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Abstract

Attenuated measles virus (MV) vaccine strains pegfegally infect, replicate in and thus
destruct cancerous cells. In recent years, it le@®rbe evident that therapeutic success of
oncolytic virotherapy largely depends on the motioitaof the immune system. MV-mediated
oncolysis induces an immunogenic cell death (IG@)ich provides the basis to enhance or
reinitiate a sustained antitumor immune responseclihical testing, salvage therapy with
oncolytic MV has led to complete tumor resolutiodemonstrating its therapeutic potential.
However, extensive therapeutic efficacy is limiteca minority of patients. Thus, efforts are
put into preclinical research to generate morergd#V vectors.

Many strategies in cancer immunotherapy aim to argr cell responses against tumor cells.
Bispecific T cell engagers (BIiTEs) simultaneoushgage T cells and tumor cells. BIiTE-
mediated T cell engagement activates the engagesdl &nd specifically directs its cytotoxic
potential towards the crosslinked tumor cell. Bithierapy has achieved compelling clinical
success in the treatment of B cell malignanciesvéil@r, BITEs have failed to demonstrate
efficacy against solid tumors so far. Moreover, rstierminal half-life of BITES requires
continuous intravenous infusion and systemic adstriiion of BITES can cause severe or even
fatal side effects.

We hypothesize that tumor-targeted expression DEBby oncolytic MV enhances therapeutic
efficacy, as compared to either monotherapy alénethermore, we hypothesize that tumor-
restricted BiTE-expression reduces systemic exgoBuBITES and thus increases safety of
BIiTE therapy. To test these hypotheses, MVs encp8iiTEs were generated (MV-BITE).
MV-BITE vectors were characterizéalvitro in terms of replication kinetics, oncolytic activi
and BIiTE expression. BiTEs produced by MV-BiTE-ictied cells were purified to evaluate
binding specificity and BiTE-mediated T cell cytgtaity invitro. Therapeutic efficacy of MV-
BiTE in terms of survival was demonstrated usingggneic and xenogeneic tumor models.
For all studies, no signs of MV-BiTE-related toxies were observed and BIiTE plasma levels
of MV-BIiTE-treated mice remained below detectianiti

Conclusively, tumor-targeted expression of BiTEsobgolytic MV is feasible and prevented
systemic exposure to BiTEs. Moreover, MV-BITE traaht demonstrated therapeutic efficacy
in different models of solid tumoris vivo. The MV-BITE constructs constitute a modular
vector platform that can be adapted to target anmyot antigen of choice. Thus, MV-BITE
therapy represents a promising approach for indalided cancer immunovirotherapy.






Zusammenfassung

Abgeschwachte Viren des Masernvirus-Impfstammaeszsi@nén und replizieren praferentiell in
Krebszellen, was zur Zerstérung der infiziertendszelle fihrt. In den vergangenen Jahren
wurde bewiesen, dass der Erfolg der onkolytischgnstherapie zu einem Grof3teil von der
Modulation des Immunsystems abhangt. Masernviraswitelte Onkolyse induziert einen
immunogenen Zelltod, welcher die Grundlage fur\deestarkung oder Reinitialisierung einer
anhaltenden Anti-Tumor-Immunantwort bereitet. Innidlchen Studien mit onkolytischen
Masernviren konnten Tumore in austherapierten Kratisnten vollstandig zurtickentwickelt
werden, was das therapeutische Potential von Masenneindrucksvoll demonstriert. Jedoch
werden solch umfangreiche therapeutische Effektebei wenigen Patienten erzielt. Aus
diesem Grund sind Wissenschatftler in der préklmescForschung darum bemuiht potentere
Masernviren zu entwickeln.

Viele Strategien in der Krebsimmuntherapie versacezielt die T-Zell-Antworten gegen
Krebszellen zu verstarken. BIiTE-Antikdrper (bisfiecilT cell engager) sind bispezifische
Antikorper, die T-Zellen und Krebszellen miteinanderbinden konnen. Die BiTE-vermittelte
T-Zell-Bindung aktiviert die T-Zelle und richtetrilzytotoxisches Potential spezifisch gegen
die verbundene Krebszelle. Die BiTE-Therapie hatrédéugende klinische Erfolge in der
Behandlung von bdsartigen B-Zell-Erkrankungen érziedoch haben BiTE-Therapien bisher
keine Wirksamkeit gegen solide Krebserkrankungezreige Dartber hinaus erfordert die
kurze Halbwertszeit von BiTE-Antikdrpern eine kontierliche intravendse Infusion und die
systemische Gabe von BITE-Antikorpern kann ernsthader sogar tddliche Nebenwirkungen
verursachen.

Wir stellen die Hypothese auf, dass die ExpressinBiTE-Antikdrpern in Krebszellen durch
das onkolytische Masernvirus die therapeutisch&¥dmkeit im Vergleich zu den jeweiligen
Einzeltherapien verbessert. Des Weiteren nehmearwidass die lokale Expression von BIiTE-
Antikorpern die systemische Belastung verringertd wladurch die Sicherheit der BIiTE-
Therapie verbessert. Um diese Hypothesen zu tlderpwurden Masernviren hergestellt, die
BIiTE-Antikorper kodieren (MV-BITE). Die MV-BITE-Vetoren wurdenin vitro bezuglich
ihrer Replikationskinetiken, ihrer onkolytischentAdtat und der BiTE-Antikdrper-Expression
charakterisiert. BITE-Antikdrper, hergestellt von VMBITE-infizierten Zellen, wurden
aufgereinigt, um ihre Bindungsspezifitat und di@ Bivermittelte T-Zell-Zytotoxizitatn vitro

zu untersuchen. Die therapeutische Wirksamkeit \WW-BiTE in Bezug auf die
Uberlebensdauer von Mausen wurde in syngenen urateaen Tumormodellen demonstriert.

\Y,



In allen Studien wurden keine Anzeichen einer MM{Biverursachten Toxizitat beobachtet
und die BITE-Plasma-Level von MV-BIiTE-behandeltenalden blieben unterhalb der
Nachweisgrenze.

Zusammenfassend kann gesagt werden, dass die BEigpregon BITE-Antikdrpern in
Krebszellen durch onkolytische Masernviren realime ist und eine systemische Belastung
mit BiTE-Antikdrpern verringert. Dartber hinaus damstrierte MV-BITE therapeutische
Wirksamkeit in verschiedenen Modellen solider Tuenior vivo. Die MV-BIiTE-Konstrukte
stellen eine modulare Vektor-Plattform dar, die lwefise an jedes beliebige Tumorantigen
angepasst werden kann. Dadurch verkorpert die MMEBIherapie einen vielversprechenden

Ansatz in der individualisierten Krebs-Immunvirustapie.

Vi
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1. Introduction

1.1. Motivation

In 1971, President Richard Nixon signed the Nati@ancer Act and thereby declared “war
on cancer”, which in those times represented a magase of death worldwide. Back then,
discovering the cure of cancer did not seem lesypiam than President Kennedy's
pronouncement in 1961 to land a manned missioh@iMibon. While first men set foot on the
lunar surface in 1969, cancer still remains a legdiause of death with 8.7 million cancer-
related deaths half a century laté). (Statistically, one in three men and one in faemen

will develop cancer during a lifetimel)( Still, the field of cancer research impressively
developed in the past decades and we are by n@i@ptecociously detect and better control
some tumor diseases. But chances for cure appkavéono prospect of success in an advanced

stage of disease or if standard therapy fails.
1.2. The Immune System and Cancer - a double-edged Sword

The immune system has the exceptional ability tmgaize and clear neoplastic cells which
eventually could give rise to cancer, a phenomdamwn as “cancer immunosurveillance”
(2). In doing so, cells of the immune system prewitih a remarkable specificity and efficiency,
which outclasses all anticancer drugs known hithétill, tumorigenesis takes place under the
surveillance of a fully functional immune systenerpetual immunological elimination of
incipient cancer cells may facilitate the emergeoiceumor cell variants, which acquired the
ability to evade or even to counteract the immuystesn. This process corresponds to the
broader concept of “cancer immunoediting” which cedates the ambiguous role of the
immune system in cancer prevention and progreg8jorCellular and molecular mechanisms
of immune evasion are well described and immunderawas proposed to constitute an
emerging hallmark of cancet,(5). The initiation of a sustained antitumor immuasponse is
an iterative process described as the “cancer intgnggcle” (6). The patient’s individual
cancer immune status may be impaired in one or rstgps of this cycle of anticancer
immunity. Specific manipulations of the immune gystto enhance or reinitiate anticancer

immunity is the main objective of cancer immuno#sr (7, 8).



1. Introduction

1.3. Cancer Immunotherapy

1.3.1.A Historical Perspective

Ancient writings on papyrus report on Imhotep’sde#fied Egyptian chancellor to the pharaoh,
architect and physician (approximately 2,600 BCyeeommendation to treat swellings
(tumors) with a poultice followed by incision ofethumor. This procedure causes an infection
at the tumor site which may result in tumor regi@s$9). Various rudimentary approaches to
stimulate the immune system in cancer therapy baes described over thousands of years.
In the nineteenth century, Dr. William B. Coley28-year-old surgeon in the first year of
practice, was deeply affected by the death of ingg $arcoma patientlQ). Coley became
interested in treatment of sarcomas and diggedhistorical medical literature. He found many
physicians to report on spontaneous tumor regnessfter coincidental bacterial infections
(11). Inspired by the medical literature, Coley expemtally developed “Coley’s toxin”, a
mixture of heat-killedStreptococcus pyogenes and Serratia marcescens. His first sarcoma
patient treated with Coley’s toxin went into a liexg complete remission and Coley became
the “father of cancer immunotherapy2j.

However, Coley’s toxin and cancer immunotherapgeneral were controversially discussed
in medical science, due to low response rates alatlkaof understanding the underlying
mechanisms. Then, in the 1990s and 2000s somevakiseis aroused attention to the field of
cancer immunotherapy. Immunodeficient mice werearsusceptible to carcinogen-induced
tumors than wild-type micel8). Furthermore, tumors were induced in immunodefitimice
and transplanted into naive syngeneic immunocompete&e. A significant number of mice
(40 %) rejected tumor transplants derived from imodeficient mice. In contrast, when
tumors were induced in immunocompetent mice amspianted into wild-type mice, no tumor
rejection was observed4). These findings directly proved the importanceimmunity in

cancer and revived the field of cancer immunothgrap
1.3.2.The Principles of Cancer Immunotherapy

Cancer immunotherapy comprises various approaamnesamcer treatment, which modify
components of the immune system to enhance ortied@ia sustained antitumor immune

response. The initiation of an antitumor immungoese is described by Chen and Mellman
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as an iterative process which is effected in sesteps §): Antigens from dying tumor cells are
released (step 1). Tumor-specific and -associattidemns (TSAsS/TAAS), e.g. derived from
mutated genes, oncogenic viruses, oncofetal poteinposttranslationally altered proteins
(15), are ingested by immature migratory dendritidscéDCs). Immunogenic cell death and
proinflammatory cytokines mature DCs into activatadhunogenic DCs which present tumor
antigens on major histocompatibility complex (MH@ass | and Il to T cells in lymphoid
organs (step 2)16, 17). Antigen-specific T cells are primed and actidhlby DCs and become
cytotoxic T lymphocytes (CTLs) (step 3). Next, CTleave the lymphoid organs and traffic to
the tumor site via the blood stream (step 4). Attthmor site, CTLs leave the blood stream and
infiltrate the tumor, further referred to as tumafittrating lymphocytes (TILs) (step 5). TILs
recognize the specific tumor antigens on the turetls (step 6) and eliminate tumor cells (step
7). Elimination of tumor cells results in the redeaf more tumor antigens (step 1). The cancer

immunity cycle continues which broadens and botbsisantitumor immune respon$).(

However, single or multiple steps in the cycle ofigancer immunity are impaired in cancer
patients, which hampers the immune system to esltabl maintain a sustained antitumor
immune response. Tumor cells might become unrezagta for T cell-mediated elimination
by impaired antigen processing or antigen presentan MHC class | molecule&). Immune
checkpoint molecules e.g. cytotoxic T-lymphocyteeasated protein-4 (CTLA-4, cluster of
differentiation (CD)152) and programmed cell deatfiRrD-1, CD279) inhibit T cell signaling.
Tumor cells might express ligands for such immumec&point molecules to suppress immune
function. A variety of immune inhibitory cytokines,g. transforming growth fact@<{TGF-

B), vascular endothelial growth factor (VEGF) oroatehmine 2,3-dioxygenase (IDO) can be
expressed by tumor cells or tumor-associated siraelés (19). Also immunosuppressive
leukocytes, such as regulatory T cells, myeloidweéer suppressor cells (MDSCs),
plasmacytoid DCs (pDCs) and M2 macrophages produaeitory cytokines and support
tumor developmentl@). Different immunotherapies have been developespézifically target
immune escape mechanisms, which might resolve inemhlockade and lead to tumor
remission. However, only few cancer patients sezimenefit from these therapie0]. The
individual and heterogenic immunological landscayetumors often requires additional
immune regulating interventions. It remains a saisal challenge to understand the entirety
of immune regulation and to identify biomarkerssébect for cancer patients who will benefit

from (most likely combined) cancer immunotheragi@s
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1.3.3.Classes of Cancer Immunotherapy

Modern cancer immunotherapies can generally besifiled into “active” and “passive”
approaches. On the one hand, active immunotheraliestly target the patient's immune
system to enhance or reinitiate a potent antitumonune response. Examples for active
immunotherapies are: (I) Cytokines: Interleukin)¢, Interferon (IFN)a2a and IFNe2b non-
specifically stimulate the patient’'s immune systamd are approved since the 1990s for
treatment of multiple solid and hematological madigcies 21). (lI) DC-based vaccines:
Autologous DCs are loaded vivo with patient-specific TAAs and are reinfused itite patient

to prime TAA-specific immune response®?). Sipuleucel-T, the only licensed DC-based
therapy, has been approved by the Food and Drugirstnation (FDA) for treatment of
metastatic, castration-resistant prostate canc®10 3). (11l) Immune checkpoint inhibitors:
Monoclonal antibodies (mAbs) target immunosuppresseceptors on T cells or the cognate
ligands on antigen-presenting cells (APCs), tunmal stromal cells. Ipilimumab (anti-CTLA-
4 mAb) was the first checkpoint inhibitor to be apged by the FDA for treatment of patients

with unresectable or metastatic melanoma in 2Q41 (

On the other hand, passive immune therapeuticethlirearget tumor cells. Examples for
passive immunotherapies are: (I) Tumor-targetingbsiATherapeutic mAbs are commonly
applied as anticancer drugs and employ a varietyexfhanisms to mediate cytotoxiciBby.
mADbs can block signaling pathways which are impurfar tumor growth or survival. Other
mMADbs opsonize malignant cells to induce antibodyemhelent cell-mediated cytotoxicity
(ADCC). Antibody-drug conjugates (ADCs) deliver o or radionuclides to tumor cells.
Rituximab, a CD20-targeting, opsonizing antibodgswhe first-in-class tumor-targeting mAb
to be approved by the FDA in 1997 for the treatnodmgatients with non-Hodgkin lymphoma
(NHL) (26). (1) Oncolytic viruses (OVs): OVs derive frommgathogenic virus strains, which
preferentially infect and replicate in malignanli€elhe direct cytopathic activity is mediated
by excessive viral replication. OVs can be engieé¢o encode additional transgenes, such as
therapeutic antibodies or immunostimulatory cytekito enhance antitumor effica@y). The
first-in-class oncolytic drug to be approved by #2A in 2015 is talimogene laherparepvec
(T-VEC) for the treatment of patients with recuttennresectable melanomasj. (lll)
Adoptive T cell transfer: Autologous TILs or pergral blood lymphocytes (PBLS) are selected

based on their tumor-reactive capacities or madlifee express genetically engineered T cell
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receptors (TCRs) or chimeric-antigen receptors (§AR cells are expandezk vivo and
reinfused into the cancer patie@9). Recently, the first CAR T cell therapy (tisagsaieucel)
has been approved by the FDA for treatment of odildand young adults with acute
lymphoblastic leukemia (ALL)30).

1.3.4.The Class of Bispecific T Cell Engagers (BIiTES)

BIiTE antibodies are fusion proteins of two, fleyibinked single chain variable fragments
(scFvs) (Figure 1.1). BiTEs simultaneously bind €D8component of the T cell co-receptor
CD3, and any TAA expressed on the tumor cell setfdte short, five amino acids (AAs)
linker connecting the two scFvs forces T cells iolose proximity to tumor cells which in
combination with T cell engagement via CD3 is sudfint to activate T cells31). Activated T
cells form cytolytic synapses which are identicalsiynapses formed upon regular T cell
activation 82). CD8" cytotoxic T cells and CD4helper and even regulatory T cells can be
engaged which induces the expression of activaharkers CD69 and CD25 and cytokines
such as IL-2, IFN, tumor necrosis factor (TNF), granzyme B and parnf(83-38). Thereby,
BiTE antibodies can induce T cell proliferation apdtent, serial tumor cell lysis at
subpicomolar concentrations or low effector to éarcell ratios 36, 37, 39). OKT3, an anti-
CD3 mAD, is known to non-specifically activate Tlisdby TCR complex-clustering4Q).
However, monovalent CD3-binding by BITEs is unatdeinduce T cell activation in the
absence of tumor cell8%). BiTE-mediated T cell cytotoxicity is independehiproper antigen
presentation by tumor cells, T cell co-stimulateamd TCR specificity32, 36, 41). Thus, BITEs
can engage polyclonal T cells to effectively eliatentumor cells, which may have evolved

immune escape mechanismg)(

Blinatumomab, a CD19-targeting BIiTE, is the firsT B antibody which has been approved by
the FDA for treatment of patients with relapsededractory (R/R) B cell precursor ALI48).
There is a high medical need for treatment optiani’/R ALL patients 44). Blinatumomab
was administered in short intravenous infusionheinitial phase | trials4b). Short terminal
half-life of approximately 2 h were observed anédkpserum levels caused severe toxicity
which led to early termination of the trials. Stésing and continuous intravenous infusion of
blinatumomab reduced toxicities and stabilizeddilimomab plasma leveld6). A phase Il
clinical trial compared blinatumomalm & 271) with standard of care (SOQ) £ 134).
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Complete remission rates and median survival forabimomab were superior to SOC (46
versus 28 % and 7.8ersus 4.0 months, respectivelyd{). Common grade 3 or higher adverse
events (AEs) were infections, pyrexia and hemaitoddgoxicities @8-51). However, serious

and even fatal AEs occurred which led to treatntiéstontinuation in 18 % of the patients,

including neurotoxicity 43).

a-CD3 antibody P

T cell

immunological
synapse

a-CD3xa-TAA
BiTE

tumor cell

a-TAA antibody

Figure 1.1: Representation of the bispecific T cekkngager (BITE) principle. (Left part)
BIiTEs consist of two single chain variable fragnse(dcFvs): One scFv is always directed
against the T cell co-receptor CD3 (blue). The sdcsrFv targets a tumor-associated antigen
(TAA) expressed on the tumor cell surface (redjgiRpart) Simultaneous binding of CD3 on
the T cell and a TAA on the tumor cell activates thcell and induces the formation of an
immunological synapse, which results in tumor beslis. Adapted from52).

Various BITE antibodies for hematological and sdlithors are in preclinical and clinical
development. Clinically most advanced BITEs are AMGO/MT 110 (anti-EpCAM,

NCT00635596), AMG 211/MEDI-565 (anti-CEA, NCT0229%j, AMG 212 (anti-PSMA,

NCT01723475), Bl 836909/AMG 420 (anti-BCMA, NCT028B9), and AMG 330 (anti-
CD33, NCT02520427). All BITE constructs demonstratgéent antitumor activityn vitro.
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However, meaningful therapeutic effects with BiTiasgeting solid tumors have not been
reported so far53-56).

Several other T cell and also natural killer (NK)Iengaging antibody formats are currently
under clinical investigation as anticancer dru§g, 68). Examples: (I) Dual-affinity re-
targeting (DART) antibodies are diabodies stabdimgth an inter-chain disulfide bond (e.g.
NCT02152956, NCT0224880%9). (Il) TrioMabs are immunoglobulin (Ig)G-like bispific,
trifunctional antibodies with a chimeric non-humaerregion that additionally interacts with
Fcy receptofr accessory cells (e.g. NCT00189345, NCT01569412T0NT@38579) §0). (111)
Tetravalent, bispecific tandem diabodies (TandABrevdesigned to target the NK cell
activating receptor CD16 and simultaneously theplgoma antigen CD30 (NCT02321592,
NCT03192202)1).

1.4. Oncolytic Viruses as Cancer Immunotherapeutics

Oncaolytic viruses (OVs) are classified as passiwmunotherapeutics based on their intrinsic
antitumor activity (chapter 1.3.3.). On the contrdVs can induce potent and lasting tumor-
directed immune responses which in some casesittbasthe most detrimental antitumor
effects 62). Hence, OVs can act as both, passive and adiveet immunotherapeutics.

According to Chen’s and Mellman’s concept of theaa immunity cycle, the release of TAAs
is the basis to induce an antitumor immune respgcisapter 1.3.2.). Oncolytic cell death
releases tumor antigens, which can be ingeste@diglant and infiltrating DCs. In addition,
most viruses induce an immunogenic cell death (I@E3). The virus-induced ICD provides
danger signals which recruit more DCs and matueentinto potent antigen presenting cells
(64). Danger signals are viral pathogen-associateceentdr patterns (PAMPS; e.g. nucleic
acids, viral proteins) and damage-associated mialepatterns (DAMPS; e.g. high-mobility
group box 1 (HMGB1), heat-shock proteins (HSPs)PAlric acid). PAMPs and DAMPs are
recognized by pattern-recognition receptors (PR&®) as toll-like receptors (TLRS), retinoic
acid-inducible gene-1 (RIG-1)-like receptors (RLRs)nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRspgF). PRR downstream signaling in the context of an
acute inflammation induces the release of cytokwmieieh recruit and activate further immune
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cells in favor of an antitumor immune response. (@, IL-12, IFN<y, TNF) (62). However,
viral infections potentially induce antiviral cellm and humoral immune responses as well and
rapid viral clearance will limit OV efficacy. Sewarstrategies such as natural or engineered
serotype switching, polymer coating of viral pdds; cell carriers or transient host
Immunosuppression have been explored preclinitalprotect OVs from premature clearance
by the immune systentg-73).

