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ABSTRACT

Oncolytic viruses (OVs) are a rapidly emerging treatment platform for various
types of cancer that offers several advantages over conventional anticancer therapeutics,
including selectivity, potency, and targeted cell death. Recent studies have revealed that
measles virus (MV), a member of the Paramyxoviridae family, possesses the ability to
selectively target carcinomas by recognizing the tumor cell marker nectin-4, which is
highly expressed in many types of cancer. Specifically, wild-type MV targets nectin-4 on
the tumor cells and does not engage CD46, which is an additional receptor expressed on
all nucleated cells and employed by vaccine strains of MV for infection. The use of MV-
based vectors with wild-type glycoproteins is thus justified as candidate for potential
development as an oncolytic agent targeting nectin-4. The results in this thesis present as
proof-of-concept, the use of a recombinant wild-type MV as an oncolytic agent to
effectively target nectin-4-marked cancers, and demonstrate its ability to induce oncolysis
of nectin-4-expressing breast and hepatocellular carcinoma (HCC) tumor cells.
Specifically, it was observed that MV could dose-dependently and efficiently target and
induce cytotoxicity in both cancer models. In addition, the data also demonstrate the
feasibility to use a combination of chemotherapeutic agents or anticancer nanoparticles as
a chemovirotherapeutic approach to enhance MV’s oncolytic efficacy, while reducing the
doses of treatment required and potentially increasing its safety. Results from this study
underpin the oncolytic potential of recombinant MV and support the future development
of oncolytic virotherapy using MV-based vectors for the management of nectin-4-

expressing cancers.
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CHAPTER 1 INTRODUCTION

1.1. The Measles Virus
1.1.1. General background

Measles virus (MV) is the etiologic agent that causes the measles disease which is
a highly contagious respiratory infection that typically affects children. Despite the
availability of effective vaccines for over 60 years [1], MV still caused about 869,770
infections in 2019 resulting in over 200,000 deaths worldwide [2], making it an important
public health concern with humans as the only known reservoir. Recent decline in
vaccination coverage due to vaccine hesitancy has consequently led to decreased herd
immunity, resulting in a re-emergence of measles outbreaks [3, 4]. Notably, in 2019, the
USA and France reported a 300 % hike in clinical MV cases that were reported compared
to 2018 [5]. Measles is also the most contagious virus known with an Ro of 12 to 18 [6], in
other words, an infected person within a susceptible population will transmit the viral
infection to about 12 — 18 people on average. Populations with impaired or compromised
immunity may see a further increased transmission rate of infection [7]. MV is spread by
infectious respiratory aerosols and droplets from one person to the next and precedes the
appearance of exanthem (skin rash) which may limit the timely identification and
containment of the disease [7]. Typical symptoms of measles include fever, cough, runny
nose, conjunctivitis, pathognomonic Koplik spots on the oral mucosa, and erythematous
maculopapular rash, but more severe complications such as pneumonia and encephalitis
can occur which can be fatal [8]. Without immunization, children are the primary targets

of MV, but the virus can affect people of any age including adults [7]. Given the recent



dramatic increase in measles cases, MV remains a global major cause of morbidity and
mortality, especially in poor developing countries, with an estimated mortality rate of 3 —

6 % [2,9].

1.1.2. Management

There are no specific antiviral drugs to treat measles, and current treatment includes
supportive therapy to prevent dehydration and treat malnutrition, as well as early detection
and treatment of secondary bacterial infections, such as pneumonia and otitis media [10].
Early vitamin A supplementation in children with moderate to severe measles, especially
in those with vitamin A deficiency, can also reduce individual mortality by 50 % and
prevent or reduce the risk of severity and complications [11].

A safe and highly effective live-attenuated vaccine is available to prevent outbreaks
of measles. However, despite routine immunization, MV infection remains endemic
globally due to suboptimal vaccination coverage and inadequate population immunity. Any
population with less than 95 % herd immunity is at risk of measles outbreak [12]. Different
MYV strains are used in vaccines, but all vaccine strains belong to MV genotype A [13].
Immunization against measles is usually given in combination with other childhood viral
disease vaccines, including the measles, mumps, and rubella (MMR) vaccine or the
measles, mumps, rubella, and varicella (MMRYV) vaccine. The measles vaccine consists of
live-attenuated MV, and the MMR vaccine is given in two doses, the first dose when the
child is 12 to 15 months old and the second dose 4 to 6 years of age [14].

In general, immunization provides robust humoral and cellular immunity, and the

administration with the two doses vaccine typically generates protective measles antibodies



in at least 90 % of the immunized individuals [15]. With > 100 million doses administered
worldwide yearly since 2000, MV-containing vaccines have an excellent safety record [10].
Serious adverse reactions are rarely observed and substantially much less risky than
symptoms from a natural MV infection, including anaphylaxis (2 — 14 cases/million doses),
febrile seizures (1 case/3000 doses), and measles inclusion body encephalitis in persons
with documented immunodeficiency [16, 17]. This suggests that MV-based vaccines are
safe and sets precedent for consideration in the development of this virus for other

applications including as therapeutic vaccines.

1.1.3. Molecular virology and life cycle

MV is an enveloped virus belonging to the genus Morbillivirus within the
Paramyxoviridae family and Mononegavirales order. It possesses a non-segmented single-
stranded RNA (ssRNA) genome that is of negative sense, with six genes encoding the viral
nucleocapsid (N), phosphoprotein (P), matrix (M) protein, the two viral glycoproteins
fusion (F) and hemagglutinin (H), and the viral polymerase (large, L) [8]. The P gene
further encodes the virulence factors V and C, which are two non-structural proteins are
mainly responsible for altering the host cell innate immunity [18-21].

Wild-type MV clinical isolates infect target cells using signaling lymphocytic
activation molecule 1 (SLAMF1/SLAM/CD150) and nectin-4 receptors [22-24], while
vaccine strains additionally use the CD46 complement regulatory molecule that is
ubiquitously expressed as a cellular receptor [25, 26]. MV cell entry is pH-independent and
proceeds by direct fusion of the viral membrane with the plasma membrane through direct

protein-protein interactions [27]. However, it is also possible for MV to attain cell entry



via endocytosis and this event is observed to be facilitated in B-lymphoblastoid cells with
SLAM expression or A549 cells rendered to overexpress SLAM (A549-SLAM), and
alternatively also by means of engaging the nectin-4-induced micropinocytosis pathway in
tumor cell lines of the breast (MCF-7) and colon (HTB-20, and DLD-1) [28, 29]. Certain
MV strains, such as the Edmonston or Hallé strains, may also utilize a micropinocytosis-
like mechanism involving SLAM and CD46 to infect non-lymphoid and lymphocytic cells,
although it is still not well understood [30, 31].

MYV infection of the target cell begins when the MV H protein binds to the entry
receptor on the cell surface and induces a conformational change in the F protein, allowing
the hydrophobic fusion peptide to insert into the plasma membrane of the target cell [32,
33].The structural rearrangement of the F protein into a metastable conformation (from
pre-fusion to post-fusion form) brings the viral envelope and host cell membrane into close
proximity and destabilizes them, causing fusion of the two lipid bilayers and subsequent
release of the viral genome into the cytoplasm [34-36]. Besides the initial function of the
MYV F protein to induce virus-cell fusion during virus entry, F also causes the infected cells
to fuse with neighboring cells leading to the formation of syncytia (giant multinucleated
giant cells) at later stages of the infection which is typical of MV’s cytopathic effect (CPE)
[8]. Transcription starts from a single promoter and is performed by the viral RNA-
dependent RNA polymerase (RdRp), leading to a transcriptional gradient with mRNA
transcripts encoding N as most abundant to the least abundant mRNA transcripts
expressing L, thus allowing an efficient viral life cycle [37]. After translation, N and P
proteins’ accumulation induces replication of the viral genome to produce positive-strand

of the RNA antigenome, resulting in subsequent synthesis of the negative-strand RNA that



is then encapsidated by the de novo produced N, P, and L proteins [38]. The MV N protein
encapsidates the RNA genome to form a helical nucleocapsid [39], while the proteins L
and P make up the MV RdRp [37]. The viral ribonucleoprotein (RNP) is therefore
composed of the MV N, P, and L proteins [37]. The MV M protein interacts directly with
protein N to regulate RNA synthesis and assembly [8], ensuring the integrity of viral
particles [1] and facilitating the formation of new virions [8]. The assembly of viral proteins
occurs at the plasma membrane, where new viruses can be released by budding, or surface
glycoproteins can be transported to the plasma membrane, allowing intercellular

transmission [1].

1.2. Oncolytic Virotherapy

Oncolytic virotherapy is a rapidly emerging anticancer strategy that offers several
advantages over conventional treatments, including selectivity, potency, and mechanism
of cell kill [40]. Importantly, it is delivered as a therapeutic vaccine by intratumoral (i.z.)
or intravenous (i.v.) injection, low invasiveness, high cost-effective ratio, and good
maintenance of patient’s quality of life. This therapy, which employs an oncolytic virus
(OV), is based on the observations that some viruses have natural tendencies to infect and
lyse cancer cells without harming normal cells. Today, viral oncolytics is an exploding
field with many natural/mutant forms or engineered viral strains explored for clinical use
[41]. One of the first products, the adenovirus (ADV) H101 (Shanghai Sunway Biotech),
was licensed in China in 2007 as a therapy for head and neck cancer [42]. More recently
in 2015, the U.S. Food and Drug Administration (FDA) approved its first intralesional

oncolytic virotherapy, the talimogene laherparepvec/T-VEC (Imlygic®; Amgen Inc.),



which is a herpesvirus-based vector against melanoma [43]. Authorization from Europe
and Australia followed, marking the international licensing of a first-in-class oncolytic
viral vector for the treatment of cancers. Several other viral platforms including Newcastle
disease virus (NDV), reovirus (RV), vaccinia virus (VACV), vesicular stomatitis virus
(VSV), and MV are being explored in advanced clinical trials worldwide [44-46].
Multiple factors are considered for the selection of OV vectors. These include viral
genome, virus size, tropism, pathogenicity, immunogenicity, and stability [47, 48].
Generally, DNA viruses are easier to genetically modify, whereas RNA viruses replicate
more efficiently. Viruses with a large genome have high transgene capacity, such as ADV
and HSV, which have been developed into transgene-encoding vectors for clinical trials
[49, 50]. In contrast, small viruses may penetrate tumors better and cross the blood-brain
barrier (BBB); of which, parvovirus [51] and RV [52] have demonstrated clinically their
ability to transverse the BBB to infect intracranial tumors when administered intravenously.
Viruses with known receptors, existing antiviral drugs, attenuation (less virulence), or do
not cause significant diseases in humans are preferred for biosafety considerations.
Examples include VACV and attenuated MV which have been delivered as vaccines, and
ADV and VSV which do not typically cause serious human illness. On the other hand, viral
immunogenicity determines the strength of immune response and may affect how the
vector is delivered (intralesional or systemic). Finally, the stability of viral particles during
production, purification, storage, and delivery, as well as the achievable titer, are also

crucial to clinical applicability of the viral vector [47, 48].

1.2.1. Engineered Paramyxovirus as an oncolytic agent



Paramyxoviruses are negative-stranded viruses that recently garnered attention as
oncolytic agents, including Sendai virus [53], mumps virus [54], parainfluenza virus 5 [55,
56], NDV [57], and MV. Recombinant MV has been explored against non-small-cell lung
carcinoma [58], glioblastoma [59], ovarian cancer [60], osteosarcoma [61], acute myeloid
leukemia [62], among others, thus demonstrating its potential as a future cancer treatment.
The wild-type virus is enveloped and infects primates (Figure 1A) [8]. As aforementioned,
the two viral glycoproteins, the H receptor binding protein and the F membrane fusion
protein play critical roles in mediating MV cell entry, including cell recognition and
binding followed by the F protein-mediate fusion. The syncytia induced by the F protein
(Figure 1B) marks MV’s CPE in the target host cells and eventually leads to apoptotic
death of the infected cells [8]. MV utilizes three receptors to target the host cells, including
CD46 [26], SLAM/CD150 [22], and the more recently identified tumor marker nectin-4
[23, 24]. Nectin-4, also known as poliovirus receptor-related 4 or PVRLA, serves as an
adhesion receptor and is found in the cell adherens junctions [63]. Nectin-4 is also an
embryonic protein that has been identified as a tumor marker for several cancer types
including lung, breast, ovarian, pancreatic, and bladder carcinomas [64-68] and also late
stage liver cancer [69]. In humans, it is typically not expressed in normal tissues, but found
in abundance in the placenta and also with some small levels in the respiratory epithelium
[63], suggesting that nectin-4 could serve as a novel prognostic biomarker and a potential
target for therapy in several types of cancers. These evidences point to using MV oncolytics
to target and treat nectin-4-positive cancers, particularly using a nectin-4-selective MV
vector as OV. Finally, the MV genome is genetically modifiable, and reverse-genetics

technology [70] has allowed engineering of MV genome possible, permitting inclusion of



genes for tracking the infection (e.g. EGFP or luciferase) and also editing the receptor

recognition genes to enhance targeting specificity.

1.2.2. Precision medicine, combinatorial treatment, and viro-immunotherapy
Precision medicine is becoming an essential part of modern-day medical practices
by identifying the most effective approach for patients based on genetic, environmental,
and lifestyle factors [71, 72]. In viral oncolytics, the expression of the proper receptor in
the tumor is crucial to the targeting of the oncolytic vector. In such a way, diagnostic test
of biomarker expression should be incorporated to determine the patient’s eligibility for
oncolytic virotherapy. Some challenges to viral oncolytics are: 1. Residual innate immunity
in the tumor cells as an initial infection barrier; 2. Immune checkpoints that limit the
potentiation of anti-tumor immunity following tumor infection; and 3. Optimizing viral
dose efficacy without compromising safety. As such, the killing mediated by the oncolytic
vectors alone may be insufficient to eradicate all tumor cells and augmenting the viral dose
is often limited by the tolerable safe dosage. Combining oncolytic vectors with existing
therapeutics or immunomodifiers is an emerging trend that can overcome these challenges
[73, 74]. For instance, induction of residual innate immunity interferons (IFNs) in the
tumor cells may counter the oncolytic virus initially [40]. However, at later stages of the
infection, the immune system is pivotal in mounting an anti-tumor response that facilitates
clearance of the cancer cells. Specifically, the tumor immunogenic cell death (ICD) and
the pro-inflammatory signals generated by the virus-induced CPE can help attract and
activate immune cells to the tumor site, process neo-antigens, and switching the originally

immune-cold tumors to an immune-hot scenario [75-78]. A potential limiting factor to this



ICD-induced anti-tumor response is the immune checkpoint blockade, and an example is
the programmed cell death protein 1 (PD-1) system, whose ligand is often upregulated in
the tumor microenvironment to promote immune escape [79]. Thus, inhibition of these
immune checkpoints is considered useful to potentiate the anti-tumor response following
oncolytic viral infection [80]. In this regard, increasing tumor-killing efficiency with
anticancer drugs, augmenting viral infection through cell innate immunity inhibitors, and
potentiating the oncolytic activity with immune modulators are modalities to help
optimize/tailor oncolytic viro-immunotherapy [81]. Such strategies can yield synergistic
treatment effects and reduce the viral dose needed, which in turn enhances safety. Recent
examples include tailoring viral vectors with chemotherapeutic paclitaxel [82], histone
deacetylases (HDAC) inhibitors [83], molecular sensitizers [84], and immune checkpoint

inhibitors including PD-1 antibody [81].

1.2.3. Evidence of the clinical applicability of OVs— novel strategies to overcoming
pre-existing immunity and incentive for therapeutic product development

Being exclusively cancer-specific and capable of inducing systemic and
immunostimulatory activities, oncolytic virotherapy encompasses the key qualities to a
successful oncotherapy that can safely achieve cancer clearance and further protect against
cancer recurrence. Specifically, it has been proposed that OVs induces a three-fold
anticancer effect: first is the direct infection of cancer cells leading to oncolysis; second is
the triggering of immune response that leads to immune cell infiltration and processing of
cancer neo-antigens released from the oncolysis, which in turn culminates to invasion of

cancer-targeted cytotoxic T cells and anti-tumor immunity; third, this anti-tumor



immunity maintains durable immunological memory that has been experimentally shown
to prevent cancer recurrence [47, 81, 85, 86]. Recent success of Dr. Stephen Russell and
Dr. Kah Whye Peng at the Mayo Clinic in curing a patient with multiple myeloma through
use of the Edmonston MV [87] indicates that it is clinically feasible to employ MV -based
oncolytics to treat cancers.

Although pre-existing humoral immunity against MV in a vaccinated individual
could potentially limit the virus’ clinical applicability, it has been demonstrated that prior
immunization with MV does not decrease the oncolytic potential of recombinant virus
bearing MV components, especially when large quantities of the virus are being
administered to a localized area [88]. This concept has been proven in immunocompetent
NDV mouse model [89] and ADV hamster model [90], where the antitumor activities of
intratumorally administered oncolytic vectors were not compromised in immunized
animals with pre-existing neutralizing antibodies (nAbs). The presence of prior immunity
may even enhance the immune filtration in recurrent and distant tumors which in turn
assists in tumor suppression [89]. More importantly, this has been validated clinically with
the recently FDA-approved herpes simplex virus type 1 (HSV-1)-based T-VEC [91], which
has a complete clinical response rate up to 61.5 % [92] despite high seroprevalence of nAbs
in the global population [93]. The therapeutic effect of T-VEC intratumoral injection
appeared similar in both HSV-1 seronegative and seropositive patients, and tumor
regression was also observed in the uninjected lesions due to activated T cell response [94].
These studies indicate that potential factors accounting for the feasibility of employing
oncolytic vectors under circumstances of pre-existing immunity include: 1)

intratumoral/intralesional injection which bypasses pre-existing humoral immunity but
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triggers cellular immunity; and 2) the fusogenic ability of certain oncolytic viruses which
permits direct cell-to-cell spread without exposure to extracellular nAbs [95].

However, the practicality of intratumoral/intralesional administration should be
considered, as not all tumors are accessible through this route. To enable the more practical
systemic/intravenous delivery of the oncolytic vector, various novel strategies have
obtained breakthroughs to protect MV vectors against the pre-existing nAbs induced by
vaccination. Specifically, the concept of bypassing potential neutralization by antibodies
through vector “stealth” has now become an important aspect of the next-generation
oncolytic virotherapy development. This includes chemical shielding of the viral particles
through polymer coating [96] and the use of mesenchymal stem cells as carriers [97, 98],
which for their success, are now being evaluated preclinically in non-human primates in
Japan (http://mhlw-grants.niph.go.jp/niph/search/NIDD00.do?resrchNum=201307017A)
and in U.S. clinical trial (e.g. NCT02068794), respectively. The above underscores the
promising avenue of utilizing MV-based oncolytic vectors for the treatment of cancers.

