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Preface to ”Oncolytic Virus Immunotherapy”

Dear Readers,

Oncolytic Viruses (OV) are self-propagating agents that can selectively induce the lysis of cancer

cells while sparing normal tissues. OV-mediated cancer cell death is often immunogenic and triggers

robust anticancer immune responses and immunoconversion of tumor microenvironments. This

makes oncolytic virotherapy a promising new form of immunotherapy and OVs ideal candidates

for combination therapy with other anticancer agents, including other immunotherapeutics. There

are more than 40 OVs from nine different families in clinical development, and many more at the

preclinical stage. Each OV has its own unique characteristics, its pros and cons. Although herpes

simplex virus is currently the lead clinical agent, a real champion among the OVs has not yet emerged,

justifying the continuous development and optimization of these agents. In this book, our goal was

to compile reviews that summarize the state-of-the-art and give a comprehensive overview of the OV

arena with a particular focus on new trends, directions, challenges, and opportunities.

Antonio Marchini, Carolina S. Ilkow, Alan Melcher

Editors
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Oncolytic viruses (OVs) were originally developed as direct cytotoxic agents but have
been increasingly recognised as a form of immunotherapy. Oncolytic viruses have now
reached the stage of significant widespread clinical testing, with more than 40 OVs currently
being evaluated for the treatment of various tumour entities [1]. The majority of past and
ongoing clinical trials have been phase I studies evaluating the safety of the treatment as
the primary (and most of the time only) end-point. Very few OVs entered more advance
stages in the clinical development pipeline, and only one agent has been FDA- and EMA-
approved, talimogene laherperepvec (T-VEC, an HSV encoding GMCSF), for intratumoural
administration in advanced melanoma [2]. Whilst there is a wealth of encouraging early
trial data confirming the safety of OVs across a number of viruses, tumour types and
administration routes [1], more recent data from emerging larger, randomised studies have
not been so encouraging. The last (and only) positive randomised phase 3 trial of an OV,
testing T-VEC against subcutaneous granulocyte–macrophage colony-stimulating factor
in melanoma, was published back in 2015 [2], and that study predated immunotherapy,
which is now standard of clinical care in this disease. The next logical steps with T-VEC,
combining the virus with checkpoint blockade, were initially encouraging with ipilimumab
(an anti-CTLA4 antibody) [3], but the recent discontinuation of the randomised phase 3 of
pembrolizumab (an anti-PD1) +/− T-Vec due to futility (Thousand Oaks, Calif., accessed
on 2 February 2021 https://investors.amgen.com/news-releases/news-release-details/
amgen-reports-fourth-quarter-and-full-year-2020-financial) has raised significant concerns
about the long-term potential for the OV field in the clinic.

There have been other disappointing large, randomised trials. Vocimagene amiretrorepvec
(TOCA 511) is a replicating retrovirus encoding a transgene for cytosine deaminase, which
converts the prodrug 5-fluorocytosine into 5-fluorouracil. This failed in a study of over
400 patients, where viral injection into the resection cavity on first or second resection
for high-grade glioma was randomised against standard of care treatment [4]. Then, pex-
astimogene devacirepvec (Pexa-Vec), a vaccinia virus again encoding GM-CSF, was also
unsuccessful when tested after [5] or first line in combination with sorafenib in hepatocel-
lular carcinoma.

Whilst there is no hiding from the disappointments of these studies, rather than
abandoning the field, now is the time to reconsider and regroup. There are many drugs
that fail on progression from early to randomised studies, but OVs represent an immune
strategy rather than a single therapeutic, and so should not be abandoned en masse.
Their greatest promise lies in ‘heating up’ an immunologically ‘cold’ tumour to prime for
checkpoint blockade, and there are good translational clinical data that suggest that this can
happen in patients [6,7]. There are a number of reasons why the large studies to date have
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been unsuccessful, including wrong choice of tumour type (for Pexa-Vec, advanced liver
cancer patients’ often poor performance status makes altering the course of the disease
notoriously difficult), clinical stage targeting (single agent pembrolizumab is too effective a
single agent in limited metastatic melanoma for the addition of T-VEC to make a significant
difference), and common problems seen on transitioning from early to later phase testing
(in the TOCA511 study, patients had fewer cycles of treatment than in earlier trials). The
key to further progress now is to better understand the immunobiology of OVs in patients
via in-depth translational studies and to use this knowledge to inform careful development
and progression of clinical trials in the most appropriate patient context.

We are proud and pleased to present this Special Issue of Cancers, “Oncolytic Virus
immunotherapy” which includes 16 reviews written by many of the top oncolytic virus
experts. There is a common message that comes across reading this issue, and it is one of jus-
tified optimism. The efficacy of OVs can be further improved, and the “second-generation”
OV-based therapies once in the clinic may become a game changer in the history of can-
cer therapies for, e.g., pancreatic carcinoma, glioblastoma or lung cancer that still await
effective treatment options. As our knowledge of the tumour cell, its microenvironment
and components improves, the ideal of a “one size fits all” OV-based therapy becomes less
real or attainable. Different individuals or cancers will need different approaches. Genetic
engineering and arming of OVs and development of optimal combinatorial treatments
must be carefully evaluated, taking into consideration the intra/inter patient heterogeneity
of cancer and the complex interactions that cancer cells have with other components of
the tumour microenvironment (resident and infiltrating non-transformed cells, secreted
factors and extracellular matrix proteins). This complexity needs to be understood for
every tumour entity and the (epi)genetic characteristics that distinguish it.

Oncolytic viruses are a very diverse group of “living drugs”, comprising viruses
with very different biology and unique features. Every OV platform has strengths and
weaknesses. Developing them further will exploit their positive aspects and mitigate
the negative ones, considering the type and stage of cancer patients, route, schedule of
administration, and the insurgence of neutralising antiviral immune responses that can
reduce efficacy. To this end, it is also crucial to identify predictive biomarkers of response
that suggest the most opportune OV treatment for each patient.

This Special Issue shows that while a real champion among OVs has not yet emerged,
there are many great advances in the field that could lead to an improvement in therapeutic
outcomes in the near future. A new wave of OV platforms are being developed thanks
to the advances in genetic engineering and our improved understanding of the tumour
ecosystem, which is allowing for the rational combination of OVs with other anti-cancer
therapies. The importance of developing combination strategies that synergise against the
tumour without leading to unwanted off-tumour effects is a common theme across the
reviews. Müller et al. describe the community efforts for reovirus [8]; Burman et al. for
Newcastle disease virus [9]; Engeland and Ungerechts for measles virus [10]; Angelova
et al. for parvovirus [11]; and Malin and Kühnel [12] and Cunliffe et al. [13] for the
adenovirus platforms. In addition to being “lysing machines”, OVs are “vehicles” that
can deliver and express transgenes in the tumour ecosystem. Examples are given for the
HSV platform by Vannini et al. [14]; for the adenovirus platform by Cunliffe et al. [13]; and,
more generally, for the treatment of solid tumours by Jin et al. [15]. It is clear now that one
avenue for improving the success of virotherapy resides in maximising the ability of OVs
to harness the immune system to act against cancer, for example, through combination
with other immunotherapies—especially immunocheckpoint blockers and adoptive cell
therapy—or through the insertion of immunomodulatory transgenes into the virus genome.
Combinatorial therapies of OVs and other treatment modalities are an active area of
development, and, herein, Evgin and Vile [16], Kuryk et al. [17], Holbrook et al. [18] and
Spiesschaert et al. [19] review the recent advances in this exciting field of research. Recent
advances in genetic profiling of tumours are changing the way that we treat cancer patients.
The latter is also impacting the way that we foresee the use of OVs in the near future. Both

2



Cancers 2021, 13, 3672

Fisher et al. [20] and Enrilich and Bacharach [21] describe the importance of understanding
the tumour and its microenvironment for selecting the right OV platform for each cancer
patient. Similarly, Stavrakaki et al. [22] discuss the importance of finding biomarkers to
“personalise OVs” based on the tumour-specific characteristics. Finally, Kock et al. provide
us with a comprehensive summary of oncolytic HSV-1 in its journey through the clinical
arena [23].

We hope that the readers enjoy this Special Issue and that the OV scientific commu-
nity continues working together towards the development of virotherapeutics that could
positively impact the life of people living with cancer.
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Simple Summary: Within this review article the authors provide an unbiased review of the oncolytic
virus, reovirus, clinically formulated as pelareorep. In particular, the authors summarise what is known
about the molecular and cellular requirements for reovirus oncolysis and provide a comprehensive
summary of reovirus-induced anti-tumour immune responses. Importantly, the review also outlines
the progress made towards more efficacious combination therapies and their evaluation in clinical
trials. The limitations and challenges that remain to harness the full potential of reovirus are
also discussed.

Abstract: Oncolytic virotherapy (OVT) has received significant attention in recent years, especially
since the approval of talimogene Laherparepvec (T-VEC) in 2015 by the Food and Drug administration
(FDA). Mechanistic studies of oncolytic viruses (OVs) have revealed that most, if not all, OVs induce
direct oncolysis and stimulate innate and adaptive anti-tumour immunity. With the advancement
of tumour modelling, allowing characterisation of the effects of tumour microenvironment (TME)
components and identification of the cellular mechanisms required for cell death (both direct oncolysis
and anti-tumour immune responses), it is clear that a “one size fits all” approach is not applicable to
all OVs, or indeed the same OV across different tumour types and disease locations. This article will
provide an unbiased review of oncolytic reovirus (clinically formulated as pelareorep), including the
molecular and cellular requirements for reovirus oncolysis and anti-tumour immunity, reports of
pre-clinical efficacy and its overall clinical trajectory. Moreover, as it is now abundantly clear that the
true potential of all OVs, including reovirus, will only be reached upon the development of synergistic
combination strategies, reovirus combination therapeutics will be discussed, including the limitations
and challenges that remain to harness the full potential of this promising therapeutic agent.

Keywords: reovirus; oncolytic virus; immunotherapy

1. Oncolytic Virotherapy (OVT)

Advancements in virology and molecular biology techniques over recent decades have allowed us
to exploit the anti-tumour potential of oncolytic viruses (OVs) [1]. The unique ability of OVs to exploit
oncogenic signalling pathways provides a significant advantage over traditional treatment modalities.
OVs are specifically defined as viruses which: (i) preferentially infect and kill malignant cells through
viral replication and oncolysis, and (ii) engage the immune system to promote anti-tumour immunity.
Additional mechanisms of action have also been reported, including disruption of tumour-associated
vasculature or stroma and modulation of the tumour microenvironment (TME) [2–4].

An array of OVs—naturally occurring, attenuated, and genetically modified—have been
investigated in pre-clinical models and clinical trials but only two have received approval for clinical
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use: (i) a genetically engineered adenovirus H101, approved in China in 2005 [5], and (ii) the Food and
Drug Administration (FDA)-approved talimogene laherparepvec (T-VEC)—a herpes simplex virus
type 1 (HSV-1) genetically engineered to limit neurovirulence and promote an immunostimulatory
environment [6,7]. This review will provide an overview of what we have learnt about oncolytic
mammalian orthoreovirus since its rise as a clinically applicable agent, we will discuss areas of
active pre-clinical and clinical research and consider the challenges that exist to harness its full
therapeutic potential.

2. The Emergence of Reovirus as a Therapeutic Agent

The Reoviridae family of viruses has found hosts in mammals, fish, birds and plants [8,9].
Three serotypes of mammalian orthoreovirus have been identified: type one Lang, type two Jones,
and type three Abney and Dearing [10]. Each differs in its in vivo tropism, despite a high degree of
genetic similarity [11]. Type-specific diversity occurs in the S1 gene, encoding the outer capsid σ1
attachment protein, which has undergone significant evolutionary divergence [12]. Orthoreovirus type
two Jones was the first serotype observed to replicate specifically in malignant cell lines [13]; however,
it is the mammalian orthoreovirus type three Dearing strain (T3D)—now manufactured as pelareorep
but previously known as Reolysin®—that has made progress as a therapeutic agent. Mammalian
orthoreovirus T3D (hereafter referred to as reovirus) is typically isolated from human gastrointestinal
and upper respiratory tracts [14,15]. In most individuals, infection proceeds asymptomatically causing
mild enteric or respiratory illness in young children and being relatively non-pathogenic in adults,
in line with its designation as a respiratory enteric orphan virus (reovirus) [10]. There have been sporadic
reports of severe pathology associated with reovirus infection in infants and immunocompromised
individuals [9,16–21] and more recently, reovirus has been implicated in coeliac disease by promoting
a TH1 immune response, a response that bodes well for its use as an immunotherapeutic tool although
oral delivery should be avoided to limit these potential unwanted side effects [22].

Reovirus is a non-enveloped, double-stranded (ds) RNA virus approximately 85 nm in diameter,
with two concentric icosahedral protein capsids [23]. The outer and inner capsids protect the dsRNA
genome which comprises 23.5 kbp in ten segments termed large (L1-3), medium (M1-3), or small (S1-4)
according to size [23–25]. The gene segments encode eight structural proteins (λ1-3, µ1-2, and σ1-3)
and the non-structural proteins, µNS and σNS [26]. µ1 and σ3 form part of the outer capsid, λ3 forms a
subunit of the RNA polymerase and σ1 and λ2 are important for viral attachment, although σ1 initiates
target cell entry [23]. The proteins also protect the virus from immune-surveillance by preventing a host
anti-viral interferon (IFN) response; σ3 binds to dsRNA and prevents its binding to dsRNA-dependent
protein kinase R (PKR; a dsRNA sensor) [27] and µNS sequesters the IFN transcription factor (interferon
regulatory factor 3; IRF3) and inhibits its translocation to the nucleus [28].

3. Tumour Specificity and Replication

The reovirus life-cycle is shown in Figure 1. Viral entry occurs over multiple steps, the first being
a low-affinity “tethering” of the reovirus σ1 protein to cell surface sialic acid [29,30]. Subsequently,
σ1 engages junctional adhesion molecule A (JAM-A), the canonical reovirus receptor [31–33], which is
ubiquitously expressed throughout the body and has several important roles in normal cellular processes
including tight junction formation, leukocyte migration, and angiogenesis [34]. Fortuitously, JAM-A is
also overexpressed in several cancers, including both haematological and solid malignancies [35–41].
Following reovirus engagement with JAM-A and receptor-mediated endocytosis, the viral particle
undergoes acid-dependent cathepsin-mediated proteolysis within the endosome [42,43] to form
an intermediate subviral particle (ISVP) characterised by the loss of σ3 and cleavage of µ1 [44].
The proteolytic uncoating, principally by cathepsins L and B, is critical for penetration of the endosome
membrane by µ1; ISVPs undergo a conformational change causing autocleavage of µ1 into µ1N which
triggers pore formation in the endocytic membrane [45] and delivers transcriptionally active reovirus
into the cytosol [46,47] for replication. Capped, positive-sense single stranded (ss) RNA serves as
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mRNA for protein translation and provides a template for replication of nascent dsRNA genomes [48].
Transcription and translation occur in cytoplasmic “viral factories” [49,50], with packaging of the
segmented genome into virions occurring concomitantly with RNA synthesis [51,52]. Viral egress can
be non-cytolytic in the absence of transformation; however, the release of progeny virus is typically
lytic in permissive, transformed cells [53,54].
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Figure 1. Reovirus replication: 1. Reovirus is first tethered via a weak interaction between σ1 and cell
surface sialic acid; σ1 then binds with high affinity to junctional adhesion molecule A (JAM-A) resulting
in internalization of the virus via receptor-mediated endocytosis. 2. Once internalized, the virus is
transported to early and late endosomes where it undergoes proteolytic digestion to remove the outer
capsid protein σ3 resulting in the formation of infectious subvirion particles (ISVPs). 3. Alternatively,
ISVPs may be formed by extracellular proteases within the tumour environment allowing direct entry
into cells via membrane penetration. 4. After further proteolytic degradation a transcriptionally active
viral core is released into the cytoplasm. Transcription and translation occur ultimately leading to the
assembly of new viral progeny, host cell death and progeny release. Figure created using Biorender
(https://biorender.com/).

The molecular features associated with the oncolytic capacity of reovirus have been the subject
of decades of research. Initially, an association between reovirus permissiveness and epidermal
growth factor receptor (EGFR) status was revealed [55,56], along with evidence that activation of
downstream signalling pathways, induced after transfection with the oncogene v-erb, are important [57].
Subsequent transfection of cells with constitutively active elements of the RAS pathway, a group of
small GTP-binding proteins that regulate cell fate and growth, identified a role for RAS in reovirus
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permissiveness [58]. Therefore, although JAM-A is important for host cell entry, gain-of-function
mutations activating RAS signalling [59] could promote reovirus replication and the release of virus
progeny [60]. RAS mutations are prevalent in cancer [61], supporting the use of reovirus as a potential
therapeutic agent [58,62]. The link between reovirus and cellular RAS status was further strengthened
by observations that tumour cell susceptibility could be influenced by modulating RAS and/or its
downstream effectors using short-hairpin RNA or small-molecule inhibitors [63,64]. Mechanistically,
modulation of RAS signalling may promote susceptibility via inhibition of PKR [58]. In healthy
cells, binding of dsRNA by PKR results in its dimerization, autophosphorylation and activation.
Activated PKR subsequently phosphorylates the translation initiation factor, eIF2, rendering it inactive,
which prevents the translation of viral transcripts [65]; however, in RAS-transformed cells PKR
remains inactive and viral replication can occur [58,66,67]. Currently, the mechanism that coordinates
RAS-transformation and PKR inactivation remains unclear [68].

Although the RAS–PKR axis provides a plausible explanation for the susceptibility of cancer
cells to reovirus, the true molecular mediator has been the subject of debate, with doubt being cast by
the survival of some infected RAS-transformed cells [69,70]. Moreover, the absence of a correlation
between total or phospho-PKR with RAS expression or cell death contradicts previous studies [71],
as does the lack of association between oncolysis and EGFR signalling [72]. It has become increasingly
apparent that viral replication and cell death are not inextricably linked. Indeed, it is possible that
RAS activation does not underlie viral replication but rather sensitivity to apoptosis which can occur
independently of replication [53,64]. Sensitivity to reovirus oncolysis is likely to be dependent on
multiple cellular and molecular determinants, many of which may yet be undiscovered.

4. Mechanisms of Oncolysis

Reovirus was originally considered to operate predominantly by apoptosis (reviewed in [73]).
The apoptotic signalling often displayed by infected cells includes the generation of IFN and activation
of NF-κB, either through detection of cytoplasmic dsRNA via PKR, retinoic acid-inducible gene I (RIG-I)
or melanoma differentiation-associated protein 5 (MDA5), or following σ1 and µ1 receptor engagement
or membrane penetration [53,74–77]. In response to NF-κB and/or IRF3 signalling, inflammatory
cytokines such as TNF-related apoptosis-inducing ligand (TRAIL) are secreted, which bind to surface
death receptors and trigger activation of caspase-3 and -7 [78–80]. While IFN is a potent promoter of
cell death, it can be dispensable for reovirus-induced apoptosis, which explains the ability of infected,
IFN-deficient tumour cells to undergo apoptosis [79,81]. Blockade of apoptotic caspases does not always
abrogate reovirus-induced cell death, indicating that other modes of cell death can also occur [82].
Necroptosis, contingent on recognition of viral dsRNA and induction of a type I IFN response [83],
and autophagy following acute endoplasmic reticulum (ER) stress [84] have both been identified as
alternative modes of reovirus-induced cell death. Thus, reovirus-induced death is exquisitely linked to
the phenotype of the target cell and the surrounding TME; indeed, our recent unpublished data suggest
that modulation of pro- vs. anti-apoptotic proteins upon co-culture with stromal cell support can
abrogate reovirus-induced apoptosis in malignant B cells. Therefore, examination of viral replication
and/or oncolysis in multiple cancer models, and in the context of TME support, will be essential to
identify mechanisms of cancer-selective activity and cell death.

5. Reovirus Modulation of the Immune System

5.1. Reovirus-Induced Innate Anti-Tumour Immunity

Immune cells and infected tumour cells secrete pro-inflammatory cytokines and chemokines in
response to reovirus treatment [85–88]. This occurs via engagement of pathogen-associated molecular
patterns (PAMPs; e.g., viral RNA, DNA or proteins) or damage-associated molecular patterns (DAMPs;
e.g., heat-shock proteins, calreticulin, uric acid and ATP released from infected cells) with pattern
recognition receptors (PRRs) [89]. As with most viral infections, the secretion of type I IFN is a key
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component of the innate response to reovirus [90]. Viral dsRNA in the cytoplasm of infected cells is
detected by PRRs such as RIG-I, MDA5, PKR or Toll-like receptor-3 [91,92] and triggers the transcription
of type I IFNs from both infected tumour cells and immune cells; dendritic cells (DCs) and monocytes are
important in the detection of reovirus and secretion of IFN-α [35,85,93]. Indeed, specific roles for RIG-I
and mitochondrial antiviral-signaling protein (MAVS) but not MDA5 have been reported for reovirus
activation of IRF3/IRF7, whilst reovirus activation of an NF-κB was dependent on MDA5 [76]. Moreover,
it has been suggested that long reovirus dsRNA gene segments activate MDA5 while short dsRNA
segments activate RIG-I [76]. Importantly, a role for RIG-I signaling has also been implicated in reovirus
permissiveness of RAS-transformed cells; the MEK/ERK pathway—downstream of RAS—blocks
signaling from RIG-I and inhibits IFN production, thus enabling reovirus replication [94]. In addition,
a role for TLR-3 has been described for reovirus detection within the TME. Here, reovirus inhibited
the immunosuppressive activity of myeloid-derived suppressor cells (MDSCs) in a TLR-3-dependent
manner [95].

The generation of a pro-inflammatory environment reverses the immunosuppressive state of
the TME, induces cytotoxic bystander cytokine killing of tumour cells, activates and recruits innate
immune effector cells to kill neoplastic cells, and facilitates the generation of an adaptive anti-tumour
immune response [96–99]. Reciprocal cell-to-cell interactions between DCs and natural killer (NK)
cells within the TME or tumour-draining lymph nodes, can stimulate both NK cell activation and
DC maturation [85,100]; NK cell anti-tumour immunity within peripheral blood mononuclear cells
(PBMCs) is mediated by type I IFN secretion from monocytes [35]. In addition to the recruitment
and activation of NK cells, reovirus also activates innate T cells which are capable of eliminating
tumour cells via the release of cytolytic granules [85,101]; this remains a poorly understood mechanism
of action.

5.2. Adaptive Anti-Tumour Immunity

In addition to PAMPs and DAMPs, tumour-associated antigens (TAAs) are also released into the
TME during oncolysis. TAAs are phagocytosed by antigen presenting cells (APCs), such as DCs, and the
cytokine-rich milieu stimulates DC maturation [102]. Reovirus-activated DCs cross-present TAAs via
major histocompatibility complex (MHC) class I to naive CD8+ve T cells [102,103]. These processes
facilitate the priming of tumour-specific cytotoxic T lymphocytes (CTLs) [89,102,103]. Interestingly,
direct reovirus oncolysis is not essential to generate adaptive anti-tumour immunity, as tumour-specific
CTLs have been successfully generated against reovirus-resistant melanoma cells in vivo [104]. Thus,
even if a particular cancer is not killed directly by the lytic effects of reovirus, reovirus treatment
may offer immunotherapeutic value for patients. By contrast, a recent study by Martin et al., [105]
suggested that reovirus was ineffective at priming a systemic immune response compared to alternative
OVs, despite effective eradication of the primary tumour. These conflicting data are difficult to
interpret; however, the discrepancies observed could be due to the different mouse strains; previous
studies [103,104] have utilized TH1-dominant C57BL/6 mouse models, whilst this later study used TH2
dominant Balb/c mice. Of note, Martin et al., did not examine the induction of tumour specific CTLs
but eradication of a secondary tumour. Therefore, it is possible that reovirus did prime effector CTLs
which were inhibited due to the upregulation of immune checkpoint molecules, such as programmed
death-ligand 1 (PD-L1), or the induction of regulatory T cells (Tregs) within the TME. Indeed, it is
important to note that reovirus can promote the accumulation of Tregs and MDSCs [106–108] and also
upregulates immune checkpoint molecules [108–110], which could impede both effector NK cell and
CTL responses. Figure 2 (the inner circle) provides an overview of known reovirus mechanisms of
action, including oncolysis and the induction of innate and adaptive anti-tumour immunity.
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“switched on”

Figure 2. Overview of reovirus mechanisms of action and the developments required. The inner circle

illustrates what is currently known about reovirus. 1. In healthy cells, anti-viral immune responses
limit reovirus replication and prevent lytic killing. By contrast, oncogenic signalling pathways render
tumour cells susceptible to reovirus replication and direct oncolysis. 2. Reovirus replicates in the
tumour vasculature and stroma due to reciprocal cell:cell interactions which alter anti-viral signalling.
3. Infection of tumour cells leads to the release of viral progeny, cytokines and tumour-associated
antigens (TAAs), which initiates innate anti-tumour immunity including cytokine-mediated bystander
killing and natural killer (NK) cell-mediated cytotoxicity. 4. Adaptive anti-tumour immunity is
generated following the phagocytosis of TAAs by dendritic cells (DCs) and presentation of TAAs to
CD4+ve and CD8+ve T cells, which facilitates priming of tumour-specific cytotoxic T lymphocytes
(CTLs). 5. In addition to innate and adaptive anti-tumour immune responses, humoral anti-viral
immunity is induced, leading to the production of reovirus-specific neutralising antibodies (NAbs).
6. Following induction of anti-tumour/anti-viral immune responses, regulatory immune mechanisms are
“switched-on” to control ongoing immune responses, including upregulation of immune checkpoints
and increased levels of regulatory T cells (Tregs) and/or myeloid-derived suppressor cells (MDSCs).
The outer circle highlights priority research areas to improve reovirus efficacy. These include gaining a
greater understanding of: (i) the consequence of humoral and/or cell-mediated anti-viral immunity on
reovirus efficacy which would inform the development of, or the requirement for, cellular chaperones;
(ii) the tumour microenvironment (TME) and how it influences reovirus oncolysis and anti-tumour
immunity; (iii) the cellular determinants utilized by reovirus for direct oncolysis, including mechanisms
of reovirus resistance; (iv) the potential benefits of genetically-modified reovirus platforms; (v) reovirus
scheduling to maximize virus delivery and efficacy including the best route of virus administration;
and (vi) combinatorial approaches that are designed to boost both direct oncolysis and anti-tumour
immune responses. PAMPs: pathogen-associated molecular patterns; DAMPs: damage-associated
molecular patterns; GM-CSF: granulocyte-macrophage colony stimulating factor. Figure created using
Biorender.com.
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In a recent phase I study of intravenous (i.v.) reovirus there was an increase in transcripts of
the pro-recruitment chemokines macrophage inflammatory protein (MIP)-1α and MIP-1β in tumour
RNA and in the expression of the intracellular adhesion molecule 1 (ICAM-1) by T cells 48–72 h after
infusion [109]. Along with CD68+ve myeloid cells, tumours of reovirus-treated vs. control patients
appeared to contain a higher number of CD8+ve T cells [109], whose presence is strongly associated
with superior outcomes [111]. Moreover, pro-inflammatory cytokines and IFN were upregulated in
the serum of reovirus-treated patients [109,112], which can promote APC maturation and activate
NK and T cells, as evidenced by the increased expression of CD69 [113]. Collectively, the evidence
suggests that, as an immune adjuvant, reovirus can promote leukocyte infiltration into tumours and
support tumour immune surveillance. However, to promote and sustain reovirus-induced anti-tumour
immunity it is essential that long-term characterisation of the TME after reovirus treatment is carried
out and that combination strategies are developed to counteract any inhibitory/regulatory mechanisms
that develop.

5.3. The Antiviral Immune Response

The “antiviral” immune response is designed to combat the invading pathogen; however, it could
also be fundamental to OV efficacy because of the overlap with “anti-tumour” processes. The humoral
arm of adaptive immunity plays an important role in preventing reovirus infection through the
generation of neutralising antibodies (NAbs) and there is evidence that circulating reovirus-specific
antibodies can impair viral persistence and access to tumours [114]. As reovirus is ubiquitous in the
environment [115], the global seroprevalence among adults is commonly above 50% and typically
closer to 100% [116–120]. While NAbs may have a positive effect in protecting against reovirus
infection, their effect on reovirus therapeutic activity remains controversial. Interesting, but generally
less considered in relation to OV therapy, is the fact that viral antigens also prime virus-specific
T cells [98,121,122]. These could either potentiate anti-cancer activity through eradication of virally
infected tumour cells or abrogate anti-cancer activity by abrogating viral replication and direct oncolysis.

6. Reovirus Delivery—Systemic vs. Intra-Tumoural

Although the mechanisms by which reovirus exerts its cytotoxic effects have been the subject of
some debate, the fact that it can reliably do so against malignant targets remains unquestioned. Reovirus
has oncolytic activity against the vast majority of solid tumour types in vitro (lung, breast, ovarian,
prostate, colorectal, pancreatic, glioma, melanoma, and head and neck squamous cell carcinoma
(HNSCC)) [72,87,93,123–126] and has shown promise in haematological models, such as multiple
myeloma and both lymphoid and myeloid leukaemias [35,37,127].

When first used as a cancer therapeutic in pre-clinical in vivo models, reovirus was delivered by the
intra-tumoural (i.t.) route [128] and induced regression of established subcutaneous B16 melanomas [129],
colorectal liver metastases [70] and subcutaneous and orthotopic gliomas [130]. Interestingly, i.t.-administered
UV-inactivated reovirus also controlled tumour growth via immune-mediated mechanisms in a liver cancer
model [131]. However, the systemic administration of virus into the bloodstream would appear to have the
greatest potential to access disseminated tumour cells within the vasculature or distant organs. This is of
clinical importance given that metastasis causes ~90% of all cancer-related deaths [132]. Oral intake, by far
the most convenient route of systemic drug administration, is not suited to OV therapy as the virus is a
gastrointestinal pathogen and is contained within the gastrointestinal system. Vascular injection is therefore
the preferred systemic delivery route, being less invasive than locoregional administration. Unfortunately,
the impact of i.v. reovirus upon tumour growth is often limited in comparison to i.t. injection; this could be
due to: (i) limited delivery to the tumour; (ii) the generation of NAbs resulting in virus neutralisation prior
to tumour access; and/or iii) reduced recruitment of immune effector cells to the tumour site.
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Because of the size of the typical therapeutic OV infusion (109–1010 pfu), B cell mobilisation
and antibody production occurs rapidly. From a not-insubstantial baseline, anti-reovirus antibody
titres commonly increase ~1000-fold [133] and is greater in response to i.v. than i.t. injection [112].
Strategies to reduce and/or counteract reovirus NAbs have involved the use of immunosuppressive
chemotherapy, particularly cyclophosphamide (CPA). CPA can deplete Tregs and boost T cell
anti-tumour immunity [134]; however, at higher doses, it can suppress the effector functions of all
lymphocytes, including B cell antibody production [135,136]. In preclinical models, CPA successfully
curtailed B cell responses and enhanced the persistence of reovirus and delivery to tumours [114,137,138].
CPA and other chemotherapy agents have been used successfully alongside i.v. reovirus in clinical
trials to reduce NAbs [139,140], with the exception of one phase I trial where CPA did not attenuate
anti-viral responses [141].

In patients, reovirus persists in the bloodstream of seropositive individuals in association with
immune cells after i.v. infusion and can gain access to the tumour tissue [133,141]. In a reovirus brain trial
(EudraCT) 2011-005635-10), reovirus was found in six of nine brain tumours by immunohistochemistry
(IHC) and nine of nine tumours by electron microscopy [109] after a single viral infusion. In its
predecessor REO-013, reovirus protein was also found in nine of 10 colorectal cancer liver metastases
by IHC [133]. Remarkably, in REO-020, it was in patients exhibiting some of the highest NAb titres
that reovirus was successfully detected in the tumour [142]. Therefore, it appears that elimination
of circulating NAbs is not essential for effective viral delivery. In fact, NAbs may play an important
role in controlling toxicity, a phenomenon highlighted in mice with reduced NAbs (due to CPA
treatment), and mirrored in B cell-deficient mice, where reovirus replication occurring in the heart and
other organs proved lethal [114]. Although not severe, the identification of occasional hepatic and
cardiac toxicities in some trials combining reovirus with chemotherapy emphasises the importance
of NAbs in systemic virotherapy [140]. Perhaps a more important consideration in this matter
is that immunosuppressive agents such as CPA could also dampen cell-mediated immunity [136]
and compromise the development of long-term anti-tumour immune responses. Thus, identifying
appropriate dosing schedules is essential. For example, low-dose CPA effectively enhances reovirus
delivery to tumours while maintaining protective NAb levels [114] and, crucially, has the potential to
promote the development of anti-tumour immunity [143,144], although in the context of reovirus this
remains unknown

Given the initial belief that NAbs would be detrimental to efficacy, the concept of using cellular
chaperones to deliver reovirus to tumours was explored. Immune cells have excellent tumour trafficking
potential, and also have the potential to enhance anti-tumour immune effects. When administered
i.v., reovirus naturally associates with a number of immune cells in the blood and can be detected on
monocytes, NK cells, B cells and granulocytes [109]. Moreover, replication-competent reovirus associates
with PBMC in seropositive patients [133,141] and strategies using human PBMC as reovirus carriers
have demonstrated that DCs, T cells, and monocytes can act as protective cell carriers with efficient
“hand-off” to tumour cells, despite pre-existing antiviral immunity [145–148]. Similarly, a heterogeneous
population of lymphokine-activated killer cells and DCs can deliver reovirus to ovarian cancer cells
in the presence of NAbs [149]. Of particular significance is the fact that mice co-treated with reovirus
and granulocyte-macrophage colony stimulating factor (GM-CSF) were dependent on NAbs to achieve
effective therapy, indicating that NAbs may in fact promote reovirus efficacy [147].
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7. Unlocking the Potential of Reovirus with Combination Therapeutics

No matter which route of delivery is chosen, it remains clear that combination therapies will
be necessary to optimise reovirus efficacy. Combination with radiotherapy has been investigated
on the basis that activating mutations in RAS are associated with resistance to radiotherapy but
confer sensitivity to reovirus. Twigger et al. reported that this treatment combination increased cell
death in a number of cancer cell lines in vitro and in vivo, particularly in cell lines that showed only
moderate reovirus sensitivity [150]. Similarly, the combination of reovirus with radiotherapy enhanced
therapeutic outcomes in two models of paediatric sarcoma [151]. In both studies, the enhanced
therapeutic outcome appeared to be due to increased direct cytotoxicity.

Multiple studies have investigated the combination of reovirus with chemotherapeutic agents,
with synergy being frequently observed. As with radiotherapy, the enhanced treatment effect
appeared to be due to increased oncolysis. For example, treatment of a range of prostate cancer cell
lines with reovirus plus docetaxel, paclitaxel, vincristine, cisplatin or doxorubicin led to increased
apoptosis/necrosis in vitro and reovirus improved docetaxel therapy in a xenograft prostate cancer
model [152]. Increased apoptosis and/or necrosis has also been demonstrated by the combination of
reovirus with: cisplatin in a melanoma model [153]; cisplatin, gemcitabine or vinblastine in non-small
cell lung cancer cell lines [125]; and cisplatin plus paclitaxel in both in vitro and in vivo models of head
and neck cancer [154]. Collectively, this evidence suggests that the beneficial outcomes resulting from
combining reovirus with chemotherapy agents are generally mediated through oncolysis rather than
immune-mediated mechanisms. However, Gujar et al. suggested that improved survival following
reovirus plus gemcitabine treatment in an ovarian cancer model was at least partly immune-mediated,
with reduced numbers of MDSC in tumours and improved anti-tumour CTL responses [155].