OVs have been genetically modified to augment vinggliated antitumor immunity by gene
delivery of immune modulating transgen&d)( Examples: (I) Local expression of cytokines
such as IL-275), IL-12 (76), IFN-B (77) or granulocyte macrophage colony-stimulatingdact
(GM-CSF) {8) has demonstrated enhanced therapeutic antitufiiceiay. (II) TAA release
and presentation by DCs after oncolysis can beideresl ann situ vaccination. OVs encoding
TAAs can boost the oncolytic vaccination effectsl @mhance antitumor immune responses
(79-84). (1) Immune checkpoint inhibitory (ICl) antibées have demonstrated significant
clinical success in the treatment of several swmirdor entities 85). However, efficacy of ICI
antibodies depends on an existing antitumor imnraaponse andce versa OV efficacy can
be limited by immune checkpoints. Not unexpectesiyergistic effects of ICI antibodies and
OVs have been described and ICI antibody-encodiig Itave been develope8b(94).

1.4.1.Clinical Applications of Immune Modulator-Encoding OVs

The clinically most advanced OV encoding an immumadulator is T-VEC, an oncolytic
herpes simplex virus (HSV) encoding GM-CSF. T-VEAS been approved by the FDA in 2015
for the treatment of patients with recurrent, uactgble melanoma (chapter 1.3.3.). A phase
[l trial compared treatment of melanoma patienith W-VEC (n = 295) to subcutaneous GM-
CSF f = 141). T-VEC was generally well tolerated and dlneable response rate (DRR) and
overall survival (OS) were significantly improvedmapared to the control arm (DRR: 16.3 %
versus 2.1 %; OS: 23.8ersus 18.9 months)95). Forty-seven % of injected lesions completely
resolved. However, complete resolution of only 2®®aninjected non-visceral lesions and 9
% of uninjected visceral lesions was achieved, sstjog that systemic antitumor immunity
could be improved by combination with other systily active immunotherapeutic drugs
(96). Currently, T-VEC and different combinations withl antibodies or chemotherapeutics
are under investigation for the treatment of metaao(NCT01740297, NCT02263508,



1.4. Oncolytic Viruses as Cancer Immunotherapeutics

NCT02366195) 93, 94, 97), breast cancer (NCT02658812, NCT02779855), healdnack
cancer (NCT02626000), hepatocellular carcinoma bwelr metastasis (NCT02509507),
lymphoma (NCT02978625) and sarcoma (NCT02453191,TNQ23778). Other OVs
encoding GM-CSF are currently under clinical depetent (JX-594, vaccinia virus (VV),
NCT02630368, NCT02562755, NCT02977156; Oncos-10d anG0070, oncolytic
adenoviruses (0Ad), NCT03003676, NCT02879669, N@B3331, NCT02365818). Further
OVs encoding immune modulators under clinical itigagion are: VSV-IFM-NIS, a vesicular
stomatitis virus encoding IFRand a sodium/iodide symporter (NIS) (NCT03017820,
NCT02923466); PROSTVAC, a VV encoding the TAA patstspecific antigen (PSA) and
three immune costimulatory molecules (NCT029332BK;T02326805, NCT02649439,
NCT02772562, NCT02506114, NCT01145508, NCT026498553\CT00450463,
NCT02153918, NCT01867333, NCT01875250, NCT01322480p-yCD/mutTKSR39rep-
hiL12, an oAd encoding IL-12 for treatment of patewith locally recurrent prostate cancer
after radiotherapy (NCT02555397); MG1MAS3, a hetegalus virus prime-boost vaccination
strategy with a non-replicating adenovirus encodirelanoma-associated antigen 3 (MAGE-
A3) (AdMA3, prime) and an oncolytic maraba virusceding the same TAA (MG1MA3,
boost) (NCT02285816, NCT02879760).

1.4.2.0ncolytic Viruses encoding Bispecific T Cell Engags (OV-BIiTES)

OVs have direct antitumor activity and the potdnteareinitiate or enhance a preexisting
antitumor immune response (chapter 1.3.3 and chaptd. However, physical and chemical
barriers within the tumor microenvironment (TMBE)ch as dense extracellular matrices, areas
of necrosis, intratumoral stromal cells, hypoxiaditions, low extracellular pH or elevated
interstitial pressure can limit viral infection, repd and oncolytic efficacy98, 99).
Furthermore, tumor cells can evade an OV-mediatéitlanor immune response by a variety
of immune escape mechanisms (chapter 1.3.2.). @ncomtrary, BITEs employ existing
polyclonal T cells and mediate tumor-specific immuwactivation, even against tumor cells,
which have evolved immune escape mechanisms (chhf3td.). However, serious and even
fatal AEs can occur after continuous intravenousision, which is required to maintain
therapeutic plasma levels. Furthermore, BITEs Imtg/et proven to be effective against solid
tumors. For solid tumors, a sufficient T cell déygly preexisting or infiltrating T cells has to

be given. After systemic application, BITEs havedach and penetrate the tumor, which is in
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principle feasible as demonstrated in a mouse sttty radionuclide-labeled anti-EpCAM
BIiTE (100). However, the implanted tumor cell lines homogersty expressed EpCAM, while
target antigen expression in cancer patients niighheterogeneous or negatively selected.
These factors provide a strong rationale, that tuta@eted BiTE expression by OV delivery
can overcome some major limitations of either mbactpy alone. Interestingly, BITEs could
even engage antiviral CTLs to direct them agaianstar cells, which might be valuable in
preventing premature viral clearance by the immsystem. The concept of OV-BIiTE mode
of action in the context of the cancer immunityleyis illustrated in Figure 1.2.

trafficking of T cells
to tumors (CTLs)

@

h
blood
vessel
lymph node \

priming and @

activation of L.cells infiltration of CTLs

into tumors (TILs)

elimination of tumor
cells (antigen-specific

® TiLs)

tumor antigen
presentation and
maturation of DCs

BiTE-directed elimination of
tumor cells (independent of
antigen presentation, TCR
specificity, co-stimulation)

immunogenic oncolysis @
(release of tumor antigens
and cytokines)

Figure 1.2: OV-BIiTE in the cancer immunity cycle.Virus-induced immunogenic cell death
releases tumor antigens (red dots) and pro-inflaimmpaytokines (green triangles) (step 1).
Tumor antigens, danger signals and cytokines argatdor DC maturation. Mature DCs are
potent antigen presenting cells, secrete furthekayes and activate T cells in tumor draining
lymph nodes (steps 2+3). Cytotoxic T lymphocyte$L€) infiltrate into tumors (steps 4+5).
Tumor infiltrating lymphocytes (TILs) recognize aneliminate tumor cells (step 6).
Furthermore, BITEs produced by OV-infected tumoliscengage polyclonal resident and
infiltrating tumor antigen-specific T cells to elimate tumor cells, independent of antigen
presentation and co-stimulatory signals (step dapted from §).

10



1.4. Oncolytic Viruses as Cancer Immunotherapeutics

The potential of oncolytic viruses encoding bisfiecl cell engagers (OV-BITES) has been
investigated preclinically. The first report on BYTEs was a vaccinia virus encoding an anti-
EphA2 BIiTE (VV-EphA2-BIiTE) (01). VV-EphA2-BiTE induced T cell activation by means
of IFN-y and IL-2 productionn vitro andin vivo. IL-2 production was not sufficient to induce
T cell proliferation. However, T cell proliferatiorcould be induced by additional
supplementation of the culture medium with 10l human IL-2. Furthermore, VV-EphA2-
BiTE was evaluated in preventing tumor growth irbcitaneous and lung colonization
xenograft models by VV-EphA2-BiTE and peripherabdd mononuclear cell (PBMC)

injections before tumor establishment.

More recently, Fajardet al. reported on an oncolytic adenovirus encoding akrE@rgeting
BiTE (0Ad-EGFR-BITE) (02). oAd-EGFR-BITE mediated T cell activation and ucdd T
cell proliferationin vitro. Luciferase-expressing T cells were intravenougBcted after oAd-
EGFR-BITE treatment of a subcutaneous xenografteldehjardoet al. observed significant

T cell infiltration into the tumor byn vivo bioluminescence imaging, compared to mice treated
with unmodified oAd. Both, intratumoral and intraneis injections of oAd-EGFR-BITE
demonstrated improved therapeutic efficacy in acstaneous xenograft model with the
transfer of PBMCs.

A second BiTE-encoding oAd was recently reportedrtsedmaret al. (0Ad-EpCAM-BITE)
(103). Peritoneal ascites and pleural effusions froranubtherapypretreated patients with
different malignancies were inoculated with oAd-BM-BiTE. Autologous T cells within the
patient samples were activated and efficientlyalee to primary human tumor celg vivo.
Ascites or pleural fluids from some patients wememiunosuppressive and significantly
attenuated T cell activation and degranulation BME-derived T cells by anti-CD3/CD28
bead activation. Interestingly, attenuated T astictions were not observed in the presence of
EpCAM-BITE, demonstrating the potential of BITEs tactivate T cells in an

immunosuppressive environment.
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1.5. Measles Virus

1.5.1.Measles Virus Biology

Measles viruses (MVs) are single-stranded, nega@vse RNA viruses of thdorbillivirus
genus within the family oParamyxoviridae. The enveloped, pleomorphic virion contains a
non-segmented, ~16,000 nucleotides RNA genome wdricbdes for six structural (N, P, M,
F, H and L) and two non-structural proteins (C &)dA schematic of the MV virion and MV
genome structure is illustrated in Figure 1.3. $hetranscription units are separated by non-
transcribed intergenic sequences of three nuckestidnd the genome is flanked by
extracistronic regions at thé @eader) and Ytrailer) ends. Leader and trailer sequences are
essential for viral replication and mRNA transdopt(104). The envelope is a host cell-derived
lipid bilayer and contains the membrane-associatattix (M) protein, lining the interior of
the virion, and two transmembrane glycoproteinsidin (F) and hemagglutinin (H) protein.
The glycoprotein H forms dimers of homodimers éwgters) and contains the receptor-binding
domain, which determines cellular tropism. H protetramers form oligomeric complexes
with trimeric F proteins. H protein receptor engagat induces H and F dissociation and a
conformational change in F, which mediates MV-luegk membrane fusioril(5). Basolateral
expression of F and H facilitates cell-to-cell fusiand results in syncytia formatiomvitro
andin vivo (106, 107). The M protein interacts with the cytoplasmic dadf the F and H
glycoproteins and modulates their fusogenic capdti3, 109). M protein also localizes to the
host cell nucleus and Yet al. recently demonstrated that M inhibits host aglhscription by
binding to nuclear factord10). Furthermore, M protein is in contact with theamucleoprotein
complex (RNP) and thereby plays a crucial rolesiseanbly of viral progenyi{1). The helical
RNP is a complex of the encapsidated RNA genome taedRNA polymerase. Each
nucleocapsid (N) protein binds six nucleotideshef tiral genome and the ribonucleocapsid is
required as template for transcription and replicatThus, it is necessary that the total number
of nucleotides of the MV genome is a multiple of, seferred to as “the rule of six112). The
ribonucleocapsid is associated with the viral RN&peindent RNA polymerase, which consists
of the phosphoprotein (P), a polymerase co-faatud, the large polymerase protein (L). Fhe
open reading frame (ORF) additionally encodes tamo-structural proteins, C and V. C protein
is encoded by th® mRNA but translation is initiated 19 nucleotidesamhstream of thé®

translation initiator methionin&. has an altered reading frame by RNA editing, wipidduces
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an alternative C-terminal domain. P, C and V magutbe cellular IFN response to suppress
antiviral defense mechanisms and to enhance apdication (13).

= lipid bilayer
nucleocapsid protein (N)

= phosphoprotein (P)

¢ matrix protein (M)

f fusion protein (F)

m hemagglutinin protein (H)

O large polymerase (L)

3'-leader FD H D L E 5'-trailer

Figure 1.3: Schematic representation of the MV vion and MV genome (Upper part) The
measles virus particle is enveloped by a hostdmilved lipid bilayer (green). The matrix
protein (blue) lines the interior of the virion argin contact with the nucleocapsid (orange)
and the luminal tails of the transmembrane glyctging, fusion (brown, trimeric) and
hemagglutinin (grey, tetrameric). The polymerasargfe) and phosphoprotein (red) are
associated with the nucleocapsid. The nucleocapsisists of nucleocapsid proteins and
encapsidates the viral RNA genome. (Lower parte8dtic of MV genome structure.

MV is directly transmitted by airborne spread, #fere extremely contagious and exclusively
endemic to humand14). However, MV is phylogenetically closest relatedinderpest virus
(RPV), an eradicated pathogen of catfl#5). MV could be derived from RPV by adaptation
to humans or MV and RPV have a common, zoonotiestoc (16). Cellular receptors for H
homodimers of MV include signaling lymphocytic aefiion molecule family member 1
(SLAMF1) (117), CD46 (118, 119) and nectin cell adhesion molecule 4 (nectini2p(121).

13
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The route of infection occurs via the respirataigct. MV H binds to CD209 on alveolar
macrophages and DCs, which induces translocatiortratellular SLAMF1 to the cell surface
and enables virus entr§22, 123). Infected DCs travel to draining lymphoid orgamsere T
and B cells are infected by transmission. The vaogplifies and disseminates to secondary
lymphoid organs, resulting in severe immunosuppoas®uring late infection, MV-infected
lymphocytes in the respiratory tract transmit MV epithelial cells via nectin-4 on the
basolateral surfacd13). MV progeny is released from the apical surfate the luminal side
where it can exit the host's respiratory tract nfect other individuals124). MV-induced
Immunosuppression is responsible for high ratemafality through opportunistic infections
such as pneumonia or diarrhea. Routine use of eseasiccination for infants prevented an
estimated 20.3 million deaths during 2000-201E5)J. However, the World Health
Organization (WHO) still estimated 134,200 meastdated deaths in 2015, mainly in

unvaccinated communities or in regions with inadeegumedical carelps).

1.5.2.0ncolytic Measles Viruses

MV was first isolated in 1954 in Ender’s laboratérym a 13-year-old boy, David Edmonston
(126). Most attenuated MV laboratory and vaccine sgantluding Zagreb, AIK-C, Schwarz,
Moraten and Edmonston B are derived from the Edtoonisolate by propagation in human
and avian culture system42f, 128). The first live, attenuated MV vaccine (Edmonston
B/Rubeovax) was licensed in 1963 in the USA. Mdteraiated, live vaccines were licensed
in 1965 (Schwarz) and 1968 (Moraten), which remaipetective in 50 years of clinical use
(114). In 1971, natural MV infections of patients suiifgg from Burkitt's lymphoma,
Hodgkin’s disease and leukemia were reported tocode with tumor regression and remission
(129-132). However, interest in using MV vaccine strains acolytic therapeutics only
increased in the 1990’s and early 2000’s, withaqund understanding of MV biology, MV
genomic sequencing dati3g), excellent MV vaccination safety records4), the ability to
genetically modify and rescue recombinant M¥85), promising preclinical datel86-139),

and a general increasing interest in the use dflgtic viruses 140).

The H proteins of wild-type MV and MV vaccine straihave a high affinity to SLAMF1.

However, predominantly MV vaccine strains also eygg&D46 by one or more amino acid
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exchanges in the H proteit4{l-143). CD46 is a complement regulator, which protectismal
cells from damage by activated complement andaeetbre ubiquitously expressetid). In

the context of cancer, CD46 is frequently overesped presumably to effectively protect
tumor cells from complement-mediated lysiglg). Interestingly, surface density of CD46
positively correlates with MV entry and syncytiarrfation, which aids intercellular viral
spread and enhances viral gene expressidf).( Oncolytic MVs have been genetically
engineered to modify MV tropism, monitor viral rigaition and kineticsn vivo, augment
antitumor activity and to evade host antiviral inmity (147). Insertion of large transgenes
(>6,000 nucleotides) in additional transcriptiontsi{ATUSs) is feasible and transgenes are
stably maintainedh vitro andin vivo (148, 149).

Encouraging results from clinical trials with cuémus T cell lymphomalb0) and ovarian
cancer {51, 152) led to the recruitment of patients for furthemial studies, including
multiple myeloma (NCT00450814, NCT02192775), owacancer (NCT02068794), head and
neck cancer (NCT01846091), glioblastoma multiforffdCT00390299) and pleural
mesothelioma (NCT01503177). No acquired drug rasc or dose limiting toxicities have
been observed so fat53).
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2. Aims and Objectives of the Study

The main purpose of this study is to provide probfconcept for therapeutic efficacy of
oncolytic measles viruses encoding bispecific T eagagers (MV-BiTE). Oncolytic MVs
have been recognized as potent immunostimulataiigaarcer agents. On the one hand, the
immunogenic cell death of MV-infected tumor cell®ydes the release of tumor-associated
antigens, which can be ingested by antigen-presgrdells (APCs) to prime an adaptive
antitumor immune response. Besides tumor debulkiingl infection causes an inflammatory
reaction with the release of cytokines and danged damage-associated molecular patterns,
which further recruits and activates immune cdlls. the other hand, BITEs simultaneously
bind T cells via CD3 and tumor cells via tumor-gpecor tumor-associated antigens.
Consequently, BITEs activate T cells and selegfivteiect T cells to lyse tumor cells. Of
advantage, BiTE-mediated T cell cytotoxicity is epgndent of T cell receptor specificity,
antigen presentation by the tumor cells or T cellstmulation. Thus, BiTE therapy can
circumvent some of the mechanisms evolved by turetls to escape an immune response.
BiTEs lack the Fc-region and are small-format asdibs, which is advantageous in terms of
tissue distribution. However, BITEs have a shortisehalf-life and need to be administered
continuously via infusion pumps. Moreover, systeadministration of BiTEs can cause severe
side effects. In addition, BITEs have failed to @@strate meaningful therapeutic effects

against solid tumors so far.

We hypothesize, that tumor-targeted expression iGIEE8 by oncolytic MVs enhances
therapeutic efficacy against solid tumors, as caegbato either monotherapy alone.
Furthermore, we hypothesize that tumor-restrictddEBexpression reduces systemic exposure
to BITEs and thus increases the safety profile diEBtherapy. The concept of MV-BITE
therapy is illustrated in Figure 2.1.

The study objectives include:

1. To generate measles viruses encoding bispecifelengagers (MV-BITE);

2. To characterize replication capacity and oncolgttvity of MV-BITE;

3. To characterize BiTEs secreted by MV-BiTE-infectedlls in terms of binding
specificity and the ability to mediate T cell cyiwicity;
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4. To assess therapeutic efficacy in immunocompetére, o analyze tumor-infiltrating
lymphocytes and to evaluate BIiTE plasma levels dfté-BITE treatment;

5. To assess therapeutic efficacy in xenografts ofepttierived colorectal cancer
spheroids with the transfer of human PBMCs andviduaite BITE plasma levels after
MV-BITE treatment.

& MV-BITE
* BIiTE

@ Tcell
A tumor antigen

Figure 2.1: The concept of oncolytic measles viruseencoding bispecific T cell engagers
(MV-BITE). MV-BITE preferentially infects and replicates inntor cells. During viral
replication, BITEs are expressed and secreted byBYI\E-infected tumor cells. The oncolytic
activity of MV infection is mediated by viral rephation and the formation of large,
multinucleated syncytia. As a bystander effectreted BiTEs simultaneously engage T cells
and tumor cells and thus mediate tumor-specifiell aytotoxicity.
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3. Materials and Methods

3.1. Materials

3.1.1.Chemicals

Reagent Company Catalog
Antibiotic-antimycotic (ABAM) (100x) Sigma-Aldrich A5955
Agarose, molecular biology grade Sigma-Aldrich A9539
DAPI (4',6-diamidino-2-phenylindole) Sigma-Aldrich D8417
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2438
DNA gel loading dye (6x) (bromophenol Thermo Fisher Scientific R0611
blue, xylene cyanol FF and glycerin)

Ethidium bromide, 0.07 % 1239-45-8 AppliChem
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich E7889-100ML
salt solution

Glycerol Sigma-Aldrich G7757-1L
Imidazole, >99 % Sigma-Aldrich 15513-25G
Kanamycin Sigma-Aldrich K0129
Methanol, > 99.9 % Carl-Roth 8388.1
Penicillin-Streptomycin, Thermo Fisher Scientific 15070063
Skim milk powder, blotting grade Carl-Roth T145.2
Sodium chloride (NaCl), >99.5 % Carl-Roth 3957.3
Hydrochloric acid (HCI), 37 % Carl-Roth 4625.1
Sodium hydroxide (NaOH), 50 % Carl-Roth 8655.1
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3.1.2.Buffers

Buffer Company Catalog

Dulbecco's Phosphate-Buffered Saline (D- Thermo Fisher Scientific 14190250
PBS) without calcium and magnesium

Ammonium-Chloride-Potassium (ACK) Thermo Fisher Scientific A1049201
lysing buffer

Laemmli buffer (4x) Bio-Rad 61-0747
Novex Tris-Glycine transfer buffer (25x) Thermo Fisher Scientific LC3675
Rotiphorese SDS-PAGE running buffer (10x) Carl-Roth 3060.1
Tris/Borate/EDTA (TBE) Genaxxon bioscience M3206.1000
Roti-Stock Tris-Buffered Saline-Tween (TBS- Carl-Roth 1061.1

T) (10x)

2-[4-(2-hydroxyethyl)piperazin-1- Thermo Fisher Scientific 15630080

yllethanesulfonic acid (HEPES) (1 M)

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific 89900

3.1.3.Growth Medium for Bacteria and Cell Culture

Medium Company Catalog

Dulbecco's Modifed Eagle Medium (DMEM) Thermo Fisher Scientific 61965026

LB (Lysogeny Broth) medium Carl-Roth X964.1
Opti-MEM Thermo Fisher Scientific 51985034
Roswell Park Memorial Institute medium Thermo Fisher Scientific 61870044

1640 (RPMI 1640)

