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Abstract

Introduction: Despite diverse treatment modalities and novel therapies, many cancers and
patients are not effectively treated. Cancer immunotherapy has recently achieved breakthrough
status yet is not effective in all cancer types or patients and can generate serious adverse effects.
Oncolytic viruses (OVs) are a promising new therapeutic modality that harnesses virus biology
and host interactions to treat cancer. OVs, genetically engineered or natural, preferentially
replicate in and Kill cancer cells, sparing normal cells/tissues, and mediating anti-tumor immunity.

Areas covered: This review focuses on OVs as cancer therapeutic agents from a historical
perspective, especially strategies to boost their immunotherapeutic activities. OVs offer a
multifaceted platform, whose activities are modulated based on the parental virus and genetic
alterations. In addition to direct viral effects, many OVs can be armed with therapeutic transgenes
to also act as gene therapy vectors, and/or combined with other drugs or therapies.

Expert opinion: OVs are an amazingly versatile and malleable class of cancer therapies. They
tend to target cellular and host physiology as opposed to specific genetic alterations, which
potentially enables broad responsiveness. The biological complexity of OVs have hindered their
translation; however, the recent approval of talimogene laherparepvec (T-Vec) has invigorated the
field.
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Introduction

Cancer arises from the accumulation of genetic and epigenetic alterations that transform
normal cells toward abnormal cell growth. During the transformation process, each tumor
cell can evolve in distinct ways, often leading to heterogeneity that complicates therapy.
Conventional cancer therapies/standards-of-care include surgical resection to remove solid
tumors, often leaving behind malignant cells; radiotherapy that disrupts and Kills dividing
cells, but does not specifically target tumor cells and exerts minimal direct effects on
metastatic tumors and hematological malignancies; and chemotherapy, a systemic cytotoxic
therapy with a limited therapeutic index. More recently, molecularly targeted drugs and
monoclonal antibodies have entered the clinical armament (Figure 1). Molecular targeted
drugs can exhibit exquisite specificity but are dependent on genetic alterations of proteins
that drive cancer cell survival and growth and thus are very susceptible to resistance.
Monoclonal antibodies target extracellular molecules / antigens that are unique to or
overexpressed in tumors, acting directly, through cellular or complement dependent
cytotoxicity, or as drug-conjugates, but limited by the presence of suitable antigens.
Oncolytic viruses (OVs) are large, complex biologics that often have ill-defined mechanisms
of action and are dependent on inherent virus biology and virus-host interactions. In this
review, we will describe how viruses are endowed with oncolytic activity, their connection to
immunotherapy, and ways to enhance immunovirotherapy, OV-mediated immunotherapy.

Immunotherapy

In 2013, Science magazine named cancer immunotherapy, including immune checkpoint
inhibition / blockade and adoptive T cell transfer/chimeric antigen receptor T cells (CAR-T),
as breakthrough of the year. Since then immune checkpoint inhibitors (ICIs) have been
widely employed for a variety of solid tumors, while CAR-T cells have been approved for a
number of hematological tumors [1]. Cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) functions as an immune checkpoint to downregulate adaptive immune responses
[2], so that blocking antibodies (i.e., ipilimumab) removed the brake on effector anti-tumor
immune cells and led to dramatic cures in a subset of patients, leading to FDA approval
(Figure 1) [2,3]. Following this, antibodies against the receptor, programmed cell death
protein 1 (PD-1; e.g., cemiplimab, nivolumab and pembrolizumab) and its ligand,
programmed death-ligand 1 (PD-L1; e.g., atezoliziumab) were developed as additional ICls
and approved by the FDA in 2014 and 2016, respectively (Figure 1) [3]. Combination of
CTLA-4 and PD-1/PD-L1 ICls improved outcomes in patients, but significantly increased
serious adverse events. Unfortunately, a large proportion of patients and cancers respond
poorly to ICIs [3]. ICIs against other immune checkpoints (e.g., LAG3, TIM3, Vista,
TIGIT), as well as agonist antibodies against immune co-stimulatory molecules like OX40
and CD137 are also entering the clinic [2]. Additional cancer immunotherapies include;
cytokines (e.g., IL-2, IL-12, IFNa) [4], vaccines, adoptively transferred immune cells (tumor
infiltrating lymphocytes (TILs), NK cells) [1], small molecules attacking immune
suppressive pathways (e.g., inhibitors of indoleamine-2,3-dioxygenase (IDO), chemokines,
purinergic signaling), and oncolytic viruses (OVs) [5].
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Despite thrilling clinical results from some of these novel therapies, non-responsiveness,
resistance, and toxicity remain key roadblocks [1,3]. In general, ICI responsive tumors are
considered immunologically “hot”, with a high level of TILs, increased PD-L1 expression,
and high mutational burden [2,3,6]. In contrast, poorly responsive tumors are considered
immunologically “cold”, due to a lack of tumor-associated antigen (TAA) expression or
presentation, low density of TILs, infiltration by immune suppressive cells (Tregs, M2
macrophages, myeloid-derived suppressor cells, and neutrophils), expression of inhibitory
cytokines (e.g., TGF-p and IL-10), and/or overexpressing alternate immune checkpoints
(e.g., TIM-3, LAG-3, BTLA and VISTA) [2,6]. Therefore, tremendous effort has focused on
converting ‘cold’ to “hot’ tumors to expand the number of immune responsive cancers and to
improve the efficacy of cancer immunotherapy.

1.2. History of oncolytic viruses (OVs)

Oncolytic virotherapy is a therapeutic strategy that exploits OV’s selective replication in
cancer cells and cytotoxicity. OVs are endowed with cancer selectivity, naturally or by
genetic modification, enabling them to spread throughout tumors [7]. This /n situ
amplification of OV is unique for a pharmacological agent. The view that viruses could be
used for cancer therapy arose in the late 1890s when it was noted the a “flu-like” disease
coincided with a reduction in tumor cells in a leukemic patient [8]. An early definition of
viruses that could be used to treat cancer in clinical trials was: “A virus should be oncolytic
in some host and infective, but of low virulence, in man.” [9]. Based on this a number of
clinical trials of different wild-type RNA viruses (Bunyamwera (bunyaviridae), Dengue
(flaviviridae), llheus (flaviviridae), Newcastle disease (paramyxoviridae), Semliki Forest
(togaviridae), and West Nile (flaviviridae)) were initiated at Memorial Sloan-Kettering in
1949 (Figure 1), with over 150 patients treated [10]. Of these, West Nile virus Egypt 101
seemed most active, with transient inhibitory effects [11]. Around the same time a trial with
rabies vaccine for melanoma was conducted in 30 patients [12]. A later study in 1956 with
adenovirus (Ad) in cervical carcinoma patients identified a set of core QV principles: (i)
“selectively produced oncolytic effects in carcinoma tissue”; (ii) “lack of response after
inoculation of...heat-inactivated virus”; and (iii) “recovery of virus from tumor...suggests
virus multiplication” [13], that still hold. Unfortunately, despite extensive necrosis selective
to the tumor, but not metastases, there was no appreciable effect on tumor progression [13].
In the 1970’s, an additional number of viruses were tested for oncolytic activity in patients
with a variety of solid tumors [14]. In a clinical trial of mumps virus, about 40% of patients
experienced some tumor regression, but typically succumbed to metastases [15]. Notably,
some tumor responses were attributed to anti-tumor immunity [15]. These early studies laid
the foundation for virotherapy (Figure 1), however, with their limited success and advances
with radio- and chemo-therapy, interest in OV declined.

The advent of genetic-engineering and molecular virology enabled viruses to be tailored for
tumor specificity and safety. This revival in the study of OVs was initiated in 1991 with a
demonstration that herpes simplex virus (HSV) with the thymidine kinase (TK) gene deleted
was attenuated for neurovirulence, yet efficacious in inhibiting the growth of human glioma
xenografts [16]. This led to huge growth in the field. A broad diversity of virus types and
genetic alterations were pursued and entered clinical trial, both DNA viruses (Ad, HSV,
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parvovirus, vaccinia virus (VV), Myxoma virus (MY XV)) and RNA viruses (coxsackievirus,
Maraba virus, measles virus (MV), Newcastle disease virus (NDV), poliovirus, reovirus,
retrovirus, Seneca Valley virus, Semliki forest virus, vesicular stomatitis virus (VSV)) [7,17]
(Table 1). This culminated in 2015 with FDA and EMA approval of oncolytic (0)HSV
talimogene laherparepvec (T-Vec, Imlygic™) for the treatment of advanced melanoma [18].
Almost all cancer types have been shown to be susceptible to OVs pre-clinically, with a
broad range of cancers evaluated in the clinic (e.g., carcinomas, glioma, melanoma,
sarcomas, neuroblastoma, myeloma) using a variety of OVs [7,17] (Table 1, 2).