In addition, the ease of cancer treatment with oncolytic virotherapy will be
revolutionarily simplified to injection shots, which will redefine cancer treatment as
outpatient therapy with significant socioeconomic benefits for both healthcare providers
and patients. With these important edges over current first line cancer therapies (surgery,
chemotherapy and radiotherapy), oncolytic virotherapy is extensively pursued as a
valuable anti-cancer strategy. The clinically applicability and development of oncolytic
virotherapy as a future arm of anticancer treatment are attested by the sheer number of
registered clinical trials worldwide (> 148 registered trials over the past 15 years for > 61

potential therapies, mainly dominated by the USA and Europe) [99] and growing global
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market (predicted by 2026 to reach 700 million USD) which will continue to expand as

part of the next decade precision medicine.

1.3. Breast Cancer

Worldwide, female breast cancer accounts for 2.3 million new cases in 2020 and
has surpassed lung cancer to become the most commonly diagnosed cancer and the leading
cause of cancer death among all cancers [100]. Almost all breast cancers originate in the
epithelial lining of the milk ducts or in the lobules that supply milk to the ducts, and these
cancers can be classified as either ductal or lobular cancers. Presence or absence of the
growth hormone receptors in the breast tumors including estrogen receptor (ER),
progesterone receptor (PR), and the human epidermal growth factor receptor 2 (HER2)
dictates the classification of the breast cancer type as well as the treatment strategy and
prognosis [101]. Breast cancer cells without ER, PR, or HER2, are called basal-like or
classified as triple negative breast cancer (TNBC). Breast cancer causes more than 508,000
deaths each year and is at present a top killer of the female population [93]. As breast cancer
continues to be the top most occurring cancer in women and ranking second in terms of
leading cause of cancer-associated death globally [102], it remains an important global
health threat for which improved management is necessary. Treatment strategies of breast
cancer include surgery, radiotherapy, hormonal therapy (e.g. tamoxifen, aromatase
inhibitors) for ER+/PR+ breast cancers, chemotherapy for triple negative and HER2+
breast cancers, targeted therapy (e.g. HER2 monoclonal antibody Trastuzumab; CDK4/6,
PARP, and PIK3 inhibitors), and the emerging immunotherapy (e.g. immune checkpoint

inhibitors) [101]. However, while early-stage breast cancers tend to have a favorable
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prognosis, advanced stage breast cancers including metastatic breast cancers are very
difficult to treat and are even frequently incurable [103]. Chemotherapy is a major
treatment option in the clinical management of breast cancer for treating patients with
larger tumor burdens, lymph node invasion, or recurrent/metastatic breast cancer [104].
The most frequently observed chemotherapies in clinical setting for the treatment of breast
cancer include a variety of anthracyclines and taxanes, which are associated with adverse
side-effects and can include neurotoxicity, alopecia [105], cardiotoxicity [106], and bone
marrow suppression [105, 106]. Therefore, there is an urgent need to develop new
treatment modalities to reduce toxicity and improve efficacy, especially for advanced and

metastatic breast cancer.

1.4. Liver Cancer and Hepatitis C Virus-Induced Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is a major killer worldwide, and can be caused by
infections from hepatitis B virus (HBV) and hepatitis C virus (HCV) [107]. Specifically,
chronic HCV infection is responsible for about 30 % — 50 % of all HCC cases in North
America, and in most cases, this cancer of the liver is diagnosed very late in the course of
the diseases owing to the lack of symptoms during the early phases [108]. Without a
preventive vaccine, HCV will become the future major viral etiologic agent for virus-
induced HCC due to the continuous phasing out of hepatitis B population resulting from
effective anti-HBV antivirals and vaccines. While novel direct acting antivirals (DAAs)
offer potential cures for hepatitis C, the lack of vaccine predisposes about 170 — 300 million
carriers globally to risks of HCV-induced HCC. Furthermore, options for the treatment of

late-stage liver cancer resulting from HCV infection are limited [109]. Although potentially
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curative approaches for HCC treatments including transplantation, local ablation, and liver
resection have improved to a 5-year survival rate for up to 75 %, recurrence remains the
foremost issue with the intrahepatic spread of primary HCC or the precancerous lesions in
the residual liver; less than 20 % of HCC patients are suitable for such treatments due to
the advanced tumor stages, liver dysfunction, or lack of donor livers [110]. These issues
underscore the need for the development of novel therapies against HCC, including in the

scenario of HCV-associated hepatoma.

1.5. Hypothesis and General Research Objectives

With the advent of OVs and recombinant DNA technology, oncolytic virotherapy
has emerged as a novel treatment option for cancers, with its ability to preferentially target
and kill the cancer cells. MV is one of the OVs that is currently being actively researched
on as an oncolytic agent for the treatment of many cancer types. In particular, recent
discovery of the tumor marker nectin-4 as the epithelial receptor for MV provides impetus
to explore MV as an oncolytic agent targeting this tumor marker, since nectin-4 is highly
expressed in various cancer types including breast adenocarcinomas and HCC. The vaccine
strains of MV can recognize both CD46 and nectin-4 as receptors, whereas the wild-type
strains of MV employ nectin-4 but do not engage CD46 [111]. Since CD46 is expressed
on all human nucleated cells [112], the use of MV vectors with wild-type glycoproteins is
thus justified for oncolytic development targeting nectin-4 [111]. Currently, breast cancer
remains a top killer of woman in the world, and HCC, which includes HCV -associated
HCC, is also a top killer globally. More importantly, both cancer types have poor prognosis

in advanced stages of the disease with little treatment options available. Fortuitously, both
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breast adenocarcinomas and HCC have elevated levels of nectin-4, suggesting the
feasibility to target this tumor marker as a therapeutic intervention strategy, including using
MYV with wild-type glycoproteins. This thesis therefore explores as proof-of-concept the
anticancer effect and treatment modalities including chemovirotherapies of recombinant
wild-type MV as an oncolytic agent against breast and liver cancers using in vitro and in

vivo models.

15



1.6. Figures, Tables, and Legends

Figure 1. Schematics of measles virus (MV).

A. Schematic diagram of MV and genome organization. MV harbors (-) ssRNA genome that encodes
nucleocapsid protein (N), a phosphoprotein (P), virulence factors (C and V), matrix protein (M), membrane
fusion protein (F), the hemagglutinin/receptor binding protein (H), and an RNA polymerase (L). Adapted
from Tai et al. Sci Rep. 2019 May 1;9(1):6767. B. Syncytia formation (indicated by black arrowheads) in
MV-infected B95a cells. Scale bar = 100 pm.
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CHAPTER 2 MATERIALS AND METHODS

2.1. Cell Culture, Virus, and Reagents

Human breast adenocarcinoma cell lines MCF-7 (kindly provided by Dr. Ming-Sound Tsao;
Ontario Cancer Institute, Toronto, Canada), BT-474 (ATCC HTB-20; American Type
Culture Collection, Rockville, MD, USA), MDA-MB-468 (ATCC HTB-132; ATCC),
human hepatoma cell lines Huh-7 (kindly provided by Dr. Stanley M. Lemon, University
of North Carolina at Chapel Hill, Chapel Hill, NC, USA), HepG2 (ATCC HB-8065;
ATCC), Hep3B (ATCC HB-8064; ATCC), PLC/PRF/5 (ATCC CRL-8024; ATCC),
immortalized human hepatocyte PHSCHS8 (kindly provided by Dr. Stanley M. Lemon,
University of North Carolina at Chapel Hill), monkey kidney cell line Vero (ATCC CCL-
81; ATCC), murine breast adenocarcinoma cell lines 4T1 (ATCC CRL-2539; ATCC) and
E0771 (ATCC CRL-3461) were maintained in Dulbecco’s Modified Eagle’s medium
(DMEM; GIBCO-Invitrogen; Carlsbad, CA, USA), supplemented with 10 % fetal bovine
serum (FBS; GIBCO-Invitrogen), 100 U/ml of penicillin G, 100 pg/ml of streptomycin,
and 0.25 pg/ml of amphotericin B (GIBCO-Invitrogen), ina 5 % CO; humidified incubator
at 37 °C. HCV subgenomic replicon cells AB12-A2 [113] and sbJFH1-B2 [114], and
EO0771 cells overexpressing human Nectin-4 (E0771.hNectin-4) were cultured with G418-
containing media. 4T1 cells overexpressing human Nectin-4 (4T1.hNectin-4) cells were
cultured with Hygromycin B selection. The A2.IFNa-Cured and B2.IFNa-Cured cells were
generated by curing the AB12-A2 and sbJFH1-B2 cells of their subgenomic replicons by
continuous culture in media containing IFN-a (200 IU/ml; Sigma) for 2 weeks prior to

confirmation of the absence of viral protein expression through immunoprobing for NS5A.
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For establishment of the A2.DAC-Cured and B2.DAC-Cured cells, AB12-A2 and sbJFH1-
B2 cells were cured of the replicating HCV subgenomes by treatment with fresh media
containing 1 nM daclatasvir (Toronto Research Chemicals; North York, ON, Canada)
every 72 h for 21 days before verification through determination of NS5A expression.

The recombinant Ichinose-B 323 wild-type measles virus (MV-IC323) tagged with
enhanced green fluorescent protein (‘MV-EGFP’, a.k.a. MV.IC323-EGFP; obtained from
Dr. Roberto Cattaneo, Mayo Clinic, Rochester, MN, USA) or firefly luciferase (‘MV-
FLuc’, a.k.a. MV.IC323-Fluc) [29] were and propagated in marmoset B lymphoblastoid
cells (B95a) as previously described [24]. The 50 % tissue culture infective dose (TCIDso)
assay was used to determine the viral titer, and virus concentrations were represented by
multiplicity of infection (MOI). Camptothecin (CPT), ursolic acid (UA), and
polyvinylpyrrolidone (PVP) were purchased from Sigma-Aldrich Chemicals Co. (St. Louis,
MO, USA). All other experimental reagents were of analytical grade. For drug preparation
that uses dimethyl sulfoxide (DMSO) solvent, the final DMSO concentrations were all

below 0.2 %.

2.2. Cell Viability and Cytotoxicity Assays

The impact of treatment on cancer cell viability was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay kit
(Merck-Millipore; Bedford, MA, USA). Briefly, cells seeded in 96-well plate (10* cells per
well) were treated with various concentrations of test agents for the indicated time period.
Cell viability was then determined according to the manufacturer’s protocol, and optical

densities (OD) were recorded at 550 nm using a microplate reader and calculated as follows:
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Cell viability (%) = (Absorbance iest compound / Absorbance control) x 100 %. The 50 %
cytotoxic concentration (CCso) value was then calculated using the GraphPad Prism 7
software (San Diego, CA, USA). For analysis using lactate dehydrogenase (LDH)-based
cytotoxicity test, seeded cells were treated with test agents for the indicated time period
and analyzed with LDH cytotoxicity detection kit (Takara Bio; Kusatsu, Shiga, Japan)
following the manufacturer’s instructions. Briefly, supernatant from each well was
transferred to 96-well plates, mixed with reaction substrates, and incubated at 37 °C for 30

min before the absorbance was measured at 490 nm using a microplate reader.

2.3. Synergistic Effect of MV-Drug Combinations

Cells seeded in 96-well plates (10* cells per well) were studied in three different
experiments of MV-drug combinations. (i) Drug sensitization — drug was added to the cells
at different concentrations for 2 days, prior to the infection of cells with MV for 3 days. (ii)
Viral sensitization — cells were first infected with MV for 2 days, followed by drug
treatment at varying concentrations for 3 days. (iii) Co-treatment — cells were infected with
MYV and at the same time, treated with varying concentrations of drug for a total of 5 days.
For all experiments, MV infection was performed for 1.5 h at 37 °C and cells were washed
with phosphate buffered saline (PBS; Hyclone, GE Healthcare, Chicago, IL, USA) before
and after viral challenge. Cell viability was determined via the MTT or LDH assay as
described above. The impact of MV-drug cobinations on the cancer cell viability was
determined by calculating the combination index (CI) value using the Chou-Talalay
method with the equation CI = (D)1/(Dx)1+(D)2/(Dx)2, where (Dx)1, (Dx)2 are the respective

concentrations of drug 1 and drug 2 used in their single treatments that decrease the cell
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viability by x %, and (D)1, (D) are the respective concentrations of drug 1 in combination
with drug 2 that together decreased the cell viability by x % [115]. Calculation of the CI
value is done by using the CompuSyn software developed by T. C. Chou and Nick Martin.
The effect was determined as follows: additive (CI = 1), synergistic (CI < 1) or antagonistic

(CI> 1) [115].

2.4. Influence of Drug Treatment on Early Viral Entry Steps of MV Infection

The impact of drug treatment on the early MV viral entry steps, including (i) free virus
particles, (i1) viral attachment, and (ii1) viral penetration was examined as previously
described [116] with some modifications. (i) Cell-free MV particles were first incubated
with varying concentrations of drug for 3 h at 37 °C. The virus-drug mixture was then
diluted 20-fold with DMEM containing 2 % FBS to ineffective concentrations of drug and
a final MV MOI of 0.1, before addition to cells seeded in 96-well plate (10* cells per well)
for 1.5 h. Cells were then washed with PBS and incubated in fresh 2 % FBS DMEM for 3
days at 37 °C. (i) The virus-drug inocula containing MV (MOI 0.1) and varying
concentrations of drug were prepared and added to pre-chilled (at 4 °C) cells seeded in 96-
well plate (10 cells per well) for 1.5 h at 4 °C, before removing the virus-drug inocula,
washing with PBS, and further incubating for 3 days at 37 °C in fresh 2 % FBS DMEM.
(iii) Cells seeded in 96-well plate (10* cells per well) were first pre-bound with MV (MOI
0.1) at 4 °C for 1.5 h, which allows for virus binding but precludes internalization [117].
This was then followed by removal of viral inoculum and washing with PBS before shifting
the temperature to 37 °C to facilitate viral penetration and treating the cells with varying

concentrations of drug for 1.5 h. The supernatant was subsequently removed and the wells
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were washed with PBS before incubation for 3 days at 37 °C in fresh 2 % FBS DMEM. In
all the above, after the 3-day incubation, fluorescence signals from the reporter-tagged
virus were scanned using the Typhoon 9410 variable mode imager (Amersham Biosciences;
Baie d’Urfe, QC, Canada) and quantified using Image Quant TL software (Amersham

Biosciences) to assess the viral infectivity.

2.5. Time-of-Drug-Addition Assays

Drug addition at different time-points (denoted as ‘pre-treatment’, ‘co-addition’, and “post-
infection’) were performed as previously described [117] to investigate potential antiviral
effect of drugs on oncolytic MV infection. In pre-treatment analysis, cells (10* cells per
well of 96-well plate) were pre-treated with drugs for 24 h after which the supernatants
were removed and cells were challenged with MV (MOI 0.1) for 1.5 h at 37 °C. Viral
inocula were later removed and replaced with fresh 2 % FBS DMEM for 3 days’ incubation
at 37 °C. In co-addition analysis, MV (MOI 0.1) and drugs were concurrently added to the
cells for 1.5 h before the virus-drug inocula were discarded and replaced with fresh 2 %
FBS DMEM for 3 days’ incubation at 37 °C. In post-infection analysis, cells were infected
with MV (MOI 0.1) for 1.5 h, followed by removal of viral inocula before incubating the
cells with 2 % FBS DMEM containing drugs for 3 days at 37 °C. For all assays, the viral
reporter fluorescence signals were analyzed at the end of the 3-day incubation as described

above.

2.6. Cell Cycle Analysis
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Cells (3 x 10° cells per well of 6-well plate) were treated with MV (MOI 0.01 or 0.1) and
the drug, individually or concurrently, for 1.5 h at 37 °C. The supernatants were
subsequently removed and the treated cells were refreshed with 2 % FBS DMEM with or
without the drug for 5 days’ incubation at 37 °C. The cells were then trypsinized, collected
into 15 ml tubes, washed twice with ice-cold PBS by centrifugation, and finally fixed with
70 % ethanol overnight at 4 °C. After fixation, the cells were washed twice with PBS by
centrifugation prior to 30 min incubation in PBS solution containing 10 mg/ml
ribonuclease A from bovine pancreas (RNase A; Sigma-Aldrich) at 37 °C. Propidium
iodide (PI; 40 pg/ml; Sigma-Aldrich) was subsequently added to the cells for 15 min
incubation in the dark at 37 °C before subjecting to flow cytometric cell cycle analysis

using the Beckman Coulter FC500 flow cytometer (Beckman Coulter Inc.; Brea, CA, USA).

2.7. Apoptosis Analysis by Annexin V/Propidium lodide Double Staining

Cells (3 x 10° cells per well) seeded in 6-well plate were treated with MV (MOI 0.01 or
0.1) and the drug, individually or concurrently, for 1.5 h at 37 °C. The supernatants were
then removed before refreshing the cells with 2 % FBS DMEM with or without the drug
for further incubation (5 days) at 37 °C. At the end of the incubation, the cells were
subsequently trypsinized for collection into 15 ml tubes, ice-cold PBS-washed twice by
centrifugation, and finally resuspended in binding buffer containing 1 pul/ml PI and 1 pl/ml
allophycocyanin (APC)-conjugated Annexin V (Enzo Life Sciences, Inc; East Farmingdale,
NY, USA). Apoptosis detection via flow cytometry was then analyzed on a flow cytometer

(Beckman Coulter FC500 apparatus; Beckman Coulter Inc.).
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2.8. Nectin-4 Surface Staining Analysis

Cells (10° cells per well) were seeded in 6-well plate overnight. The next day cells were
dissociated by dissociation buffer (C5789; Sigma), centrifuged and re-suspend with PBS
containing 1 % FBS. Cells were then incubated with 5 pl of either phycoerythrin (PE)-
conjugated anti-nectin-4 antibody (FAB2659P; R&D Systems, Minneapolis, MN, USA) or
PE-conjugated mouse IgG2B isotype control (IC0041P; R&D Systems) for 45 min on ice.
Cells were washed twice in PBS containing 1 % FBS and fixed by 1 % paraformaldehyde
(PFA). Samples were analyzed using the Beckman Coulter FC500 apparatus (Beckman

Coulter Inc.) or BD FACSCelesta (BD Biosciences, Franklin Lakes, NJ, USA).