SOC outgrowth medium (Super Optimal New England Biolabs B9020S
broth with Catabolite repression)
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OptiPRO SFM (Serum-Free Medium) Thermo Fisher Scientific 12309019
3.1.4.0ligonucleotides
Name Sequence 52 3’ Ta [°C]
Amp-1 forward CCCCGAAGAACGTTTTC 53
Amp-2 reverse TCGTCGTTTGGTATGGC 50
CMVP-94 forward ~ CAAAATGTCGTAACAACTCCGC 58
ColE-1 forward CGGTAACTATCGTCTTGAGTCC 60
ColE-2 reverse GTGCCTCACTGATTAAGCATTGG 61
eGFP-Ascl reverse  TTTGGCGCGCCTTACTTGTACAGCT 55
hCD3 forward CGTCAAGATGTCCTGCAAAG 55
His-tag_BIiTE GTGGTGATGATGGTGGTGAG 56
reverse
lgk-leader_BITE GGTACTGCTGCTCTGGGTTC 55
forward
IRES-104 reverse CCTCACATTGCCAAAAGACG 57
mCD3 forward GTGCAACCAGGCAAATCTCT 55
MeV H-9018 GTGTGCTTGCGGACTCAGAATC 62
forward
MeV L-9249 reverse CAGATAGCGAGTCCATAACGG 60
Mlul-eGFP forward TTACGCGTCGCCACCATG 55
pCG forward TTGTGCTGTCTCATCATTTTG 56
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pCG reverse GTCCCCATAATTTTTGGCAG 56
pCG-MCSa_b GGACGTGGTTTTCCTTTGAA 55
forward

pJET 1.2 forward CGACTCACTATAGGGAGAGCGGC 66
pJET 1.2 reverse AAGAACATCGATTTTCCATGGCAG 59
pUC forward GCCAGGGTTTTCCCAGTCACGA 64
pUC reverse GAGCGGATAACAATTTCACACAGG 61
scFv_aCEA _Sfol CCCTTTGGCGCCCAGGTGAAACTGC 60
forward

scFv_aCEA reverse TGATGGTGATGGTGATGAGAACCTCTTGC 60

scFv_hCDZ20 Sfol TTTGGCGCCCAGGTTCAGCTGGTCCAGTCAGG 69

forward
scFv_hCD20 Sfol TGGTGATGGTGATGAGAACC 55
reverse
WPRE reverse CATTAAAGCAGCGTATCCACATAGC 61

3.1.5.DNA Plasmids

Name

Description

pEX-A2-anti-mouse

Cloning vector encoding a mouse CD3 targeting saitha

CD3-scFv codon optimization (GENEius; Biolink
Informationstechnologie, Martinsried) for expressian
murine cells (Eurons MWG)

puUC29 Cloning vector, identical to pUC19%4) except for expanded
multiple cloning site

pJET 1.2 Cloning vector, GenBank: EF694056.1
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pcDI dsRed Eukaryotic expression vector for a variant of thecosoma red
fluorescent protein

pCG Eukaryotic expression vector with a CMV promotord aa
multiple cloning site 155)

pCG L Eukaryotic expression vector encoding MV(Edmonston B
vaccine strain)

pCG N Eukaryotic expression vector encoding NW(Edmonston B

vaccine strain)

pCG NSe H'-aCEA

Eukaryotic expression vector encoding NiW(Edmonston B
vaccine strain), which is “blinded” for binding ©D46 and
CD150 with Y481, R533A, S548L and F549S mutationd a
fused to a single chain antibody against human QHA a
hexa histidine tag at the C terminus

pCG P

Eukaryotic expression vector encoding NP(Edmonston B
vaccine strain)

pcpNSe H-ATU

MV (Edmonston B vaccine strain) antigenome with an
additional transcription unit downstream of tH®ORF; allows
for rescue using the RNA polymerase Il system

pcpNSe H-hCD3xCD20

MV (Edmonston B vaccine strain) antigenome encoding
BIiTE antibody targeting human CD3 and human CD20
downstream of thél ORF; allows for rescue using the RNA
polymerase Il system

pcpNSe H-hCD3xCEA

MV (Edmonston B vaccine strain) antigenome encoding

BiTE antibody targeting human CD3 and human CEA
downstream of thél ORF; allows for rescue using the RNA
polymerase Il system

pcpNSe H-mCD3xCD20

MV (Edmonston B vaccine strain) antigenome encoding

BiTE antibody targeting murine CD3 and human CD20
downstream of thél ORF; allows for rescue using the RNA
polymerase Il system

pcpNSe H-mCD3xCEA

MV (Edmonston B vaccine strain) antigenome encoding

BiTE antibody targeting murine CD3 and human CEA
downstream of thél ORF; allows for rescue using the RNA
polymerase Il system
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pcpNSe leader-eGFP H-

ATU

RNA polymerase Il system

MV (Edmonston B vaccine strain) antigenome with éG&P
ORF upstream of thdBl ORF and an additional transcription
unit downstream of thél ORF; allows for rescue using the

pcpNSe leader-eGFP H-

hCD3xCD20

MV (Edmonston B vaccine strain) antigenome with éG&P
ORF upstream of thBl ORF and encoding a BIiTE antibody

targeting human CD3 and human CD20 downstreamedfith
ORF; allows for rescue using the RNA polymerassyitem

pcpNSe leader-eGFP H-

hCD3xCEA

MV (Edmonston B vaccine strain) antigenome with ¢G&P
ORF upstream of thBl ORF and encoding a BIiTE antibody
targeting human CD3 and human CEA downstream oHthe

ORF,; allows for rescue using the RNA polymerassysitem

pcpNSe leader-eGFP H-

mCD3xCD20

MV (Edmonston B vaccine strain) antigenome with ¢G&P
ORF upstream of thBl ORF and encoding a BIiTE antibody

targeting murine CD3 and human CD20 downstrearh@Ht
OREF,; allows for rescue using the RNA polymerassysitem

pcpNSe leader-eGFP H-

MCD3xCEA

MV (Edmonston B vaccine strain) antigenome with éG&P
ORF upstream of thBl ORF and encoding a BIiTE antibody

targeting murine CD3 and human CEA downstream efth
ORF; allows for rescue using the RNA polymerassyitem

3.1.6.Restriction Enzymes

Enzyme Conditions Company Catalog

Ascl CutSmart New England Biolabs R0558
BamH| Roche B Roche 10798975001
BstZI Eco52I-buffer Thermo Fisher Scientific ER0331
EcoRlI Roche H Roche 10703737001
Hindlll NEB2.1 New England Biolabs R0104
MauBI Tango Thermo Fisher Scientific ER2081
Mlul NEB3.1 New England Biolabs R0198
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Ndel CutSmart New England Biolabs RO111

Nhel-HF CutSmart New England Biolabs R3131

Notl-HF CutSmart New England Biolabs R3189

Pacl CutSmart New England Biolabs R0547

Pwull CutSmart New England Biolabs RO151

Sall-HF CutSmart New England Biolabs R3138

Shfl CutSmart New England Biolabs R0642

Scal-HF CutSmart New England Biolabs R3122

Sfol CutSmart New England Biolabs R0606

Spel CutSmart New England Biolabs R0133

Xbal CutSmart New England Biolabs R0145

3.1.7.Antibodies

Antibody Description Company Catalog

a-p-actin-Peroxidase murine 1gG1, 1:20,000 Sigma-Aldrich A3854
clone AC-15

a-HA mouse 1gG1y, 1:10,000, Sigma-Aldrich H9658
clone HA-7

a-HA-biotin rat IgG1,x, 1:500, Sigma-Aldrich 12158167001
clone 3F10

a-HA-PE mouse IgGt, 1:11, Miltenyi Biotec  130-092-257
clone GG8-1F3.3.1

a-His-FITC mouse IgG1lx, 1:10, Dianova DIA 920

clone 13/45/31-2

27



3. Materials and Methods

a-human CD46-PE mouse IgG1k, 1:100, BioLegend 352401
clone TRA-2-10

a-human CEA-PE mouse IgG1y, 1:11, abcam ab42796
clone CB30

a-mouse CD3-PerCP- rat IgG2bk, 1:100, BD Biosciences 560527

Cy5.5 clone 17A2

a-mouse CD4-APC-Cy7  rat 1gG2b, 1:100, BD Biosciences 561830
clone GK1.5

a-mouse CD8a-APC rat IgG2ax, 1:100, BD Biosciences 561093
clone 53-6.7

a-mouse CD25-PE-Cy7 rat IgG1,x, 1:100, BD Biosciences 561780
clone PC61

a-mouse CD69-PE Armenian hamster IgG, BiolLegend 104507
1:100, clone H1.2F3

a-mouse CD16/CD32 (Fc rat 1gG2bk, 1: 100, BD Biosciences 553141

block) clone 2.4G2

a-mouse IgG-HRP rabbit polyclonal, Bethyl A90-217P
1:2,000

Armenian hamster IgG- isotype control, 1:100, BioLegend 400907

PE clone HTK888

mouse IgG1 k-PE isotype control, 1:11, BD Biosciences 555749
clone MOPC-21

mouse IgG1k-FITC isotype control, 1:10, BD Biosciences 345815
clone X40

rat IgG2a, k-APC isotype control, 1:100, BD Biosciences 553932
clone R35-95

rat IgG2b, k-APC-Cy7 isotype control, 1:100, BD Biosciences 552773
clone A95-1

rat IgG2b, k-PerCP-Cy5.5 isotype control, 1:100, BD Biosciences 550764

clone A95-1
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3.1.8.Cell cultures

Cell culture Description Medium Source

B16 Murine melanoma cell lineRPMI + 10 % FCS D. M.
derived from a spontaneous Nettelbeck,
tumor of a C57BL/6 mouse Heidelberg,

Germany

B16-CD20 B16 cells transduced with eRPMI + 10 % FCS C.E.
lentiviral vector for stable Engeland,
expression of human CD20 Heidelberg,

Germany

B16-CD20-CD46 B16 cells transduced with &RPMI + 10 % FCS B. Hoyler,
lentiviral vector for stable Heidelberg,
expression of human CD20 Germany
and human 46

MC38 Murine colon DMEM + 10 % FCS R. Cattaneo,
adenocarcinoma cell line Rochester,
derived from a chemically MN
induced tumor in a C57BL/6
mouse

MC38-CEA MC38 cells transduced withDMEM + 10 % FCS R. Cattaneo,
a lentiviral vector for stable Rochester,
expression of human CEA MN
variant

MC38-CEA-CD46 MC38 cells transduced withDMEM + 10 % FCS B. Hoyler,
a lentiviral vector for stable Heidelberg,
expression of human CEA Germany

variant and human 46

TSC8

Primary human colorectalAdvanced DMEM/F-12 University

cancer tissue or
metastases

derived+ 0.6 % glucose, 1 %Hospital
penicillin/streptomycin, Heidelberg
2 mM L-glutamine, 4
ug/ml heparin, 5 mM
HEPES, 4 mg/ml BSA,

10 ng/ml FGF basic, 20

ng/ml EGF
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TSC17 Primary human colorectalAdvanced DMEM/F-12 University
cancer tissue or derivedr 0.6 % glucose, 1 %Hospital
metastases penicillin/streptomycin, Heidelberg

2 mM L-glutamine, 4
ug/ml heparin, 5 mM
HEPES, 4 mg/ml BSA,
10 ng/ml FGF basic, 20

ng/ml EGF
TSC23 Primary human colorectalAdvanced DMEM/F-12 University
cancer tissue or derivedr 0.6 % glucose, 1 %Hospital
metastases penicillin/streptomycin, Heidelberg

2 mM L-glutamine, 4
ug/ml heparin, 5 mM
HEPES, 4 mg/ml BSA,
10 ng/ml FGF basic, 20

ng/ml EGF
Vero African  green  monkey DMEM + 10 % FCS ATCC,
Cercopithecus aethiops Manassas,
kidney epithelial cell line VA
3.1.9.Recombinant Viruses
Virus Description
MV MV derived from the Edmonston B vaccine strain

MV-eGFP-hCD3xCD20 MV derived from the Edmonston B vaccine strain eliicg
eGFP downstream of ti¢ ORF and a BIiTE antibody against
human CD3 and human CD20 downstream oHIM@RF

MV-eGFP-hCD3xCEA MV derived from the Edmonston B vaccine strain elicg
eGFP downstream of ti¢ ORF and a BIiTE antibody against
human CD3 and human CEA downstream ofHh@RF

MV-eGFP-mCD3xCD20 MV derived from the Edmonston B vaccine strain eficg
eGFP downstream of tié ORF and a BIiTE antibody against
murine CD3 and human CD20 downstream ofHh®@RF
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MV-eGFP-mCD3xCEA MV derived from the Edmonston B vaccine strain eliicg
eGFP downstream of ti¢ ORF and a BIiTE antibody against
murine CD3 and human CEA downstream of thORF

MV-hCD3xCD20 MV derived from the Edmonston B vaccine strain &g a
BiTE antibody against human CD3 and human CD20
downstream of thel ORF

MV-hCD3xCEA MV derived from the Edmonston B vaccine strain elicg a
BiTE antibody against human CD3 and human CEA
downstream of thel ORF

MV-mCD3xCD20 MV derived from the Edmonston B vaccine strain elicg a
BIiTE antibody against murine CD3 and human CD20
downstream of thel ORF

MV-mCD3xCEA MV derived from the Edmonston B vaccine strain ehicg a
BiTE antibody against murine CD3 and human CEA
downstream of thel ORF

3.2. Methods

3.2.1.DNA and RNA Molecular Biology Methods

Polymerase Chain Reaction

DNA fragments were amplified for cloning or detectiof particular DNA sequences by
polymerase chain reactions (PCRs). For detectiopgses, DNA fragments were amplified
using 0.6 U Onéaq DNA polymerase (NEB, M0480L), 1x Omaq standard reaction buffer
(NEB, M0480), 200 uM deoxynucleotide triphosphatid TP) mix (Thermo Fisher Scientific,
R0192), 500 nM of the respective forward and rexgmsmers (chapter 3.1.4) and up to 1 pug
template DNA. The final volume was adjusted to 2%jth nuclease-free water. For cloning,
DNA fragments were amplified using 0.4 U PhusiogtdFidelity DNA Polymerase (NEB,
M0530), 1x Phusion HF buffer (NEB, M0530), 200 uMTP mix, 500 nM of the respective
forward and reverse primers and up to 250 ng tem&A. The final volume was adjusted
to 20 pl with nuclease-free water. For GC-rich teatggDNA sequences, 3 % DMSO was added

to the reaction. All reaction components were gentixed and assembled on iCehe PCR

31



3. Materials and Methods

reactions were quickly transferred into a T1 PCBay(Biometra, Goéttingen). Thermocycling
conditions are listed in table 3.1.

Table 3.1: Thermocycling conditions with different polymerases. The thermocycling
conditions for PCRs using Ohaqg or Phusion polymerases are shown. Annealing testyres

for used primers are described in chapter 3.1.4.|dWver annealing temperature was chosen
for primer pairs with different annealing temperagi Extension times were adapted to the
fragment size of the expected PCR product.

OneTaq polymerase Phusion polymerase
Step T [°C] Time [s] T [°C] Time [s] Cycles
Initial denaturation 96 120 98 120 1
Denaturation 96 30 98 20 |
Annealing 50-68 30 50-72 30 — 25-35
Extension 68 60/kb 72 30/kb
Final extension 68 300 72 300 1
Hold 4 o0 4 0o 1

Agarose Gel Electrophoresis

For analysis of PCR products or DNA digestions, Di¥#gments were subjected to agarose
gel electrophoresis (AGE). Agarose gels were castddTBE buffer and ethidium bromide at
a final concentration of 0.5 pg/ml. DNA samples @vpre-mixed with DNA gel loading dye
(Thermo Fisher Scientific, RO611) and loaded on#% agarose gels for DNA fragments of
0.8 — 10 kb or 1.2 % agarose gels for DNA fragmafit6.4 — 5 kb. DNA fragments were
separated in TBE buffer at 120 V for 45 min ands&guently visualized under an UV
transilluminator at 265 nm wavelength. Pre-staiD®tA ladders with DNA fragments of a
defined size were separated in parallel to estirttedeDNA fragment sizes in the samples
(Thermo Fisher Scientific, SM0321 or SM0311).
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Cloning of DNA Fragments

DNA sequences were modified and assembled in aorectors. Therefore, DNA was cleaved
with suitable restriction enzymes (chapter 3.1r6) wector backbones were dephosphorylated
using the Rapid DNA Dephos and Ligation kit (Sigikrich, 04 898 117 001). DNA
fragments were separated by agarose gel electregib@nd DNA fragments of interest were
excised from the agarose gel by using a clean elcalpe DNA from excised gel fragments
was extracted using the Qiaquick Gel Extraction (Kdiagen, 28704). DNA fragments
generated by PCR were purified using the QiaquiCR Purifcation kit (Qiagen, 28104). The
dephosphorylated vector backbones and inserts hgatted at a molecular ratio of 1:3 using
the Rapid DNA Dephos and Ligation kit. ChemicallgmgpetentEscherichia coli were

transformed with 2 pl ligation reaction as desatibgther.

DNA Plasmid Preparations

DNA plasmids were propagated using bacteria. Theeetthemically competefdscherichia
coli (E. coli) were thawed on ice and 2 pl ligation reactiod og DNA was added. NEB 1®-

E. coli were used for large DNA plasmids encoding the Nitigenome (NEB, C3019H) and
One Shot TOP1&. coli were used for smaller DNA plasmids of up to 8 Kh&rmo Fisher
Scientific, C404006). After 30 min on ice, bactesiare transformed by heat shock for exactly
40 s at 42 °C and immediately placed back on ié&rA min on ice, 450 ul SOC medium was
added and bacteria were incubated at 37 °C forSuhsequently, 40 — 200 ul of the bacterial
culture were plated onto agar plates (10 cm disbes)aining 100 pg/ml ampicillin. Plates
were incubated at 37 °C overnight. Single colomese picked with a sterile toothpick.
Aliquots of 12.5 pl sterile water were inoculatedhwthe picked colonies and single colony
PCRs were performed to identify colonies harbotimg correct ligation product. In addition,
aliquots of 4 ml LB medium with 100 pg/ml ampiailkvere inoculated with the picked colonies
and incubated at 37 °C and 800 rpm overnight (cuttures). On the next day, DNA plasmids
from the mini cultures were isolated and purifisthg the QIAprep Spin Miniprep kit (Qiagen,
27106). For maxi cultures, 200 ml LB medium witt©310y/ml ampicillin in baffled Erlenmayer
flasks were inoculated with 100 pl mini culture andubated at 37 °C and 125 rpm. After 12
h at 37 °C, DNA plasmids from the maxi cultures evsolated and purified using the QIAfilter
Plasmid Purification kit (Qiagen, 12263). The ob&al DNA concentrations were determined
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using a Nano-Drop ND-1000 spectrophotometer (TheFsher Scientific) by measuring
absorbance at 260 nm wavelength. The correct DNjdeseces were validated by cleavage of
the DNA plasmids using the restriction enzyriedlll (chapter 3.1.6) and Sanger sequencing
(GATC Biotech, Konstanz).

RNA Isolation and cDNA Synthesis

RNA molecules were isolated from cells to validansgene expression using the RNeasy
Mini kit (Qiagen, 74104). Contaminating DNA in tRNA solution was removed by treatment
with DNase according to the manufacturer's instang. The obtained RNA was reverse
transcribed into complementary DNA (cDNA) using Maxima H Minus First Strand cDNA
Synthesis kit (Thermo Fisher Scientific, K1681)inkars specific for the gene of interest were
used to amplify the respective DNA fragments frdra EDNA by PCR. PCR products were

analyzed by agarose gel electrophoresis as dedalizve.

3.2.2.Cell Culture Methods

Cultivation of Cell Lines

Cells lines were cultivated in cell culture-treatddnc EasYFlasks with filter caps (Thermo
Fisher Scientific, 156499 (75 ¢ém 159910 (175 cR). For subcultivation, cells at
approximately 80 % confluency were washed with DBRBd dissociated using 0.05 % trypsin-
EDTA (Thermo Fisher Scientific, 25300054). Aftellséhave dissociated, complete growth
medium (chapter 3.1.8) was added and cells wereustidated at a ratio of 1:20. All cell lines
were maintained at 37 °C in a humidified atmosphétk 5 % CQ. For seeding, dissociated
cells were stained with 0.4 % trypan blue solutiSigma-Aldrich, T8154) and counted using
a Neubauer-improved hemocytometer (Marienfeld, 080). All cell lines were routinely
tested foMycoplasma contamination using the PCR-based VenorGéydoplasma Detection
kit (Sigma-Aldrich, MP0025). Cell culture medium svaupplemented with fetal calf serum
(FCS) (Biosera). Beforehand, FCS was heat-inaeivat 56 °C for 30 min and filtrated
through a 0.22 pum pore-size EMD Millipore StericBterile Vacuum Filter Unit (Thermo
Fisher Scientific, SCGPUO5RE).

34



3.2. Methods

Cryopreservation of Cell Lines

Cell lines were cryopreserved for long-term storagéquid nitrogen. Therefore, cells were

washed with D-PBS and cell numbers were determasedescribes above. Cell pellets were
gently resuspended in freezing medium (culture omadsupplemented with 60 % (v/v) FCS

and 10 % (v/v) DMSO) at a concentration of 1%&@lls/ml. One ml aliquots were gently

transferred into cryogenic tubes (Thermo Fishee@dic, 375418). Tubes were placed into
precooled (at +4 °C) freezing containers (Thermashé&i Scientific, 5100-0001) and

immediately stored at -80 °C. After 24 hours, celése stored in liquid nitrogen tanks for long-

term storage.

Cultivation of Primary Human Colorectal Cancer Spheoids

Tumor spheroid cultures (TSCs) were derived fromnary human colorectal cancer tissues or
colorectal cancer derived metastases. Tumor fraggmsare obtained from the University
Hospital Heidelberg in accordance with the Declarabf Helsinki. Informed consent was
given by each patient as approved by the HeidelbDaigersity Ethics Review Board. Single-
cell suspensions from tumor fragments were prepayedechanical dissociation and treatment
with Dispase (BD Biosciences, 354235). Single-sepensions were cultured under non-
adhesive conditions in serum-free medium suppleetenith growth factors (chapter 3.1.8).
After a few days, cultured cells formed multicedluspheroids. Primary TSCs were tested for
authenticity and contamination by Multiplex Cellnkei Authentication (MCA) and Cell
Contamination Test Analyses (McCT) (Multiplexioneidelberg).