1.3. QV features.

OVs target tumors through four distinct mechanisms (Figure 2). (i) The primary and defining
feature is selective virus replication in cancer cells and OV amplification /n situ and spread
through the tumor [7]. With the exception of retroviruses, OV replication is associated with
cell death (oncolysis). Direct selective cytotoxicity and spread enables tumor destruction in a
fashion more targeted and safer than chemotherapy. For safety purposes, it is crucial that
replication and cytotoxicity are restricted to cancer cells, especially with pathogenic viruses.
The modes of OV induced cancer cell death are important for the types and degree of anti-
tumor activity [19] (see section 3). (ii) Immunovirotherapy (also OV immunotherapy or
viroimmunotherapy), where OV infection induces an inflammatory tumor microenvironment
(TME) and anti-tumor immune responses [5,20]. The ability of OV to induce tumor-specific
immune responses in preclinical models was first demonstrated in 1999 with oHSV (Figure
1), where the virus behaved as an “in situ cancer vaccine’; inhibiting the growth of non-
inoculated tumors (abscopal effect), inducing tumor-specific CTLs, and requiring T cells for
efficacy [21]. This antigen-agnostic vaccine effect is advantageous compared to targeting
specific TAASs or neoantigens because it doesn’t require a priori knowledge about the tumor
or generation of patient-specific reagents [22]. Furthermore, OVs can potentially turn an
immunologically ‘cold’ TME into an ‘hot’ one through the induction of chemokines and
cytokines, as seen in cancer patients after oHSV T-Vec therapy [23] and preclinically with
NDV [24]. Optimizing immunovirotherapy is a balance between beneficial anti-tumor
immunity and detrimental anti-virus immune responses [25]. (iii) OVs can also target tumor-
associated stroma cells, such as endothelial cells causing vascular collapse in the tumor,
reported to occur with oNDV, oVV, 00VSV, and HSV [26-28] and cancer-associated
fibroblasts [29] to modulate the TME. In addition, OV-induced influx of neutrophils can lead
to clot formation and vascular collapse [26]. (iv) OVs can be armed with therapeutic
transgenes or sequences for a cancer gene therapy strategy [7,30]. This provides a platform
to deliver and express these sequences locally in the tumor and target non-infected cells, thus
enhancing therapy. In this review, we focus on OVs as immunotherapeutic agents, and
strategies to boost anti-cancer immunity, and discuss challenges and future directions of this
promising new cancer therapy.

2. Designing oncolytic viruses: endowing cancer selectivity and safety

The initial application of virotherapy to cancer patients in the mid-1900s used wild-type
viruses such as Ad, mumps, West Nile, etc, or infected cell lysates [11,13,15]. However,
their selectivity for cancer was not understood, they weren’t specific to cancer cells only, and
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could cause adverse effects. In order to resurrect virotherapy, it was necessary to identify
naturally-occurring OVs, utilize safer vaccine strains (VV, MV), and/or genetically modify
viruses to make them cancer selective and safe [7,20]. Some viruses, especially from non-
human hosts, are non-pathogenic in humans with inherent tumor tropism (naturally-
occurring OVs): MY XYV, due to active Akt and PKR, and SAMD? inhibition [31];
coxsackievirus, due to receptor expression; NDV, due to Ras activation and defects in
antiviral / type | IFN signaling pathways; rodent parvovirus, due to dysregulated signaling
pathways [32]; murine retrovirus, due to proliferation; reovirus, due to activated Ras
signaling and PKR inhibition; and VSV, due to defective type I IFN signaling [20,33]. It is
important to note from a safety standpoint that direct administration of high doses of virus
for cancer therapy is very different from natural exposure or vaccination of individuals.

Many viruses, especially human pathogens, are insufficiently safe to administer to patients
or are not naturally cancer selective, so they must be attenuated by passage in culture, as
with live vaccines (MV, poliovirus, VV), or genetically modified. Viruses can encode
proteins that are complemented in particular cell types, for example cancer cells express
genes not expressed in non-dividing post-mitotic cells, like those involved in nucleotide
metabolism. This was exploited in the first genetically-engineered OV, HSV-1 dlsptk, with
TK deleted [16], and in oVV [34] and a chimeric poxvirus [35]. However, TK is not specific
to cancer cells and oHSV-TK™ is resistant to anti-viral therapy, a safety mechanism. HSV
has several additional genes involved in nucleotide metabolism, such as ribonucleotide
reductase and uracil DNA glycosylase, which confers specificity for cancer cells and also
attenuates viral pathogenicity [36].

2.1. Apoptosis and type 1 interferon (IFN)

Other pathways dysregulated in cancer cells that can enable cancer specificity of OV
mutants include apoptosis, innate immune responses and type | IFN, and oncogenic
pathways. Viruses encode anti-apoptotic genes to avoid cell death-mediated inhibition in
normal cells, while apoptosis is deficient in most cancer cells, so OVs don’t need anti-
apoptotic genes [37]. Examples of viral anti-apoptotic genes deleted in OVs include: HSV-1
Us3, which inhibits virus-induced apoptosis, endowing cancer selectivity to oHSV [38]; Ad
E1B-19K, functional homologue of Bcl-2, with improved cancer selectivity and virus
replication [37]; MY XV MO011L, a Bcl2 homologue [39]; VV F1L, binds Bak and Bim and
blocks inflammasome NLRP1, increasing safety and efficacy [40]; and VV serpin SPI-1
(B22R) and SPI-2 (B13R), improving safety and efficacy [41]. NDV has natural cancer
selectivity due to tumor resistance to apoptosis [42].

The type | IFN signaling pathway and innate antiviral responses are often defective/
suppressed in cancer [43], providing an important discriminator with normal cells that can
be exploited by naturally-occurring OVs and to generate genetically modified OVs. The first
OV shown to be cancer selective due to IFN defects was VSV, which replicated in human
cancer cell lines even with IFN doses protective in normal cells [33]. While VSV reduced
tumors, it was pathogenic in mice. To attenuate pathogenicity, yet retain cancer selectivity,
VSV was mutated in the M protein (VSVAMS51), which blocks nuclear export of IFNB
mRNA and increased type | IFN [44] or engineered to express IFNB (VSV-IFNbeta) (section
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4.2.4) [45]. NDV is selective for glioblastoma cells lacking type I IFN, so that expression of
influenza NS1, IFN signaling inhibitor, overcame NDV-resistance of type | IFN-positive
cells [46].

2.2. Protein translation and tumor suppressors

Dysregulation of protein translation control is a common feature of cancer cells, with
regulation of elF2a being a major hub for responding to cellular perturbations, including
virus infection. Double-strand RNA-dependent protein kinase (PKR) is often downregulated
by oncogenes (RAS, MYC, PI3K, EGFR) in cancer cells. HSV encodes 2 genes that
interfere with PKR signaling; -y34.5, a co-factor for PP1a to dephosphorylate inactive p-
elF2a, and Usl1, a PKR inhibitor [36]. y34.5 also binds beclin 1 blocking autophagy,
inhibits TBK1 to counter IFN signaling, and is the major viral neuropathogenicity factor
[36]. Therefore, it has been deleted in most o0HSVs entering clinical trial, including 1716,
G207, C134, rQNestin34.5v.2 (Table 1), and armed T-Vec, M032, RP1 (Table 2) [20].
Unfortunately, -y34.5A oHSVs are attenuated for replication even in tumor cells and poorly
permissive in some cancer stem cells [47]. The following genetic alterations overcome this
deficiency: expressing the late Us11 gene early by deleting ICP47, as in T-Vec and G47A
[36]; driving glioma-specific y34.5 expression with the nestin enhancer [48]; or through
expression of the HCMV PKR inhibitor gene IRS1 [49]. All these oHSV constructs have
entered clinical trial (Table 1). Because ICP47 blocks MHC I presentation, its deletion
makes oHSV-infected cancer cells visible to effector T cells [36].