2.9. Western Blot Analysis

For western blot analysis, cells (3 x 10° cells per well) seeded in 6-well plate was treated
with MV (MOI 0.01 or 0.1) and the drug, individually or concurrently, for 1.5 h at 37 °C.
The virus-drug inocula were then discarded and the cells were refreshed with 2 % FBS
DMEM with or without the drug for a 5-day incubation at 37 °C. The cells were
subsequently lysed with radioimmunoprecipitation assay buffer (RIPA) buffer (Sigma-
Aldrich) containing protease inhibitor (Roche Molecular Biochemicals; Indianapolis, IN,
USA), and protein concentrations were measured by bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher Scientific Inc.; San Jose, CA, USA). Protein samples were then
subjected to standard western blot analysis and proteins were probed using primary
antibodies for poly (ADP-ribose) polymerase (PARP) (1:1000; Cell Signaling Technology,
Inc., Danvers, MA, USA) and B-actin (1:10000; Cell Signaling Technology, Inc.) followed

by anti-rabbit and anti-mouse horseradish peroxidase (HRP)-conjugated secondary
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antibodies (1:1000 and 1:10000; Cell Signaling Technology, Inc.). For autophagy analysis,
cells seeded in 12-well plate (2.5 x 10° cells per well) were treated with drug, MV (MOI
0.1), or concurrently treated with both agents for 48 h before being harvested and analyzed
for microtubule-associated proteins 1A/1B-light chain 3 (LC3; 1:1000; Thermo Fisher
Scientific), p62 (1:1000; GeneTex, Irvine, CA, USA), and B-actin (1:10000; Cell Signaling
Technology) expression using western blotting. Bafilomycin Al (BAF, 100 nM; Sigma-
Aldrich) was added to the indicated groups 4 h before harvesting the cells. MV H protein
was probed to indicate MV infection using a rabbit anti-MV H serum H606 [118] (1:1000;
kindly provided by Dr. Christian Buchholz; Paul-Ehrlich-Institut, Langen, Germany).
Detection was performed using the Immobilon™ Western Chemiluminescent HRP
substrate (Merck Millipore), followed by chemiluminescence imaging using the UVP
BioSpectrum 500 imaging system (UVP; Upland, CA, USA). Protein band intensities were
quantitatively evaluated and compared against the B-actin loading control via densitometry

analysis.

2.10. Preparation of UA Nanoparticles (UA-NPs)

The UA-loaded nanoparticles or UA-NPs were prepared using the emulsion-solvent
diffusion technique as previously described [119]. UA was first dissolved in ethanol to
obtain an organic phase (UA concentration = 3 mg/ml), which was then mixed with the
aqueous PVP (prepared in water) at 1:1, 1:3, or 1:6 UA to PVP weight ratios. Subsequently,
the solutions were homogenized by sonication at 20 kHz for 10 min in cold-water bath.
Next, the organic ethanol solvent was removed using a rotary vacuum evaporator with

water bath at 40 °C. The residue was passed through qualitative filter paper (Advantec®
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No. 1, Toyo Roshi Kaisha, Ltd., Tokyo, Japan) to remove aggregates. The filtrate
containing UA-NP was collected and stored at 4 °C for immediate use, or lyophilized and

then stored at -20 °C in a moisture-proof container for longer period storage.

2.11. UA-NPs Particle Size Analysis by Photon Correlation Spectroscopy (PCS)

Mean size of UA-NPs was measured by the Malvern Zetasizer (Malvern Instruments Ltd.,
Worcestershire, United Kingdom). The temperature was maintained at 25 °C and the test
sample was diluted 50-fold using deionized water before measurement. Each determination

was performed in triplicate.

2.12. High-Performance Liquid Chromatography (HPLC) Analysis of UA and UA-
NPs

HPLC was performed using the Hitachi D-7000 HPLC system (Hitachi, Ltd.; Tokyo, Japan)
with a reverse-phase C18 column (LichroCART® Purospher® STAR; Merck KGaA;
Darmstadt, Germany). The mobile phase consisted of acetonitrile and 0.1 % phosphoric
acid (85:15, v/v). The analytical process was carried out under a flow rate of 1 ml/min for
15 min with UV detection at 210 nm. The calibration curve was linear over the

concentration range of 0.45 — 90 ng/ml with a coefficient estimate of 0.999.

2.13. UA-NPs Yield Quantification
The yield of UA nanoformulation was determined by HPLC analysis using a previously
described method [119]:

Yield (%) = [Cua (ng/ml) x Vyaxe (ml) / Wua (pg)] x 100
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Cua (ng/ml): concentration of UA detected in UA-NPs
Vua-ne (ml): final volume of UA-NPs

Wua (pg): quantity of UA used in the preparation for nanoformulation

2.14. Field Emission Scanning Electron Microscopy (FESEM)

The morphological characteristics of the UA-NPs were imaged using FESEM as previously
reported [119]. UA-NP samples were sputter-coated with gold in low energy input (E-1045
ion sputter; Hitachi, Ltd.) and then viewed under the Hitachi SU8S8010 SEM with an

accelerating voltage of 5 kV.

2.15. X-Ray Diffraction (XRD)

An X-ray diffractometer with Cu-Ka radiation and Ni filter (Siemens D5000; Siemens AG;
Munich, Germany) was used to examine the crystalline properties of UA, PVP, UA-PVP
physical mixture (UA-PM), and lyophilized UA-NP powder. UA-PM was prepared by
thoroughly mixing UA and PVP with a mortar in the same composition ratio as for UA-
NP, which was 1:1 in weight. Prior to XRD analysis, all samples were dried overnight to
remove moisture. XRD patterns were obtained at 40 kV and 25 mA, with a scanning rate

of 4°/min, over the diffraction angle (20) range of 2° to 50°.

2.16. Dissolution Test
The dissolution test was performed based on USP apparatus II (paddle) method [119] in
accordance to the United States Pharmacopeia XXIX [120]. To achieve better

discriminating dissolution profiles for the poorly soluble crude drug and its
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nanoformulation, non-sink condition was applied for the analysis [121, 122]. Briefly, UA
or UA-NP sampling powders were prepared by placing 4.68 mg equivalent of UA in 100
ml of pH 7.4 phosphate buffer with continuous stirring by paddle at 100 rpm and
temperature maintained at 37 + 0.5 °C (n = 6). During the experiment, 1 ml of sample was
withdrawn at successive time intervals (0, 1, 10, 20, 30, 60, 90, and 120 min). The
concentration of UA was analyzed by HPLC and the data acquired were calculated and

converted into ‘percent of dissolved amount’ to represent the drug dissolution property.

2.17. HCV NSSA Immunofluorescence Staining

Cells seeded in 96-well plate (1 x 10* cells per well) were fixed with 4 % PFA for 30 min
at room temperature. After that, cells were washed twice with PBS and permeabilized with
0.3 % Triton X-100 for 30 min at room temperature. Cells were then blocked with 3 %
BSA for 30 min at room temperature before incubated with 9E10 antibody (1:5000;
purchased from Cell Essentials, Inc., Boston, MA, USA with permission from Dr. Charles
M. Rice) at room temperature for 1 h. After two washed with PBS, Alexa fluor 488-
conjugated anti-mouse IgG (1:1000; Invitrogen) were added to the cells for 30-min
incubation in the dark at room temperature. Finally, cells were wash three times with PBS
and the nuclei were stained with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI;

Invitrogen) before imaging with a fluorescence microscope.

2.18. IFN-B Reporter Assay

Cells were seeded 96-well plate (1 x 10 cells per well) and transfected with 5 ng of pRL-

TK LUC and 200 ng of IFNB-pGL3 LUC [123] (kindly provided by Dr. John Hiscott,
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Laboratorio Pasteur Istituto Pasteur Italia, Fondazione Cenci Bolognetti, Rome, Italy). The
next day, supernatant was removed and replaced with DMEM containing 2 % FBS. Cells
were then transfected with 200 ng of polyinosinic:polycytidylic acid (poly I:C; Sigma) or
infected with MV-EGFP at MOI 1. After 20 h, firefly luciferase and Renilla luciferase
activities were measured using Dual-Luciferase® Reporter Assay System (Promega;

Madison, WI, USA) following the manufacturer’s instructions.

2.19. MV Infection of Huh-7 Cells Transiently Expressing HCV NS3/4A by
Adenoviral Vector Transduction

Huh-7 cells seeded in 96-well plate (1 x 10* cells per well) were infected with various MOI
of the GFP-tagged ADV control (ADV-Cntrl) or GFP-tagged ADV encoding the HCV
NS3/4A from the genotype la strain H77 (ADV-NS3/4A(H77)), which were generated
using the AdEasy Adenoviral Vector System (Agilent Technologies, Inc.; Santa Clara, CA,
USA). The infected cells were incubated for 24 h to allow gene expression and then
infected with MV-FLuc (MOI 0.1) before incubating for another 48 h. Luciferase activity
produced by MV-FLuc was then measured with the Luciferase Assay System following

the manufacturer’s instructions (Promega).

2.20. MV Infection of Tumor Spheres

Cells were seeded 10-cm dishes (1 x 10° cells per dish) coated with 1 % agarose and
cultured in 15 ml of DMEM containing 10 % FBS for 7 days to form tumor spheres before
MYV infection. Approximately 120 spheres were transferred to a 5 ml tube and infected with

MV-EGFP (10° TCIDs) for 2 h at 37 °C, then the virus was removed and spheres were
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resuspended in DMEM containing 10 % FBS and cultured in ultra-low attachment 6-well
plate. Spheres were observed using a fluorescence microscope. For confocal microscopy,
samples were prepared using previously described method [124]. Briefly, spheres were
fixed in 4 % PFA for 3 h at 4 °C, washed and blocked in PBS containing 2 % FBS for 15
min at room temperature, and incubated in fructose—glycerol clearing solution for 20 min
at room temperature. Cleared spheres were mounted onto Imm microscopy slides and

stored at -20 °C before imaging.

2.21. Animal Study

For syngeneic mouse model, 6 to 8-week-old female BALB/c mice or C57BL/6 mice were
inoculated with 4T1.hNectin-4 (2 x 10° cells per mouse) or E0771.hNectin-4 (5 x 10° cells
per mouse) murine breast cancer cells, respectively, in the mammary fat pad and allowed
to develop the tumor for 10 days. Mice received intratumoral treatment of PBS (control)
or MV (2 x 10° TCIDs per mouse for 4T1.hNectin-4 tumors or 5 x 10° TCIDso per mouse
for E0O771.hNectin-4 tumors) at the indicated timepoints. Tumor volume was measured on
the treatment days and twice per week afterwards and calculated with the formula: Tumor

volume = (4/3) x 1 x (L/2) x (W/2) x (D/2).

2.22. Statistical Analysis
Unless otherwise stated, all data from the experiments are expressed as means + the
standard deviations (SD) or standard error of means (SEM). Statistical significance was

assessed by GraphPad Prism 7 software, using Student's t-test or one-way analysis of
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variance (ANOVA) followed by Dunnett's or Sidak’s multiple comparisons, with P < 0.05

considered as statistically significant.
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CHAPTER 3

ONCOLYTIC POTENTIAL OF MEASLES VIRUS FOR THE TREATMENT OF

BREAST ADENOCARCINOMA THROUGH THE TARGETING OF NECTIN-4
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3.1. Abstract

Breast cancer is among the leading causes of female cancer deaths worldwide and
its incidence has increased over the past decade. Oncolytic virotherapy using viruses that
preferentially target and kill cancer cells represents a novel therapy for the management of
breast cancer. Recent discoveries that attenuated strains of MV possess oncolytic properties
and can be used to destroy tumor cells have sparked an interest to employ MV as oncolytic
agent. Although earlier attempts have been made to use CD46-preferred vaccine strains of
MYV to target breast cancer cells, the vector is potentially hazardous and non-specific due
to expression of CD46 on most normal nucleated cell types. On the other hand, breast
cancer cells, which highly express the tumor marker nectin-4, have recently been observed
to be susceptible to infection by wild-type MV strains, which preferentially engage nectin-
4 as its epithelial cell entry receptor and does not recognize CD46. This observation
suggests that vectors bearing wild-type MV glycoproteins could potentially be further
explored as an effective and highly specific oncolytic agent against breast cancer. Taking
advantage of this targeting specificity, in this study, as proof-of-concept, the ability of a
recombinant wild-type strain of MV to infect and induce breast cancer cell oncolysis was
evaluated in vitro and in vivo. Specifically, various breast cancer cell lines expressed
nectin-4 which correlated with the infection and dose-dependent oncolysis induced by MV.
Expression of nectin-4 could be observed by immunohistochemistry staining of clinical
breast cancer tissue array and was associated with lower survival rate and a higher
frequency of recurrence, triple-negative typing, advanced staging, and metastasis,
suggesting the clinical utility of targeting nectin-4 as a tumor marker for breast cancer.

Intratumoral injection of recombinant MV tagged with luciferase reported in nude mice
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demonstrated that the virus could successfully infect and spread within the tumor in vivo,
although the tumor showed little regression or inhibition in growth suggesting limited
efficacy in the absence of the immune system. Using a syngeneic mouse model, we
demonstrated that intratumoral MV treatment of mouse breast cancer cells expressing
human nectin-4 showed infection by the recombinant wild-type MV and the tumor
exhibited an obvious restricted growth resulting in higher animal survival compared to the
PBS saline control treatment. This observation suggested the importance of the immune
system in MV-associated oncolytic treatment and also its clinical applicability as an
oncolytic agent for targeting nectin-4-positive breast cancers. Altogether, results from this
study provide a foundation for the development and application of oncolytic vectors with

wild-type MV glycoproteins as future virotherapy for the management of breast cancer.

3.2. Rationale and Aim

Globally, breast cancer is among the most common adenocarcinomas [125].
Despite novel advances in treatments including chemotherapy, hormone therapy,
radiotherapy, and surgery to improve survival, the disease continues to be a foremost cause
of death in women [101]. While early stage-detected breast cancers tend of have a more
favorable prognosis, advanced stages including metastatic breast cancers are typically very
difficult to treat and are often incurable [101], thus continuous research to develop novel
therapies that are more effective is thus warranted. Ongoing research has highlighted
oncolytic virotherapy as another uprising treatment option in various stages of pre-clinical
and clinical development as monotherapy or combinatorial therapies against numerous

cancer types [126]. The oncolytic virotherapy anti-cancer activity is primarily attributed to
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the inherent susceptibility of cancer cells to lytic infection by replication-competent wild-
type or genetically engineered attenuated viruses, while abortive infection protects normal
healthy cells, thus minimizing off-target toxicities and rendering the treatment highly safe
and effective [127]. Furthermore, the induction of cancer killing by lytic death of infected
cells sustains the added advantages of triggering destruction of tumor vasculature which
leads to death of uninfected tumor cells, and importantly, recruitment of tumor-specific
adaptive immunity which plays a crucial role in cancer clearance and preventing recurrence
[127]. Oncolytic virotherapy is therefore recognized as a valuable treatment strategy that
combines key qualities to a successful oncotherapy with its cancer-specific killing, safety,
and ability to activate adaptive immunotherapeutic protection. Additionally, oncolytic
virotherapy using OVs is potentially an effective therapeutic approach that can enable the
detection and elimination of micro- and macrometastases of breast cancers [103].

Of the diverse range of oncolytic viruses that have been studied against breast
cancer, including adenoviruses, herpesviruses, poxviruses, reoviruses, paramyxoviruses
[126, 127], MV is a commonly and extensively used viral agent due to its excellent safety
record with population immunity and generally low pathogenic and mutation risks [128].
As an enveloped particle, MV possesses a single-stranded RNA genome that is negative-
sense. The virus is able to target several host receptors, whereby the signaling lymphocyte
activation molecule (SLAM/CD150), the complement regulatory protein CD46, and the
more recently identified nectin-4 (aka PVRLA4) are used by the Edmonton vaccine strain
whereas wild-type strains of MV employ only SLAM and nectin-4 for entry [111]. Nectin-
4 is an immunoglobulin (Ig) superfamily member of the nectin family which regulates the

formation of cell-cell junctions [129]. This adhesion junction protein has three Ig-like
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domains in its extracellular portion, including one variable (V) type domain in the outmost
section followed by two constant (C) type domains towards the cellular membrane. In the
placenta, nectin-4 is highly expressed (hence also an embryonic protein), but modestly
expressed in the trachea and skin, and absent in most tissues of the human body.
Interestingly, nectin-4 has been identified as a tumor marker of several carcinomas,
including lung [66], breast [65], ovarian [64], esophageal [130], gastric [131], pancreatic
[67], liver [69], colon [132], and bladder [133] cancers. Given nectin-4’s high level of
expression and importance as tumor marker in breast adenocarcinomas while being absent
in normal breast epithelium [65], this supports particularly the use of MV vector with wild-
type glycoproteins as an oncolytic agent with nectin-4 selectivity for breast cancer over the
vaccine strain, due to its additional usage of CD46 which is expressed in all nucleated cells
[128].

In this study, we explore the oncolytic potential of recombinant wild-type MV for
the treatment of breast adenocarcinoma through the targeting of nectin-4 using in vitro and

in vivo models.

3.3. Results
3.3.1. Nectin-4 is expressed in various breast cancer cell lines and is associated with
infection susceptibility and dose-dependent oncolysis induced by recombinant wild-
type MV infection

Receptor specificity determines the permissiveness of a cell to initial infection by
the virus. As wild-type MV can engage nectin-4 [23, 24], the expression of nectin-4 can be

used to predict the oncolytic sensitivity of the target cells, including breast cancer cells.
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For this purpose, we therefore first examined the expression of nectin-4 in the various
breast cancer cell lines. As shown in Figure 2A, nectin-4 expression was detected in MCF-
7 and MDA-MB-468 cells, but not in MDA-MB-231 cells. Upon challenge by the
recombinant wild-type MV tagged with EGFP, only the nectin-4-expressing cell lines were
permissive to the viral infection, as indicated by the presence of fluorescent syncytium
(Figure 2B). More importantly, the nectin-4-negative MDA-MB-231 cells, which are
refractory to the recombinant wild-type MV infection, can be rendered permissive upon
overexpression of nectin-4 (Figure 2 A and B), thus indicating the ability of recombinant
wild-type MV to exhibit targeting specificity towards the tumor marker nectin-4 on breast
cancer cells. To examine the cytotoxicity of cancer cells induced by the oncolytic
properties of MV, the different breast cancer cell types including luminal A (MCF-7 and
T47D), luminal B (BT-474), and TNBC (MDA-MB-468) were treated with varying MOI
of the EGFP-tagged virus for 5 days, which effectively induced a dose-dependent oncolysis
(Figure 3). The median death rate dosage occurs at about MOI 1 for most cell types
examined except for the luminal B BT-474 which is approximately at MOI 0.1. These
results indicate that recombinant wild-type MV can utilize nectin-4 to target the various

clinically relevant breast tumor subtypes and induce a dose-dependent oncolysis.