The majority of chemotherapeutic agents induce apoptosis, though the mechanisms by which they
do this differ: Paclitaxel utilizes different apoptotic pathways depending on its concentration [156];
tamoxifen and gemcitabine activate mitogen-activated protein kinase (MAPK) and p53-dependent
pathways and upregulate pro-apoptotic factors [157,158]; while docetaxel induces a non-apoptotic
mode of death [159]. Reovirus itself induces apoptosis but can also induce necroptosis, which requires
later stages of infection [83]. The reported synergy between reovirus and chemotherapy agents may
be due to the induction of this additional form of cell death; however, it could also be due to the
ability of reovirus to increase the expression of pro-apoptotic Bcl-2 family proteins [160]. Of particular
significance is the dependence of reovirus on apoptosis, which may make it sensitive to resistance
mechanisms utilized by cancer cells to escape chemotherapy cytotoxicity. Indeed, our studies have
shown that stromal cell support of malignant B cells and multiple myeloma cells can inhibit reovirus
sensitivity, in line with that observed for standard of care (SOC) chemotherapy agents (data not shown).

More recently, reovirus has been combined successfully with more targeted cancer therapies.
The majority of malignant melanomas carry activating mutations in the RAS-RAF-MEK-ERK signalling
pathway, with NRAS and BRAF mutations being most common. Although inhibition of this pathway
might be expected to antagonize reovirus-induced cytotoxicity, the combination of reovirus with
small molecule inhibitors of BRAF or MEK actually enhanced ER stress-induced apoptosis [161].
Similarly, the combination of reovirus with bortezomib, a proteasome inhibitor that increases ER stress,
increased apoptosis in multiple myeloma cell lines in vitro and improved outcomes in vivo [160].
Energy metabolism within cancer cells is now emerging as an important element for OV susceptibility.
OVs, such as reovirus, utilise host metabolic pathways to provide essential nucleotides, lipids,
and amino acids for virus propagation and as such, metabolic reprogramming has been considered
as a strategy to potentiate OV efficacy [162]. In the context of reovirus, susceptibility has been
reported to correlate with pyruvate metabolism and oxidative stress, with a central role for pyruvate
dehydrogenase (PDH). Specifically, the early oxidative stress response following reovirus treatment
inhibits pyruvate dehydrogenase (PDH), via PDH kinase (PDK) phosphorylation, and induces a
metabolic state that does not support reovirus replication. However, reactivation of PDH, using
the PDK inhibitors dichloroacetate and AZD7545 enhanced reovirus efficacy in vitro and in vivo.
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Therefore, metabolic reprogramming is a promising approach to increase the therapeutic potential
of reovirus in cancer patients [163]. Another interesting study found that pre-conditioning tumours
with bevacizumab—a vascular endothelial growth factor (VEGF) inhibitor—and then withdrawing
treatment, rendered endothelial cells susceptible to reovirus infection, induced vascular collapse and
promoted immune-mediated tumour clearance [164]. Similar effects were also observed following
withdrawal of paclitaxel-mediated inhibition of VEGF signalling [165].

Other combination strategies have focused on boosting immune-mediated anti-tumour effects.
For instance, combining reovirus with oncolytic vesicular stomatitis virus (VSV) in a dual-OV
“prime-boost” regimen led to improved melanoma therapy via induction of different arms of the
immune response; VSV induced a melanoma-specific TH17 response which augmented the TH1
response induced by reovirus [166]. As discussed above, cell carriage of reovirus by circulating myeloid
cells has been potentiated by pre-conditioning the host with GM-CSF to expand immune effector
populations [147]. Another strategy that has demonstrated successful results in several cancer models
is the combination of reovirus with immune checkpoint inhibitors. Rajani et al. showed that the
combination of i.t. reovirus with systemic anti-programmed cell death protein 1 (PD-1) enhanced
survival in melanoma-bearing mice compared to either therapy alone [106]. Addition of checkpoint
blockade to the dual OV “prime-boost” approach described above also enhanced survival [166].
Three studies have also demonstrated that reovirus can “sensitize” tumours to subsequent checkpoint
blockade: (i) reovirus treatment of multiple myeloma cells in vitro increased PD-L1 expression, with
systemic reovirus treatment followed by anti-programmed death-ligand 1 (PD-L1) increasing survival
in a syngeneic model of multiple myeloma [110]; (ii) increased PD-L1 expression was observed in high
grade glioma patients following reovirus treatment and systemic reovirus/anti-PD-1 therapy improved
survival in a syngeneic, orthotopic murine glioma model [109]; and (iii) i.t. reovirus increased both
PD-L1 expression on tumour cells and the number of intra-tumoral Tregs in a murine breast cancer
model, while combination reovirus/anti-PD-1 treatment enhanced survival by reducing Treg numbers
and improving tumour-specific CTL responses [167]. More recently, reovirus has also been used in
combination with CD3-bispecific antibodies. Reovirus-induced IFN stimulated the recruitment of NK
cells and reovirus-specific CD8+ T cells to the tumour site. Non-exhausted reovirus-specific effector T
cells acted in synergy with CD3- bispecific antibodies to reduce the in vivo growth of multiple tumour
types including pancreas, melanoma and breast; moreover, reovirus preconditioning was required for
maximal efficacy. Importantly, combination treatment was also effective at distant lesions, not injected
with reovirus, demonstrating the potential of this strategy for the treatment of metastatic disease.

8. Reovirus Clinical Trials

Reovirus T3D is the subject of one of the largest clinical trial programmes in oncolytic virotherapy
(OVT). The clinical grade formulation of reovirus is now marketed as pelareorep (formerly Reolysin®)
by Oncolytics Biotech Inc. (Calgary, AB, Canada). The virus is listed in 26 trials identified on
www.clinicaltrials.gov. As of 2018, reovirus holds orphan drug status from the FDA for glioma,
ovarian, pancreatic, peritoneal and gastric cancers, and from the European Medicines Agency (EMA,
Amsterdam, The Netherlands) for ovarian and pancreatic cancer.

The first-in-man phase I study of reovirus, REO-001, enrolled 19 patients with accessible, advanced
malignancies, who were treated intra-tumourally with ascending doses of the virus. No dose-limiting
toxicities were observed, all being grade two or below, with nausea, headache or vomiting being
the most common [168]. Tumour responses were apparent in 37% of patients. Based on this and
its promising safety profile in animal models, reovirus progressed quickly into trials of systemic
treatment. Intravenous delivery was first tested in REO-004. Eighteen patients with advanced solid
tumours received virus doses of up to 3 × 1010 TCID50 without identifying dose-limiting toxicity.
In fact, only two patients experienced grade two events, even when multiple doses were given on
successive days [169]. When corroborated by other phase I trials [112,170], these results demonstrated
that when delivered by infusion as a very large, non-physiological bolus, reovirus is remarkably
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well tolerated. Interestingly, i.v. administration of reovirus in a phase I trial of heavily pre-treated
patients with advanced cancers increased the number of CD4+ve T cells, CD8+ve T cells and NK cells,
as well as cytokine levels, in the blood, suggesting the onset of an immune response. Significantly,
i.v. administration of reovirus in brain tumours also led to a local IFN response with recruitment of
CTLs [109].

Reovirus has now undergone further evaluation in phase I and II clinical trials across a range
of indications; summarised in Table 1. Historically, the tumours most heavily targeted within the
reovirus programme have been melanoma, myeloma and glioma [142,171,172], although trials have
also included pancreatic, lung, breast, colorectal, prostate, and head and neck cancers [108,109,173–176].
Initial trials deployed reovirus as a monotherapy, the majority utilising i.v. administration; safety
was established in the almost total absence of serious adverse events [177], with equivocal outcomes
reported in phase II trials [142,178]. The mixed outcomes of patient response in clinical trials have made
the therapeutic potential of reovirus a topic of debate. It is accurate to state that i.v. reovirus has often
shown very modest activity, particularly as a monotherapy [142]. However, it reliably gains access
to tumour lesions when administered systemically [109,133]. Currently, the virus is no longer under
active investigation as a monotherapy and Oncolytics Biotech Inc. is instead developing combination
programmes (www.oncolyticsbiotech.com).
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9. The Future for Reovirus—Pre-Clinical Requirements and Clinical Considerations

In spite of its efficacy in pre-clinical models, reovirus treatment (as with other OVs) has benefited
only a minority of patients. Figure 2 highlights some possible reasons for this and summarizes
what we currently know about reovirus (the inner circle) along with some priority areas of research
which should aid the development of more effective reovirus therapies (the outer circle). Currently it
remains unclear how best to administer reovirus in order to obtain optimal therapeutic responses while
maintaining safety. The route designed to maximize efficacy via oncolysis may differ from that designed
to facilitate immune-mediated tumour clearance. Although translational studies reliably demonstrate
that reovirus can access tumours after i.v. administration [109,133], a greater understanding of the effect
of anti-reovirus immunity, both humoral and cell-mediated, is pivotal to maximize its clinical efficacy.

Born of the desire to accelerate clinical application, reovirus has generally been combined with
SOC therapies. This has generally led to improved efficacy due to increased cytotoxicity but a more
strategic approach, based on a complete understanding of the mechanisms of death induced by each
therapy and the challenges faced within defined TMEs, would generate further improvements.

An important aspect of combination therapies is the dosing regimen employed. How many
reovirus administrations are required? How frequent should they be? Should they be administered
before, after or simultaneously with other agents? Currently, the treatment regimens employed in
clinical trials reveal no consensus on what the optimum dosing schedule might be. The planned regimen
for the most recent trial is 4.5× 1010 TCID50 reovirus i.v. on days 1/2/8/9/15/16 of a 28-day cycle, but other
regimens have been used including delivery on days 1/2/3/4/5 of a 28-day cycle or days 1/2/3/8 for the first
21-day cycle and days 1/8 thereafter. These regimens may be pragmatic to facilitate combination with
SOC therapies but they may not be the most efficacious. Going forward, it will be important to optimise
chemotherapy-induced cytotoxicity while maintaining reovirus-mediated anti-tumour immunity.
For example, chemotherapy agents that induce lymphopenia might abrogate immune responses,
therefore careful selection of complementary chemotherapies is essential. Indeed, combination of
reovirus with gemcitabine can improve anti-tumour immune responses [155] indicating that the two
mechanisms can be compatible. Consideration of treatment regimens will be particularly important
for combination with immune checkpoint inhibitors because anti-cytotoxic T lymphocyte-associated 4
(CTLA-4) antibodies are likely to potentiate early stages of T cell priming, whilst anti-PD1/anti-PD-L1
antibodies would act to reverse T cell exhaustion within the TME.

Whilst murine pre-clinical models will be essential to identify and validate novel reovirus
combinations with improved efficacy, it is important to recognise, and reflect on, the limitations of many
commonly used in vivo models. In particular, xenograft models utilizing immunocompromised mice
do not consider OV-induced anti-tumour immune responses; moreover, syngeneic tumour models,
in immunocompetent mice, do not always model tumour progression at the correct anatomical site.
Although more advanced in vivo modes are available (e.g., spontaneous cancer models), which more
accurately reflect disease progression, these are expensive and time consuming, restricting their use for
many cancer researchers. Importantly, these models do not represent the heterogenous nature of patient
tumours. Therefore, it is it imperative that clinical trials are designed to gain as much information as
possible. Specifically, clinical trials should allow downstream interrogation of the tumour and the TME,
including cancer-associated fibroblasts, immune cell components and soluble factors/extracellular
vesicles. Ideally, multiple patient samples (e.g., blood and primary/secondary tumour tissue) should
be obtained pre- and post-treatment to gain insight into why some patients may respond, whilst others
do not. Detailed characterization of these samples will facilitate the development of more complex
combination regimes to counteract resistance mechanisms and allow predictive biomarkers of response
to be identified.

While genetic modification of other OV has improved efficacy in pre-clinical models, this approach
has not been widely used with reovirus because the segmented RNA backbone makes it difficult to
modify. Nevertheless, recent identification and characterisation of reovirus mutants isolated from
human U118MG glioblastoma cells has revealed the capacity of JAM-A-independent (jin) mutants to
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infect JAM-A−ve cells, which are usually resistant to wild-type virus [189]. Following this, a reverse
genetics approach was developed to allow genetic modification of expanded-tropism jin mutants [190]
and small transgenes including reporter constructs have been inserted [191,192]. This yields tremendous
scope to develop novel, genetically engineered reovirus platforms, with enhanced tropism, increased
infectivity and replication, and improved immune stimulation. Indeed, reovirus has recently been
armed with functional GM-CSF to boost anti-tumour immunity [193]. In addition to the reovirus jin
mutants, reassorted reovirus platforms are also undergoing pre-clinical development. Co-infection
and serial passage of MDA-MB-231 cells with the prototype laboratory strains for reovirus (type one
Lang, type two Jones, and type three Dearing) generated a reassorted virus with a predominant type
one genetic composition and some type three gene segments which displayed enhanced infectivity
and cytotoxicity in triple-negative breast cancer cells [194]. Moreover, the advancement of reovirus
engineering has enabled mutations to be made that can counteract inhibitory mechanisms within
the TME. In particular, mutations within σ1 have been incorporated to prevent proteolytic cleavage
of σ1 by breast cancer-associated proteases, which abrogated binding to sialic acid; infectivity was
restored in the σ1 mutants [195]. These innovations suggest a new and exciting era of reovirus research
is emerging.

No single OV has emerged as the undisputed leader in terms of efficacy and it is unlikely that a
“one size fits all” OV exists. Having demonstrated some clinical activity, reovirus remains a promising
weapon in the cancer therapy arsenal where viral modifications, allied with informed scheduling and
strategic combination with other treatments, should pay dividends for cancer patients.
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Simple Summary: Newcastle disease virus (NDV) is an RNA virus belonging to the Paramyxoviridae
family. In nature, NDV primarily infects birds, but poses no threat to human health. Multiple studies
have demonstrated that NDV caries oncolytic potential due to its predilection for infection and
replication in human cancer cells while sparing normal cells. In addition to its direct lytic effects,
the virus triggers both innate and adaptive immune responses. In animal models, NDV injection into
a tumor has been demonstrated to result in local inflammation and the recruitment of tumor-specific T
cells, an effect that can be further potentiated through the use of viruses encoding immunomodulatory
ligands and through combinations with immune checkpoint blockade. Initial clinical trials with
naturally occurring NDV administered intravenously demonstrated durable responses across a
number of cancer types. Clinical studies utilizing recombinant NDV in combination with immune
checkpoint inhibitors are ongoing.

Abstract: Preclinical and clinical studies dating back to the 1950s have demonstrated that Newcastle
disease virus (NDV) has oncolytic properties and can potently stimulate antitumor immune responses.
NDV selectively infects, replicates within, and lyses cancer cells by exploiting defective antiviral
defenses in cancer cells. Inflammation within the tumor microenvironment in response to NDV
leads to the recruitment of innate and adaptive immune effector cells, presentation of tumor antigens,
and induction of immune checkpoints. In animal models, intratumoral injection of NDV results
in T cell infiltration of both local and distant non-injected tumors, demonstrating the potential of
NDV to activate systemic adaptive antitumor immunity. The combination of intratumoral NDV
with systemic immune checkpoint blockade leads to regression of both injected and distant tumors,
an effect further potentiated by introduction of immunomodulatory transgenes into the viral genome.
Clinical trials with naturally occurring NDV administered intravenously demonstrated durable
responses across numerous cancer types. Based on these studies, further exploration of NDV is
warranted, and clinical studies using recombinant NDV in combination with immune checkpoint
blockade have been initiated.

Keywords: oncolytic virus; newcastle disease virus; NDV; cancer; immunotherapy; immune checkpoint
inhibitor; PD-1; PD-L1; CTLA-4; type I interferon

1. Introduction

Observations that naturally occurring viral infections could cause spontaneous tumor regressions
led to the search for viruses that could selectively lyse tumor cells with limited pathogenicity in
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humans [1]. In the 1950s, it was discovered that Newcastle disease virus (NDV), a highly virulent
pathogen to over 240 species of birds, has oncolytic properties [2,3]. A decade later, NDV was injected
intraperitoneally in mice with Ehrlich ascites, leading to tumor cell lysis and durable immunity upon
tumor re-challenge [4,5]. Around the same time, NDV was tested clinically in a patient with acute
myelogenous leukemia, who experienced transient anti-leukemic effect and clinical improvement with
limited side effects [6].

NDV is an avian paramyxovirus type I virus belonging to the Avulavirus genus. NDV has a
spherical morphology, formed by a lipid bilayer which surrounds the RNA genome. The genome
consists of a 15,186-nucleotide negative single-strand RNA encoding six different genes: nucleocapsid
protein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), haemagglutinin-neuraminidase
(HN), and RNA-dependent RNA polymerase (L). NP, P, and L proteins form a ribonucleotide protein
complex that embeds the genomic RNA. The lipid envelope surrounds the ribonucleotide protein
complex [7–9]. NDV infection is initiated by binding of the viral surface HN and F glycoproteins to
sialic acid-containing host cell surface proteins [10,11]. This triggers a conformational change in the F
protein, which results in fusion of the viral envelope and the cell plasma membrane. Viral particles
are internalized by endocytosis, and adjacent cells with attached particles may form syncytia due to
the fusogenic F protein [8,11,12]. After viral entry, the M protein dissociates from the ribonucleotide
protein complex in the cytoplasm, and the P and L proteins form a polymerase complex that initiates
transcription of the viral RNA [10,13].

There are three main pathotypes of NDV, classified by the severity of disease caused in birds:
lentogenic (avirulent), mesogenic (intermediate), and velogenic (highly virulent) [8]. Virulence
is primarily determined by sequence variation in the F gene, which affects F protein cleavage
efficiency [14,15]. Lentogenic viruses possess a monobasic F cleavage site and exhibit reduced capacity
for multicycle replication and lysis. The mesogenic and velogenic NDV types possess a polybasic F
cleavage site and have superior capacity for multicycle replication, syncytia formation, and tumor
cell lysis. In birds, mesogenic strains cause mild respiratory and gastrointestinal disease, while
velogenic strains cause severe respiratory and gastrointestinal disease as well as neurotoxicity [14–16].
In preclinical studies, the most commonly used strains are the mesogenic strains MTH-68/H, PV701,
73T, Italien, Beaudette C, and AF2240, and the lentogenic strains HUJ, Ulster, LaSota, Hitchner B1,
and V40-UPM. Among these strains, the lentogenic NDV LaSota strain is a proven and safe vaccine
vector that is commonly used as a live attenuated vaccine in the poultry industry [17]. Due to capacity
for multicycle replication, mesogenic and velogenic exhibit superior capacity for direct virus-mediated
lysis. It is incorrect, however, to classify the lentogenic NDV strains as completely nonlytic. In a
number of studies using lentogenic NDV strains lacking the polybasic F cleavage site, the viruses still
demonstrate capacity to infect and lyse cancer cells at multiplicity of infection as low as 0.001 [18].

Oncolytic properties of NDV derive primarily from deficient type I IFN signaling pathways and
less sensitive type I IFN receptor-mediated signaling in tumor cells [19–21]. Mutations in genes related
to the type I IFN pathway and the downstream Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway are associated with NDV susceptibility and cytotoxicity [19,22,23]. Tumor
cell susceptibility to NDV infection may also be based on the presence of sialic acid-containing cell
surface proteins. It was proposed that the combination of altered type I IFN-related gene expression and
sialic acid content could act as a clinical biomarker for determining susceptible tumor types [24]. Finally,
defects in apoptotic pathways such as the Fas-FasL interaction or overexpression of antiapoptotic genes
such as Livin and BcL-xL, which are documented in many tumor types, may increase susceptibility to
NDV allowing for viral persistence, increased replication, and spread to surrounding cells [25–27].

NDV has been shown to cause cell death by apoptosis, necrosis, or autophagy mechanisms [26,28–30].
Viral HN protein can directly trigger the release of type I IFN and upregulates tumor necrosis factor
(TNF)-related apoptosis inducing ligand (TRAIL) [31]. In human peripheral blood mononuclear
cells (PBMCs), TRAIL signaling in turn upregulates apoptotic genes (FasL, Bax, caspase-8, caspase-9,
and caspase-3) [32]. HN gene expression alone has been reported to induce apoptosis in human breast
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cancer MCF-7 cells [33]. NDV can also induce apoptosis through interferon-independent mechanisms
such as the intrinsic mitochondrial death pathway [34]. Finally, the formation of syncytia by some
NDV strains (termed “fusogenic” strains) ultimately leads syncytium disintegration either through
necrosis or apoptosis [35].

2. Activation of the Innate Anti-Tumor Immune Response by NDV

The type I IFN pathway plays a central role in mediating antiviral immunity in mammals [36].
Type I IFNs have antiviral, proapoptotic, and immunomodulatory effects, all of which contribute in
large part to the mechanism by which NDV induces antitumor response [36,37]. Type I IFN production
in response to viral infection within the tumor microenvironment may have direct antiproliferative
effects in some tumors [38]. More significantly, type I IFN signaling activates both innate and adaptive
immunity through recruitment of innate cells including natural killer (NK) cells and antigen-presenting
cells (APCs), upregulation of cell adhesion, major histocompatibility complex (MHC) and costimulatory
molecules, and priming of antigen-specific T cells [37,39–42]. Thus, activation of type I IFN signaling
is one of the key pathways being explored for cancer immunotherapy, and this is supported by the
findings that tumors with high CD8+ T cell proliferation and responsiveness to immune checkpoint
inhibitors are enriched for genes associated with type I IFN signaling [43].

Upon NDV infection, pathogen-associated molecular patterns (PAMPs) inherent to the virus and
danger-associated molecular patterns (DAMPs) released by dying cells are recognized by pattern
recognition receptors (PRRs) including extracellular Toll-like receptors (TLRs) 3, 7, 8, and 9; intracellular
nucleotide-binding oligomerization domain (NOD) proteins; and intracellular RNA helicases such as
RIG-1 or MDA5 [44,45] (Figure 1). Recognition of PAMPs and DAMPs by PRRs leads to the activation
of transcription factors including IFN regulatory factor (IRF)3, IRF7, and nuclear factor kappa B via the
adaptors interferon β stimulator-1 and stimulator of interferon genes (STING) [44]. This signaling
cascade results in the transcription and expression of genes encoding proinflammatory cytokines and
type I and type III IFN proteins [19,44]. In the case of NDV, cytosolic RNA generated by NDV infection
is sensed by RIG-1, and reduction of RIG-1 protein levels has been shown to correlate with decreased
intensity of type I IFN response to NDV in vitro [23,46] (Figure 1).

Tumor cells often have impaired type I IFN signaling, which is one of the principal mechanisms
resulting in increased tumor cell sensitivity to NDV infection. Despite these deficiencies, the impairment
in type I IFN production is typically not absolute, especially as NDV is capable of infecting normal cells
in the tumor microenvironment, which have preserved type I IFN response [46–48]. Transcriptional
profiling of mouse tumors injected with NDV reveals upregulation of type I IFN response-related
genes and a range of cytokines and chemokines that mediate recruitment and proliferation of innate
and adaptive immune cells [47,49]. Interestingly, this signature was shown to be independent of
NDV-mediated replicative or lytic potential in a study utilizing the lentogenic NDV LaSota strain,
indicating that type I IFN signaling activated to even a limited virus infection is sufficient to drive the
inflammatory response [49].

While a strong type I IFN response to NDV results in a proinflammatory tumor microenvironment
that contributes to the antitumor response, it may, on the other hand, limit therapeutic efficacy by
suppressing NDV replication and virus-mediated lysis. Indeed, pretreatment with type I IFN has been
shown to limit NDV replication in some tumor cell lines [20,23,46,48]. Therefore, a key unanswered
question in the field concerns the timing of type I IFN induction, whereby a balance should be achieved
between adequate virus replication and tumor lysis and induction of innate immune response to
promote further adaptive immunity. A recombinant lentogenic NDV strain (Hitchner B1) expressing
the influenza A virus IFN antagonist protein NS1, which suppresses RIG-1 receptor signaling, IRF3
dimerization, and expression of IFN-β, potently reduced IFN signaling across a panel of cancer cell lines
and resulted in increased NDV replication and cytolysis [50]. In vivo, this virus was more effective in
controlling tumor growth and prolonging survival in a syngeneic melanoma mouse model [50]. Similar
results were demonstrated using the recombinant mesogenic Beaudette C NDV strain expressing an
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IFN-antagonist protein which showed higher efficiency in tumor regression in a xenotransplanted
fibrosarcoma mouse model [47]. Despite these findings, type I IFN has been shown to be essential for
antitumor activity of NDV, and in mice lacking type I IFN receptor, the virus exhibited no ability to
control tumor growth [51].
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Figure 1. Newcastle disease virus (NDV) activates innate and adaptive anti-tumor immune responses.
NDV selectively infects tumor cells that have defective anti-viral defenses. Extracellular and intracellular
signaling mediated by sensors such as the RNA helicase RIG-1 leads to expression of type I IFN and
related genes. Autocrine and paracrine IFN signaling upregulates MHC class I and II presentation,
co-stimulatory molecules, and immune checkpoints on the cell surface. The release of cytokines
and chemokines in addition results in the recruitment of innate effector cells such as NK cells and
macrophages and antigen-presenting cells (APCs). Virus-mediated direct oncolysis leads to release of
tumor antigens, PAMPs, and DAMPs that activate APCs including dendritic cells capable of antigen
cross-presentation. Activated APCs prime T cells, resulting in generation of cytolytic T cells directed
toward tumor and viral antigens; however, effector function of the activated T cells can be inhibited
by upregulation of PD-L1 on tumor cells and APCs, and PD-1 and CTLA-4 on T cells. Upregulation
of these negative feedback mechanisms provide the rationale for combining NDV with immune
checkpoint inhibitors.

In addition to activation of tumor cell-inherent type I IFN signaling, the inflammatory environment
generated by NDV results in the recruitment of innate effector cells and adaptive immune cells (discussed
below) that contribute to antitumor immunity (Figure 1). In particular, intratumoral NDV injection
leads to a significant tumor infiltration with natural killer (NK) cells [42,52,53]. Interestingly, depletion
of NK cells prior to NDV treatment in a syngeneic mouse tumor model abrogated antitumor efficacy,
while depletion of NK cells concomitantly with NDV treatment did not, suggesting that while NK cells
are important early responders to NDV infection, their role appears to be essential only for the initial
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inflammatory response [53,54]. Last, NDV infection also results in the recruitment of myeloid cells,
which have important roles in phagocytosis and antigen presentation [54,55].

3. Activation of the Adaptive Antitumor Immune Response by NDV

Activation of the innate immune system, largely mediated by type I IFN signaling in response to
NDV infection, provides optimal conditions for stimulating adaptive antitumor immunity. Secretion
of inflammatory mediators leads to the recruitment of both myeloid and lymphoid cells to the tumor
microenvironment [41] (Figure 1). A key effector population is dendritic cells (DCs), a subset of
which specialize in antigen cross-presentation (BATF3-dependent or CD8+ DCs) and priming of
antigen-specific CD8+ T cells [43,56,57]. NDV infection can cause cell death by apoptosis, necrosis,
or autophagy, all of which can lead to the release of viral and tumor-associated antigens and debris
within the tumor microenvironment. Cross-presenting DCs become activated and mature in response to
uptake of these antigens and in response to PAMPs and DAMPs [43,56,57]. Interleukin (IL)-12 produced
by cross-presenting DCs, acting in concert with type I IFN signaling in the tumor microenvironment,
leads to upregulation of MHC class I and II molecules, cell adhesion molecules, and co-stimulatory
molecules, all of which promote priming of T cells by APCs [56,58]. In effect, tumor infection with
NDV acts as an in situ vaccine by causing the release and presentation of tumor antigens in a setting
of an inflammatory environment, eliminating the need for selection of antigens needed with other
vaccine modalities [59] (Figure 1).

Evidence for NDV-induced tumor antigen-specific CD8+ T cell response comes from studies
involving bilateral flank syngeneic tumor models, whereby lentogenic NDV LaSota strain is
administered to a single flank tumor [49,51,53,54,60]. Due to restriction of virus replication to the
injected tumor, such models allow for assessment of both local and distant immune effects. Interestingly,
intratumoral therapy with NDV resulted in a marked increase in CD4+ and CD8+ T cell infiltration in
both injected and non-injected tumors. Importantly, there was a greater increase in CD4+FoxP3− cells
as compared to regulatory CD4+FoxP3+ cells [49,51,53,54,60]. Furthermore, tumor-infiltrating T cells
isolated from both tumor sites expressed increased activation, proliferation, and lytic markers [51,54,60].
This was further supported by the finding of increased expression of other genes associated with T
cell activation within the tumor microenvironment of both the injected and non-injected lesions [60].
Importantly, this expression profile was not observed in the spleen, suggesting that the activated T cell
response was specific to tumors and not due to nonspecific inflammation [54]. Last, intratumoral NDV
therapy resulted in tumor growth delay of both virus-injected and distant tumors and prolonged animal
survival, implicating potential development of systemic tumor antigen-specific T cell responses [51].
Overall, these findings are consistent with clinical observations of intralesional administration of
talimogene laherparepvec (T-VEC) in advanced melanoma leading to tumor immune infiltration and
regression of both injected lesions and distant sites [61].

In the experiments discussed above, complete tumor regressions in the contralateral non-injected
tumors were rare despite a marked increase in T cell infiltration, suggesting that compensatory immune
inhibitory mechanisms may dampen the immune response. Indeed, upregulation of a number of
immune checkpoints, including CTLA-4 and PD-1, was observed on tumor-infiltrating T cells in both
virus-injected and distant tumors [51,54]. In addition, upregulation of PD-L1 was observed on tumor,
myeloid, and stromal cells [54]. PD-L1 increase occurred early in the injected tumor and was found to
be due to rapid upregulation of type I IFN in response to NDV injection. High levels of PD-L1 were
also found in the distant non-injected lesion, albeit later in the treatment course, and were found to be
upregulated in response to increase in tumor infiltrating lymphocytes. Interestingly, PD-L1 expression
in distant tumors was more common in myeloid cells than in tumor cells [54]. Overall, these findings
highlighted the rationale for combining NDV with immune checkpoint inhibitors as a means to alleviate
the negative feedback mechanisms likely impacting therapeutic efficacy [41]. Indeed, combination of
NDV with systemic anti-CTLA-4, anti-PD-1, or anti-PD-L1 resulted in enhanced rejection of bilateral
tumors and prolonged animal survival compared to either treatment alone, an effect that was seen in
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multiple tumor types [51,54]. These findings highlight that intratumoral therapy with NDV can be
an effective strategy to drive systemic efficacy of immune checkpoint inhibitors and have now been
confirmed across a number of oncolytic viruses [61–73], including early clinical studies of immune
checkpoint inhibitors in combination with T-VEC [61,74,75].

Despite these findings, the responses to oncolytic viruses in clinical trials have not been universal,
and our understanding of the mechanisms by which oncolytic viruses activate antitumor immunity
remains limited. For example, replicative capacity of oncolytic viruses is a subject of ongoing debate
in the oncolytic virus field. As well-replicating viruses tend to exhibit superior lytic ability, many
groups prefer well-replicating oncolytic viruses as a means to achieve a maximal tumor-debulking
effect through direct virus-mediated lysis [76]. However, it is unclear how replicative capacity alters
antitumor immunity. In human bladder cancer cell lines infected with lentogenic NDV LaSota strain,
upregulation of innate immune response and antigen presentation machinery was not related to virus
replication or tumor lysis [49]. Furthermore, intratumoral NDV therapy in the MB49 bladder cancer
model, which is poorly susceptible to NDV-mediated lysis, resulted in complete regression of both
virus-injected and distant tumors when used in combination with immune checkpoint inhibitors [49].

Related to the question of replicative capacity is the question of the impact of pre-existing anti-viral
immunity. Adaptive immune responses towards an oncolytic virus can curtail anti-tumor efficacy
by limiting virus persistence, replication and lysis [77,78]. While immunization of mice with NDV
LaSota led to the development of neutralizing antibodies resulting in decreased NDV replication with
subsequent challenge, antitumor efficacy was not compromised and, on the contrary, was superior in
pre-immunized mice [53]. This was supported by increased T cell infiltration including T-helper cells
and upregulation of immune-related gene expression in both treated and distant tumors [53]. Several
potential mechanisms could contribute to enhanced antitumor efficacy observed with pre-existing
immunity, including an antiviral memory response resulting in more rapid induction of tumor
inflammatory response, bystander killing from virus-directed T cells, and epitope spreading [53,71,79].
A closer examination of antitumor versus antiviral immune responses elicited by NDV will be needed
to answer these questions. In addition, further studies will be needed to understand if pre-existing
antiviral immunity potentiates the antitumor response only within the setting of intratumoral therapy,
although some patients who received systemically administered NDV in prior clinical trials experienced
durable responses, the onset of which happened late in the treatment course [80,81].

4. Engineering NDV to Modulate Innate and Adaptive Immune Responses

With the development of reverse genetics, it has become possible to modify the NDV viral genome
and introduce foreign sequences to potentially enhance oncolytic and immunostimulatory properties
of these agents [82]. Several strategies to enhance innate and/or adaptive antitumor immunity by
engineering NDV to express cytokines, antibodies, ligands, or tumor antigens have been explored,
and a few are reviewed below (Figure 2). Given its ability to activate antigen-presenting cells,
granulocyte–macrophage colony stimulating factor (GM-CSF) has been explored as a therapeutic
transgene within the context of multiple oncolytic viruses, and T-VEC, an oncolytic herpes simplex
virus expressing GM-CSF, was approved by the FDA for treatment of metastatic melanoma [74].
A recombinant strain based on the mesogenic NDV 73T strain currently in clinical development,
MEDI5395, expressing human GM-CSF was recently shown to increase secretion of pro-inflammatory
cytokines such as IFN-α, IL-6, IL-8, and TNF-α in PBMC samples from healthy volunteers,
and stimulated PBMCs to exert antitumor effects in vitro [83]. In addition, infection of dendritic cells
led to their maturation, and co-culture of dendritic cells with allogeneic T cells increased the levels
of T cell effector cytokines IL-2 and IFN-γ [83]. In a separate study using NDV Hitchner B1 strains
engineered to express either murine IL-2, IFN-γ, and GM-CSF in vivo, only NDV expressing IL-2 led to
a significant increase in overall animal survival when compared to parental NDV [82]. Similar results
were recently demonstrated with a lentogenic recombinant NDV strain expressing IL-24 [84].
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Figure 2. Strategies to enhance the NDV antitumor immune response by recombinant genetic
engineering. Genetic engineering can be used to generate NDV strains with greater potential to
stimulate antitumor immune response. First, NDV engineered to express cytokines such as GM-CSF or
interleukins can increase recruitment of innate effector cells such as antigen-presenting cells (APCs).
Second, NDV can be used as a therapeutic vaccine targeted to specific tumor antigens such as oncogenic
viral antigens, frame shift mutations, or mutated self-antigens. Third, NDV can be engineered express
single-chain variable fragments or full antitumor antibodies to induce antibody-dependent cellular
cytotoxicity by effector cells.