Many viruses require unregulated proliferation for growth, as in cancer cells, and thus
express factors that block tumor suppressors or promote proliferation. While wild type Ad
was examined in early clinical trials [13], it was important to construct oAd that were
conditionally replicative (CRAd). The first genetically-engineered oAd was designed to
target p53-deficient tumors cells through deletion of E1B, which inactivates p53 (a/1520,
ONXY-015, H101) [20,50]. ONYX-015 was the first genetically engineered OV moved into
clinical trials in the late 1990s, while a similar construct, H101, was the first OV approved,
in China (Figure 1) [20]. A second tumor suppressor blocked by Ad is Rb, so deleting the
Rb binding region of E1A generates a cancer-selective 0Ad (aB22-947 and delta24) [50].
As opposed to inhibiting tumor suppressors, VV encodes vaccinia growth factor (VGF),
which binds EGFR and activates Ras signaling. Deletion of VGF limits oVV replication to
cancer cells and improves safety [51].

2.3. Transductional targeting

Another approach to increase cancer selectivity, enabling more efficient systemic delivery
and minimizing off-target toxicity, is to target virus binding to cell surface molecules/
receptors expressed by cancer cells (transductional targeting) [52]. This involves altering
virus tropism by mutating/detargeting and/or retargeting viral attachment proteins using
glycoproteins from other viruses with different tropism, inserting peptide ligands/antibodies
into viral attachment proteins, or use of soluble bispecific adapters [20,53]. For example, the
Ad5 fiber binds CAR, which is not highly expressed on many cancer cells. Incorporating the
Arg-Gly-Asp (RGD) motif into the Ad fiber knob (Delta-24-RGD (DNX-2401)) allows the
virus to bind to integrins that are highly expressed on cancer cells [50]. MV H glycoprotein

Expert Opin Drug Discov. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Rabkin

Page 7

can be detargeted by mutations in the CD46 and nectin-4 binding domains and retargeted by
insertion of single chain antibodies to carcinoembryonic antigen (CEA) in adenocarcinomas
and CD38 on myeloma [54].

HSV-1 is more complex because entry is a multistep process involving 4 essential (gB, gD,
gH/gL) and 1 nonessential glycoprotein (gC) and a ubiquitous set of cell surface receptors/
binding proteins (HVEM, nectin-1, integrins avp3/avp6/avp8, 3-OS-heparan sulfate,
PILRa, heparan sulfate) [53]. Complete detargeting involves mutations in gC and gD [55],
while mutations in gB can improve virus entry [53]. To retarget oHSV, gC, gB, gD, and gH
can accommodate insertions of ligands (e.g., IL-13, EPO) or single chain antibodies (e.g.,
against EpCAM, EGFR, and HER?2) [55]. This strategy requires cell surface molecules
expressed on all and only the targeted cancer cells, with resistance due to receptor
downregulation, similar to other therapies targeting cell surface molecules, such as
monoclonal antibodies and CAR-T. HSV glycoproteins contain the major antibody
neutralization domains [55], so appropriate mutation/deletion of these sites could enable
systemic administration of oHSV, and similarly for other OVs.

2.4. Transcriptional targeting

The third approach to endow cancer selectivity is to regulate viral essential early gene
expression with tissue- or tumor-specific promoters to restrict virus replication to those cells
expressing the appropriate factors to initiate transcription from those sequences [52]. This
strategy was first demonstrated in oHSV [56] and 0Ad [57]. The first oAd example was the
PSA promoter driving EL1A only in prostate cells expressing PSA [57]. The hTERT
promoter, selectively upregulated in a variety of tumors, was used to drive ELA-IRES-E1B
in OBP-301 (Telomelysin), which has entered clinical trials for a range of tumors (Table 1)
[58]. For oHSV, the albumin promoter/enhancer was used to drive expression of essential
immediate-early gene ICP4, with virus yield over 1000-fold greater in hepatoma cells than
non-albumin expressing cancer cells [56]. Other promoters driving ICP4 include, hTERT
[59], calponin for sarcoma, and Wnt response elements for colorectal cancer [36].
Combinational strategies include; transcriptional regulation of essential immediate-early
gene ICP27 by a prostate-specific promoter coupled with translational regulation using
FGF-2 5’UTR [60], and survivin promoter-driven ICP4 with ERBB2 receptor retargeting
[61]. An alternate strategy is to negatively regulate expression of ICP4 or other essential
genes using miRNAs expressed in normal tissues, as was done with miR124 target
sequences inserted into the 3’UTR of ICP4 for glioblastoma-specific replication [62].
MiRNA targets have also been used to regulate mRNAs in Ad, VV, VSV, MV, and 1AV, and
to directly target positive-strand RNA virus genomes, which was first described with
coxsackievirus A21 [63].

3- Mechanisms of inducing anti-tumor immunity by oncolytic viruses

Induction of anti-tumor immunity is a major contributor to OV efficacy, so a major goal of
immunovirotherapy is to activate and redirect functional innate and adaptive immunity
towards the tumor. After viral infection, host cells engage multiple mechanisms to stop virus
replication. Initially, viral PAMPs are recognized by pattern recognition receptors (PRRs)
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[19]. In general, RNA viruses are recognized by retinoid acid-inducible receptors MDAS and
RIG-1, and TLR7 for single-stranded RNA or TLR3 for double-stranded RNA, while DNA
viruses are recognized by double-stranded DNA sensors including cGAS/STING, IFI186, etc.
[64]. Engagement of PRRs leads to activation of IFN signaling pathways, induction of
inflammatory cytokines (e.g. IFN-a/-8, TNF-a, IL-6, NF-xB) and chemokines (CXCL9,
CXCL10), and innate immune cell recruitment to viral infection sites [64]. Because OVs
selectively kill tumor cells, key cellular participants of innate immunity (e.g., NK cells, DCs,
macrophages, neutrophils) are recruited to tumor sites, priming adaptive immunity, and
recruiting lymphoid cells [65]. NK cells recognize cancer cells due to upregulation of NK
ligands and downregulation of MHCI, and kill them, however NK cells can also have
detrimental effects on OV through clearance of infected cells [66].

OVs typically kill tumor cells by triggering immunogenic cell death (ICD), which is key to
inducing immunity and involves different programmed cell death pathways (immunogenic
apoptosis, necroptosis, pyroptosis, and autophagic cell death) [19]. This results in cell
surface expression or release of DAMPSs, such as HMGB1, ATP, heat shock proteins and
calreticulin, and TAAs for cross-presentation, all contributing to induction of adaptive
antitumor immunity [19,64]. OVs overcome some of the defects for T cell priming in the
tumor by upregulating MHC | expression, BATF3" DC maturation and antigen presentation,
and T cell activation signals [64]. However, virus infection itself induces antiviral adaptive
immune responses, with viral antigens often dominant over TAAs, which can redirect the
immune response and limit virus spread through neutralizing antibodies and/or T cell
immune responses [64,65]. The fine balance between anti-virus and anti-tumor immunity is
key in determining the outcome of OV treatment, however, it is poorly understood [66].

Pre-existing or OV-induced anti-viral immunity can have variable impacts on OV efficacy.
For intratumoral OV administration, this can be negligible or even beneficial. After
intratumoral or intraperitoneal oHSV administration, there was no difference in inhibition of
syngeneic tumor growth between mice that were seropositive or seronegative [67,68]. Ad
pre-immunization did not affect intratumoral treatment with 0Ad, but reduced virus transit to
normal liver and lungs [69]. NDV anti-tumor activity was shown to be significantly
enhanced, both locally and at distal lesions, in mice that were pre-immunized, an effect that
was CD8*, but not CD4*, -dependent [70]. Hepatic arterial delivery of oHSV was not altered
by pre-immunization, while it was for low-dose intravenous [71]. In an intravenous MV-NIS
clinical trial of multiple myeloma there was no detectable difference between baseline
measles titers (seropositive and negative) and responders [72]. Pre-existing reovirus
neutralizing antibodies did not limit systemic virus delivery to the tumor in a liver
metastases clinical trial due to virus carriage and shielding by blood myeloid cells [73]. In
many clinical trials with human OVs, patient eligibility has been limited to seropositive
patients [74—76], or included an initial low dose to induce anti-virus immunity [77], for
safety purposes.
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4. Oncolytic viruses armed with immunomodulatory or reporter

transgenes

OVs are unlikely to infect and kill all cancer or detrimental ‘normal’ cells in a tumor, so
bystander effects are important. OVs typically induce anti-tumoral immune responses, but
these are often insufficient to control or eradicate tumors. As many OVs can accommodate
exogenous sequences, inserting therapeutic immunomodulatory transgenes into the viral
genome for localized expression in the tumor is an effective way to boost anti-tumoral
immunity (Table 2) [78]. For potent cytokines, localized expression can also be key to
reducing toxicity arising from systemic administration. In addition to therapeutic transgenes,
OVs can be engineered to express reporter genes that enable imaging of virus infection [79].
Non-invasive imaging is a potent tool to understand the dynamics of virus spread, especially
in the clinic.

