not analyze TCE-mediated killing via T-cells independently of viral
oncolysis in these assays. I tested the cytotoxicity of the viruses on SK-Mel-23, SW480 or
SKOV3 cells in the presence or absence of PBMCs. For SKOV3, I analyzed the cytotoxicity in
the same experiments that I conducted for analysis of T-cell activation. For SK-Mel-23 and
SW480, I set up additional experiments with different donors and used the donors with the
highest induction of T-cell mediated cytotoxicity for the final analysis. Results of the
cytotoxicity analysis are shown in Figure 33 for the MOIs with the largest difference in
cytotoxicity in the conditions with or without PBMCs. Viability curves showing all MOls are

shown in Figure S4.
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On EGFR/c-MET" SK-Mel-23 cells, only infection with Ad5/3-CMV-scDb-cMET-scFv-
EGFR (MOI 1) led to a significantly increased cytotoxicity in presence of PBMCs, decreasing
mean viability from 70% to 38%. With a p-value of 0.0571, infection with Ad5/3-CMV-scDb-

cMET also led to an increase in cytotoxicity that was close to statistical significance.

On EGFR'/c-MET™ SW480 cells, I observed a significant increase in cytotoxicity after infection
with the Ad5/3-AE3 at MOI 0.2 (84% mean viability without PBMCs to 48% with PBMCs).
This was not the case for the other tested cell lines. Infection with the viruses Ad5/3-CMV-
BiTE-EGFR, Ad5/3-CMV-scDb-cMET, Ad5/3-CMV-scDb-cMET-scFv-EGFR and co-
infection with the single TCE encoding viruses also led to a significant increase in cytotoxicity
in presence of PBMCs. The highest level of significance was reached by Ad5/3-CMV-scDb-
cMET-scFv-EGFR with a p-value of 0.0052 (decrease in mean viability from 72% to 22% in
presence of PBMCs). Cytotoxicity increase with Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR
was at the border of statistical significance with a p-value of 0.0506, close to Ad5/3-CMV-
scDb-cMET with a p-value of 0.0478.

On EGFR"/c-MET" SKOV3 cells, increase in cytotoxicity was highly significant for all armed
0Ads with p-values below 0.001 at MOI 0.2. I observed no decrease in viability for the control
virus. Highest level of significance was again reached by the Ad5/3-CMV-scDb-cMET-scFv-
EGFR (p <0.0001, mean viability decrease from 103% to 17% in presence of PBMCs).

In summary, cytotoxicity data demonstrated that oAds armed with genes for TCEs were able to
induce T-cell mediated cytotoxicity, significantly increasing killing of tumor cells in cocultures
with PBMCs. The effect was relatively low on SK-Mel-23 cells with significance only for
Ad5/3-CMV-scDb-cMET-scFv-EGFR, intermediate on SW480 cells with T-cell mediated
cytotoxicity also observed for the unarmed oAd and very high on SKOV3 cells. Ad5/3-CM V-
scDb-cMET-scFv-EGFR exhibited the strongest effect across all tested cell lines.
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Figure 33 Cytotoxicity in cocultures of oAd-infected target cells with PBMCs. Tumor cells were infected MOI 1 for SK-
Mel-23 and MOI 0.2 for SW480 and SKOV3. PBMCs were added 1 dpi and cell viability was measured via crystal violet
staining 5 days after addition of PBMCs. Data shown as viability with or without PBMCs. PBMCs were added in an
effector:target cell ratio of 3:1 for SKOV3 and SW480 and 6:1 for SK-Mel-23. Data gathered from 3 independent experiments
with different donors. P-values for each comparison of cocultures with or without PBMCs shown, *P < 0.05, **P < 0.01, ***P
<0.001, ¥****P < 0.0001 two-way ANOVA.
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4. Discussion

Tumor heterogeneity, resistance to conventional therapy, toxicity and insufficient selectivity of
conventional therapeutic agents render many standard cancer therapy approaches ineffective.
OVs have emerged as promising therapeutic alternatives, but often lacked clinical efficacy. In
solid tumors, physical barriers and the innate antiviral response impair the spread of OVs.[180]
In addition, the immunosuppressive TME imposes critical hurdles for OV therapy. Secretion of
immunosuppressive cytokines, such as IL-10 and transforming growth factor f (TGF-B), as
well as recruitment of inhibitory cells, including regulatory T-cells (Trees) and tumor-associated
macrophages and fibroblasts all contribute to dysfunctional antitumor immune responses.[181,
182] TCE therapy has shown promising potency in blood malignancies but could not develop
its full potential in solid tumors, due to a lack of tumor infiltration by T-cells and the TME, as
well as on-target, off-tumor activity leading to varying degrees of off-tumor toxicity.[46] Here,
I armed oAds with genes encoding bispecific scDbs and BiTEs or the novel trispecific scDb-
scFv for dual-antigen-targeting of tumors with locally produced TCEs to overcome limitations
of conventional TCE therapy and virotherapy, as well as address the problem of tumor

heterogeneity with a viro-antibody-therapy approach.

For this thesis, I designed, cloned, produced and characterized bispecific TCEs targeting EGFR,
HER2, ¢c-MET and IL13R02, associated with various different tumor entities[135, 140-145,
151], in two different formats, i.e. scDbs and BiTEs. I conducted a first of its kind comparison
of the two formats and found that all BiTEs were efficacious as TCEs, but only two scDbs were
efficacious in direct comparison (scDb-HER2 and scDb-cMET). I successfully used the two
efficacious scDbs as bases for the novel scDb-scFv format that had previously been described
as a bispecific, trivalent TCE.[48] I designed, cloned, produced and characterized three
trispecific, trivalent scDb-scFvs, namely scDb-HER2-scFv-EGFR, scDb-HER2-scFv-IL13Ra2
and scDb-cMET-scFv-EGFR. The scDb-cMET-scFv-EGFR exhibited potent dual-targeting
properties, performing on par with the corresponding scDb-cMET and BiTE-EGFR on single
target-positive cells and outperforming the controls on double target-positive cells. I
subsequently devised an 0Ad panel for a viro-antibody-therapy approach, targeting EGFR and
c-MET. I was able to identify a TCE expression strategy that did not attenuate oAds and drove
expression of TCEs in efficacious amounts. I tested dual-targeting strategies via expression of
the trispecific scDb-scFv, co-expression of scDb-cMET and BiTE-EGFR via T2A peptide and
co-infection of 0Ads driving expression of scDb-cMET and BiTE-EGFR, respectively. I was
able to show potent T-cell activation and induction of T-cell-mediated cytotoxicity in cocultures
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of TCE-armed oAd-infected tumor cells and PBMCs. Of the dual-targeting approaches, the oAd
encoding the scDb-cMET-scFv-EGFR showed the overall highest efficacy, importantly
showing potent cytotoxicity on both EGFR/c-MET" and EGFR"/c-MET" cell lines, underlining

its potential as an agent for targeting heterogeneous tumors.
4.1 Characterization of Bispecific Antibodies

In order to find suitable TCEs for dual-targeting of the selected TAAs EGFR, HER2, ¢c-MET
and IL13Ra2, I cloned a panel of scDbs and BiTEs to perform a comparison of the two TCE
formats. The scDb-EGFR was communicated to be ineffective in inducing T-cell mediated
cytotoxicity by the Kontermann lab, therefore scDbs and BiTEs were both produced for all the
targets, with the exception of the scDb-EGFR.