Optimal immune mechanisms for intratumoral targeting with oncolytic virus are unknown. Gene
expression profiling of tumors after NDV injection revealed the upregulation of T cell co-stimulatory
receptors ICOS, 4-1BB, GITR, OX40, CD27, and CD40, all of which are currently being evaluated as
therapeutic targets in clinic using monoclonal antibodies [60]. Targeting of ICOS within the context of
tumor microenvironment using engineered cellular vaccines expressing ICOS ligand (ICOSL) has in
particular been previously demonstrated to improve systemic efficacy of CTLA-4 blockade through
potentiation of cytotoxic T cell function [85]. Intratumoral administration of engineered NDV LaSota
expressing ICOSL resulted in enhanced infiltration of CD8+ and CD4+ T cells, tumor growth delay of
both injected and non-injected tumors, and prolonged survival, as compared to wild type NDV, and this
effect that was further enhanced when combined with anti-CTLA-4 blockade [60]. These findings
highlight that stimulation of both innate and adaptive immune response pathways within the context
of intratumoral NDV therapy may be required for optimal activation of antitumor immune response.
Recently, recombinant NDV LaSota strains expressing soluble single-chain variable fragments for
anti-CD28, anti-PD1, and anti-PDL1 were generated, as well as versions fused to IL-12 [86]. All of
these strains showed improved tumor control and survival in a melanoma mouse model [86].

Engineering NDV to express a tumor-associated antigen represents another attractive strategy
due to its potential to overcome immune tolerance within the context of NDV-induced inflammatory
environment [59]. Such strategy was explored with NDV Hitchner B1 expressing an MHC class I
restricted epitope of β-galactosidase (β-gal), a model antigen expressed by murine CT26 colorectal
carcinoma cells [87]. Intratumoral therapy of CT26 tumor-bearing mice induced a β-gal-specific
immune response and significant increase in the number of complete tumor regressions compared
to parental NDV. This response was further boosted by co-administration of NDV expressing IL-2,
with 90% tumor regression seen [87]. These findings warrant investigation of NDVs expressing other
tumor-associated antigens, such as those caused by oncogenic viral antigens, frame shift mutations,
and mutated self-antigens, but also highlight that combinatorial strategies using oncolytic viruses
targeting different mechanisms (e.g., antigens and adaptive immunity) may be required to achieve
optimal anti-tumor response.
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5. Clinical Experience with NDV

The immunogenic properties of NDV were recognized early, and a number of studies have explored
the virus for immunization of patients with virus-modified cancer cell vaccines [88–106]. Many of the
early studies were performed by William Cassel and colleagues utilizing autologous or allogeneic NDV
oncolysates for vaccination of patients with resected high risk melanoma, demonstrating improvement
in overall survival when compared to historical controls [88,89,93,101,107]. A similar strategy was
developed by Volker Schirrmacher and colleagues, where whole-cell autologous irradiated tumor
cells were modified by infection with attenuated NDV [108]. The investigators evaluated vaccination
with NDV-modified tumor cells in adjuvant or advanced disease setting across a number of cancers,
demonstrating evidence of antitumor immunity (measured by delayed type hypersensitivity) and
improvement in survival in some studies [91,92,94,95,98,109]. A similar approach was used by
Liang and colleagues in a phase III trial in colorectal cancer, comparing adjuvant immunization with
NDV-modified autologous cancer cells to resection alone [103]. The study reported improvement in
overall survival in the vaccine group (7 vs. 4.5 years), which was statistically significant. Overall,
these studies provide a proof of concept that infection of cancer cells by NDV can enhance cancer cell
immunogenicity and has a potential to stimulate anti-tumor immunity. While the majority of the studies
above are plagued by lack of control arms, prospective randomized studies are certainly warranted,
especially in combination with modern immunotherapy agents such as immune checkpoint inhibitors.

As preparation of autologous virus-modified vaccines can be cumbersome, a number of studies
have explored NDV for direct administration to cancer patients. In the first documented human use
of NDV, administration of the mesogenic NDV Hickman strain to a patient with acute myelogenous
leukemia resulted in reduction in leukemic blast count and transient improvement in symptoms [6]. In a
case report, mesogenic NDV 73-T strain was used for intratumoral treatment of a patient with advanced
cervical cancer, resulting in partial response [4]. Csatary and colleagues reported a case series of patients
with various advanced cancers treated with mesogenic NDV strain MTH-68 using various routes of
administration, with reported partial or even complete responses across a number of cancers [102,110].
In an additional series, fourteen patients with glioblastoma were treated intravenously with NDV
MTH-68 on various schedules. Seven of the patients achieved response to therapy with four of the
patients surviving between 5 and 9 years at the time of the publication in 2004 [111].

In the early 2000s, NDV strain PV701, derived from the mesogenic strain 73-T, was
evaluated in three phase I trials in patients with advanced malignancies using intravenous
administration [80,81,112,113]. In the initial study, in 79 patients there were two responses (one complete
and one partial), with seven additional minor responses noted. In fourteen patients, a prolonged
progression free survival that lasted from 4 to over 30 months was observed [112]. In a subsequent
study of eighteen patients with various advanced cancers using slower infusion rate but higher
therapeutic dosing, a higher response rate was observed, with demonstration of four major and two
minor responses, with six patients surviving at least 2 years [80,81]. Despite the initial promising results,
PV701 unfortunately was not evaluated in further studies, likely secondary to changes in regulatory
guidelines surrounding the use of mesogenic and velogenic NDV strains. NDV strains that are highly
virulent in birds are classified as USDA select agents, limiting their clinical applicability. Lentogenic
NDV strain HUJ has been evaluated using an intravenous approach in 14 patients with recurrent
glioblastoma, demonstrating a complete response in one patient. Across the studies, intravenous
administration of NDV has in general been well tolerated, with flu-like symptoms being the most
common reported adverse event.

While previous studies in humans have only explored naturally occurring NDV strains, genetically
modified NDVs have recently entered therapeutic testing. As described above, recombinant NDV
expressing GM-CSF (MEDI5395), also based on the 73-T strain, is being evaluated in patients with
various advanced malignancies in combination with durvalumab using intravenous administration
(NCT03889275). Additional recombinant NDVs are in various stages of development and are expected
to enter clinic within the next year.
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6. Conclusions

Over the past 60 years, NDV has repeatedly demonstrated its therapeutic potential, both as an
oncolytic agent and an immunotherapeutic agent. With intravenous administration, NDV is one of
the few viruses that has demonstrated an ability to result in partial and even complete responses as a
single agent. Durability of these responses further highlights that the therapeutic effect of the virus is
likely not solely dependent on direct oncolysis, but rather on the ability of the virus to induce durable
immunity. While the use of mesogenic and velogenic (and thus most lytic) strains for antitumor therapy
is limited due to their pathogenic potential in birds, data with fewer lytic strains nevertheless highlights
their potential to incite antitumor immunity, with the recent data indicating their ability to potentiate
the efficacy of systemic immune checkpoint inhibitors. Furthermore, with the advent of genetic
engineering, it has become possible to modify NDV to further enhance its immunogenic potential,
with introduction of transgenes targeting both innate and adaptive immune pathways. As with other
oncolytic viruses, many questions surrounding therapy with NDV remain unanswered, including
optimal route of administration, ideal strategies for genetic engineering, therapeutic sequencing with
immune checkpoint inhibitors, and best combination partners. While preclinical syngeneic models
have provided some answers to these questions, most, if not all, models fail to capture the heterogeneity
of human cancers and are thus not sufficient for guiding therapy. It is thus imperative that within the
context of clinical trials we collect as much information as possible, with translational endpoints being
prioritized as essential elements of any study. Understanding of the evolution of immune response to
the virus and the tumor, even in a trial with no clinical benefit, should be a key priority for any clinical
trial utilizing oncolytic viruses, as it is the only way to guide the further development of these agents
and move the field forward.

Author Contributions: B.B., G.P., and D.Z. all contributed to manuscript composition and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded in part through the NIH/NCI Memorial Sloan Kettering Cancer Center Support
Grant P30 CA008748. D.Z. is a member of the Parker Institute for Cancer Immunotherapy at MSKCC. D.Z. is
supported by the Ovarian Cancer Research Foundation Liz Tilberis Award and the Department of Defense Ovarian
Cancer Research Academy (OC150111). B.B. is supported by the NIH T32 Investigational Cancer Therapeutics
Training Program Grant (T32-CA009207) and the ASCO Conquer Cancer Foundation Young Investigator Award.

Conflicts of Interest: D.Z. is an inventor on two patents related to use of NDV for cancer therapy. D.Z. reports
personal/consultancy fees from Merck, Synlogic Therapeutics, Biomed Valley Discoveries, Trieza Therapeutics,
Tesaro, and Agenus of the scope of this work. D.Z. reports institutional research support from Astra Zeneca,
Plexxikon, and Genentech, outside of the scope of this work. B.B. and G.P. have no conflicts.

References

1. Kaufman, H.L.; Kohlhapp, F.J.; Zloza, A. Oncolytic viruses: A new class of immunotherapy drugs. Nat. Rev.
Drug Discov. 2015, 14, 642–662. [CrossRef] [PubMed]

2. Flanagan, A.D.; Love, R.; Tesar, W. Propagation of Newcastle Disease Virus in Ehrlich Ascites Cells In Vitro
and In vivo. Exp. Biol. Med. 1955, 90, 82–86. [CrossRef] [PubMed]

3. Sinkovics, J. Studies on the biological characteristics of the newcastle disease virus (NDV) adapted to the
brain of newborne mice. Arch. Virol. 1957, 7, 403–411. [CrossRef] [PubMed]

4. Cassel, W.A.; Garrett, R.E. Newcastle disease virus as an antineoplastic agent. Cancer 1965, 18, 863–868.
[CrossRef]

5. Cassel, W.A.; Garrett, R.E. Tumor immunity after viral oncolysis. J. Bacteriol. 1966, 92, 792. [CrossRef]
6. Wheelock, E.F.; Dingle, J.H. Observations on the Repeated Administration of Viruses to a Patient with Acute

Leukemia. A Preliminary Report. N. Engl. J. Med. 1964, 271, 645–651. [CrossRef]
7. Lamb, R.; Parks, G. Paramyxoviridae: The Viruses and Their Replication. Fields Virology; Knipe, D.M.,

Howley, P.M., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2007; pp. 1449–1496.
8. Sinkovics, J.G.; Horvath, J.C. Newcastle disease virus (NDV): Brief history of its oncolytic strains. J. Clin. Virol.

2000, 16, 1–15. [CrossRef]

39



Cancers 2020, 12, 3552

9. Leighton, F.A.; Heckert, R.A. Newcastle Disease and Related Avian Paramyxoviruses. Infect. Dis. Wild Birds
2008, 1, 1–16.

10. Dortmans, J.C.F.M.; Koch, G.; Rottier, P.J.M.; Peeters, B. Virulence of newcastle disease virus: What is known
so far? Vet. Res. 2011, 42, 122. [CrossRef]

11. Connaris, H.; Takimoto, T.; Russell, R.; Crennell, S.; Moustafa, I.; Portner, A.; Taylor, G.L. Probing the Sialic
Acid Binding Site of the Hemagglutinin-Neuraminidase of Newcastle Disease Virus: Identification of Key
Amino Acids Involved in Cell Binding, Catalysis, and Fusion. J. Virol. 2002, 76, 1816–1824. [CrossRef]

12. Ito, Y.; Komada, H.; Kusagawa, S.; Tsurudome, M.; Matsumura, H.; Kawano, M.; Ohta, H.; Nishio, M.
Fusion regulation proteins on the cell surface: Isolation and characterization of monoclonal antibodies
which enhance giant polykaryocyte formation in Newcastle disease virus-infected cell lines of human origin.
J. Virol. 1992, 66, 5999–6007. [CrossRef] [PubMed]

13. Lamb, R.A.; Jardetzky, T.S. Structural basis of viral invasion: Lessons from paramyxovirus F. Curr. Opin.
Struct. Biol. 2007, 17, 427–436. [CrossRef] [PubMed]

14. De Leeuw, O.S.; Hartog, L.; Koch, G.; Peeters, B.P.H. Effect of fusion protein cleavage site mutations on
virulence of Newcastle disease virus: Non-virulent cleavage site mutants revert to virulence after one passage
in chicken brain. J. Gen. Virol. 2003, 84, 475–484. [CrossRef] [PubMed]

15. Panda, A.; Huang, Z.; Elankumaran, S.; Rockemann, D.D.; Samal, S.K. Role of fusion protein cleavage site in
the virulence of Newcastle disease virus. Microb. Pathog. 2004, 36, 1–10. [CrossRef] [PubMed]

16. Seal, B.S.; King, D.J.; Bennett, J.D. Characterization of Newcastle disease virus isolates by reverse transcription
PCR coupled to direct nucleotide sequencing and development of sequence database for pathotype prediction
and molecular epidemiological analysis. J. Clin. Microbiol. 1995, 33, 2624–2630. [CrossRef] [PubMed]

17. Kim, S.-H.; Samal, S.K. Newcastle Disease Virus as a Vaccine Vector for Development of Human and
Veterinary Vaccines. Viruses 2016, 8, 183. [CrossRef] [PubMed]

18. Ginting, T.E.; Suryatenggara, J.; Christian, S.; Mathew, G. Proinflammatory response induced by Newcastle
disease virus in tumor and normal cells. Oncolytic Virother. 2017, 6, 21–30. [CrossRef]

19. Krishnamurthy, S.; Takimoto, T.; Scroggs, R.A.; Portner, A. Differentially Regulated Interferon Response
Determines the Outcome of Newcastle Disease Virus Infection in Normal and Tumor Cell Lines. J. Virol.
2006, 80, 5145–5155. [CrossRef]

20. Fiola, C.; Peeters, B.; Fournier, P.; Arnold, A.; Bucur, M.; Schirrmacher, V. Tumor selective replication of
Newcastle disease virus: Association with defects of tumor cells in antiviral defence. Int. J. Cancer 2006, 119,
328–338. [CrossRef]

21. Zamarin, D.; Palese, P. Oncolytic Newcastle disease virus for cancer therapy: Old challenges and new
directions. Future Microbiol. 2012, 7, 347–367. [CrossRef]

22. Matveeva, O.V.; Chumakov, P.M. Defects in interferon pathways as potential biomarkers of sensitivity to
oncolytic viruses. Rev. Med. Virol. 2018, 28, e2008. [CrossRef] [PubMed]

23. Wilden, H.; Fournier, P.; Zawatzky, R.; Schirrmacher, V. Expression of RIG-I, IRF3, IFN-beta and IRF7
determines resistance or susceptibility of cells to infection by Newcastle Disease Virus. Int. J. Oncol. 2009, 34,
971–982. [PubMed]

24. Liu, T.; Zhang, Y.; Cao, Y.; Jiang, S.; Sun, R.; Yin, J.; Gao, Z.; Ren, G.; Wang, Z.; Yu, Q.; et al. Optimization of
oncolytic effect of Newcastle disease virus Clone30 by selecting sensitive tumor host and constructing more
oncolytic viruses. Gene Ther. 2020, 1–21. [CrossRef] [PubMed]

25. Mansour, M.; Palese, P.; Zamarin, D. Oncolytic Specificity of Newcastle Disease Virus Is Mediated by
Selectivity for Apoptosis-Resistant Cells. J. Virol. 2011, 85, 6015–6023. [CrossRef] [PubMed]

26. Cuadrado-Castano, S.; Ayllon, J.; Mansour, M.; De La Iglesia-Vicente, J.; Jordan, S.; Tripathi, S.;
García-Sastre, A.; Villar, E. Enhancement of the proapoptotic properties of newcastle disease virus promotes
tumor remission in syngeneic murine cancer models. Mol. Cancer Ther. 2015, 14, 1247–1258. [CrossRef]
[PubMed]

27. Lazar, I.; Yaacov, B.; Shiloach, T.; Eliahoo, E.; Kadouri, L.; Lotem, M.; Perlman, R.; Zakay-Rones, Z.; Panet, A.;
Ben-Yehuda, D. The Oncolytic Activity of Newcastle Disease Virus NDV-HUJ on Chemoresistant Primary
Melanoma Cells Is Dependent on the Proapoptotic Activity of the Inhibitor of Apoptosis Protein Livin.
J. Virol. 2009, 84, 639–646. [CrossRef] [PubMed]

40



Cancers 2020, 12, 3552

28. Cheng, J.-H.; Sun, Y.-J.; Zhang, F.-Q.; Zhang, X.-R.; Qiu, X.-S.; Yu, L.-P.; Wu, Y.; Ding, C. Newcastle disease
virus NP and P proteins induce autophagy via the endoplasmic reticulum stress-related unfolded protein
response. Sci. Rep. 2016, 6, 24721. [CrossRef] [PubMed]

29. Ye, T.; Jiang, K.; Wei, L.; Barr, M.P.; Xu, Q.; Zhang, G.; Ding, C.; Meng, S.; Piao, H. Oncolytic Newcastle
disease virus induces autophagy-dependent immunogenic cell death in lung cancer cells. Am. J. Cancer Res.
2018, 8, 1514–1527.

30. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic Cell Death in Cancer Therapy.
Annu. Rev. Immunol. 2013, 31, 51–72. [CrossRef]

31. Liao, Y.; Wang, H.-X.; Mao, X.; Fang, H.; Wang, H.; Li, Y.; Sun, Y.; Meng, C.; Tan, L.; Song, C.; et al. RIP1
is a central signaling protein in regulation of TNF-α/TRAIL mediated apoptosis and necroptosis during
Newcastle disease virus infection. Oncotarget 2017, 8, 43201–43217. [CrossRef]

32. Zeng, J.; Fournier, P.; Schirrmacher, V. Induction of Interferon-α and Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand in Human Blood Mononuclear Cells by Hemagglutinin-Neuraminidase but Not
F Protein of Newcastle Disease Virus. Virology 2002, 297, 19–30. [CrossRef] [PubMed]

33. Ghrici, M.; El Zowalaty, M.E.; Omar, A.R.; Ideris, A. Induction of apoptosis in MCF-7 cells by the
hemagglutinin-neuraminidase glycoprotein of Newcastle disease virus Malaysian strain AF2240. Oncol. Rep.
2013, 30, 1035–1044. [CrossRef]

34. Elankumaran, S.; Rockemann, D.; Samal, S.K. Newcastle Disease Virus Exerts Oncolysis by both Intrinsic and
Extrinsic Caspase-Dependent Pathways of Cell Death. J. Virol. 2006, 80, 7522–7534. [CrossRef] [PubMed]

35. Zeng, J.; Fournier, P.; Schirrmacher, V. High cell surface expression of Newcastle disease virus proteins via
replicon vectors demonstrates syncytia forming activity of F and fusion promotion activity of HN molecules.
Int. J. Oncol. 2004, 25, 293–302. [CrossRef] [PubMed]

36. Samuel, C.E. Antiviral Actions of Interferons. Clin. Microbiol. Rev. 2001, 14, 778–809. [CrossRef]
37. Washburn, B.; Schirrmacher, V. Human tumor cell infection by Newcastle Disease Virus leads to upregulation

of HLA and cell adhesion molecules and to induction of interferons, chemokines and finally apoptosis.
Int. J. Oncol. 2002, 21, 85–93. [CrossRef]

38. Vitale, G.; van Eijck, C.H.; Koetsvelt, P.M.; Erdman, J.; Speel, E.J.M.; Mooji, D.M.; Colao, A.; Lombardi, G.;
Croze, E.; Lamberts, S.W.J.; et al. Type I interferons in the treatment of pancreatic cancer: Mechanisms of
action and role of related receptors. Ann. Surg. 2007, 246, 259–268. [CrossRef]

39. Ten, R.M.; Blank, V.; Le Bail, O.; Kourilsky, P.; Israël, A. Two factors, IRF1 and KBF1/NF-kappa B, cooperate
during induction of MHC class I gene expression by interferon alpha beta or Newcastle disease virus.
Comptes Rendus Académie Sci. Ser. III 1993, 316, 496–501.

40. Ni, J.; Galani, I.E.; Cerwenka, A.; Schirrmacher, V.; Fournier, P. Antitumor vaccination by Newcastle Disease
Virus Hemagglutinin–Neuraminidase plasmid DNA application: Changes in tumor microenvironment and
activation of innate anti-tumor immunity. Vaccine 2011, 29, 1185–1193. [CrossRef]

41. Zamarin, D.; Wolchok, J.D. Potentiation of immunomodulatory antibody therapy with oncolytic viruses for
treatment of cancer. Mol. Ther. Oncolytics 2014, 1, 14004. [CrossRef]

42. Jarahian, M.; Watzl, C.; Fournier, P.; Arnold, A.; Djandji, D.; Zahedi, S.; Cerwenka, A.; Paschen, A.;
Schirrmacher, V.; Momburg, F. Activation of Natural Killer Cells by Newcastle Disease Virus
Hemagglutinin-Neuraminidase. J. Virol. 2009, 83, 8108–8121. [CrossRef] [PubMed]

43. Fuertes, M.B.; Kacha, A.K.; Kline, J.; Woo, S.-R.; Kranz, D.M.; Murphy, K.M.; Gajewski, T.F. Host type I
IFN signals are required for antitumor CD8+ T cell responses through CD8α+ dendritic cells. J. Exp. Med.
2011, 208, 2005–2016. [CrossRef] [PubMed]

44. Takeuchi, O.; Akira, S. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805–820. [CrossRef]
[PubMed]

45. Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, A.; Kawai, T.;
Ishii, K.J.; et al. Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nat. Cell Biol.
2006, 441, 101–105. [CrossRef] [PubMed]

46. Biswas, M.; Kumar, S.R.; Allen, A.; Yong, W.; Nimmanapalli, R.; Samal, S.K.; Elankumaran, S.
Cell-Type-Specific Innate Immune Response to Oncolytic Newcastle Disease Virus. Viral Immunol. 2012, 25,
268–276. [CrossRef]

41



Cancers 2020, 12, 3552

47. Elankumaran, S.; Chavan, V.; Qiao, D.; Shobana, R.; Moorkanat, G.; Biswas, M.; Samal, S.K. Type I
Interferon-Sensitive Recombinant Newcastle Disease Virus for Oncolytic Virotherapy. J. Virol. 2010, 84,
3835–3844. [CrossRef]

48. Buijs, P.R.A.; Van Eijck, C.H.J.; Hofland, L.J.; Fouchier, R.A.M.; Hoogen, B.V.D. Different responses of human
pancreatic adenocarcinoma cell lines to oncolytic Newcastle disease virus infection. Cancer Gene Ther. 2014, 21,
24–30. [CrossRef]

49. Oseledchyk, A.; Ricca, J.M.; Gigoux, M.; Ko, B.; Redelman-Sidi, G.; Walther, T.; Liu, C.; Iyer, G.; Merghoub, T.;
Wolchok, J.D.; et al. Lysis-independent potentiation of immune checkpoint blockade by oncolytic virus.
Oncotarget 2018, 9, 28702–28716. [CrossRef]

50. Zamarin, D.; Martínez-Sobrido, L.; Kelly, K.; Mansour, M.; Sheng, G.; Vigil, A.; García-Sastre, A.; Palese, P.;
Fong, Y. Enhancement of Oncolytic Properties of Recombinant Newcastle Disease Virus Through Antagonism
of Cellular Innate Immune Responses. Mol. Ther. 2009, 17, 697–706. [CrossRef]

51. Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, J.S.; Mansour, M.; Palese, P.; Merghoub, T.; Wolchok, J.D.;
Allison, J.P. Localized Oncolytic Virotherapy Overcomes Systemic Tumor Resistance to Immune Checkpoint
Blockade Immunotherapy. Sci. Transl. Med. 2014, 6, 226ra32. [CrossRef]

52. Schwaiger, T.; Knittler, M.R.; Grund, C.; Roemer-Oberdoerfer, A.; Kapp, J.-F.; Lerch, M.M.; Mettenleiter, T.C.;
Mayerle, J.; Blohm, U. Newcastle disease virus mediates pancreatic tumor rejection via NK cell activation
and prevents cancer relapse by prompting adaptive immunity. Int. J. Cancer 2017, 141, 2505–2516. [CrossRef]
[PubMed]

53. Ricca, J.M.; Oseledchyk, A.; Walther, T.; Liu, C.; Mangarin, L.; Merghoub, T.; Wolchok, J.D.; Zamarin, D.
Pre-existing Immunity to Oncolytic Virus Potentiates Its Immunotherapeutic Efficacy. Mol. Ther. 2018, 26,
1008–1019. [CrossRef] [PubMed]

54. Zamarin, D.; Ricca, J.M.; Sadekova, S.; Oseledchyk, A.; Yu, Y.; Blumenschein, W.M.; Wong, J.; Gigoux, M.;
Merghoub, T.; Wolchok, J.D. PD-L1 in tumor microenvironment mediates resistance to oncolytic
immunotherapy. J. Clin. Investig. 2018, 128, 1413–1428. [CrossRef] [PubMed]

55. Schirrmacher, V.; Bai, L.; Umansky, V.; Yu, L.; Xing, Y.; Qian, Z. Newcastle disease virus activates macrophages
for anti-tumor activity. Int. J. Oncol. 2000, 16, 363–373. [CrossRef]

56. Shortman, K.; Heath, W.R. The CD8+ dendritic cell subset. Immunol. Rev. 2010, 234, 18–31. [CrossRef]
57. Hildner, K.; Edelson, B.T.; Purtha, W.E.; Diamond, M.S.; Matsushita, H.; Kohyama, M.; Calderon, B.;

Schraml, B.U.; Unanue, E.R.; Schreiber, R.D.; et al. Batf3 Deficiency Reveals a Critical Role for CD8 +

Dendritic Cells in Cytotoxic T Cell Immunity. Science 2008, 322, 1097–1100. [CrossRef]
58. Diamond, M.S.; Kinder, M.; Matsushita, H.; Mashayekhi, M.; Dunn, G.P.; Archambault, J.M.; Lee, H.;

Arthur, C.D.; White, J.M.; Kalinke, U.; et al. Type I interferon is selectively required by dendritic cells for
immune rejection of tumors. J. Exp. Med. 2011, 208, 1989–2003. [CrossRef]

59. Schirrmacher, V.; Van Gool, S.; Stuecker, W. Breaking Therapy Resistance: An Update on Oncolytic Newcastle
Disease Virus for Improvements of Cancer Therapy. Biomedicines 2019, 7, 66. [CrossRef]

60. Zamarin, D.; Holmgaard, R.B.; Ricca, J.; Plitt, T.; Palese, P.; Sharma, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P.
Intratumoral modulation of the inducible co-stimulator ICOS by recombinant oncolytic virus promotes
systemic anti-tumour immunity. Nat. Commun. 2017, 8, 14340. [CrossRef]

61. Da Silva, E.S.; Flores, R.A.; Ribas, A.S.; Taschetto, A.P.D.; Faria, M.S.; Lima, L.B.; Metzger, M.; Donato, J.;
Paschoalini, M.A. Injections of the of the α 1 -adrenoceptor antagonist prazosin into the median raphe
nucleus increase food intake and Fos expression in orexin neurons of free-feeding rats. Behav. Brain Res.
2017, 324, 87–95. [CrossRef]

62. Porter, C.E.; Shaw, A.R.; Jung, Y.; Yip, T.; Castro, P.D.; Sandulache, V.C.; Sikora, A.; Gottschalk, S.; Ittman, M.M.;
Brenner, M.K.; et al. Oncolytic Adenovirus Armed with BiTE, Cytokine, and Checkpoint Inhibitor Enables
CAR T Cells to Control the Growth of Heterogeneous Tumors. Mol. Ther. 2020, 28, 1251–1262. [CrossRef]
[PubMed]

63. Nakao, S.; Arai, Y.; Tasaki, M.; Yamashita, M.; Murakami, R.; Kawase, T.; Amino, N.; Nakatake, M.;
Kurosaki, H.; Mori, M.; et al. Intratumoral expression of IL-7 and IL-12 using an oncolytic virus increases
systemic sensitivity to immune checkpoint blockade. Sci. Transl. Med. 2020, 12, eaax7992. [CrossRef]
[PubMed]

42



Cancers 2020, 12, 3552

64. Kuryk, L.; Møller, A.-S.W.; Jaderberg, M. Combination of immunogenic oncolytic adenovirus ONCOS-102
with anti-PD-1 pembrolizumab exhibits synergistic antitumor effect in humanized A2058 melanoma huNOG
mouse model. OncoImmunology 2019, 8, 1532763. [CrossRef] [PubMed]

65. Harrington, K.J.; Freeman, D.J.; Kelly, B.; Harper, J.; Soria, J.-C. Optimizing oncolytic virotherapy in cancer
treatment. Nat. Rev. Drug Discov. 2019, 18, 689–706. [CrossRef] [PubMed]

66. Liu, Z.; Ge, Y.; Wang, H.; Ma, C.; Feist, M.; Ju, S.; Guo, Z.S.; Bartlett, D.L. Modifying the cancer-immune
set point using vaccinia virus expressing re-designed interleukin-2. Nat. Commun. 2018, 9, 1–9. [CrossRef]
[PubMed]

67. Liu, Z.; Ravindranathan, R.; Kalinski, P.; Guo, Z.S.; Bartlett, D.L. Rational combination of oncolytic vaccinia
virus and PD-L1 blockade works synergistically to enhance therapeutic efficacy. Nat. Commun. 2017, 8, 14754.
[CrossRef] [PubMed]

68. Ilett, E.; Kottke, T.; Thompson, J.; Rajani, K.; Zaidi, S.; Evgin, L.; Coffey, M.; Ralph, C.; Diaz, R.; Pandha, H.;
et al. Prime-boost using separate oncolytic viruses in combination with checkpoint blockade improves
anti-tumour therapy. Gene Ther. 2017, 24, 21–30. [CrossRef]

69. Chen, C.-Y.; Wang, P.-Y.; Hutzen, B.; Sprague, L.; Swain, H.M.; Love, J.K.; Stanek, J.R.; Boon, L.; Conner, J.;
Cripe, T.P. Cooperation of Oncolytic Herpes Virotherapy and PD-1 Blockade in Murine Rhabdomyosarcoma
Models. Sci. Rep. 2017, 7, 1–10. [CrossRef]

70. Hardcastle, J.; Mills, L.; Malo, C.S.; Jin, F.; Kurokawa, C.; Geekiyanage, H.; Schroeder, M.; Sarkaria, J.;
Johnson, A.J.; Galanis, E. Immunovirotherapy with measles virus strains in combination with anti–PD-1
antibody blockade enhances antitumor activity in glioblastoma treatment. Neuro-Oncology 2016, 19, 493–502.
[CrossRef]

71. Woller, N.; Gürlevik, E.; Fleischmann-Mundt, B.; Schumacher, A.; Knocke, S.; Kloos, A.M.; Saborowski, M.;
Geffers, R.; Manns, M.P.; Wirth, T.C.; et al. Viral Infection of Tumors Overcomes Resistance to
PD-1-immunotherapy by Broadening Neoantigenome-directed T-cell Responses. Mol. Ther. 2015, 23,
1630–1640. [CrossRef]

72. Shen, W.; Patnaik, M.M.; Ruiz, A.; Russell, S.J.; Peng, K.-W. Immunovirotherapy with vesicular stomatitis
virus and PD-L1 blockade enhances therapeutic outcome in murine acute myeloid leukemia. Blood 2016, 127,
1449–1458. [CrossRef] [PubMed]

73. Rajani, K.; Parrish, C.; Kottke, T.; Thompson, J.; Zaidi, S.; Ilett, L.; Shim, K.G.; Diaz, R.-M.; Pandha, H.;
Harrington, K.; et al. Combination Therapy With Reovirus and Anti-PD-1 Blockade Controls Tumor Growth
Through Innate and Adaptive Immune Responses. Mol. Ther. 2016, 24, 166–174. [CrossRef] [PubMed]

74. Chesney, J.; Puzanov, I.; Collichio, F.; Singh, P.; Milhem, M.M.; Glaspy, J.; Hamid, O.; Ross, M.; Friedlander, P.;
Garbe, C.; et al. Randomized, Open-Label Phase II Study Evaluating the Efficacy and Safety of Talimogene
Laherparepvec in Combination With Ipilimumab Versus Ipilimumab Alone in Patients With Advanced,
Unresectable Melanoma. J. Clin. Oncol. 2018, 36, 1658–1667. [CrossRef] [PubMed]

75. Kelly, C.M.; Antonescu, C.R.; Bowler, T.; Munhoz, R.; Chi, P.; Dickson, M.A.; Gounder, M.M.; Keohan, M.L.;
Movva, S.; Dholakia, R.; et al. Objective Response Rate Among Patients With Locally Advanced or Metastatic
Sarcoma Treated With Talimogene Laherparepvec in Combination With Pembrolizumab: A Phase 2 Clinical
Trial. JAMA Oncol. 2020, 6, 402–408. [CrossRef] [PubMed]

76. Zamarin, D.; Pesonen, S. Replication-Competent Viruses as Cancer Immunotherapeutics: Emerging Clinical
Data. Hum. Gene Ther. 2015, 26, 538–549. [CrossRef] [PubMed]

77. Wong, H.H.; Lemoine, N.R.; Wang, Y. Oncolytic Viruses for Cancer Therapy: Overcoming the Obstacles.
Viruses 2010, 2, 78–106. [CrossRef] [PubMed]

78. Ferguson, M.S.; Lemoine, N.R.; Wang, Y. Systemic Delivery of Oncolytic Viruses: Hopes and Hurdles.
Adv. Virol. 2012, 2012, 1–14. [CrossRef]

79. Bridle, B.W.; Stephenson, K.B.; Boudreau, J.E.; Koshy, S.; Kazdhan, N.; Pullenayegum, E.; Brunellière, J.;
Bramson, J.L.; Lichty, B.D.; Wan, Y. Potentiating Cancer Immunotherapy Using an Oncolytic Virus. Mol. Ther.
2010, 18, 1430–1439. [CrossRef]

80. Hotte, S.J.; Lorence, R.M.; Hirte, H.; Polawski, S.R.; Bamat, M.K.; O’Neil, J.D.; Roberts, M.S.; Groene, W.S.;
Major, P.P. An Optimized Clinical Regimen for the Oncolytic Virus PV701. Clin. Cancer Res. 2007, 13, 977–985.
[CrossRef]

43



Cancers 2020, 12, 3552

81. Lorence, R.M.; Roberts, M.S.; Neil, J.D.O.; Groene, W.S.; Miller, J.A.; Mueller, S.N.; Bamat, M.K. Phase 1
Clinical Experience Using Intravenous Administration of PV701, an Oncolytic Newcastle Disease Virus.
Curr. Cancer Drug Targets 2007, 7, 157–167. [CrossRef]

82. Vigil, A.; Park, M.-S.; Martinez, O.; Chua, M.A.; Xiao, S.; Cros, J.; Martínez-Sobrido, L.; Woo, S.L.;
García-Sastre, A. Use of Reverse Genetics to Enhance the Oncolytic Properties of Newcastle Disease Virus.
Cancer Res. 2007, 67, 8285–8292. [CrossRef] [PubMed]

83. Burke, S.; Shergold, A.; Elder, M.J.; Whitworth, J.; Cheng, X.; Jin, H.; Wilkinson, R.W.; Harper, J.; Carroll, D.K.
Oncolytic Newcastle disease virus activation of the innate immune response and priming of antitumor
adaptive responses in vitro. Cancer Immunol. Immunother. 2020, 69, 1015–1027. [CrossRef] [PubMed]

84. Xu, X.; Yi, C.; Yang, X.; Xu, J.; Sun, Q.; Liu, Y.; Zhao, L. Tumor Cells Modified with Newcastle Disease Virus
Expressing IL-24 as a Cancer Vaccine. Mol. Ther. Oncolytics 2019, 14, 213–221. [CrossRef] [PubMed]

85. Fan, X.; Quezada, S.A.; Sepulveda, M.A.; Sharma, P.; Allison, J.P. Engagement of the ICOS pathway markedly
enhances efficacy of CTLA-4 blockade in cancer immunotherapy. J. Exp. Med. 2014, 211, 715–725. [CrossRef]

86. Vijayakumar, G.; McCroskery, S.; Palese, P. Engineering Newcastle Disease Virus as an Oncolytic Vector for
Intratumoral Delivery of Immune Checkpoint Inhibitors and Immunocytokines. J. Virol. 2019, 94. [CrossRef]

87. Vigil, A.; Martinez, O.; Chua, M.A.; García-Sastre, A. Recombinant Newcastle Disease Virus as a Vaccine
Vector for Cancer Therapy. Mol. Ther. 2008, 16, 1883–1890. [CrossRef]

88. Cassel, W.A.; Murray, D.R.; Torbin, A.H.; Olkowski, Z.L.; Moore, M.E. Viral oncolysate in the management of
malignant melanoma. I. Preparation of the oncolysate and measurement of immunologic responses. Cancer
1977, 40, 672–679. [CrossRef]

89. Murray, D.R.; Cassel, W.A.; Torbin, A.H.; Olkowski, Z.L.; Moore, M.E. Viral oncolysate in the management of
malignant melanoma. II. Clinical studies. Cancer 1977, 40, 680–686. [CrossRef]

90. Cassel, W.A.; Murray, D.R. Treatment of stage II malignant melanoma patients with a Newcastle disease
virus oncolysate. Nat. Immun. Cell Growth Regul. 1988, 7, 351–352.