3.3.2. Immunohistochemistry analysis of nectin-4 expression in breast cancer tissue

array correlates with poorer prognosis and advanced stages/malignant phenotypes
To further substantiate and assess the clinical utility of targeting nectin-4 as a

marker for breast cancer treatment using oncolytic MV, we examined the expression of

nectin-4 in a breast cancer tissue array of 117 patients using immunohistochemistry. As
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shown in Supplementary Figure S1A, nectin-4 expression was readily observed in the
dissected paraffin-embedded breast tumor biopsies by staining with anti-nectin-4 antibody
and the intensity of the staining was used to determine the grading, with 3 being most
intense (nectin-4 high) and 0 being the negative (nectin-4 low). Use the pathological
grading as reference, the samples were then compared between ‘nectin-4 high’ (grade 2 —
3) and ‘nectin-4 low’ (grade 0 — 1). Interestingly, we observed that the ‘nectin-4 high’
cohort was associated with lower patient survival probability and a lower frequency of
recurrence-free survival compared to the ‘nectin-4 low’ population (Supplementary Figure
S1 B and C). In addition, investigation on the association of nectin-4 with breast cancer
subtypes and disease progression indicated that ‘nectin-4 high’ expression had an overall
increased frequency in basal-like phenotype (triple-negative typing), advanced tumor
grading, and metastasis (Supplementary Figure S1D). Altogether, the above results suggest
nectin-4 as a poor prognosis biomarker and an important tumor marker for the difficult-to-
treat or advanced stages of breast cancer, and hence a valuable target for therapeutic

intervention for nectin-4-targted MV oncolytics.

3.3.3. MV can infect breast cancer xenografts in vivo and exhibit oncolytic effect that
is dependent on an immune competent host

Based on the above observations that recombinant wild-type MV can utilize nectin-
4 to target breast cancer cells and induce oncolysis, we next assessed MV’s oncolytic
activities in vivo in mouse xenograft breast tumor models as proof-of-concept for its
potential therapeutic application against breast cancer. Our laboratory previously

established MDA-MB-468 xenografts in BALB/c nude mice and treated the tumors with
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MV-FLuc via intratumoral (i.t.) injection at day 0. As shown in Supplementary Figure S2A,
luciferase signals could be readily detected at day 15 post virus injection in the BALB/c
nude mice established with MDA-MB-468-derived breast tumor, specifically
concentrating on site of the tumor location. In a similar experiment, nonobese
diabetic/severe combined immunodeficiency (NOD/SCID) mice bearing TNBC patient-
derived xenograft were i.t. injected with MV-FLuc, and luciferase activity was monitored
over 15 days. As shown in Supplementary Figure S2B, luciferase signals could be detected
in the tumors injected with the vector. These results therefore validate MV’s targeting
ability in vivo. However, upon further monitoring and despite MV infection of the nectin-
4-positive tumors in the mice, tumor regression was not readily observed. We hypothesized
that additional factors or parameters may be necessary for tumor control using the MV
treatment, such as using a multiple dose approach, or more importantly, to consider the
immune system, which has recently been emphasized as an important arm contributing to
the efficacy of oncolytic virotherapy [134]. Furthermore, as tumor regression is best
observed under immunocompetent scenario which is more reflective of clinical setting, we
then proceeded to evaluate MV’s oncolytic potency in vivo using syngeneic mouse models.

Syngeneic mouse models have previously been developed in immune competent
mice with murine 4T1 [135, 136] and E0771 [137] breast tumors expressing human/foreign
proteins. For this purpose, we first established 4T1 and E0771 cells overexpressing human
Nectin-4 (4T1.hNectin-4 and E0771.hNectin-4). Both cell lines overexpress nectin-4 on
their cell surface (Figure 4A and Figure 5A) and are permissive and susceptible to
recombinant wild-type MV-induced infection and oncolysis (Figure 4 B and C, Figure 5 B

and C). The 4T1.hNectin-4 and E0771.hNectin-4 cells were then injected subcutaneously
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in the mammary fat pad of mice to evaluate MV’s oncolytic activity in vivo. As shown in
Figure 4C, four consecutive doses of MV treatment effectively suppressed 4T1.hNectin-4
tumor growth in the immunocompetent mice compared to the PBS control treatment.
Additionally, the MV-treated mice exhibited significantly higher survival compared to
mice injected with only PBS control (Figure 4D). Similar results were observed with the
E0771.hNectin-4 model, whereby the tumor growth was robustly restricted by six
intermittent doses of MV treatment (Figure 5C) and resulted in higher survival compared
to the PBS control treatment (Figure 5D). This observation therefore confirms the oncolytic
properties of MV in inhibiting tumor growth in vivo and suggests the importance of the
immune system in MV-associated oncolytic treatment.

Together, these results indicate that recombinant wild-type MV can target to the
nectin-4-expressing breast tumor cells in vitro and in vivo and exhibit oncolytic properties,
suggesting MV with wild-type glycoproteins as a potential oncolytic agent for the

development of nectin-4-targeting breast cancer treatment.

3.4. Discussion

We have observed and validated that the use of recombinant wild-type MV can
efficiently target to the nectin-4 positive breast cancer cells and induce a dose-dependent
oncolysis. More specifically, we were able to observe MV infection of the established
tumors in vivo in both xenografts in immune-deficient and immune-competent mouse
models, and additionally, the syngeneic mouse model demonstrated growth inhibition of
the breast tumors. Overall, the results presented show a proof-of-concept of using

recombinant wild-type MV as an oncolytic agent and its potential clinical applicability for
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targeting nectin-4-positive breast cancers. Such analysis provides a foundation for future
exploration and development of MV-based oncolytic vectors for virotherapy.

In contrast to the other nectin family members, nectin-4 is mainly found in the
placenta with little expression in the airway of normal human tissues [63]. Recent literature
suggests that this adhesion molecule plays an important role in cancer progression. The
upregulation of nectin-4 was first reported in breast cancer, especially prominent in ductal
carcinomas and positively correlates with basal-like markers which often implies poor
prognosis [65]. This observation was further supported by a bigger dataset where nectin-
4-high triple negative breast cancer patients had shorter metastasis-free survival [138].
Nonetheless, nectin-4 expression is also related to shorter disease-free survival and relapse-
free survival in luminal A [139] and luminal B HER2-negative [140] breast cancers,
suggesting that nectin-4 could be a prognostic marker and a target for therapeutic
intervention of the different breast cancer types. As such, the oncolytic ability of MV
described here could serve as a potential future strategy for the treatment of the various
types of breast cancers and merits to be further explored in such scenarios.

In summary, the studies presented here establish a foundation for exploring the MV
vector as a candidate anticancer therapeutic for targeted treatment against breast cancer.
The in vitro and in vivo evidence for the oncolytic potency of MV vectors against breast
adenocarcinoma from this study will also serve as an important basis for preclinical

evaluation of such potential therapy.
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3.5. Figures, Tables, and Legends
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Figure 2. Nectin-4 expression and oncolytic MV infection of human breast cancer cell lines.

A. Flow cytometry analysis of surface nectin-4 expression. Staining with anti-nectin-4 is shown in blue, and
isotype control is shown in gray. B. Representative micrographs of MV-EGFP infection at 3 dpi (MOI 1).
Scale bar = 200 um. MDA-MB-231 and MDA-MB-231 overexpressing nectin-4 (MDA-MB-231.Nectin-4)

serve as negative and positive controls.
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Figure 3. MV infection of breast cancer cell lines.
Oncolytic activity of MV-EGFP (MOI 0.001 — 10) at 5 dpi in luminal A (ER+ PR+ HER2-), luminal B
(ER+ PR+ HER2+), and triple negative breast cancer (TNBC; ER- PR- HER2-) cell lines. Data shown are

meanst SD from three independent experiments.
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Supplementary Figure S1. Clinical implications of PVRL4/nectin-4 in breast cancer.

A. Representative nectin-4 immunohistochemistry (IHC) staining and grading of breast cancer tissue array.
B. Overall survival rate and C. recurrence-free survival rate of breast cancer patients with high or low PVRL4
expression in the dissected tumor tissues. D. Association of PVRL4 with breast cancer subtypes and disease
progression. Dataset provided by Drs. Roseline Godbout, John Mackey, and Rong Dong from University of
Alberta.
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Supplementary Figure S2. MV-FLuc injection in immunodeficient breast tumor models.

A. BALB/c nude mice were injected with MDA-MB-468 cells on the flank, and luciferase-tagged MV vector
(MV-FLuc) or PBS control was injected intratumorally. B. NOD/SCID mice were injected with patient-
derived triple negative on the flank, and MV-FLuc was injected intratumorally. Mice were monitored for
luciferase activity at 0, 2, 5, and 15 days post-treatment.
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Figure 4. Oncolytic effect of MV in 4T1 syngeneic mouse model.

A. Flow cytometry analysis of surface nectin-4 expression on murine breast cancer cell line 4T1
overexpressing human nectin-4 (4T1.hNectin-4). B. Cytotoxicity of MV-EGFP (MOI 0.1, 1, and 5) in
4T1.hNectin-4 at 5 dpi. Data shown are means = SD from three independent experiments. C. Fluorescence
microscopy of MV-EGFP infection in 4T1.hNectin-4 cells (MOI 0.5; 2 dpi). D. Intratumoral MV treatment
of 4T1.hNectin-4 tumors in syngeneic mouse model. Ten days after tumor cell inoculation (2 x 10° cells per
mouse), mice received intratumoral treatment of PBS (control) or MV (2 x 10° TCIDs, per mouse) for four
consecutive days. Tumor volume was measured on the treatment days (indicated by gray arrows) and twice
per week afterwards. Tumor volume = (4/3) x n x (L/2) x (W/2) x (D/2). E. Kaplan-Meier survival curve.
Hazard ratio (HR; MV/PBS) was analyzed by log-rank method.
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Figure 5. Oncolytic effect of MV in E0771 syngeneic mouse model.

A. Flow cytometry analysis of surface nectin-4 expression on murine breast cancer cell line E0771
overexpressing human nectin-4 (E0771.hNectin-4). B. Cytotoxicity of MV-EGFP (MOI 0.1, 1, and 5) in
E0771.hNectin-4 at 5 dpi. Data shown are means + SD from three independent experiments. C. Fluorescence
microscopy of MV-EGFP infection in EQ771.hNectin-4 cells (MOI 1; 5 dpi). D. Intratumoral MV treatment
of E0771.hNectin-4 tumors in syngeneic mouse model. Seven to fourteen days after tumor cell inoculation
(5 x 10° cells per mouse), mice received intratumoral treatment of PBS (control) or MV (5 x 10° TCIDs per
mouse) twice per week for 3 weeks (indicated by gray arrows). Tumor volume was measured on the twice
per week. Tumor volume = (4/3) x w x (L/2) x (W/2) x (D/2). E. Kaplan-Meier survival curve. Hazard ratio
(HR; MV/PBS) was analyzed by log-rank method.
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4.1. Abstract

Oncolytic virotherapy is a novel treatment strategy for the management of
cancers. Although tested in various cancers, including that of the breast, oncolytic viral
vectors have had limited efficacy as monotherapy. Improving oncolytic virotherapy
through combination therapy with chemotherapeutic drugs is a possible solution. Herein,
we consider the use of MV as oncolytic agent and the anticancer drug agent camptothecin
or CPT together for a combined chemovirotherapeutic treatment modality against breast
cancer cells. Our results showed that a treatment combination using oncolytic MV plus
CPT confers increased cytotoxicity to the human breast cancer MCF-7 cells, and that MV
combined with a low dose of CPT induced the same treatment efficacy as high-dose CPT.
Furthermore, low-dose CPT did not negatively affect MV’s early viral entry steps or inhibit
the viral replication. In additional experiments, we observed that the co-administration of
MYV and CPT induced a significant upsurge in apoptotic cell death of breast cancer cells
compared to each agent alone. Altogether, our data demonstrate the merit of a novel
chemovirotherapeutic approach using oncolytic MV combined with CPT against breast
cancer cells, which warrants further exploration as a potential means to enhance the

oncolytic activity of MV-based virotherapy.

4.2. Rationale and Aim

In the last decade oncolytic virotherapy, which employs OVs to treat cancer, has
emerged as a promising treatment that can selectively target and destroy tumor cells
without harming normal cells [73, 141-143]. While most cancer therapies target tumors in

a non-specific manner, many OVs have a propensity to replicate in the more favorable
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environment found in transformed cells [103], and various forms of OVs including wild-
type, laboratory attenuated, and genetically engineered or modified viruses have been in
development to treat cancers, including adenocarcinomas of the breast. The recent
discovery of nectin-4, a tumor marker that is commonly overexpressed in adenocarcinomas
including that of the breast [64-66, 144], as a receptor for MV [23, 24], has sparked an
interest to use of this paramyxovirus as an oncolytic agent for treating breast cancer [111].
Similar to other OVs, a substantial hurdle remains in their clinical application with the
observed limited efficacy when used in monotherapy [145]. This challenge could
potentially be circumvented through the combination of OVs with chemotherapy, which is
also referred to as ‘chemovirotherapy’, as a viable strategy to maximize the oncolytic
potency of virotherapeutics [146].

As a natural small molecule isolated from Camptotheca acuminata tree bark, CPT
is a quinoline alkaloid that exhibits anticancer bioactivity by acting as a DNA
topoisomerase I (Topo I) inhibitor [147]. The FDA-approved CPT analogues for
chemotherapy, such as irinotecan and topotecan [148], are documented to cause apoptotic
cell death of tumor cells [149]. Conversely, MV infection can produce cytopathic effects
including inducing the formation of syncytia (multi-nucleated giant cell) and apoptosis [8,
150, 151]. Due to their distinct mechanism of inducing cell death, a combination therapy
promoting better tumor cell killing and a reduced risk of developing resistance against the
individual agents [152]. As a proof-of-principle for employing such tactic, we examined
the treatment effects of a recombinant wild-type MV in conjunction with CPT against

breast cancer cells. Specifically, we explored optimal parameters of treatment in vitro,
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deduced the mechanism of action involved, and illustrate the value of this strategy for

future development as a therapeutic modality for clinical management of breast cancer.

4.3. Results
4.3.1. Cytotoxic effect of oncolytic MV and the chemotherapeutic drug CPT as
separate agents against human breast cancer MCF-7 cells

As our first aim, we determined the individual impact of oncolytic MV and CPT in
killing the human breast cancer cells MCF-7. To this end, a recombinant EGFP reporter-
tagged MV at various MOI and different concentrations of CPT were administered on the
seeded cells. The MCF-7 breast adenocarcinoma cell line is known to express nectin-4 on
the surface of the cell, thereby making them particularly permissive to infection by MV
[24]. As shown in Figure 6A and B, both CPT and oncolytic MV reduced the MCF-7 cell
viability in a dose-dependent fashion with either a 3- or 5-day treatment. Over 50 %
decrease in the viability of MCF-7 breast cancer cells was observed with CPT treatment at
concentrations of 50 nM and above (CCso = 381 nM for 3 days of treatment and 58.5 nM
for 5 days of treatment) or with infection by oncolytic MV at a MOI above 0.1. Analysis
using LDH release assay for evaluating cell death revealed similar results (Supplementary
Figure S3). On the basis of these observations, we therefore chose to employ oncolytic MV
ata MOI of 0.1 and CPT at concentrations < 50 nM (10, 30, and 50 nM) for the remainder

experiments in the study to examine their combined treatment effects.

4.3.2. CPT and oncolytic MV in combination treatments exert enhanced cytotoxicity

in breast cancer MCF-7 cells
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Following determining their individual killing profile of the MCF-7 cells, our next
goal was to examine the impact of combined treatments using CPT and oncolytic MV
through three types of treatment approaches to determine the most effective treatment
modality (see Figure 7A for a schematic diagram). These included ‘drug sensitization’, in
which CPT is used to pre-treat the cells before initiating MV infection. The second method
is ‘viral sensitization’, whereby MV is first used to establish infection in the cells prior to
starting CPT treatment. Lastly, the third approach is the ‘co-treatment’ model, wherein
oncolytic MV and CPT are simultaneously added to the target cells. Chou-Talalay method
[153] for evaluating treatment synergy was employed to assess the synergy level of each
combination model, where the combination index or ‘CI’ values quantitatively defined
synergistic (CI < 1), additive (CI = 1) and antagonistic (CI > 1) effects. CPT at various
doses was used in combination with and their associated cytotoxicity was then measured.
Data indicated that the co-treatment approach with MV at MOI 0.1 produced the greatest
cytotoxic effect to MCF-7 cells across the tested concentrations of CPT (10 nM [Figure
7B], 30 nM [Figure 7C], and 50 nM [Figure 7D]). This was reflected by the reduced
number of viable cells to 44.45 % (at 10 nM), 34.87 % (at 30 nM), and 30.54 % (at 50 nM)
through respective concentrations of CPT co-treatment in combination with MV (Figure 7
B —D). In addition, 20 ~ 30 % more cell death was observed with the co-treatment approach
compared to CPT or MV treatment as single agents. These results were corroborated by
the LDH release assay (Supplementary Figure S4A) and in microscopy wherein enhanced
cytotoxic effects were observed (Supplementary Figure S4B). Accordingly, CPT co-
treatment (10, 30, and 50 nM) exhibited the lowest CI values which reflected synergy (0.11,

0.21, and 0.31), respectively (Figure 7E), indicating that the oncolytic activity was
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synergistic against the breast cancer MCF-7 cells when MV and CPT were employed using
the co-treatment model. In contrast, the CI values in the other two treatment approaches
(‘drug sensitization’ and ‘viral sensitization’) revealed antagonistic effect, irrespective of

the concentration evaluated for CPT (Figure 7 B — E).

4.3.3. CPT does not exhibit antiviral activity against oncolytic MV infection

To investigate possible antagonistic interactions from the co-addition of CPT and
oncolytic MV, an analysis was carried to determine whether CPT treatment inhibits the
early steps of MV viral entry into the breast cancer MCF-7 cells. Specifically, we examined
CPT’s effect on the free viral particles of oncolytic MV, their binding to host cell surface,
and the post-attachment entry/fusion events (Figure 8A). For this purpose, CPT was used
to treat the virus and/or cells at the specific steps of the viral entry, and the emitted EGFP
fluorescence, which is expressed through viral replication upon successful establishment
of the infection, was determined in subsequent cell incubation. As depicted in Figure 8 B
— D, CPT treatments, for all concentrations tested, did significantly impede the early
infection stages of the oncolytic MV. In contrast, the natural phytobioactive small molecule
punicalagin (PUG), which was previously shown to block MV’s viral entry [154] and used
here as a positive control, effectively reduced the infectivity of MV. These observations
indicate that CPT exhibits little or no impact on cell-free particles of oncolytic MV and its
early viral entry steps into the MCF-7 cells. Other potential antiviral effects were further
excluded when a time-of-addition assay was carried out for CPT treatment, by specifically
adding CPT before, during, and subsequent to oncolytic MV infection (Figure 9A). Similar

to the above observations, addition of CPT at various times of the viral infection (Figure 9
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B — D) had little effect on the infectivity from the oncolytic MV, whereas the positive
control IFN-a effectively reduced the viral infection. Likewise, CPT treatments at from the
time-frame of 24 h prior to the MV challenge to immediately after the viral infection did
not affect the viral titers obtained at the experimental endpoint (Figure 9E). These results
therefore suggest that treatment with CPT, at the doses used in this study for combination
treatment analysis, induces no significant antiviral effect nor interfere with the infection by

the oncolytic MV.