Isolation of Human PBMCs

Peripheral blood mononuclear cells (PBMCs) werkatsd from blood samples obtained from
healthy donors. Informed consent was given by ebmior as approved by the Heidelberg
University Ethics Review Board. For isolation of lABs, sterile Leucosep tubes (Greiner Bio
One, 227 290) were filled with 15 ml separation maed(Ficoll Paque Plus, GE Healthcare,
17-1440-02). Whole blood samples were diluted 3-fold in D-PBS supplemented with 2

mM EDTA. Diluted blood samples were poured into tinepared Leucosep tubes (35 ml per

tube). Tubes were centrifuged at 40@,xoom temperature for 30 min without brakes. The

35



3. Materials and Methods

PBMC-containing layers were extracted and pooleéBMEs were washed with D-PBS
supplemented with 2 mM EDTA and centrifuged oncg0ft xg, room temperature for 10 min
and subsequently twice at 20g,xoom temperature for 10 min. Cell numbers weterdeined

as described above.

Isolation of Splenocytes

Spleens were explanted from C57BL/6J mice and dtame ice in D-PBS until further

processing. Within 2 hours, spleens were meshexaugir 100 um cell strainers (Neolab,
352360) into 10 ml D-PBS. Splenocytes were cergatuat 300 xg for 5 min and pellets were
resuspended in 1 ml ACK lysing buffer (Thermo Fis8eientific, A1049201). After 10 min

incubation at room temperature, ACK lysing solutiwas diluted with 9 ml D-PBS and cells
were centrifuged at 300gfor 5 min, resuspended in 1 ml D-PBS, countedsinoced on ice

until further use.

Isolation of Murine T cells from Splenocytes

Murine T cells were isolated from splenocytes ughngPan T Cell Isolation kit 1l (Miltenyi
Biotec, 130-095-130) according to the manufactsr@struction. In brief, T cells were isolated
from splenocytes by negative selection using macgibt activated cell sorting (MACS). Non-
T cells were labeled with biotinylated antibodie®l anti-biotin magnetic beads. Splenocytes
were loaded onto MS columns (Miltenyi Biotec, 132201) and the columns were placed
into a magnetic stand. Labeled non-T cells weraimet! and unlabeled T cells were washed

out. T cells were collected, counted and storedtemntil further use.
3.2.3.Recombinant Measles Viruses

Rescue of Viral Particles

Recombinant measles virus particles were rescuach IDNA plasmids using the RNA
polymerase llI-dependent expression system deschipeadartin et al. (156). In brief, 5 pug
DNA plasmids encoding the MV antigenome, 500 ng @CA00 ng pCG P, 500 ng pCG L
and 100 ng pcDI dsRed were mixed with the trangfeateagent FUGENE HD (Promega,
E2311). The DNA and the transfection reagent wemeedin 200 pl DMEM without
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supplements at a final concentration of 3 pul FUGEINE per pg DNA. Vero cells in 6-well
plates at 70 % confluency were washed twice anadnl BMEM supplemented with 2 % FCS
and 50 pg/ml kanamycin was added. The transfectioiiure was added dropwise and cells
were incubated at 37 °C and 5 % £Owenty-four hours post transfection, the transtec
medium was replaced by DMEM supplemented with 1BC% and 50 pg/ml kanamycin. The
formation of syncytia was monitored daily. When sytie had formed, medium was removed
and cells were scraped in 1 ml OptiMEM using aldédr (Sigma-Aldrich, CLS3008). Scraped

cell suspensions were vortexed briefly and usqudpagate the rescued virus.

Measles Virus Propagation

For the first propagation after the rescue of vraiticles, Vero cells were seeded in a 10 cm
dish. At 90 % confluency, culture medium was repthty 4 ml OptiMEM and cells were
inoculated with 0.5 ml of the cell suspension frtdme rescue of viral particles. Cells were
incubated at 32 °C in a humidified atmosphere V&t CQ. Twelve hours after the
inoculation, 6 ml DMEM supplemented with 10 % FC8swadded to each 10 cm dish. Cells
were incubated at 32 °C until syncytia have spteaolughout the entire dish (approximately
55 to 65 h after inoculation). Then, medium wadaegd by 1 ml OptiMEM and cells were
scraped. The resulting cell suspension was bneftiexed, frozen in liquid nitrogen and stored
at -80 °C. Frozen cell suspensions were thawed 4C3 briefly vortexed and centrifuged for
5 min at 5,000 g and 4 °C. The supernatant was split in 100 plt{faation assay) and 900 pl
(for further propagation) and aliquots were frorehquid nitrogen and stored at -80 °C. Virus
titers were determined in titration assays as dssdrfurther. For further propagations, Vero
cells were seeded in 15 cm dishes (up to 40 dipkewirus for animal studies). At 90 %
confluency, culture medium was replaced by 8 mildaM and cells were inoculated with the
recombinant measles virus at a multiplicity of ctfen (MOI) of 0.03. In general, the MOI
describes the ratio of an agents (here: infectumas particles) to infection targets (here: Vero
cells). An MOI of 0.03 means that a certain numbkcells X is inoculated with X*0.03
infectious viral particles. Inoculated cells weneubated at 32 °C in a humidified atmosphere
with 5 % CQ. Twelve hours after the inoculation, 8 ml DMEM plgmented with 10 % FCS
was added to each 15 cm dish. Cells were inculz4t®8d °C and viral particles were harvested

as described above.
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Titration Assay

The concentration of cell infectious particles irug suspensions was determined by titration
assays. Therefore, virus suspensions were titratedO-fold dilution steps in DMEM
supplemented with 10 % FCS on 96-well plates. fidrs were performed in octuplicates to
determine titers after virus propagations or quplicates for one-step growth curves. Vero
cells were added at a concentration of 1.3xcHls/ml and plates were incubated at 37 °C in a
humidified atmosphere with 5 % GQAfter 48 h, syncytia were counted and virus sitercell
infectious units per ml (ciu/ml) were calculated@owing: mean number of syncytia per well

x dilution factor.

Infection Assays to Monitor Cytopathic Effects

Susceptibility of target cells to MV infection wasonitored in infection assays in terms of
syncytia formation and eGFP expression. Therefafegtion target cell were inoculated with
the respective MV at an MOI of 0.03 (Vero cellslabian MOI of 1 (Vero cells, murine target
cells, TSCs). Cells were monitored for syncytianfation and eGFP expression using a
Axiovert 200 fluorescence microscope (Carl Zeigg) Axiovision 4.7 software (Carl Zeiss).

Representative images were acquired 24 to 48 hipfestion at a 50-fold magnification.

Virus Growth Kinetics

Virus growth kinetics on different target cells weassessed by generating one-step growth
curves. Cells were seeded at 80 % confluency iwdlPplates (1x1®Vero cells and murine
cells per well, respectively) or 24-well plates 18X TSC cells per well). Cells were inoculated
in duplicates per time point with the respective yan MOI of 1 in 300 pl OptiIMEM and
150 ul OptiMEM, respectively. Plates were incubated7 °C in a humidified atmosphere with

5 % CQ. After 12 hours, the inoculum was replaced by 1 aulture medium (RPMI
supplemented with 10 % FCS for TSCs). Cells werapex and harvested in the culture
medium at 12, 24, 36, 48, 72, and 96 hours pogciitn. Progeny viral particles were

determined in titration assays as described almygerterate growth curves.
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Cell Viability Assay

Viability of cells after inoculation with MV was atyzed to assess virus-mediated cytotoxicity
using the Colorimetric Cell Viability kit 11l (ProwCell, PK-CA20-300-1000) according to the
manufacturer’s instruction. In brief, cells wereeded at 80 % confluency in 12-well plates
(1x1® cells per well). Cells were inoculated in tripliea per time point with the respective
MV at an MOI of 1 in 300 pl OptiMEM. Plates werecubated at 37 °C in a humidified
atmosphere with 5 % GOAfter 12 hours, the inoculum was replaced by kualure medium
and cell viability was determined at 12, 24, 36, 48, and 96 hours post infection. Thereby,
the metabolic activity of mitochondrial enzymediving cells was determined. The tetrazolium
salt XTT (2,3-Bis-(2-methoxy-4-nitro-5-sulfophem@H-tetrazolium-5-carboxanilide) is
reduced into a colored formazan compound, which mvaasured using a spectrophotometer
(Tecan Infinite M200) at a wavelength of 450 nmcBgound absorbance at a wavelength of
630 nm was subtracted from signal absorbance. Rage of viable cells was calculated in
relation to metabolic activity of mock-infected lsel

BiTE Production

Vero cells were seeded at 95 % confluency in 18listmes (1.2x10cells per dish) and allowed
to adhere for 5 h. Subsequently, culture medium neasved and cells were inoculated with
the respective MV at an MOI of 0.03 in 10 ml serfree OptiPRO SFM. Dishes were incubated
at 37 °C in a humidified atmosphere with 5 % LC@8¥fter 12 h, the inoculum was replaced by
12 ml fresh OptiPRO SFM and dishes were transfeneé® °C. Supernatants were harvested
when syncytia had spread throughout the entire degiproximately 60 to 65 h after
inoculation). Subsequently, supernatants were ifeged at 4,000 xg for 10 min at 4 °C and
passed through a 0.22 um pore-size syringe filter @(Merck, SLGP0O33RB). BITEs were

purified from the filtered supernatants as describelow.

BIiTE Purification

BiTEs were purified byaffinity chromatography usiniyi-NTA spin columns(Qiagen,31014)
according to the manufacturer’s instruction. Irebr600 pl sterile-filtered supernatant was applied
to the spin columns and centrifuged at 20§ fer 5 min at 4 °C. This step was repeated up to 10

times per column (6 ml per column). Then, columresamvashed once with 10 mM imidazole
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solution and twice with 20 mM imidazole solutionTBs were eluted from the columns with 500
mM imidazole solution. Each imidazole solution vpaiepared with PBS, supplemented with 200
mM NacCl and set to pH 7.0 to 8.0 with HCI. Eluted Bs were washed with PBS and concentrated
using 15 ml centrifugal filter units with a verticaembrane that retains proteins larger than 10 kDa
(Merck, UFC901024). Filter units were centrifugeadt®00 xg for 20 min at 4 °C. The retained
BiTE-containing fraction was diluted with 15 ml PB8d concentrated twice to reduce imidazole
concentrations below 0.1 mM. BITE concentrationsemaeasured using Novagen BCA Protein
Assay kit (Merck, 712853) according to the manufests instructions.

3.2.4.Measles Virus Encoded Transgene Expression

SDS-PAGE

BIiTE expression by MV-infected cells was analyzgd\estern blot, Coomassie Blue staining
and magnetic pull-down of labeled cells. Therefprefeins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-EACCell lysates were prepared using
RIPA buffer (Thermo Fisher Scientific, 89900). Tvéstigate BITE secretion into the cell
culture medium by MV-infected cells, supernataneravconcentrated 20-fold usidégp ml
centrifugal filter units (Merck, UFC901024) or Bi$Ewvere purified beforehand. Samples were
supplemented with Laemmli buffer (Bio-Rafi1-0747)and incubated at 95 °C for 5 min.
Subsequently, samples were cooled on ice andysptin down. Samples were loaded onto a 12
% polyacrylamide gel (Bio-Rad, 4561041) in runnimgffer (Carl-Roth,3060.1) A prestained
protein ladder (Thermo Fisher Scientific, 26616)ved as molecular weight standard. Proteins
were separated at 200 V for 40 min at room tempegat

Western Blot

After SDS-PAGE, separated proteins were transfercedo a methanol activated
polyvinylidene fluoride (PVDF) membrane (Merck, IAU7850). The protein transfer was
performed in a wet-chamber with Tris-Glycine tramsbuffer (Thermo Fisher Scientific,
LC3675) at 100 V and 4 °C for 1 h. Subsequentlymim@anes were blocked in 5 % powdered
milk (Carl-Roth, T145.2) in TBS-T (Carl-Roth, 106} at 4 °C overnight. BITEs were detected
using mouse anti-HA antibody (clone HA-7, diluted@,000 in 5 % powdered milk in TBS-
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T) for 1 h at room temperature. Blots were washeekt times for 10 min with TBS-T to remove
unbound anti-HA antibody. BiTE-bound anti-HA antiyowas detected using HRP-coupled
rabbit anti-mouse IgG antibody (diluted 1:2,00®i% powdered milk in TBS-T) for 1 h at

room temperature. Blots were washed three time&Ganin with TBS-T. Blots were covered

with 1 ml chemiluminescent substrate (Thermo FiSwmentific, 10177533) and incubated for
3 min in the dark. HRP-specific signals were reedrdising a ChemiDOC XRS Imaging
System (Bio-Rad).

Coomassie Blue Staining

After SDS-PAGE, separated proteins were staineld kmperial Protein Stain (Thermo Fisher
Scientific, 24615) according to manufacturer’s fiastion. In brief, gels were washed three
times for 5 min with water. Subsequently, gels wareered with 25 ml of the staining reagent
and incubated on a shaker. After 2 h, the stairagent was removed and gels were washed
with 200 ml water overnight. Images of the staigets were acquired using a ChemiDOC XRS

Imaging System (Bio-Rad).

Enzyme-Linked Immunosorbent Assay (ELISA)

BIiTE expression, BIiTE binding and BIiTE plasma lewekere analyzed by ELISA. Therefore,
ninety-six-well plates (Thermo Fisher Scientifie}-2404-21) were coated with recombinant
human CEA (5 pg/ml, Bio-Rad, PHP282), human CD2QdAnl, Abnova, HO0000931-P01),
human CD3 (5 pg/ml, biorbyt, orb138433), mouse @®Ag/ml, biorbyt, orb138426), mouse
PD-L1 (5 pg/ml, Thermo Fisher Scientific, 50010M@H) or mouse CTLA-4 (5 pug/ml,
Thermo Fisher Scientific, 50503M08H25) in 1Q0PBS per well. After incubation at 4 °C
overnight, wells were blocked with blocking buf{&-PBS supplemented with 5 % FCS) for
2 h at room temperature. Blocked wells were washesgk times with 200 pul D-PBS. Samples
were prepared in 100 pl D-PBS, added to the pladarecubated for 2 h at room temperature.
Subsequently, plates were washed three times with @I washing buffer (D-PBS
supplemented with 0.05% Tween20 (Biotium, 22008pxt, plates were incubated with 100
ul anti-HA-biotin antibody per well (1:500 in blocky buffer, clone 3F10, Sigma-Aldrich,
12158167001). After 1 h at room temperature, platese washed five times with 200 pl
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washing buffer. Subsequently, plates were incubatgd 100 ul horseradish peroxidase-
streptavidin per well (1 mg/ml, Dianova, 016-03G4p8or 15 min at room temperature.
Afterwards, plates were washed seven times with 20@ashing buffer and BiTEs were
detected with 100 pl 1-Step Ultra TMB-ELISA subtragolution per well (Thermo Fisher
Scientific, 34028). After 5-30 min, the enzymatsaction was stopped by adding 100 ul Stop
Solution (Takara, MK021). Absorbance was measurgidgua spectrophotometer (Tecan
Infinite M200) at a wavelength of 450 nm. Backgrdwabsorbance at a wavelength of 570 nm

was subtracted from signal absorbance.

Magnetic Pull-Down of BiTE-Labeled Cells

An assay with the magnetic pull-down of BiTE-lalsktlls was established to validate BITE
binding to target cells. Therefore, 2.5%1@rget cells were incubated in 200 pl D-PBS with 2
pg/ml BITE for 30 min on ice. Cells were washednit-PBS and resuspended in 200 pl D-
PBS with anti-HA-biotin antibody (1:50, clone 3FXgma-Aldrich, 12158167001). After 30
min on ice, cells were washed twice with D-PBS.I€efkere resuspended in 80 ul D-PBS and
20 ul anti-biotin magnetic beads were added (Mylt®iotec, 130-090-485). After 15 min on
ice, cells were washed with MACS buffer (D-PBS dappented with 1 % FCS and 2 mM
EDTA). Cells were applied to MS columns (MiltenyioBzc, 130-042-201) and columns were
placed into a magnetic stand. Columns were wadired times with 500 ul MACS buffer and
flow through fractions were collected. Magneticdlipeled (BiTE-bound cells) were retained
in the columns and unlabeled cells were washeddmltimns were removed from the magnetic
stand. One ml MACS buffer was applied to the colsrand labeled cells were flushed out by
using the plunger supplied with the columns. Cletis the elution and flow through fractions
were centrifuged at 300 gcfor 5 min at 4 °C. Cell pellets were lysed in 75R1PA buffer.
Lysis solutions were centrifuged at 16,009 for 20 min at 4 °C. Proteins in two pl supernatant
were separated by SDS-PAGE as described abovesreeesf cells in the elution and flow
through fraction was investigated by Western bloalgsis using ant-actin-Peroxidase
(1:20,000, Sigma-Aldrich, A3854).
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3.2.5.Flow Cytometry

BIiTE binding and antigen expression levels werdyaea by flow cytometry. For analysis of
BIiTE binding, 1x16 target cells were washed with D-PBS and incubuiiéidl 1 pg/ml BiTE

in 100 pl FACS buffer (D-PBS supplemented with F&S). After 30 min on ice, cells were
washed with FACS buffer. For analysis of BiTE bimgliand antigen expression levels, 1%10
target cells were stained in 50 pl FACS buffer vagecific antibodies and isotype controls
according to the descriptions listed in chapter73.Each experiment was designed to include
unstained and single-color stained samples. Foticoldr analysis, fluorescence minus one
(FMO) controls were included as well. Cells wer@rstd for 30 min in the dark and on ice. If
mouse cells were analyzed, lgdinouse CD16/CD32 (Fc block) was added to each sabpl
min before cells were stained with the specifigtaties. After the staining, cells were washed
with 1 ml FACS buffer. Cell pellets were resuspahde500 ul FACS buffer or 500 pl DAPI
solution (1 ug/ml DAPI in FACS buffer) to discrinate live from dead cells. Subsequently,
cells were washed with 1 ml FACS buffer. Samplesewanalyzed using an LSRII flow
cytometer (BD Biosciences) with FACS Diva softwaession 8.0.1 (BD Biosciences). For
each sample, 10,000 events were recorded and adakgmg FlowJo V10 software (Tree Star
Inc.).

3.2.6.Cytotoxicity Assay

BiTE-mediated T cell cytotoxicity was evaluated lattate dehydrogenase (LDH) release
assays by using the CytoTox 96 Non-Radioactive ©ytoity Assay kit (Promega, G1780).
Tumor cells were co-cultured with murine T cellshumman PBMCs. BIiTEs were added and
percentage of specific tumor cell lysis was detagdiafter 24 to 48 hours incubation at 37 °C
in a humidified atmosphere with 5 % @O'he optimal tumor cell number depends on the
intracellular LDH content and was determined focreeell line beforehand. Therefore, 2210
tumor cells were titrated in 2-fold dilution steps 100 ul PBMC medium (RPMI 1640
supplemented with 10 % FCS, 10 mM HEPES and 1 % MBAn 96-well plates (Sigma-
Aldrich, Z707899-162EA). A medium only control wiasluded to assess the unspecific LDH
content in the medium. Cells were lysed and the wrhof released LDH was measured
according to the manufacturer’s instruction. IrebriLO ul lysis solution was added to each well

and the plates were incubated for 45 min at 37P1&tes were centrifuged at 25@ %or 4 min
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at room temperature. Fifty pul of each supernataas transferred to new 96-well plates. Fifty
ul substrate was added per well and incubatedand#rk for 30 min at room temperature.
Subsequently, 50 pl stop solution was added pdramelsignal absorbance was measured at a
wavelength of 490 nm using a spectrophotometergT éafinite M200). For the optimal tumor
cell number, the signal absorbance values weresadt |2-fold higher compared to the
background absorbance in the medium only controls.

For the cytotoxicity assays, murine T cells wemdated from splenocytes as described above.
5x10° MC38-CEA cells were incubated for 48 hours withrime T cells at a ratio of 12:1 and

1 pg/ml mCD3xCEA BITE was titrated in 10-fold dilom steps. Murine cytotoxic T
lymphocytes (mCTLs) were incubated for 24 hour$ik1¢ MC38-CEA cells and 1 pg/ml
MCD3xCEA BIiTE. mCTLs were titrated in 2-fold dilah steps starting with a ratio of 25:1.
Human PBMCs were isolated from healthy donor blasdescribed above. 5¥10C38-CEA
cells were incubated for 24 hours with PBMCs ataorof 50:1. Ten pg/ml hCD3xCEA BIiTE
was titrated in 10-fold dilution steps. 2.5%I0SC8, 5x18 TSC17 or 1x16TSC23 were
incubated for 24 hours with PBMCs at a ratio ofl5@ne pg/ml hCD3xCEA BITE was titrated
in 10-fold dilution steps. Each experiment was giesd to include medium only control and
spontaneous and maximum LDH release of tumor analine cells, respectively. Cytotoxicity
assays were developed as described above. Backgatnsorbance was subtracted from each
signal absorbance value. Percentage specific ¢ydismor cells was calculated as following:

experimental—ef fector spontaneous—tumor spontaneous

100 x

tumor maximum-—tumor spontaneous

3.2.7.Cytometric Bead Array (CBA)

Cytometric bead arrays (CBA) were performed to ywr&aBiTE-mediated cytokine secretion
by T cells. Mouse and human Th1/Th2/Th1l7 Cytokinks kvere used according to the
manufacturers’s instruction, respectively (BD Biesces, 560485/560484). In brief, murine T
cells isolated from splenocytes or human donorveeriPBMCs were co-cultured with 5x10

tumor cells at a ratio of 50:1 in 200 pul PBMC medi(RPMI 1640 supplemented with 10 %
FCS, 10 mM HEPES and 1 % ABAM). BIiTEs were added tmal concentration of 1 pg/mil.

After 24 h at 37 °C in a humidified atmosphere vtk CQ, cells were centrifuged at 2,000
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x g for 10 min at 4 °C and supernatants were trarefeto new reaction tubes, twice.
Supernatants were stored at -80 °C until anal$simples with non-target tumor cells or BiTEs

targeting non-relevant tumor antigens were useadtasal controls.

3.2.8.1n Vivo Experiments

All experimental procedures, which involved the usfeanimals, were approved by the
responsible Animal Protection Officer at the Germ@ancer Research Center (DKFZ,
Heidelberg) and by the regional authority accordimghe German Animal Protection Law.
C57BL/6J mice were obtained from Harlan Labora®i{Rossdorf) or the Central Animal
Laboratory of the DKFZ. NOD.C&rkdc™? [12rg™W!/SzJ (NSG) mice were obtained from
Charles River (Sulzbach). Animals were housed thggen-free, individually ventilated cages
(IVCs) at the Animal Laboratory Services Core Hacait the DKFZ. Six to eight weeks old,

female mice were used for all experiments.