91. Lehner, B.; Schlag, P.; Liebrich, W.; Schirrmacher, V. Postoperative active specific immunization in curatively
resected colorectal cancer patients with a virus-modified autologous tumor cell vaccine. Cancer Immunol.
Immunother. 1990, 32, 173–178. [CrossRef]

92. Liebrich, W.; Schlag, P.; Manasterski, M.; Lehner, B.; Stohr, M.; Möller, P.; Schirrmacher, V. In vitro and
clinical characterisation of a newcastle disease virus-modified autologous tumour cell vaccine for treatment
of colorectal cancer patients. Eur. J. Cancer Clin. Oncol. 1991, 27, 703–710. [CrossRef]

93. Cassel, W.A.; Murray, D.R. A ten-year follow-up on stage II malignant melanoma patients treated
postsurgically with Newcastle disease virus oncolysate. Med. Oncol. Tumor Pharmacother. 1992, 9,
169–171. [PubMed]

94. Schlag, P.; Manasterski, M.; Gerneth, T.; Hohenberger, P.; Dueck, M.; Herfarth, C.; Liebrich, W.; Schirrmacher, V.
Active specific immunotherapy with Newcastle-disease-virus-modified autologous tumor cells following
resection of liver metastases in colorectal cancer. First evaluation of clinical response of a phase II-trial.
Cancer Immunol. Immunother. 1992, 35, 325–330. [CrossRef] [PubMed]

95. Schirrmacher, V.; Schlag, P.; Liebrich, W.; Patel, B.T.; Stoeck, M. Specific Immunotherapy of Colorectal
Carcinoma with Newcastle-Disease Virus-Modified Autologous Tumor Cells Prepared from Resected Liver
Metastasis. Ann. N. Y. Acad. Sci. 1993, 690, 364–366. [CrossRef]

96. Kirchner, H.; Anton, P.; Atzpodien, J. Adjuvant treatment of locally advanced renal cancer with autologous
virus-modified tumor vaccines. World J. Urol. 1995, 13, 171–173. [CrossRef]

97. Pomer, S.; Schirrmacher, V.; Thiele, R.; Lohrke, H.; Brkovic, D.; Staehler, G. Tumor Response and 4 year
survival-data of patients with advanced renal-cell carcinoma treated with autologous tumor vaccine AND
subcutaneous R-IL-2 and Ifn-Alpha(2B). Int. J. Oncol. 1995, 6, 947–954. [CrossRef]

98. Ockert, D.; Schirrmacher, V.; Beck, N.; Stoelben, E.; Ahlert, T.; Flechtenmacher, J.; Hagmüller, E.; Buchcik, R.;
Nagel, M.; Saeger, H.D. Newcastle disease virus-infected intact autologous tumor cell vaccine for adjuvant
active specific immunotherapy of resected colorectal carcinoma. Clin. Cancer Res. 1996, 2, 21–28.

99. Ahlert, T.; Sauerbrei, W.; Bastert, G.; Ruhland, S.; Bartik, B.; Simiantonaki, N.; Schumacher, J.; Häcker, B.;
Schirrmacher, V.; Schumacher, M. Tumor-cell number and viability as quality and efficacy parameters of
autologous virus-modified cancer vaccines in patients with breast or ovarian cancer. J. Clin. Oncol. 1997, 15,
1354–1366. [CrossRef]

44



Cancers 2020, 12, 3552

100. Zorn, U.; Duensing, S.; Langkopf, F.; Anastassiou, G.; Kirchner, H.; Hadam, M.; Knüver-Hopf, J.; Atzpodien, J.
Active Specific Immunotherapy of Renal Cell Carcinoma: Cellular and Humoral Immune Responses.
Cancer Biother. Radiopharm. 1997, 12, 157–165. [CrossRef]

101. Batliwalla, F.M.; Bateman, B.A.; Serrano, D.; Murray, D.; MacPhail, S.; Maino, V.C.; Ansel, J.C.; Gregersen, P.K.;
Armstrong, C.A. A 15-year follow-up of AJCC stage III malignant melanoma patients treated postsurgically
with Newcastle disease virus (NDV) oncolysate and determination of alterations in the CD8 T cell repertoire.
Mol. Med. 1998, 4, 783–794. [CrossRef]

102. Csatary, L.K.; Moss, R.W.; Beuth, J.; Töröcsik, B.; Szeberenyi, J.; Bakacs, T. Beneficial treatment of patients with
advanced cancer using a Newcastle disease virus vaccine (MTH-68/H). Anticancer. Res. 1999, 19, 635–638.
[PubMed]

103. Liang, W.; Wang, H.; Sun, T.-M.; Yao, W.-Q.; Chen, L.; Jin, Y.; Li, C.-L.; Meng, F.-J. Application of autologous
tumor cell vaccine and NDV vaccine in treatment of tumors of digestive tract. World J. Gastroenterol. 2003, 9,
495–498. [CrossRef] [PubMed]

104. Voit, C.A.; Kron, M.; Schwürzer-Voit, M.; Sterry, W. Intradermal injection of Newcastle disease virus-modified
autologous melanoma cell lysate and interleukin-2 for adjuvant treatment of melanoma patients with
resectable stage III disease. J. Dtsch. Dermatol. Ges. 2003, 1, 120–125. [CrossRef] [PubMed]

105. Steiner, H.-H.; Bonsanto, M.M.; Beckhove, P.; Brysch, M.; Geletneky, K.; Ahmadi, R.; Schuele-Freyer, R.;
Kremer, P.; Ranaie, G.; Matejic, D.; et al. Antitumor Vaccination of Patients With Glioblastoma Multiforme:
A Pilot Study to Assess Feasibility, Safety, and Clinical Benefit. J. Clin. Oncol. 2004, 22, 4272–4281. [CrossRef]

106. Schulze, T.; Kemmner, W.; Weitz, J.; Wernecke, K.-D.; Schirrmacher, V.; Schlag, P.M. Efficiency of adjuvant
active specific immunization with Newcastle disease virus modified tumor cells in colorectal cancer patients
following resection of liver metastases: Results of a prospective randomized trial. Cancer Immunol. Immunother.
2009, 58, 61–69. [CrossRef]

107. Cassel, W.A.; Murray, D.R.; Phillips, H.S. A phase II study on the postsurgical management of stage II
malignant melanoma with a Newcastle disease virus oncolysate. Cancer 1983, 52, 856–860. [CrossRef]

108. Schirrmacher, V.; Fournier, P. Newcastle Disease Virus: A Promising Vector for Viral Therapy, Immune
Therapy, and Gene Therapy of Cancer. Methods Mol. Biol. 2009, 542, 565–605. [CrossRef]

109. Bohle, W.; Schlag, P.; Liebrich, W.; Hohenberger, P.; Manasterski, M.; Möller, P.; Schirrmacher, V. Postoperative
active specific immunization in colorectal cancer patients with virus-modified autologous tumor-cell vaccine.
First clinical results with tumor-cell vaccines modified with live but avirulent newcastle disease virus. Cancer
1990, 66, 1517–1523. [CrossRef]

110. Csatary, L.K. Use of Newcastle Disease Virus Vaccine (MTH-68/H) in a Patient With High-grade Glioblastoma.
JAMA 1999, 281, 1588–1589. [CrossRef]

111. Csatary, L.; Gosztonyi, G.; Szeberenyi, J.; Fabian, Z.; Liszka, V.; Bodey, B.; Csatary, C. MTH-68/H Oncolytic
Viral Treatment in Human High-Grade Gliomas. J. Neuro-Oncol. 2004, 67, 83–93. [CrossRef]

112. Pecora, A.L.; Rizvi, N.; Cohen, G.I.; Meropol, N.J.; Sterman, D.; Marshall, J.L.; Goldberg, S.; Gross, P.;
O’Neil, J.D.; Groene, W.S.; et al. Phase I Trial of Intravenous Administration of PV701, an Oncolytic Virus,
in Patients with Advanced Solid Cancers. J. Clin. Oncol. 2002, 20, 2251–2266. [CrossRef] [PubMed]

113. Laurie, S.A.; Bell, J.C.; Atkins, H.L.; Roach, J.; Bamat, M.K.; O’Neil, J.D.; Roberts, M.S.; Groene, W.S.;
Lorence, R.M. A Phase 1 Clinical Study of Intravenous Administration of PV701, an Oncolytic Virus, Using
Two-Step Desensitization. Clin. Cancer Res. 2006, 12, 2555–2562. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

45





cancers

Review

Measles Virus as an Oncolytic Immunotherapy

Christine E. Engeland 1,2,* and Guy Ungerechts 1,*

����������
�������

Citation: Engeland, C.E.;

Ungerechts, G. Measles Virus as an

Oncolytic Immunotherapy. Cancers

2021, 13, 544. https://doi.org/

10.3390/cancers13030544

Academic Editor: David Wong

Received: 31 December 2020

Accepted: 26 January 2021

Published: 1 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Clinical Cooperation Unit Virotherapy, German Cancer Research Center (DKFZ),
National Center for Tumor Diseases (NCT) and Department of Medical Oncology,
University Hospital Heidelberg, 69120 Heidelberg, Germany

2 Center for Biomedical Education and Research (ZBAF), Institute of Virology and Microbiology,
Faculty of Health, School of Medicine, Witten/Herdecke University, 58453 Witten, Germany

* Correspondence: christine.engeland@nct-heidelberg.de (C.E.E.); guy.ungerechts@nct-heidelberg.de (G.U.)

Simple Summary: Measles virus is currently under investigation as an innovative cancer treatment.
The virus selectively replicates in and kills cancer cells. Furthermore, it can be genetically engineered
to increase tumor specificity and therapeutic efficacy. Importantly, treatment with measles virus
activates antitumor immune responses. A number of clinical trials using measles virus for cancer
treatment have been completed or are ongoing. Future studies will further harness the possibilities
of virus engineering and potential of combination immunotherapies to improve clinical outcome.

Abstract: Measles virus (MeV) preferentially replicates in malignant cells, leading to tumor lysis
and priming of antitumor immunity. Live attenuated MeV vaccine strains are therefore under
investigation as cancer therapeutics. The versatile MeV reverse genetics systems allows for engi-
neering of advanced targeted, armed, and shielded oncolytic viral vectors. Therapeutic efficacy can
further be enhanced by combination treatments. An emerging focus in this regard is combination
immunotherapy, especially with immune checkpoint blockade. Despite challenges arising from
antiviral immunity, availability of preclinical models, and GMP production, early clinical trials have
demonstrated safety of oncolytic MeV and yielded promising efficacy data. Future clinical trials
with engineered viruses, rational combination regimens, and comprehensive translational research
programs will realize the potential of oncolytic immunotherapy.

Keywords: oncolytic virus; measles virus; cancer immunotherapy; vector engineering; vaccination;
immune checkpoint blockade

1. Introduction—Measles Virus for Cancer Therapy

Measles virus (MeV) is a negative-strand RNA virus belonging to the family Paramyx-
oviridae, genus Morbillivirus. Its genome has a length of approximately 16 kb and en-
codes six structural and two non-structural proteins (Figure 1a,b). The viral glycoproteins
hemagglutinin and fusion mediate receptor binding and fusion at the plasma membrane,
respectively. While wild type MeV uses CD150/SLAM on lymphoid cells and epithelial
nectin-4 as receptors, vaccine strains of MeV infect cells primarily via CD46 [1]. This is due
to mutations in the receptor attachment protein hemagglutinin H in vaccine strain MeV,
resulting in high affinity of H for CD46 [2–6]. MeV infection results in syncytia formation
as typical cytopathic effect (Figure 1c).
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safety record [10]. Several years later, testing of Edmonston B measles vaccine strain de-
rivatives for cancer treatment began. In many early studies, hematological malignancies 
were chosen as target entities [11–14]. This was supported by the natural lymphotropism 
of MeV. However, other malignancies including ovarian cancer [15] and glioblastoma [16] 
were soon found to also be sensitive to MeV oncolysis, while normal cells are spared 
[15,17]. 

Meanwhile, preclinical efficacy of oncolytic MeV has been demonstrated against a 
broad range of cancer entities (reviewed in [18]). In addition to Edmonston B derivatives, 
also the vaccine strains Moraten-Schwarz [19], Edmonston-Zagreb and AIK-C [20], rMV-
Hu191 [21], as well as Leningrad-16 [22] have been shown to exert oncolytic effects in 
preclinical studies. 

 
Figure 1. Measles as an oncolytic virus. (a) Schematic of the measles virus particle. The viral RNA genome is encapsulated 
by the nucleocapsid (N) protein and is associated with the viral polymerase (L, large protein) and its cofactor phospho-
protein (P), forming the ribonucleoprotein complex (RNP). The matrix (M) protein connects the RNP and the viral enve-
lope. The surface glycoproteins hemagglutinin (H) and fusion (F) mediate receptor binding and cell fusion, respectively. 
(b) Schematic of the measles virus genome with open reading frames encoding the six structural proteins flanked by the 
3′ leader (ld) and 5′ trailer (tr). (c) Syncytia formation as the typical cytopathic effect associated with measles virus infec-
tion. Human colorectal cancer (KM12, top) and pancreatic adenocarcinoma (T3M4, bottom) cells were transfected with 
plasmids encoding the MeV glycoproteins H and F as well as enhanced green fluorescent protein as reporter. Control cells 
were subjected to mock transfection. Phase contrast and fluorescence images were acquired with an Axiovert 200 micro-
scope (Zeiss) at 36 h (KM12) and 12 h post-transfection (T3M4). Scale bar: 200 µM. (d) Lymphoma remission after measles 
infection. Left panel: The patient presented with orbital Burkitt’s lymphoma. Middle panel: The patient was infected with 
measles; the typical skin rash is visible. Right panel: Without specific anti-lymphoma treatment, the orbital mass resolved. 
Reproduced from Lancet 10 July 1971; 2 (7715): 105–106, with permission. 

Thus, MeV is one of several oncolytic platforms currently developed for cancer ther-
apy. Advantages of MeV include the excellent safety profile of the oncolytic vaccine 
strains and lack of genotoxicity, its immunogenicity, and especially the plethora of engi-
neering possibilities offered by the MeV reverse genetics system. Specific challenges re-
lated to MeV include pre-existing antiviral immunity, the choice of preclinical models and 
manufacturing. These assets and drawbacks are discussed in more detail within this re-
view article. 

2. Measles Virus Oncotropism 
Measles vaccine strain oncotropism correlates with CD46 overexpression on malig-

nantly transformed cells [23]. Although viral entry occurs in benign cells and at low CD46 
receptor density, a certain threshold of expression is required for syncytia formation and 
cell death [24]. In myeloma, CD46 upregulation has been associated with abnormal p53 
[25]. The epithelial receptor for MeV, nectin-4 [26,27], is also a tumor marker which may 
render carcinomas of pancreatic [28], colorectal [29], and mammary [30] origin susceptible 
to MeV oncolysis. Post-transcriptional regulation of nectin-4 levels by miR-31 and miR-

Figure 1. Measles as an oncolytic virus. (a) Schematic of the measles virus particle. The viral RNA genome is encapsulated
by the nucleocapsid (N) protein and is associated with the viral polymerase (L, large protein) and its cofactor phosphoprotein
(P), forming the ribonucleoprotein complex (RNP). The matrix (M) protein connects the RNP and the viral envelope. The
surface glycoproteins hemagglutinin (H) and fusion (F) mediate receptor binding and cell fusion, respectively. (b) Schematic
of the measles virus genome with open reading frames encoding the six structural proteins flanked by the 3′ leader (ld)
and 5′ trailer (tr). (c) Syncytia formation as the typical cytopathic effect associated with measles virus infection. Human
colorectal cancer (KM12, top) and pancreatic adenocarcinoma (T3M4, bottom) cells were transfected with plasmids encoding
the MeV glycoproteins H and F as well as enhanced green fluorescent protein as reporter. Control cells were subjected to
mock transfection. Phase contrast and fluorescence images were acquired with an Axiovert 200 microscope (Zeiss) at 36 h
(KM12) and 12 h post-transfection (T3M4). Scale bar: 200 µm. (d) Lymphoma remission after measles infection. Left panel:
The patient presented with orbital Burkitt’s lymphoma. Middle panel: The patient was infected with measles; the typical
skin rash is visible. Right panel: Without specific anti-lymphoma treatment, the orbital mass resolved. Reproduced from
Lancet 10 July 1971; 2 (7715): 105–106, with permission.

Originally, the idea to treat cancer patients with MeV arose after case reports which
linked measles infection to tumor remission [7]. One highly cited example relates to a boy
suffering from Burkitt’s lymphoma [8] (Figure 1d). These experiments of nature inspired the
idea of using MeV in cancer treatment. However, measles is a severe infectious disease [9].
Thus, employing a pathogenic strain of MeV in cancer therapy is out of question. Live
attenuated MeV strains for vaccination were licensed in the 1960s and have a proven safety
record [10]. Several years later, testing of Edmonston B measles vaccine strain derivatives
for cancer treatment began. In many early studies, hematological malignancies were
chosen as target entities [11–14]. This was supported by the natural lymphotropism of MeV.
However, other malignancies including ovarian cancer [15] and glioblastoma [16] were
soon found to also be sensitive to MeV oncolysis, while normal cells are spared [15,17].

Meanwhile, preclinical efficacy of oncolytic MeV has been demonstrated against a
broad range of cancer entities (reviewed in [18]). In addition to Edmonston B derivatives,
also the vaccine strains Moraten-Schwarz [19], Edmonston-Zagreb and AIK-C [20], rMV-
Hu191 [21], as well as Leningrad-16 [22] have been shown to exert oncolytic effects in
preclinical studies.

Thus, MeV is one of several oncolytic platforms currently developed for cancer therapy.
Advantages of MeV include the excellent safety profile of the oncolytic vaccine strains
and lack of genotoxicity, its immunogenicity, and especially the plethora of engineering
possibilities offered by the MeV reverse genetics system. Specific challenges related to MeV
include pre-existing antiviral immunity, the choice of preclinical models and manufacturing.
These assets and drawbacks are discussed in more detail within this review article.

2. Measles Virus Oncotropism

Measles vaccine strain oncotropism correlates with CD46 overexpression on malig-
nantly transformed cells [23]. Although viral entry occurs in benign cells and at low
CD46 receptor density, a certain threshold of expression is required for syncytia formation
and cell death [24]. In myeloma, CD46 upregulation has been associated with abnormal
p53 [25]. The epithelial receptor for MeV, nectin-4 [26,27], is also a tumor marker which
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may render carcinomas of pancreatic [28], colorectal [29], and mammary [30] origin sus-
ceptible to MeV oncolysis. Post-transcriptional regulation of nectin-4 levels by miR-31
and miR-128 has been demonstrated in breast cancer and glioblastoma [31]. In certain
EBV-associated B cell lymphomas, viral latency may promote upregulation of the MeV
receptor CD150/SLAM [32].

On the post-entry level, the cellular interferon (IFN) response has been identified as a
key determinant of sensitivity to oncolytic MeV across several tumor entities, including
the NCI60 panel of cancer cell lines [33]. In adult T cell leukemia/lymphoma, resistance
to MeV oncolysis was associated with IFN-β production, while sensitive cells did not
produce IFN [34]. In mesothelioma and melanoma, effects of treatment with oncolytic
MeV were found not to correlate with CD46 expression, but rather with defects in the
IFN response [35,36]. Consistently, expression of retinoic acid inducible gene I (RIG-I)
and IFN-induced protein with tetratricopeptide repeats 1 (IFIT1) [37] and IFN-induced
transmembrane protein 1 (IFITM1) [38] have been suggested as correlates of relative
resistance to MeV oncolysis. Kurokawa et al. have devised a gene expression signature
designating constitutive IFN pathway activation to predict outcome of oncolytic MeV
treatment [39]. Further, RSAD2/viperin, encoded by an IFN-stimulated gene (ISG), has
been shown to inhibit release of MeV progeny in ovarian cancer models [40].

Aside from the cellular antiviral response, several additional cellular factors have been
associated with sensitivity to MeV oncolysis. For instance, apoptosis regulators appear
to play a role. Caspase 3 has been implicated in MeV-induced cancer cell death [41,42]
and overexpression of Bcl-2 reduces MeV-induced cell death in B cell lymphomas [43].
More broadly, basic cellular processes such as protein translation are necessary for efficient
MeV replication and thus tumor cell killing. Stimulating cellular translation by insulin-like
growth factor-I (IGF-I) or forced expression of eIF4E increases efficacy of oncolytic MeV,
while inhibitors of cap-dependent translation reduce MeV oncolysis [44]. Furthermore,
it has been reported that integrity of lipid rafts is a prerequisite for oncolysis with the
MV-Hu191 strain [21]. Determinants of MeV oncotropism are summarized in Figure 2.
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Overall, oncolytic MeV acts via mechanisms distinct from other established can-
cer treatments. Accordingly, gemcitabine-resistant pancreatic adenocarcinoma cells are
susceptible to MeV oncolysis [45] and chemotherapy-induced senescence does not abro-
gate oncolysis [46].

3. Combination Therapies

Nevertheless, monotherapy with oncolytic MeV will often be insufficient to cure
advanced stage malignancies. Modern medical oncology builds on effective combination
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therapies. Therefore, measles virotherapy has been combined with other established cancer
therapies such as radiation and chemotherapy (recently reviewed in [47]). Synergistic
effects of oncolytic MeV and radiotherapy against glioblastoma were observed in vitro and
in a xenograft model [48]. In vitro studies have also demonstrated successful combination
of oncolytic MeV with chemotherapies such as paclitaxel [49], camptothecin [50], and
gemcitabine [51]. Combination with the anti-epidermal growth factor receptor (EGFR)
monoclonal antibody nimotuzumab was reported to result in increased antitumor efficacy
in laryngeal cancer models [52].

Several small molecules have also been shown to enhance MeV oncolysis by modu-
lating host cell factors. MeV infection is associated with heat shock protein (Hsp) 70 up-
regulation. Combination treatment with a Hsp90 inhibitor, resulting in increased Hsp70
expression [53,54], led to increased apoptosis [55]. Counteracting the IFN response, e.g.,
with janus-associated kinase (JAK) inhibitors such as ruxolitinib, enhances MeV replication
in vitro [56]. Epigenetic modulation by histone deacetylase (HDAC) inhibition was also
reported to increase efficacy of oncolytic MeV by preventing induction of ISGs in hepa-
tocellular carcinoma [57], but by a different, so far unresolved mechanism in pancreatic
adenocarcinoma [58]. As MeV spread and syncytia formation involves remodeling of
the actin cytoskeleton, inhibition of Rho-associated coiled-coil forming kinase (ROCK)
was tested during treatment of prostate, breast, and glioblastoma cancer cells with MeV,
yielding increased viral replication, spread, and tumor cell killing [59]. Compounds which
modulate cellular metabolism have also been tested in combination approaches. Blocking
aerobic glycolysis with dichloroacetate was shown to increase cell death upon MeV treat-
ment [60]. Furthermore, inducing autophagy has been suggested as a combination strategy
to promote MeV oncolysis [61].

Even combination with other oncolytic viruses is conceivable. Along these lines, the
combination of MeV with mumps virus showed increased efficacy in a human prostate
cancer xenograft model [62].

4. Engineering Oncolytic MeV

Purposeful modification of oncolytic MeV vectors to enhance virotherapy was enabled
by development of a reverse genetics system for rescue of MeV from cloned cDNA [63].
This system allows for insertion of transgenes via additional transcription units equipped
with MeV polymerase regulatory sequences [64]. These genes are then expressed in infected
cells, i.e., within the tumor. A plethora of genetic engineering approaches has been pursued
which are summarized in the following, and in Figure 3 (for recent reviews, see [47,65]).

4.1. Tracking Viral Replication and Spread

Initially, reporter genes were inserted for tracking of MeV replication. Carcinoem-
bryonic antigen (CEA) and β-human chorionic gonadotropin (HCG) were selected, which
can be measured in routine clinical laboratory testing [12]. Encoding the sodium iodide
symporter, NIS, yielding MV-NIS, allowed for γ-camera imaging of iodine-123 (123I) or 99m-
technetium uptake and also radiotherapy with 131I [66]. In later studies, MV-NIS was used
for advanced imaging techniques, such as pinhole micro-single photon emission computed
tomography/computed tomography (SPECT/CT) [67] and contrast-enhanced CT [68].
Recently, a recombinant MeV variant encoding a fluorescent reporter gene was used for
intravital imaging of viral spread at single-cell resolution by two-photon microscopy [69].

Data from preclinical studies with MV-NIS have also been used to develop mathe-
matical models of oncolytic virotherapy and its combinations. This has been devised as a
means to rationalize testing of distinct dosing and scheduling regimens [70–73].
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Valuable information was gained by employing viruses with reporter genes in clin-
ical trials. After intraperitoneal administration of MV-CEA, dose-dependent increases
in CEA levels were measured in peritoneal fluid and serum [74]. After intraperitoneal
administration of MV-NIS, 123I SPECT/CT scans were positive in three of 13 ovarian cancer
patients, confirming viral gene expression at the tumor site. Scans were positive in eight of
31 multiple myeloma patients receiving MV-NIS i.v. [75]. In both studies, positive scans
were associated with higher virus doses.

4.2. Retargeting MeV

Virus engineering has not only enabled tracking viral spread, but also modifying its
tropism to increase tumor specificity. Retargeting of MeV was accomplished by mutating
the intrinsic receptor binding sites and fusing antibody single-chain variable fragments
(scFv) to the C-terminus of the viral hemagglutinin [76]. Using this strategy, oncolytic MeV
were targeted to the myeloma surface antigen CD38 [13], to CD20 for targeting of B cell
malignancies [77], folate receptor (FR)-α for treatment of ovarian cancer [78], and EGFRvIII
expressed in glioblastoma [79], among others (reviewed in [18]). A range of different
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targeting moieties beyond scFv has been employed, such as the cytokine interleukin (IL)-
13 [80] or the urokinase plasminogen activator [81] for direction of viral tropism to their
respective receptors. Successful targeting has also been achieved using integrin-binding
peptides [82], DARPins [83] and cystine knot proteins [84]. Viral tropism can be redirected
to specific cell populations within the tumor, including tumor-initiating cells [85], the tumor
stroma [86], and vasculature [81].

A sophisticated means of viral entry targeting employs proteases expressed within
the tumor microenvironment. The MeV fusion protein encompasses a furin cleavage site
and requires proteolytic processing for activity. Replacing the furin cleavage site with
sequences recognized by matrix metalloproteinases or the urokinase-type plasminogen
activator can increase tumor specificity [87,88].

Tumor targeting on the post-entry level was achieved using microRNA target sites
inserted into the untranslated regions (UTRs) of viral genes [89]. This concept exploits
downregulation of specific microRNAs in malignant vs. benign cells, leading to virus
restriction in healthy tissue while spread within tumor tissue is unimpaired.

Proof-of-concept was also obtained for using riboswitches to control oncolytic MeV.
Insertion of a ligand-activated ribozyme into the UTR of the MeV fusion gene enabled
regulation of MeV infectivity and spread by addition of the cognate small molecule [90].
Recently, a photocontrollable MeV variant was reported which harbors a split L protein for
control of viral replication by blue light illumination [91].

4.3. Arming with Additional Therapeutic Genes

While these means of targeting aim at enhancing specificity of virotherapy, a number
of genetic engineering approaches have been developed to increase antitumor efficacy,
often referred to as “arming”. First arming strategies aimed at inducing bystander effects in
combination radiotherapy and chemotherapy approaches. As mentioned above, MV-NIS
allows for concentration of radioactive iodine in infected tumor cells [66].

MeV vectors encoding prodrug convertases were designed for local conversion of pro-
drugs into active chemotherapeutics. MeV encoding the purine nucleoside phosphorylase,
which converts fludarabine into 2-fluoroadenine and 6-methylpurine-2’-deoxyriboside
(MeP-dR) to 6-methylpurine, respectively, combined with prodrug administration im-
proved outcome in lymphoma xenograft and immunocompetent murine colorectal cancer
models [92,93]. Analogously, MeV was engineered to encode super cytosine deaminase
(SCD), a fusion protein of yeast cytosine deaminase and yeast uracil phosphoribosyltrans-
ferase, which converts the prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) [94–97].

Other engineering approaches to increase anti-tumor efficacy include insertion of a
transgene encoding the proapoptotic protein BNiP3 [49] and the angiogenesis inhibitors
endostatin and angiostatin to remodel the tumor microenvironment [98].

5. Immunovirotherapy

While early efforts in engineering oncolytic MeV mainly focused on maximizing direct
tumor cell killing, there has been a recent shift from mainly oncolytic to mainly immunother-
apeutic treatment strategies, spurred by the developments in cancer immunotherapy which
have revolutionized medical oncology.

MeV oncolysis per se has pleiotropic effects on the anti-tumor immune response and
supports all phases of the “cancer immunity cycle” (Figure 4; reviewed in [99]). MeV-
induced cell death is immunogenic [100], induces a distinctive immunopeptidome [101],
and promotes cross-priming of antitumor T cell responses by conventional and plasmacy-
toid dendritic cells [19,102]. MeV oncolysis has also been reported to increase tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL)-mediated cytotoxicity by myeloid
and plasmacytoid DCs [103] as well as modulation of macrophages towards an antitumor
phenotype [104]. Neutrophil activation also occurs, leading to secretion of IL-8, tumor
necrosis factor (TNF)-α, monocyte chemoattractant protein (MCP)-1, and IFN-α, TRAIL
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expression, and degranulation [105], which may be beneficial or not depending on the
tumor model [106].
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Figure 4. Measles virus as an oncolytic immunotherapy. Measles virus-mediated oncolysis has
been shown to support different phases of the antitumor immune response: Oncolysis induces
immunogenic cell death, which promotes dendritic cell activation, antigen presentation, and cross-
priming of T cells. Measles virotherapy remodels the tumor microenvironment, thereby enhancing
innate (macrophage repolarization and neutrophil degranulation) as well as adaptive antitumor
immunity (T cell infiltration and CD8+ effector responses).

These immunotherapeutic effects can be enhanced by insertion of immunomodula-
tory transgenes into the MeV genome (Table 1). Further, MeV can serve as a vector to
deliver immunomodulators to the tumor site which can be highly toxic when administered
systemically. The first immunomodulatory transgene reported in the context of many
oncolytic viruses and also MeV was the granulocyte macrophage colony stimulating factor,
GM-CSF [14]. In a lymphoma xenograft model, MV GM-CSF led to increased neutrophil
infiltration, which correlated with tumor regression. Further immunomodulators have
been shown to increase innate immune activation in the context of MeV oncolysis. A
MeV vector encoding IFN-β was reported to induce immune infiltration and remodeling
of the tumor microenvironment in mesothelioma xenografts [107]. MeV encoding the
immunomodulatory neutrophil-activating protein (NAP) of H. pylori prolonged survival
and induced a beneficial cytokine response in breast cancer xenograft pleural effusion and
lung colonization models [108].

Introduction of the first fully immunocompetent mouse model of MeV oncolysis,
MC38cea [93], was the prerequisite to further study immunomodulatory MeV vectors
and demonstrate induction of tumor-specific adaptive immune responses. This model
consists of murine colorectal adenocarcinoma MC38, syngeneic to C57BL/6 mice and stably
expressing the carcinoembryonic antigen (CEA), which are susceptible to CEA-targeted
MeV [93]. In this model, treatment with MV GM-CSF led to prolonged survival compared
to control MV. Forty percent of treated mice experienced complete tumor remission and
were subsequently protected from tumor re-engraftment, indicating a tumor vaccination
effect. Further, treatment with MV GM-CSF enhanced intratumoral T cell infiltration as
well as tumor-specific T cell responses [109].
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Table 1. Immunomodulatory oncolytic MeV. Overview of immunomodulatory transgenes that have been encoded in MeV,
their anticipated immunological effects in the context of MeV oncolytic immunotherapy, and the outcome of the respective
preclinical studies. GM-CSF: granulocyte–macrophage colony-stimulating factor; IFN: interferon; NAP: neutrophil activating
protein; CTLA-4: cytotoxic T lymphocyte antigen-4; PD-L1: programmed cell death 1-ligand 1; Th: T helper cell; Teff:
effector T cell; Treg: regulatory T cell; IL: interleukin; AICD: activation-induced cell death; BiTE: bispecific T cell engager;
TAA: tumor-associated antigen; IFNAR: IFN-α receptor.

Immunomodulator Anticipated Immunological Effects Preclinical Data

GM-CSF
Dendritic cell activation and maturation;
activation of monocytes, macrophages,

neutrophils, NK cells

SCID model: increased antitumor efficacy,
increased neutrophil infiltration [14]

Immunocompetent model: increased antitumor
efficacy, increased T cell infiltration, stronger
tumor-specific T cell responses, rejection of

tumor re-engraftment [109]

IFN-β Enhanced antitumor response via innate
and adaptive effector mechanisms

Athymic nude mouse model: increased CD68+
macrophage infiltration, reduced microvessel

density; delayed tumor progression, prolonged
survival [107]

H. pylori NAP Inflammatory response, promotion of
Th1-polarized immune responses

Athymic nude mouse model: prolonged survival,
neutrophil infiltration, secretion of

Th1-promoting cytokines [108]

Anti-CTLA-4, anti-PD-L1 Enhanced antitumor T cell response

Immunocompetent mouse model: delayed
tumor progression, prolonged survival,

increased Teff/Treg ratio, increased
tumor-specific IFN-γ response [110]

IL-12 Activation and recruitment of T cells and
NK cells

Immunocompetent mouse model: increased
survival rates (CD8+-dependent), rejection of

tumor re-engraftment, increased tumor-specific
IFN-γ response, expression of effector cytokines,
increased T cell infiltration, decrease in NK cells,
increased proportion of activated CD8+ T cells

and NK cells [111]

IL-15 superagonist Activation of T cells and NK cells without
induction of AICD

Immunocompetent mouse model: increased
CD8+ T cell and NK cell infiltration and

activation, antitumor efficacy inferior to MeV
encoding IL-12 [112]

BiTEs Recruitment of T cells, enhanced T cell
antitumor cytotoxicity

Immunocompetent mouse model: increased T
cell infiltration, prolonged survival, induction of

tumor-specific immunity
Patient-derived xenograft models: prolonged

survival [113]

TAA Priming and activation of TAA-specific T
cells

IFNAR-/- CD46 transgenic mouse model:
Induction of humoral and cellular responses

against TAA, reduced tumor nodules and
prolonged survival in lung colonization

experiment [114]
Ex vivo assays: Priming and activation of

TAA-specific T cells [115]

Italic: bacterial taxa.