BiTEs are tandem-scFvs[35] and have been extensively studied, with Blinatumomab, a
CD3xCD19 BiTE, being the first BiTE approved for treatment of ALL and many more used in
clinical trials.[183] So far, BiTEs in clinical trials have focused on targets associated with
hematological malignancies.[184] scDbs are a novel type of recombinant BsAb that have been
used as TCEs and as such are structurally similar to BiTEs. In the only direct comparison
performed to date by Korn et al., binding properties of scDbs and tandem-scFvs were shown to
be identical, the only difference being higher stability of the scDbs under physiological
conditions.[47] The analysis regarding antigen binding was in line with my findings for the
comparison of scDbs and BiTEs targeting HER2, c-MET and IL13Ra2. As shown in Figure 13
and Table 14, binding analysis on target, non-target and CD3" Jurkat cells resulted in very
similar binding curves and ECso values, with slight advantages of scDbs for target binding.
Cytotoxicity analysis in cocultures of target tumor cells with PBMCs revealed clear differences
between scDbs and BiTEs targeting HER2 and IL13Ra2 (Figure 14, Table 15). In both cases,
ECso values of T-cell mediated cytotoxicity were significantly higher for the scDb format (6.6-
fold for scDb-HER2 and 14.0-fold for scDb-IL13Ra2). In contrast to the scDb-IL13Ra2, the
scDb-HER?2 still reached the same maximum cytotoxicity as the corresponding BiTE, the
generated dose-response curves for scDb and BiTE therefore presenting a clean shift, both
within the low picomolar range. The scDb-IL13Ra2 did not reach the same level of T-cell
mediated cytotoxicity as the BiTE on target cells, suggesting a structural deficit of the scDb
format. Induction of cytotoxicity has not yet been directly compared for scDb and BiTE
formats. The differences in structure result in lower flexibility of the scDb format that would
not influence binding to either the TAAs or CD3, but could lead to steric hindrance when both

antigen binding sites of the scDb are to be engaged at the same time. Work by Asano et al.
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comparing different domain orders for diabodies has shown that binding affinities were not
notably influenced by Vi/V1 domain rearrangement, but significant differences in cross-linking
efficacies were observed. This was not the case for tandem-scFv molecules, where antigen
binding sites can rotate freely.[185] Furthermore, the design of linkers plays a crucial role for
the function of BsAbs. Amino acid composition and lengths of the linkers could be modified
for optimal scFv configurations.[186] Steric hindrance could also be explained by
inaccessibility of the epitope when scDbs are bound to TCRs or vice versa. Choosing a more
accessible epitope might lead to more effective cross-linking. These various points of
modification highlight the importance of structural optimization of scDbs. The scDb-cMET
characterized here performed on par with the BiTE-cMET, exhibiting equal binding properties

and level of T-cell mediated killing, suggesting an effective configuration of this molecule.

Because of their potential of inducing T-cell mediated cytotoxicity, I chose scDbs -HER2 and

-cMET as suitable bases for production of novel trispecific scDb-scFvs.
4.2 Characterization of Trispecific Antibodies

The trispecific scDb-scFvs are a novel type of dual-targeting agents only described as trivalent,
bispecific molecules to date, with a CD3 binding domain and two TAA binding domains
directed at HER3.[48] The scDb-scFv exhibited increased binding to HER3" cancer cells
compared to the corresponding scDb, resulting in increased T-cell activation, proliferation and
induction of T-cell mediated killing. Here, I targeted two different TAAs with a single trispecific
molecule. Encouraging results of other trispecific TCEs have been described. A nanobody-
based trispecific TCE consisting of three fused together nanobodies targeting CD3, FAP and
PDI1, has demonstrated antigen-specific killing and potent T-cell activation in vifro and
additionally suppressed tumor growth and enhanced T-cell infiltration of solid tumors in a
mouse model.[187] In a different approach, two nanobodies, or heavy-chain-only antibodies
(Vun), targeting EpCAM and EGFR, respectively, were fused to a CD3-binding scFv. This TCE
also showed potent target cell specific cytotoxicity in vitro and prolonged survival of tumor
bearing mice in vivo.[188] Recently, a trispecific antibody named DTriTE, constructed via
fusion of three scFvs specific for CD3, IL13Ra2 and EGFRVIIIL, was described.[189] Compared
to bispecific antibodies, this trispecific TCE demonstrated superior outcomes in both in vitro
and in vivo models and importantly, enhanced control of heterogeneous tumors in long-term
survival experiments. Fusion of three scFvs used to construct this antibody resulted in a
structure similar to the scDb-scFv. The more flexible Vu/VL arrangement of this format is likely

to make it less prone to steric hindrance during binding and cross-linking, but might come at
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the cost of stability under physiological conditions compared to the scDb-scFv, which, due to

its more rigid structure, is potentially better protected from proteolytic degradation.[47]