4.3.4. Co-treatment combination of CPT and oncolytic MV in breast cancer MCF-7
cells induces sub-G1 cell cycle arrest and apoptosis

Following the above experiments, we next studied the mechanistic basis of the
synergistic oncolytic impact produced from the oncolytic MV-CPT combination.
Specifically, flow cytometry was used to analyze how the cell cycle of the breast cancer
MCEF-7 cells is affected by these two agents. Data from Figure 10A indicated that compared
with untreated cells, adding just the oncolytic virus resulted in augmented number of sub-
G1 cells (from 0 % to 25 %), while CPT alone and at all three tested concentrations (10,
30, and 50 nM) induced a G2/M cell cycle arrest that was dose-dependent. On the other
hand, compared with the mono-treatment with each agent, co-treatment of oncolytic MV
and CPT in combination significantly increased the cell population in sub-G1 regardless of
the concentration of CPT used, and this effect was accompanied by a corresponding
decrease in the G1 and G2 populations (Figure 10A). This observation of an increase in the
sub-G1 population is indicative of elevated number of apoptotic cells, which was

confirmed by flow cytometry analysis of double staining using Annexin V/PI, whereby the
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apoptotic cell population in oncolytic MV treatment alone (~ 25 %) and CPT treatment
alone (~ 13 %) rose to 40 — 60 % in the combined treatment with both agents (Figure 10B).

To further confirm that the combined treatment using oncolytic MV and CPT on
the MCF-7 breast cancer cells can enhance cellular apoptosis, we subsequently analyzed
the cleavage of the nuclear enzyme PARP, which is a hallmark of apoptosis [155], using
Western blotting. In agreement with the Annexin V/PI double staining, the level of PARP
in cleaved form was observed to be significantly increased in the cells treated with the co-
treatment of oncolytic virus and CPT (Figure 11A), and the increase in the amount of
cleaved PARP was dose-dependent over the range of CPT concentrations used (10, 30, and
50 nM) (Figure 11B). Together, these results showed that the treatment combination of
MYV and CPT produced a significantly enhanced oncolytic effect that was synergistic on
the MCF-7 cells, and this outcome was at least partly due to the increase in the level of

apoptosis.

4.3.5. Combination treatment using CPT and oncolytic MV also produces enhanced
cytotoxicity on T-47D breast tumor cells

Lastly, we examined whether the combination using oncolytic MV and CPT can be
applied to other breast cancer cells and is not restricted to only the MCF-7, the same method
and combination treatment approach (described in Figure 6 and Figure 7) was used to test
on the human breast adenocarcinoma T-47D cells. These tumor cells have previously been
reported to be susceptible to MV infection [24]. We observed that similar to the MCF-7
cell, the T-47D cells are sensitive to treatments using CPT (10 — 50 nM) and oncolytic MV

(MOI 0.01 — 10) as single agents, whereby a concentration of 50 nM CPT and MOI 0.1 of

54



MV effectively decreased the cell viability to near or below 50 % of the cell viability
(Figure 12 A and B). Even more importantly, combining CPT (10, 30, and 50 nM) with
oncolytic MV (MOI 0.1) using the co-treatment approach caused significantly greater cell
death than the use of each agent alone (Figure 12 C). Analogous results were also obtained
with the LDH release test for cytotoxicity (Supplementary Figure S5).

Altogether, the culminated data provide evidence that the chemotherapeutic CPT
can be used with oncolytic MV in a co-treatment type of combination to enhance the

oncolytic killing of the human breast cancer cells.

4.4. Discussion

To overcome the limitations of OVs as monotherapy, the strategy of combining
OVs with chemotherapeutic agents has been investigated, grounded on the idea that these
two agents may potentiate or act in synergism with each other [156, 157] to improve
treatment outcomes. However, the compatibility and synergy of these two therapeutic
approaches may depend on the context of treatment [158]. Herein, we showed for the first
time that MV combined with low concentrations of CPT can enhance the lethality of human
breast cancer cells. When these cells were co-treated with both agents, we observed an
enhanced killing effect that was synergistic. Mechanistically, the synergistic outcome from
the MV plus CPT combination led to an augmented accumulation of cell populations in
sub-G1, resulting in enhancement of cell apoptosis, which is evident by the increase in the
level of PARP cleavage (Figure 10 and Figure 11). In view of the fact that treatment with
MYV infection and CPT individually can ultimately lead to the induction of apoptosis [8,

149-151], such observation is largely anticipated.
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Incidentally, it is known that MV infection can induce autophagy as a pro-viral
physiological process, whereby continuous activation of autophagy can delay cell
apoptosis and promote the transmission of MV between cells or the formation of syncytia
before ultimately culminating in cell death [159]. Alternatively, CPT is reported to trigger
both autophagy as well as apoptosis [160], and low doses of the drug (<50 nM) can induce
autophagy and premature senescence [161]. Since MV and CPT can both induce autophagy
at the concentrations used in this study, the combination of these two agents may amplify
the process of autophagy, thus facilitating the spread of the virus and concomitantly
enhancing the sensitivity of the breast adenocarcinoma cells to impact from the ensuing
apoptosis. In fact, preliminary experiments have shown that treatment with CPT or the
oncolytic MV as individual agent alone at 24 h as well as 48 h after addition can induce
the autophagy marker LC3 (‘LC31II’) (Supplementary Figure S6A). Interestingly, after 48
h of treatment, we observed an accompanying decrease in LC3II as the concentration of
CPT increased in combined treatment with the oncolytic virus (Supplementary Figure S6A).
This phenomenon was not due to the inhibition of autophagy, but instead due to its
enhancement ("faster turnover"). Specifically, when autophagic flux was inhibited using
the lysosomal inhibitor bafilomycin, there was a significant change in LC31II accumulation
in the CPT-treated groups, with or without co-administration of MV (Supplementary
Figure S6B), as opposed to using MV only. The potentiation effect of CPT on the
inefficient autophagic flux triggered by MV may lead to its perturbation, which has been
considered to promote apoptosis [162]. Additional studies are needed to clarify this

observation and to tease out the nuances of virus- and drug-induced autophagy prior to
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cellular commitment to apoptosis in the enhanced cytotoxic outcome of CPT combined
with oncolytic MV.

Overall, the data presented indicate that oncolytic MV combined with CPT
chemotherapy is a potential treatment modality that exerts synergistic killing of the breast
tumor cells. Besides the fact that the chemotherapeutic drug itself does not induce antiviral
effect against the oncolytic virus, the boosted efficacy from the combination also led to a
reduction in each agent’s effective dose required. Specifically, our results showed that CPT
at low concentrations (50 nM and below) in conjunction with a low dose (MOI 0.1) of MV
has the same treatment impact on breast cancer cells as high doses of each agent
individually (CPT at 100 nM and MV at MOI 3). This synergistic effect can potentially
reduce the toxicity associated with each agent [152], including the gastrointestinal toxicity
and bone marrow suppression described for treatment using CPT as well as the associated
derivatives including irinotecan [163] and topotecan [164]. To summarize, our
observations in this study highlight the potential of the chemovirotherapeutic approach,
especially in the context of employing MV -based oncolytics. Thus, oncolytic MV plus CPT
combination therapy merits to be further explored and developed for breast cancer

management.
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4.6. Figures, Tables, and Legends
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Figure 6. Camptothecin (CPT) and oncolytic MV are cytotoxic against human MCF-7 breast cancer

cells.
MCEF-7 cells were treated with A. CPT (1 — 1000 nM) or B. MV (MOI 0.01 —10) for 3 or 5 days. Cell viability

was analyzed by MTT assay. All data shown are means + SD from three independent experiments. Adapted
from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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Supplementary Figure S3. Cytotoxicity of CPT and oncolytic MV on human MCF-7 breast cancer cells
determined by LDH release assay.

MCEF-7 cells were A. treated with CPT (1 — 1000 nM) or B. infected with MV (MOI 0.01 — 10) for 3 or 5
days and analyzed with LDH cytotoxicity detection kit. DMSO = 0.1 %. All data shown are means + SD
from three independent experiments; *P < 0.05 compared to Mock treatment. Adapted from Tai et al. Sci
Rep. 2019 May 1;9(1):6767.
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Figure 7. Co-treatment of MV plus CPT exhibits enhanced anticancer activity against human MCF-7
breast cancer cells.

A. Schematic representations of the different treatment models. B — D. MCF-7 cells were treated with MV
(MOI 0.1) and/or B. 10 nM, C. 30 nM, D. 50 nM of CPT in different models (drug sensitization, viral
sensitization, and co-treatment), following which cell viability was determined by MTT assay. E. The CI
value of combination models were measured by Chou-Talalay method where CI value quantitatively defines
synergism (CI < 1), additive effect (CI = 1) and antagonism (CI > 1). All data shown are means = SD from
three independent experiments; *P < 0.05 compared to MV treatment, and P < 0.05 compared to CPT
treatment. Adapted from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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Supplementary Figure S4. Effect of MV and CPT co-treatment on human MCF-7 breast cancer cells.
MCEF-7 cells were treated with MV (MOI 0.1) and/or CPT (10, 30, and 50 nM) using the co-treatment model
described in the text. Cell viability was then determined by A. LDH release assay, and B. cell morphology
was observed by microscopy. Data shown in A are means + SD from three independent experiments; *P <
0.05 compared to MV treatment, and *P < 0.05 compared to CPT treatment. Representative micrographs in
B are displayed in overlaid images of bright ficld (phase) with the corresponding dark field (fluorescence)
pictures. Scale bar = 100 um. Adapted from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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Figure 8. CPT treatment does not influence the viral entry steps of the oncolytic MV.

A. Schematic representations of synchronized infection analysis on early viral entry. B. CPT’s effect on free
MV particles. C. CPT’s effect on MV attachment. D. CPT’s effect on MV entry/fusion. For all experiments,
final MV MOI was 0.1, 0.1 % DMSO was included as negative control, and PUG = 50 uM was included as
positive control treatment in each condition. All data shown are means + SD from three independent
experiments; *P < 0.05 compared to Virus Only treatment. Adapted from Tai et al. Sci Rep. 2019 May

1;9(1):6767.
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Figure 9. CPT treatment neither enhances nor exerts antiviral activity against MV infection.

A. Schematic representations of the time-of-drug-addition analysis on CPT treatment against MV infection.
B. Pretreatment effect of CPT on MCF-7 cells before MV infection. C. Co-addition treatment effect of CPT
on MV infection of MCF-7 cells. D. Post-infection treatment effect of CPT on MCF-7 cells immediately
after MV infection. Results were obtained after 3 days of incubation. E. Viral titer readouts of CPT treatment
at different time-points of MV infection as in B — D. For all experiments, MV infection was performed at
MOI 0.1, 0.1 % DMSO was included as negative control, and IFN-a (1,000 [U/ml) was included as positive
control treatment where indicated. All data shown are means + SD from three independent experiments; * P
< 0.05 compared to Virus Only treatment. Adapted from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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Figure 10. Oncolytic MV and CPT combinatorial treatment causes cell cycle arrest and induction of

apoptosis in human MCF-7 breast cancer cells.

A. Flow cytometric cell cycle assay was performed using PI staining on MCF-7 cells following 5 days of
treatment with CPT and MV in co-treatment model. B. Flow cytometric double stain assay was performed
using PI and Annexin V (APC conjugated) staining on MCF-7 cells following 5 days of treatment with CPT
and MV in co-treatment model. Percentage of cells was determined by Beckman Cytomics FC500 Flow
Cytometry CXP analysis. Data shown are means from three independent experiments. Adapted from Tai et

al. Sci Rep. 2019 May 1;9(1):6767.
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Figure 11. Combinatorial treatment of oncolytic MV with CPT induces apoptosis via PARP cleavage.
A. Western blot analysis of PARP expression from MCF-7 cells co-treated with CPT and MV for 5 days. B.
Quantitation of the level of cleaved PARP from A. The representative Western blot and average quantitative
data (means + SD) shown are from three independent experiments; * P <0.05 compared to MV treatment and
#P <0.05 compared to CPT treatment at the same concentration. Adapted from Tai et al. Sci Rep. 2019 May

1:9(1):6767.
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Figure 12. CPT and oncolytic MV are cytotoxic against human T-47D breast cancer cells and induce

enhanced cell death in combinatio

T-47D cells were A. treated with CPT (1 — 1000 nM) or B. infected with MV (MOI 0.01 — 10) for 3 or 5
days. Cell viability was analyzed by MTT assay; DMSO = 0.1 %. Data shown are means + SD (*P < 0.05
compared to Mock treatment) from three independent experiments. C. In the co-treatment model, T-47D
cells were treated with MV (MOI 0.1) and CPT (10, 30, and 50 nM). Data shown are means = SD from three
compared to MV treatment, and P < 0.05 compared to CPT treatment

independent experiments; *P < 0.05

n using the co-treatment model.

of the same concentration. Adapted from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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Supplementary Figure S5. Cytotoxicity of CPT and oncolytic MV on human T-47D breast cancer cells
determined by LDH release assay.

T-47D cells were A. treated with CPT (1 — 1000 nM) or B. infected with MV (MOI 0.01 — 10) for 3 or 5 days
before analysis by LDH release assay; DMSO = 0.1 %. Data shown are mean + SEM from three independent
experiments; *P < 0.05 compared to Mock treatment. C. In the co-treatment model, T-47D cells were treated
with MV (MOI 0.1) and CPT (10, 30, and 50 nM) before LDH release was measured. Data shown are means
+ SD from three independent experiments; *P < 0.05 compared to MV treatment, and *P < 0.05 compared to
CPT treatment. Adapted from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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Supplementary Figure S6. Influence of MV and CPT co-treatment on autophagy.
MCEF-7 cells were treated with MV (MOI 0.1) and/or CPT (10, 30, and 50 nM) using the co-treatment model.

A. After 24 or 48 h, cells were harvested and analyzed with Western immunoblotting as described in the text.

B. Cells were treated with bafilomycin Al (BAF) 4 h before harvesting at 48 h. Antibodies were used to

probe LC3 and B-actin. LC3 II signals were quantified and compared against the 3-actin loading control using

densitometry analysis. Adapted from Tai et al. Sci Rep. 2019 May 1;9(1):6767.
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5.1. Abstract

OV and the phytochemical UA are two effective drug candidates for the treatment
of breast cancer, the most common cancer in women worldwide. However, as single agents,
the clinical efficacy of OV and UA is limited. As a common strategy to improve the
efficacy of single-agent anticancer agents, we investigated a chemovirotherapeutic
approach consisting of oncolytic measles (MV) targeting the breast tumor marker nectin-4
and the anticancer agent UA for the treatment of breast cancer. Our results showed that in
vitro combination treatment with UA synergistically enhanced the killing of the MCF-7
human breast cancer cells by oncolytic MV, while UA did not interfere with the different
steps of viral infection. Mechanistic studies showed that the synergistic effect of the
combination treatment was mediated by the enhanced effect of UA on the MV-mediated
apoptotic killing. To circumvent the poor solubility and bioavailability of UA and to
improve its clinical applicability, we further developed UA-derived nanoparticles (UA-
NPs) by a nanoemulsification technique. Compared with unformulated UA, UA-NPs
exhibited better drug solubility and similarly synergized with oncolytic MV to induce
apoptosis in breast cancer cells. This enhanced oncolytic efficacy was partly attributed to
the increased autophagic flux induced by the combined treatment of UA-NPs and MV.
Finally, synergistic effects of the combination of UA-NPs and MV were also observed in
BT-474 and MDA-MB-468 breast cancer cells. Thus, our study highlights the potential
value of oncolytic MV and UA-based chemotherapy as a therapeutic strategy for the further
development of breast cancer treatment, as well as the possibility of using

nanoemulsification to improve the applicability of UA.
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5.2. Rationale and Aim

Nanomedicine is considered to be an important driving force of modern clinical
progress, and is usually defined as the application of nanoscale (< 1000 nm) agents for the
diagnosis or treatment of diseases [165, 166]. They are small in size and can be modified
on the surface and/or within the particles, which provides for better solubility,
bioavailability, targeting, efficacy, and safety [165] that are essential features for effective
anticancer treatments. Therefore, anticancer nanomedicines, including nanoparticle-based
agents and OVs, have been extensively studied and have achieved clinical success in a
variety of cancers including breast cancer [165].

Formulating drugs into nanoparticles is a very popular strategy, especially for plant-
based molecules, because it can effectively improve the solubility, bioavailability, and
biological activity of drugs in in vivo setting [167]. Ursolic acid or UA (3-B-hydroxy-urs-
12-en-28-oic acid), widely found in fruits and plants, is a naturally occurring pentacyclic
triterpenoid. This phytochemical is recognized for its significant multimodal anti-tumor
properties against various cancers [168, 169]. Its ability to inhibit breast cancer
proliferation, angiogenesis, and metastasis, and induce apoptosis of breast cancer cells in
vitro and in small animal models has been largely recognized, making it an important
candidate in recent years for potential development as chemopreventive and therapeutic
agent against breast cancer [170]. However, UA possess a very poor water solubility profile
and hence low bioavailability [ 170]. Modifications by nanotechnology, such as through the
preparation of nanoparticles, can effectively circumvent this problem.