To develop a second immunocompetent model of MeV oncolysis in C57BL/6 mice,
B16 melanoma cells were transduced for stable expression of the CD20 surface antigen
for treatment with CD20-targeted MeV. In this model, MeV vectors encoding immune
checkpoint antibodies against cytotoxic T lymphocyte-associated-4 (CTLA-4) and pro-
grammed cell death-ligand 1 (PD-L1) prolonged survival compared to MeV encoding
the antibody constant region only [110]. Combination with systemically administered
antibodies against CTLA-4, PD-1, and PD-L1 has also demonstrated the therapeutic value
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of this approach [110,116]. In the MC38cea model, systematic comparison of transgenes
targeted at different phases of the cancer immunity cycle—GM-CSF, IFN-γ induced protein
10 (IP-10), membrane-bound CD80, anti-CTLA-4, IL-12, and anti-PD-L1 identified the latter
two as the most potent [111]. MeV encoding IL-12 induced complete tumor remissions in
90% of treated mice, which were mediated by CD8+ effector T cell responses. Oncolytic
MeV vectors encoding an IL-15 superagonist mediated T and NK cell activation, but were
less effective than MeV encoding IL-12 [112]. Bispecific T cell engagers (BiTEs) simultane-
ously bind CD3 on T cells and a tumor surface antigen, thereby redirecting T cells to tumor
cells to mediate antitumor T cell cytotoxicity. Oncolytic measles viruses encoding BiTEs
were shown to promote T cell infiltration and activation in syngeneic and patient-derived
tumor models [113].

For induction of T cell responses against specific antigens, MeV can also be employed
as a heterologous, highly immunogenic vaccine vector (reviewed in [117]). This strategy
has been used to develop vaccines against a range of pathogens, including emerging SARS
CoV-2 [118]. This strategy has been adopted in oncolytic immunotherapy by encoding
tumor-associated antigens in the MeV vector. MeV vectors encoding ovalbumin (OVA)
as model antigen or the tumor antigen claudin-6 either in native form or in association
with lentivirus-like particles were shown to induce antigen-specific humoral and cellular
immune responses in IFN-α receptor (IFNAR)-deficient, CD46-transgenic mice and prolong
survival in B16-derived tumor models [114]. Employing OVA and the melanoma antigen
tyrosinase-related protein-2 (TRP-2), MeV vectors encoding the full-length antigens or
their respective immunodominant CD8+ epitope or epitope variants were generated.
The epitope variants are either secreted or targeted to the proteasome. Using these MeV
vectors, activation and dendritic cell-mediated priming of cognate T cells was demonstrated
ex vivo [115].

As another modality of immunovirotherapy, combination of oncolytic MeV with
adoptive transfer of antitumor immune effector cells such as NK cells [119] or CD8+
NKG2D+ cells [120] has been reported.

Importantly, antitumor immune activation by MeV oncolysis has not only been demon-
strated in preclinical models. Clinical data also suggest augmentation of antitumor im-
munity by oncolytic measles virotherapy. In cutaneous T cell lymphoma, a shift towards
a Th1-biased T cell population in lymphoma lesions was noted after treatment [121]. In
four ovarian cancer patients treated with MV-NIS, IFN-γ and IL-4 responses against the
tumor antigens FRα and IGF binding protein 2 (IGFBP2) were detected by ELISPOT [122].
Increases in IFN-γ ELISPOT counts against cancer testis antigens were also observed in the
majority of tested multiple myeloma patients treated with MV-NIS [123]. The myeloma pa-
tient with an exceptional response to MV-NIS had a high mutational load and high baseline
T cell responses against several tumor antigens, which remained stable after virotherapy.

Of note, the clinical trials published thus far tested oncolytic MeV not encoding
any additional immunotherapeutic payloads. Perhaps the fraction of patients showing
immunological responses and overall therapeutic efficacy can be increased with novel
immunomodulatory oncolytic MeV.

6. Antitumor vs. Antiviral Immunity

However, immune stimulation in the context of oncolytic virotherapy may hamper
overall efficacy by premature viral clearance [124]. Though conferring a safety advantage,
the antiviral immune response and specifically high measles seropositivity in the general
population is one of the main reservations against using MeV for oncolytic virotherapy.
Therefore, multiple strategies have been devised to circumvent anti-viral immunity. Sub-
stitution of the P/V/C and also N and L genes of attenuated oncolytic strains for their
wild type counterparts has been shown to dampen the cellular IFN response and increase
viral spread [125,126]. These variants resulted in higher progeny titers, increased viral
gene expression, and cell killing in presence of interferon or in interferon-competent cells.
Mutation of common antibody epitopes in the MeV envelope glycoproteins allows for
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evasion of virus neutralization in serum [127]. By exchanging the glycoproteins for their
counterparts from a related morbillivirus, canine distemper virus, an envelope chimeric
MeV was generated which showed similar replication kinetics and oncolytic properties as
unmodified MeV, but was not neutralized by human MeV-immune sera [128]. However,
these approaches may compromise safety. As alternatives, different “shielding” approaches
have been developed to protect oncolytic MeV from antibody-mediated clearance.

One approach is to employ cell carriers to “deliver” oncolytic MeV to the tumor site.
Successful tumor delivery by heterofusion of infected carrier cells and tumor cells was first
demonstrated for infected monocytes, endothelial cells, and stimulated human peripheral
blood cells. This allowed for effective oncolysis after i.v. or i.p. administration after passive
immunization in xenograft models [129]. A range of different cell types have been em-
ployed as carriers, including T cells [130], cytokine-induced killer cells [131], mesenchymal
stem cells [132], mesenchymal stromal cells [133], and also irradiated myeloma cells [134].

As an acellular shield, the scavenger receptor ligand polyinosinic acid can be used to
prevent MeV sequestration by hepatic Kupffer cells after i.v. administration [135]. This was
shown to enhance oncolytic efficacy in a nude mouse model. Multi-layer coating with ionic
polymers and graphene oxide sheets [136] have also been reported as a means to protect
MeV from premature clearance [137]. These modifications did not compromise infection of
tumor cells and even enhanced oncolytic effects. Administration of UV-inactivated MeV
as a decoy virus has been suggested as a means to sequester antiviral antibodies prior
to treatment [138].

Instead of modifying the oncolytic agent, immune modulation in the patient has
been envisaged to enable measles virotherapy. Clinically approved multidose cyclophos-
phamide regimens were shown to dampen both primary and secondary antibody responses
to MeV [139]. Although pre-existing immunosuppression in advanced stage cancer and es-
pecially low antibody levels in myeloma patients were anticipated, cyclophosphamide was
also tested in one cohort of the Phase I trial of MV-NIS for advanced multiple myeloma [75].
Clinical data in this regard are still limited, but so far no clear correlation between anti-
measles immunity and therapeutic efficacy has been noted.

7. Preclinical Models

The conundrum of balancing antiviral immunity and antitumor immunity exemplifies
the challenge to identify appropriate models for preclinical development of oncolytic
MeV. Measles is a primate-adapted virus, thus rodents and other small animals commonly
used in research are non-susceptible to the virus. CD46-transgenic, IFNAR-knockout
(IFNAR−/− CD46Ge) mice which are supposed to mimic MeV replication and spread in
humans are commonly used for study of MeV vaccines [117] and have also been used for
testing of oncolytic MeV vaccines [114]. However, it remains unclear how the IFNAR−/−

phenotype affects outcome of virotherapy. Syngeneic transplantable tumor models in
fully immunocompetent mice have been widely adopted [99]. While these models have
enabled proof-of-concept studies, they fail to recapitulate the genetic makeup, heterogeneity
and evolution of human cancers. To address these issues, human precision cut liver
slices [20], clinical samples [140], and patient-derived xenografts [113] have been used in
preclinical testing of measles virotherapy. Successful targeting of cancer-initiating cells
in patient-derived cultures, including glioma stem cells from neurospheres [141] and
colorectal cancer tumor spheroids [85] have been reported. To address specific tumor
niches, orthotopic models such as breast cancer pleural effusion [142] and intracranial
glioblastoma models [116,141] have been studied, demonstrating efficacy of oncolytic MeV
also in advanced preclinical models.

8. Pharmacokinetics and –Dynamics

In preparation of clinical trials, several preclinical toxicology and pharmacokinetic
studies have been carried out in mice and non-human primates [143–147]. These studies
confirmed safety of intravenous injection of up to 108 and 4 × 108 TCID50/kg oncolytic
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MeV in IFNAR−/− CD46Ge and squirrel monkeys, respectively. Further, intraventricular
injection of oncolytic MeV into the cerebrospinal fluid of IFNAR−/− CD46Ge mice [147]
and intrahepatic injection of prodrug convertase-armed oncolytic MeV in IFNAR−/−

CD46Ge mice and rhesus macaques [146] were tolerated. Depending on the model, differ-
ent pharmacokinetics and dose–response relationships were observed. Notably, despite
detection of viral RNA, no significant shedding of infectious virus was reported.

This holds true in clinical settings. Saliva and urine samples were free of infectious
virus after i.p. administration of MV-CEA in ovarian cancer patients [74]. Up to 109 TCID50
i.p. and 1011 TCID50 i.v. have been administered with manageable side effects [75,122].
The available clinical data also suggest a dose–response relationship, with higher doses
associated with more favorable outcome.

9. Early Clinical Trials with MeV

Clinical trials in oncology typically enroll patients after failure of established therapies.
In the first clinical trial with oncolytic MeV, patients with therapy-resistant or relapsed
cutaneous T cell lymphomas received intralesional injections of Edmonston-Zagreb measles
vaccine. As a safety measure, IFN-α was administered prior to treatment. Treatment was
well tolerated and tumor regressions, also of non-injected lesions, were observed. Serial
biopsies showed intralesional viral replication and favorable changes in the intralesional T
cell populations [121].

Quite a high number of subsequent trials were conducted at Mayo Clinic in pa-
tients with very different cancer entities including ovarian cancer [74,122] (NCT02068794;
NCT00390299), glioblastoma multiforme (NCT00390299), medulloblastoma (NCT02962167),
mesothelioma (NCT01503177), breast cancer (NCT04521764), head and neck squamous
cell carcinoma (NCT01846091), malignant peripheral nerve sheath tumors (NCT02700230),
bladder cancer (NCT03171493), and multiple myeloma (NCT00450814; NCT02192775)
using Edmonston B-derived attenuated MeV. These Phase I/II trials showed that MeV
administration through all investigated routes including intraperitoneal, intracranial, in-
tratumoral, intrapleural, and intravenous administration is safe, feasible, and may lead
to a favorable outcome compared to expected median survival in the treated patient pop-
ulation [74,122]. In patients with multiple myeloma, treatment with oncolytic MeV led
to transient drops in serum free light chains as myeloma marker in several patients. One
patient experienced a durable complete remission which is still ongoing to date [75,148].

10. Translational Considerations, Perspectives, and Conclusions

As a consequence of the observed dose–response relationships, highest feasible doses
are administered in current trials. However, large-scale manufacturing of the required high-
titer, highly purified good manufacturing practice (GMP)-grade recombinant MeV remains
challenging [149], despite development of processes including production in serum-free
cell culture, tangential flow filtration, and diafiltration [150–152]. Nevertheless, these
efforts seem worthwhile, given the versatility of MeV as an oncolytic vector platform [47],
the excellent safety record of MeV vaccines [10], as well as the biosafety profile [153] and
genetic stability [154] of recombinant MeV.

As outlined above, several rational combination approaches to cancer immunovirother-
apy employing MeV and different immunomodulators will be under clinical investigation
in the future. Other OVs have already been combined successfully with immune check-
point inhibitors [155] in clinical trials. Moreover, clinical translation of second-generation
MeV engineered to encode relevant immunomodulators as illustrated above will most
likely further improve clinical outcomes.

Moving forward in this direction, it will be decisive to validate predictive markers of
response and resistance in a clinical setting. These markers should not only incorporate
tumor cell characteristics, but also signatures of antitumor immune activation. By defining
criteria of successful immunovirotherapy, these results will also assist in prioritizing the
most effective therapeutic payloads and combination therapies. Towards this end, even
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early stage clinical trials must encompass comprehensive correlative research programs to
accelerate the advancement of effective immunovirotherapies.
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Simple Summary: Oncolytic virotherapy using oncolytic viruses with natural or engineered cancer-
destroying capacities has emerged as a promising treatment concept in modern oncology. Rodent
protoparvoviruses, in particular the rat H-1 parvovirus (H-1PV), have demonstrated their broad-
range tumor-suppressive properties in both preclinical models and clinical studies. In addition to
inducing selective tumor cell death, these viruses are also able to exert immunostimulating effects
and reverse tumor-driven immune suppression. Parvovirotherapy holds therefore a potential for
enhancing the efficacy of other cancer immunotherapies. The aim of this review is to provide an
overview of all H-1PV-based combinatorial immunotherapeutic approaches against poor-prognosis
human solid cancers that have been tested so far. Current challenges and future prospects of
parvoviro-immunotherapy, notably parvovirus inclusion into various immunotherapeutic protocols
against glioblastoma, pancreatic cancer, among other standard therapy-refractory solid malignancies,
are also discussed in the light of H-1PV further clinical development.

Abstract: Resistance to anticancer treatments poses continuing challenges to oncology researchers
and clinicians. The underlying mechanisms are complex and multifactorial. However, the immuno-
logically “cold” tumor microenvironment (TME) has recently emerged as one of the critical players
in cancer progression and therapeutic resistance. Therefore, TME modulation through induction of
an immunological switch towards inflammation (“warming up”) is among the leading approaches in
modern oncology. Oncolytic viruses (OVs) are seen today not merely as tumor cell-killing (oncolytic)
agents, but also as cancer therapeutics with multimodal antitumor action. Due to their intrinsic
or engineered capacity for overcoming immune escape mechanisms, warming up the TME and
promoting antitumor immune responses, OVs hold the potential for creating a proinflammatory
background, which may in turn facilitate the action of other (immunomodulating) drugs. The latter
provides the basis for the development of OV-based immunostimulatory anticancer combinations.
This review deals with the smallest among all OVs, the H-1 parvovirus (H-1PV), and focuses on
H-1PV-based combinatorial approaches, whose efficiency has been proven in preclinical and/or
clinical settings. Special focus is given to cancer types with the most devastating impact on life
expectancy that urgently call for novel therapies.

Keywords: parvovirus; oncolytic; tumor microenvironment; immunotherapy; combination therapy;
glioblastoma; pancreatic cancer; colorectal cancer; melanoma
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1. Introduction

The rodent H-1 protoparvovirus (H-1PV) (for an overview of H-1PV classification
and biology, we redirect the readers to a recent review by Bretscher and Marchini [1]) was
first discovered as a contaminating agent in xeno-transplanted human tumor cell lines [2].
Originally identified as a pathogen, which lethally affects rat fetuses and newborn rats
by causing cerebellar hypoplasia and hepatitis [3], H-1PV was later found to preferen-
tially replicate in rat- and in human-transformed or tumor-derived cell cultures, while
sparing their non-malignant counterparts [4,5]. H-1PV intrinsic oncotropism and oncos-
electivity are a complex phenomenon based on multiple molecular determinants, which
are underrepresented in normal cells, but characteristic of tumor cells [6]. Importantly,
humans are not naturally infected with this virus, and no association between H-1PV and
human disease has been observed [7]. Two early clinical studies of virus administration
to cancer patients—dating back to the 1960s and 1990s of last century—demonstrated the
lack of H-1PV pathogenic effects and the feasibility of the approach [8,9], thus laying the
groundwork for the development of parvovirus (PV)-based oncolytic virotherapy. Three
decades of laboratory efforts brought about extensive preclinical evidence of H-1PV broad
tumor-suppressive potential [5,10]. Furthermore, it became increasingly apparent that
in addition to directly inducing cancer cell death (oncolysis), H-1PV was also capable of
exerting immuno-stimulating effects in various preclinical cancer models [11,12].

PV induced immune system stimulation results from multiple infection-associated
immunogenic events. Depending on the tumor model, virus dose, route of administration
and the immunological status of the host, one or another immunogenic stimulus may
prevail [11]. Regardless of the particular mechanism involved, PV-mediated immunomod-
ulation contributes to the “warming up” of the tumor microenvironment (TME) (Figure 1),
increases tumor visibility and enhances immune cell reactivity [13]. H-1PV infection-
associated immunogenic events and their impact on the immune system are reviewed in
detail elsewhere [12,13], and briefly summarized below.

• Immunogenic cell death (ICD) of H-1PV-infected tumor cells (indirect immune cell
stimulation): PVs are potent triggers of immunogenic stimuli through tumor cell ICD
induction. Infected tumor cells release a spectrum of proinflammatory mediators, in
particular chemo- and cyto-kines, and pathogen- and danger-associated molecular
patterns (PAMPs, DAMPs), which are in turn capable of boosting the maturation and
reactivity of distinct immune cell populations. This can be exemplified by H-1PV-
infected human melanoma cells, which activate dendritic cell (DC) maturation through
the release of heat shock protein 72 [14]. In line with this observation, H-1PV-infected
pancreatic and colorectal carcinoma cells were shown to stimulate natural killer (NK)
cell tumor-killing capacity through both the overexpression of ligands specific for
NK cell activation receptors and the downregulation of MHC I on infected tumor
cells [15,16]. Notably, productive infection of tumor cells is not required for immune
stimulation. This was demonstrated by co-incubating H-1PV-infected semi-permissive
pancreatic carcinoma cells with peripheral blood mononuclear cells (PBMC), under
which conditions induction of Th1 signature and release of interferon-gamma (IFN-γ)
and tumor necrosis factor-alpha (TNF-α) were detected in the PBMC population [17].

• H-1PV infection of immune cells (direct immune cell stimulation): H-1PV infection
of human immune cell subpopulations has been documented in various preclinical
settings. Virus entry may take place in T, B, NK, DC and monocytic populations;
however, infection is aborted at subsequent virus intracellular replication steps [18].
Abortive infection can nevertheless exert multiple immuno-stimulating effects, such as
expression of IFN-stimulated genes and proinflammatory cytokine production [17,18].
On the other hand, H-1PV is able to inhibit the immune suppressive activity of
regulatory T (Treg) cells [18].

• H-1PV impact on tumor vasculature: It has been demonstrated that endothelial (pre-
cursor) cells may constitute direct targets for parvovirus-mediated toxicity. These
cells sustain an abortive H-1PV infection in vitro. In animal models, virus treatment
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inhibits the growth of lymphatic endothelium-derived tumors (Kaposi’s sarcoma).
Furthermore, recombinant propagation-deficient parvoviral vectors armed with an-
giostatic chemokines achieve significant reduction of vascular endothelial growth
factor (VEGF) expression in Kaposi’s sarcoma cells [19]. Given the control exerted
by the vasculature of tumors over their infiltration with immune cells, these effects
are likely to contribute to H-1PV immuno-stimulating activity, as further discussed
below. Altogether, these data warrant validation of H-1PV as a tool against highly
vascularized cancers, e.g., glioblastoma, one of the most angiogenic human tumors.
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Figure 1. H-1PV-induced modulation of tumor microenvironment immune landscape. (a) Immunosuppressive (“cold”)
tumor microenvironment (TME) of a solid tumor. The tumor is often infiltrated with abundant immunosuppressive regula-
tory T cells (Treg)/myeloid-derived suppressor cells (MDSC). Tumor-infiltrating lymphocytes (TILs) (CD8+ CTLs, CD4+ Th
cells) are scarce and/or anergic. Tumor and various TME cells produce anti-inflammatory cytokines to maintain immune
suppression and facilitate tumor growth and dissemination. (b) Tumor infection with H-1PV results in immunogenic
tumor cell death leading to the release proinflammatory cytokines, pathogen- and danger-associated molecular patterns
(PAMPs and DAMPs), which alarm the immune system. The infection of tumor cells does not necessarily have to be
productive for this immuno-stimulating effect to be achieved. Furthermore, abortive infection of immunocytes (CTLs,
Th cells, monocytes/macrophages) with H-1PV can also lead to their activation. In contrast, H-1PV inhibits the immune
suppressive functions of Treg cells. An immunological switch takes place and converts the “cold” TME into a “warmed up”
(inflamed) one. Virus-mediated immuno-conversion of TME favors the mounting of enhanced antitumor immune responses.

The above-outlined H-1PV potential for creating a proinflammatory immune envi-
ronment and alerting the immune system to the presence of a tumor opens prospects
for combining the virus with various immunomodulators or other therapeutic agents en-
dowed with immuno-stimulating properties. This combinatorial approach is in particular
promising for the treatment of human tumors that remain presently incurable and pose
continuing research and clinical challenges. Pancreatic ductal adenocarcinoma (PDAC),
glioblastoma, colorectal cancer (CRC) and melanoma are among those cancers, which
are urgently calling for novel therapeutic strategies. H-1PV-based immunotherapeutic
combinations are reviewed below, which aim at targeting these devastating malignancies.
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2. Parvovirus-Based Combinatorial Immunotherapy against Pancreatic Cancer

PDAC is the most common neoplasm of the pancreas and one of the most aggressive
human cancers. It is characterized by quick progression, broad intraperitoneal dissemina-
tion (peritoneal carcinomatosis) and frequent resistance to conventional treatments. PDAC
is usually diagnosed at advanced stages, when surgical resection is either not feasible or
inefficient, as most patients eventually suffer from local recurrence and metachronous
metastasis [20]. Current chemotherapy regimens achieve only minor improvements of
PDAC dismal prognosis: the median survival time and overall 5-year survival remain as
low as <12 months and approximately 5%, respectively [21]. Gemzar (gemcitabine) is the
standard drug used to treat PDAC patients after surgery. Yet, gemcitabine only prolongs
the survival of the majority (82%) of the patients by less than two-fold. On the same line,
pathway-specific targeted therapies showed little efficacy against PDAC [22]. Therefore,
new treatment paradigms need to be urgently explored in order to extend PDAC patient
life expectancy and offer better quality of life.

H-1PV is among the oncolytic viruses (OVs), which have promising potential for
efficiently targeting pancreatic cancer. PDAC sensitivity to H-1PV-induced oncolysis was
demonstrated in various preclinical models [23,24]. Infection of human PDAC-derived
cells leads to their killing, which is mediated at least in part by cathepsins [24]. Importantly,
H-1PV sensitivity is preserved in gemcitabine-resistant cultures [23], thus opening up
prospects to circumvent PDAC resistance to current standard death inducers.

2.1. H-1PV + Nucleoside Analogues (Gemcitabine)

As gemcitabine is currently considered the gold chemotherapeutic standard in PDAC
clinical management, the therapeutic efficacy of gemcitabine in combination with H-
1PV was tested in a rat syngeneic orthotopic PDAC model. H-1PV administration to
gemcitabine-pretreated animals led to significant tumor suppression and survival pro-
longation in comparison with the mock-infected or gemcitabine-only treated groups [23].
These in vivo findings could not be straightforwardly ascribed to synergistic tumor cell
death enhancement only. Indeed, in vitro studies showed that the cytotoxic effects of the
combination, while allowing effective dose reduction for both agents, did not result in
complete PDAC culture elimination. This prompted the investigation of the immuno-
logical effects exerted by the H-1PV + gemcitabine combination as an added value to
direct tumor cell killing. Markers of ICD induction were analyzed in various PDAC cell
lines, treated with either virus (or gemcitabine) alone or with H-1PV + gemcitabine. It
was demonstrated that the release of high-mobility group box 1 protein (HMGB1) is a
strikingly robust feature of H-1PV-infected PDAC cells [24]. Furthermore, H-1PV-triggered
HMGB1 release did not require lytic infection, in line with the above-described PBMC
activation by non-productively infected PDAC cells [17]. Gemcitabine alone was unable
to induce HMGB1 secretion, yet H-1PV-induced HMGB1 release remained unaffected in
gemcitabine-treated cells. Gemcitabine, on the other hand, was able to induce—albeit not in
all cell lines tested—mature interleukin 1-beta (IL-1ß) accumulation in culture supernatants.
Taken together, these data show that H-1PV and gemcitabine complement each other
in the induction of immunogenic signals. The compatibility of H-1PV-induced alarmin
(HMGB1) secretion with other (ICD-inducing) chemotherapeutic regimens warrants the
consideration of PV inclusion into various multimodal anti-PDAC treatment protocols [24].
The therapeutic promise of H-1PV administration in gemcitabine-treated pancreatic cancer
patients is further supported by several reports in the literature showing that, unlike most
nucleoside analogues, gemcitabine is lacking immunosuppressive properties. On the con-
trary, gemcitabine may be beneficial not only to the cytocidal but also to the pro-immune
outcome of H-1PV infection, as assumed from the findings below.

• One study conducted in gemcitabine-treated PDAC patients revealed the ability of
the drug to enhance T cell-mediated and DC-dependent host immune responses [25].
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• In keeping with the aforementioned data, it was documented that gemcitabine therapy
may promote naïve T cell activation in PDAC patients and enhance their responsive-
ness to specific vaccination or to other forms of immunotherapy [26].

• The understanding of gemcitabine immunoregulating effects as a complementary
constituent of tumor cell toxicity was extended by the demonstration that this drug
alleviates pancreatic cancer immune escape through NK cell cytotoxicity enhance-
ment [27].

• Studies conducted in murine orthotopic PDAC models provided yet another in-
sight into gemcitabine-mediated immuno-stimulation, namely by indicating that low
chemotherapeutic doses selectively deplete effector/memory Treg cell populations.
The latter has a strong impact on PDAC microenvironment, as Tregs usually form
large intra-tumoral infiltrates and trigger local immune suppression [28,29].

• Last but not least, in cancer models other than PDAC, gemcitabine enhances the
efficacy of OV (e.g., reovirus) therapy. This complementation is achieved through
gemcitabine-mediated inhibition of myeloid-derived suppressor cell (MDSC) recruit-
ment to the TME and acceleration of reovirus-induced antitumor T cell immune
responses [30].

Based on favorable preclinical data hinting at the potentiation of OV-induced antitu-
mor effects in the presence of gemcitabine, a clinical trial, ParvOryx02 (NCT02653313), was
designed and conducted with the aim to provide a clinical proof-of-principle of the safety
(and efficacy) of H-1PV + gemcitabine co-treatment. Patients with inoperable metastatic (at
least one hepatic metastasis) pancreatic cancer were treated with H-1PV. The virus was first
administered intravenously (40% of the total virus dose on four consecutive days), and
the remaining virus dose was then given intra-metastatically as single hepatic injection,
followed by gemcitabine treatment [31]. Partial response and extended overall survival
were observed in two out of seven trial patients, and immunological signatures most likely
contributed to this improved outcome. The ParvOryx02 study therefore provided the first
clinical indication that immune mechanisms underlie PV-mediated tumor suppression [32].

2.2. H-1PV + Histone Deacetylase Inhibitors (Valproic Acid)

Preclinical proof-of-concept was also obtained for another treatment combining H-
1PV with the histone deacetylase (HDAC) inhibitor (HDACi) valproic acid (VPA) [33].
HDACis hold significant promise in cancer therapy, due to their ability to cause malignant
cell growth inhibition, re-differentiation and death [34]. Most interestingly, HDAC inhi-
bition was also found to potentiate the oncotoxicity of various OVs, including vesicular
stomatitis [35], herpes- [36], adeno- [37] and parvo [33]-viruses (for a review, see Refer-
ence [38]). The synergism between HDACi and H-1PV was first demonstrated by Li et al.,
who conducted preclinical testing of this combination in cervical carcinoma and PDAC
models [33]. VPA proved to synergize with H-1PV in inducing DNA damage, oxidative
stress and death in PDAC-derived cell lines. This cooperation was traced back, at least in
part, to the ability of VPA to stimulate the acetylation and, in consequence, the oncotoxic
activity of the viral protein NS1. Interestingly, VPA-induced hyperacetylation of NS1 was
also associated with enhanced H-1PV DNA replication and viral gene transcription, ulti-
mately boosting virus multiplication in tumor cells. The VPA-dependent increase in both
H-1PV intrinsic oncotoxicity and multiplication was reflected in the potentiation of tumor
suppression in animal models. In order to establish a clinically relevant animal model
of PDAC, patient-derived material was xeno-transplanted in non-obese diabetic/severe
combined immunodeficiency disease (NOD/SCID) mice. Alternatively, the human AsPC-1
cell line was implanted into nude rats. Tumors were subjected to mono versus combi-
natorial treatment and tumor growth parameters were comparatively evaluated. In line
with the in vitro observations, H-1PV + VPA administration resulted in enhanced NS1 and
H-1PV intra-tumoral accumulation, correlating with an increase in oxidative stress and
subsequent apoptosis in co-treated tumors. The combination achieved complete AsPC-1
tumor eradication. Patient-derived xenografts were also responsive, yet to a somewhat
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lesser extent, probably due to the characteristic PDAC intra-tumoral heterogeneity and
prominent presence of stroma.

It is noteworthy that besides its effects on tumor cell growth and OV oncotoxicity, VPA
was reported to modulate the immune system, providing an additional possible interface
for cooperation with OVs at the level of their intrinsic immuno-stimulating activity. VPA
was indeed shown to:

• Exert epigenetic regulation of various immune functions, e.g., attenuation of MDSC
immunosuppressive effects [39].

• Induce the expression of MHC I-related chain A (MICA) and B (MICB) molecules, as
well as of UL16-binding proteins (ULBPs) in human tumor cells, thereby triggering
their enhanced recognition by NK cells [40], like H-1PV does (see above [15,16]).

• Mediate the inhibition of macrophage migration inhibitory factor (MIF) expression
through local chromatin deacetylation-based transcription targeting [41].

As a whole, the above data speak for the high translational relevance of VPA to the
future development of PV-based combinatorial (immuno) therapies.

In conclusion, two drugs that are available on the pharmaceutical market, i.e., gem-
citabine (cytostatic) and VPA (antiepileptic), proved to be efficient in synergizing with
H-1PV to suppress pancreatic cancer (Figure 2).
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to suppress PDAC. Preclinical data suggest that the immune system mediates, at least in part, this cooperation. H-1PV
infection of tumor cells leads to the release of PAMPs/DAMPs, such as high-mobility group box 1 protein (HMGB1), which
in turn alert the immune system to danger and mobilize an inflammatory antitumor immune response. Various aspects of
H-1PV-, gemcitabine-, VPA- and IFN-γ-exerted immunomodulation may converge and synergize upon exposure of the host
immune system to the respective combinations. The underlying mechanisms remain to be elucidated in detail by gathering
extensive clinical experience. For details and references, see main text.

2.3. H-1PV + Proinflammatory Cytokines (Interferon-Gamma)

Another combination with substantial potential for clinical development relies on
the mutual complementation of H-1PV- and IFN-γ-mediated immune stimulation. It
was shown that IFN-γ improves the vaccination potential of the virus and diminishes
the development of peritoneal carcinomatosis in preclinical PDAC models. Concomitant
intraperitoneal administration of both H-1PV and IFN-γ in these models led to extended an-
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imal survival correlating with enhanced peritoneal macrophage and splenocyte responses
against tumor cells [42].

3. Parvovirus-Based Combinatorial Immunotherapy against Glioblastoma

Glioblastoma multiforme (GBM) is the most common and aggressive human primary
brain tumor. Similar to PDAC, GBM patients experience a very poor outcome. The 5-year
overall survival rate is very low, around 5.1% [43]. GBM treatment faces a unique challenge:
the presence of the blood–brain barrier (BBB), which largely prevents drugs, including
small-molecule ones, from entering the central nervous system [44]. Current therapeutic
approaches therefore include surgical resection of the tumor—to the largest extent feasible
and safe—followed by radiotherapy and concomitant chemotherapy [45]. Unfortunately,
despite all clinical efforts, tumor progression and recurrence typically occur, calling for
alternative therapeutic solutions [46].

Based on the so far unmet need for novel, more efficient treatments, GBM was among
the preclinical tumor models most extensively studied in our laboratory. H-1PV capacity
for selectively killing glioma cells through cytosolic activation of lysosomal proteases was
first demonstrated in vitro [47]. These results were validated in animal models, namely
in immunocompetent rats bearing orthotopic autologous RG-2 tumors and in immun-
odeficient rats bearing xeno-transplanted human U87 gliomas. In these models, tumor
regression after local, intravenous or intranasal virus administration was observed [47–49].
H-1PV treatment was not associated with any significant off-target toxicities; accordingly,
virus transcription and NS1 protein accumulation could be detected in regressing tumor
remnants and not in the surrounding normal tissues [48]. Interestingly, the therapeutic
effect was potentiated in the presence of an intact host immune system. T cell depletion
impaired H-1PV-induced glioma suppression; conversely, the presence of T cell only, in the
absence of PV treatment, was not sufficient to inhibit tumor growth [11]. These preclinical
observations provided the first hints of host T cell response involvement in PV-mediated
glioma regression, hence the rationale for the development of PV-based immunotherapies
against glioblastoma.

Pursuant to the above-described preclinical findings, the ParvOryx01 trial (NCT01301430)
in recurrent glioblastoma patients delivered the first clinical proof-of-concept for tumor-
infiltrating lymphocytes (TILs) playing substantial role in H-1PV-mediated immunomod-
ulation of GBM TME. Although ParvOryx01 primary objectives were to determine virus
safety, tolerability, pharmacokinetics, shedding and maximum tolerated dose, the anal-
ysis of post-virus-treatment resected tumor tissues revealed the presence of prominent
immune cell infiltrates [50]. These infiltrates were comprised of CD45+CD3+CD4+ and
CD45+CD3+CD8+ TILs. The latter contained both perforin and granzyme B-positive
secretory granules, which is indicative of CTL cytolytic activity. TILs proved, in addi-
tion, to be CD25 (IL2 receptor alpha chain)-positive. Only a minor fraction of these cells
expressed FOXP3, indicating the scarcity of Treg cells within the intra-tumoral immune
infiltrates. Intra-tumoral production of proinflammatory cytokines (IFN-γ, IL-2) was also
detected, together with inducible nitric oxide synthase (iNOS) expression in CD68+ tumor-
associated microglia/macrophage cells [50,51]. Interestingly, tumor cells expressed the
CD40 ligand (CD40L), a positive prognostic factor in glioblastoma [52]. Co-expression of
CD40L and CD40, considered as a negative prognostic factor, was not seen [50,51]. Taken
together, these first clinical findings indicated that H-1PV has the capacity to exert immuno-
stimulating effects on glioblastoma TME. This makes the virus a worthwhile partner in
therapeutic combinations, which aim at warming up the intrinsically immunosuppressive
and immune-evasive environment of brain tumors.

3.1. H-1PV + Ionizing Radiation

We have previously shown that radiotherapy, one of the conventional first-line treat-
ments in glioblastoma patients, sensitizes low-passage glioma cultures to H-1PV oncolysis.
Pre-irradiation increases the susceptibility of these cells to virus infection. Interestingly,
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H-1PV achieves killing both radiation-sensitive and resistant glioma cells [53]. Apart from
triggering enhanced tumor cytolysis, the irradiation followed by H-1PV treatment holds,
in addition, the potential—although not yet validated in animal models—of acting as
combinatorial immunotherapy. Indeed, although irradiation was long regarded as a local
anticancer therapy, the first reports on radiotherapy interactions with the host immune
system can be traced back to the 1970s of the last century. In 1979, Slone et al. were the
first to report that the radiation dose required to control 50% of mouse fibrosarcomas
was twice as high in immunocompromised animals as in immunocompetent hosts [54].
Furthermore, tumor regression at sites distant to radiation fields, the so-called abscopal
effect, has been systematically observed [55]. Radiation-triggered immunomodulation
encompasses, among other effects, ICD induction, T and NK cell activation and MDSC sup-
pression. These observations prompted the development of various combination therapy
regimens based on radiation and other immunomodulating agents [56,57], including OVs
(e.g., adeno-, herpes simplex-, measles- and vaccinia-viruses) against glioma [58].