Tumor Cell Implantation

Low-passage tumor cells were expanded under gl $pecific conditions as described above.
At the day of implantation, cells were dissociad@d washed twice with D-PBS. Cell numbers
were determined as described above and cells westespended at a final concentration of
1x10 cells/mlin D-PBS. TSCs were resuspended in 100attigel (BD Biosciences, 354248).
Cells were stored on ice and implanted within 2reolix1@ tumor cells (100 pl) were injected
subcutaneously into the shaved, right flank regitberach mouse using 1 ml syringes (VWR,
720-2561) and 26 G needles (B. Braun, 1023-0100).

Monitoring and Treatment

After tumor cell implantation, mice were monitorddily. When developing tumors were
visible, tumors were measured daily using a digigdiper. Tumor volumes were estimated by
using following formulaiargest diameter x smallest diameter?x 0.5. Treatment was

initiated when tumors reached a mean volume of 86 (ior murine tumor cells) and 100 mm
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(for TSCs), respectively. MC38-CEA-bearing mice &vgeated with intratumoral injections of
100 pl of 1x16 ciu of MV-BIiTE or carrier fluid (OptiMEM) on fouconsecutive days. B16-
CD20-CD46-bearing mice received the same treatfoefive consecutive days. TSC-bearing
mice were treated with intratumoral injections 6f |5l of 1x16 ciu of MV-BIiTE or carrier
fluid (OptiMEM) on four consecutive days. On thesfiday of treatment, TSC-bearing mice
additionally received 50 pl of 1x1(healthy donor-derived PBMCs or carrier fluid (PBS)
intratumorally. For all intratumoral injections, riil syringes and 26 G needles were used.
Tumors were measured every third day. Endpointg wlefined as tumor volumes of >1,000
mm?, tumor diameter > 15 mm, tumor ulceration, tumkeeding or severe signs of illness.
Severe signs of illness include one or more offthlewing symptoms: ruffled fur, squinted
eyes, inactivity or non-responsiveness, hunchetupmdabored breathing or body weight loss

>20 %. Mice fulfilling one or more of the predefthendpoints were sacrificed.

3.2.9.Analysis of Primary Mouse Material

Analysis of Tumor-Infiltrating Lymphocytes (TILS)

TILs were analyzed by flow cytometry. Thereforepkaxted tumors were cut into small pieces
using a clean scalpel. Tumor pieces were incubgtesl ml digestion buffer (RPMI 1640
supplemented with 5 % FCS and 200 U/ml collagerigse | (Thermo Fisher Scientific,
17100017)) for 30 min at 37 °C. Digested tumorse&lere meshed through a 100 um cell
strainer (Neolab, 352360) into 10 ml D-PBS. Celhtners were determined as described above
and centrifuged at 300 g for 5 min at 4 °C. Cell pellets were resuspendea dinal
concentration of 2xX0cells per 50 pl in FACS buffer (D-PBS supplemenaéith 1 % FCS).

Cells were stained with specific antibodies andyaea as described above.

Analysis of Intratumoral Cytokines

Intratumoral concentrations of specific cytokinesrevanalyzed using the Cytometric Bead
Array (CBA) mouse Th1/Th2/Th17 Cytokine kit (BD Biences, 560485) according to the
manufacturer’s instruction. Explanted tumor pieeese frozen in liquid nitrogen and stored at

-80 °C until further processing. Frozen tumor pgeoeere thawed on ice and cut into small
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pieces using a clean scalpel. Tumor pieces wereogenized in lysis buffer (one protease
inhibitor cocktail Tablet (Sigma-Aldrich, 05892731 dissolved in 10 mM Tris-HCI (pH
8.0), 150 mM NacCl, 10 % Glycerol, 5 mM EDTA and INB-40) using a pestle. Homogenized
tumor samples were incubated for 1 h at 4 °C undestant rotation. Subsequently, samples
were sonicated in automated 30 seconds on/off gyide 7 min at high intensity using a
sonication system with a cooling water pump (Bidoujstandard, Diagenode, UCD-200). Cell
debris was removed by centrifugation at 13,09dor 15 min at 4 °C. Supernatants were stored

at -80 °C until analysis.

Analysis of BITE Plasma Levels

Systemic exposure of BiTEs after MV-BITE treatmerats analyzed by ELISA as described
above (chapter 3.2.4). Peripheral blood was catefrom the saphenous vein. Therefore, mice
were placed in a restraining tube and the left klaaual thigh were shaved. The saphenous vein
was punctured with a 26 G needle and 100 ul bloasl eollected using a heparin collection
tube with capillary action (Sarstedt, 16.443). Blieg was stopped by applying pressure on the
punctured area using a sterile cotton swab. Plasasgorepared from blood by centrifugation

for 10 min at 2,000 g at room temperature and stored at -80 °C untilyaisa

3.2.10. Statistical Analysis

Statistical analyses were performed using GraphPagm software (v6.04, GraphPad
Software). Data show mean with standard deviat®id)( Statistical analyses of column data
with one independent variable were performed bywag ANOVA and p values were adjusted
for multiple comparisons by Tukey’s test. For cotitpe ELISAs, the mean of each column

was compared to the mean of one control columnpandlues were adjusted for multiple

comparisons by Dunnett's test. Statistical analysiegrouped data with two independent
variables were performed by two-way ANOVA and pues were adjusted for multiple

comparisons by Sidak’s test. Curve comparison af groups for survival analyses were
performed by log-rank (Mantle-Cox) test and p valuere adjusted for multiple comparison
by Bonferroni’s correction.
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4. Results

The study concept is based on the hypothesisuhairttargeted expression of bispecific T cell
engagers (BITEs) by oncolytic measles viruses (MNs)eases therapeutic antitumor efficacy
of measles virotherapy. Furthermore, local BIiTE regpion increases therapeutic BITE
concentrations at the tumor site, as comparedsiesyc BiTE applications. At the same time,
potential BiTE-related systemic adverse events jAdte alleviated. MVs encoding BITEs
(MV-BITE) were generated and characterizeditro in terms of virus replication, oncolytic
activity and transgene expression. BiTEs from MVM4Biinfected cells were purified and
analyzed for binding specificity and cytotoxicity co-culture assays vitro. Therapeutic
efficacy of MV-BITE was assessed in immunocompetenbuse models of colon
adenocarcinoma and melanonas well as in xenografts with patient-derivecbeettal cancer

spheroids in immunodeficient mice.

4.1. Generation of BiTE-encoding Measles Viruses

4.1.1.Cloning of BiTE Antibody Constructs

BIiTE antibodies generally comprise two single chaamiable fragments (scFvs), which are
translated in tandem from a single gene (Figurg. A kerefore, the variable chain domains
were connected by non-immunogenic, flexible peplidkers. One scFv contains the entire
complementarity-determining region (CDR) and casstd a variable heavy and light chain
domain (My and ). The W and M. domains were connected by three repeats of thecami
acid (AA) sequence glycine-glycine-glycine-glyciserine ((GlySer}). The (GlySerk-
sequence is a standard linker that improves stybifithe scFvs. The 15 AAs span a distance
of approximately 35 A, which is a sufficient lengthensure monomeric formation of scFvs
(157). The two scFvs were connected by a short middket of five AAs (GlySer) to ensure
close proximity of the simultaneously engaged T eeld tumor cell. A human influenza
hemagglutinin (HA)-tag and a hexa histidine @tsg were fused to the N- and C-terminus,

respectively. The N-terminal Kozak consensus serpiésh meant to enhance translation of

*Johannes Heidbiichel joined the BiTE project as atéastudent under the supervision of Tobias Spieek.
continued working with the CD20-targeting MV-BiTEs a PhD student. All results concerning the B1&&GD
CD46 melanoma model are shown in the Appendix.cdigribution is always indicated.
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BiTE mRNA transcripts and the immunoglobulin kagigat chain signal sequence ggader)

to promote protein secretion after translation.féént BiTE antibody constructs were
generated to target human CD3 (OKT3) or murine C@35-2C11) and human
carcinoembryonic antigen (CEA) (MFE-23) or human20@B9E9), respectively (Figure 4.1).

4.1.2.Cloning of Recombinant MV-BITE

Measles viruses (MVs) derived from the EdmonstomaBcine strain (chapter 1.5.2) were
genetically modified to express secretable BITESV{BITE). The utilized Edmonston B
derivative has additional unique restriction sidgdNarl and Spel elimination (NSe). pcpNSe
plasmids encode the antigenomic MV-NSe cDNA and lsammodified to carry additional
transcription units (ATUs) that enable transgen@ression in infected cells. MV-NSe
containing an ATU downstream of thé open reading frame (ORF) and enhanced green
fluorescent protein (eGFP) in leader position (tgzsh of N ORF) have been generated
previously (pcpNSe Id-eGFP H-ATU; pcpNSe H-ATW@R). Each BiTE-encoding sequence
was inserted into an ATU downstream of th©RF (Figure 4.1).

A MVH-BITE Ydeader LYNJIPIIML_DFID>HIITT > L =] 5-railer
MV 1d-eGFP H-BiTE 3-deader [ELYNSIYPIIMY _DFIP>HIITT > L =] 5-trailer

Igk lead
gk leader 1,608 bp

B  T1: hCD3xCEA R 1)) > ahcos-v, 3PP ahcps-v, IPMe oCEA-V, PP oCEAV, I FETN

Kozak sequence HA-tag (Gly,Ser), Gly,Ser Hisg-tag
1,602 bp
T2: mCD3xCEA CEEl 1)) - amcD3-v, 3PP amCD3-V, 3> aCEA-V, IYPM>- aCEAV,
1,626 bp
T3: hCD3xCD20 ety 1)h) B> cncos-v, IJPW>- ahcos-v, 3P aco20-v, SFPI>- ac20-v, I FENR

1,620 bp

T4: mCD3xCD20 S ) amco3-v. 3P amcD3-V, S ac020-V, 3PP M- aCD20-V, S FeRT

Figure 4.1: Schematic representation of the recombant MV genomes and transgenes.
(A) The BiTE-encoding transgene T was inserted dawast of théd gene open reading frame
(ORF). MV-BITE, which additionally encode the eGE&guence E upstream of tNegene
ORF were generated as welB)(Four different BiTE-encoding transgenes T1 — Tdrav
generated. T1 and T3 encode for human CD3-targ&ihgs, which are directed against the
tumor associated antigens human CEA and human QB&Pectively. T2 and T4 encode for
murine CD3-targeting BITEs, which are as well diegcagainst human CEA and human CD20,
respectively. The transgene sequence lengths femgel,602 to 1,626 base pairs (bp).
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4.2. Characterization of Recombinant Measles Viruses

4.2.1.Susceptibility of Target Cells to MV-BITE Infection

The capability of eGFP-encoding MV-BITE to infecrget cells was investigated. The
expression of eGFP and syncytia formation serveiddisators for productivity of infection

and viral spread.

Vero cells are the MV producer cell line and higblisceptible to MV infection (Figure 4.2 A).
Images of Vero cells are included in the analysisua internal positive control. Expectedly,
strong eGFP signals and the formation of large Wyamevere observed after MV-infection of

Vero cells.

Furthermore, we inoculated murine cell lines witVBiTE, which were used for thi& vivo
efficacy studies. B16 and MC38 are murine melanamd colon adenocarcinoma cell lines,
respectively, and are syngeneic and tumorigeni€%@BL/6 mice. Murine cells lack the
expression of MV entry receptors and are therefooé susceptible to MV infection.
Expectedly, inoculation of MC38-CEA cells with reabinant MV resulted in low levels of
eGFP expression and no syncytia formation. MC38-@HM6 cells express human CD46, an
entry receptor for MV vaccine strains (chapterd).3However, murine cells are generally less
permissive for MV infection as compared with hunasamon-human primate cells. Expectedly,
inoculation of MC38-CEA-CDA46 cells with recombinav/ resulted in moderate levels of
eGFP expression and the formation of small synqfigure 4.2 B). Similar levels of eGFP
and syncytia formation were observed for MV-infecB16-CD20-CD46 (Figure A.1).

Tumor spheroid cultures (TSCs) from patients widlon cancer were used to study therapeutic
efficacy of MV-BITE in xenografts. Three differemSCs with varying levels of endogenous

CEA expression were inoculated with MV-BITE (Figyrd 0 D). Strong eGFP expression and
the formation of large syncytia were observed (Fagu2 C).

" Results generated by Tobias Speck
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Vero
|

0.03

0%, ¥

mock
s

phase

eGFP

Vero MC38-CEA MC38-CEA-CD46
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Figure 4.2: Susceptibility of target cells to MV-BTE. (A) Vero cells were inoculated with
MV-eGFP-mCD3xCEA at a multiplicity of infection (M®of 0.03. Images were acquired 48
h post inoculation.K) The susceptibility for MV infection of MC38-CEAnd MC38-CEA-
CD46 was compared to Vero cells. Cells were indedlavith MV-eGFP-mCD3xCEA at an
MOI of 1. Images were acquired 48 h post inocutatiC) Low-passage tumor spheroid
cultures TSC8, TSC17 and TSC23 were inoculated MiheGFP-hCD3xCEA at an MOI of
1. Images were acquired 24 h post inoculati8rC{ Scale bars: 200 pm.
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4.2.2.Growth Kinetics of Recombinant MV-BITE

MV-mediated cytopathic effects and transgene eswascorrelate with the capacity of the
viruses to replicate. Therefore, we generated ¢e-growth curves to characterize replication

kinetics of the recombinant viruses as comparet thi¢ unmodified MV.

Replication kinetics of all non-eGFP-encoding MVFBi were assessed on Vero cells, which
are the relevant constructs for timevivo efficacy studies. All tested recombinant virusad h
similar replication kinetics, which were comparalbe replication of the unmodified MV
(Figure 4.3). Production of virus progeny peake@@&h post infection with 2.25 — 7.75x10
cell infectious units (ciu)/ml. Next, MV-BITE regation kinetics were assessed on murine cell
lines. Consistent with the infection tests, theste@us progeny were generated on MC38-CEA
with maximum titers in the range of 4xX10 5.25x16 ciu/ml 12-24 h post infection. Higher
virus titers were generated on MC38-CEA-CDA46, asgared to MC38-CEA. Maximum titers
of up to 1.25x16ciu/ml were reached 36-48 h post infection. Highésis titers on murine
cells were reached on B16-CD20-CD46 with 1.75 581 ciu/ml 36-48 h post infection, a
similar range as compared to virus progeny geng@ieVero cells (Figure A.2 A)However

in comparison to Vero cells, virus replication wieayed on B16-CD20-CD46 and dropped
close to or below detection limit (= 25 ciu/ml) @26 h post infection. Virus replication was
moderate on TSCs with highest titers in the rarfggx@(® — 1.9x16 ciu/ml (TSC8), 6x18—
1.1x1d ciu/ml (TSC17) and 1.55x%06 4.5x16G ciu/ml (TSC23). However, virus replication on
all TSCs was stable and continued beyond 96 h. IGsinely, replication of the recombinant
MVs was not compromised by insertion of BiTE-entwpsequences in an ATU downstream
of theH ORF.

4.2.3.Direct Cytotoxic Capacity of Recombinant MV-BITE

All tested MV-BITE had similar replication kinetias one-step growth curves. However, virus
replication largely differed among the various tunoells. We performed metabolic cell

viability assays (XTT}o assess MV-mediated cytopathic effects on thedesimor cells.

" Results generated by Tobias Speck and Johanndbiktdiel
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4. Results

MV-BITE and unmodified MV similarly reduced cell ahility of Vero cells at 48 h post
infection by 90 % as compared to mock-treated MVeslis (Figure 4.4). Consistent with
replication kinetics, MV cytopathic effects on rmeicells were delayed. Viability of MC38-
CEA-CD46 cells was reduced by 90 % at 96 h posciidn. In contrast, MC38-CEA cell
viability was reduced by 40 — 60 % at most at ot infection. Viability of B16-CD20-CD46
cells was reduced by 56 — 72 % at 48 h post irdecind relative viability increased to 70 — 80
% at 96 h post infection (Figure A.2 B).
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Figure 4.3: Replication kinetics of MV-BITE. Indicated cells were inoculated with MV-BITE
and unmodified MV at a multiplicity of infection (®ll) of 1. Viral progeny were determined
by titration assays 12, 24, 36, 48, 72 and 96 h@aost infection. Titration assays were
performed in quadruplicates, which results in aedkdn limit of 25 cell infectious units

(ciu)/ml. One-step growth curves were generatetbtopare MV replication kinetics in terms
of viral progeny in ciu/ml.

" Results generated by Tobias Speck and Johanndbiktdiel
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Figure 4.4: Cytotoxic capacity of MV-BITE. Indicated cells were inoculated with medium
only (mock), MV-BITE or unmodified MV at a multigity of infection (MOI) of 1. Cell
viability was determined in triplicates 12, 24, 3&, 72 and 96 hours post infection. Cell
viability in % was normalized to cell viability afon-infected cells (mock), as described in
chapter 3.2.3.

4.2.4. Transgene Expression of Recombinant MV-BITE

BIiTE expression from MV-BITE-infected cells was &z&d by RT-PCR and Western blot.
For RT-PCR, Vero cells were infected with the respe MV-BITE at an MOI of 0.03BITE
MRNA was detected in cell lysates 95 h post infec{Figure 4.5 A). For Western blot analysis,
Vero (MOI 0.03) or MC38-CEA-CD46 cells (MOI 1) wenefected with MV-mCD3xCEA.
BIiTE expression was analyzed in cell lysates by-ldAt antibody staining 12 — 96 h post
infection (Figure 4.5 B). BIiTE expression in Vesdls was first detectable at 36 h post infection
and continually increased until 96 h post infecti®milarly, in MC38-CEA-CD46 cells, BITE
expression was first detectable at 36 h post iecHowever, expression peaked at 48 h post

infection and then gradually decreased until 9@t pnfection.
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Figure 4.5: BITE expression by MV-BiTE-infected cdk. (A) RT-PCR: Vero cells were
infected with MV-BITE at a multiplicity of infectio (MOI) of 0.03. Cells were lysed at 95 h
post infection and RNA was isolated. BiTE-specsiguences from the transcribed cDNA were
amplified by PCR and subjected to gel electrophsrdsagments of the expected size of
approximately 1,500 base pairs (bp) were detedfi@alis reverse transcriptase (-RT) samples
served as negative controls for DNA contaminationthe RNA samples.B) Western blot
analysis: Cells were infected at MOI 0.03 (VeroM®@I| 1 (MC38-CEA-CD46). Cells were
lysed at indicated time points and proteins wepasged by SDS-PAGE. Proteins were blotted
onto PVDF membranes and stained with anti-HA (BiDE)antif-actin antibodies (loading
control).

BIiTE secretion from MV-BIiTE-infected cells into ¢ute supernatant was investigated by
protein staining of SDS-PAGE and ELISA. For SDS-HA&nalysis, cell-free supernatants
from MV-BIiTE-infected Vero cells were harvested aimhcentrated 20-fold using centrifugal
filter units. Proteins were separated on an SDSHA@| and subsequently stained with a
coomassie dye. Proteins with the expected molecsuddght of BIiTEs of approximately 58
kilodalton (kDa) were detected in culture supemttaf MV-BiTE-infected cells (Figure 4.6
A). In the supernatant of non-infected cells, not@in of the corresponding molecular weight
was detectable. For ELISA, cells were infected Wit¥-BITE at cell type-specific MOls. Cell-
free supernatants were harvested at 24 — 96 hipestion and analyzed by ELISA with
recombinant human protein. Consistent with Westgot analysis of cell lysates, BITE
secretion by MV-BITE-infected Vero cells was desdate after 24 h post infection and BIiTE
concentration continually increased over time ud@ilh post infection (Figure 4.6 B). BiTE
concentrations in culture supernatants from MV-Bifhtected MC38-CEA-CDA46 cells peaked
at 48 — 72 h post infection and decreased unth @6st infection. However, maximum BIiTE
concentrations were three times lower as compait#BN E concentrations in the supernatant
of Vero cells. Low levels of BITE were secreted My/-BiTE-infected MC38-CEA cells.
Consistent with replication kinetics, maximum Bit&ncentrations were reached at 24 h post
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4.2. Characterization of Recombinant Measles Viruses

infection and declined over time until 96 h pogeation. Furthermore, supernatants from MV-
BiTE-infected TSCs were analyzed by ELISA and coregato supernatants from TSCs
infected with unmodified MV (Figure 4.6 C). TSCsmdnfected at MOI 1. Moderate but
continuous BIiTE expression over 96 hours was olesefor TSC8 and TSC23. Continually
increasing BITE levels were observed in cultureesnptants of TSC17. Highest BITE levels

were detected in supernatant of TSC17 96 hourdpiestion. Absorbance values in remained

at background level.
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Figure 4.6: BITE secretion by MV-BIiTE-infected cels. (A) SDS-PAGE: Vero cells were
inoculated with serum-free medium (mock) or MV-Bi@Ea multiplicity of infection (MOI)

of 0.03. Cells culture supernatants were colle6t&d post infection and concentrated 20-fold.
Proteins were separated by SDS-PAGE and stainédaveibomassie R-250 dye-based reagent.
The expected molecular weight for BiTE antibodeapproximately 55 — 58 kilodalton (kDa)
(red boxes).B) ELISA: Cells were infected with MV-mCD3xCEA at MO.03 (Vero) or MOI

1 (MC38 cells). C) TSCs were infected with unmodified MV or MV-hCDGKA at MOI 1.
Error bars represent standard deviati@).q) Cell culture supernatants were collected 24, 48,
72 and 96 hours post infection and relative BiTBasmtrations were determined by ELISA
with recombinant human CEA. Absorbance values diEBtontaining supernatants were
normalized to medium only (mock) and are showro&$sdhange over mock.
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4.3. Functional Characterization of MV-encoded BITEs