4.1. Armed OVs expressing reporter genes

A number of reporter genes with different imaging modalities have been encoded in OVs
[79]. E.coli LacZ has been inserted into oHSVs (G207, G47A) and oVVs (JX-594,
GLV-1h68) (Table 1, 2). In addition to histochemical detection, it provided a unique
sequence to distinguish administered oHSV from patients” endogenous HSV in clinical trials
[80]. Fluorescent proteins can be optically imaged non-invasively, with the most commonly
used being GFP [79]. An oHSV encoding GFP (NV1066) has been used diagnostically for
intraoperative detection of lymph node metastases [79] and micro-metastatic disease in
peritoneal washes from pancreatic cancer patients [81]. Similarly, oVV GLV-1h68 and oAd
OBP-301 (TelomeScan), derived from OBP-301 (Table 1), have detected metastases /in vivo
preclinically [82,83]. OVs expressing luciferase (0VV, oHSV, 0Ad, 0VSV) have been used
to non-invasively follow virus replication and biodistribution in animal models [79]. The
sodium iodine symporter (NIS) is a useful radiotracer for non-invasive imaging of OV (0Ad,
oHSV, oVV, oMV, 0VSV) spread in mice and patients after administration of 123] or
99mMTc0,, which are approved for human use, and SPECT/CT imaging [84]. A number of
clinical trials of NIS-expressing OVs, MV-NIS and VSV-IFNB-NIS (Table 1, 2), revealed a
threshold for detection and high variability [84]. In addition, NIS facilitates 131
accumulation and cytotoxicity, and thus can be used for radiovirotherapy [85].

4.2. Armed OVs expressing cytokines

4.2.1. Granulocyte-macrophage colony-stimulating factor (GM-CSF)—
Granulocyte-macrophage colony-stimulating factor (GM-CSF) plays a critical role in
stimulating myeloid lineage progenitor cells to differentiate, and recruiting and activating
DCs, macrophages, and MDSCs [86]. Early gene therapy studies showed that GM-CSF
expressing cancer cells, compared to other immunomodulatory molecules, exhibited the
greatest efficacy as tumor vaccines [87]. Based on the vaccine studies, GM-CSF was one of
the earliest cytokines to be expressed from OVs, first with oHSV, including
OncoVEXMGM-CSF [88]. However, GM-CSF expression from oHSV had only modest or no
effect in syngeneic mouse models [88,89].
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OncoVEX expressing human GM-CSF went on to clinical trial and was approved, as T-Vec,
for advanced melanoma in 2015 [18]. Based on the phase I results, with tumor selective
virus replication, local GM-CSF expression, but low-grade “flu-like” symptoms in HSV-1
seronegative patients, a multi-dosing schedule was followed with an initial low-dose (10°
pfu/ml) to seroconvert, followed by higher dose (108 pfu/ml) repeated biweekly [77]. The
phase 111 OPTiM trial compared intratumoral T-Vec with subcutaneous GM-CSF in
unresectable stage 111B-1V melanoma and resulted in a CR of 16.9% versus 0.7% and
median OS of 24.5 versus 18.9 months [90]. Importantly, decreases in the size of non-
injected tumor lesions were detected, strongly supporting immunotherapeutic abscopal
effects [91]. A phase Ill trial in head and neck melanoma found an even higher response rate
[18]. The oHSV clinical trial results did not reveal any outcome differences between
seropositive and seronegative patients [90]. The clinical trials with T-Vec did not evaluate
OncoVEX without GM-CSF, so it remains unclear how much GM-CSF expression
contributed to its efficacy. Other OVs have been constructed expressing GM-CSF (0Ad,
oVV, oMV, oNDV), with a number entering clinical trial; oAd CG0070 (E2F-1 driven E1A)
for bladder cancer [92], oAd ONCOS-102 (Ad5/3-E1A A24) for solid tumors [93], and oVV
Pexa-Vec (JX-549; TK-deleted) for hepatocellular carcinoma [30] (Table 2). Unfortunately,
a phase 111 clinical of Pexa-Vec with sorafenib was halted when it failed an interim futility
analysis.

4.2.2. IL-12—IL-12 is a potent anti-tumor heterodimeric cytokine that promotes the
growth/activity of NK, T, and B cells, differentiation of Th1 cells, production of IFN+y and
CXCL10, and inhibits tumor angiogenesis [86,94]. Unfortunately IL12 is very toxic
systemically [86]. OVs provide an advantageous platform for localized and limited
expression to overcome toxicity, yet maintain efficacy. A number of oHSVs expressing
murine 1L12 (M002, NV1042, G47A-1L12, and R-115) have exhibited superior efficacy,
with no toxicity in syngeneic mouse tumor models [94]. For example, NVV1042 (derived
from NV1020; Table 1), delayed tumor progression in transgenic spontaneously arising
breast cancer after intratumoral administration, and prostate cancer after intravenous
administration [95,96]. Efficacy of oHSV expressing 1L12 was associated with increased
TILs, tumor associated macrophages (TAMs), IFNvy, and decreased Tregs [94]. IL12 also
has anti-angiogenic properties, so that oHSV treated glioblastoma had reduced
neovasculature and VEGF expression [94,97]. In light of these promising preclinical studies,
an oHSV expressing human 1L12, M032, was found to be safe in nonhuman primates and
entered clinical trial (Table 2).

A large number of OVs expressing IL12 have been constructed (0Ad, oVV, oVSV,0 MV,
oMaraba, oNDV) [94]. In some of these cases, high levels of IL12 were toxic /n vivo. To
overcome toxicity, non-secreted 1L12 was encoded in 0Ad (Ad-TD-nslL-12; Table 2). Ad-
TD-nslL-12 treatment of Syrian hamster pancreatic cancer models enhanced survival, yet
lacked the severe toxicity of Ad-TD with secreted I1L12 [98]. An alternate strategy is to
tether IL12 to the cell membrane, as with oVV (vwDD-IL-12FG) [99]. In general, IL-12 has
proven to be one of the most effective immunomodulatory genes encoded in OVs.
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4.2.3. IL-2—IL-2 is a growth factor for effector T and NK cells, as well as Tregs, and
recombinant IL-2 is approved for cancer therapy but use is limited by toxicity [86]. It has
been used for arming OVs to enhance effector T cells and reduce systemic toxicity. For
example, oVV expressing membrane-bound IL-2 (vwwDD-IL2-RG) was as effective as
secreted IL-2 in inhibiting syngeneic tumor growth, but did not cause systemic toxicity
[100]. Tumor growth inhibition was dependent on CD8*, but not CD4* T cells, and IFNy
[100]. NDV expressing IL-2 was more efficacious than NDV by stimulating T cell
proliferation and CTL [101]. To condition the TME for adoptive T cell therapy, TNFa-
IRES-IL2 was inserted into 0Ad Ad5/3-E2F-E1AA24 (TILT-123; Table 2), which could
substitute for lymphodepleting preconditioning in syngeneic tumor models [102].

4.2.4. Type | IFNs—Type I IFNs are critical for anti-viral innate responses (section 2.1),
and also play important roles in anti-tumor immunity; upregulating MHC | expression,
promoting DC maturation, survival and activation of CTL and NK cells, and polarization
towards Th1 responses [86]. Therefore, OV armed with type I IFN should improve safety
due to normal cellular IFN responses and efficacy, as was the case with oncolytic VSV, MV,
Ad, and V. Conversely, IFNB expression from NDV inhibited virus replication and didn’t
enhance efficacy [103]. Expression of mouse IFNB from VSV greatly improved efficacy in a
mouse syngeneic, but not xenograft, tumor model compared to expression of human IFNB
(not active in mouse) and did not induce neurologic toxicity [45]. VSV-mIFNP treatment
induced VSV-specific, but not tumor-specific, T cell responses [45]. VSV-hIFNB-NIS was
the first oVSV to enter clinical trial (Table 2). Similarly, oAd expressing IFNa (KD3-1FN)
was more efficacious in both a human xenograft and Syrian hamster tumor models, with
reduced hepatotoxicity [104], and JX-795, an IFNB expressing oVV with a deletion of
B18R, a secreted decoy for type | IFNs, was more efficacious than parental oVV, with
improved tumor restricted biodistribution [105].