Based on my results for the scDb and BiTE characterization, I cloned and produced three
trispecific scDb-scFvs, namely scDb-HER2-scFv-EGFR, scDb-HER2-scFv-IL13Ra2 and
scDb-cMET-scFv-EGFR. Dual-targeting for these antigen combinations has been previously
described.[161-165, 167] I confirmed purity of all three scDb-scFvs via SDS-PAGE and
subsequent size-exclusion HPLC (Figure 17). All constructs eluted as one major peak, a low
molecular weight shoulder was observed for scDb-HER2-scFv-EGFR and scDb-HER2-scFv-
IL13R02, likely due to the very low yield following elution and subsequent strong
concentration on concentrator columns, leading to concentration of fragments and impurities.
The SEC analysis is similar to the results presented for the bispecific scDb-scFv.[48] Binding
analysis confirmed antigen-binding of all binding domains for all three scDb-scFvs (Figure 18,
Table 17). For scDb-HER2-scFv-EGFR and scDb-HER2-scFv-IL13Ra2, I detected slightly
weaker binding to Jurkat cells compared to the corresponding scDbs (and BiTEs), which was
in line with the scDb-scFv characterization of the Kontermann lab.[48] The markedly weaker
binding to TAAs targeted by the scFv domain of the trispecific scDb-scFv compared to the
corresponding BiTEs could point to steric hindrance for binding of these domains. The scDb-
cMET-scFv-EGFR showed equal binding properties compared to its corresponding bispecific
TCEs, suggesting that there was no interference between antigen binding domains for this
construct. Considering that all TCEs were produced in the same configuration, this might
suggest that the optimal configuration is different for each construct, depending on the
incorporated Vus and Vis. Differences in configuration of the same Vu and VL domains in a
trispecific DTriTE have been shown to influence binding properties and T-cell activation, where
the most potent configuration for the analyzed construct was observed with a central positioning
of the anti-CD?3 scFv.[189] The deficiencies of scDb-HER2-scFv-EGFR and scDb-HER2-scFv-
IL13R02 seen in the binding analysis also translated into weaker induction of T-cell mediated
cytotoxicity in cocultures of target cells and PBMCs compared to the corresponding bispecific
TCEs (Figure 19, Table 18). Interestingly, this was also the case for cocultures with double
target-positive cell lines, although binding was stronger for the scDb-scFvs in these cell lines
than for corresponding scDbs and BiTEs. This might be due to the weaker CD3 binding of these

scDb-scFvs and/or steric hindrance during cross-linking.

In an attempt to overcome the limitations of the scDb-scFv format, I reconfigured the TCEs

scDb-HER2-scFv-EGFR and scDb-HER2-scFv-IL13Ra2, moving the scFv from the C-
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terminus to the N-terminus. For the TriTE, a trispecific antibody consisting of an scFv with
variable domains of heavy-chain only antibodies (Vuns) fused to both N- and C-terminus of the
scFv, significantly weaker binding and cross-linking abilities of the C-terminal Vun were
described.[188] In a similar trispecific format (TriTAC) consisting of an scFv with fused Vuns,
significantly weaker binding of the N-terminally Vuu was shown for one of the described
constructs.[190] These results show that positioning of domains in a trispecific antibody is
complex and depends on both the format and sequence of domains. I compared the new scFv-
EGFR-scDb-HER2 and scFv-IL13Ra2-scDb-HER2 to their corresponding scDb-scFvs
regarding target cell binding. Unfortunately, I could not show improved scFv-scDb binding
compared to the corresponding scDb-scFvs, suggesting that the positioning of the scFvs was
not causal for the observed binding properties (Figure 21). Another possible modification would
be an adjustment of linker lengths, which is known to affect antigen binding properties.[191]
Other scFv-based trispecific antibody formats consisting of the same basic elements as the
scDb-scFv are the aforementioned DTriTE and the Triplebody. The Triplebody also links three
scFvs together as a single-chain molecule. It has shown promising efficacy in vitro, with
specific antigen binding and cell lysis, both as TCE and NCKE.[192-195] Rearrangement of
Vus and Vis of scDb-scFvs to create DTriTEs / Triplebodies could be easily performed as

another alternative.

My results showed that in contrast to the scFv-EGFR-scDb-HER2 and scFv-IL13Ra2-scDb-
HER2, the scDb-cMET-scFv-EGFR exhibited convincing potency in cocultures, performing on
par with corresponding bispecific TCEs on single target-positive cells and with significantly
higher induction of T-cell killing in double positive cells. These properties of the scDb-cMET-
scFv-EGFR made it a very promising TCE for dual-targeting of ¢-MET and EGFR via
intratumoral delivery by oAds. Compared to a combination of two bispecific TCEs, the scDb-
scFv requires less genomic space in an 0oAd, reducing the risk of genomic instability and
attenuation. Furthermore, two bispecific TCEs possess two identical anti-CD3 scFvs,
dramatically increasing the risk of homologous recombination. Lastly, the trispecific scDb-scFv
is less likely to become subject to the high-dose hook effect[196] compared to two bispecific
TCEs. In high antibody concentrations that could be reached during phases of TCE-armed oAd
replication within the tumor, binding sites on both target cells and T-cells could become
saturated, reducing the formation of immune synapses. This effect would be observed in lower
concentrations of two bispecific TCEs compared to one trispecific TCE, due to the additional

CD3-binding domain.
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4.3 Characterization of Armed oAds

The final part of this thesis aimed to produce and characterize oAds armed with genes for TCEs
for dual-targeting of EGFR and c¢-MET, testing different expression strategies and insertion
sites. c-MET is expressed on healthy epithelial cells of numerous organs throughout life[197]
and overexpression of c-MET and its constitutive activation has been described for a great
variety of tumors.[198] Similarly, EGFR is also expressed on cells of many healthy organs and
dysregulation of the EGFR pathway, accompanied by its overexpression on cell surfaces, is a
characteristic of numerous human cancers.[199] The presence of these two receptors on healthy
cells of most human organs poses challenges for systemic administration of c-MET and EGFR
targeting agents.[200, 201] In order to effectively target c-MET and EGFR while minimizing
systemic side effects, intratumoral delivery of therapeutics such as TCEs via 0Ads can be a

promising alternative.

The combination of virotherapy and antibody therapy has been extensively studied since over
15 years, with numerous antibody formats, including whole immunoglobulins, antibody
fragments and bi- and trispecific antibodies, having been described.[110, 202] To date, an OV
driving expression of an antibody targeting two distinct tumor antigens has not been described.
Antibodies can be administered either separately as proteins or as transgenes encoded in the
OVs. If delivered via transgenes, antibodies are produced locally in the tumor, mitigating
systemic toxicity of encoded antibodies and allowing for higher concentrations of therapeutic

antibodies in situ with better tumor perfusion.[203]
4.3.1 Dual Expression Cassettes