4.3.1.Purification of BITEs Expressed by MV-infected Cels

BiTEs were purified from culture supernatants of MWE-infected cells (vpBITES) to
characterize BITE functionalityn vitro. Culture supernatants were sterile-filtered antH3i
were purified byaffinity chromatography usingmmobilized nickel-ion i?*) spin columns
BiTEs were eluted from the Ni-columns by additidnirnidazole. Imidazole in the eluate was
washed out with PBS using centrifugal filter unitsh a vertical membrane that retains proteins
with a molecular weight larger than 10 kDa. Difieresteps of the purification procedure were
analyzed by Western blot using an anti-HA-tag adib(Figure 4.7 A). BiTEs were not detectable
in the flow through or washing fractions after tt@umns were loaded with BiTE-containing
supernatant. Both elution fractions with differax@ncentrations of imidazole contained BITE
antibodies. vpBIiTEs were subjected to SDS-PAGEefmttrophoresis and subsequently stained
with acoomassie dys. Clear bands of the expected baadvsie detected (Figure 4.7 B).
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Figure 4.7: Purification of BiTEs secreted by MV-BIr'E-infected cells.(A) Vero cells were
inoculated with MV-mCD3xCEA at a multiplicity of faction (MOI) of 0.03 in serum-free
medium. Cell culture supernatant was collectechgist infection and purified by affinity
chromatographyDifferent fractions of the purification procedurere analyzed by Western blot
and BITE was detected by anti-HA antibody) Purified BITEs were subjected to SDS-PAGE gel

electrophoresis and quality of purification waslgred by coomassie staining.
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4.3. Functional Characterization of MV-encoded BIiTEs

4.3.2.Binding Specificity of Purified BITEs

Binding specificity of MV-expressed vpBITEs was Baed using sandwich and competitive
ELISAs, magnetic pull-down of BiTE-labeled cellsdaitow cytometry. First, specific binding
of vpBITESs to recombinant human CEA (rhCEA) and twatrol peptides (murine PD-L1 and
CTLA-4) was assessed with sandwich ELISAs (Figude®d). Expectedly, the anti-CEA BIiTEs
bound to rhCEA, while there was no significant lmgdspecific signal detected using CD20-
targeting BiTEs. Concurrently, anti-CEA BITEs didtrbind to the two control peptides. For
the competitive ELISAs, vpBITEs were incubated wétget cells and subsequently target cells
were pelleted. Unbound BITE remained in the sugamiawhich was transferred on ELISA
plates coated with the competing, cell-type specdcombinant protein (MC38-CEA: rhCEA,
PBMCs: rhCD3). The more target antigen-expresselig gvere incubated with BIiTE, the less
BIiTE was detected in the supernatant (Figure 4.8BB8)ding specificity to target cells was
compared to non-target cells (rhCEA: MC38) or mogktrols (rhCD3: PBS).
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Figure 4.8: Evaluation of BIiTE binding specificity by ELISAs. (A) Sandwich ELISA:
Binding of CEA-targeting purified BiTEs to recombimt human CEA was analyzed. CD20-
targeting BiTEs and non-relevant protein (recombimaurine PD-L1 and CTLA-4) served as
specificity controls. PBS was included as negatimetrol. 8) Competitive ELISAs: Binding

of purified BIiTEs to cell-expressed target antigesss evaluated (MC38-CEA: human CEA,
PBMCs: human CD3). Non-target cells or PBS sergenhi@rnal controls A, B) Absorbance
values were normalized to PBS or non-target cellsaae shown as fold change over controls.
Mean of triplicate samples with standard deviatgoshown. Statistical analysis was performed
by one-way ANOVA and p values were adjusted fortipld comparisons by Dunnett’s test.
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4. Results

Furthermore, we investigated BIiTE binding to cedpeessed target antigen by magnetic pull-
down of BiTE-bound target cells. vpBIiTEs were inatéal with target cells and free BiTE was
removed. Remaining, cell-bound BIiTEs were labeldath vanti-HA-biotin antibodies and
subsequently with anti-biotin magnetic beads. Ledbalells were separated from unlabeled
cells by magnetic-activated cell sorting (MACS).lI€@n the flow through (unlabeled cells)
and eluted from the MACS columns (labeled cellsjengsed and analyzed by Western blot
using antip-actin antibody (Figure 4.9). MC38-CEA cells wemdatted in the BiTE-labeled
fractions, while there were no cells detectabléhancorresponding fraction with MC38 cells.

In all flow through fractions unlabeled cells weletectable.

\
Y o¥ @v“o@"\

BiTE binding flow through

Figure 4.9: Magnetic pull-down of BIiTE-labeled target cells. Binding of CEA-targeting
BiTEs to MC38-CEA target cells was evaluated. Targgls were incubated with CEA-
targeting purified BiTEs. MC38 cells were includasi specificity controls. BiTE-bound cells
were magnetically labeled (via the BITE N-termitéA-tag) and separated from unlabeled
cells on a MACS separator. Flow through and magakyi retained fractions were collected
separately and lysed. Lysates were analyzed byaiebtot using antg-actin antibody. Left
panel: BiTE binding to cells in the magneticallyaieed fraction. Right panel: Unlabeled cells
in the flow through fraction. Red print indicaté® tCEA-expressing target cells.

The final BiTE binding test to cell-expressed targetigen was evaluated by flow cytometry
(Figure 4.10). Human CD3-targeting BITEs bound @3& T cells within human peripheral
blood mononuclear cells (PBMC3Jice versa, murine CD3-targeting BiTEs bound to CD3+
T cells within murine splenocytes. Likewise, mMCDEALLBITE bound to MC38-CEA cells,
but not to MC38 cells. Similarly, h\CD3xCEA BITE buoaito CEA-expressing TSCs. The level
of BITE binding to TSCs correlated with the CEA-exgsion level, as determined by flow
cytometric analysis using anti-CEA-PE antibody (Fe&4.10 D).
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Figure 4.10: Flow cytometric analysis of BITE binding. (A) Purified BITES were incubated
with human PBMCs and murine splenocytes, respdytiB&l E binding to T cells was detected
by anti-His-FITC antibody.§) MC38-CEA cells were incubated with purified mCLIZIA
BIiTE. MC38 cells served as specificity contr@) Purified hCD3xXCEA BIiTEs were incubated
with single-cell suspensions of TSC8, TSC17 or T&(R, C) BIiTE binding to tumor cells
was detected by anti-HA-PE antibodip) (Endogenous CEA-expression levels of TSCs were

investigated using an anti-CEA-PE antibodf-0§) Overlay histograms of detection and
isotype antibodies are shown. Each peak is norethlia its mode.
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4.3.3.BiTE-mediated T Cell Cytotoxicity

The potential of vpBITEs to mediate T cell cytow®y was evaluated using lactate

dehydrogenase (LDH) release assays. ThereforefgsBivere added to co-cultures of tumor
cells and T cells. BiTE-mediated T cell cytotoxycivas assessed by LDH release of lysed
tumor cells and non-target tumor cells or contrdiEs were used as specificity controls.

hCD3xCEA vpBITE directed cytolytic activity of T ke within human PBMCs against MC38-
CEA cells in a concentration-dependent manner §€igull A). Concurrently, hCD3xCD20
BiTE-engaged T cells did not lyse MC38-CEA cellsgliest specific lysis of 52 — 59 % was
observed at hCD3xCEA BITE concentrations >100 ng/ml

T cells were isolated from murine splenocytes bgatiee selection (mTCs). mMCD3xCEA
vpBITE mediated mTC cytotoxicity against MC38-CEAlls in a concentration-dependent
manner, comparable to hCD3xCEA BIiTE and human PBEiFGgIre 4.11 B). Highest specific
lysis of 24 - 25 % was observed at mCD3xCEA BiTBamtrations >100 ng/ml. mCD3xCEA
BiTE-engaged mTCs did not lyse non-target cellefparental cell line MC38. Furthermore,
Trp-2-specific murine cytotoxic T lymphocytes (mCI)Lwere re-directed by mCD3xCEA
VpBITE to lyse Trp-2 negative MC38-CEA cells (Figud.11 C). Activated mCTLs
demonstrated high specific lysis of 46 — 58 % dierentire range of tested effector to target

cell (E:T) ratios, while MC38 cells were not lysed.

hCD3xCEA vpBITE also directed PBMC-derived humaeells against CEA-expressing TSCs
(Figure 4.11 D). Specific lysis occurred in a cantcation-dependent manner. Highest specific
lysis was observed at 1 pg/ml hCD3xCEA (37 % TSADB% TSC17, 35 % TSC23). Notably,
increased baseline levels of LDH release from TieGke presence of hCD3xCD20 vpBIiTE
were observed. However, these levels remainedfsignily lower compared to hCD3xCEA

containing samples at BiTE concentrations >100 hg/m
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Figure 4.11: BiTE-mediated T cell cytotoxicityin vitro. Purified BITEs were added to co-
cultures of tumor cells and T cells. BiTE-mediategtotoxicity was assessed by lactate
dehydrogenase (LDH) release assaf$.Human PBMCs were co-cultured with MC38-CEA
cells at a ratio of 50:1. BiTEs were added at iatid concentrations. hCD3xCD20 BIiTE served
as specificity control.B) Murine T cells (mTCs) isolated from splenocytesrevco-cultured
with MC38-CEA cells at a ratio of 12:1. mCD3xCEA THi was added at indicated
concentrations.@) Murine cytotoxic T lymphocytes (mCTLs) were cdtaved with MC38-
CEA cells at indicated ratios. mMCD3xCEA BIiTE wasled at a concentration of 1 pg/ni, (
C) MC38 cells were included as specificity contrgl3) Human PBMCs were co-cultured with
TSCs at a ratio of 50:1. hCD3xCEA BIiTE was added@itated concentrations. hCD3xCD20
BIiTE served as specificity controlA{D) Mean of triplicate samples with standard deviatio
is shown. Statistical analysis was performed byivay ANOVA and p values were adjusted
for multiple comparisons by Sidak’s test.
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Cytokines are a hallmark of T cell activation arylotoxicity. Thus, we analyzed cytokines
secreted by BiTE-engaged T cells in the supernatac-cultures with tumor cells. Cytokine
concentrations were quantified using a cytokinedaeay (CBA). Low cytokine levels (shown
are IFNy, TNF and IL-2) were secreted by T cells isolatemif murine splenocytes in the
presence of MC38-CEA cells and mCD3xCEA vpBITE (Feg4.12 A). TNF levels in the
supernatant were significantly increased, compacedupernatants from co-cultures with
MC38 cells. Levels of IFN-and IL-2 were not significantly increased. T celishin human
PBMCs secreted high levels of cytokines in co-agekbuwith TSCs and hCD3xCEA vpBITE
(Figure 4.12 B). Significantly increased leveldkiN-y, TNF and IL-2 were detected, compared
to co-cultures with hCD3xC20 vpBITE. Highest cyto&ilevels were observed in co-cultures
with TSC8.
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Figure 4.12: BiTE-mediated cytokine secretion by Tcellsin vitro. Purified BITES were
added to co-cultures of tumor cells and T celler&ed cytokines were quantified by cytokine
bead arrays.A) Murine T cells isolated from splenocytes werecatiured with MC38-CEA
cells at a ratio of 50:1. mCD3xCEA BIiTE was added eoncentration of 1 pg/ml. MC38-CEA
cells served as specificity contrdB)(Human PBMCs were co-cultured with indicated T&Cs
a ratio of 50:1. hCD3xCEA BIiTE was added at a catregion of 1 pg/ml. hCD3xCD20 BIiTE
served as specificity controlA( B) Concentrations of IFN; TNF and IL-2 in co-culture
supernatants after 24 hours are shown. Mean dictatp samples with standard deviation is
shown. Statistical analysis was performed by twg-ABOVA and p values were adjusted for
multiple comparisons by Sidak’s test.
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4.4. Therapeutic Efficacy of MV-BITE in Immunocompetent Mice

The therapeutic potential of MVs encoding BITEs weaaluated in the syngeneic tumor models
of MC38-CEA and B16-CD20-CD46. Tumor cells were lamed subcutaneously into the
right flanks of immunocompetent C57BL/6 mice. Whemors reached a mean volume of 40-
50 mn?, mice were treated with intratumoral injectionslafl® ciu of MV-BIiTE or carrier
fluid (OptiMEM) on four or five consecutive days € 20 per group). Tumor progression and
survival of mice was followed for 10 mice per grogmdpoints were defined as tumor volumes
of >1,000 mm, tumor diameter > 15 mm, tumor ulceration, tumieeting or severe signs of
illness. Mice fulfilling one or more of the predaéid endpoints were sacrificed. Furthermore,
10 mice per group were sacrificed 24 hours afteddit treatment to analyze treatment-related

immunostimulatory effects.

In the MC38-CEA model, efficacy of MV encoding tB&A-targeting BITE was compared to
MV-mCD3xCD20 and mock treatment (carrier fluid)d&re 4.13). Both MV-BITE treatments
prolonged survival as compared with survival of kitreated mice. On day 10 after tumor
implantation, the first mouse (mock treatment gjowms sacrificed because of tumor
ulceration with a tumor volume of 227 mMnThe mean tumor volume of mock-treated mice on
day 10 was 105 minTumor growth of mice treated with MV-BIiTE was dgéd and reached
volumes of 60 mrh (MV-mCD3xCEA) and 44 mrh (MV-mCD3xCD20) on day 10 post
implantation (Figure 4.13 A). Median survival (5/@fice alive) of mock-treated mice was 15
days, compared to 41 days for mice treated with M@D3xCD20. Median survival for mice
treated with MV-mCD3xCEA was not reached. 7/10 micmated with MV-mCD3xCEA
experienced durable remissions, compared to 4/1@ mneated with MV-mCD3xCD20 and
0/10 mock-treated mice. Frequencies of reacheda@nidpwvere 16 % tumor volume and 84 %
tumor ulceration. MV-BITE treatments led to sigo#ntly prolonged survival with < 0.001
for MV-mCD3xCEA andp < 0.01 for MV-mCD3xCD20, as compared to mock tmesitt.
However, survival of MV-mCD3xCEA-treated mice wag significantly prolonged compared
to MV-mCD3xCD20-treated mice.
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Figure 4.13: Therapeutic efficacy of MV-BIiTE againg murine MC38-CEA. 1x1( MC38-
CEA cells were subcutaneously implanted into thaklof C57BL/6 mice. Mice were treated
with intratumoral injections of carrier fluid (mockr 1x1@ cell infectious units of indicated
MV-BITE on days 4, 5, 6, and 7 post implantatior=(10 mice/group).A) Tumor volumes of
individual mice 10 days post implantation. Mearuesl with standard deviations are indicated.
(B) Kaplan-Meier survival analysis. Log-rank (Man@bx) test was performed for statistical
comparison of survival curves and p values wereected for multiple comparisons by the
Bonferroni method.

In the B16-CD20-CD46 model, efficacy of MV-mCD3xCh2vas compared to MV-
mCD3xCEA, unmodified MV and mock (carrier fluid)i¢fare A.3). Treatment with MV-
MCD3xCEA and unmodified MV similarly prolonged siwal, as compared with mock
treatment. Median survival of mock-treated mice W&s$ days, compared to 23.5 days for
mice treated with MV-mCD3xCEA and 25 days for miEated with unmodified MV. In this
model, treatment with MV-mCD3xCD20 significantly gbonged survival, compared to
treatment with MV-mCD3xCEA[ < 0.05, median survival: 30 days). Interestingjlgatment
with purified BITE only did not result in prolongezurvival, compared to mock treatment
(median survival: 18 dayss. 15 days). However, treatment with UV-inactivatbty/-
mCD3xCD20 showed similar therapeutic effects asttnent with non-irradiated MV-
mCD3xCD20 p < 0.001 compared to purified BiTE treatment, resipely) (Figure A.4)!
Furthermore, MV-mCD3xCD20 treatment conferred prtte antitumor immunity against the

parental cell line B16 (Figure A.5).

" Results generated by Johannes Heidbiichel
T Results generated by Johannes Heidbiichel
* Results generated by Tobias Speck
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4.4. Therapeutic Efficacy of MV-BITE in Immunocompetéviice

Plasma levels of BiTE in peripheral blood of MC3BA>bearing mice treated with MV-BITE
were analyzed to assess systemic exposure ofedjectle novo synthesized BIiTE. Blood was
drawn 2 hours and 24 hours after the fourth treatni&®lood plasma was analyzed by ELISA
with recombinant human CEA. BITE plasma levels inVHRiTE-treated mice were not

elevated, as compared to mock-treated mice (Figl4).

A B
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Figure 4.14: BIiTE plasma levels after MV-BITE treament of MC38-CEA-bearing mice.
MC38-CEA cells were subcutaneously implanted ihi ftank of C57BL/6 mice. Mice were
treated with intratumoral injections of carrierifluimock) or indicated MV-BITE on four
consecutive daysA() Purified mCD3xCEA BIiTE was titrated and analyzgdELISA with
recombinant human (rh)CEAB] Blood was drawn from MC38-CEA-bearing mice 2 &4d
hours after the fourth treatment. Blood plasma am@alyzed by ELISA with rhCEA of the
indicated treatment groups € 3-5 mice/group).A, B) Absorbance values were normalized to
PBS and are shown as fold change over PBS. Medimreé to five samples with standard

deviation is shown.

4.4.1.Analysis of MV-BITE Mediated Immunostimulatory Effe cts

Tumor-infiltrating lymphocytes (TILs) and intratumad cytokine concentrations were analyzed
to investigate the immunostimulatory effects mestiaby MV-BITE treatment. Tumors from
10 mice per group were explanted 24 hours aftedabieday of treatment (as described in
chapter 4.4). Explanted tumors were processedniglescell suspensions and prepared for
analysis of TIL differentiation and activation bipw cytometry (Figure 4.15 A). The gating
strategy is shown in Figure A.6. Notably, high gertage of lymphocytes were found in MC38-
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4. Results

CEA tumors of all treatment groups, including mdckatment. Increased percentage of
lymphocytes were found in MV-BITE-treated tumors\(MhCD3xCEA: 33 % of live cells,
MV-mCD3xCD20: 35 % of live cells), as compared wittock-treated tumors (28 % of live
cells). However, only MV-mCD3xCD20 treatment sigraintly increased percentage of
infiltrating lymphocytes § = 0.0113). The ratio of CD8+ to CD4+ T cells wapm@ximately
2-fold higher for both MV-BITE treatment groups, @mpared with mock treatment. At the
same time, the expression of the activation mati{289 on CD8+ T cells was increased after
MV-BITE treatment, compared to mock treatment (80%vs. 54 %) and the differentiation
marker CD25 on CD4+ T cells was decreased (32-38.%8 %). Notably, most changes in
TIL populations, activation or differentiation remed statistically not significant.

In contrast, less lymphocytes than 1 % of livescelere detected in mock-treated B16-CD20-
CD46 tumors (Figure A.7).Subtle elevated percentage of lymphocytes weradion MV-
MCD3xCEA-treated tumors (4 %, 0.7 to 9 % of livés)eand significantly increased numbers
after MV-mCD3xCD20 treatment (16 %, 2.5 to 46 %iwe¢ cells,p = 0.0003), as compared
with mock treatment. The CD8+ to CD4+ T cell ragfdl.2 in mock-treated tumors was similar
to the ratio found in mock-treated MC38-CEA tumor$ie ratio was increased for MV-
MCD3xCEA-treated B16-CD20-CD46 tumors (ratio of)2a@d significantly increased after
MV-mCD3xCD20 treatment (ratio of 8.8).

Intratumoral concentrations of specific cytokiney&vanalyzed by CBA assays. Protein levels
of IL-2, IL-4, IL-6, IL-10, TNF, IFN+y, and IL-17A were simultaneously quantified in tumo
samples to investigate the expression of Th1, ®hZh17 cytokines. In the MC38-CEA model,
increased levels of IFM-were obtained in MV-BiTE-treated tumors (FigurésB). However,
significantly increased levels of IFNwere obtained only in MV-mCD3xCD30-treated tumors.
Levels of IL-2, IL-4, IL-6, IL-10, TNF, and IL-17An MV-BIiTE-treated tumors were elevated
as well, however were not significantly increasaslcompared with mock-treated tumors. In
general, highest cytokine levels were detected VRiMCD3xCD20-treated tumors. Except for
IL-10 concentrations, which was highest for MV-mG@EA-treated tumors.

" Results generated by Johannes Heidbiichel
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Figure 4.15: Immunostimulatory effects of MV-BITE treatment in MC38-CEA bearing
mice. MC38-CEA cells were subcutaneously implanted thflank of C57BL/6 mice. Mice
were treated with intratumoral injections of carfieid (mock) or the indicated MV-BITE on
four consecutive days. Tumors were explanted ogeaflar the last treatmenfA) Analysis of
tumor-infiltrating lymphocytes (TILs). Single-celbuspensions were prepared for flow
cytometric analysis of TIL subpopulations € 10 mice/group). Mean values with standard
deviation are shown. Statistical analysis was peréal by one-way ANOVA and p values were
adjusted for multiple comparisons by Tukey’s t€B). Cytokine profiles of MV-BiTE-treated
mice. Intratumoral cytokines were quantified byakyhe bead arrays. Mean values with
standard deviation are shown. Statistical anaklysis performed by two-way ANOVA and p
values were adjusted for multiple comparisons byriait’s test.
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4. Results

In the B16-CD20-CD46 model, intratumoral cytokinencentrations after mock, MV-
mCD3xCD20 and MV-mCD3xCEA treatment were assesBaglite A.8). Both MV-BIiTE
treatments significantly increased levels of lffNas compared with mock treatmempt <
0.0001). In addition, TNF concentrations in MV-mCG&ZD20-treated tumors were
significantly increased, compared to mock-treateddrs p = 0.0015). In general, elevated
cytokine concentrations were found in MV-BIiTE-tre@ttumors, as compared with mock-

treated tumors, except for IL-6 concentrations.

4.5. Therapeutic Efficacy of MV-BITE in TSC Xenografts

The therapeutic efficacy of MV-BITE against CEA-eggsing human colon cancer xenografts
was evaluated. Single-cell suspensions of §xX19C8, TSC17 and TSC23 were implanted
subcutaneously into the right flanks of immunocoompised NSG mice. Efficacy of MV-
hCD3xCEA with the transfer of PBMCs was comparedrock, PBMCs only and MV-
hCD3xCEA only treatments. Beforehand, healthy datersived PBMCs were tested for
alloreactive T cell responses against the TBIG&tro and non-reactive donors were selected.
When tumors reached a mean volume of 100°mite received intratumoral injections of
1x1® ciu MV-hCD3xCEA on four consecutive days. On tliwstfday of treatment, mice
additionally received 1xT0 healthy donor-derived PBMCs or carrier fluid (PBS)
intratumorally. Notably, TSC17-bearing mice receivenly 3.3x16 PBMCs due to an
unexpectedly low-yield in PBMC isolation. Tumor gression and survival were followed for
10 mice per group. Predefined endpoints were twalumes of >1,000 métumor diameter

of > 15 mm, tumor ulceration, tumor bleeding oregevsigns of iliness.