Other cytokines have also been encoded in OVs, including IL-15 (oVSV, oNDV, olnfluenza,
oVV, oMY XYV, 0Ad, oHSV), IL-18 (oHSV, 0Ad), and TRAIL (0Ad, oHSV, oNDV) (Table
2) [30].

4.3. Armed OVs expressing chemokines

Chemokines are a family of secreted chemoattractant proteins that mediate immune cell
trafficking to influence immune responses, both beneficially and detrimentally, promoting
tumorigenesis and/or immunosuppression [106]. OVs have been armed with various
chemokines (Table 2). CCL5 (RANTES) is a proinflammatory chemokine recruiting T cells,
DCs, macrophages, and NK cells to the TME [106]. An 0Ad expressing RANTES increased
tumors-specific TILs and NK cells and inhibited primary and distal tumors [107]. CCL5
expressing oVV (vwCCL5) had decreased pathogenicity, increased immune cell infiltration
(effector CD4+ T cells and DCs), virus in the tumor, and inhibition of tumor growth [108].
vvDD-CCL19 treatment of mouse tumors also resulted in increased DC and effector T cell
infiltration and inhibition of tumor growth [109]. In contrast, intravenous injection of oVV
expressing CXCL11 (vwDD-CXCL11) was no better than parental vvDD in a subcutaneous
model, despite increasing TILs [110], while it greatly extended survival in an intraperitoneal
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tumor model [111]. OVSV expressing CXCL9 did not increase TILs nor improve inhibition
of tumor growth in mouse syngeneic tumors [112].

4.4. Arming OVs with immune checkpoint inhibitors (ICIs)

The TME is inherently immunosuppressive, including up-regulation of negative regulators,
such as immune checkpoints, resulting in exhaustion of effector T cells [2]. ICI therapy,
blocking negative regulation of T cell function, is a major breakthrough for cancer
immunotherapy [3]. Thus, arming OVs with ICIs for local intratumoral expression may have
better efficacy and/or less toxicity than the combination of OVs with ICIs (section 5.3), since
systemic ICls can cause adverse effects [3]. A number of OVs (0HSV, oVV, oMY XV, oMV,
0VSV) have been constructed expressing anti-PD-1 or -PD-L1 single chain antibodies
(scFvs) [113] (Table 2), although for some their efficacy was not greater than the parental
OV not expressing an ICI [114-116]. MVs expressing either anti-PD-L1 or -CTLA-4 were
the first antibody expressing negative-strand RNA viruses [117]. Unfortunately, MV-
aCTLA-4 was less effective than systemic anti-CTLA-4 antibody with oMV, while MV-
aPD-L1 had similar outcomes to systemic anti-PD-L1 with oMV [117]. The lack of
improved efficacy over ICI antibodies + OV was also seen with oHSV and oVSV expressing
anti-PD-1 or -PD-L1 [114,118]. Further addition of systemic anti-TIGIT ICI to oHSV
expressing anti-PD-1 significantly improved inhibition of injected and non-injected tumors
[116]. Overall, these results raise concerns about the value of ICI armed OVs.

4.5. Arming OVs with co-stimulatory checkpoints

In addition to ICI, co-stimulatory checkpoints can also be targeted for immunotherapy, using
ligands or agonistic antibodies [30]. CD40 ligand (CD40L), encoded in CGTG-401 (Table
2), was used to treat a small number of patients with advanced solid tumors, who then
displayed immune-mediated effects [119]. OX40L and GITRL were also encoded in 0Ad
Delta-24-RGD (DNX-2240 and Delta-24-GREAT, respectively) (Table 2). Compared to
Delta-24-RGD, DNX-2240 treatment of orthotopic tumors increased activated TILs and
significantly extended survival, but not in immunodeficient mice, which was further
extended by anti-PD-L1 treatment [120]. In a metastatic melanoma model, Delta-24-
RGDOX injection of a subcutaneous tumor also inhibited an intracerebral tumor, an
abscopal effect [121]. Treatment induced systemic increases in effector CD4+ and CD8+ T
cells and reduced the frequency of exhausted TILs and regulatory T cells [121]. Delta-24-
GREAT elicited similar anti-tumor efficacy in the same glioma model and both oAds
protected ‘cured’” mice from tumor rechallenge [121,122]. To enhance efficacy, two co-
stimulatory ligands (trimerized-CD40L and 4-1BBL) were encoded by ocAd LOAd-703 and
evaluated in clinical trials (Table 2). Because LOAd doesn’t infect or replicate in mouse
cells, preclinical studies were performed mostly in human cells /n vitro, with no striking
differences detected between LOAd-703 and LOAd or LOAd-CD40L [123,124].

NDV injection induced upregulation of co-stimulatory receptors, with ICOS prominent in
both injected and non-injected tumors [125]. Therefore, oONDV expressing ICOSL was
constructed, which improved inhibition of non-injected, but not injected, tumor growth
compared to oNDV [125]. Anti-CTLA-4 synergized with both oNDV and NDV-ICOSL,
however combination with NDV-ICOSL was better than with oNDV [125], illustrating how
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ICls and co-stimulatory ligands can be layered onto OVs to improve anti-tumor activity. In
contrast, oONDV expressing an agonistic anti-CD28 scFv in combination with anti-CTLA-4
was no better than oNDV [126]. oHSV can accommodate multiple therapeutic transgenes, as
exemplified by the Replimune vectors expressing GM-CSF and GALVR fusion protein
(oHSV RP1; Table 2), and a panel of co-stimulatory ligands (CD40L, 4-1BBL, or OX40L).
In a bilateral tumor model, all co-stimulatory ligands behaved similarly and were only
modestly better than parental RP1 at inhibiting non-injected tumor growth [127]. This raises
the question whether meaningful differences in efficacy are detectable with OVs expressing
multiple immunomodulatory factors in mouse immunocompetent models.

4.6. Armed OVs expressing bispecific T-cell engagers (BIiTES)

Directing T cells to kill uninfected target cancer or TME cells, a bystander effect, should
enhance immunovirotherapy. Bispecific T-cell engagers (BiTES) consist of a T-cell engager
(e.g., anti-CD3 scFv) and a scFv specific for a cell surface antigen to redirect T cells to kill
those target cells, irrespective of TCR specificity, antigen presentation, or co-stimulation
[128]. Recombinant BiTEs have demonstrated some success in hematological tumors but not
solid tumors [128]. Arming OVs with secretory BiTEs may overcome some BiTE
drawbacks, such as short half-life in serum and off-target autoimmunity, and improve
therapeutic efficacy through increased intratumoral concentrations.

The first OV-BIiTE was an oVV targeting EphA2, which was more effective than oVV-GFP
in a human xenograft model when human PBMCs were transferred [129]. Oncolytic MVs
encoding a BiTE targeting CD20 was more effective in syngeneic B16-CD20 tumors than
CEA-BITE, while human PBMCs significantly enhanced the efficacy of MV-CEA-BITE in
patient-derived xenografts [130]. To target immunosuppressive cancer associated fibroblasts,
an anti-FAP-BITE expressed in 0Ad (ICO15K-FBITE and EnAd-SA-FAP) increased TILs
and decreased levels of FAP [131], and depleted FAP™* fibroblasts and activated T cells in
human malignant ascites [132]. Folate receptor (FR) B is a cell surface marker of pro-
tumorigenic M2-like tumor-associated macrophages that was targeted by an 0Ad-BiTE that
activated T cells and depleted macrophages in human ascites [133]. Local expression of
BiTEs can overcome CAR-T problems with solid tumor heterogeneity, low frequency of
CAR-transduced T cells, and immune-suppression, for example by targeting a different
tumor antigen than the CAR-T. An 0Ad expressing an EGFR-targeting BiTE (ICO15K-
cBIiTE) was used in combination with FR-CAR-T cells to target FRa+/EGFR+ tumor cells.
The 0Ad-BiTE and CAR-T combination was synergistic in inhibiting tumor growth and had
better cancer cell killing than a combination of FR-CAR-T and Cetux-CAR-T (targeting
EGFR) cells [134].