Another newly emerging and promising therapeutic strategy is the use of OVs as

oncolytic nanomedicine, the so-called oncolytic virotherapy [171]. This novel therapeutic
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approach prevents cancer recurrence by OVs directly targeting and killing the infected
tumor cells and inducing tumor-specific immunity [172]. Although they have good safety
and preclinical antitumor potential, many OVs, including MV, have shown moderate
efficacy when used as monotherapy [145]. Therefore, the approach of “combinatorial
chemovirotherapy” is commonly used, that is, combining OV's with anticancer drug agents
to improve the treatment efficacy. Combining oncolytic MV and the phytochemical UA
may induce an enhanced cytotoxicity against breast cancer cells due to their different
tumor-killing mechanisms. Such combination treatment has the potential to lead to better
tumor killing while preventing the development of drug resistance [152]. To validate its
feasibility and as a proof-of-concept, this study aims to explore the anticancer efficacy of
combining a recombinant wild-type MV with UA and its nanoformulation as a new strategy

for breast cancer treatment

5.3. Results
5.3.1. Oncolytic MV and the small molecule UA exert dose-dependent cytotoxicity
against breast cancer cells

To first establish the individual cytotoxicity profiles of oncolytic MV and UA,
different concentrations of the drug or MOI of the virus were adminstered on the human
breast cancer MCF-7 cells for a 5-day treatement before testing for cell viability. The
oncolytic MV is based on a wild-type strain tagged with EGFP, which can recognize
nectin-4 expression that is highly expressed on the permissice MCF-7 cells [24]. On the
other hand, DMSO was used as solvent to dissolve UA due to the compound’s low water

solubility. As shown in Figure 13A, increasing concentrations of UA from 2 — 15 pM led
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to a reciprocal decrease in MCF-7 cell viability to 75 %, with 20 uM of the compound
reducing the the number of viable breast cancer cells to 20 % (CCso = 16.67+1.10 uM).
Likewise, oncolytic MV treatment also dose-dependently diminished the MCF-7 cell
vaiblity over a concentraion of MOI 0.001 — 10, with MOI 1 of the virus killing about 50
% of the breast cancer cells (Figure 13B). Based on these obserations, the concentrations
of UA (£10 uM) and MV (MOI 0.1 —0.01) below their CCso indices were thus chosen for

the remainder of the study in exploring their combination anticancer effect.

5.3.2. Combined treatment of UA and oncolytic MV produces synergistic anticancer
effect against MCF-7 breast cancer cells

To determine whether UA and oncolytic MV would exert stronger potency when
used in combination, both agents were concurrently added to MCF-7 cells. Data obtained
from the cell viability analysis in the ensuing incubation was then assessed by the Chou-
Talalay method [153], where the combination index ‘CI’ value would signify the
combination effect to be synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1).
While the combination of 10 pM UA with MOI 0.01 of oncolytic MV attained a similar
killing effect as UA monotreatment (~ 25 %) with no obvious synergism, increasing the
viral concentration to MOI 0.1 with 10 uM UA produced a significantly higher MCF-7 cell
death (> 50 %) compared to each agent alone (Figure 13C). The CI value of the MV MOI
0.1 with 10 uM UA combination was 0.3 (Figure 13D), indicating that UA and oncolytic

MYV can act synergistically, leading to enhanced tumoricidal effect against MCF-7.

5.3.3. UA treatment does not antagonize oncolytic MV infection
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While UA and MV co-treatment demonstrated synergy, precaution was taken to
further examine whether UA would interfere with the oncolytic MV infection by evaluating
its effect on the viral infectivity through a series of experiments, each focused on a specific
stage of MV infection in MCF-7. For the early viral entry stages, three assays were
performed to assess the impact of UA on (i) free oncolytic MV particles (Figure 14A), (ii)
viral attachment to the target cells (Figure 14B), and (iii) post-attachment fusion with the
target cells (Figure 14C). A known small-molecule MV entry inhibitor PUG [154] was
included as a positive control in all experiments. Data obtained from viral reporter
fluorescence showed that UA, at concentrations up to the maximum dose used in the
combination treatment, did not affect the early entry steps of the oncolytic MV, similar to
the DMSO solvent control. PUG, on the other hand, effectively impeded all three steps as
previously reported [154]. Three time-of-drug-addition assays (pre-treatment, co-addition,
and post-infection) were also performed to assess whether UA treatment administered at
different time-points produces antiviral effect on the oncolytic MV infection. UA treatment
generally had negligible effects on the MV infectivity for all doses tested, whereas the
positive control IFN-a significantly reduced the viral infection (Figure 14D). These results
therefore suggested that combinatorial treatment of UA and the oncolytic MV does not

negatively modulate the viral infection.

5.3.4. UA and oncolytic MV combinatorial treatment enhances apoptotic cell death of
MCF-7 breast cancer cells
Cell cycle and apoptosis analyses were next performed to study the mechanism

underlying the anticancer activity of UA and oncolytic MV combinatorial treatment on
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MCEF-7 cells. Compared to cells treated with UA or MV alone, the combinatorial treatments
caused synergistic elevation in the population of sub-G1 phase cells to approximately 25
% and 60 % for MOI 0.01 and MOI 0.1 of oncolytic MV, respectively (Figure 15A).
Increased sub-G1 population suggesting apoptosis [173] was subsequently validated by
flow cytometric Annexin V/PI double staining. Percentage of late apoptotic cells detected
in MCF-7 cells treated with UA and MV in combination significantly increased to 33 — 69
% compared to 20 % or less when treated with each agent alone (Figure 15B). These results
were further confirmed via western blot analysis of the apoptotic marker, cleavage of
PARP [174]. Consistently, our finding revealed increased apoptosis as level of cleaved
PARP was greatly enhanced by UA and oncolytic MV combinatorial treatments (Figure
15 C and D). Therefore, our results overall demonstrated that UA and oncolytic MV
combinatorial treatment produces synergistic tumoricidal effect against MCF-7 breast

cancer cells, which is mediated by increased induction of apoptotic cell death.

5.3.5. Nanoformulation changes the physicochemical properties and improves drug
dissolution of UA

As UA is a triterpenoid compound with poor water solubility and low
bioavailability in vivo, which limit its applicability, we next employed nanoemulsification
using the nonionic polymer PVP to generate water soluble PVP-based UA nanoparticles
(UA-NPs) as a strategy to improve these issues [167]. Physicochemical characterization of
UA and UA-NP were performed and documented in Figure 16. Our optimized UA:PVP
formulation (1:1 weight ratio) produced a well-suspended colloidal solution, while other

formulations with 1:3 or 1:6 weight ratio were unable to maintain the dispersion state and
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easily aggregate or precipitate (data not shown). The mean size of the formulated UA-NPs
was 209.3 + 1.7 nm, and the yield was 69.3 = 9.9 % after removing the non-formulated
aggregates. Electron microscopy using FESEM demonstrated a morphological change of
the needle-shaped UA crystals (Figure 16A) to the nanoparticulate form of UA-NPs
(Figure 16B). This observation was supported by the XRD analysis, in which the obvious
crystalline peaks in the spectra of non-formulated UA and the UA-PVP physical mixture
(UA-PM) disappeared in the spectra of UA-NPs that showed an amorphous state similar to
PVP (Figure 16C). This physicochemical change is a favorable factor for improving UA’s
dissolution and thus bioavailability [175]. Our dissolution test further confirmed that UA-
NPs’ solubility was substantially increased over the time intervals tested as compared to
non-formulated UA, which remained mostly insoluble in the water-based buffer (Figure
16D). Altogether, these results demonstrated that we have successfully generated

nanoformulated UA with improved solubility.

5.3.6. UA-NPs retained synergistic tumoricidal effect in combination with oncolytic
MYV and enhanced apoptotic cell death in MCF-7 breast cancer cells

To confirm whether UA-NPs retained its anticancer potency, the nanoparticles
were used to treat MCF-7 cells over a range of drug concentrations. For comparison, non-
formulated UA mixed in water (‘UA-Water’), in which it is not soluble, was also tested in
MCEF-7 cells. As shown in Figure 17A, the non-soluble UA-water mixture had no impact
on the cell viability of the breast cancer cells. In contrast, the UA-NPs solubilized in water
could dose-dependently reduce MCF-7 cell viability and the CCso value was found to be

36.52 £ 1.02 uM (Figure 17B). The polymeric carrier PVP alone showed no effect in
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reducing the MCF-7 breast cancer cell viability. To examine whether UA-NPs retained the
synergistic tumoricidal effect in combination with oncolytic MV, 30 uM of the UA-NPs
and oncolytic MV (MOI 0.01 and 0.1) were used to co-treat MCF-7 cells. As shown in
Figure 17C, MCF-7 cell viability was significantly reduced with the combinatorial
treatments with MV compared to each agent alone, and most potently with the MV MOI
0.1 plus UA-NPs 30 pM combination. Similar results to the above observations were
obtained using LDH release assay (Supplementary Figure S7). Their corresponding CI
values, 0.9 and 0.7 (Figure 17D), indicated that both groups of combinatorial treatment
produced synergistic effect (CI < 1) on MCF-7 cells. Thus, we concluded that UA-NPs
retained tumoricidal effect against the MCF-7 cells and could exert synergistic activity with
the oncolytic MV.

Finally, cell cycle analysis showed that the combinatorial treatments of UA-NPs
and oncolytic MV, at MOI 0.01 and 0.1, similarly enriched sub-G1 phase populations to
46 % and 69 %, respectively (Figure 18A). With this result predicting increased apoptosis,
Annexin V/PI staining likewise demonstrated enhanced levels of apoptosis from below 20
% 1in the untreated and mono-treated cells, to 45 — 60 % in UA-NPs and MV co-treated
cells (Figure 18B). Markedly higher levels of cleaved PARP from the western blot analysis
were also observed in the combinatorial treatments compared to the respective mono-
treatment doses, although the MV MOI 0.01 plus UA-NPs 30 uM combination did not
show a statistical significance compared with MV MOI 0.01 (Figure 18 C and D). These
observations therefore suggested that UA-NPs with improved solubility retained the
tumoricidal activity and could act synergistically with the oncolytic MV through enhancing

apoptosis of MCF-7 cells.
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5.3.7. Oncolytic MV and UA-NPs combined treatment indcued autophagic flux

UA has been reported to induce autophagy in MCF-7 cells at the range of
concentrations that we used [176], and interestingly, autophagy also plays a pro-viral role
in the life cycle of MV by promoting its replication and particle production [159]. To
investigate how the MV and UA-NPs combination affect the dynamic process of autophagy
in MCF-7 cells, we performed a western blot to analyze the autophagic flux induced by
both agents (Figure 19). In contrast to the mock control which did not induce LC3 lipidation
(LC3II, an autophagy marker) at 48 h, UA-NPs treatment and MV infection each
individually induced autophagy as indicated by the increase in LC3II lipidation. However,
the combination of UA-NPs and MV led to a decrease in LC3 lipidation compared to UA-
NPs alone and comparable to MV alone, suggesting enhanced autophagic flux, an event
that could be reversed by the lysosomal inhibitor BAF. This observation in cells that were
treated with the combination was also supported by the decreased level of p62, an
ubiquitin- and LC3-binding protein that accumulates when autophagy is impaired, such as
by BAF treatment [177]. Since enhanced autophagic flux promotes MV’s replicative
spread and thus the subsequent cytopathic effect [159], this may contribute to the observed

augmented cancer cell death induced by UA-NPs and MV combination.

5.3.8. Synergistic killing effect of oncolytic MV and UA-NPs combined treatment on
BT-474 and MDA-MB-468 breast cancer cells
Lastly, we examined whether the combined treatment using oncolytic MV and UA-

NPs could also exert enhanced killing effect on other breast cancer cell lines. To this end,
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we tested each agent alone or their combination in the human breast cancer BT-474 and
MDA-MB-468 cells. While MCF-7 represents luminal type A breast cancer (ER+, PR+/-,
HER2-), BT-474 represents luminal type B (ER+, PR+/-, HER2+) [178], and MDA-MB-
468 is a TNBC cell line [179]. Both BT-474 and MDA-MB-468 are known to express
nectin-4 [23, 24, 65], which is used by MV to enter the host cell [23, 24]. As shown in
Figure 20, both UA-NPs (Figure 20A) and oncolytic MV (Figure 20B) induced a dose-
dependent cytotoxic effect on BT-474 and MDA-MB-468 cells. Using the UA-NPs
threshold concentration as mono-agent producing > 50 % viable cells for BT-474 (30 uM)
and MDA-MB-468 (20 uM), its combination with MOI 0.1 of oncolytic MV caused
significant increased cell death in both cell lines compared to each agent alone (Figure
20C). Similar to MCF-7 cells, this enhanced killing effect in both cell lines appeared to be
synergistic (CI = 0.9 for BT-474 and 0.6 for MDA-MB-468). Increased apoptosis was also
observed in both cell lines when treated with the MV and UA-NPs combination (Figure
20D). Cell viability analyses using LDH release also corroborated these results
(Supplementary Figure S8 and Supplementary Figure S9).

Overall, the above data supports the notion that UA-NPs and oncolytic MV can be

used as a combination to enhance breast cancer cell death.

5.4. Discussion

Despite the advent of oncolytic virotherapy, most OVs have limited clinical
efficacy as single agents, and therefore, combinations with anticancer agents are being
increasingly explored. We have found that the synergistic activity resulting from

combining oncolytic MV with the anticancer agent UA provides an alternative strategy to
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using a chemovirotherapeutic approach that provides an augmentation in anticancer
activity while reducing the dose of the agent, thereby decreasing toxicity to normal cells
[152].

Both Oncolytic MV and UA individually have significant anti-breast cancer
potential. The newly discovered oncolytic MV receptor nectin-4, which is a tumor marker,
is selectively overexpressed and identified as a therapeutic target for many cancers
including primary and metastatic triple-negative breast adenocarcinomas and also bladder,
pancreatic, and lung cancers [52-56, 126], making the nectin-4-specific oncolytic MV a
key new tool for targeting breast and other adenocarcinomas that are nectin-4-positive [64-
68, 140]. On the other hand, UA is widely known as a potent anticancer agent capable of
inhibiting breast adenocarcinomas in cell culture and animal models [170]. At the
concentrations used in this study, UA and MV infection have been documented to induce
GO/G1 cell cycle arrest and apoptosis [150, 180, 181]. Our results revealed similar pro-
apoptotic effects of MV and UA on MCF-7 breast cancer cells, and these pro-apoptotic
effects were significantly enhanced when MV and UA were co-administered in
combination (Figure 15), leading to the speculation that their combined use may enhance
their respective tumoricidal effects. Indeed, our data showed that the combination of
oncolytic MV and UA produced a synergistic impact in killing breast cancer cells (Figure
15), supporting the idea that UA enhances the MV-mediated breast cancer cell oncolysis.

Although UA has been documented to exhibit antiviral activities, notably against
HSV-1 [182], human immunodeficiency virus (HIV) [183], coxsackievirus B1 (CVBI),
and enterovirus 71 (EV71) [184], no interference from UA treatment on the oncolytic MV

infection was observed in our study (Figure 14), suggesting that UA’s antiviral effects
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could be virus-specific. Thus, the absence of antagonistic effects of UA on the oncolytic
MV life cycle further lends support to their use in combination therapy. Conversely, our
analysis confirmed that both the UA-based nanoparticles and MV independently triggered
autophagy in the MCF-7 breast cancer cells, with a further enhanced autophagic flux
through their combined use (Figure 19), which provides a pro-viral environment for MV
infection and its associated CPE [159]. These results may partly explain why the
combination therapy promoted greater tumor cell death than each drug or viral agent alone,
although further study is needed to fully elucidate the underlying mechanisms.

UA’s relatively low solubility profile has severely limited its medicinal application
as a potential anticancer drug. Importantly, the water solubility of crude UA at 25 °C is
about 2.2 x 10 uM [185], which is significantly well below its anticancer concentration
(CCso = 16.67+1.10 uM) against the MCF-7 breast cancer cells when completely
solubilized using DMSO as solvent. Considering UA’s poor water solubility and hence low
bioavailability, we have successfully overcome this hurdle in its drug dissolution profile
by generating nanoformulated UA-NPs with improved solubility. Specifically, FESEM-
based biophysical examination indicated that crude UA as micrometer needle-shaped
crystals were rendered into amorphous-state nanoscale particles (Figure 16 B and C). This
effect is likely due to the dispersion of the UA crystals by the emulsion-solvent diffusion
with the water-soluble PVP excipient as supported by our XRD analysis (Figure 16D).
Since a lower energy is required in the dissolution process of the amorphous UA in the
UA-NPs (Figure 16E), altogether these observations thus support the use of hydrophilic
PVP as a formulation strategy to improve UA’s dissolution profile. More importantly, the

nanoformulation permitted the UA-NPs to retain their anticancer activity that produced
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synergistic effect with the oncolytic MV combination in a similar manner to crude UA
dissolved in DMSO. Finally, given the known toxic effect of the DMSO solvent [186], the
UA-based nanoparticles have significant advantages for the future development of
anticancer treatment modalities involving UA, including the combinatorial use of oncolytic

MYV vectors.
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5.6. Figures, Tables, and Legends
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Figure 13. Ursolic acid (UA) and oncolytic MV are cytotoxic to human breast cancer MCF-7 cells and

synergistically induce anticancer activity.

A. MTT cell viability analysis of MCF-7 cells treated with UA (2 — 20 uM) for 5 days. B. MTT cell viability
analysis of MCF-7 cells treated with MV (multiplicity of infection, MOI 0.001 — 10) for 5 days. C. MTT cell
viability analysis of MCF-7 cells treated with UA (10 uM) and MV (MOI 0.01 or 0.1) concurrently for 5
days. D. Analysis of treatment synergism using the Chou-Talalay method wherein combination index (CI)
value quantitatively defines synergism (CI < 1), additive effect (CI = 1), or antagonism (CI > 1). All data
shown are means = SEM from three independent experiments; *P < 0.05 in A and B compared to ‘0; *P <
0.05 compared with MV treatment, “P < 0.05 compared with UA treatment in C; DMSO = 0.2 % (the
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Figure 14. UA treatment does not interfere with the infection of oncolytic MV.

A. Effect of UA (4, 5, 8 and 11 uM) on free MV particles. B. Effect of UA (2, 5 and 10 uM) on MV
attachment. C. Effect of UA (2, 5 and 10 uM) on MV entry/fusion. D. Time-of-drug-addition analysis of UA
treatment on MV infection. For A — C, viral reporter fluorescence intensity reflecting the infectivity was
measured using a variable mode scanner at 72 h post-infection. For D, supernatants from the experiment were
collected at 72 h post-infection for viral titration using TCIDso. For all assays, final MV concentration = MOI
0.1; DMSO = 0.1 % (the maximum concentration of DMSO used); 50 uM punicalagin (PUG) for A — C or
1000 IU/ml interferon-a (IFN-a) for D was included as a positive control. All data shown are means = SEM
from three independent experiments; *P < 0.05. Adapted from Liu et al. Cancers (Basel). 2021 Jan
4;13(1):136.
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cancer MCF-7 cells.