Treatment with MV-hCD3xCEA only significantly praiged survival of TSC8-bearing NSG
mice, as compared to treatments with mock or PBMdg (p < 0.001) (Figure 4.16 A, B).
Treatment with MV-hCD3xCEA and the transfer of PB#significantly prolonged survival,
as compared to treatment with MV-hCD3xCEA onty< 0.01). The first mouse (treatment
with PBMCs only) was sacrificed on day 17 after B3@plantation with a tumor volume of

1,023 mni. On day 17, the mean tumor volume of mice treatiéd PBMCs only was largest

" Results generated by Tobias Speck
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4.5. Therapeutic Efficacy of MV-BITE in TSC Xenografts

with 596 mn3, compared to 345 mhfmock), 237 mm(MV-hCD3xCEA only) and 144 mfn
(MV-hCD3xCEA + PBMCs) (Figure 4.16 A). Median sural of mock-treated mice was 22
days, compared to 20 days (PBMCs only), 36 days-(M\D3xCEA only) and 64 days (MV-
hCD3xCEA + PBMCs) (Figure 4.16 B). Individual tumgnowth curves are shown in Figure

4.17 A. Reached endpoints were tumor volume (9@8d)tumor diameter (10 %).

For the TSC17 xenograft model, treatment with MVAIBRCEA only did not prolong survival
and transfer of PBMCs only even significantly skodd survival as compared to mock
treatment |§ < 0.05). However, treatment with MV-hCD3xCEA ark ttransfer of PBMCs
prolonged survival, compared to mock treatmentigtieally not significant) (Figure 4.16 D).
First mice reached the tumor diameter endpoint ay 3B after TSC17 implantation (mock
treatment and PBMCs only). Mean tumor volumes on38awere 402 mi(mock), 617 mrh
(PBMCs only), 313 mm(MV-hCD3xCEA only) and 293 mi(MV-hCD3xCEA + PBMCs)
(Figure 4.16 C). Median survival of mock-treateccenwas 48 days, compared to 39.5 days
(PBMCs only), 52.5 days (MV-hCD3xCEA only) and 6@#&ys (MV-hCD3xCEA + PBMCs).
Individual tumor growth curves are shown in Figyrd7 B. The frequencies of reached

endpoints were 67 % tumor volume and 33 % tumanéiar.

In the TSC23 model, treatment with MV-hCD3xCEA oslgnificantly prolonged survival, as
compared with mock treatmemt € 0.01) (Figure 4.16 E, F). Treatment with PBM@$yaid
neither significantly prolong nor shorten survivabmpared to mock treatment and MV-
hCD3xCEA only. Notably, 50 % of TSC23-bearing mimsated with PBMCs only developed
graft-versus-host disease (GvHD). Mice sufferirgrfrGvHD showed severe signs of iliness,
which coincided with tumor shrinkage. However, tne@nt with MV-hCD3xCEA with the
transfer of PBMCs significantly prolonged survivals compared to treatment with MV-
hCD3xCEA only p < 0.001). Interestingly, no mice treated with MZID3xCEA with the
transfer of PBMCs developed GvHD. On day 19 aft8CZ3 implantation, the first mouse
from the mock treatment group reached the tumarnael endpoint with 1,082 miniThe mean
tumor volume of mock-treated mice on day 19 was i#. Again, the mean tumor volume
of mice treated with PBMCs only was largest witl3 5317, as compared to mock-treated mice,
MV-hCD3xCEA only (309 mrf) and MV-hCD3xCEA with the transfer of PBMCs (1661)
(Figure 4.16 E). Median survival after mock treattnesas 28 days, compared to 36 days
(PBMCs only), 41 days (MV-hCD3xCEA only) and 65.8yd (MV-hCD3xCEA + PBMCs)
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4. Results

(Figure 4.16 F). Individual tumor growth curves al®wn in Figure 4.17 C. The frequencies
of reached endpoints were 57 % tumor volume, 2é®ot diameter and 17 % severe signs of
illness.
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Figure 4.16: Therapeutic efficacy of MV-BITE agains human colon cancer xenografts.
1x1® tumor spheroid cultures (TSCs) were subcutanedoghanted into the flank of NSG
mice. Mice were treated with intratumoral injecgoaf carrier fluid (mock) or 1xfoOcell
infectious units of MV-hCD3xCEA on four consecutiglays 0 = 9-10 mice/group). On the
first day of treatment, TSC8- and TSC23-bearingenadditionally received an intratumoral
transfer of 1x10human PBMCs. TSC17-bearing mice received a tran§fg.3x1¢ PBMCs.
(A, C, E) Tumor volumes of individual mice. On day 17 (T§Cday 33 (TSC17) or day 19
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4.5. Therapeutic Efficacy of MV-BITE in TSC Xenografts

(TSC23) post implantation first tumors reached omehe predefined endpoints and the
respective mice were sacrificed. Mean values ateated. B, D, F) Kaplan-Meier survival
analyses. Statistical comparison between MV-BiTthwhe transfer of PBMCs and MV-BITE
only treatment groups is indicated in the graplog-tank (Mantel-Cox) test was performed for
statistical comparison of survival curves and pealwere corrected for multiple comparisons
by the Bonferroni method.

A mock PBMCs only MV-BIiTE only MV-BIiTE + PBMCs
2000 2500 1500 1500
% .4 T |4 %
E 1500 £ 2000 E E
o ® 1500 o 1000 o 1000
TSC8 £ 1000 5 5 5
3 £ 1000 3 3
5 5 5 500 5 500
g 500 E 500 £ £
2 2 2 2
o 0 i
SRS FS S SESFLLES SRS S b"&‘&“&“’ﬁb«“&"‘
days post implantation days post implantation days post implantation days post implantation
B mock PBMCs only MV-BIiTE only MV-BIiTE + PBMCs
2000 2000 2000
& Lo Lo L
£ ¥ £ £ £
E. 1500 E 1500 E 1500 E
g g g g
TSC17 2 1000 2 1000 2 1000 E
> > > >
2 500 2 500 2 500 2
2 2 2 2
OQ'L Va0 gV o° Q MR Q O sV a0 OQ'LQ'LQQ'LQ
SV Fr O S SgVS PO SV FE O TR
days post implantation days post implantation days post implantation days post implantation
C mock PBMCs only MV-BIiTE only MV-BIiTE + PBMCs
2000 2000 2000
Lo o L L
£ £ £ £
E 1500 E. 1500 E. 1500 E
g g g g
TSC23 3 1000 3 1000 3 1000 3
° ° ° °
> > > >
) ) ) )
£ 500 £ 500 £ 500 £
2 2 2 2
OB DD DD YOI NS TPy ORIy
THYFLEeS FRFELESS FRFELESS FRFELESS
days post implantation days post implantation days post implantation days post implantation

Figure 4.17: Individual tumor growth of MV-BIiTE-tre ated human colon cancer
xenografts. Tumor spheroid cultures (TSCs) were implanted gtaémeously into the flank of
NSG mice. When tumors reached a mean volume of 66, mice were treated with
intratumoral injections of carrier fluid (mock) MV-hCD3xCEA on four consecutive days (

= 9-10 mice/group). On the first day of treatmdi8C8- and TSC23-bearing mice additionally
received an intratumoral transfer of 1xIfuman PBMCs. TSC17-bearing mice received a
transfer of 3.3x19PBMCs. A-C) Individual tumor growth curves of) TSC8-bearing mice,
(B) TSC17-bearing mice an€) TSC23-bearing mice. Initiation of treatment igicated by
blue arrows and lines.
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4. Results

In general, no signs of BiTE-related toxicities webserved. BiTE plasma levels in peripheral
blood of mice treated with MV-BITE were evaluatedl l2ours after the fourth treatment and
compared to PBMCs only-treated mice and the BiTRtext of one dose MV-hCD3xCEA.
BiTE plasma levels of MV-BiTE-treated mice remairiow detection limit (Figure 4.18).
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Figure 4.18: BITE plasma levels after treatment off SC23-bearing mice with MV-BITE.
TSC23 cells were implanted subcutaneously intofldrek of NSG mice. Mice were treated
with intratumoral injections of carrier fluid (mogckr MV-hCD3xCEA on four consecutive
days. On the first day of treatment, mice additiyn@ceived an intratumoral transfer of 1X10
human PBMCs. A) Purified hCD3xCEA BIiTE was titrated and analyzZeyg ELISA with
recombinant human (rh)CEAB) Blood was drawn from TSC23-bearing mice 24 haitsr

the fourth treatment. Blood plasma was analyzedEblSA with rhCEA for the indicated
treatment groups(= 5 mice/group).A, B) Absorbance values were normalized to PBS and

are shown as fold change over PBS.
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5. Discussion

5.1. The Promise of Cancer Immunovirotherapy

The primary choice of treatment for many patientthviocalized tumor diseases remains
surgery 158). For non-localized tumor diseases, systemic agahegapies are required such as
cytotoxic chemotherapy, hormonal agents or targétedapy 159). However, long-term
treatment success is limited to a minority of pasgeor to a few tumor diseases with particular
mutations. In recent years, immunotherapy has becamajor field of research in modern
oncology. Immune checkpoint inhibitory antibodiaesloptive T cell therapies and vaccines
have provided proof for the therapeutic potentfadr body’s immune system to fight cancers
(160).

Oncaolytic viruses (OVs) selectively infect and Iytssenor cells, which can result in massive
tumor debulking132, 152, 153, 161-165). Besides direct oncolysis, OVs have been receghiz
as potent immunostimulatory agents in the pastdie@®6). The immunostimulatory effects
of the viral infection and oncolytidA situ vaccination” may even induce systemic antitumor
immunity (166). This promise of natural and genetically engiede®Vs is currently being
explored in clinical studies worldwid@g, 167-180). Noteworthy, most genetic modifications
aim to support the immunostimulatory activity of ©W¥y expression of transgenes, which
encode for cytokines such as GM-CSF, IFNL-12 or tumor-associated antigens (chapter

1.4.1 and references therein).

This study reports on oncolytic measles viruseschvivere engineered to encode bispecific T
cell engaging antibodies (MV-BIiTE). On the one hamcolytic MVs have been described to
induce an immunogenic cell death (ICDBL-183). On the other hand, BiTEs simultaneously
engage local T cells and tumor cells and therebyate the engaged T cells. Besides bystander
tumor lysis, BiTE-engaged T cells have been deedrib secrete cytokines, which support the
establishment of an antitumor immune response {ehdp3.4 and references therein). Thus,
tumor-restricted expression of BiTEs may synergith the oncolytic viral vector. This study
demonstrates that therapeutic efficacy of oncolyti¢s can be enhanced by encoding BiTEs

within the viral genome. To this end, immunocompet@ouse models and patient-derived
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xenografts with the transfer of human PBMCs wergleged to study MV-BITE efficacy,
mode of action and safety aspects.

5.2. Recombinant BiTE-Encoding Measles Viruses

A recombinant MV clone generated from cDNA of thdntonston B vaccine strain was used
in this study to investigate the therapeutic efficaf MV-BITE. Compared to other MV
vaccine strains, such as Schwarz/Moraten or Zagneboriginal Edmonston B vaccine strain
is less attenuated&4). However, the recombinant MVs derived from thertediston B vaccine
strain have been reported to be less immunogeimerirunocompetent mice expressing human
CD46, as compared with recombinant MVs derived frSohwarz strain 185). Reduced
immunogenicity is probably a result of acquired gfenalterations. Sequence comparisons of
different MV genomes revealed that viruses derivenh the recombinant Edmonston B cDNA
genetically diverged from the original Edmonstowdcine straini85). Several amino acid
substitutions have occurred in the P/V/C proteimkjch might influence viral interferon
defense mechanisms and thereby affect viral repitaHowever, a reduced immunogenicity
of the vector might delay viral clearance by thenume system and thus increase expression
of the delivered transgene. Whether one partia@leombinant MV vaccine strain is superior
over the other strains in terms of therapeuticatfy has not been analyzed systematically to
date. Presumably, it cannot be generalized duetéo-individual differences in the patient’s
immune system and the tumor interferon stafil@6)( On the on hand, recombinant MVs
derived from the Edmonston B vaccine strain migatdeneficial in tumors with highly
attenuated antiviral defense mechanisms, if theodsat transgene requires higher local
concentrations. On the other hand, recombinant B&f&/ed from the Schwarz vaccine strain
might be beneficial in tumors with less attenuaaetiviral defense mechanisms in order to
effectively replicate. However, the more immunogefchwarz strain-derived MVs might be

cleared by the immune system prematurely, whicltditnansgene expression.

The BIiTE-encoding sequence lengths are approxigna{éD0 base pairs. A previous study by
Engelandet al. investigated the therapeutic efficacy of MVs enngdanti-CTLA-4 and anti-
PD-L1 dimeric antibodies with a similar sequencgth ©2). Rescue of viral particles was not

successful if the anti-CTLA-4 antibody sequence imasrted upstream of tiNopen reading
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frame (ORF) and downstream of tR©ORF, respectively. These insertion sites wouldltesu
strong transgene expressiofi8]) and have been used to study MVs encoding smaller
transgenes, such as cytokines and prodrug congsr{; 78, 188-190). However, insertion

of the antibody sequence downstream ofHh@RF finally resulted in the formation of viral
particles. Thus, BiTE-encoding sequences were dsngerted into an additional transcription
unit (ATU) downstream of thel ORF. Rescue of viral particles was successfulfioBiTE-
encoding constructs (BiTEs: hCD3XCEA, mCD3xCEA, 820D20, mCD3xCD20).

Oncolytic efficacy depends on the dose of virus iadstration, which is limited for some
oncolytic viruses by manufacturing issues, inclgdvVs (191). Propagation of MV-BITE
resulted in titers of approximately 5¥1@-/- 3x10) cell infectious units (ciu)/ml and typically
20 — 25 ml of virus suspension were obtained frbm third passage. The total amount of
approximately 1x19 ciu of MV-BIiTE concentrated in 20 — 25 ml virusspension was
sufficient to conductn vivo experiments. Transgene expression and oncolytitgadepend

on viral replication. Therefore, virus growth kiiost of the individual MV-BITE constructs
were assessed and compared to unmodified MV. Irapthyt replication of MV-BITE was not
impaired by encoding the additional transgene. Thimsilar cytopathic effects of MV-BITE
were expected and demonstrated in cell viabilisags (XTTSs).

5.3. Mouse Models to Study Therapeutic Efficacy of MV-BTE

In general, murine cells are not susceptible to kféction because they lack expression of
MV entry receptors. There is no known murine horga® of human CD46 and the MV H
protein is unable to bind to mouse SLAMA#3). Non-human primate cells expressing mouse
nectin-4 are susceptible to MV infection, howewvdection is much less efficient in terms of
infection rates, viral spread and the productioricdl progeny, as compared to the respective
cells expressing the human homolog2lj. MV particles are able to enter murine MC38-
CEA cells at a very low rate (Figure 4.2 B MC38-QEprobably by receptor-independent
mechanisms such as macropinocyto$82). To generate more susceptible murine cell lines,
MC38-CEA and B16-CD20 cells were stably transdutedexpress human CD46 using
lentiviruses. B16-CD20-CD46 and MC38-CEA-CD46 weusceptible to MV infection and

produced higher virus titers than compared withréspective parental cell lines. Still, murine
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cells expressing human CD46 are less permissiviglYomfection, as compared to Vero cells,
probably, because MV has been adapted to effigigeplicate in human cellsl93, 194).
Furthermore, the MV accessory proteins C and V trbgHess efficient in antagonizing mouse
IFN activity (195). Unfortunately, implanted MC38-CEA-CD46 cells werejected by
immunocompetent C57BL/6J mice. Interestingly, BIB20-CD46 tumor growth in
C57BL/6J mice was unimpaired. MC38 is a chemicedjuced murine tumor model, which
acquired many immunogenic mutatiod9q). The B16 tumor model spontaneously arose in a
C57BL/6 mouse under the surveillance of an intawnune systeml1@7). Thus, the MC38
tumor modelper se is much more immunogenic than the B16 tumor mddes). The
immunogenic nature of MC38 cells in combinationhwihe expression of human CEA and
human CDA46 results in frequent tumor rejection &l16-CD20-CD46 tumor growth is

immunologically tolerated.

As discussed above, there are major limitationtheoMC38-CEA model in terms of MV
infection, replication and thus transgene expressidowever, it is essential to use
immunocompetent models in order to study the effecediated by an immunomodulatory
drug. MV-BITE demonstrated oncolytic activity agstirMC38-CEAin vitro (Figure 4.4).
Supported by these results and because of a laak afternative syngeneic CEA-expressing
mouse model, we decided to use MC38-CEA to invastighe therapeutic potential of MV-
BIiTE invivo. In addition, we established patient-derived, C&fpressing xenografts of tumor
spheroid cultures (TSCs) with the transfer of umatated human PBMCs. On the one hand,
this model neglects the complex interplay betwdeniinmune system, MV-BITE and the
immune contexture of the tumor microenvironment @)Mtype, function, density and
organization of immune cell499)). On the other hand, the humanized model morgustely
reflects the MV-BITE pharmacodynamics and —kinetitserms of oncolytic activity, viral

capability to replicate and spread, atehovo synthesis of the MV-encoded transgene.

5.4. Characterization of MV-Encoded BITEs

Transgene expression and secretion by MV-BIiTE-tef@cells was validated on mRNA and
protein level, respectively. Supernatants of MV-Biihfected cells were harvested and BIiTEs

were purified to enrich BiTE concentrations andrémove contaminants such as host cell-
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derived proteins or nucleic acids. Notably, pustfion efficiency of BiTEs varied from batch
to batch, which was monitored by Coomassie Blumisigs. The purification efficiency was
dependent on the complexity of the culture medilihe more syncytia burst prematurely and
“contaminated” the supernatant, the less efficigas the purification procedure. Therefore,
indicated BIiTE concentrations are not absolute rather reflect the total protein content,
including protein contaminations (estimated to 25-% contaminants by Coomassie Blue

stainings).

Binding of vpBITE to target antigen was validatedavariety of assays, including ELISAS,
magnetic pull-down of BiTE-labeled cells and floyg@metry. Specificity of BiTE binding was
controlled by non-relevant recombinant proteinha tespective parental cell lines, which do
not express the relevant tumor-associated antiBjewling specificity was verified within the
context of the selected specificity controls. Fuorality of vpBITES was validated in LDH
release assays. Therefore, vpBITEs were added¢alaares of immune cells and tumor cells.
Tumor cells were lysed with lysis solution to asstee maximum release of LDH to define 100
% lysis. However, a limitation of the LDH releassay is the long incubation time of 24 to 48
hours. On the one side, tumor cells in the maxinulDHl release control wells approximately
doubled after 24 hours and doubled twice afterai@$) respectively. On the other side, tumor
cells in the experimental wells were lysed by Bi@ikgaged T cells and thus, did not replicate.
Expectedly, only 50 % specific lysis could be reathfter 24 hours incubation time and 25 %
specific lysis after 48 hours incubation time. Tdiwomium release assay is a similar assay
format to assess T cell cytotoxicity. Only the amioof chromium, which was incorporated by
tumor cells in the first place can be releasedraadsured. Thus, maximum chromium release
is independent of tumor cell proliferation. On th@vnside, the assay setup is more elaborate

and working with the radioactive chromium isotopé'Constitutes an additional safety hazard.

BiTE-mediated cytokine secretion by T cells in edtgres with tumor cells was quantified
using a cytometric bead array (CBA). In supernatéom both, murine splenocytes and human
PBMCs, elevated levels oI cytokines were found. In support of these resoltser studies
have reported the secretion aillcytokines by BiTE-engaged T cells, as wai, (37, 200,
201). Thl cytokines mediate pro-inflammatory effects antuta immunity. Thus, a #1

polarized immune response may improve efficacy mfcancer immunotherapeutic20@,

81



5. Discussion

203). Conclusively, this study demonstrates for thetftime the feasibility to encode and
express functional BiTE antibodies by negativersfrRNA viruses.

5.5. Therapeutic Efficacy of MV-BITE

MV-BITE treatment significantly prolonged survivat MC38-CEA-bearing mice. However,
there was no significant difference between thattnent with MVs encoding the CEA-
targeting and the CD20-targeting BiTE, respectivElythermore, MV-mCD3xCEA treatment
did not significantly increase numbers, activity aytokine expression of tumor-infiltrating
lymphocytes (TILs), as compared to MV-mCD3xCD2G@&tmeent. Apparently, the therapeutic
effects resulted from MV oncolytic activity and/6om MV immunogenicity. B16-CD20-
CD46 cells are more susceptible to MV infectionu3hif the observed therapeutic effects in
the MC38-CEA model resulted from MV oncolytic adyy we would expect enhanced
efficacy in the B16-CD20-CD46 model. Again, MV-BiTtEeatment significantly prolonged
survival of B16-CD20-CD46-bearing mice. Howevertire B16-CD20-CD46 model, MV-
mCD3xCD20 treatment significantly prolonged surVigd mice, as compared to treatment
with unmodified MV or MV-mCD3xCEA. Along the samiaé¢s, MV-mCD3xCD20 treatment
significantly increased the number of TILs, mod@ip8+ T cells. Apparently, in the B16-
CD20-CD46 model the CD20-targeting BiTE improvedrdpeutic efficacy of MV treatment.
To further delineate the MV- and BiTE-mediated eff¢ we next treated B16-CD20-CD46-
bearing mice with UV-inactivated MV-BITE to abolisiral replication while the functionality
of BITE, which is present in the virus suspensi@®,not compromised (Figure A.9).
Importantly, we did not purify the propagated retamant MVs. The shear sensitivity and
pleomorphic nature of MVs results in low recovendapurity of infectious particles after
ultracentrifugation or diafiltration204). For use in humans, a tangential flow filtrateystem
(Spectrum Laboratories, Inc., CA, USA) has beereltged to purify and concentrate measles
viruses in accordance with good manufacturing prest@05). In the present study, injections
of MV-BITE always contains MV-BITE and BITE antibia$, which have been expressed by
the MV-BITE-infected producer cell line. Interegly, treatment with UV-inactivated MV-
mCD3xCD20 resulted in similar therapeutic effeetscompared to treatment with replication

competent MV-mCD3xCD20. Thus, MV oncolytic activigy apparently not essential in the
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5.5. Therapeutic Efficacy of MV-BITE

syngeneic mouse models. Furthermore, treatmentpuitiied mCD3xCD20 BIiTE alone did
not result in a meaningful therapeutic effect. Thhe combination of the immunostimulatory
effects of the replicating or non-replicating vikactor and BITE treatment seems to recruit
and activate further TILs or to stimulate local $llto proliferate. Furthermore, MV-
mCD3xCD20 treatment conferred protective antitumamnunity against the parental cell line
B16. This human CD20/CD46-independent immunity ¢atks, that BiTE-mediated T cell
cytotoxicity may lead to epitope spreading, whiglsupported by literatur@@e, 207).