4.7. Armed OVs expressing tumor-associated antigens (TAAs) and combinations

An essential component of an anti-tumor response is the priming and recognition of a TAA,
the basis for vaccination. One means to induce robust adaptive immunity is with an OV
expressing a TAA,as an oncolytic vaccine or in a heterologous prime (replication-deficient
Ad-TAA)-boost (OV-TAA) strategy. This has been demonstrated with oVSV-TAA [135] and
oMaraba MG1-TAA [136]. MG1 expressing HPV E6-E7 and MAGE-AS3 are in clinical
trials (Table 2). A TAA discovery strategy used OVs expressing a tumor-derived cDNA
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library to screen for functional TAAs. Such an 0VSV human cDNA library screen identified
3 TAAs that in combination eliminated mouse tumors [137]. Vaccination with a xenogenic
self-antigen can break tolerence, as seen with an oHSV expressing human PAP, which
inhibited mouse prostate tumor growth, where mouse PAP was no better than parental oHSV
[138].

To further enhance anti-tumor activity, OVs have been constructed that express combinations
of multiple immunomodulatory transgenes. Some of these are already in clinical trial,
including: oHSV ONCR-177 expressing IL-12, anti-CTLA4, anti-PD-1, CCL4, and FIt3L
[139]; oAd TILT-123 expressing IL-2 and TNFa [140]; oAd NG-641 expressing FAP-
targeted BiTE, CXCL9, CXCL10, and IFNa. [141]; oAd LOAd703 expressing CD40L and
4-1BBL [124]; and oVV TBi0-6517 expressing I1L-12, anti-CTLA-4, and FIt3L (Table 2).

5. OVs in combination with other immunomodulatory agents

Because of the heterogeneous nature of cancer, the TME, and treatment resistance, most
successful cancer therapies are multimodal, comprising multiple therapeutic strategies
and/or agents. This is likely also true for OVs, as most OVs act locally in tumors and
additional immunological boosts to overcome tumor immunosuppression will be necessary
[142]. Synergy between an OV and immunomodulatory therapeutic is clinically important,
not only because of increased efficacy but because it may permit lower and less toxic
therapeutic doses. Evaluating any interactions, whether synergistic and antagonistic, is also
important as the therapeutic may be a standard-of-care. It is easier to implement a
combination clinical trial with an approved or in clinical trial agent than to translate a new
agent in combination with OV. A range of therapeutics have immunomodulatory effects,
both direct and indirect; chemotherapy and radiotherapy through induction of ICD, vascular
normalizers to promote immune cell infiltration, small molecule inhibitors of suppressor
immune cells, and ICI to overcome immunosuppression [113,143,144]. The following
sections represent only a subset of pharmacological agents evaluated in combination with
OVs. Additional agents include; topoisomerase inhibitors (mitoxantrone, irinotecan),
cisplatin, nucleotide analogues (gemcitabine, capecitabine), proteasome inhibitors
(bortezomib), microtubule disrupting agents (paclitaxel, vincristine), antibiotics
(doxorubicin, mitomycin-C), mTOR inhibitors (rapamycin), and Kinase inhibitors (sunitinib,
trametinib, sorafenib, ruxolitinib) [144,145]. Some of these combinations have entered
clinical trial (Table 1, 2).

5.1. OV combined with Chemotherapy

In contrast to OVs, chemotherapeutics have a narrow therapeutic index with severe dose-
limiting toxicities. Chemotherapeutic drugs impact anti-tumor immune responses
beneficially through induction of ICD or detrimentally through depletion of select immune
cell subtypes [145]. They are often standards-of-care, so their combination with OVs in
clinical trials may be required or easier from a regulatory perspective. Among OV clinical
trials, 21% were combined with chemotherapy (clinicaltrials.gov).

cyclophosphamide (CPA) is an alkylating agent with complex dose-dependent immune
modulating effects, for example, transient depletion of Tregs, proinflammatory cytokine
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production, and suppression of innate immune responses, including reduction in neutralizing
antibodies that limit OV spread. This prompted preclinical combination studies with many
OVs (0HSV, 0Ad, oV, oMY XV, oMV, 0VSV, oReovirus) that often demonstrated
enhanced anti-tumor activity [144]. Mice treated with oSV or oMV and concurrent
clinically-relevant CPA suppressed primary and anamnestic anti-viral antibody responses
[146]. In a mouse glioblastoma model, CPA treatment synergized with oMY XV, which was
associated with a lack of infiltrating leukocytes and macrophages and sustained virus
infection [147].

In patients, effects of CPA with OV have been more limited or lacking. CPA preconditioning
and reovirus didn’t decrease reovirus neutralizing antibodies or Tregs, contrary to what was
seen in murine models [148]. Similarly, metronomic CPA with Seneca Valley virus
NTX-010 or MV-NIS (Table 1) didn’t decrease neutralizing antibodies or inhibit virus
clearance [72,149]. Treatment of patients with advanced solid tumors with metronomic CPA
and oAd-GMCSF was associated with a decrease in Tregs, no change in anti-tumor or anti-
virus T cell responses, and better disease control [150]. A number of clinical trials ongoing
or unreported combining CPA with oVV JX-594, oAd ONCOS-102, oHSV
rQNestin34.5v.2, and MV-NIS (Table 1, 2) may provide insight into the potential value of
CPA with OV.

Temozolomide (TMZ) is another alkylating agent that is a standard-of-care for glioblastoma
patients. TMZ synergizes with oHSV in human glioblastoma stem-like cells due to
inhibition of DNA damage responses [151], and also affects immune responses. In a mouse
glioblastoma model, where oHSV G47A-1L12 treatment extended survival, the combination
with concurrent TMZ, which reduced the number of TILs and macrophages, abrogated the
beneficial effects of oHSV [152]. oMY XV (MO11L deleted) synergized with TMZ in
treating murine glioma tumors in immunocompetent, but not immunodeficient mice,
although the “cured’ mice were not protected from tumor rechallenge, indicating no immune
memory [39]. The sequence of TMZ and oAd administration in a mouse glioma model
played a role in T cell infiltration and treatment efficacy; TMZ after oAd extended survival
with an increase in glioma-specific T cells, while TMZ before 0Ad was not significantly
better than oAd alone but decreased tumor infiltrating DCs and CD8+ T cells [153]. This
illustrates the complex dynamics between alkylating agents, OVs, and immunity, and the
prominent impact of treatment timing and dosing. It remains unclear how representative
mouse models are of the clinical situation, but underscores the need for dose and timing
consideration in clinical trials.

5.2. OV combined with histone deacetylase (HDAC) inhibitors

Histone deacetylases (HDACS), often upregulated in cancer, deacetylate histones, leading to
epigenetic silencing, and non-histones, such as transcription, DNA repair, and stress
response factors [154]. HDAC inhibitors induce cancer cell growth arrest, differentiation,
and cell death, but also modulate immune responses, increasing antigen presentation and NK
ligand expression, and decreasing Tregs [154]. Four inhibitors have been approved in the US
for cancer treatment; vorinostat (SAHA, Zolinza), romidepsin (FK228, Istodax), belinostat
(PXD-101, Beleodaq), and panobinostat (LBH589) [144]. A number of HDAC inhibitors
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(VPA, TSA, vorinostat, LBH589, entinostat (MS-275)) have been used in combination with
OVs (0HSV, oVV, 0Ad, oVSV, oMV, oReovirus, oParvovirus) in human cancer models
where they inhibit IFN responses, and increase virus receptor levels, virus replication, cancer
cell killing, and anti-tumor activity in immunodeficient mice [144,154]. There are only a few
studies examining the combination of HDAC inhibitor and OV in immunocompetent
models. In human PBMC-melanoma cell co-cultures, VPA with oHSV T-Vec enhanced NK
cell killing of melanoma cells and priming of melanoma-specific CTLs by virus-infected
melanoma cells [155]. MS-275 increased oVSV intratumoral replication and inhibited tumor
growth in a mouse breast cancer model refractory to o0VVSV [156]. In a heterologous prime-
OV boost strategy, MS-275 synergized with VSV-TAA,; inducing transient lymphopenia,
reduced anti-VSV neutralizing antibody, Tregs, and autoimmunity, and enhanced CTL

[157]. In a combination of adoptive T cell therapy with 0VSV-TAA, addition of MS-275
cured mice with syngeneic tumors expressing the TAA due to polarization of
immunosuppressive myeloid cells to a pro-inflammatory M1 phenotype [158].