In order to effectively compare expression of a trispecific TCE to that of two bispecific TCEs
regarding anti-tumor activity, I explored two dual-expression strategies. On the one hand, |
investigated expression of an scDb and a BiTE via a bidirectional promoter cassette and on the
other hand dual-expression via a T2A peptide. I explored these two expression strategies due to
their smaller genomic size compared to two full length promoters. An expression cassette for a
bispecific TCE, including the CMV promoter, the TCE gene and the poly A tail, was approx.
2.3 kb long. This meant that dual-expression via two independent expression cassettes would
have surpassed the size limit of 105 % of the wt genome, which allowed for insertion of a
maximum of approx. 4.5 kb. In addition, the use of bidirectional promoters or T2A peptides
would also reduce the number of repetitive sequences, reducing the risk of homologous

recombination.
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Both strategies have been described for transgene expression by OVs. ONCR-177, an HSV that
underwent a phase I clinical trial in 2023, expresses a total of five transgenes driven by a
bidirectional promoter cassette consisting of the CMV early enhancer/chicken B actin (CAG)
and the synthetic MND promoter (a synthetic promoter containing the U3 region of a modified
Moloney murine leukemia virus long terminal repeat). The transgenes expressed via these
promoters were separated by T2A sequences.[204, 205] Here, I constructed bidirectional
promoter cassettes using the minimal CMV promoter with either the full CMV promoter or the
hPGK1 promoter in a tail-to-tail fusion with a common enhancer element (Figure 23B). The
mCMV-hPGK1 promoter has been described as functional in driving expression of the
puromycin and green fluorescent protein (GFP) gene.[206] The mCMV-CMV promoter was
adapted from Alcocer and colleagues, that showed functioning expression of TCRa and TCRf
chains with the bidirectional CMV promoter.[207] The bidirectional promoter constructs I
tested here were all able to drive expression of both firefly and Renilla luciferase, measured
following transient transfection of HeLa cells (Figure 23A). Both bidirectional promoter
constructs exhibited overall higher expression levels when the mCMYV promoter was driving
expression of the Renilla luciferase and the full length promoter was driving expression of the
firefly luciferase (CMV-mCMYV and hPGK1-mCMYV), suggesting a more effective transcription
for this orientation of the promoter cassettes. Bidirectional promoters similar to the mCMV-
CMYV and CMV-mCMYV promoters | employed here, were described by Andersen et al. using a
CMYV enhancer flanked by minimal CMV promoters in opposing directions. They found a 2:1
preference for transcription of the gene following the CMV enhancer in its natural
orientation.[208]. My results indicated this preference as well, although I could not directly
compare expression strengths of the two different luciferases in the assays. I chose the CM V-

mCMV promoter for further experiments, as it showed the highest overall expression.

While I could show expression of luciferases after transfection of HeLa cells, the bidirectional
CMV-mCMYV promoter did not retain its activity as driver of TCE expression by oAds. As
shown in Figure 27, only the BiTE-EGFR (transcription driven by full length CMV) was
expressed at low levels in either insert orientation and transduced cell line. Expression of the
scDb-HER2 was below detection limit, PCR analysis of the insert regions showed multiple
bands, suggesting recombination events with deletions within the inserts. The large size of the
inserts, 4367 bp, was close to the maximum insert size of approx. 4.5 kb that would keep the
0Ad genomes below 105 % of the wt genome. The large insert size and presence of identical
sequences could therefore have led to instability of the genomes facilitated by homologous

recombination, greatly increasing the probability for loss of unessential genes or gene
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segments.[84] To mitigate the problems of low expression and genomic instability, expanding
the repertoire of bidirectional promoter cassettes or optimization of the described promoters
could be performed, as well as using a different Ad serotype that could harbor a larger transgene

without exceeding or coming too close to the 105 % genome size limit.

My second approach for expression of two TCEs was using T2 A peptides, that have been shown
to facilitate equimolar expression of transgenes.[209] Surprisingly, I could not measure
production of TCEs for two of the tested configurations [(scDb-cMET-T2A-BiTE-EGFR)r and
BiTE-EGFR-T2A-scDb-cMET] after transfection of HeLa cells (Figure 24). Furthermore, TCE
expression did not appear equimolar for the working constructs [scDb-cMET-T2A-BiTE-EGFR
and (BiTE-EGFR-T2A-scDb-cMET)r], with a preference for the TCE behind the T2A-peptide.
This might also be explained by effects of the C-terminal residue of the T2A peptide, which has
been shown to interfere with protein function, which in this case could interfere with detection
antibodies binding to the C-terminal HA- or Myc-tag of the first TCE in the cassette.[210] Due
to the more equimolar expression with the scDb-cMET-T2A-BiTE-EGFR, I selected it for oAd
cloning. As for the bidirectional constructs, the 0Ads with T2A dual expression cassettes did
not confer equimolar expression of TCEs (Figure 28). Preference was again on the TCE after
the T2A peptide. In addition to possible detection interference by the T2A peptide, PCR of the
insert region revealed multiple bands for the Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR with
increasing intensity following multiple passaging, suggesting possible deletions within the T2A
expression cassette. Sequencing of the smallest band confirmed deletion of the sequence
between the end of the CMV promoter and the Vi of the scFv-EGFR (Figure S1). In contrast
to the bidirectional promoter cassettes, the TCEs expressed via T2A are encoded
unidirectionally, increasing the probability of homologous recombination between TCE
sequences. The CD3 binding domain, linker sequences and sequences of constant Vu/VL

regions are almost identical in scDb-cMET and BiTE-EGFR.

Taken together, I was able to clone dual expression cassettes with both directional promoters
and T2A peptides that conferred dual expression of TCEs after transfection. The bidirectional
promoter strategy failed to keep its dual-expression properties in the viral context. Although I
detected expression of both TCEs following infection of target cells with the Ad5/3-CMV-scDb-
cMET-T2A-BiTE-EGFR, expression was not equimolar analysis of the insert via PCR and
sequencing revealed deletions within the insert. These results underline the risk for genomic
instability when using large inserts and repetitive sequences, highlighting the advantage of the

trispecific scDb-scFv opposed to two bispecific TCEs.
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4.3.2 Oncolysis and Antibody Production

All viruses were produced at VP/TCIDs ratios similar to the Ad5/3-AE3 control virus, with the
exception of the Ad5/3-FSA-BITE-EGFR and the viruses encoding the bidirectional promoter
cassettes. As discussed before, the bidirectional promoter viruses carried inserts close to the
maximal transgene size, which could lead to unstable genomes and impaired replication.[84]
The Ad5/3-FSA-BIiTE-EGFR exhibited the highest VP/TCIDs ratio, with a markedly higher
ratio than the two viruses carrying the same TCE in the insert site behind the E4 region (Figure
26) in addition to poor oncolytic activity compared to the other oAds, even when infectious
titers were used (Figure 30). A previous study directly compared expression from the after-fiber
site with the after-E4 site with the same expression strategy and found that the after-fiber site
showed enhanced transgene expression that came at the expense of oncolytic potency.[85] This
would be in line with the clear attenuation of the Ad5/3-FSA-BiTE-EGFR found here and
suggests a link between the expression strategy for BITE-EGFR and oncolytic activity of the
0Ads. Another study by Jin et al. did not show this attenuation for Ad5 viruses expressing GFP
via SA in the after-fiber site, suggesting a dependency of the attenuation on the insert
sequence.[177] I did not test expression in the after-fiber site or after-E4 site with the same
promoter/splice acceptor, so a definitive conclusion regarding transgene expression could not
be reached here, although the higher transgene expression in the after-fiber position compared
to the after-E4 position has also been described elsewhere.[211] Although I did not include the
Ad5/3-FSA-BIiTE-EGFR in the final 0Ad panel, the expression strategy is highly preferrable
for approaches where high transgene expression is desired. Furthermore, the slow replication
compared to the other oAds could potentially delay clearance by the immune system, as it might

evoke a weaker immune response, prolonging transgene expression.[212]