Interestingly, the immunogenic MC38-CEA model hagbsubstantially higher numbers of
TILs, as compared to the poorly immunogenic B16-G{0D46 model (mock-treated tumors:
28 % of CD3+ cells of live cellgersus less than 1 % of CD3+ cells of live cells). Mockéted
MC38-CEA tumors developed aggressively, despitehtge numbers and activation status of
TILs. Apparently, the TME is highly immunosuppregsand treatment with MV-mCD3xCEA
could not induce antitumor immunity. Probably, thede of action of BITE-mediated T cell
activation is not beneficial in this model. Notewy, therapeutic efficacy of MVs encoding
GM-CSF, anti-PD-L1 antibody or IL-12 against MC3&&tumors has been demonstrated in
previous studies/@, 78). Of note, these studies used MVs retargeted t& BE/-anti-CEA)

to establish susceptibility of MC38-CEA to MV-ai@EA infection. Therapeutic efficacy of
MV-anti-CEA encoding GM-CSF, anti-PD-L1 antibodylbar12 was enhanced, as compared
to the unmodified MV-anti-CEA encoding eGFP or &mtibody constant region IgG-Fc. Thus,
therapeutic efficacy must have been dependenteomtue of action of the encoded transgenes.
Moreover, Veinaldet al. compared efficacy of CEA-targeted and non-targsted encoding
IL-12 (208). Interestingly, she obtained similar results lboth viruses in terms of survival.
Apparently, IL-12, as well as GM-CSF and anti-PD-adtibody, were able to counteract
immunosuppression or T cell exhaustion and estaddisantitumor immunity in the MC38-
CEA model. In addition, considering the effects ragztl by UV-inactivated MV-BITE in the
B16-CD20-CD46 model, these results support our thgsas, that MV oncolytic activity might
not be essential for therapeutic efficacy in theggneic mouse models.

In the patient-derived xenografts, MV-hCD3xCEA treant with the transfer of human
PBMCs prolonged survival of TSC-bearing NSG micetdworthy, PBMCs were freshly
isolated, neither pre-activated nor enriched farells. Furthermore, mice received only one

transfer of PBMCs at the first day of treatment andecombinant human cytokines were co-
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administrated, which can be used to supported T eogdansion 209, 210). Still, MV-
hCD3xCEA treatment with the transfer of PBMCs dligantly prolonged survival of TSC8-
and TSC23-bearing mice, as compared to MV-hCD3xQEatment alone. Survival of
TSC17-bearing mice was prolonged as well, howetatisically not significant, as compared
to MV-hCD3xCEA treatment only. Of note, due to amexipectedly low yield in PBMC
isolation, TSC17-bearing mice only received 1/8haefamount of PBMCs transferred to TSC8-
and TSC23-bearing mice, respectively. Thus, thesfea of more PBMCs may have enhanced
therapeutic efficacy of MV-BITE treatment of TSCh&aring mice.

For all three TSC xenografts, MV-BITE treatmentyod€layed tumor growth, as compared to
tumor growth of mock-treated mice. Interestinghg transfer of PBMCs only increased mean
tumor volumes, as compared to tumor volumes of ntekted mice. Most likely, PBMCs did
not promote tumor progression but rather causeshflammatory swelling, which has been
described for skin transplantation models in NS@Ger211). However, PBMC transfer with
MV-BITE treatment further delayed tumor developmerst compared to MV-BITE treatment
only. This observation supports the hypothesis bystander effect by BiTE-mediated T cell

cytotoxicity.

Interestingly, 50 % of the TSC23-bearing mice ®&datvith the transfer of PBMCs only
developed acute graft-versus-host disease (aGuiBg to four weeks after the PBMC transfer
(212). T cell receptors (TCRs) of human T cells do memognize mouse MHC molecules. In
GvHD-affected mice, human antigen presenting c6BCs) probably presented mouse
antigens by MHC class Il molecules to CD4+ T cél83). However, TSC23-bearing mice
treated with PBMC transfer and MV-BITE did not dieyeGvHD. Presumably, the presence
of BiTEs directed the T cell activity against thenor cells and thus prevented the development
of xenogeneic GVHD. T cell activation and the reteaf IFN are known to upregulate the
expression of Fas receptor and Fas ligand on Botkls and tumor cell(4, 215). Thus, T
cell engagement might result in activation-inducetl death (AICD) of T cells, which in turn
might prevent the development of GVHEL6). Interestingly, TSC8- and TSC17-bearing mice,
which received the transfer of PBMCs only did rfai\8 signs of acute GvHD. Median survival
of TSC8-bearing mice treated with PBMCs only wasda@s after tumor implantation (= 11
days after PBMC transfer). To the contrary, mediarvival of TSC23-bearing mice treated
with PBMCs only was 36 days after tumor implantatie 30 days after PBMC transfer)
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Considering that the development of GvHD takes al2@uto 30 days, TSC8-bearing mice
reached the predefined endpoints of tumor volundiameter before they could develop signs
of GvHD. Along the same lines, median survival &J17-bearing mice treated with PBMCs
only was 39.5 days after tumor implantation (= 28a§ys after PBMC transfer). Apparently, 50
% of the TSC17-bearing mice reached the predefmegboints of tumor volume or diameter
before they could develop signs of GvHD. The otedf of the mice, which received PBMCs
only, was as well sacrificed within 30 days after transfer. Furthermore, as mentioned above,
the TSC17-bearing mice only received 1/3 of the amhof PBMCs transferred to TSC8- and
TSC23-bearing mice, respectively. Thus, the prdiataf developing GvHD may have been
reduced or development of GvHD may have been deélag® compared to TSC23-bearing

mice.

5.6. Potential for Clinical Translation

Cancer immunovirotherapy has entered clinical praatith the approval of T-VEC by the
FDA in 2015, an oncolytic herpes simplex virus (HS&hcoding the cytokine GM-CSF
(chapter 1.3.3 and references therein). More O¥sd@ing immunomodulators are currently in
advanced stages of clinical development and demaiagtromising results (chapter 1.4.1 and
references therein). Oncolytic measles viruses affgomising vector platform with a modular
design. One or more transgenes can be insertedri@us positions into the MV genome
without compromising viral replication capacitigsomcolytic activity (48). Furthermore, MV
vaccines possess a proven safety record and resantbbncolytic MVs, derived from the
Edmonston vaccine strain demonstrated evidencafetysand efficacy in phase | clinical trials
(150-153). No dose-limiting toxicities have been reportadongoing phase | and Il clinical
trials to date (NCT02364713, NCT02068794, NCTOORIONCT00450814, NCT02192775,
NCT01503177, NCT01846091, NCT02700230). Furthermtine MV H protein can be
modified to ablate viral tropism for the naturallgkar receptorsZ17). MVs can be retargeted
to specific cellular receptors by introducing afsat the C-terminal end of the H protein
(218). Thus, MV tissue specificity can be altered tdnamce tumor selectivity and thereby
further increase its safety profile. Additionallimor selectivity can be increased by

introducing microRNA-target sequences into the M&agme 219). Thus, viral spread is
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limited to tissues with an aberrant microRNA exgres profile, which is often found in tumor
cells @20-224). Considering these aspects, the MV-BITE conssrudter a flexible vector
platform in terms of tissue targeting and safetiyug, a personalized drug can be provided,
given that relevant biomarkers can be predicte@valuated in advance to therapy. Such
biomarkers would comprise tumor susceptibility to/ Nhfection, antigen expression and
MIRNA expression.

The studied MV-BITE constructs were designed inay tihat the encoded scFv domains in the
BIiTE cassette can be exchanged by any targetingahoai choice. Thus, MV-BIiTE vectors
can be adapted to target any tumor surface antigemhermore, several MV-BIiTE vectors
could be administered concurrently or sequentiaflyich encode for BiTEs targeting different
tumor antigens to prevent outgrowth of antigen psa@riants. Furthermore, the CD3-targeting
domain could be exchanged by domains targeting opaages and NK cell2Z5, 226),
neutrophils and monocyte227), enzymes and prodrug228), other viral vectors229) or
radionuclides Z30). Thus, the MV-BITE constructs offer a flexiblecter platform for the
tumor-targeted delivery of various classes of bffgeantibodies. As discussed above, BITEs
did not add meaningful therapeutic effects to M¥atment in the MC38-CEA model.
However, in the B16-CD20-CD46 model, survival ofcmwas significantly prolonged after
MV-BITE treatment, as compared to mice treated witimodified MV. As discussed above,
these findings might result from the distinct imrological landscapes of the different tumor
models. Thus, evaluating the given tumor immunedexdare could serve as another biomarker
to predict MV-BITE therapeutic efficacy. Moreovére flexible MV-BITE vector platform can
be adapted to encode the potentially most effeddispecific antibodies, as described above.
Thus, MV-BITE therapy offers the possibility formior-targeted delivery of personalized

immunotherapy.

A major advantage of tumor-targeted expressiormefapeutic transgenes is to increase drug
concentrations at the tumor site while loweringtesysc exposure, as compared to systemic
drug administration. There are two major limitasom systemic BiTE therapy: 1.) Poor
efficacy against solid tumors; 2.) Dose-limitingittties (chapter 1.3.4 and references therein).
As discussed in chapter 1.4.2, targeted expressiBITEs by the MV-BIiTE approach has the
potential to overcome both limitations. Along tlzeree lines, we did not observe signs of MV-
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BIiTE-related toxicities in then vivo studies. Moreover, repeated intratumoral injectiohs
MV-BITE did not lead to detectable systemic expesiar BITEs (Figure 4.14 and 4.18).

Conclusively, MV-BITE therapy offers a safe andxitde approach for personalized cancer
immunotherapy. To provide informed treatment decisj biomarkers need to be predicted or
identified in advance to therapy. For biomarker Igsia of tumor samples, different
technologies could provide information on a 1.)l@at level (susceptibility to MV infection,
immune contexture): Inoculation of tumor materiahwV, flow cytometry, enzyme-linked
immunospot (ELISpot) assay with TILs, immunohistextistry, immunosequencing; 2.)
Genomic/proteomic level (IFN type | status, tumatigens, prediction of neoantigens,
clonallity of neoantigens, mutational load): apgation of bioinformatics to tumor samples
subjected to multiplexed gene expression profilingxt generation sequencing or protein
microarrays 231-234). The required technologies for biomarker analgsis developed and
available, thus, biomarker analysis should be mhetuin future MV-based clinical trials to
determine the predictive power of the respectivamairkers. Notably, the NCT Precision
Oncology Program (NCT-POP) and the DKFZ Heidelb@emter for Personalized Oncology
(DKFZ-HIPO) offer a program with patient-derivedhtar samples for the identification of
predictive biomarkers for susceptibility to MV icteon (unpublished data). Moreover,
biomarker analysis will be included in a MV-basdwge I/lla trial (CanVirex) by Ungerechts
et al.. The CanVirex study is currently in preparatioth&t NCT and will investigate safety and
mode of action of a combination of oncolytic MV lithe anti-PD1 antibody pembrolizumab,
based on results obtained by Engeleinal. (92).

5.7. Summary and Outlook

This study reports on oncolytic measles viruseschvivere genetically engineered to encode
bispecific T cell engagers (MV-BITE). MVs were geaied to encode BITESs targeting human
or mouse CD3 and the tumor-associated antigensi@&& and human CD20, respectively.
The replication capacity and oncolytic activityM¥/-BiTE was not impaired by encoding the
additional transgene, as compared to the unmodiigd MV-BITE-infected cells expressed
and secreted BIiTEs and specific binding of BiTEsffd from the supernatant of MV-BITE-
infected cells was demonstrated by ELISA, magrmailedown of BiTE-labeled cells and flow
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cytometric analyses. The potential of BITEs to magglil cell cytotoxicity was verified by LDH
release assays with murine T cells and human PBM@ss, this study demonstrates the
feasibility to express functional BIiTE antibodiesdnegative-strand RNA virus. Therapeutic
efficacy of MV-BITE was investigated in immunocontget and xenograft mouse models.
MV-BITE demonstrated therapeutic efficacy agairist syngeneic melanoma model B16-
CD20-CD46, however not against the syngeneic caldenocarcinoma model MC38-CEA.
Survival analysis of B16-CD20-CD46-bearing micatesl with UV-inactivated MV-BITE and
purified BIiTE indicated that oncolytic activity nfig not be relevant in the murine tumor
models, which is supported by work previously psitdid by Veinaldet al. (76, 208). Thus,
the BiTE-mediated mode of T cell activation seerosto be beneficial in the MC38-CEA
model. Analysis of tumor-infiltrating lymphocytesdicated that the distinct immunological
landscapes of the two different tumor models madgtermine the therapeutic benefit derived
by the BITE mode of action. Ultimately, MV-BITE demstrated therapeutic efficacy against
three different xenografts of patient-derived cetdal cancer spheroids with the transfer of
human PBMCs. No signs of MV-BIiTE-related toxicitigere observed and BiTE plasma levels
of MV-BITE-treated mice remained below detectiomiti Thus, intratumoral MV-BITE

therapy might reduce systemic adverse events,rapared to systemic BiTE administration.

Based on the present study results, the MV-BiTHRegtds continued in our laboratory. The
MV-BITE repertoire will be expanded by BITEs tanget different tumor surface antigens. An
MV encoding for human high molecular weight-melameassociated antigen (HMWMAA)-
targeting BiTE has been successfully cloned ancliexs Further potential BiTE targets could
be tumor antigens, such as CD19, CD33, epidernoaltgrfactor receptors (EGFRSs), epithelial
cell adhesion molecule (EpCAM) or prostate-spectilembrane antigen (PSMA). Along the
same lines, the panel of xenograft models of patienived tumor cultures could be extended
by the respective BiTE-targeting tumor entitieswtiuld be worthwhile to further investigate
the mode of action of MV-BITE treatment. Mecharmsinsights could reveal prognostic
markers for a given tumor immune contexture. Tipasients who will likely benefit from the
MV-BITE therapy could be selected. Mechanistic stigations should focus on the
immunomodulatory aspects of MV-BIiTE therapy: Whanecessary to recruit T cells to the
tumor site and to what extent can T cells be réed@ Are BITEs involved in T cell recruitment
to the tumor site or does T cell recruitment ratdepend on the immunogenicity of the

(oncolytic) MV vector? What are the necessary pmedons to initiate/modulate an
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endogenous antitumor immune response and immumalogiemory? How does a given
immunosuppressive TME influence therapeutic outcoivuld a combination of MV-BITE

therapy with other immunomodulators, such as imnaeekpoint inhibitory antibodies result
in synergistic effects? These questions remain awmared in the fields of immunotherapy and
immunovirotherapy to date. To address these questidohannes Heidblichel currently
explores live imaging technologies to monitor M\ah cell kineticsin vivo. Furthermore,

Johannes Heidbuchel conducts targeted transcriptoralyses of MV-BiTE-treated mice to

obtain comprehensive gene expression profiles.

Conclusively, MV-BITE therapy demonstrated therdpeefficacy in preclinical models of
solid cancers. The MV-BITE constructs offer a madyplatform, which can be adapted to
target any tumor antigen of choice. Thus, MV-BiTierapy represents a promising approach
for personalized cancer immunovirotherapy, withgbtential to overcome limitations of either

the monotherapy with oncolytic MV or BiTE alone.
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Appendix
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Figure A.1l: Susceptibility of B16-CD20-CD46 cells @ MV-BITE infection. The
susceptibility for MV-BITE infection of B16-CD20-Cib cells was compared to Vero cells.
Cells were inoculated with MV-eGFP-mCD3xCD20 at\v@I of 1. Images were acquired 48
h post inoculation. Scale bars: 200 pum.
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Figure A.2: Replication kinetics and cytotoxic capacity of MV-BTE on B16-CD20-CD46
cells B16-CD20-CD46 cells were inoculated with MV-BiTé&d unmodified MV at a
multiplicity of infection (MOI) of 1. A) Viral progeny were determined by titration assa¥s
24, 36, 48, 72 and 96 hours post infection. Tiratassays were performed in quadruplicates,
which results in a detection limit of 25 cell infexis units (ciu)/ml. One-step growth curves
were generated to compare MV replication kineticerms of viral progeny in ciu/miBj Cell
viability was determined in triplicates 24, 48, &2d 96 hours post infection. Cell viability in
% was normalized to cell viability of non-infectedlls (mock), as described in chapter 3.2.3.
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Figure A.3: Therapeutic efficacy of MV-BIiTE against murine B16-CD20-CD46.1x10
B16-CD20-CD46 cells were subcutaneously implantéad the flank of C57BL/6 mice. Mice
were treated with intratumoral injections of carfieid (mock) or 1x16 cell infectious units
(ciu) of indicated MV on five consecutive days= 10 mice/group). Kaplan-Meier survival
analysis is shown. Log-rank (Mantel-Cox) test wasfg@emed for statistical comparison of
survival curves and p values were corrected fortiplal comparisons by the Bonferroni
method.
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Figure A.4: Therapeutic efficacy of UV-inactivatedMV-BIiTE against murine B16-CD20-
CD46. (A) 1x1(P B16-CD20-CD46 cells were subcutaneously implarited the flank of
C57BL/6 mice. Mice were treated with intratumongjections of carrier fluid (mock), 1x£0
cell infectious units of MV-mCD3xCD20 or complete)V-inactivated (= replication
incompetent) MV-mCD3xCD20 or purified mCD3xCD20 BEDn five consecutive days €
9-10 mice/group). Kaplan-Meier survival analysisi®wn. Log-rank (Mantel-Cox) test was
performed for statistical comparison of survivah@s and p values were corrected for multiple
comparisons by the Bonferroni method) 816-CD20-CD46 cells were inoculated with MV-
mCD3xCD20 and cUV-inactivated MV-mCD3xCD20 at a tiplicity of infection (MOI) of

1. Viral progeny were determined by titration assayg, 24, 36, 48, 72 and 96 hours post
infection. Titration assays were performed in quaticates, which results in a detection limit
of 25 ciu/ml. One-step growth curves were gener&decbmpare MV replication kinetics in
terms of viral progeny in ciu/mlQ) Relative quantification of mCD3xCD20 BIiTE presémt
the virus suspension. Purified mCD3xCD20 BIiTE wigmted on CD20-expressing Granta
cells. Mean fluorescence intensity (MFI) was meegiby flow cytometry. The concentration
of purified mCD3xCD20 BITE, which resulted in anuegalent MFI to MV-mCD3xCD20-
stained Granta cells, was used to treat B16-CD2@gzlearing mice.
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Figure A.5: Protective antitumor immunity after tre atment with MV-mCD3xCD20. Mice

in several experiments went into long-term remissadfter MV-mCD3xCD20 treatment of
B16-CD20-CD46 tumors. The parental cell line Bl6swaplanted into the flank of naive
C57BL/6 mice and mice in long-term remission. Feagey of tumor rejection in % is shown.
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Figure A.6: Gating strategy for the analysis of tunor-infiltrating lymphocytes. Flow
cytometric analysis of tumor-infiltrating lymphoeg (TILs) after MV-BITE treatment. The
first gate covers events of size (FSC) and graitylg8SC) expected for murine lymphocytes.
Single cells were identified by similarities betweleSC-A (area)/FSC-W (width) and SSC-
A/SSC-W, respectively. Dead cells were excludednfrthe analysis by gating on DAPI
negative events. Lymphocytes were identified byngatn CD3+ cells (PerCP-Cy5.5+ events).
Next, cytotoxic T lymphocytes (CD8+ cells) and Tez cells (CD4+ cells) within the CD3+
population were identified (APC+ and APC-Cy7+ egentrespectively). Activated
(CD8+CD69+) and differentiated (CD4+CD25+) T cellere identified within the respective
T cell fractions (PE+ and PE-Cy7+ events, respebt)v Red arrows indicate the sequential
gating hierarchy.
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Figure A.7: Immunostimulatory effects of MV-BITE tr eatment in B16-CD20-CD46-
bearing mice.Analysis of tumor-infiltrating lymphocytes (TILsB16-CD20-CD46 cells were
subcutaneously implanted into the flank of C57Bini6e. Mice were treated with intratumoral
injections of carrier fluid (mock) or the indicatétlV-BiTE on five consecutive days. Tumors
were explanted one day after the last treatmengl&icell suspensions were prepared for flow
cytometric analysis of TIL subpopulations £ 10 mice/group). Mean values with standard
deviation are shown. Statistical analysis was peréal by one-way ANOVA and p values were
adjusted for multiple comparisons by Tukey'’s test.
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Figure A.8: Immunostimulatory effects of MV-BITE tr eatment in B16-CD20-CD46-
bearing mice. B16-CD20-CD46 cells were subcutaneously implantgd the flank of
C57BL/6 mice. Mice were treated with intratumonajections of carrier fluid (mock) or the
indicated MV-BITE on five consecutive days. Tumarsre explanted one day after the last
treatment. Cytokine profiles of MV-BIiTE-treated raidntratumoral cytokines were quantified
by cytokine bead arrays. Mean values with standardation are shown. Statistical analysis
was performed by two-way ANOVA and p values wergisigd for multiple comparisons by
Dunnett’s test.
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Figure A.9: Effects of UV-irradiation on BiTE functionality. (A) Purified hCD3xCEA BITE
was irradiated with a UV-dose of 0.75 Jfcnfrunctionality of UV-irradiated BIiTE was
compared to non-irradiated BIiTE by using lactateydeogenase (LDH) release assay. Mean
of triplicate samples with standard deviation i©wh. B, C) MV-hCD3xCEA or MV-
mCD3xCEA were irradiated with a UV-dose of 0.75n#c(B) Replication of UV-irradiated
MV-BITE. Vero cells were inoculated with UV-irradiated MV-BGxCEA and non-irradiated
MV-hCD3xCEA, respectively. Viral progeny at 48 hsyrost inoculation were determined by
titration assay. Viral progeny in cell infectiousits (ciu)/ml are indicatedQ) BITE binding

of BITE present in MV-BITE suspension. Murine spleptes were incubated with UV-
irradiated MV-mCD3xCEA and non-irradiated MV-mCD3E. BiTE binding to murine T
cells was detected by anti-His-FITC antibody.
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