5.3. OV combined with immune checkpoint inhibitors (ICIs)

Stand-alone ICI therapy has revolutionized cancer treatment in a subset of patients in some
cancers [2,3]. Both OV and ICI immunotherapies advanced in the clinic at similar times,
with the pivotal phase Il clinical trial of oHSV T-Vec overlapping ICI FDA approval (Figure
1). The combination of OV with ICI was obvious, as both treatments involve different
mechanisms of action and responses to ICI are usually dependent on a ‘hot” TME [2,6].
Thus, a large number of OVs (oHSV, oVV, 0Ad, oCoxsackie, oReo, oMaraba, oPolio, and
o0VSV) combined with ICls advanced in the clinic in parallel with pre-clinically studies
[65,113] (Table 1, 2). In a first-in-human OV+ICI clinical trial in advanced melanoma,
oHSV T-Vec followed by pembrolizumab (anti-PD-1) resulted in the conversion of a ‘cold’
TME to a ‘hot’ one, so that responding patients did not have baseline CD8+ T cell
infiltration or an IFN~y signature, contrary to what had been seen in ICI alone trials, and then
increased CD8+ T cell infiltration and PD-L1 expression after treatment [23]. A phase 111
clinical trial of this combination for advanced melanoma has completed enroliment (Table
2). The first OV + IClI clinical trial combined oHSV T-Vec with ipilimumab (anti-CTLA-4
antibody) in advanced melanoma patients, where both agents were approved. In the phase Il
clinical trial, the combination significantly improved the objective response rate compared
with ipilimumab monotherapy (39% versus 18%, respectively) [159].

In a window-of-opportunity clinical trial for glioblastoma, resected tumors after systemic
delivery of reovirus exhibited increased CD8+ T cell infiltration, PD-L1 protein, and
upregulated IFN-regulated gene (IRG) expression, potentially priming patients for ICI
treatment [160]. It should be noted that upregulation of type | IFN and PD-L1 can have
detrimental effects on OV therapy, for example, inhibition of abscopal effects in non-
inoculated tumors after NDV treatment in mice [161]. Because of OV priming properties,
timing of ICI treatment may affect efficacy. Administration of anti-CTLA-4 after oVV
significantly improved efficacy compared to coincident administration [162], while
combination of oVV with anti-PD-L1 was most effective when administered simultaneously
[163]. In general, delayed or simultaneous ICI administration was best with all OVs tested in
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mouse models. There have been clinical trial designs with both schedules, although the
scientific rationale and clinical advantages for each design are lacking [65].

Anti-CTLA-4 and anti-PD-1/PD-L1 promote anti-tumor immunity through independent
pathways, and thus their combination can enhance efficacy, as seen in clinical trials,
although with elevated toxicity [3]. In a preclinical study in glioblastoma, an ICI non-
responsive cancer, with a mouse cancer stem cell model, curative therapy required 1L-12
armed oHSV (G47A-1L12) and both anti-CTLA-4 and anti-PD-1 antibodies, which was
dependent on CD4+ and CD8+ T cells and macrophages [142]. The combination of oVV
JX-594 with both anti-PD-1 and anti-CTLA-4 significantly inhibited tumor growth and
survival compared to JX-594 with individual ICls in a spontaneously-arising breast cancer
model [164]. This illustrates the likely necessity for multimodal therapy and dual
checkpoints, and the interconnected responses involved in treating ICI non-responsive
tumors. Interactions between OV and ICI are complex, often unique to each OV and tumor,
so the therapeutic outcomes of combination therapy can vary and it is still unclear what
features underlie an active combination.

Rather than blocking negative signaling, one can increase positive signaling with co-
stimulatory checkpoint (ICOS, OX40, 4-1BB, GITR) agonists [2]. When oVSV-IFN was
combined with OX40 agonist antibody, it increased T cell responses but towards the virus,
and had no effect on survival, whereas the combination with anti-PD-1 extended survival
[165]. Oncolytic vwDD combined with agonistic anti-4—1BB antibody improved efficacy
compared to single treatments, that was somewhat dependent on T or NK cells, or
neutrophils [166].

5.4. OV combined with radiotherapy

Radiotherapy is a standard-of-care for many locally advanced cancers. While direct
cytotoxicity caused by ionizing radiation is considered the predominant mechanism, immune
responses play an important role [167]. Radiation impacts immunotherapy in a variety of
ways, both positive and negative, for example: inducing immunogenic cell death; the
abscopal effect; altered gene expression, including immune checkpoints, TGFp, and
chemokines; tumor debulking and TME reprogramming; lymphocyte depletion; and
inducing DNA damage and cGAS/STING [167]. OVs can also induce DNA damage and
inhibit DNA repair pathways, and have been shown to synergize with radiation in human
tumor models [168]. It has been proposed that OVs can behave as radiosensitizers, leading to
enhanced efficacy at potentially lower and less toxic doses of radiation, as well as anti-tumor
immunity.

Only a small number of studies have examined the combination of OVs with radiotherapy in
immunocompetent rodent models. Reovirus is not significantly inactivated by radiation (<25
Gy), while the combination greatly extended survival in syngeneic B16 tumors [169]. In a
rat model of advanced extremity sarcoma, oVV (GLV-1h68) in combination with radiation
significantly extended survival compared to single treatments alone, due to increased
intrinsic apoptosis [170]. In an Ad-permissive immunocompetent Syrian hamster model,
0oAd combined with radiation was more effective than radiation alone, and further improved
when oAd expressed hamster IFNa [171]. The combination of an armed oAd (dB7)
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expressing IL-12 and GM-CSF with radiation delayed tumor growth in a mouse syngeneic
hepatocarcinoma model, with an increase in apoptotic cells and TILs [172]. Radiotherapy
synergized with VSV-IFNB in the syngeneic RM9 prostate cancer model with increased
CD8+ and CD4+ TILs and resistance to tumor rechallenge [173]. The combination of NDV
with a single dose of radiation (dose-dependent) and anti-PD-1 reduced tumor growth
compared to the combination without NDV, including non-treated contralateral tumors
[174]. Expressing anti-CTLA-4 scFv from NDV or systemic administration of antibody
were similarly efficacious in combination with radiation [174].

A number of clinical trials evaluating the combination of OV with radiation have been
initiated. A phase I trial for locally advanced rectal cancer combined intravenous EnAd with
chemoradiation (NCT03916510). oHSV G207 has been combined with radiation (5 Gy
within 24 hr of G207) in recurrent GBM (NCT00157703) and in children with brain tumors
(NCT03911388) (Table 1). In advanced solid tumor patients receiving palliative
radiotherapy, reovirus was injected intratumorally, without toxicity [175].

6. Conclusion

OVs are promising agents for cancer therapy because of their selective replication/killing
(oncolysis) and induction of inflammation. Many strategies have been applied to modify
OVs in order to improve their selectivity and therapeutic efficacy. To specifically target
cancer cells instead of normal cells, three general approaches have been used for viruses that
are not naturally tumor-tropic: (i) deleting genes that are essential for viral replication in
normal cells but not in tumor cells, and/or pathogenicity; (ii) arming OVs to target cell
surface molecules expressed on cancer cells (transductional targeting); and (iii) regulating
essential OV gene expression with tumor-specific promoters/enhancers (transcriptional
targeting). All these approaches need to also engender safety. Importantly, a broad range of
viruses can be endowed with oncolytic activity, each with unique properties. As it became
clear that the therapeutic outcomes of OV treatment were often immune mediated, there was
a switch from oncolytic to immunologic studies. Approaches to enhance immunovirotherapy
are now a major focus of research in the field. OVs are an outstanding platform for cancer
therapy because of their: in situ amplification, multiple forms of ICD to induce
inflammation, unique mechanisms of action affording beneficial interactions with other
therapies, ability to accommodate gene/sequence insertions (arming) for tumor delivery/
expression, and diverse host-virus interactions that can be genetically altered. These
properties have been taken into account when developing new OVs and strategies for
immunovirotherapy, including arming OVs with therapeutic transgenes (cytokines,
chemokines, co-stimulatory molecules, ICls, BiTEs, TAA) that can target the myriad players
comprising a complex heterogeneous tumor, and combining OVs, armed or not, with a broad
array of therapeutic agents (e.g., chemotherapy, HDAC inhibitors, ICIs), all of which have
demonstrated efficacy in preclinical models. Many of these OVs and combinations have
entered clinical trial and the approval of T-Vec has validated this approach and energized the
field.
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OVs provide a unique therapeutic modality for cancer. They harness the inherent biology of
viruses to target cancer for destruction through selective virus replication, cytotoxicity,
spread, and host anti-viral responses. This selectivity is based on cancer cell physiology and
the hallmarks of cancer, many of which disable anti-viral responses. Viruses that are not
naturally tumor tropic must be genetically modified / engineered to be cancer selective.
Confining the virus and associated pathogenicity to tumors is a key requirement, as safety is
paramount for clinical translation. The boundless diversity of viruses that can be oncolytic
affords extensive opportunities for manipulation and therapeutic development, depending
upon our understanding of virus and tumor biology. In addition to the activities of viral gene
products, OVs provide a platform for gene delivery to the tumor and production of factors to
alter the TME and enhance efficacy. It is important to constantly bear in mind the ‘dark side’
of virus genetic modification, where the OV becomes more pathogenic. This is especially
relevant with strategies that dampen anti-viral immune responses, expand virus tropism, or
highly express toxic molecules. For example, oncolytic Semliki Forest virus was armed with
VV B18R gene, a type | IFN decoy receptor that neutralizes IFN responses, which increased
efficacy but also neurotoxicity [176].