For the viruses expressing TCEs via a CMV promoter, I found a clear link between insert
orientation and oncolytic activity. For all virus pairs [Ad5/3-CMV-BiTE-EGFR and Ad5/3-
(CMV-BIiTE-EGFR)r, Ad5/3-CMV-scDb-cMET and Ad5/3-(CMV-scDb-cMET)r, Ad5/3-
CMV-scDb-cMET-scFv-EGFR and Ad5/3-(CMV-scDb-cMET-scFv-EGFR)r] T observed an
attenuation of oAds when transgenes were inserted in the reverse orientation (Figure 30). Work
by Suzuki et al. showed that insertion of different transgenes in the after-E4 site in forward and
reverse orientation did not result in significantly differing infectious titers of 0Ads, suggesting
that my observed attenuation of 0Ads with inserts in the reverse orientation may be sequence-
dependent.[213] Their work also showed that the orientation of transgenes in the after-E4

insertion site was inconsequential for transgene expression, similar to my own findings for my
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0oAd panel. This effect was highly dependent on the transgene itself and other publications have
shown higher expression of transgenes in the after-E4 site in the reverse orientation, supporting
the finding that the RITR has transcription initiation properties.[177, 214] Here, I showed
slightly higher expression levels in the reverse orientation only for the Ad5/3-(CMV-BiTE-
EGFR)r compared to the Ad5/3-CMV-BiTE-EGFR.

Overall, the TCE concentrations that I measured for oAds with transgenes in the after-E4 site
were in the range of approx. 1-5 nM, 7 dpi at MOI 25 for SK-Mel-23 and MOI 5 for SW480
and SKOV3. The ECso values and concentrations where maximum toxicity was reached in
cocultures of tumor cells and PBMCs were all in the subnanomolar range (Figure 19, Table 18),
indicating that TCE production of oAds would be sufficient to effectively induce T-cell
mediated killing in tumors. The in comparison very high concentrations reached with the Ad5/3-
FSA-BiTE-EGFR (approx. 20 nM in SKOV3, 50 nM in SW480 and 150 nM in SK-Mel-23)
are likely to lead to the high-dose hook effect in tumor sites proximal to oAd-replication, but
could also provide higher concentration of TCEs in more distal tumor sites. If this would also
lead to more systemic leakage of TCEs and increased risk of on-target, off-tumor effects would

have to be investigated in vivo.

Another consideration for interpretation of the antibody expression data are limitations of the
quantification method. I performed quantification of TCEs with the supernatant of infected
cells, which themselves express the TCE targets. A fraction of the produced antibodies would
be bound to the cells and would not appear in the quantification. I measured the highest
production of the BITE-EGFR after infection of the EGFR™ SK-Mel-23 cell line, whereas
highest scDb-cMET production was measured in supernatants of infected c-MET™ SW480 cells.
Additionally, BITE-EGFR production was slightly higher compared to scDb-cMET production
after co-infection with Ad5/3-CMV-BiTE-EGFR and Ad5/3-CMV-scDb-cMET of SK-Mel-23
cells and the opposite was the case after co-infection of SW480 cells, albeit with a minimal
difference. Co-infection of EGFR"/c-MET™ SKOV3 cells also led to measurement of slightly
higher scDb-cMET titers, which would fit the data of better binding of BiTE-EGFR to SKOV3
cells compared to scDb-cMET (Figure 18B). Importantly, my data showed that co-expression
of two TCE:s either via co-expression driven by one 0Ad or via co-infection of two single TCE-

encoding oAds was feasible.
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4.3.3 Validation of Bioactivity of Virally Produced TCE

After I could show TCE secretion from infected cells in amounts sufficient to induce T-cell
mediated killing, I confirmed bioactivity of virally encoded scDb-cMET-scFv-EGFR compared
to conventionally produced scDb-cMET-scFv-EGFR. Analysis showed only insignificant
differences between scDb-cMET-scFv-EGFR and scDb-cMET-scFv-EGFR (v), with slightly
higher potency of the conventionally purified TCE. Size-exclusion HPLC revealed the presence
of HMWS for the virally produced TCE. HMWS have been shown to be potentially
immunogenic, which could lead to immune-mediated adverse effects.[215] The presence of
HMWS here could be explained by the production process that differs from the production of
the other purified antibodies.[216] For production of the virally encoded scDb-scFv, cells were
kept in medium containing FCS, which increases the risk of contaminants and components
interfering with the purification process.[217] Optimization of the production and purification

method for virally produced antibodies could allow for a more precise comparison.
4.3.4 T-cell Activation and Cytotoxicity

In order to elucidate the combined effects of oncolysis and TCE mediated cytotoxicity, I
prepared and analyzed cocultures with tumor cells, viruses and PBMCs. With this method, I did
not measure bystander killing mediated by virally encoded TCEs separately, but rather detected
the additive effect of oncolysis and T-cell mediated cytotoxicity. By comparing cytotoxicity in
cocultures with or without PBMCs, I had to ensure that the T-cell mediated effect was not lost
due to strong oncolytic effects by optimizing MOIs and ratios of effector to target cells. Similar
setups for characterization of BiTE-armed oAds have been previously described.[123, 124]
Alternatively, separating oncolysis and bystander killing is feasible as well by using
supernatants of TCE-armed oAd-infected cells for cocultures of tumor cells and PBMCs.[119-
121] As I had extensively characterized the TCEs and confirmed bioactivity of virally encoded
0Ads, I chose the assay for analysis of the combined oncolytic and T-cell mediated cytotoxic
effect. I narrowed down the virus panel in the cocultures to the viruses with transgenes in the
after-E4 site, with inserts in the forward orientation. I chose these viruses due to their higher
oncolytic activity and equal antibody production in comparison to the oAds with inserts in

reverse orientation.