MCEF-7 cells were first treated with combination of UA (10 uM) and MV (MOI 0.01 or 0.1) for 5 days, then
analyzed by flow cytometry for A. cell cycle distribution and B. apoptosis induction, using propidium iodide
(PI) staining and double staining (PI and Annexin V conjugated with APC) respectively. Percentages shown
are determined by Beckman Cytomics TM FC500 Flow Cytometry CXP analysis software. C. Lysates of
MCEF-7 cells co-treated with UA (10 uM) and MV (MOI 0.01 or 0.1) for 5 days were analyzed by western
blot for poly (ADP-ribose) polymerase (PARP) cleavage. D. Quantitative analysis of the relative level of
cleaved PARP from C. All quantitative data are expressed as means = SEM from three independent
experiments; *P < 0.05 compared with MV treatment, *P < 0.05 compared with UA treatment. Adapted from

Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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Figure 16. Physicochemical properties of UA nanoparticles (UA-NP).

A. Field emission scanning electron microscopy (FESEM) photograph of non-formulated UA (magnification:
4000X; scale bar = 10.0 pum). B. FESEM photograph of nanoformulated UA (magnification: 50,000X; scale
bar = 1.0 um). C. X-ray diffraction patterns of UA, polyvinylpyrrolidone (PVP), nanoformulated UA
nanoparticles (UA-NP), and UA-PVP physical mixture (UA-PM). XRD patterns were taken from 2° to
50°with a scanning rate of 4°/min. The spectra were offset for clarity. D. Drug dissolution test (open circle,
UA-NP; filled circle, UA). Samples containing 4.68 mg equivalent of UA were placed in 100 ml of pH 7.4
phosphate buffer and maintained at 37 + 0.5 °C. During the dissolution process, samples were withdrawn at
0, 1, 10, 20, 30, 60, 90 and 120 min for HPLC analysis. Data points are expressed as means = SD (n = 6).
Adapted from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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Figure 17. UA-NP retain cytotoxic activity against human breast cancer MCF-7 cells and exert
synergistic anticancer activity in combination with oncolytic MV.

MCEF-7 cells were treated with A. non-formulated UA mixed in water (UA-Water; 1 — 50 uM) or B. UA-NP
solubilized in water (25 —40 pM) for 5 days, and cell viability was analyzed by MTT assay; PVP = 50 pg/ml.
C. MCF-7 cells were concurrently treated with UA-NP (30 uM) and MV (MOI 0.01 or 0.1) for 5 days,
following which cell viability was determined by MTT assay. D. Analysis of treatment synergism using the
Chou-Talalay method. All data shown are means + SEM from three independent experiments; *P < 0.05 in
A and B; *P < 0.05 compared with MV treatment, *P < 0.05 compared with UA treatment in C. Adapted
from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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Supplementary Figure S7. LDH release assay to assess cell viability of UA-NP and oncolytic MV co-
treatment in MCF-7 human breast cancer cells.

MCEF-7 cells were treated with A. UA-NP (25 —40 uM), B. MV (MOI 0.001 — 10), or C. concurrently treated
with MV (MOI 0.1) and/or UA-NP (30 uM) for 5 days before analyzing cell viability using LDH cytotoxicity
detection kit. All data shown are means £ SEM from three independent experiments; * P < 0.05 in panels A
and B; * P <0.05 compared with MV treatment, “P < (.05 compared with UA treatment in panel C. Adapted
from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136
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Figure 18. UA-NP and oncolytic MV co-treatment induces enhanced apoptotic cell death in human
breast cancer MCF-7 cells.

MCEF-7 cells were first concurrently treated with UA-NP (30 puM) and MV (MOI 0.01 or 0.1) for 5 days, then
analyzed by flow cytometry for A. cell cycle distribution and B. apoptosis induction. C. Lysates of MCF-7
cells co-treated with UA-NP (30 pM) and MV (MOI 0.01, or 0.1) for 5 days were also analyzed for PARP
cleavage by western blot. D. Quantitation of the relative level of cleaved PARP from C. All quantitative data
are expressed as means = SEM from three independent experiments; *P < 0.05 compared with MV treatment,
#P < 0.05 compared with UA treatment. Adapted from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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Figure 19. UA-NP and oncolytic MV co-treatment enhances autophagic flux in MCF-7 cells.

MCEF-7 cells were treated with UA-NP (30 uM), MV (MOI 0.1), or concurrently with both agents for 48 h
before being harvested and analyzed for LC3, p62, MV H protein, and B-actin expression using western blot.
Bafilomycin (BAF, 100 nM) was added to the indicated groups 4 h before harvesting the cells. LC3II and
p62 signals were quantified and normalized to the B-actin loading control. Adapted from Liu et al. Cancers

(Basel). 2021 Jan 4;13(1):136.
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Figure 20. Combination treatment using UA-NP and oncolytic MV exerts enhanced anticancer effect
against human breast cancer BT-474 and MDA-MB-468 cells.

BT-474 and MDA-MB-468 cells were treated with A. UA-NP (10 — 60 uM) or B. MV (MOI 0.01 — 10) for
5 days before analysis of cell viability using MTT assay. DMSO = 0.1 %. C. BT-474 and MDA-MB-468
cells were co-treated MV (MOI 0.1) and/or UA-NP (30 uM for BT-474 and 20 uM for MDA-MB-468),
following which cell viability was determined by MTT assay. D. BT-474 and MDA-MB-468 cells were first
concurrently treated with UA-NP (30 or 20 uM) and MV (MOI 0.1) for 5 days, and then analyzed by flow
cytometry for apoptosis induction. Data shown are means + SEM from three independent experiments; * P <
0.05 in A and B; *P < 0.05 compared with MV treatment, “P < 0.05 compared with UA treatment in C.
Adapted from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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Supplementary Figure S8. LDH release assay to assess cell viability of UA-NP and oncolytic MV co-
treatment in BT-474 human breast cancer cells.

BT-474 cells were treated with A. UA-NP (10 — 60 uM), B. MV (MOI 0.01 — 10), or C. concurrently treated
with MV (MOI 0.1) and/or UA-NP (30 uM) for 5 days before analyzing cell viability using LDH cytotoxicity
detection kit. All data shown are means + SEM from three independent experiments; * P < (.05 in panels A
and B; *P < 0.05 compared with MV treatment, *P < 0.05 compared with UA treatment in panel C. Adapted
from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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Supplementary Figure S9. LDH release assay to assess cell viability of UA-NP and oncolytic MV co-
treatment in MDA-MB-468 human breast cancer cells.

MDA-MB-468 cells were treated with A. UA-NP (10 — 60 uM), B. MV (MOI 0.01 — 10), or C. concurrently
treated with MV (MOI 0.1) and/or UA-NP (20 uM) for 5 days before analyzing cell viability using LDH
cytotoxicity detection. All data shown are means = SEM from three independent experiments; *P < 0.05 in
panels A and B; *P < 0.05 compared with MV treatment, “P < 0.05 compared with UA treatment in panel C.
Adapted from Liu et al. Cancers (Basel). 2021 Jan 4;13(1):136.
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CHAPTER 6

THE USE OF ONCOLYTIC MEASLES-BASED VECTORS FOR TARGETED

TREATMENT OF HEPATITIS C VIRUS-INDUCED LIVER CANCER
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6.1. Abstract

Although direct antiviral drugs now offer a treatment for hepatitis C, treatment
options for HCV-associated HCC remain limited. Current treatments for HCC include
surgical resection, radiofrequency ablation, embolization, liver transplantation, and
chemotherapy, but these therapies are ineffective for advanced HCC, and conditions such
as risk of recurrence, contraindications, lack of donor livers, and varied responses
contribute to poor disease prognosis. These problems highlight the importance of
developing new therapies for HCC, particularly for patients with chronic hepatitis C.
Recently, nectin-4, a tumor marker found on many epithelial malignancies, including HCC,
was identified as one of the receptors for MV. This finding highlights the potential use of
MV-based oncolytic vectors for the treatment of HCC including scenarios of HCV-
associated HCC. Analysis of the Oncomine online dataset revealed that nectin-4 was
upregulated in HCC samples, including those infected with HCV, compared to normal liver
tissue. HCC cell lines expressing nectin-4 can be targeted by a recombinant wild-type MV
vector and exhibit a dose-dependent response to the MV-induced oncolysis. More
importantly, the increased infectivity and propagation of MV in hepatocellular carcinoma
cell lines with replicating HCV subgenomes suggests that suppression of cell innate
immunity due to HCV activity may influence the infectivity of oncolytic vectors. Finally,
MV-based oncolytic treatment effectively infected and inhibited in vivo xenograft tumor
growth, an effect that was further enhanced in an immunocompetent syngeneic mouse
model. Taken together, these results suggest that MV oncolytic virotherapy has potential
for the treatment of HCC, including in the context of HCV -associated HCC and merits to

be further explored.
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6.2. Rationale and Aim

Recombinant MV has been explored in recent years as an oncolytic agent, including
against non-small-cell lung carcinoma [58], glioblastoma [59], ovarian cancer [60],
osteosarcoma [61], acute myeloid leukemia [62], among others. It has been proposed that
nectin-4 expression in HCC is associated with larger tumor size, presence of metastasis
and vascular invasion, and later cancer stages, suggesting that it could serve as a novel
prognostic biomarker and therapeutic target in liver cancer [69]. Interestingly, the MV
receptor nectin-4 has also been documented to be highly expressed in late-stage HCC [69].
These evidences point to using MV oncolytics to target and treat HCC through nectin-4.

In addition, HCV infection is known to depress the host cell innate immune system
[187], which can be advantageous to alleviate antiviral response against oncolytic MV
when targeting the HCV-induced tumor cells. These lines of evidence advocate the use of
MYV oncolytics for potential treatment of HCC, including those related to hepatitis C. We
therefore propose to take advantage of the nectin-4 targeting ability of MV and explore the
use of recombinant MV as an oncolytic agent to target HCC, particularly in the context of
hepatitis C-induced HCC. These studies should help establish a foundation for using
oncolytic MV vector for virotherapy of HCC, particularly in the context of HCV-induced

liver cancer, and expand the scope of treatment strategies for the management of HCC.

6.3. Results
6.3.1. Nectin-4 expression is upregulated in clinical HCC specimens
To determine whether nectin-4 is generally upregulated in clinical HCC specimens,

we first analyzed the copy number of nectin-4 in publicly available microarray datasets
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deposited in Oncomine (http://www.oncomine.org). Four DNA copy number datasets

(Chiang Liver 2 [188], Guichard Liver [189], Guichard Liver 2 [189], and TCGA Liver)
containing data from HCC and corresponding non-tumor tissues were analyzed. As shown
in Figure 21 A, DNA copy numbers of nectin-4 were significantly higher in the tumor (T)
tissues compared to the non-tumor (NT) tissues in all four datasets. We next examined
whether nectin-4 expression correlates with Tumor, Node, Metastasis (TNM) stage as
previously suggested [69]. While we did not observe a higher nectin-4 expression in later
TNM stages (data not shown), an increasing trend was found from low to high Edmonson-
Steiner grades (Figure 21B), the most commonly accepted histological grading of HCC to
predict disease prognosis [190]. In addition, nectin-4 upregulation was present in both
hepatitis viruses positive (HBV or HCV) and negative (NBNC) HCC samples (Figure 21C).
These results suggest that nectin-4 is upregulated in HCC compared to non-tumor tissues
and potentially increased with higher grades, and may be a relevant target for the

application of MV oncolytics in HCC including those of viral etiology.

6.3.2. Human HCC cell lines express nectin-4 and are susceptible to MV oncolysis
To evaluate the oncolytic activity of MV in vitro, human hepatoma cell lines Huh-
7, HepG2, Hep3B, and PLC/PRF/5 were assessed for their nectin-4 expression by flow
cytometry analysis (Figure 22A). All four cell lines expressed certain levels of nectin-4 on
cell surface, suggesting that targeting these cells with MV is feasible. Vero cells with and
without Nectin-4 overexpression were included as positive and negative controls. Indeed,
these cell lines appeared susceptible to MV infection as indicated by the fluorescent viral

syncytia formation (Figure 22B), and cell death was induced 7 days post infection (dpi) in
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a dose-dependent manner (Figure 22C), with Huh-7 and PLC/PRF/5 being the most
sensitive cell lines. Of note, we also included PHSCHS, a non-neoplastic immortalized
human hepatocyte cell line [191], as a control to assess MV’s specificity. As shown in
Figure 22, PHSCHS8 did not express nectin-4 and was resistant to MV infection and
cytotoxicity. These results suggest that MV is a HCC-specific oncolytic agent that

selectively causes cancer cell death.

6.3.3. Treatment impact of oncolytic MV in the context of HCV infection and
immune evasion

Following our proof-of-concept analysis of the nectin-4-selective oncolytic MV in
HCC in the above experiments, we next look at its potency in the context of HCV-
associated HCC setting. For this purpose, we evaluated MV infection in two Huh-7-based
replicons containing HCV subgenomes — AB12-A2 (genotype 1b) [113] and sbJFH1-B2
(genotype 2a) [114]. These cells derived from G418-resistant clones that were
electroporated with HCV replicon RNAs encoding a neomycin-resistance gene and the
nonstructural proteins (NS) NS3 to NS5B (Figure 23A). Interestingly, MV infection of
these replicon cells resulted in more widespread syncytia formation (Figure 23B) and
enhanced MV replication as demonstrated by increased EGFP reporter intensity (Figure
23C) compared to the parental Huh-7 cells, eventually leading to more oncolysis in the
replicon cells (Figure 23D). When the replicon cells were treated with IFN-a (200 TU/ml)
for 2 weeks to eliminate HCV RNA, the above effects were reversed. Similar observations
were made with daclatasvir-cured cells. We speculated that the suppressed cellular innate

immunity might have contributed to these observations, as the HCV NS3/4A protease is
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known to cleave the mitochondrial antiviral-signaling protein (MAVS) and the TLR
signaling molecule TIR domain-containing adaptor protein-inducing IFN-B (TRIF)
following initial infection to disrupt downstream IFN-B production [192]. Indeed, IFN-
production was induced in Huh-7 cells when the cells were stimulated with poly I:C, a
synthetic double-stranded (dsRNA) that simulates viral infection, but not in the HCV
replicon cells (Figure 23E). Although MV infection could inhibit this antiviral activation
in the Huh-7 cells (Figure 23E) as previously suggested [193], the predisposed immune
suppression in the replicon cell likely contributes to an easier establishment of MV
infection and thereafter reaching a more efficient spread, as there are less obstacles
imposed by the HCV-subverted cell innate immune system. We further examined the
impact of HCV NS3/4A on MV replication using an adenovirus vector to transiently
express the protease. HCV NS3/4 A alone was able to enhance MV replication (Figure 23F),
indicating that this scenario of antiviral innate immunity-suppressed hepatocyte
microenvironment, which occurs in chronic hepatitis C and its associated liver cancer,
could prove to be advantageous for application of viral oncolytics, including our proposed

MYV vector.

6.3.4. Oncolytic MV infection in HCC tumor spheres

To assess the feasibility of treating HCC tumors with oncolytic MV, we then
performed MV infection of HCC tumor spheres. Single Huh-7 cells were seeded on low
attachment plates to allow sphere formation in suspension, and then the spheres were
infected with MV-EGFP. As shown in Figure 24 A, viral infection was observed starting

from 3 dpi, and the fluorescent syncytia increased in size over 7 days of observation.
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Confocal microscope imaging of infected spheres along the Z stack further demonstrates
an extension of EGFP signal (Figure 24B). These results indicate that MV could effectively

spread within HCC tumor spheres.

6.4. Discussion

Current management of HCC relies on the Barcelona Clinic Liver Cancer (BCLC)
staging system, which evaluates the patients’ liver function, performance status, and tumor
burden to determine the most optimal treatment for them. While patients with early stages
are eligible for curative treatments including ablation, resection, and liver transplantation,
treatment options including locoregional therapies and systemic chemotherapies for
patients with intermediate or advanced stages remain non-curative, resulting in
significantly shorter survival [194]. This underscores the drastic need for further treatment
options for these relatively incurable individuals. To date, clinical trials evaluating
oncolytic virotherapies for HCC are rather limited [195]. The vaccinia virus-derived JX-
594 represents the lead agent in this field. The vector has been assessed in several
randomized clinical trials, demonstrating well tolerance, tumor perfusion, and induction of
immune responses when administered intratumorally alone [196] or following intravenous
infusion [197]. However, JX-594 failed to improve the overall survival as a second-line
therapy after sorafenib treatment failure [197] or as a sensitizing agent to improve sorafenib
treatment, thus its phase III randomized trial (NCT02562755) was halted in 2019 [198].
Nonetheless, the locoregional treatment of conventional HCC management provides a
window for intratumoral administration of oncolytic viral vectors, which in the case of MV

vector may be helpful in shielding the virus from pre-existing humoral immunity.
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HCC often results from chronic hepatitis B or chronic hepatitis C [194], which
likely contribute to the immunosuppressive microenvironment in HCC [199]. However,
we found that the suppressed cell innate immunity in HCC cells containing HCV
subgenomes may be helpful for MV spread and oncolysis in vitro (Figure 23), indicating
the feasibility of using MV virotherapy in HCV infection scenario. On the other hand,
while previous study has shown that HBX expression from HBV infection could confer
HCC cells resistant to reovirus oncolysis by activating signal transducer and activator of
transcription 1 (STATT) [200], MV was able to infect the HBV genome-containing Hep3B
cells and reached 50 % cytotoxicity around MOI 5 (Figure 22). Along with the observation
that MV receptor nectin-4 is upregulated in HCC tissues (Figure 21) and that HCC cells
and tumor spheres are permissive to MV’s oncolytic infection in vitro (Figure 22 and
Figure 24), these results suggest that MV is worth further development as an oncolytic
vector for HCC including those of viral etiologies. Animal studies to further validate MV’s

in vivo application for HCC treatment are being explored next.
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6.5. Figures, Tables, and Legends
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Figure 21. Assessment of nectin-4 expression in clinical hepatocellular carcinoma (HCC) specimens
using DNA microarray datasets.

A. DNA copy numbers of nectin-4 in HCC tumor (T) tissues and their non-tumor (NT) counterparts from
Chiang Liver 2, Guichard Liver, Guichard Liver 2, and TGCA datasets deposited in Oncomine. B. DNA copy
numbers of nectin-4 in HCC samples with different Edmondson-Steiner tumor grades (ES-I, ES-II, and ES-
III). C. Viral hepatitis status of HCC samples in Guichard Liver. Data shown are box and whiskers with 10
— 90 percentile, and the sample number in each group is indicated in parentheses. P values were calculated
by one-way ANOVA followed by Sidak's multiple comparisons tests.
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Figure 22. Nectin-4 expression and oncolytic MV infection of human HCC cell lines.