T-Vec, the only FDA approved OV, is administered by direct intratumoral injection. As the
virus doesn’t seem to spread from infected tumor lesions, delivery is limited to those lesions
that can be accessed from the periphery, as opposed to visceral lesions, as in the clinical
trials [91]. For metastatic disease, it might be better to deliver OV systemically so it can
potentially infect all tumor lesions, even those not visible radiographically. How the means
of OV delivery affects anti-tumor activity and immunity is important to unravel. If the
predominant therapeutic modality is immune-mediated and not oncolytic, infecting only a
subset of tumor lesions might be sufficient. Unfortunately, there is extensive tumor
heterogeneity, immunologic and genetic, within each patient, both spatial and temporal as
tumors evolve in response to physiological conditions and treatment, which creates
significant roadblocks to therapy. In this case, systemic delivery might expose the full range
of TAAs. However, antigen cross-presentation and antigen/epitope spread to generate
effector immune cells recognizing non-infected tumor cells should facilitate immunity of
even heterogeneous tumors. Boosting immunovirotherapy to sufficiently activate immune
effector cells and/or repress immunosuppressive cells or factors and eliminate the tumors
will not be simple. We require a better understanding of how to overcome the roadblocks to
anti-tumor immunity. Tumor heterogeneity will also affect OV targeting, especially those
based on specific genetic alterations, cell surface markers, or transcriptionally regulated
sequences. Again, this will require generating immune responses against non-targeted tumor
cells.

Major concerns in translating preclinical results to the clinic are the paucity of representative
immunocompetent animal models and the species-specificity of different viruses. Most
preclinical tumor models are in mice, whose immune system and response to pathogens
differs from humans and varies between inbred strains. There are only a limited number of
syngeneic mouse cancer cell lines compared to the multitude of human cancer cell lines,
often only a couple per cancer. Spontaneously-arising transgenic mouse models have
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advantages in arising in situ, however, they usually only contain a few genetic modifications
compared to the heterogeneity of human tumors, are costly, and sporadic development
means difficulty in generating groups of similar tumor size, time course, and specific
location for treatment comparisons and to enable intratumoral OV delivery [96]. As the
number of therapeutic transgenes in individual OVs and OV combinations increases, it is
getting difficult to distinguish biologically-relevant differences in efficacy because of the
limited measurement range, i.e., tumor size or survival. From the virus standpoint, many
OVs are human specific due to receptor specificity (i.e, CD46 for MV), replication (Ad is
human specific while HSV is attenuated in mouse cells), or protein activity (i.e., HSV
ICP47, inhibitor of class | presentation, is not active in mice [36]), which impacts the
interpretation of results in immunocompetent mouse models.

Anti-OV neutralizing antibodies, due to human natural exposure or vaccination (e.g., HSV,
Ad, VV, MV, poliovirus, reovirus), or multiple OV administrations can impede systemic
delivery. There are a number of approaches to deal with this problem: (i) cell carriers to
transport OV through the circulation [73]; (ii) shield the virion surface or encapsulate in
nanoparticles, for example polymer-coated oMV [177]; and (iii) genetically modify
dominant exposed epitopes recognized by neutralizing antibodies [50,55]. For any carrier or
shielding process, the OV needs to be able to exit or be released in the tumor so it can
productively infect cancer cells. The success of these strategies depends greatly on virus
biology and cellular interactions. Some OVs naturally associate with immune cells, as
exemplified by reovirus in patients [73].

We currently lack biomarkers for patient- or cancer-specific OV sensitivity and for efficacy
of immunovirotherapy in patients. This is important not only to target clinical treatment to
the appropriate patients and identify responding/non-responding patients early in the course
of treatment, but also to improve the preclinical models and identify targets for therapeutic
development. Even with well-studied ICI therapy, biomarker development remains a
challenge and the mechanisms of action and resistance are not fully understood [2]. We are
reaching a point where there are more OVs and combinations with robust preclinical activity
to be tested in the clinic than reasonable numbers of appropriate patients. The goal of
immunotherapy is a durable complete response, a ‘cure’, not just an improvement in
progression-free or overall survival, so we need ways to prioritize different OVs and
strategies to identify the most potentially potent ones for translation. The field is in need of
additional approved OVs for clinical use to demonstrate that T-Vec is not a fluke and that the
promise and preclinical successes of OVs are clinically relevant.

This work was supported in part by a grant from NIH (R01 CA160762) and the Thomas A. Pappas Chair in
Neuroscience.

Abbreviations

Ad adenovirus

BIiTE bispecific T-cell engager
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CAR-T
CPA
CRAd
CTLA-4
GM-CSF
HDAC
HSV
ICD

ICI

IFN

IL

MV

MY XV
NDV

NK

ov
PAMP
PD-1
PD-L1
PPR
TAA
TK
TIL
TME
™Z
T-Vec
VSV

\AY

chimeric antigen receptor T cells
cyclophosphamide

conditionally-replicative adenovirus

cytotoxic T lymphocyte-associated antigen 4

granulocyte-macrophage colony-stimulating factor

histone deacetylase

herpes simplex virus
immunogenic cell death
immune checkpoint inhibitor
interferon

interleukin

measles virus

myxoma virus

Newcastle disease virus

natural killer

oncolytic

oncolytic virus
pathogen-associated molecular pattern
programmed cell death protein 1
programmed cell death-ligand 1
pattern recognition receptor
tumor-associated antigen
thymidine kinase

tumor infiltrating lymphocytes
tumor microenvironment
temozolomide

talimogene laherparepvec
vesicular stomatitis virus

vaccinia virus
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Avrticle highlights

Oncolytic viruses (OVs) selectively replicate in and kill cancer cells, but not
normal tissue, and induce anti-tumor immunity.

Several approaches have been used to generate OVs, such as deleting viral
genes not necessary in cancer cells, targeting unique cancer-cell surface
receptors, or regulating essential viral gene expression with tumor-specific
promoters.

Oncolytic herpes simplex virus T-Vec the first OV approved in the US and
Europe.

OVs armed with immunomodulatory transgenes such as cytokines,
chemokines, immune checkpoint inhibitors (ICI), co-stimulatory checkpoint
agonists, bispecific T-cell engagers (BiTE), and tumor-associated antigens
(TAA) provide a gene therapy platform to target the tumor microenvironment
and enhance immunovirotherapy.

Combining OVs with immunomodulatory pharmacological agents such as
IClIs, chemotherapy, radiotherapy, and histone deacetylase (HDAC) inhibitors
can improve efficacy.

Multiple OVs are in clinical trials for a broad range of cancers, including
those expressing therapeutic transgenes and in combination with ICls and
chemotherapeutics.
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Figure 1.

Historical timeline of oncolytic viruses and immunotherapy used for cancer treatment, with
preclinical (blue box) and clinical (green box) highlights.
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Figure 2. Schematic illustration of the mechanisms of OVs for cancer therapy.
OVs can directly destroy cancer cells (oncolysis) and tumor-associated endothelial cells,

which leads to tumor mass reduction and vascular collapse. The killed tumor cells release
DAMPs and tumor-associated antigens that are presented to T cells and induce anti-tumor
immunity. Lastly, OVs can be armed to express different transgenes that target non-infected
cells and improve immunovirotherapy.
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