The cocultures revealed that all armed oAds were capable of activating T-cells, measured by
secretion of IL-2 and IFNy and surface expression of CD69 (Figure 32). In cocultures of single

bispecific TCE-expressing 0Ads on single positive cells, I observed T-cell activation only when
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the antigen-binding TCE was produced, showing target cell specificity of produced TCEs.
When the non-binding TCE was produced, cytokine secretion was at the level of Ad5/3-AE3.
This very clear selectivity was lost to some degree in the cytotoxicity data (Figure 33), where I
observed T-cell mediated cytotoxicity also for the oAds expressing the non-binding TCE and
for Ad5/3-AE3. In both EGFR/¢c-MET" SK-Mel-23 and EGFR"/c-MET™ SW480 cocultures, |
detected enhanced killing in the presence of PBMCs after infection with non-targeting viruses
(Ad5/3-CMV-BIiTE-EGFR and Ad5/3-AE3 for SK-Mel-23 and Ad5/3-CMV-scDb-cMET and
Ad5/3-AE3 for SW480). In SW480, the cytotoxicity was significantly enhanced in both cases.
Two thresholds have been described for activation of cytotoxic T-cells, the first threshold
inducing T-cell killing and the second threshold inducing release of cytokines.[218] This
phenomenon described by Faroudi et al. was elucidated by analysis of spikes in the intracellular
Ca*" concentration of T-cells. Flow cytometric analysis of target cell lines SK-Mel-23 and
SW480 showed no expression of EGFR for SK-Mel-23 and no expression of c-MET for SW480
(Figure 12), but a more sensitive analysis has revealed low expression of these TAAs for these
cell lines.[219] It is therefore possible that lytic synapses were formed in the presence of
elevated TCE concentrations following infection, without crossing the second threshold for
cytokine secretion. An approach to test this hypothesis might be the use of different EGFR- or
c-MET-negative cell lines or knock-downs of either EGFR or c-MET, insuring the absence of
the TCE targets. Another mechanism that might have contributed to the observed cytotoxicity
is the release of TAAs, PAMPs and DAMPs following viral oncolysis, which could induce T-
cell mediated cytotoxicity through residual DCs.[220] Furthermore, the ICD signature differs
between cell lines and while there is no specific data for SW480, it is possible that a stronger
ICD signature of SW480 contributed to the significantly enhanced cytotoxicity in cocultures

with 0Ads and PBMCs, reducing the TCE-mediated effect.[221]

In regard to the co-targeting approaches, co-infection with Ad5/3-CMV-BiTE-EGFR and
Ad5/3-CMV-scDb-cMET showed equimolar antibody production (Figure 28), but the overall
lowest level of T-cell activation compared to the other co-targeting strategies. Expression levels
of the BiITE-EGFR were notably higher following infection with the Ad5/3-CMV-scDb-cMET-
T2A-BiTE-EGFR compared to the co-infection strategy, fitting to the more pronounced T-cell
activation in EGFR"/c-MET- SW480 and EGFR"/c-MET- SKOV3 cells, but only slight
differences in EGFR/c-MET" SK-Mel-23 cells. Concerning cytotoxicity, the co-infection
approach outperformed the co-expression approach in SK-Mel-23 and SW480, but not in
SKOV3. Arisk of the co-infection strategy are differences in replication that would lead to more

efficient spread of one virus in vivo and consequent loss of the other virus, and therefore one
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TCE, in the tumor. A study analyzing co-infection of tumor cells with a panel of armed HSV-1
has shown that the co-infection approach is feasible and effective at delivering multiple
transgenes while retaining viral replication in vitro, although imbalances in replication of the
different viruses could not be excluded.[222] In addition, co-infection of cells with two different
0Ads might lead to recombination events between the viral genomes, leading to loss or
modification of transgenes.[106] Lastly, regulatory challenges have to be considered when

using two distinct therapeutic agents instead of one.

The Ad5/3-CMV-scDb-cMET-scFv-EGFR was able to elicit T-cell activation and cytotoxicity
across all tested target cell lines at least equally well as the other viruses of the oAd panel
(Figures 32 and 33). With the exception of IFNy secretion in cocultures with SW480 cells, I
measured no significant differences of T-cell activation markers between Ad5/3-CMV-scDb-
cMET-scFv-EGFR and Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR. 1 observed the same
significant difference for the co-infection strategy, in addition to significantly lower CD69-
positive CD8" T-cells in SW480 cocultures. Concerning cytotoxicity, both co-expression and
co-infection strategies were inferior to the Ad5/3-CMV-scDb-cMET-scFv-EGFR. Lower
efficacy of the Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR can be explained by the non-
equimolar production of scDb-cMET and BiTE-EGFR. The additional problem of homologous
recombination for this virus was discussed in chapter 4.3.1. In addition to the aforementioned
problems of the co-infection approach, I measured slightly higher concentrations of the scDb-
scFv in supernatants of infected cells compared to the co-infection strategy, possibly
contributing to the higher cytotoxicity of the AdS5/3-CMV-scDb-cMET-scFv-EGFR in

cocultures.

Activation of T-cells in cocultures of Ad5/3-CMV-scDb-cMET-scFv-EGFR and PBMCs on
both single- and double-positive target cells proves cross-linking abilities of the secreted scDb-
cMET-scFv-EGFR for both EGFR and ¢c-MET and supports its potential for the treatment of
heterogeneous tumors. The effect of T-cell mediated cytotoxicity was greater in cocultures with
Ad5/3-CMV-scDb-cMET-scFv-EGFR than for any other virus across all cell lines, fitting to the
T-cell activation data. Interestingly, cocultures with Ad5/3-CMV-scDb-cMET-scFv-EGFR
showed overall higher potency than the other co-targeting strategies with Ad5/3-CMV-scDb-
cMET-T2A-BiTE-EGFR and co-infection of Ad5/3-CMV-BiTE-EGFR and Ad5/3-CMV-scDb-
cMET.

In conclusion, the T-cell activation and cytotoxicity data showed that a dual-antigen-targeting
approach using TCE-armed oAds was feasible. All tested co-targeting strategies successfully
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activated T-cells and induced T-cell killing in addition to viral oncolysis on single target- and
double target-positive cell lines. Importantly, the Ad5/3-CMV-scDb-cMET-scFv-EGFR offered
multiple advantages compared to either co-infection or co-expression approaches, i.e. stable
equimolar targeting of both antigens, genomic stability and more potent T-cell activation and
induction of T-cell mediated cytotoxicity across all single-target and double-target positive cell

lines.