A. Flow cytometry analysis of surface Nectin-4 expression. B. Representative micrographs of MV-EGFP
infection at 3 dpi (MOI 5). Scale bar = 200 um. C. Cytotoxicity of MV-EGFP (MOI 0.1 — 5) at 7 dpi in each
cell line. Data shown are means £ SD from three independent experiments. Vero and PHSCHS serve as
negative controls, and Vero.hNectin-4 is a positive control.
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Figure 23. MV infection of Huh-7-based HCV replicons.

A. Immunofluorescence staining of HCV NS5A (Alexa fluor 488) and nuclei (DAPI) in Huh-7, its derivatives
HCV replicon cells harboring genotype 1b (AB12-A2) and genotype 2a (sbJFH1-B2) subgenomes, and cured
replicon cells. B. MV-EGFP infection (MOI 5; 3 dpi) in Huh-7 and HCV replicon cells. All scale bar = 400
pm. C. EGFP fluorescence intensity of B quantified. D. Cytotoxicity of MV measured at 5 dpi. E. IFN-
induction in Huh-7 and replicon cells stimulated with poly I:C or MV (MOI 5) for 20 h. F. Effect of HCV
NS3/4A on MV-FLuc replication. NS3/4A was transiently expressed in Huh-7 cells using the adenoviral
vector ADV-NS3/4A(H77) before the cells were infected with MV-Fluc (MOI 0.1; 3 dpi). Luciferase
activities were measured and normalized to MV-infected cells without ADV transduction. The control vector
ADV-Cntrl served as a negative control. Data shown are means = SD from three independent experiments.
Data were analyzed by ANOVA (¥*P <0.05; **P < 0.01; ****P <(.0001). AU: arbitrary unit; RLU: relative
light unit.
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Figure 24. MV infection of Huh-7 tumor spheres.

A. Huh-7 cells were seeded 10-cm dishes (1 x 10° cells per dish) coated with 1 % agarose and cultured in 15
ml 10 % FBS DMEM for 7 days before MV infection. Approximately 120 spheres were transferred to a 5 ml
tube and infected with MV-EGFP (10° TCIDs) for 2 h, then the virus was removed and spheres were
resuspended in 10 % FBS DMEM and cultured in ultra-low attachment 6-well plate. B. Confocal microscopy
of an infected sphere along the Z stack. Scale bar =200 pum.
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CHAPTER 7 DISCUSSION AND FUTURE DIRECTIONS

7.1. MV as an Oncolytic Agent

Arising in the dawn of 19" century from a unique history of human patient
hematological cancer regressions induced by naturally acquired viral infections, including
influenza, herpes, viral hepatitis, and notably MV [201], OVs have serendipitously proven
their anticancer potential. However fruitful development of safe non-lethal viral agents for
therapeutic administrations then was withheld until the availability of recombinant genetic
engineering and reverse genetics technology by early 1990s [201], which rekindled and
rapidly advanced oncolytic virotherapy research, leading eventually to the first commercial
oncolytic viruses — Oncorine H101 (recombinant ADV) approved for treating head and
neck cancer in China in 2005, and recombinant HSV-1-based T-VEC approved for
metastatic melanoma in the USA, Europe, and Australia in 2015 [202]. Oncorine is
licensed as combination treatment with chemotherapy, and T-VEC is the first monotherapy
oncolytic virus licensed [202]. Nonetheless as monotherapy, including for T-VEC, the
anticancer therapeutic efficacy of oncolytic viruses is most often limited due to premature
clearance by patient’s immune system, therefore combinatorial administrations commonly
with chemotherapy, radiotherapy, and immunotherapy (immunosuppressants, checkpoint
inhibitors) are extensively explored as strategies to boost anticancer potency of oncolytic
viruses without resorting to increased and/or repeated dosing [157, 202]. Especially, in the
case of oncolytic MV, anti-measles immunity is highly prevalent due to widespread routine

vaccination, hence the challenge of pre-existing immunity on therapeutic efficacy of MV -
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based oncolytics is anticipated particularly for systemic administration, and amelioration
by genetic modification and combination therapy could be valuable [46].

Oncolytic MV of various forms (unmodified, recombinant) and strains (wild-type,
vaccine) have been used against hematological malignancies as well as different solid
tumors [46]. Predominantly, oncolytic MV vectors are derivatives of vaccine strains MV,
with a large majority based on the Edmonston-B attenuated vaccine strain (MV-Edm),
including the oncolytic recombinant MV engineered to express thyroidal sodium iodide
symporter (MV-NIS) [46]. Indeed, eengineered oncolytic MV has gained attention for
development as a potential treatment against many cancers, and several MV oncolytics-
based clinical trials are ongoing against various cancers, including malignant
mesothelioma (NCT01503177), ovarian, fallopian, or peritoneal cancer (NCT02068794,
NCTO02364713, NCT00408590), metastatic head and neck cancer, breast cancer
(NCTO01846091), malignant peripheral nerve sheath tumor and neurofibromatosis
(NCT02700230), and multiple myeloma (NCT00450814, NCT02192775) [46, 128].

Vaccine lineage MV vectors are conventionally favoured based on two main
considerations: firstly, their safety over wild-type pathogenic MV, and secondly the early
notion that MV-Edm vaccine strain uses CD46 which is frequently overexpressed in breast
and many other cancers. However, the discovery of nectin-4 tumor marker of breast, lung,
and ovarian cancers [64-66] as a receptor for MV [23, 24] raised strong attention on the
suitability of MV bearing wild-type glycoproteins as oncolytic vectors for targeting nectin-
4-positive tumors. Nectin-4 is more selectively overexpressed in tumors and in particular
adenocarcinomas including breast, lung, pancreatic, bladder, and ovarian cancers [64-68],

and hence a better therapeutic target as compared to CD46 which is ubiquitously expressed
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in all nucleated cells although upregulated in different cancer cells [46]. As such, compared
to vaccine strain, the wild-type MV glycoprotein is considered to be more specific to
nectin-4 as it does not target to CD46 [111]. The use of MV oncolytic vectors with wild-
type glycoproteins is thus justified for oncolytic development targeting nectin-4, and
further genetic engineering such as by removing the C and V proteins expression [203] or
recombination with a vaccine strain backbone could be incorporated to improve its safety.
In the current study, the results presented as a proof of concept, the use of a recombinant
wild-type MV as oncolytic agent, and demonstrated its ability to efficiently target the
nectin-4-expressing breast and HCC tumors cells in vitro and in vivo. The results from this
study along with the above reasons therefore suggest that MV bearing wild-type
glycoproteins may serve as a suitable oncolytic vector for treating nectin-4-expressing
cancers. Ablation of additional receptor SLAM recognition (“SLAM-blind virus”) is
possible [204, 205], and has been shown to be a viable strategy to increase nectin-4-
specificity of wild-type MV glycoproteins against cancer cells [206-209]. Such approach

should also be considered in optimizing MV vectors for future therapeutic development.

7.2. Targeting Nectin-4 as an Oncolytic Strategy

Several studies have looked into how nectin-4 is related to carcinogenesis,
particularly in breast cancer models. It was suggested that the extracellular portion of
nectin-4 promotes nectin-1-dependent cell-to-cell attachment that contributes to the
anchorage-independent growth of cancer cells, and its cis-interaction with integrin 4 to
activate the Src family kinases may be crucial for the survival of these clustering cells [210].

Nectin-4 is also considered a marker of breast cancer stem cells, as its presence enhances
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cell invasion and epithelial-mesenchymal transition and activates the Wnt/B-catenin
pathway through the PI3K/Akt axis [211]. In addition, the ectodomain of nectin-4, which
could be detected in the sera of breast cancer [212], lung cancer [66], and ovarian cancer
[64, 213] patients, has been proposed to frans-interact with endothelial integrin B4 to
promote angiogenesis through Src-regulated PI3K/Akt pathway [214]. Consistent with the
proposed mechanisms, nectin-4 expression positively correlates with tumor size,
histopathological grading, and angiogenic markers in clinical specimens, and increased
nectin-4 level is associated with metastasis and recurrence [215].

Given nectin-4’s limited expression profile in normal tissues including the lung,
trachea, skin, and hair follicles, [63, 216], but elevated expression levels in many
adenocarcinomas such as breast, bladder, lung, ovarian, and pancreatic cancers [64-68],
nectin-4 has risen as an important tumor marker and target for therapy. In breast cancer, it
is a hallmark indicative of advanced stage or highly metastatic cancer phenotype [65, 212].
Specifically, nectin-4 has been reported to promote cell survival and proliferation of the
breast tumor cells [210]. In addition, the soluble form of nectin-4, which is present and can
be detected in the sera from patients with breast or lung cancer [66, 212], could have
diagnostic applications for the screening of these cancers. Supporting the role of nectin-4
in cancer progression, it has been shown that blocking nectin-4 using antibodies could
inhibit the growth of cell line-derived [210] and patient-derived [138] breast cancer mouse
xenografts. In fact, nectin-4 antibodies that are conjugated to anti-neoplastic agents have
been developed as a potential treatment to target nectin-4-expressing cancers including
primary and metastatic triple-negative breast cancers, as well as cancers of the bladder,

lung, and pancreas [133, 138]. Recently, enfortumab vedotin (Padcev; Astellas Pharma US,
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Inc.), a nectin-4-directed antibody conjugated with the microtubule-disrupting agent
monomethyl auristatin E (MMAE), has been granted accelerated approval by the FDA for
the treatment of metastatic urothelial cancer [217]. The antibody-drug conjugate (ADC)
has been demonstrated to inhibit breast, bladder, pancreatic, and lung cancer xenografts in
mouse models [133] and yielded an objective response rate (ORR) of 43 % in its phase |
clinical trial [218]. Enfortumab vedotin has also completed a multicenter phase 2 study
(EV-201; NCT03219333)[219] and a global phase 3 study (EV-301; NCT03474107) [220],
highlighting the potential of developing targeted therapies for nectin-4-positive cancers.
Similarly, the ability of MV to target nectin-4 makes it an advantageous OV platform for

development of nectin-4-targeting oncolytic agent.

7.3. Oncolytic Combination Treatment Using Chemovirotherapeutic Approach

Due to their unique viral replicative mechanism, oncolytic viruses kill both
chemotherapeutic-sensitive and -resistant tumor cells. Hence, they do not have cross-
resistance issues with currently existing therapies and could possibly be potentiated and
benefited by supportive treatments. The use of chemotherapeutics can tailor oncolytics as
a means to enhance its efficacy through combinatorial treatments [221]. For these reasons,
oncolytic virotherapy is often studied in combination with chemotherapy in primary and
adjuvant therapy settings [126, 127] to enhance therapeutic outcome. Indeed many
combinations reportedly demonstrated synergistic potency plausibly enabled by the
distinct anti-cancer mechanisms of oncolytic virotherapy and chemotherapy [222-224],
although the combined effect is ultimately dependent on the specific virus and drug used

and the cancer type treated [157]. Until now, with the exception cyclophosphamide (CPA)
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[222, 225] and doxorubicin [224], there have been few studies combining
chemotherapeutic agents with MV therapy. Our findings that combination treatment of
CPT or UA-nanoparticles can boost MV efficacy expands the scope of
chemovirotherapeutic strategies that can enhance MV oncolytics. Some research studies
had examined engineered prodrug convertase-encoding MV as an alternative strategy, such
that chemotherapeutic prodrugs can be converted [128]. For example, MV can be armed to
encode purine nucleoside phosphorylase (MV-PNP) [226-229], which is responsible for
catalyzing the conversion of 2-fluoroadenine and 6-methylpurine from fludarabine and 6-
methylpurine-2’-deoxyriboside (MePdR), respectively. Another example is the engineered
MV to encode super cytosine deaminase (MV-SCD) [230-234] that mediates the
conversion of 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU). For CPT, the clinically
available prodrug is the analog irinotecan, whose active metabolite 7-ethyl-10-
hydroxycamptothecin (SN-38, also a topoisomerase I inhibitor) is generated following
conversion in the liver and circulates to kill the tumor cells [235]. Over time, most of the
SN-38 eventually transforms into its inactive form, which is the metabolite SN-38
glucuronide (SN-38G) that is secreted for elimination in the intestinal lumen where it could
be regenerated by the bacterial beta-glucuronidase back into SN-38 [236]. It has been
shown that combining intravenous injection of irinotecan and intratumoral injection of
oncolytic ADV that expresses beta-glucuronidase yields significantly stronger antitumor
activity as compared to treatment with single-agent in vivo [237]. Such observation
suggests that the combination of CPT or its derivatives with a beta-glucuronidase-
expressing oncolytic MV vector could be further explored as a potential strategy to enhance

its tumor Kkilling efficacy. Specificity of these chemovirotherapeutic combinations could
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also be examined to ensure the safety of this approach and identify potential off-target

effects.

7.4. Oncolytic Immunogenicity in the Tumor Microenvironment

Interestingly, while we were exploring the oncolytic potency of MV against breast
adenocarcinomas in vivo in both immune-deficient and immune-competent mouse models
(CHAPTER 3), we observed an enhanced and accelerated treatment outcome in the
syngeneic mouse model, implying that the activation of the immune system by the
oncolytic MV during infection and lysis of the breast adenocarcinoma cells is critical to
ablate the tumors in vivo. This effect could possibly be linked to ICD and pro-inflammatory
signals released into the tumor microenvironment (TME) during the virus-mediated tumor
cell oncolysis, with the recruitment and simulation of immune cells to the tumor site and
processing of neo-antigens [75-78]. Indeed, recent studies illustrated that the anti-tumor
immune response provoked by ICD, which is accompanied by the exposure and release of
the damage-associated molecular patterns (DAMPs) that exert potent adjuvant properties
on dying cancer cells for detection by the antigen-presenting cells (APCs), can lead to
prolonged therapeutic effects [238, 239]. DAMPs, similar to the pattern-associated
molecular patterns (PAMPs) from microbial counterparts, serve as adjuvants and impart a
state of crisis in the organism, and includes surface-exposed calreticulin (CRT), secreted
adenosine triphosphate (ATP), annexin A1 (ANXAT1), released high mobility group protein
B1 (HMGBI1), heat shock proteins (HSPs), and type I IFNs, among other signals [238].
Collectively, the immunogenicity conferred by tumor cell death in an ICD state involves

both the antigenicity induced by neo-antigenic epitopes and adjuvanticity produced by the
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specific DAMPs. It is noteworthy that, while apoptosis used to be considered as non-
immunogenic, it has been suggested apoptotic cells may also trigger antigen-specific
immune response [240]. Indeed, recent studies have observed how OVs can induce ICD in
the TME, and ICD hallmarks triggered by MV has previously been observed in
mesothelioma [78], melanoma [241], HCC [242], glioblastoma [243] cells, suggesting that
MV-induced cancer cell death may be immunogenic [244]. Whether the enhanced
oncolytic potency observed in our in vivo studies is also associated with ICD remains to be
explored.

Nonetheless, the ability of OVs to selectively stimulate a dysfunctional antitumor
immune system (transiting the TME from “immune-cold” to “immune-hot”) by causing
incessant exposure of DAMPs which promotes pathological inflammatory responses,
highlights their utility as ICD inducers. As such, OVs have also been explored as a novel
system to sensitize tumor cells for promising immunotherapies, and coining the concept of
“viro-immunotherapy”. For instance, researchers have attempted to introduce cell death
inducing factors in OV vectors for an efficient immune-oncolytic therapeutic outcome. Van
Hoecke et al. demonstrated that intratumoral delivery of mRNA encoding for mixed
lineage kinase domain-like (MLKL), a necroptosis (a form of ICD) inducing factor,
induced tumor lysis and mediated anti-tumor immunity in tumor mouse models [245]. In
follow up studies, they employed vaccinia virus (VACV) for targeted intratumoral delivery
of MLKL which led to activation of necroptosis-like tumor cell death in vitro [246]. MLKL
expressing-VACV vectors induced a noticeable anti-tumor activity, which was coupled
with potent intrinsic anti-tumor immunity against neo-antigenic epitopes [246].

Alternatively, expression of CD40 ligand (CD40L) to CD40 receptor on APCs leads to
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cancer cell apoptosis and Th-1 immune response, followed by cytotoxic T cells activation
and nullified immunosuppression. Using chimeric adenovirus, a groups showed that
Ad5/3-hTERT-E1A-hCDA40L, which codes for expression of CD40L in the viral backbone,
significantly inhibited tumor growth via oncolytic and apoptotic properties in vivo [247].
Specifically, the oncolysis mediated by Ad5/3-hTERT-E1A-hCD40L was accompanied by
DAMP signals including HMGB1 and ATP release, and augmented CRT exposure, which
were indicative of immunogenicity. [In vivo therapeutic intervention of
immunocompromised mice with Ad5/3-hTERT-E1A-hCD40L construct failed to respond
with adaptive immune response, while in contrast, immunocompetent mice showed
antitumor effects [247]. This antitumor response was characterized by the recruitment and
activation of APCs, which led to infiltration of CD45" cells, macrophages, and T cells with
concomitant upregulation of Th-1 cytokines, including IFN-y, RANTES (aka ‘regulated
upon activation, normal T cell expressed and secreted’), and tumor necrosis factor-alpha
(TNF-a) [247]. Finally, temozolomide (TMZ) is an alkylating agent currently preferred as
first-line chemotherapeutic drug for glioblastoma treatment and second-line therapy for
astrocytoma, due to its DNA damaging effect followed by apoptotic cell death [248].
Preclinically, Liikanen et al. showed that triple combination of oncolytic adenovirus
Ad5/3-D24-GMCSF, TMZ, and the alkylating agent CPA on prostate cancer cells, resulted
in increased tumor cell autophagy, and triggered ICD indicated by elevated ATP, CRT,
and HMGBI [249]. In an initial clinical trial, they observed anti- and pro-inflammatory
cytokines, neutralizing antibodies, and release of HMGB1 which appeared to correlate with
tumor-specific T cell responses and resulted in disease control in 67 % of patient cases

[249]. These results suggesting the efficacy of oncolytic adenovirus with low-dose TMZ
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and CPA in inducing ICD and its oncolytic potency for clinical application. Altogether,
these examples illustrate the involvement of ICD with the oncolytic activity of OVs in the
presence of immune system and points towards the possibility to enhance efficacy through

enhancing the OVs’ ability in inducing ICD.

7.5. Conclusion

In conclusion, this thesis has explored the use of recombinant wild-type MV for
targeting nectin-4 positive breast and liver cancers, and demonstrated the possibility to
enhance MV’s oncolytic potency using chemotherapeutics and nanoparticles. This study
provides a foundation for future development of MV-based oncolytic virotherapy in the
management of breast and liver cancers through targeting nectin-4-positive tumors, and the

tailoring of such treatment modality to enhance efficacy.
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