3.2. H-1PV + Tumor Angiogenesis Inhibitors (Bevacizumab)

Another promising approach is the combination of H-1PV with bevacizumab (Avastin®).
This co-treatment was evaluated in a series of compassionate virus uses in recurrent
glioblastoma patients. Bevacizumab is an anti-VEGF-A monoclonal antibody available in
Europe since 2005 for the treatment of breast, lung, kidney, colon, ovarian and endometrial
carcinomas. In 2009, bevacizumab was approved by the Food and Drug Administration
(FDA) for application in glioblastoma patients [59]. While achieving a steroid-sparing effect
and alleviation of edema, bevacizumab monotherapy has, however, not demonstrated
significant survival benefits [60]. On the other hand, scientists and clinicians have gath-
ered an extensive—and yet to grow—knowledge of bevacizumab’s mode of action. In
particular, bevacizumab was found to exert immunomodulating activity by counteracting
VEGF-induced negative effects on DC maturation, antigen presentation and lymphocytic
trafficking [61]. These bevacizumab properties, together with the ParvOryx01 trial experi-
ence showing H-1PV treatment-associated immunogenic changes in glioblastoma TME,
have opened up prospects for novel anti-glioma combinatorial immunotherapy devel-
opment, i.e., H-1PV + bevacizumab (Figure 3). A compassionate use proof-of-concept
program was conducted in five GBM patients, who developed a second or third recurrence
after being treated in the ParvOryx01 trial. The patients underwent tumor resection, fol-
lowed by local H-1PV administration and bevacizumab. The mean survival after treatment
was extended to 15.4 months. Moreover, in three out of the five patients, striking remission
of the recurrence was observed, providing first clinical hints of synergistic glioblastoma
suppression through parvoviro-immunotherapy [62].

3.3. H-1PV + PD-1 Immune Checkpoint Inhibitors (Nivolumab)

Checkpoint blockade, a strategy which aims at overcoming immune system tolerance
towards the tumor through the release from negative regulators of immune activation
(immune checkpoints), is presently at the leading edge of cancer immunotherapy. Although
efficient in controlling various other solid tumors, immune checkpoint inhibitors (ICIs)
frequently fail to achieve a significant response in glioblastoma patients [63]. Several
preclinical studies and clinical trials have therefore been initiated, in order to determine the
optimal ICI-based combinations and redefine the future standards of care for this deadly
disease [64].
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Figure 3. Rationale for combining H-1PV administration with bevacizumab treatment in patients
with recurrent glioblastoma multiforme (GBM). Bevacizumab antibody and H-1PV infection share
the capacity for inhibiting vascular endothelial growth factor (VEGF) (production) (upper row) and
triggering distinct immuno-modulations (lower rows), raising hopes to improve antitumor immunity
by combining both treatments. In support of this strategy, bevacizumab and H-1PV were found
to jointly achieve significant clinical improvement in GBM patients at second or third recurrence,
leading to remission of the recurrent tumor. The precise mechanisms of this therapeutic potentiation
remain to be determined. However, the establishment by H-1PV of an immunologically “improved”
proinflammatory background, which facilitates bevacizumab-mediated immuno-stimulating effects,
is a likely scenario. For details and references, see the main text.

First clinical hints of improved antitumor effects of H-1PV virotherapy upon com-
bination with checkpoint blockade were obtained through compassionate virus uses. A
series of three patients with rapidly progressing recurrent glioblastoma were treated with
H-1PV (two were irradiated prior to virus administration), followed by bevacizumab and
the programmed cell death protein 1 (PD-1) inhibitor nivolumab. In addition, all patients
received the HDACi VPA. This innovative PV-based multimodal strategy led to radiologi-
cally confirmed tumor regression accompanied by clinical improvement in all subjects 4 to
8 weeks after virus injection [65]. An objective tumor response was also seen in another
group of primary or recurrent glioblastoma patients, who received H-1PV in combination
with bevacizumab and checkpoint blockade. Complete to partial tumor remission was
documented in 78% of the cases, which is a significantly higher response rate than the one
reported in the literature for bevacizumab- and ICI-based monotherapies [66].

Altogether, the above data provide a strong impetus for further clinical develop-
ment of H-1PV combinations with radiation and/or immunomodulators (in particular
bevacizumab and ICIs) in the fight against glioblastoma.

4. Parvovirus-Based Combinatorial Immunotherapy against Colorectal Cancer

CRC is another major cause of cancer-related deaths worldwide. Although the imple-
mentation of early-detection screening programs has substantially improved the 5-year
overall survival, prognosis for CRC patients with stage 4 metastatic disease remains
poor [67]. Immunotherapy, in particular checkpoint blockade, has proved efficient against
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heavily mutated colorectal tumors. However, it fails to elicit sufficiently strong therapeutic
responses in carcinomas, which are mismatch-repair-proficient (pMMR) and possess low
levels of microsatellite instability (MSI-L). Low mutational burden, together with the lack
of immune cell infiltration, contribute to pMMR-MSI-L immune resistance [68]. Novel
approaches are therefore needed for the treatment of patients with advanced metastatic or
low mutational burden CRC. One such approach, combinatorial immunotherapy, holds
much potential for extending the scope of checkpoint blockade so as to bring benefit also
to CRC patients with unfavorable prognosis.

H-1PV + CTLA-4 Immune Checkpoint Blockade (Tremelimumab)

Many tumor types, including CRC, overexpress the immune checkpoint cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and thus transmit inhibitory signals to T
cells [69]. This immune evasion strategy creates an immunosuppressive environment,
which allows the tumor to escape immune recognition and destruction. The anticancer
effects of tremelimumab, a CTLA-4-specific human antibody, applied either alone or in
combination with H-1PV, were studied by Heinrich et al. [70] n a human in vitro CRC
model. H-1PV infection alone was found to reduce the viability of SW480 CRC cells and
enhance extracellular CTLA-4 expression. SW480 cells and immature DCs (iDCs) co-culture
experiments demonstrated that the expression of DC maturation and activation markers,
namely CD83, CD80 and CD86, sharply increased when the tumor cells were infected with
H-1PV. Notably, additional treatment of H-1PV-infected SW480 cells with tremelimumab
resulted in IFN-γ enrichment of the co-culture supernatant [70].

5. Parvovirus-Based Combinatorial Immunotherapy against Melanoma

Cutaneous melanoma, also known as black skin cancer, is an aggressive tumor arising
from the melanocytes. Over the past 10 years, melanoma has become a prototype for testing
novel targeted therapies, first and foremost, immune checkpoint blockade. PD-1 inhibition
has shown significant clinical success in controlling locoregional melanoma [71]. However,
metastatic melanoma is a severe life-threatening condition for which reinforcement of
current treatment tools and approaches is still needed.

H-1PV + CTLA-4 (Ipilimumab)/PD-1 (Nivolumab) Immune Checkpoint Blockade

In order to investigate the immunological effects of H-1PV in combination with ipili-
mumab and/or nivolumab, a human ex vivo melanoma model was used by Goepfert et al.
Similar to the observations made in CRC-derived cells [70], upregulation of immune check-
points, CTLA-4, PD-1 and PD-L1 in particular, was seen in H-1PV-infected melanoma
cells. Yet, the virus potentiated the capacity of melanoma cells to induce iDC maturation
in co-culture experiments. Nivolumab and ipilimumab, when added to the treatment
scheme, triggered a further increase in the release into the co-culture supernatant of IFN-γ
and TNF-α, respectively. Further to this, upon combination with H-1PV, the two ICIs
induced stronger CTL activation, compared to virus alone [72]. Combining PV-induced
immunogenic oncolysis with CTLA-4 and/or PD-1 blockade allows achieving a double
goal, i.e., tumor cell killing and activation of the immune system against the tumor. This
triggering of complementary events, centered on tumor destruction and immune-mediated
elimination, renders the H-1PV + ICI approach promising for melanoma and other solid
tumors’ treatment.

6. Conclusions

Preclinical research and clinical experience have demonstrated the multimodal anti-
cancer activity of the oncolytic parvovirus H-1PV. Two essential facets of H-1PV-induced
tumor suppression consist of direct killing of malignant cells (oncolysis) and activation
of cellular immune responses against the tumor. H-1PV infection, oncolysis and immune
stimulation are interconnected, coordinated events, which cooperate towards multisided
tumor elimination.
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Glioblastoma and pancreatic adenocarcinoma are among the most devastating human
malignancies, characterized by resistance to current therapies, tendency to recurrence
and an overall poor outcome. H-1PV has undergone clinical testing in two recently con-
ducted trials, ParvOryx01 in glioblastoma and ParvOryx02 in pancreatic carcinoma. Virus
excellent safety and tolerability, together with the capacity for gentle TME immune land-
scape proinflammatory modulation, provide a strong impetus for further H-1PV clinical
development. It should, however, be noted that in the clinical setting, various patient-
dependent factors may result in suboptimal antitumor effects. Large intra-tumoral tissue
heterogeneity, emergence of tumor cells resistant to virus infection/killing, dominance
of the highly immunosuppressive TME, hampered virus spreading, off-target infection
and virus neutralization by antiviral antibodies are among the major barriers to efficient
H-1PV-induced tumor elimination. While various other approaches (capsid modification,
chimera generation, fitness mutant selection, armed vector construction) to H-1PV treat-
ment optimization are currently under investigation, PV-based combinatorial therapies
are considered as a particularly promising avenue that holds the potential of enhancing
both oncolysis and immune-mediated tumor destruction. Combinations of the virus with
other anticancer approaches, namely irradiation, chemotherapy (gemcitabine), epigenetic
modulation (HDACi), angiogenesis regulation (bevacizumab) or immunotherapy (immune
checkpoint blockade), were evaluated in both preclinical models and in cancer patients.
The combinatorial H-1PV-based viro(immuno)therapeutic strategy was proven to achieve
greater anticancer effects compared to individual agents alone. The synergistic boost was
particularly pronounced in combinations including the HDACi VPA, bevacizumab or the
PD-1 inhibitor nivolumab. Glioblastoma patients treated with this combination showed
striking tumor remission and extended survival, notably after second or even third recur-
rence. These early clinical observations speak in favor of considering H-1PV inclusion into
various immunotherapeutic protocols against glioblastoma and other poor-prognosis solid
tumors (Figure 4).
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Simple Summary: Oncolytic adenoviruses are engineered to selectively replicate in and destroy cancer
tissue. Moreover, these viruses are promising tools to restore antitumor immune response in cancer
patients due to their high immunogenicity and the ability to interfere with the immunosuppressive
tumor microenvironment. Due to these characteristics, oncolytic adenoviruses can activate tumors
for already existing, systemic immunotherapies. The goal of this review is to provide an introduction
into the common concepts of oncolytic adenoviruses, and to present their current status in clinical
development. We also want to report in detail on strategies to optimize the immunoactivating
properties of these agents for future application in multistage cancer immunotherapies.

Abstract: Tumor-selective replicating “oncolytic” viruses are novel and promising tools for
immunotherapy of cancer. However, despite their first success in clinical trials, previous experience
suggests that currently used oncolytic virus monotherapies will not be effective enough to achieve
complete tumor responses and long-term cure in a broad spectrum of cancers. Nevertheless, there
are reasonable arguments that suggest advanced oncolytic viruses will play an essential role as
enablers of multi-stage immunotherapies including established systemic immunotherapies. Oncolytic
adenoviruses (oAds) display several features to meet this therapeutic need. oAds potently lyse
infected tumor cells and induce a strong immunogenic cell death associated with tumor inflammation
and induction of antitumor immune responses. Furthermore, established and versatile platforms of
oAds exist, which are well suited for the incorporation of heterologous genes to optimally exploit
and amplify the immunostimulatory effect of viral oncolysis. A considerable spectrum of functional
genes has already been integrated in oAds to optimize particular aspects of immune stimulation
including antigen presentation, T cell priming, engagement of additional effector functions, and
interference with immunosuppression. These advanced concepts have the potential to play a
promising future role as enablers of multi-stage immunotherapies involving adoptive cell transfer
and systemic immunotherapies.

Keywords: oncolytic adenovirus; cancer immunotherapy; multi-stage; immunostimulatory; arming

1. Introduction

Oncolytic viruses (OV) preferably replicate in and lyse tumor cells, and thus leave, healthy
tissue unharmed. This common feature is either intrinsic or a consequence of genetic engineering [1].
OVs were initially designed to enable effective tumor cell lysis and virus spreading thereby ensuring
a reliable control of viral replication in normal cells. However, it has been recognized that OVs
exert multiple antitumor functions including the induction of innate and adaptive immune responses
against the tumor. Oncolytic adenoviruses (oAds) have been among the earliest OVs to enter
clinical trials. Onyx-015, an E1B55k mutant adenovirus for selective replication in p53 dysfunctional
tumor cells, has been intensively investigated [2]. Though tumor responses had been observed in
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patients, particularly in combination with chemotherapy, the therapeutic efficacy did not meet the
high expectations [3]. Nevertheless, these pioneering studies demonstrated that administration of
oAds is well tolerated and safe. Additionally, lessons have been learned for the development of the
next generation of viruses. Several advances in the fields of tumor immunotherapy have stimulated
the interest in adenoviruses as oncolytic agents. First, there was the successful phase III study of
the herpesvirus T-Vec and its subsequent approval by the U.S. food and drug administration (FDA),
which delivered the final proof that OVs provide a clinical benefit for cancer patients [4]. There
was also the growing perception that adaptive, tumor-directed immune responses are the essential
therapeutic outcome of virotherapy [5]. A striking advance was the success of checkpoint inhibitors
demonstrating that tumor immunotherapy even facilitates long-term cure [6]. However, the observation
that the vast majority of cancer patients do not respond to these therapies opened up new future
perspectives for the clinical application of OVs. The ability of oncolysis to induce tumor inflammation
and to interfere with impaired immune functions in tumors suggests that OVs are promising agents
to sensitize tumors for checkpoint inhibitors. Corresponding clinical studies are ongoing and are
expected to deliver results soon [7]. Regarding the immunogenic properties of adenoviruses, oAds are
presumably well qualified to meet this therapeutic need. Furthermore, oAds can be easily equipped
with immunostimulatory transgenes to modulate the tumor microenvironment and to engage specific
immune effector mechanisms. In this review, we want to give an overview on the currently existing
platforms of oncolytic adenoviruses as well as the current state of their clinical development. We will
report on current concepts of arming oAds with cytokines or alternative immune activators and will
finally discuss the future prospects of oAds as an integrative part of multi-stage immunotherapies.

2. Adenovirus Cell Entry, Replication, and Immunogenicity

With more than 55 different serotypes, adenoviruses are ubiquitous pathogens that cause infections
of the eyes, the respiratory or gastric tract with rather mild clinical manifestations in immunocompetent
individuals [8]. Adenoviruses are non-enveloped, icosahedral viruses approximately 90 nm in size
with a linear, non-integrating dsDNA genome ranging from 30–38 kb depending on the serotype.
The proteins, which are expressed early during the viral replication cycle, exert regulatory functions
including cell cycle induction, prevention of premature apoptosis, interference with pathogen defense,
and escape from immune recognition. Typical late proteins are major capsid components such as
hexon, penton, and fiber. Viral DNA replication and capsid assembly take place in the nucleus and
infected cells undergo a lytic process to release the virus progeny. Since adenoviruses are able to infect
a large spectrum of epithelial cells, they have been preferably adopted for gene transfer purposes and
as oncolytic agents [9]. The commonly used serotype 5 infects cells by recognizing the coxsackievirus
adenovirus receptor. After association with this primary receptor on the surface of a target cell,
subsequent recognition of integrins by an RGD-motif, located in the capsid protein penton, initiates
the endocytotic uptake of the viral particle.

Adenoviruses are highly immunogenic. Components of the virus capsid, the viral DNA, and
specific intermediates expressed during the replication cycle are strong pathogen-associated molecular
patterns (PAMPs) that are detected on all levels of cell entry. Their recognition by cellular pattern
recognition receptors (PRR) triggers an inflammatory response comprising the release of numerous
cytokines and chemokines (for review see [10]). In infected cells, oAds induce immunogenic cells
death (ICD), an essential process for triggering adaptive antitumor immune responses and antitumoral
memory. oAds kill infected tumor cells with features of necrosis/necroptosis, and autophagy [11–13]
accompanied by release of high mobility group box-1 (HMGB-1), calreticulin, extracellular ATP, and
heat shock protein 70 (Hsp70) [14–16]. Adenovirus-mediated ICD has been associated with induction
of antitumor immune responses [17]. Consistently, it has been demonstrated by depletion of T cells in
a Syrian hamster model that therapeutic efficacy of oAds was largely T-cell mediated [18]. In summary,
these observations indicate that immunogenic cell death is an important prerequisite for therapeutic
efficacy of oAds.
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3. Current Concepts of Tumor-Selective Replicating Adenoviruses

The adenoviral E1 proteins drive infected cells into the S-Phase of the cell cycle and prevent
premature apoptosis. These proteins have therefore been preferred targets of genetic manipulation to
generate tumor-selective replicating adenoviruses. The adenovirus mutant dl-l520 (Onyx-015) lacks
E1B-55k, a potent inhibitor of p53. As Onyx-015 is unable to degrade p53, it was originally assumed to
productively replicate in p53 mutant tumor cells but not in cells with functional p53 [2]. However,
subsequent studies have shown that replication in tumor cells was rather associated with other cellular
functions such as late mRNA export [19,20]. A closely related oAd, the E1B-55k-deleted H101, has been
approved for the treatment of head and neck cancer in China. Alternatively, p53-dysfunction has
been addressed with oAds that exploit the virus-induced upregulation of p53 to activate mechanisms
to suppress the expression of E1A and to inhibit the onset of adenovirus replication in normal
cells [21,22]. Further mutant adenoviruses contain deletions in E1A, an essential protein for the
onset of replication [23,24]. E1A binds to complexes containing E2F and the retinoblastoma protein
(Rb) promoting the release of free E2F, which drives the cell to enter the cell cycle. Disruption of
the Rb-binding site disables E1A to support adenoviral replication in resting cells without free E2F.
Such E1A mutants are the basic modification of several oAds (referred to as dl922-947 or ∆24) and
variants thereof are currently under clinical investigation [25]. Deletions in the N-terminus of E1A,
responsible for binding to p300, further improve tumor-selective replication of the virus [26]. It is
not well understood how these frequently used genetic modifications affect immunogenicity and
immunogenic cell death. The sequence that is missing in ∆24-E1A is important for blocking the
pathway of cyclic GMP-AMP synthase/stimulator of interferon genes (cGAS/STING) [27]. Proteins of
the E3 region, also frequently deleted in oAds, are involved in regulation of adenoviral immune escape
and nuclear factor kappa B (NFκB) activity levels [28,29]. It has been pursued to increase intrinsic
immunogenicity, e.g., by inserting immunostimulatory CpG islands into the adenoviral backbone to
enhance toll-like receptor (TLR)-9 signaling upon intracellular detection of the virus [30]. However,
systematic studies on adenovirus immunogenicity in vivo are difficult, since syngeneic mouse models
do not support productive replication of human adenovirus and may not reflect immunogenicity in
the human system [31,32].

Targeted transcriptional control of E1A by tumor-specific promoters has also been a favored
tool to generate oAds. Promoters for established tumor markers such as α-fetoprotein (AFP) or
mucin-1 (MUC1) have been used for this purpose [33,34]. To broaden the spectrum of target cancers,
promoters have been used that are activated by pan-cancer molecular alterations. Targeting tumor cells
with a defective Rb-pathway, the E2F-1 promoter has been employed for control of E1A to facilitate
tumor-selective replication [35,36]. As the hTert subunit of the human telomerase is expressed in 90% of
human tumors, oAds have been generated containing E1A under control of the hTert-promoter [37,38].
Some of these viruses are subject of current clinical trials (see below). Additionally, artificial promoters
have been developed to improve tumor selective E1A expression and virus replication. The oAd
ICOVIR-7 has been provided with an insulated E2F promoter harboring additional E2F-responsive sites.
The increased E2F-depency reduced systemic toxicity in immunocompetent mice [39]. The original
hTert-promoter has been modified to contain further Sp1 and c-myc binding sites or a TATA-Box to
increase effective replication in tumor cells [40,41]. Alternative strategies depend on aberrant expression
of oncoproteins such as Y-box-binding protein 1 (YB-1) [42] or exploit hypoxic conditions in the tumor
core by using a hypoxia-inducible factor 1α (HIF1α)-dependent promoter [43]. Recently, hybrid
promoters containing hypoxia response elements (HRE) linked to either the E2F or hTert-promoter
have been established to achieve potent viral replication in both hypoxic and normoxic regions of the
tumor [44].

A further important aspect of tumor-selectivity is the ability to preferably recognize and infect
cancer cells. Tumors have a tendency to downregulate the Ad5 primary receptor, which may impair
adenoviral transduction of tumor tissue [45]. The capsid protein fiber, responsible for recognition of
the coxsackievirus adenovirus receptor by adenoviruses, has therefore been a frequent target of genetic
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manipulations to improve tumor infection. One approach has been the introduction of an RGD-motif
into the knob domain of fiber [46]. Circumventing the need of binding to the known primary receptors,
this allows direct binding to cell surface integrins. More complex alterations comprise the exchange of
the knob domain by the equivalent structures from alternative serotypes, such as Ad 3 or 35 [47,48].
These fibers bind to CD46 or desmoglein-2, which are not downregulated on the surface of tumor cells.
Additionally, various strategies exist to redirect oncolytic adenoviruses to defined molecular targets on
tumor cells (see review in [49]).

4. Translational Efforts and Clinical Development of Oncolytic Adenoviruses

Numerous clinical trials with oAds have been reported and several studies are currently ongoing.
Without the claim of being exhaustive, Table 1 gives an overview of currently running clinical trials
listed on https://clinicaltrials.gov. In the following section, some examples of oAds that have already
entered clinical trials are described in more detail.

In preclinical studies, the telomerase-dependent OBP-301/telomelysin showed growth suppression
in a panel of tumor cells and in xenograft models of lung cancer [38]. It was also demonstrated that
oAds spread to the lymph nodes yielding an antimetastatic effect [50]. Safety of OBP-301 has been
confirmed in phase I studies in various advanced solid tumors [51] and is currently being tested
in phase II studies in metastatic melanoma, and in esophagogastric cancers in combination with
pembrolizumab. It has been observed in bilateral, syngeneic models of colorectal and pancreatic cancer
that a variant of OBP-301 in combination with an antibody targeting programmed cell death protein-1
(PD-1) yielded an abscopal effect on non-treated tumors confirming that oAds are promising agents to
immunize tumors for checkpoint inhibitors [52].

DNX2401 (tasadenoturev), a delta24-RGD adenovirus, contains delta24-E1A to facilitate selective
replication in Rb-dysfunctional cells. The ability to infect tumor cells is enhanced through the
integration of an RGD-motif in the fiber. DNX-2401 treatment was effective in preclinical glioma models
and showed immunoactivating properties in syngeneic pancreas tumors in mice [53,54]. Regarding
therapeutic efficacy, Lang et al. reported that after a single intratumoral injection of DNX-2401 in
glioma, 20% of patients survived more than three years, and also almost complete responses could be
observed, resulting in a progression-free survival of more than three years [25]. Investigations on tumor
specimens from patients receiving a neoadjuvant treatment suggest that DNX-2401 replicates and
spreads within the tumor. Signs of effective immune activation, such as infiltration of CD8 T cells and
T-bet+ cells, have been reported. DNX-2401 is now under clinical investigation with pembrolizumab
in brain cancers. A further variant expressing OX40L (DNX-2440) has already been generated and
subjected to clinical testing.

VCN-01 (Ad-E2F-∆24RGD-PH20) is also an oAd for use in Rb-dysfunctional tumors. In this
virus, ∆24-E1A is transcriptionally controlled by a promoter harboring E2F-1 responsive elements to
boost replication in tumor cells through a positive feedback loop. The virus additionally expresses a
hyaluronidase for improved virus spreading. VCN-01 has shown tumor selectivity in vitro, antitumoral
effects in murine xenograft models, and increased spreading of virus infection [55,56]. VCN-01
effectively killed patient-derived retinoblastoma in vitro. Intravitreous administration in retinoblastoma
xenografts led to tumor necrosis, improved ocular survival, and prevented dissemination. Data from
a phase I trial showed the feasibility of vitreous administration and antitumor activity in vitreous
seeds. Local inflammation of the retina has been observed, but no systemic complications occurred [57].
VCN-01 is currently involved in clinical studies in pancreatic cancer in combination with gemcitabine
and nab-paclitaxel and also in head and neck cancer in combination with pembrolizumab.
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CG0070 and ONCOS-102 are both selective for Rb-dysfunctional tumor cells and express
granulocyte-macrophage colony-stimulating factor (GM-CSF). CG0070, an oAd5 that uses an
E2F-responsive promoter for control of E1A, has been developed for application in non-muscle
invasive bladder cancer (NMIBC) [58]. A phase II trial has shown an overall complete response
rate of 47% at 6 months in patients with Bacillus Calmette–Guerin (BCG)-unresponsive NMIBC with
acceptable toxicity [59]. ONCOS-102 is an Ad5/3 fiber chimeric oAd with favorable toxicity data in a
phase I study [47]. Clinical studies of ONCOS-102 combined with chemotherapy in mesothelioma,
with pembrolizumab in advanced melanoma, and together with a dendritic cell (DC)-vaccine for
treatment of prostate cancer are ongoing. LoAd703 is an oAd5 containing chimeric fibers with an
Ad35 knob and is additionally armed with the costimulatory factors CD40L and 4-1BBL. Intratumoral
injection of LoAd703 inhibited tumor growth in a syngeneic pancreatic tumor model in mice, which
could be further enhanced with gemcitabine [48]. LoAd infection promoted lymphocyte migration
and stimulated DCs resulting in the activation of natural killer (NK) cells and the triggering of
tumor-directed T cell responses. Currently, the safety and viroimmunotherapeutic activity of LoAd703
in combination with atezolizumab are being clinically investigated in several cancer entities including
pancreatic cancer.

Enadenotucirev (or EnAd, formerly Colo-Ad1) has been generated by in vitro chimerization using
adenovirus serotypes 3 and 11, and subsequent coevolution by serial passaging in colon cancer cells [60].
Safety of intravenous injections has been demonstrated in a phase I study [61]. An additional phase I
study is being carried out in colorectal cancer patients prior to surgical removal and in combination
with chemoradiotherapy. A further advancement is the EnAd-variant NG-641, expressing a fibroblast
activation protein (FAP)-CD3 bispecific T-cell engager (BiTE), the chemokines chemokine ligand 9
(CXCL9) and CXCL10, and interferon alpha (IFNα), in an approach to attract and stimulate T cells to
attack both tumor cells and cancer-associated fibroblasts (CAFs). This variant and also the variant
NG-350A, which expresses a costimulatory, agonistic CD40 antibody, are in clinical testing.

5. Armed Oncolytic Adenoviruses

5.1. Arming with Transgenes to Amplify Tumor Lysis

Once the limitations of using first-generation oncolytic viruses as monotherapy became apparent,
transgenes were introduced into existing oAd platforms with the intention to amplify tumor lysis
and viral spread. When expressed in cells, the herpes simplex virus thymidine kinase (HSV-tk)
gene converts a non-toxic prodrug ganciclovir (GCV) into a toxic agent, which is also distributed to
neighboring cells to cause bystander cytotoxicity. Application of a E1B-55k-deleted oAd expressing
HSV-tk and GCV improved survival of human colon carcinoma xenografts in mice [62]. Furthermore,
oAds expressing HSV-tk and cytosine deaminase have been generated for the treatment of prostate
cancer [63]. These oAds have also been used to deliver further cytotoxic or immunostimulatory
payloads such as adenovirus death protein (ADP) or interleukin 12 (IL-12), respectively [64,65].
Ad5-yCD/mutTKSR39rep-mIL12, which expresses murine IL-12, improved local and metastatic tumor
control in a preclinical prostate adenocarcinoma model accompanied by only mild local inflammation.
The corresponding oAd expressing human IL-12 is being investigated in clinical trials.

The tumor necrosis factor- (TNF)-related apoptosis-inducing ligand (TRAIL) has been used in
oAds with serotype 5/35 chimeric fibers. In vitro, Ad5/35.IR-E1A/TRAIL showed efficient virus spread
and induction of apoptosis. Systemic administration eliminated preestablished liver metastasis in
mice [66]. Fernández-Ulibarri et al. developed an oAd expressing a soluble RNase onconase fused to a
tumor ligand (ONCEGFR). Upon internalization, the molecule induces tumor cell death through RNA
degradation [67].

A critical aspect of arming with cytotoxic transgenes is the non-virus mediated cell killing, which
may affect the productivity of viral infection [68]. It is also unclear how non-viral cell death affects the
induction of tumor-directed immune responses.
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Some monoclonal antibodies (mAb) against growth factor receptors are approved anticancer
drugs. When systemically applied, these immunotherapies cannot exploit their full potential because
of poor tumor penetration and side effects through normal tissue exposure. Taking advantage of a
clinically established antibody against human epidermal growth factor receptor 2 (HER2), a full-length
trastuzumab-expressing oAd has been constructed [69]. Ad5/3-∆24-tras showed improved cytotoxicity
in a panel of HER2 + cell lines and enhanced antitumor efficacy in a xenograft model of gastric cancer.
Viral oncolysis by Ad5/3-∆24-tras activated CD11c + DCs in lymph nodes in a NK cell-dependent
manner. The Fc-terminus of the antibody also labels target cells for recognition by innate immune cells,
which may induce antibody-dependent cell-mediated cytotoxicity (ADCC). This approach therefore
combines direct antitumor activity and the engagement of additional immune effector mechanisms.

5.2. Arming with Matrix-Modifying Genes to Enhance Intratumoral Virus Spreading

Tumor cells are embedded in a dense network of extracellular matrix (ECM) and infection-resistant
stroma cells, which impair effective distribution of the virus. To address this issue, oAds have been
provided with matrix modifying genes such as TIMP2, TIMP3, MMP8, and relaxin. Expression of these
matrix modifiers enhanced intratumoral viral spread and effectively inhibited tumor growth in cancer
xenograft models in mice [70–73].

VCN-01, a clinically investigated oAd (see above), is armed with a soluble human sperm
hyaluronidase (PH-20), which effectively degrades hyaluronan. Degradation of the ECM by PH-20
results in enhanced virus spreading in xenografted tumors [56]. Mutants of the proteoglycan decorin
have been used to improve viral distribution and tumor penetration by oAds [74]. In the future, it will
be interesting to see how degradation of the ECM can promote leukocyte infiltration and immune
activation of the tumor microenvironment. Recently, it has been shown with a relaxin-expressing oAd
that the ECM degradation enhanced tumor penetration by a systemically administered therapeutic
antibody. When oAds additionally expressed IL-12 and granulocyte-macrophage colony-stimulating
factor (GM-CSF), tumors were effectively converted into an immunoactivated state responsive to PD-1
checkpoint inhibition [75].

5.3. Arming with Antiangiogenic Transgenes

Angiogenesis is an important target of immunotherapies in clinical oncology. oAds have been
armed with antiangiogenic mechanisms to enhance the antitumor effect of oncolysis. In human
hepatocellular carcinoma (HCC) cells and in xenografts in mice, Li et al. showed anti-angiogenesis and
antitumoral effects when endostatin was expressed by the E1B-55k deleted oAd CNHK200-mE [76].
Xiao and colleagues generated ZD55-VEGI-251, also an E1B55k-deleted oAd, armed with a secreted
isoform of vascular endothelial cell growth inhibitor [77]. VEGI-251 inhibited angiogenesis in chick
chorioallantoic membranes and suppressed tumor growth in xenograft models. Decorin, which is able
to suppress multiple tyrosine kinase receptors including c-Met and the Wnt/β-catenin pathway, has also
been employed. In a nude mice model of human prostate cancer, the decorin-expressing Ad.dcn reduced
tumor burden, significantly inhibited skeletal metastases and improved survival [78]. The group of
Chae-Ok Yun suppressed vascular endothelial growth factor (VEGF) by expressing VEGF-specific
short-hairpin RNA (shRNA) or by expression of an artificial zinc-finger protein (F435-KOX) targeting
the VEGF promoter [79,80].

5.4. Arming with Immunostimulatory Cytokines and Chemokines

Corresponding to the diversity of immune mechanisms that can be dysfunctional in tumors,
various immunostimulatory transgenes have been integrated into oAds to stimulate effective antitumor
immune responses. Since systemic administration of potent immunostimulatory factors, such as type I
Interferons, tumor necrosis factor alpha (TNFα), or interleukin 12 (IL-12), may have considerable side
effects, delivery by oAds provides an attractive option to focus cytokine activity on the target tumor.
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In tumor cells, IFNs exert pleiotropic effects including the activation of the immune proteasome,
the upregulation of major histocompatibility complex (MHC) class I and II, and potent activation
of NK cells and cytotoxic T lymphocytes (CTLs). Shashkova et al. integrated IFNα into an oAd
(KD3-IFN), which should render replication more sensitive to the IFNα response in normal cells [81].
The authors were able to confirm a decreased off-target toxicity in HCC xenografts in nude mice and in
an immunocompetent model of kidney cancer in Syrian hamsters. A cyclooxygenase (Cox) 2-dependent
oAd expressing IFNα was capable of inhibiting tumor growth in a Syrian hamster model of pancreatic
cancer [82]. In an immunocompetent mouse model of Lewis lung carcinoma, co-application of an
oAd in combination with a non-replicating Ad-IFNβ has been investigated [83]. This binary strategy
prolonged interferon expression and improved antitumoral immune responses. Efficient delivery of
a non-replicating transgenic adenovirus by coinfection with an oAd has been initially shown in an
approach of cancer gene therapy [84]. Regarding armed virotherapeutic vectors, this binary approach
is particularly promising for immunostimulatory transgenes. Assuming that enough events with
single virus transduction will occur, the binary method holds promise to maintain cytokine expression
beyond clearance of the oAd.

The potent antitumor functions of TNFα have been well known for decades. Loco-regional
delivery of TNFα by oAds promises potent antitumor activity with limited side effects. Hirvinen et al.
showed that the TNFα-armed Ad5/3-E2F-delta24 vector led to increased tumor destruction due to
TNFα-mediated apoptosis, immunogenic cell death, and induction of antitumor immune responses,
including tumor-antigen-specific T cells [85]. A corresponding virus with additional expression
of interleukin 2 (IL-2) (Ad5/3-E2F-D24-hTNFα-IRES-hIL2 or TILT-123) is currently under clinical
investigations. IL-2 is a central cytokine for survival and proliferation of T cells qualifying TILT-123 to
augment the transfer of tumor infiltrating lymphocytes (TIL). In an immunocompetent Syrian hamster
tumor model, concomitant transfer of TILs and virus application resulted in a 100% cure of treated
animals [86]. The virus has also been used to support tumor infiltration with chimeric antigen receptor
(CAR) transgenic T cells [87]. By using an ex vivo ovarian cancer (OVCA) model derived from patient
samples, enhanced levels of proinflammatory signals (IFNγ, CXCL10, TNFα and IL-2) associated with
a concomitant activation of CD4 and CD8 TILs could be observed when tumor cells were infected with
TILT-123 [88]. In response to autologous, T cell-depleted OVCA cultures, which had been infected
with TILT-123, TILs secreted high levels of IFNγ. These observations confirmed the use of TILT-123 in
adoptive cell transfer.