4.4 Dual-Antigen-Targeting

My work proposes a novel dual-antigen-targeting strategy to address the problem of tumor
heterogeneity via a viro-antibody-therapy approach. Alternative dual-antigen-targeting
approaches have been described for small molecules, antibody and CAR-T cell therapy, in many
cases with the goal of increasing tumor selectivity. In case of BsAbs, dual-targeting approaches
make up only a small percentage of constructs under clinical evaluation and are almost
exclusively bispecific IgG antibodies, but many more formats are in development.[159, 223]
While dual-targeting via BsAbs offers advantages such as increased tumor selectivity, enhanced
payload delivery for ADCs and modulation of two cellular pathways simultaneously, BsAbs
still face the challenge of short half-lives in circulation and on-target off tumor toxicities that
can be mitigated by in situ production using OVs, eliminating the need for continuous infusion

and combatting the immunosuppressive TME.[224]

TCEs and NKCEs have also been explored for dual-targeting approaches, where at least
trivalent molecules or the simultaneous administration of two antibodies are required. An
NKCE co-targeting B-cell maturation antigen (BCMA) and CD200 has shown highly increased
selectivity of NK-cell mediated killing for double-positive target cells in vitro, proposed to
reduce off-tumor toxicities.[225] Similarly, a trispecific NKCE co-targeting EGFR and PD-L1
on tumor cells has also been described as a more tumor-selective agent compared to bispecific
constructs.[226] Apart from increased tumor selectivity, it induced immune checkpoint
inhibition and exhibited potent NK-cell mediated cytotoxicity in vitro. Numerous trispecific
TCEs are also under investigation, described in detail in chapter 4.2. An innovative co-targeting
approach was proposed by Banaszek et al., introducing the hemibody format that consists of a
TAA-binding scFv fused to either the Vg or VL of an scFv-CD3.[227] Complementary
hemibodies targeting EGFR and HER2 showed selective induction of T-cell mediated
cytotoxicity on a double target-positive breast cancer cell line in vivo. Although dual-targeting
TCEs and NKCEs show promising results, they face similar challenges as BsAbs, i.e. the need

for continuous administration for effective concentrations in the TME and systemic toxicities.
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CAR-T cells are also increasingly explored as dual-antigen-targeting agents. Infusion of two
different single-antigen-targeting CAR-T cells, infusion of T-cells with two CARs or
administration of T-cells with bispecific CARs have been described.[158] In a murine MM
model, co-targeting of BCMA and G protein-coupled receptor calls C group-5 member-D
(GPRCS5D) prevented BCMA-escape-mediated relapse.[228] In this model, all aforementioned
strategies for dual-targeting via CAR-T cells were compared and the bicistronic CAR construct,
expressing two different CARs in one T-cell, was found to be the most efficacious approach.
An encouraging phase 1 clinical trial demonstrated preliminary safety and bioactivity of
bicistronic CAR-T cells co-targeting EGFR and IL13Ra2 to address the problem of tumor
heterogeneity in GBM.[15] Reduced antigen escape was also observed by Hegde et al. using
CAR-T cells with extracellular CAR domains consisting of a HER2-binding scFv and a mutated
IL-13 molecule for co-targeting of HER2 and IL13R02.[167] The use of CAR-T cells presents
a promising strategy for dual-antigen-targeting, but also faces important challenges in solid
tumors, mainly the immunosuppressive TME and poor trafficking to and persistence in the
tumor.[181] The combination of CAR-T cells with OVs is increasingly investigated, as OVs
can help overcome challenges faced by OVs, importantly by reverting tumor
immunosuppression and the possibility of introducing transgenes stimulating CAR-T cell

function.[181, 229]

In conclusion, effective dual-antigen-targeting approaches have been described for different
antibody formats and CAR-T cells, pursuing both higher tumor selectivity and reducing antigen
escape. Both antibody- and CAR-T cell-strategies face important challenges that could be
combatted by combination with OV therapy.

4.4.1 Dual-Targeting of EGFR and ¢c-MET

My results show that dual-targeting of EGFR and c-MET is effectively feasible with TCE-
armed 0Ads, targeting both single and double target-positive cells. To date, dual-targeting of
EGFR and c-MET has been described for small molecule and antibody approaches. Importantly,
it has been shown that an interplay between EGFR and c-MET expression is seen in cancer,
where monotherapy targeting one receptor leads to compensatory mechanisms and upregulation
of the other receptor, underlining the rationale for co-targeting EGFR and c-MET.[230, 231]
TC-N19, anovel dual-inhibitor of EGFR and c-MET overcame resistance of EGFR TKI therapy
in an in vivo model of NSCLC, suppressing xenograft tumor growth.[161] Doxazosin, a drug
used for treatment of benign prostate hyperplasia and hypertension, showed suppression of
tumor growth, angiogenesis and metastases in an orthotopic allograft model of TNBC by
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simultaneous disruption of EGFR and c-MET signaling pathways.[162] In an in vivo model of
HNSCC, administration of an anti-EGFR and anti-c-MET TKI simultaneously led to increased
tumor control compared to monotherapy.[163] While these small molecules show encouraging
results for dual-inhibition of EGFR and c-MET, small molecules face important limitations,
including a wide range of side effects that affect various organ systems.[232] The property of
OVs enabling local delivery of biotherapeutics can circumvent systemic toxicities, supporting

the principle of co-targeting EGFR and c-MET via OVs.

The second strategy currently followed for dual-targeting of EGFR and ¢c-MET is the use of
BsAbs. Amivantamab, an FDA-approved bispecific antibody for the treatment of NSCLC,
inhibits ligand binding to both EGFR and c-MET and additionally facilitates ADCC.[233] It
has been used in multiple clinical trials as both mono- and combination therapy with
encouraging results, but is associated with notable limitations regarding its safety profile
stemming from the need of continuous systemic administration.[148] Another bispecific
antibody targeting EGFR and ¢c-MET, EMB-01, is currently recruiting for a phase I/II clinical
trial (NCT03797391) and has shown similar efficacy to Amivantamab in an in vivo patient-

derived xenograft model of NSCLC.[234]

In conclusion, dual-targeting strategies of EGFR and ¢c-MET with small molecules and BsAbs
have shown promising results, but face important challenges, especially regarding their safety
profile. My work showing functional co-targeting of EGFR and c-MET via oAd-mediated local

production of a trispecific TCE could mitigate systemic toxicities.
4.5 Conclusions and Outlook