Several oAds have been armed with IL-12, an essential cytokine involved in inflammation and
proliferation of effector T cells and NK cells. Using the hypoxia-dependent Ad-DhscIL12 in a Syrian
hamster model of pancreatic cancer, Bortolanza et al. showed active viral replication and enhanced
transgene expression in vivo resulting in potent antitumor effects and less toxicity due to shorter
systemic exposure [89]. Lee et al. investigated the oAd YKL-IL12/B7 expressing IL-12 and B/7-1 (CD80),
a ligand of the costimulatory CD28 receptor, on T cells. In a syngeneic murine B16-F10 melanoma, the
virus showed effective tumor growth inhibition including complete tumor regressions and improved
survival [90]. Using the oncolytic Ad-TD-nsIL12, which expresses a non-secreted version of IL-12,
Wang et al. were able to reduce off-target toxicity of IL-12 [91].

IL-24 is an immunomodulatory cytokine with profound antitumor effects through immune
activation, induction of tumor cell apoptosis and inhibition of angiogenesis. IL-24-expressing oAds
have shown antitumor efficacy in vitro and in xenografts in mice [92,93]. IL-4 has been used to promote
intratumoral leukocyte infiltration [94]. The cytokine IL-18 induces IFNγ production through T cells
and NK cells. Using the IL-18-armed ZD55 in xenograft models, Zheng et al. could observe stronger
antitumor responses and inhibition of tumor angiogenesis [95]. Choi et al. generated oAd expressing
IL-12 in combination with IL-18, or IL-23, respectively, and demonstrated enhanced antitumor efficacy
in B16-F10 melanoma associated with an improved Th1/Th2 cytokine ratio and infiltration of NK and T
cells [96,97]. Cytokines have also been combined with the chemokine CCL21, which binds to CCR7 on
naïve T cells and DCs and promotes their attraction to the tumor [98,99].
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Alternative options for immune arming are factors that directly target immunosuppression in
the tumor microenvironment. Seth et al. have targeted transforming growth factor β (TGFβ) with a
soluble TGFβ-receptor II protein fused to a human immunoglobulin (IgG) Fc fragment [100]. By using
an oAd expressing sTGFβRII-Fc (rAd.sT), the authors showed in a xenograft mouse model tumor
regression in 85% of treated animals. rAd.sT enhanced the efficacy of concomitant anti-PD-1 and
anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) treatment in an immunocompetent 4T1
breast cancer model [101].

5.5. Immunological Arming to Improve Antigen Presentation

To enable successful tumor-directed T-cell immunity, effective presentation of tumor antigen by
DCs needs to be restored. The chemokine GM-CSF promotes maturation and activation of antigen
presenting DCs from myeloid precursors. oAds armed with GM-CSF have been used to elicit T-cell
mediated antitumoral responses [58,102]. CG0070 is a GM-CSF-armed oncolytic Ad5 involved in
clinical investigation as described above. Using Ad5-∆24-GMCSF, Cerullo et al. showed tumor-specific
immunity in an immunocompetent syngeneic hamster model [102]. In 20 patients with advanced solid
tumors, responses could be observed including two complete tumor responses. The administration of
Ad5/3-∆24-GMCSF has been investigated in tumor patients showing a clinical benefit according to
RECIST criteria in 8/12 radiologically evaluated individuals. The data revealed that oAd treatment
affected immune responses specific for the tumor antigen survivin [103]. A correlation of antitumoral
and antiviral immune responses has been confirmed by Kanerva et al. [104]. An oAd expressing both
GM-CSF and IL-12 has been used to support the administration of a DC vaccine. Tumor infection with
Ad-∆B7/IL12/GMCSF promoted migration of DCs to tumor-draining lymph nodes [105]. However,
GM-CSF also has protumorigenic and immunosuppressive functions by recruiting myeloid suppressor
cells and impairing immune responses [106,107]. In pancreatic cancer, tumor-released GM-CSF
supports the development of an immunosuppressive subset of DCs, which promotes metastasis [108].
Alternative options to improve intratumoral antigen presentation by oAds include the co-expression of
Fms-like tyrosine kinase-3 ligand (Flt3L) and GM-CSF [109], or a combination of Flt3L with macrophage
inflammatory protein 1α (MIP-1α, CCL3) [110].

5.6. Arming with Transgenes Addressing T Cell Costimulation or Immune Checkpoints

Pharmacological blockade of inhibitory immune checkpoints or activation of costimulatory
receptors are potent strategies to activate antitumor T cells. Dias et al. used a full length
anti-CTLA4 monoclonal antibody expressed by Ad5/3-∆24-CTLA to combine oncolysis and checkpoint
inhibition [111]. Intratumoral expression allowed high local levels of the checkpoint inhibitor.
In patient-derived peripheral blood mononuclear cells (PBMCs), the authors observed T cell activation
and αCTLA4-mediated apoptosis. The PD-1/PD-L1 is an inhibitory checkpoint regulating the activity
of peripheral T cells. In prostate cancer models, Tanoue et al. showed that an oAd combined
with a helper-Ad expressing a PD-L1-blocking mini-antibody supported the intratumoral activity of
adoptively transferred CAR T cells [112]. The specific benefit of viral delivery was confirmed by the
demonstration that local expression of the PD-L1-blocking minibody was superior compared with
systemic infusion of αPD-L1 IgG. An equivalent approach using helper-dependent adenoviruses for
expression of the PD-L1 blocking mini-antibody and IL-12-p70 for immune stimulation augmented the
activity and persistence of CAR T cells in murine models of head and neck squamous cell carcinoma
(HNSCC) [113].

CD40 is a costimulatory receptor expressed on antigen-presenting cells (APCs), mostly B cells,
macrophages and DCs. Interaction of CD40 with its ligand CD40L induces cytokine production,
increases MHC class II-dependent antigen presentation and thus supports the priming and expansion
of T cells. Tumor infection with the CD40L-armed AdEHCD40L reduced the growth of xenografted
human myeloma [114]. The oncolytic Ad5/3-hTERT-E1A-hCD40L (CGTG-401) induced multiple
antitumor effects including reduced tumor growth via apoptosis, increased number of cytotoxic CD8 T
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cells in the tumor, and upregulation of TH1 associated cytokines [115]. Administration of CGTG-401 in
nine patients with advanced solid tumors demonstrated that the treatment was well tolerated, and
immunological responses could be confirmed [116]. The Hemminki group also recently showed that a
CD40L-expressing oAd enabled effective antitumoral DC-therapies in humanized mice [117].

APCs express the co-stimulatory molecule 4-1BB ligand (4-1BBL), and 4-1BB antibodies are
known to stimulate potent antitumor immune responses. The oncolytic adenovirus LoAd703,
armed with 4-1BBL together with a trimerized CD40L, is currently being tested in clinical trials
as described above [48]. A further approach studying the combined expression of 4-1BBL and IL-12
(Ad-∆B7-IL12/4-1BBL) demonstrated a synergistic enhancement of IFNγ levels compared to single
cytokine viruses and supported the administration of DCs through an enhanced TH1-mediated
antitumor immune response [118].

The costimulatory OX40 ligand (OX40L) binds to OX40 on T cells and promotes T cell activation.
Application of the OX40L-expressing oAd Delta-24-RGDOX showed intratumoral activation of
lymphocytes and the development of a tumor-specific CD8 T-cell immune memory in syngeneic mouse
models of glioma [119]. Delta24-RGDOX is currently being tested in clinical trials (see above).

Another co-stimulatory receptor is glucocorticoid-induced TNFR family-related gene (GITR).
Stimulation with GITR-ligand (GITRL) leads to activation and proliferation of antigen-primed CD4
and CD8 T cells. Glioma treatment with the GITRL-armed oAd Delta24-GREAT resulted in expansion
and activation of T cells with a high frequency of central memory CD8 T cells [120].

5.7. Arming with T Cell Engager Proteins

A promising strategy to redirect T cells to cancer cells are bispecific T-cell engagers (BiTEs) [121].
BiTEs are composed of a tumor ligand and a single-chain antibody fragment, which facilitates
binding to CD3. BiTE-mediated clustering of tumor cells and T cells leads to T-cell activation and
antitumor cytotoxicity thereby circumventing T-cell receptor (TCR)-mediated antigen recognition.
However, the side effects of BiTEs can be considerable and therapeutic success in solid tumors has
been rather limited. OVs armed with BiTEs can warrant high BiTE levels in tumor tissue and thus
optimizes the ratio of on-target/off-tumor toxicity. Furthermore, viral tumor inflammation promotes
intratumoral T-cell infiltration and thus provides an appropriate T-cell pool for BiTE-mediated T-cell
retargeting. Fajardo et al. engineered an oAd to express an EGFR-BiTE (ICOVIR-15K-cBiTE) [122].
After expression in cancer cells, the BiTEs activated T cells in PBMCs in vitro. In murine xenograft
models, ICOVIR-15K-cBiTE supported tumor infiltration and persistence of adoptively transferred T
cells. ICOVIR-15K-cBiTE was also employed to overcome the limits of a CAR T-cell therapy because
the EGFR-BiTE was able to redirect T cells against tumor cells that had lost the recognition antigen of
the CAR [123]. Freedman et al. constructed a variant of enadenotucirev (EnAd) expressing a BiTE
which targets epithelial cell adhesion molecule (EpCAM) [124]. The authors showed that crosslinking
of EpCAM-expressing target cells and PBMC-derived T cells activated both CD8 and CD4 T cells.
Furthermore, T cells in ascites fluid from cancer patients were activated by the virus-encoded BiTE and
EpCAM-positive tumor cells were successfully depleted.

The use of BiTEs targeting components of the tumor microenvironment is a promising approach to
reverse tumor immunosuppression. Freedman et al. modified EnAd to express a fibroblast activation
protein (FAP)-targeting BiTE to redirect T cells to cancer-associated fibroblasts (CAFs) [125]. Treatment
of biopsies of ascites or solid prostate cancer tissue samples with FAP-BiTE- expressing variant of EnAd
was capable of activating tumor-infiltrating PD1+ T cells to kill CAFs. This in turn interfered with
CAF-associated immunosuppression and resulted in an upregulation of proinflammatory cytokines,
increased the presentation of tumor antigen, and finally led to improved T cell function. A comparable
strategy has been pursued by generating the oAd ICO15K-FBiTE [126]. In a xenograft model, the
expression of FBiTE led to an increased intratumoral T-cell accumulation and decreased the intratumor
levels of FAP.
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Tumor-associated macrophages (TAMs), and particularly the M2-polarized subset, contribute
to immunosuppression. To deplete cancer-promoting TAMs and to reverse immunosuppression,
Scott et al. recently developed EnAd-variants equipped with bi- and trivalent T-cell engagers targeting
CD206 or folate receptor β on M2-like macrophages [127]. By detecting selective T-cell cytotoxicity
against M2-TAMs in cancer patient biopsies, they could demonstrate that these BiTEs allow selective
depletion of tumor-promoting TAMs whilst sparing those with potential antitumor features.

6. Oncolytic Adenoviruses in Multi-Stage Immunotherapies

During carcinogenesis, tumors use a wide variety of mechanisms to escape immunosurveillance,
which may explain the heterogenous responses to checkpoint inhibitors. To make more tumors sensitive
for this therapy, multi-stage immunotherapies are required in the future that address T-cell paucity
and immunosuppression in the tumor from several sides. These multi-stage immunotherapies may
include a virotherapy part for initial immunoactivation, an external support with tumor-directed T
cells, and a systemic checkpoint intervention to maintain T cell activity. First steps towards multi-stage
therapies are the current investigations on the synergy of OVs with checkpoint inhibitors. T-Vec and
pembrolizumab have yielded encouraging interim results and data on long-term survival are eagerly
awaited [7]. Corresponding studies with oAds are ongoing. Results from experimental models support
this perspective. It has been shown after infection of B16 melanoma with Newcastle disease virus
(NDV) that localized virotherapy and systemic CTLA-4 blockade led to rejection of infected and
distant/non-infected tumors [128]. Using an oncolytic adenovirus, we demonstrated that intratumoral
application sensitized CMT64 tumors for a systemic PD-1 antibody resulting in epitope spreading of
neoantigen-specific T cells [129].

As an initiation step in multi-stage immunotherapies, virotherapeutic vectors must provide a
solid basis for follow-up interventions. An important aim is to increase the immunogenicity of the used
oAds e.g., by including additional danger signals such as CpG motifs [30]. Furthermore, oAds need
to stimulate immune cells that augment direct cytotoxicity of oncolytic viruses or which support
the shaping of optimal antitumor immune responses. It has been shown that contact dependent
stimulation of NK cells can augment the therapeutic potential of oncolytic adenoviruses [130]. Based
on the paradigm that effective CD8 T cell responses require the help of CD4 T cells, the Cerullo group
has recently reengaged a pathogen-related CD4 T cell response to support an antitumor vaccination
using peptide-loaded oAds (PeptiCRAds). In mice that had been preimmunized with tetanus, CD8
dependent immune responses, elicited with the oncolytic vaccine, were more effective when the used
oAds were additionally loaded with a CD4-restricted tetanus peptide [131].

Based on early experiences, repetitive dosage of oncolytic viruses has been regarded as mandatory
to achieve a sufficient extent of tumor lysis. However, such a procedure may not necessarily yield
the most effective anti-tumor immune responses. Robust anti-adenovirus responses may interfere
with the activity as an in-situ vaccine. In the STEP-trial, an adenovirus-based vaccine against human
immunodeficiency virus (HIV) was not capable of preventing HIV-infection. Instead, vaccine-treated
men showed an even increased infection risk compared to control patients [132]. Studies with adenoviral
vaccines in mice have confirmed that strong adenovirus epitopes may cause unresponsiveness
to the vaccine [133]. Considering the prime/boost characteristics of repetitive oAd application,
strong virus-derived antigens may outcompete the supposedly weaker tumor-associated antigens.
Heterologous use of OVs is a promising approach to prevent the dominance of virus-specific immune
responses. Application of an oAd followed by an oncolytic vaccinia virus eradicated established tumors
in Syrian hamsters predominantly via strong tumor-specific T-cell immune response [134]. Interestingly,
Tysome et al. found that this specific sequence was superior compared with the reverse combination,
suggesting that viruses are differentially qualified for prime or boost, respectively. As an example for
such a coordinated virus choice, it has been demonstrated in a murine B16 model that reovirus for
triggering a CD8 Th1-dominated immune response can be combined with a subsequent CD4 Th17
helper response by vesicular stomatitis virus to achieve a potent T-cell pool for PD-1 inhibition [135].
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Adenoviruses induce strong CD8 effector memory responses with a rather moderate potential for
further expansion [136,137] and are therefore probably better suited to amplify an immune response
initiated by alternative OVs. Heterologous administration also provides an option to select vectors with
immunostimulatory arming adapted to specific needs of tumor immune activation. Whereas initial
OV applications need to optimize antigen presentation and T-cell priming, subsequent applications
need to promote T-cell migration and tumor infiltration (Figure 1).
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OAds cause strong humoral immune responses. These neutralizing antibodies have been mostly
regarded as an undesired adverse event in virotherapy that severely reduces virus efficacy and
applicability. However, it has been demonstrated that fully neutralized OVs can still exert antitumoral
effects through delivery in monocytes [138]. Moreover, it has been recently shown that preexisting
immune responses can even improve the immune effect of oncolytic viruses [139], suggesting that
neutralizing antibodies represent a so far unharnessed immune potential. We have recently described
a strategy using bispecific adapter molecules to retarget adenovirus-neutralizing antibodies against
tumor cells. This approach led to NK-cell dependent triggering of antitumor CD8 T cells and thus
converted a limiting factor of virotherapy into an immunotherapeutic tool [140]. Tumor retargeting of
antibodies could be a further option to fully exploit virotherapy-mediated tumor immune activation in
multi-stage immunotherapies.

Regarding future multi-stage immunotherapies, oAds are promising tools for immunoactivation
of solid tumors to facilitate adoptive cell therapy including CAR T cells. Tähtinen et al. have shown
that tumor infection by oAds attracted leukocytes to the tumor, which promoted the intratumoral
activity of adoptively transferred OT-1 T cells [141]. Watanabe and colleagues have demonstrated
that the oAd TILT-123 improved the outcome of mesothelin-directed CAR-T cell therapy in models of
pancreatic adenocarcinoma (PDAC) [87]. Intratumoral virotherapy with TILT-123 supported tumor
infiltration with T cells expressing a mesothelin-targeted CAR and significant tumor regression could
be confirmed. The authors have shown increased M1-polarization of macrophages and dendritic cell
maturation, indicating that this combined therapy is able to overcome the highly immunosuppressive
tumor microenvironment of this tumor entity.
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When oAds are used for expression of immunostimulatory transgenes, immune modulation ends
with the termination of oAd infection. Porter et al. developed an interesting strategy to uncouple
the cytokine activity from the limitations of oAd infection by using helper-dependent adenoviruses
(hdAd) [142]. The oAd, added to hdAds at a low ratio, provides the factors in trans that are required
for efficient virus replication and spreading of helper-dependent vectors. This in turn warrants a
prolonged expression of immunomodulators beyond the elimination of the oAd through the host’s
immune response. A further advantage is the huge capacity of the helper-dependent viruses and the
option to incorporate various effector genes to realize a multi-stage immunotherapy. The authors have
generated a hdAd expressing an antitumor BiTE (against CD44v6), IL-12, and an anti-PD-1L minibody.
This immunostimulatory array allowed additionally transferred CAR-T cells to control tumor growth
in xenograft models including an orthotopic model of HNSCC. In summary, combinations of oncolytic
Ads, hdAds, checkpoint inhibition, and autologous CAR T cells are a strategy with significant regulatory
and technical challenges but with unparalleled clinical potential for cancer immunotherapy.

7. Conclusions

Oncolytic viruses have shown a tolerable safety profile in cancer immunotherapy. Current
oncolytic viruses have demonstrated therapeutic efficacy but also limitations when applied as a
monotherapy. Nevertheless, oncolytic viruses have an outstanding potential to immunoactivate tumors
that are unresponsive to systemic immunotherapies. To convert these tumors into an immunoactivated
state that is more likely to respond to systemic checkpoint inhibitor application, oAds are well suited.
oAds are established and highly versatile platforms for the local delivery of immunoactivating factors
to modulate intratumoral immune cell contexture and to break immune suppression. oAd-based
strategies that address tumor-specific immune dysfunction by employing variable immune modifiers
or by delivering complex arrays of immune stimulatory factors show great promise as an essential part
of multi-stage immunotherapies.
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Simple Summary: If harnessed appropriately, oncolytic viruses offer significant potential as anti-cancer
agents. Such virotherapies can be engineered to replicate inside cancerous cells, stimulating the
immune system, spreading daughter virions to surrounding cells and producing additional anticancer
agents as a by-product of infection. To achieve this necessitates deep understanding of the biology of the
virus and tumour cell, to tailor viruses from naturally pathogenic agents into refined, tumour selective
“precision virotherapies” suitable for clinical translation. Here, we focus on the adenovirus, which in
its pathogenic form causes transient and mild ocular, respiratory or gastrointestinal tract infections,
depending on the serotype. We highlight advances that have been made in refining adenovirus to
ablate natural means of infection and the strategies that have been employed to engineer viral tropism
and selectivity for tumour cells. Further advances in these strategies will be required to deliver fully
bespoke and efficacious precision virotherapies to the clinic.

Abstract: More people are surviving longer with cancer. Whilst this can be partially attributed to
advances in early detection of cancers, there is little doubt that the improvement in survival statistics
is also due to the expansion in the spectrum of treatments available for efficacious treatment.
Transformative amongst those are immunotherapies, which have proven effective agents for
treating immunogenic forms of cancer, although immunologically “cold” tumour types remain
refractive. Oncolytic viruses, such as those based on adenovirus, have great potential as anti-cancer
agents and have seen a resurgence of interest in recent years. Amongst their many advantages is
their ability to induce immunogenic cell death (ICD) of infected tumour cells, thus providing the
alluring potential to synergise with immunotherapies by turning immunologically “cold” tumours
“hot”. Additionally, enhanced immune mediated cell killing can be promoted through the local
overexpression of immunological transgenes, encoded from within the engineered viral genome.
To achieve this full potential requires the development of refined, tumour selective “precision
virotherapies” that are extensively engineered to prevent off-target up take via native routes of infection
and targeted to infect and replicate uniquely within malignantly transformed cells. Here, we review
the latest advances towards this holy grail within the adenoviral field.

Keywords: adenovirus; oncolytic; virotherapy; targeting; immunotherapy; immunogenic cell death;
αvβ6 integrin

1. Introduction

Cancer treatment has come a long way in recent years, with 10-year survival rates increasing
to around 50%, double that of 40 years ago [1]. While some of these improvements are credited

105



Cancers 2020, 12, 3327

to better and earlier diagnoses, a proportion of the advances in survival rates are attributable to
the better understanding of cancer genetics, and thus how a patient may respond to a particular
treatment. These advances have allowed clinicians to design and implement more efficacious and
safer personalised treatment plans. Despite these advances, more progress remains to be made until
fully personalised medicines are available for all patients. The need for such specific knowledge with
a range of treatment options can lead onto the emerging era of targeted cancer medicines, in which
the therapies act on a specific molecular target associated with the patient’s cancer [2]. Some targeted
therapeutics are already being used as the first line treatment for patients in the clinic, such as the
monoclonal antibodies Herceptin and the newer pertuzumab that target the receptor HER2, which is
overexpressed in cancers such as metastatic breast cancer [3–5]. Herceptin treatment in patients with
HER2 overexpressing tumours results in significantly better survival rates [6]. Despite these advances
in targeted therapies, continued progress into the understanding of cancer-specific markers, such as
upregulated HER2, and the development of targeted treatments are required to improve patient
survival further.

1.1. Use of Targeted Therapies

Targeted therapies can come in many forms, from antibody treatments, such as Herceptin,
or treatment involving inhibitors to important enzymes, including upregulated kinases, such as
mitogen-activated protein kinase 3 (MAPK3), which has abnormal expression in many forms of
cancer [2]. Small molecular weight cancer drugs are also important since they readily enter cells and
affect changes compared to large molecular weight drugs such as antibodies. These inhibitors can be
used to target and block many enzymatic pathways which support cancer progression. For example,
vascular endothelial growth factor receptor (VEGFR) inhibitors which aim to reduce angiogenesis are
currently being developed, with just under 20 different molecules being tested in in vitro and clinical
trials [7].

1.2. Oncolytic Viruses

One rejuvenated area of research for targeted therapy is oncolytic viruses (OVs).
These cancer-killing viruses exploit the natural ability of a virus to infect, replicate and lyse cells.
An additional benefit of OVs is that the lytic nature of cell killing induces immunogenic cell death
(ICD), increasing recruitment of immune cells to the tumour site. This ability of OVs to enhance host
anti-tumour immune responses through ICD has the potential to turn immunologically “cold” tumours
“hot”, thus sensitising otherwise refractory tumours to subsequent immunotherapies. This exciting
potential of OVs to synergise with immunotherapies is the subject of significant ongoing clinical
investigation, with compelling preliminary data obtained in several early phase clinical trials in
brain tumours [8] and breast cancer [9], with other trials continuing in sarcoma, melanoma and
breast cancer [10–12]. Efficacy may be further enhanced, with correspondingly reduced dose-limiting
toxicities, through the development of rationally and effectively tumour targeted OVs suitable for
intravenous applications.

The overarching aim in the development of OVs is to engineer viruses that can selectively target
and/or replicate within cancer cells, leaving normal cells and tissues uninfected. The pro-immunogenic
environment induced by OVs through the release of tumour antigens during cell lysis can be further
enhanced by engineering the viral genome to over-express therapeutic transgenes, thus adding an
extra layer to their therapeutic power. These multiple levels of activity are overviewed in Figure 1.

To limit “off target” uptake of OVs and subsequent killing of healthy cells, genetic engineering
approaches have been undertaken. These have broadly focused on two approaches—firstly the active
targeting of virions to tumour cells through the manipulation of viral capsid proteins to enhance uptake
of virus into tumour cells and limit uptake via healthy cells. This has been largely achieved through
the rational engineering of the viral genome and thus capsid to engineer tumour tropism via tumour
associated antigens and receptors [13–15]. A second approach is to engineer in selectivity “post entry”,
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such that viral replication is blocked in non-transformed cells, but subtle modifications within the viral
early genes permit replication to proceed within malignantly transformed cells. Using combinations of
these approaches, it is possible to achieve tightly controlled tumour cell killing, and thus creating a
more effective cancer treatment.Cancers 2020, 12, x 3 of 24 
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The first OV licensed in the western world by both the FDA and EMA is talimogene laherparepvec
(T-Vec, Imlygic™), which exemplifies the early therapeutic potential of oncolytic viruses. T-Vec is a
herpes simplex virus 1, with several genetic modifications. Deletions of the ICP34.5 gene reduces
neurovirulence whilst also suppressing its ability to reactivate, which prevents it producing cold sores
in the patient. A deletion in the ICP47 gene leads to enhanced antigen loading on MHC class I molecules.
The MHC loading results in infected cells presenting tumour antigens, leading to enhanced immune
recognition. These deletions improve the safety of this treatment as it limits the ability of the virus to
completely evade immune responses. In addition, T-Vec is engineered to overexpress the cytokine
GM-CSF (granulocyte-macrophage colony-stimulating factor) to further enhance immunogenicity
through T-cell priming [16]. A truncated version of the US11 gene is also included to enhance the
lytic activity of the virus by partial de-attenuation [17]. The virus takes advantage of disrupted
anti-viral pathways in cancer cells to enable selective virus replication. One such pathway is the
PKR (protein kinase R) pathway which is key in regulating cell proliferation. Normally, this pathway
is activated by the dsRNA produced when the virus replicates, thus triggering protein synthesis
inhibition. However, in cancer cells with aberrant regulation, the dsRNA production warning sign
is ignored, allowing the virus to replicate, leading to viral propagation and cell lysis. Disruption in
the PKR pathway has been found in approximately 70% of melanoma cells, and thus T-Vec is a good
replication selective therapy for melanoma cancers [18,19].

T-Vec was licensed for localised treatment of recurrent melanoma [20,21]. In phase III
trials using T-Vec to treat unresectable late stage melanoma, durable response rates of 16% vs.
2% were shown, compared to control group, increasing the survival rates of these patients [22,23].
Moreover, recent studies have demonstrated that virotherapies such as T-Vec can be a powerful tool in
adjuvant therapy and have been used to sensitise triple negative breast cancers to follow up treatment
with immunotherapies [9,24].

1.3. Adenovirus as an Oncolytic Virotherapy

Despite the success of T-Vec, the therapy is only licensed for local intra-tumoural applications.
Therefore, its use for treatment of metastases, which kills the majority of cancer patients, is limited.
Metastasis treatment would require blood system disseminated therapy to individually target each
lesion through intravenous (IV) delivery, or utilising the abscopal effect from treatment of one or more
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lesions, which could lead to a systemic anti-tumour immune response extending to the milieu of
micro metastatic deposits in the body [25–27]. Therefore, significant research is ongoing into other
viral vectors that may be better suited to IV delivery, including adenoviruses (Ads) [28], reovirus [29]
and vaccinia virus [30]. Ads have been shown to be the most durable of these options and are the
most studied clinically and experimentally. Ads also have the advantage of being naturally lytic,
immunogenic and can be produced to high titres and purity, all important considerations when
developing such therapeutics for widespread clinical application.

1.3.1. Adenovirus Cell Entry and Trafficking

Human adenoviruses can be classified into seven species (termed A–G) comprised of over
100 serotypes [31]. Ads commonly infect the respiratory system however different serotypes can also
infect the gastrointestinal, cardiac, neurological, ophthalmological and genitourinary tissues which
can result in an array of clinical pathologies [32]. Ads bind to receptors on the membrane surface.
Ad5 has been well described as recognising the coxsackievirus and adenovirus receptor (hCAR) [33].
Other receptors involved in adenoviral attachment are CD46 [34], desmoglein 2 (DSG2) [35] and sialic
acid [36]. Primary receptor binding is dependent on the Ad serotype but generally species A, C, E and
F interact with hCAR while species B and D utilise other receptors [37]. Species B is reported as using
primarily CD46 and DSG2, and, although the individual receptors for many species D serotypes are
unknown, it is thought there is sialic acid involvement [38,39]. Initial receptor attachment is followed
by internalisation mediated by αvβ3/5 integrin binding through a conserved Arg-Gly-Asp (RGD)
motif [40]. Upon cell entry, the adenovirus is partially disassembled via endosome acidification and
the uncoated is released and transports viral DNA into the nucleus [41]. Viral replication takes place in
two phases: early phase and late phase. An overview of the adenoviral replication cycle is illustrated
in Figure 2.
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Figure 2. Adenovirus replication cycle. (1) Virus attachment to receptors on the host cell surface.
(2) Internalisation of the virus by endocytosis. (3) Low pH results in endosomal acidification and
partial disassembly of the virion. (4) Virion released from endosome and trafficked to the nuclear pore
complex where it releases viral DNA into the nucleus. (5) Early phase: Transcription and subsequent
translation of early genes to the regulatory early proteins. (6) Late phase: Transcription and subsequent
translation of late genes to the late structural proteins. (7) Assembly of progeny virion. (8) Cell lysis
resulting in release of mature virus. Created with https://biorender.com. Figure adapted from [41–44].
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1.3.2. Oncolytic Adenovirus

Many Ad-based therapies in the clinic currently use replication-based control as a mechanism
for cancer targeting. They are reliant on cancer selectivity at the point of cellular replication at a post
cell entry stage rather than bona-fide tumour tropism. The concept that adenovirus infection mirrors
several key hallmarks of cancer [45] underpins the mechanism that restricts the replication of many
early oncolytic adenoviruses to tumour cells [46]. An oncolytic adenovirus that preferentially replicates
in a tumour cell environment often takes advantage of genes that are frequently overexpressed in
cancer. Deletion of viral replication genes to render the virus replication-incompetent in healthy
cells, but replication proficient in tumour cells with dysregulated or inactivated tumour suppressor
gene function [47,48]. These are termed replication selective oncolytic or conditionally replicating
adenovirus [49,50].

Adenovirus have many benefits for use as oncolytics. These include their relative ease of
manipulation, being double stranded DNA viruses. Their capacity for transgene incorporation,
being around 6 kb for non-replicating vectors and around 2 kb for oncolytic vectors is more than sufficient
to encode therapeutic transgenes (or combinations of transgenes) to enhance the pro-immunogenic
tumour microenvironment. These transgenes could include immune checkpoint inhibitors targeting
PD-L1 or CTLA4 [51,52], cytokines such as TNFα and IL-2 [53] or chemokines including CCL5 [54].
Alternatively, genes encoding proteins that are directly cytotoxic to the tumour cells such as REIC/DKK-3
can also be incorporated [55].

Although early clinical data for many oncolytic viruses are encouraging, the exact mechanism of
cell killing often remains unclear [56]. It is evident the viral and host cell interactions are complex,
particularly in the context of systemic delivery and within the tumour microenvironment, and an
understanding of the tumour and virus biology will provide insight and enhance future oncolytic
virotherapies [57]. The popularity of adenovirus is evidenced by the sheer number of clinical trials,
standing at 237 at the time of writing, that use adenovirus for cancer treatment in some form [58].
These trials have demonstrated safety and feasibility; however, delivery and efficacy must be improved
if oncolytic adenovirus is to achieve its full promise as an effective cancer therapy [59,60].

Despite their immense potential, adenoviruses, especially those based on the species C serotype
Ad5, have several pitfalls which need to be carefully addressed to tailor the OV in to an effective
therapeutic. These disadvantages include the high rates of pre-existing immunity against Ad5 in
the populations where Ad5 is a common pathogen. These levels of pre-existing immunity vary
geographically from >90% in sub-Saharan Africa [61] to ~30% in the UK population [62]. High levels
of pre-existing immunity will promote the rapid removal and destruction of the therapeutic by
the reticuloendothelial system, resulting in limited bioavailability for active tumour targeting [63].
A further limitation stems from the native infectious routes via the capsid proteins of Ad5 that can also
cause dose-limiting interactions and toxicity (Figure 3). The widespread anatomical expression of the
primary receptor, Coxsackie and adenovirus receptor (hCAR) [33], means vectors based on Ad5 will
be sequestered and infect a wide range of off target (non-cancerous) tissues in the body [64] or may
become irreversibly trapped in the blood [65]. One way this can be overcome is by genetic modification
of the amino acids 408 and 409 within the AB loop of the fibre knob protein (Fkn) to remove binding to
hCAR (called the KO1 mutation) [66]. Although Ad5 predominantly uses hCAR there are alternative
receptors utilised by other species including CD46 and desmoglein-2 (DSG-2) which are the primary
entry route for Species B adenovirus [34,35]. The species B Ad3 pseudotype is a prominent oncolytic
virus which uses both CD46 and DSG-2 for cell entry. CD46 is expressed on almost all nucleated cells,
and DSG-2 is a cardiomyocyte [67] and tight junctions restricted receptor [68], and therefore present
additional considerations for ablation of native binding tropisms. Species D does not appear to bind
these three known adenoviral receptors with any significant affinity. There is evidence to suggest these
viruses may be more likely to use sialic acid as their mode of entry [36,37,69].
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Figure 3. Dose-limiting Ad5 interactions in vivo. The fibre knob protein binds to hCAR expressed at
tight junctions and on erythrocytes, the hexon binds to Factor X (FX) in the blood and the penton base
binds to αvβ3/5 integrins. These binding interactions would lead to off-target effects. Created with
https://biorender.com.

Other capsid proteins can also cause off-target binding and sequestration issues. The hexon
protein of Ad5 binds with high affinity to the blood clotting factor X (FX), which results in rapid
and efficient transduction of hepatocytes, with consequent potential hepatotoxicity resulting from of
Ad5 vectors [70,71]. The penton base protein on the capsid also has implications for off-target effects.
The RGD domain in the pentameric protein group binds to integrins αvβ3/αvβ5 leading to downstream
signalling for internalisation [72]. These interactions are also thought to lead to uptake in the spleen
inducing consequent pro-inflammatory responses against the Ad [73,74]. Therefore, mutation within
the RGD binding region in the penton may be important in limiting these off-target effects [75].

In this review, we discuss the current approaches and significant refinements to the Ad5 capsid
necessary to prevent off target interactions. We also consider alternative approaches to circumvent the
Ad5 associated limitations and generate precisely guided cancer therapeutics.

2. Genetic Engineering of Oncolytic Adenovirus

The adenoviral genome is organised into early (E) and late (L) genes (Figure 4). The early phase
genes encode proteins that regulate the host and viral proteins, avoid premature cell lysis and prepare
components for DNA replication. Late phase produces structural proteins that are required for the
assembly of mature virions [44].
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Figure 4. Adenoviral genome, highlighting key genes which are often modified or deleted in oncolytic
therapeutics. Created with https://biorender.com.