In summary, my study revealed limitations of the scDb format concerning its cross-linking
abilities as a TCE in comparison to BiTEs. However, scDb-HER2 and scDb-cMET were
identified as suitable bases for the novel, trispecific scDb-scFv format. Characterization of
scDb-cMET-scFv-EGFR revealed promising dual-targeting efficacy, setting the groundwork
for production of an 0Ad panel for dual-targeting of EGFR and c-MET. I was able to show that
co-targeting was feasible via co-expression of two TCEs via one 0Ad, co-infection of two oAds
encoding one TCE each and infection with an 0Ad encoding the trispecific scDb-cMET-scFv-
EGFR. The trispecific TCE-armed Ad5/3-CMV-scDb-cMET-scFv-EGFR activated T-cells and
induced T-cell mediated killing in both single target- and double target-positive cell lines.
Taking the data of all tested cell lines together, it outperformed the other viruses of the virus

panel, including single TCE-armed 0Ads and strategies for delivery of two bispecific TCEs.
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Future experiments should be performed to optimize the agents that I generated in this thesis.
My work has clearly showed limitations of both the scDb and the scDb-scFv format. If future
constructs in the scDb or scDb-scFv format are explored, possibly for targeting of different
antigens, they will have to be thoroughly characterized in regard to antigen binding and
induction of T-cell mediated cytotoxicity. As only one out of the three scDb-scFvs described
here were efficacious for co-targeting and rearrangement of the scDb and scFv moieties did not
resolve the lack of efficacy for the inferior constructs, exploring other trispecific antibody
formats described in 4.2, especially the DTriTE / Triplebody format, as Vus and Vs of scDb-
scFvs can be readily reorganized into DTriTEs / Triplebodies, might be a promising alternative.
Nevertheless, the antibody formats described here can be used for targeting any single antigen
or combination of antigens in future experiments, as engagers for T-cells or other immune cells,
such as NK-cells or macrophages. Furthermore, the expression strategies I employed here can
be optimized. While I was able to identify an insertion site and expression strategy that did not
or only slightly attenuate 0Ads, the co-expression strategies using bidirectional promoters and
T2A peptides showed clear limitations. Future experiments could be conducted to optimize the
bidirectional expression cassettes described here or explore other promoters for bidirectional
expression. Using the AdS5 platform with an E3 deletion allows for a transgene size of
approximately 4.5 kb, restricting the choice of promoters regarding their lengths. Using an
alternative adenovirus serotype or another OV platform with a higher genomic cargo capacity

might offer more flexibility regarding the choice of promoters.

Using the Ad5/3-CMV-scDb-cMET-scFv-EGFR, next steps for characterization would include
experiments to test efficacy in heterogeneous tumor models. For in vivo characterization of a
DTriTE targeting EGFRvVIII and IL13Ra2, Park et al. generated a heterogeneous tumor model
by coculturing EGFRVIIT"/IL13R02™ U87VIII cells and EGFRVIIT/IL13R02" U251 cells in a
1:1 ratio to grow heterogeneous tumors in an intracranial GBM model.[189] In another
approach, Hegde et al. observed antigen escape of the U373 GBM cell line after monotargeting
of either HER2 or IL13Ra2. They showed that dual-targeting of HER2 and IL13Ra2 with CAR-
T cells mitigated antigen escape in vitro and in vivo.[167] These preclinical models could
readily be transferred to characterization of TCE-armed oAds. It would be important to monitor
systemic TCE concentrations in the mouse models in order to elucidate the risk of on-target off-

tumor effects of locally delivered TCEs.

In conclusion, the Ad5/3-CMV-scDb-cMET-scFv-EGFR, armed with a novel trispecific TCE,

represents a promising therapeutic agent for treatment of EGFR- and/or c-MET-positive tumors.
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Further studies, especially in vivo assays, are needed to further characterize the Ad5/3-CMV-
scDb-cMET-scFv-EGFR, investigating its clinical potential and safety in a 3D setting. The
Ad5/3-CMV-scDb-cMET-scFv-EGFR is not restricted to any tumor entity and could therefore

be employed for treatment of a variety of tumors.
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Figure S1 Deletion of sequence in Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR. A) Gel electrophoresis of PCR amplicons
in 1 % agarose gel. 1 - purified virus; 2 - passage one, 4 dpi; 3 - passage two, 9 dpi (cumulative); 4 - passage 3, 14 dpi
(cumulative). Red rectangle marks sequenced band. B) Annotated insert area of 0Ad genome. Highlighted area marks deleted
sequence as confirmed via Sanger sequencing.
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Figure S2 Oncolytic activity of 0Ads. Cytotoxicity assays of oAds on SK-Mel-23, SW480 & SKOV3. Target cells were
infected with serial 5-fold dilutions of 0Ads (MOI = TCIDso titer / cell). Cells were stained with crystal violet at time points of
best visibility of differences between oAds. FSA-BEHH — Ad5/3-FSA-BiTE-EGFR; CMV-BEHH - Ad5/3-CMV-BiTE-EGFR;
CMV-BEHHTr - Ad5/3-(CMV-BIiTE-EGFR)r; CMV-SMMH - Ad5/3-CMV-scDb-cMET; CMV-SMMHTr - Ad5/3-(CMV-scDb-
c¢cMET)r; CMV-SMFE - Ad5/3-CMV-scDb-cMET-scFv-EGFR; CMV-SMFEr - Ad5/3-(CMV-scDb-cMET-scFv-EGFR)r;
CMV-MTB - Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR; A24AE3 - Ad5/3-AE3; CMV-luc — Ad5/3 (non repl.); Med - medium
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Figure S3 T-cell activation data with all significant differences indicated. Cells were infected with MOI 5 (SK-Mel-23) or
MOI 1 (SW480, SKOV3). PBMCs were added 1 dpi, IL-2 concentrations in the supernatant and CD69 surface expression were
measured 24h post addition of PBMCs. IFNy concentrations in supernatants were measured 48h post addition of PBMCs.
Cytokine levels were measured via ELISA, CD69-expression via flow cytometry. Data gathered from 3 independent
experiments with different donors, values shown as mean + SD (n=3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

one-way ANOVA.
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Figure S4 Viability curves of tumor cells in cocultures of TCE-armed oAd-infected tumor cells with and without
PBMCs. Tumor cells were infected with serial dilutions of 0Ads. PBMCs were added 1 dpi and cell viability was measured
via crystal violet staining 3 days after addition of PBMCs. PBMCs were added in an effector:target cell ratio of 3:1 for
SKOV3 and SW480 and 6:1 for SK-Mel-23.CB - Ad5/3-CMV-BIiTE-EGFR; CM - Ad5/3-CMV-scDb-cMET; CF - Ad5/3-
CMV-scDb-cMET-scFv-EGFR; MTB - Ad5/3-CMV-scDb-cMET-T2A-BiTE-EGFR; CB+CM - Ad5/3-CMV-BiTE-EGFR +

Ad5/3-CMV-scDb-cMET; dE3 - Ad5/3-AE3; “+” - with PBMCs.
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