The standard approach in the design of novel oncolytic virotherapies involves making
modifications viral genes to improve cancer cell selectivity and oncolytic potency. The ability to
engineer the double stranded DNA genome of adenovirus with relative ease has been proven for clinical
applications from vectors for gene therapy and vaccines to oncolytic viruses [76]. A key feature in
development of adenoviral vectors are the modifications to reduce the immunogenicity and bypass
innate anti-viral immune responses.
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First generation adenoviral vectors harbour deletions in the E1 and E3 regions [77,78].
These deletions not only improved the vector safety profile but also create significant space necessary
for the insertion of transgenes [79]. The E1 genes encode proteins necessary for viral replication,
therefore E1 deletion results in a replication deficient virus [44]. Consequently, vectors with this deletion
must be propagated in cell lines expressing E1 products in trans, such as 293 or PER.C6 cells [80–82].
E3 encoded viral proteins are involved in evading host antiviral immunity but are not essential for
viral replication, deletion of this region allows insertion of larger genes but may reduce the oncolytic
potency [83]. Second generation adenoviral vectors may also have the E2 and E4 regions deleted
which eliminates expression of most Ad genes and allows more room for transgene insertion [84].
However, these vectors must be propagated in cell lines that express E1, E2 and E4 gene products.
The late genes are involved in structure and therefore are required for production of mature virions.
A final generation of Ad vectors that are lacking all viral coding regions have been developed. These are
termed gutless or helper-dependent Ads as they require co-infection of a wild-type adenovirus or
helper vectors [85]. These have promising therapeutic advantages but are difficult to manufacture in
high quantities.

Conditionally replicating adenoviruses (CRAds) encompass several oncolytic adenovirus therapies
in the clinic. They can be classified into two types, however both approaches involve modifications
in the E1 region of the adenoviral genome. Adenovirus E1 is comprised of two genes: early region
1A (E1A) and early region 1B (E1B). E1A is the first transcribed gene post infection and promotes
progression into S-phase of the cell cycle. E1B encodes genes that protect the cell from undergoing
apoptosis as a result of E1A induction of S phase and enables the virus to undergo productive replication
in the host cell. The first strategy employed when designing CRAds is to replace the E1 promotor with
a tumour specific promotor, therefore preventing induction of E1A mediated viral replication in the
absence of the appropriate promoter [86–88]. This approach can be used to restrict replication and to
start the expression of the treatment transgenes within tumour cells. One example is the promotor
survivin, which has been used to this effect, regulating the expression of the heat shock protein
70 (Hsp70) that inhibited tumour growth in gastric cancer and adult T-cell leukaemia (ATL) [86,89].
Another promotor of note is human telomerase reverse transcriptase promotor (hTERT). This promotor
can enhance cell lysis, leads to increased release of viral progeny for further infection and shows
reduced hepatocyte effects compared to ONYX-015 in solid tumour in-vivo models [90].

The second strategy relies on modifications within the E1 region preventing the virus from
restricting host cell defences (for example, pRb mediated apoptosis) and therefore the virus is only able
to replicate in tumour cells defective in these pathways. One of the most effective mutations described
to date is the dl24 (∆24) mutation. This mutation is a 24-base pair deletion in the constant region of
E1A gene. This deletion is in the region that is responsible for binding the Rb protein and so targets
replication to cells with abnormal Rb control that can bypass this pathway. This leads to selective
replication in cells that are defective in the Rb/p16 pathway, which has been identified in the majority
of cancers, including gliomas and ovarian cancers [91–94].

Another mutation used is the T1 mutation, which has a truncating insertion in the E3/19K protein.
The T1 mutation means that this protein is relocated to the plasma membrane and enhances the release
of virus from infected cells [95]. Therefore, this mutation may be a useful addition to a tumour-selective
Ad-based therapy, such as in the oncolytic ORCA-010 [96].

3. Current Clinical Applications of Oncolytic Adenoviral Therapies

ONYX-015 (also referred to as ∆1520) was one of the first replication selective oncolytic
adenoviruses tested in a clinical setting for the treatment of head and neck cancer [97,98].
ONYX-015 harbours an E1B55K deletion, which was originally thought to be essential for viral
replication as it sequesters p53 and promotes cell cycle transition [99]. p53 is commonly lost or
downregulated through mutations in multiple cancer cells [100], and it is therefore considered that
ONYX-015 would replicate almost exclusively in cancer cells lacking p53. However, more recent
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research suggests that this mutation is more likely to work through the loss of late viral RNA export,
rather than through p53 status alone. The mechanism of action may be more complex than originally
thought, likely due to multi-modal action of the p53 pathway [49,101,102]. Whilst ONYX-015 and a
variant H101 (E1B55K and E3 deletion) demonstrated the safety of oncolytic adenoviruses, the efficacy
was limited by attenuated viral replication and spread [96,103]. Subsequent generations of tumour
selective oncolytic adenoviruses contain mutations in the E1A gene that functions through binding the
retinoblastoma protein (pRb) [91]. Several oncolytic adeno-virotherapies have since entered clinical
trials (Table 1) and have demonstrated safety and feasibility. However, delivery and efficacy must be
improved if oncolytic adenovirus is to be used as an effective cancer therapy, especially as a systemically
administered agent capable of effectively targeting tumours and metastases [59,60].

The vast majority of adenovirus research to date has focused on the species C, Ad5. Several oncolytic
adenoviruses (OAds) have demonstrated limited efficacy in clinical trials as a result of poor viral
persistence [104,105]. Although this is, in part, related to the early design of these viruses, it may also
result from high levels of pre-existing immunity [106]. A substantial proportion of the population will
have experienced an acute adenovirus infection, and many will have developed neutralising antibodies
against the most common Ad serotypes [32]. Activation of anti-tumour immunity whilst dampening
the innate host anti-viral immune response is essential to the success of OAds. An alternative approach,
therefore, may be through the development of alternative, low seroprevalence adenoviral species,
such as those from Species B or D, which tend to have naturally low levels of pre-existing immunity in
the population [107]. Such serotypes may also exhibit naturally lower levels of off target uptake due
to reduced interactions with components of the blood. Ad5 is known to bind to FX in serum which
mediates sequestration by the liver and can impact virus delivery to the tumour [108]. FX binds the
hexon protein on Ad5 capsid and can result in off target uptake [109]. It was observed that alternative
species, for example species D Ad26, does not bind FX in the same manner as Ad5 [109]. This knowledge
was used to identify key residues in FX binding through sequence alignment and has fed into the
production of retargeted Ad vectors however the use of alternative species as an alternative to Ad5 has
not been fully explored [71]. The use of novel oncolytics developed from rarely isolated serotypes from
species D may represent an exciting and alluring possibility, where the diverse nature of this species
represents a significant and largely untapped repository for investigation. Recent significant progress
has been made in this regard by the Ehrhardt laboratory, who have investigated a larger spectrum of
adenoviral vectors and begun to evaluate their potential for oncology applications [110,111].

Alternative adenoviral species offer many advantages over the commonly used Ad5-based
therapies however, despite their increasing popularity as platforms for vaccine applications, they are
poorly represented in the clinical oncology setting. Ad5/kn3 pseudotype has demonstrated some
limited efficacy in ovarian cancer [112,113]. This targets via species B receptors which are not cancer
specific and maintain the previously outlined issues associated with Ad5-based vectors.
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Cancers 2020, 12, 3327

Species B adenovirus have demonstrated the potential to play an important role in the field of
adenoviral oncolytics. An alternative strategy to the rational development of novel Ad serotypes
for oncology applications has been to develop a novel chimeric OV through a process of natural
selection for recombinants with enhanced cell killing activity in cancer cells such as with enadenotucirev
(EnAd, formally known as ColoAd1; PsiOxus Therapeutics Ltd., Abingdon, UK). Several adenovirus
serotype recombinants were selected for on colon cancer cells (HT29) by this method of “directed
evolution” (Figure 5) [114]. Despite the initial pool representing diverse serotypes from species B–F,
the resultant chimera is a fully species B recombinant, derived from Ad11p and Ad3 [114]. This virus
demonstrated potency and selectivity greater than ONYX-015 and Ad5 [115]. The tumour selectivity
mechanism for EnAd is not fully understood however initial clinical trials have demonstrated durability
and tolerability, not only for colorectal cancers but with other solid cancers [115,116]. EnAd is thought
to act through a non-apoptotic mechanism termed ischemic cell death and possesses pro-inflammatory
properties [117]. Species B therefore represents an exciting avenue for development of oncolytics,
however the lack of intrinsic tumour specificity and high prevalence of species B receptors, CD46 and
DSG-2, on healthy cells is an important consideration that may result in the depletion of virotherapy
available for active targeting of tumours through off-target sequestration. Ablation of these native
interactions or use of Ads that bind receptors with weak affinity may result in improved novel
retargeted oncolytics.
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Figure 5. Method of production for oncolytic virus, EnAd (PsiOxus Therapeutics Ltd., Abingdon, UK).
Serial passages of an Adenoviral library in tumour cells lead to chimeric Ads development. Selection
with healthy cells and blood factors removes those that bind off-target receptors, lead to Ad11p/Ad3
chimeric EnAd being selected for. Created with https://biorender.com.

4. Detargeting Ads

Adenovirus has not evolved as a cancer selective pathogen, and therefore requires engineering in
order to effectively target cancer cells. In Ad-based therapies, the efficiency of the treatment can be
greatly affected by their native binding interactions. The most studied Ad, Ad5, binds hCAR which
localises to the tight junctions between cells and is expressed ubiquitously throughout the body [33,118].
hCAR has also been reported as downregulated in certain cancers [119–121]. Therefore, reliance upon
hCAR as an entry receptor for any Ad-based cancer therapy would greatly limit its uses, as transduction
would be limited to cancer cells with high-hCAR expression, and off-target transduction could lead
to tissue toxicity. Moreover, more aggressive cancer growth correlates with loss of hCAR expression,
and so non-targeted Ad therapy is unlikely to treat aggressive cancers through hCAR transduction
alone [118].

hCAR binding can be ablated by mutating the key amino acids in the fibre knob AB loop
(L5 gene), using the KO1 mutations, S408E and P409A [66,122]. hCAR mediated cell entry is a two-step
mechanism. First the virus attaches to hCAR and, secondly the virion internalised through binding
of an Arg-Gly-Asp (RGD) motif in the penton base to αvβ3/αvβ5 transmembrane integrins on the
cell surface [123]. This secondary interaction has been exploited to further detarget Ad5 through the
RGD to RGE modification of the penton base and improve cancer targeting. The Ad5NULL vector
encompasses the KO1 mutation, the RGD to RGE modification as well as a modification within
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the hexon hypervariable region (HVR7) in order to ablate binding to coagulation FX and prevent
sequestration by and transduction of liver hepatocytes [13,124].

Larger modifications can also be made to detarget the virus particle, such as replacing the fibre
shaft of Ad5 with shorter variations found in other serotypes such as Ad40, or Ad41. This approach
has shown reduced binding to cells [125–127].

Chemical modifications can also be used as a means of detargeting through polymer coating
of the Ad particle. Polyethylene glycol (PEG) is commonly used for this purpose, due to its cationic
properties [128]. The main advantage of coating the Ad is to prevent neutralisation by pre-existing
antibodies which reduces the efficiency in patients previously exposed to the Ad. The use of
chemical modifications was well reviewed elsewhere previously by Kreppel and Kochanek [129]
and Kim et al. [130]. A major disadvantage of non-genetic means of targeting is that daughter virions
produced through replication will not harbour the modifications necessary to target tumour cells,
and therefore genetic strategies which are heritable are therefore more commonly preferred.

5. Retargeting Strategies

Here, a range of retargeting strategies is discussed, and both CRAds and oncolytic virus results
are considered in this section together. This is due to the abilities of the targeting strategies to be
applied in either context.

5.1. Pseudotyping

One relatively common method to introduce new tropism to an Ad-based therapeutic is to use
chimeric fibre knob/shaft proteins through pseudotyping. Pseudotypes are recombinant adenoviruses
that combine different aspects and structural proteins from differing serotypes into a chimera, and are
often generated to cherry pick optimal features associated with different serotypes [131]. This genetic
strategy uses Fkn (fibre knob) proteins from less-commonly used Ad species that do not use hCAR as a
primary transduction mechanism and substituting these onto an OV based on Ad5. This confers new
binding abilities without having to move away from the large knowledge base of commonly used Ad5.
This has shown some success in colon cancer [132] and ovarian cancer [133] amongst others.

The use of chimeric Fkns (cFkns) has been extended by sequences from non-human Ad species [134]
and through chimeric fibres created from several sequences such as bacteriophage T4 fibritin and
human CD40 ligand (CD40L) in conjunction with the Ad5 Fkn [15].

Pseudotyping can also be used for the whole fibre protein comprising both the shaft and knob
domain into the Ad5 capsid. However, the “tail domain” is an important consideration in this strategy,
as the maintenance of a portion of the N-terminus of the parent fibre shaft is required for the translation
of binding to the penton base of the parental capsid [135]. Shayakhmetov and Lieber demonstrated that
pseudotyping the fibre proteins can also alter the binding capabilities of the virus. Pseudotyping the
fibre shaft and the Fkn proteins from Ad5, Ad9 and Ad35 results in different receptor usage and
intracellular trafficking, partly down to the length and geometry of the fibre shaft [136].

Though this method has shown promising results, it has its limitations. Creating a chimera that
can correctly fold once it is attached to the fibre shaft can be a limitation in itself. The cFkn formed and
its binding capabilities are likely dependent on its ability to form trimers, which is required for native
Ad binding [137]. If such a protein is found that can correctly fold once attached to the fibre shaft,
and form the trimers required for binding, it then must confer a novel binding tropism. The natural
array of binding tropisms already understood from the less-commonly studied Ad species that can be
pseudotyped is limited. Therefore, although this method has its place as a tool for investigating the
tropism of rarely isolated adenoviral species, other mechanisms may prove more useful in the context
of developing tumour tropism.
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5.2. Peptide Retargeting

One mechanism employed experimentally to enhance hCAR independent uptake of Ads into
cells is to enhance targeting to upregulated αvβ3/5 integrins on tumour cells. The most successfully
deployed has been the RGD-4C motif, incorporated into the HI loop of the fibre knob, which has
demonstrated improved uptake in cancers expressing high levels of integrins such as ovarian cancer
and glioma [138,139]. This modification enables suitable presentation of the integrin interacting RGD
motif, held in position by the pair of disulphide bonds between the cysteine residues, to successfully
engage with cellular integrins and stimulate uptake via endosomes.

Other retargeting methods have also proven effective, such as insertion of peptide sequences which
confer a known binding ability within the Fkn protein, though this comes with its own limitations.
The sites within the Ad5 fibre knob domain in which peptide sequences can be inserted successfully
have been narrowed down through structural studies, demonstrating the HI loop and the C-terminus
of the protein as the most promising sites [123,140]. Within other serotypes, hypervariable nature of
the loops within the fibre knob protein have demonstrated that other loops are more surface exposed
and thus better suited to genetic insertions, for example the DG loop in Ad48 has been shown to
be the region best suited to genetic manipulation [141,142]. Insertions in these sites have shown
promising results in targeting Ads, such as targeting towards ovarian, breast and prostate cancer cell
lines by insertion of Her2/neu-reactive Affibody into the HI loop of a native-binding ablated Ad5
vector [143,144].

Peptide sequences from other viruses had also been shown to target an Ad-based therapy towards
cancer cells. Insertion of a 20-aa peptide, NAVPNLRGDLQVLAQKART, native to foot and mouth
disease virus (FMDV) was identified as a binding peptide sequence to αvβ6 integrin [145], an integrin
that is reported to be upregulated in certain epithelial cancers, including breast, ovarian, pancreatic
and colorectal [146–148]. Figure 6 illustrates the Ad5 fibre knob protein engineered to present the
A20 peptide within the HI loop in complex with αvβ6 integrin. This peptide has previously been
studied in terms of cancer research, used for non-invasive radiolabelled peptide for cancer imagery,
whilst antibodies and CAR-T cells directed to αvβ6 integrin are also being investigated, underpinning
the potential of this biomarker for cancer selective targeting [145,149,150]. The A20 peptide has been
successfully incorporated into the Ad5NULL to create the Ad5NULL-A20 OV, which is a highly selective
virotherapy targeting ovarian cancer [13], and with significant promise to target other epithelial cancers
expressing high levels of αvβ6 integrin.
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Other sites in the capsid that are amenable to insertions have also been explored, such as the hexon
gene. Insertion into the hexon has good potential for targeting due to its abundance in the capsid. If all
copies displayed the insertion, it could lead to a coated Ad capsid with 720 copies of the targeting
peptide. This has shown some recent success, through insertion of muscle binding peptides into the
hypervariable region 4 (HVR4) in the hexon protein [14], as well as the RGD-4C peptide [151,152].

When modifying viral capsid proteins, additional considerations should be made. The size,
structure and charge of the insert can affect its success due to steric hindrances. The rate-limiting
step is the lack of efficacious tumour targeting peptides that can be incorporated into the viral capsid
efficiently to retarget towards cancer cells with limited off-site effects.

Targeting peptides which have proven effective when presented within the context of the
three-dimensional fibre knob protein often appear to be those which have a degree of secondary
structure. The secondary structure is important to consider as strategies using linear peptides have
proven to be less successful. For example, the RGD-4C peptide is designed to present the RGD integrin
interacting tripeptide at the apex of the loop, held in place by disulphide linkages. Similarly, the A20
peptide forms an alpha helical confirmation both in its native context within the vp1 protein of FMDV,
which it retains when transferred into the Ad5 fibre knob protein, thus retaining the geometry required
for receptor engagement. For future targeting strategies to be successful, it will likely require the
development of sophisticated molecular technologies, capable of high throughput evolution, screening
and selection of knob variants with increased binding affinity for tumour associated antigens of interest.

5.3. Techniques for Targeting Peptide Discovery

Other methods for retargeting Ads have also had some success. Despite the success of Ad5NULL-A20,
there has been limited continued success using the Ad5NULL platform to target other tumour-associated
antigens (TAAs) and receptors. The rate-limiting step is the lack of efficacious tumour targeting
peptides that can be incorporated into the viral capsid efficiently to retarget the Ad5NULL platform
towards tumour cells. Previously, we and others have utilised methods such as bacteriophage (phage)
biopanning to identify peptides that can bind TAAs [153–155].

Biopanning is an approach that uses affinity-based selection. Random peptide libraries can be
created and displayed on the phage, often in the pVII or pIII gene of filamentous phage M13 (Figure 7).
M13 has around 5 copies of each pVII/pIII gene products in the capsid, located at the end of the
cylindrical phage. The resultant library is incubated with a target protein (or cell line), allowing binding
to occur. Unbound phage, or those with low affinity, are then washed away. Finally, those random
peptides still bound strongly to the target are eluted, either by changing the pH or by competitive
inhibition. The process is repeated to identify peptides with the highest affinity for the given target,
which can be sequenced for further use [156]. Phage display allows for high throughput analysis
of peptide libraries for targeting a specific receptor protein. In fact, this method has been used
frequently, with peptides targeting EGFR [157] and HER2 [158]. Promising peptides can be inserted
into the permissive regions of Ad5 Fkn [155]. This has been tried with several different peptides
targeting cancer-specific markers, such as folate receptor α (FRα) commonly upregulated in ovarian
cancers [159]. However, after binding, the FRα mediated cell entry mechanism does not allow for
correct intracellular trafficking, showing retention of targeted virotherapies in late endosomes in
FRα positive ovarian cancer cells, with limited successful transduction [153]. This highlights another
potential consideration when developing targeting approaches for adenoviral-based oncolytics—not all
TAA receptor pathways will be compatible with clathrin-mediated endocytosis pathways and thus
represent viable entry routes for adenoviral-based virotherapies.
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Additional limitations to this approach revolve around the linear orientation of the peptides being
selected and displayed. Although promising peptides can be found through this approach, once they
are incorporated back in the Fkn, the peptide can change confirmation due to the three-dimensional
nature of the viral capsid protein into which the peptide is engineered. It could be assumed that
the difference, and therefore the success, of the A20-peptide is due to the constrained orientation
was maintained. A20 was identified in FMDV and transposed into Ad, and thus the orientation was
conferred. Conversely, in phage-display technology, the selection is based around incorporation into
the capsid coat proteins in a linear orientation.

A secondary issue of note for the future of this technology is that insertions can only be made in
one linear string of DNA, creating one addition to the coat proteins in the phage particle to be used in
selection. For this technology to be the answer to extending the use of OAds to many different cancer
types, with very different surface protein expression profiles, there needs to be a way of incorporating,
and thus selecting for, multiple regions that confer binding but are not next to each other in linear DNA
sequence. This would create additional problems such as the requirement for multiple incorporation
sites in the Ad Fkn protein and the complexity of maintaining the correct confirmation of these multiple
sites in protein space (for example, distance apart on the Fkn, interactions with polar amino acids
nearby limiting availability for binding and flexibility of the insert). However, if these were to be
achieved, it would allow for quick, efficient and effective selection of cancer-specific binding peptide
regions for incorporation into an Ad-based vector.

Lupold et al. also developed a useful technique for retargeting, using the Ad particle itself.
The pTex system uses a similar approach to pseudotyping mixed with peptide insertions, but allowing
isolated and randomised mutation of the fibre knob for later incorporation into the capsid. This system
overcomes some of the issues, such as linear display, although it may be limited for targeting
towards a specific receptors of interest without the issue of previously understood peptide-ligand
interactions [160].

The detargeting and retargeting methods highlighted in this review are overviewed in Figure 8.
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6. Conclusions

Oncolytic adenoviruses are powerful therapeutic agents with great potential in the clinical arena,
combining multiple cell-killing effects on the tumour microenvironment. Firstly, the life cycle of
adenovirus induces immunogenic cell death. Moreover, the process of replication and lysis results
in the production of many tens of thousands of additional daughter virions, which when released,
infect surrounding cells, thus repeating and amplifying the process. Additional engineering of the
viral genome to encode therapeutic transgenes, such as immunotherapies, cytokines or pro-apoptotic
proteins can further enhance the immunogenicity of the tumour microenvironment effectively turning
the tumour into a factory producing protein to promote its own destruction.

Despite some early evidence of efficacy as a combination therapy in the clinic, the development
of fully refined oncolytic adenoviruses has failed to reach its full potential. There are numerous
obstacles to sequentially consider when developing novel adenovirus based oncolytic virotherapies,
including infection of non-cancerous cells, activation of the anti-viral immune response and a limit
in the number of viruses with native cancer tropism. The ability to modify the adenoviral genome
and overcome these limitations makes them attractive candidates for targeted oncolytic virotherapies.
Furthermore, there is a vast repository of alternative adenoviral serotypes, possessing known advantages
over Ad5-based therapies, that are yet to be explored in an oncology setting. Employing techniques
such as peptide insertion has had promising pre-clinical results and if combined with additional
modifications to further detarget and arm with therapeutic transgenes, the result would be highly
potent targeted oncolytic virotherapies. Whilst significant progress has been made in developing such
systems (e.g., the Ad5NULL platform), step changing technologies will be required to develop optimally
targeted “precision virotherapies” to tumour specific molecular addresses, and thus to deliver truly
personalised virotherapies moving forwards.

Therefore, the remaining limitations for targeted oncolytic applications using this approach are
the identification of ligands that are cancer-specific [161], coupled with the poor ability to transfer
linearly selected peptides from phage libraries into the three-dimensional Ad structure. In a sense,
whilst technologies exist to elucidate peptides or antibody fragments that allow us to “hit” tumour
targets of interest, the success of such targeting technologies when translated into oncolytic virotherapies
will require smarter systems, designed to engineer tropisms directly into the viral capsid protein of
relevance to be successful, or else they will continue to “miss the point”. Developing technologies
deigned to overcome these limitations will be key to the future success and efficacy in the clinic.
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153. Hulin-Curtis, S.L.; Davies, J.A.; Nestić, D.; Bates, E.A.; Baker, A.T.; Cunliffe, T.G.; Majhen, D.; Chester, J.D.;
Parker, A.L. Identification of folate receptor α (FRα) binding oligopeptides and their evaluation for targeted
virotherapy applications. Cancer Gene Ther. 2020, 1–14. [CrossRef] [PubMed]

154. Maruta, F.; Parker, A.L.; Fisher, K.D.; Hallissey, M.T.; Ismail, T.; Rowlands, D.C.; Chandler, L.A.; Kerr, D.J.;
Seymour, L.W. Identification of FGF receptor-binding peptides for cancer gene therapy. Cancer Gene Ther.
2002, 9, 543–552. [CrossRef]

155. Uusi-Kerttula, H.; Legut, M.; Davies, J.; Jones, R.; Hudson, E.; Hanna, L.; Stanton, R.J.; Chester, J.D.;
Parker, A.L. Incorporation of Peptides Targeting EGFR and FGFR1 into the Adenoviral Fiber Knob Domain
and Their Evaluation as Targeted Cancer Therapies. Hum. Gene Ther. 2015, 26, 320–329. [CrossRef]

156. Ehrlich, G.K.; Berthold, W.; Bailon, P. Phage Display Technology: Affinity Selection by Biopanning. In Affinity
Chromatography; Humana Press: Totowa, NJ, USA, 2000; Volume 147, pp. 195–208.

157. Li, Z.; Zhao, R.; Wu, X.; Sun, Y.; Yao, M.; Li, J.; Xu, Y.; Gu, J. Identification and characterization of a novel
peptide ligand of epidermal growth factor receptor for targeted delivery of therapeutics. FASEB J. 2005, 19,
1978–1985. [CrossRef]

158. Urbanelli, L.; Ronchini, C.; Fontana, L.; Menard, S.; Orlandi, R.; Monaci, P. Targeted gene transduction of
mammalian cells expressing the HER2/neu receptor by filamentous phage 1 1Edited by J. Karn. J. Mol. Biol.
2001, 313, 965–976. [CrossRef]

127



Cancers 2020, 12, 3327

159. Senol, S.; Ceyran, A.B.; Aydin, A.; Zemheri, E.; Ozkanli, S.; Kösemetin, D.; Sehitoglu, I.;
Akalin, I. Folate receptor α expression and significance in endometrioid endometrium carcinoma and
endometrial hyperplasia. Int. J. Clin. Exp. Pathol. 2015, 8, 5633–5641.

160. Lupold, S.E.; Kudrolli, T.A.; Chowdhury, W.H.; Wu, P.; Rodriguez, R. A novel method for generating and
screening peptides and libraries displayed on adenovirus fiber. Nucleic Acids Res. 2007, 35, 138. [CrossRef]

161. Brown, K.C. Peptidic tumor targeting agents: The road from phage display peptide selections to
clinical applications. Curr. Pharm. Des. 2010, 16, 1040–1054. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

128



cancers

Review

Immunotherapeutic Efficacy of Retargeted oHSVs Designed for
Propagation in an Ad Hoc Cell Line

Andrea Vannini 1,*, Valerio Leoni 1, Mara Sanapo 1 , Tatiana Gianni 1, Giorgia Giordani 2 , Valentina Gatta 1 ,
Catia Barboni 3, Anna Zaghini 3 and Gabriella Campadelli-Fiume 1,*

����������
�������

Citation: Vannini, A.; Leoni, V.;

Sanapo, M.; Gianni, T.; Giordani, G.;

Gatta, V.; Barboni, C.; Zaghini, A.;

Campadelli-Fiume, G.

Immunotherapeutic Efficacy of

Retargeted oHSVs Designed for

Propagation in an Ad Hoc Cell Line.

Cancers 2021, 13, 266.

https://doi.org/10.3390/

cancers13020266

Received: 30 October 2020

Accepted: 8 January 2021

Published: 12 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Experimental, Diagnostic and Specialty Medicine, University of Bologna, 40126 Bologna, Italy;
valerio.leoni2@unibo.it (V.L.); mara.sanapo4@unibo.it (M.S.); tatiana.gianni3@unibo.it (T.G.);
valentina.gatta6@unibo.it (V.G.)

2 Department of Pharmacy and Biotechnology, University of Bologna, 40126 Bologna, Italy;
giorgia.giordani3@unibo.it

3 Department of Veterinary Medical Sciences, University of Bologna, 40126 Bologna, Italy;
catia.barboni@unibo.it (C.B.); anna.zaghini@unibo.it (A.Z.)

* Correspondence: andrea.vannini5@unibo.it (A.V.); gabriella.campadelli@unibo.it (G.C.-F.);
Tel.: +39-051-209-4741 (A.V.); +39-051-209-4733 (G.C.-F.)

Simple Summary: The onco-immunotherapeutic viruses, among which stand the onco-immunothe-
rapeutic herpes simplex viruses, have gained renewed interest due to their ability to unlock the po-
tential of checkpoint inhibitors in preclinical and clinical settings. In prior decades, safety concerns
led to the generation of overall safe, partially or highly attenuated oncolytic viruses. Current focus
is on more efficacious onco-immunotherapeutic viruses with limited ability to cause off-tumor and
off-target infections and the capability to subvert the tumor microenvironment immunosuppression—
hence to potentiate checkpoint inhibitors. These viruses might serve as potential partners of T-
cell therapies.

Abstract: Our laboratory has pursued the generation of cancer-specific oncolytic herpes simplex
viruses (oHSVs) which ensure high efficacy while maintaining a high safety profile. Their blueprint
included retargeting to a Tumor-Associated Antigen, e.g., HER2, coupled to detargeting from natural
receptors to avoid off-target and off-tumor infections and preservation of the full complement of
unmodified viral genes. These oHSVs are “fully virulent in their target cancer cells”. The 3rd
generation retargeted oHSVs carry two distinct retargeting moieties, which enable infection of
a producer cell line and of the target cancer cells, respectively. They can be propagated in an ad
hoc Vero cell derivative at about tenfold higher yields than 1st generation recombinants, and more
effectively replicate in human cancer cell lines. The R-335 and R-337 prototypes were armed with
murine IL-12. Intratumorally-administered R-337 conferred almost complete protection from LLC-1-
HER2 primary tumors, unleashed the tumor microenvironment immunosuppression, synergized
with the checkpoint blockade and conferred long-term vaccination against distant challenge tumors.
In summary, the problem intrinsic to the propagation of retargeted oHSVs—which strictly require
cells positive for targeted receptors—was solved in 3rd generation viruses. They are effective as
immunotherapeutic agents against primary tumors and as antigen-agnostic vaccines.

Keywords: oncolytic virus; herpes simplex virus; retargeted virus; tropism retargeting; tumor;
immunotherapy; checkpoint inhibitor; vaccination; antigen-agnostic vaccination; HER2

1. Cancer-Selective Oncolytic Herpes Simplex Viruses and Synergism with Check
Point Blockade

Herpes simplex viruses (HSVs) were among the first viruses taken into consideration
as candidate oncolytic viruses (OVs) [1–4] and still rank high in the list of OVs in clinical
trials [5]. The early approaches to generate OVs, including oHSVs, were rather conservative.
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Safety was a major concern, probably because scientists wanted to avoid the problems
which characterized the initial approaches to gene therapy, and because of the frailty of
patients. Most of the OVs that entered the clinical trials were attenuated, or over-attenuated.
In reality, safety proved not to be a major clinical issue. oHSVs, and OVs in general, are
well tolerated in clinical applications with very limited description of serious adverse
effects [6,7]. However, the efficacy in humans did not keep up to the expectations raised by
animal experimentation. For most OVs, and particularly for oHSVs, attenuation has been
the prerequisite for cancer selectivity, and hence for safety. Cancer cells exhibit varying
defects in innate responses and weakly contrast viral replication. Attenuated viruses
exploit such defects to target cancers cells, which sustain the replication of both wt and
attenuated viruses, and to spare non-cancer cells, in which the replication of attenuated
viruses is contrasted, but not fully abolished, by the antiviral innate response. One such
example is the attenuation conferred by the deletion of the γ34.5 virulence gene [2–4]. Since
attenuation also weakens virus replication in cancer cells, additional modifications were
introduced in the ∆γ34.5 oHSVs to rescue replication and virulence. The α47 open reading
frame was deleted to augment antigen presentation. The deletion modified the expression
profile of the late US11 gene. Immunomodulatory genes were engineered in the viral
genome. This is essentially the genotype of the approved OncovexGM-CSF, also known as
T-VEC or Imlygic® [2,8].

The interest in OVs, including oHSVs, was boosted by check point inhibitors (CPIs) [9].
These molecules disable the breaks imposed by some tumors on the anti-cancer immune
machinery and unleash the T-cell response against tumors. In humans, CPIs are limited by
the fact that they target a restricted range of tumors—typically those with high mutational
load, high tumor-specific T-cell infiltration and low T-cell activity due to the checkpoint
brakes—and are effective only against a fraction of patients. The rationale for combining
oncolytic viruses, like OncovexGM-CSF, with checkpoint inhibitors is compelling [10–13].
OVs inflame tumors, overcome the tumor microenvironment (TME) immunosuppression,
and unlock the potential of checkpoint inhibitors across many cancer types. The underlying
mechanism rests on the direct oncolysis induced by virus replication and consequent
increase in both total and cancer-specific antigenic load in the TME, on the ability to recruit
the immune cells to TME and to induce the expression of pro-inflammatory molecules.
In turn, the latter activate immune effector cells and cause tumor inflammation. Given
the heterogeneity in cancer genotypes and phenotypes, it is foreseen that even more
complex combinations of immunomodulatory agents may be required to obtain consistent
and durable therapeutic responses against a broad spectrum of cancers [14,15]. oHSVs are
well equipped to do this job, since their large genome has space for extra genes. GM-CSF is
a potent pro-inflammatory cytokine, most frequently employed as a payload in oHSVs [5];
it targets mainly the myeloid lineage, activates the dendritic cells, and enhances anti-
cancer effects; it is present in OncovexGM-CSF. IL-12 (interleukin-12) [16] is another highly
effective pro-inflammatory cytokine transgenically expressed by OVs, since it orchestrates
the innate and the adaptive immune response against cancer and pathogens [17]. It is
present in the oHSV named M032, currently in clinical trial [18,19]. Additional payloads
recently engineered in oHSVs include the ligands to co-stimulatory immune receptors,
CPI or combinations thereof [20,21].

2. Strategies towards Cancer-Specific and Efficacious oHSVs

In recent years efforts were made to generate cancer-specific rather than cancer-
selective oHSVs. Such viruses gain safety from specificity, contain the entire set of viral
genes so that they counteract the antiviral innate response, replicate robustly in the tu-
mor cells, and are effective in releasing the immune suppression typical of cancers and
in reactivating tumor recognition by the immune system.
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2.1. Tropism Retargeting

The notion of tropism retargeting was pioneered by Glorioso and co-workers, and by
Roizman and Zhou, and has been reviewed [22–25]. It entails the genetic engineering of
a ligand to a selected cancer receptor into one of the viral glycoproteins that mediate HSV
entry into the cells, most frequently gD [24,26,27]. Crucial to this development has been
the elucidation of the molecular events that govern HSV entry. It requires four essential
glycoproteins, gD, gH, gL and gB, which are activated in a cascade fashion, and two major
alternative receptors HVEM (herpesvirus entry mediator) and nectin1 which interact with
gD and activate it; they serve as major tropism determinants. Thereafter, the receptor-
activated gD and additional integrin receptors activate the heterodimer gH/gL, and finally
gB. The latter executes the fusion between the virion envelope and the cell membranes—
plasma membranes or endocytic membranes [28–32]. The presence of cell surface receptors
is a requirement for HSV entry [33].

The strategy developed in our laboratory to generate cancer-specific oHSVs and
increase their efficacy entails (a) the retargeting of the virus tropism to Tumor-Associated
Antigens (TAAs), i.e., to molecules that are selectively present at cancer cell surfaces;
(b) the detargeting of the virus tropism from the natural receptors HVEM and nectin, to
avoid off-target and off-tumor infections. When combined, retargeting and detargeting
provide specificity and safety; (c) preservation of the full spectrum of viral genes, to enable
a robust anti-tumor response [26,27]. Since the retargeted oHSVs do not carry any genetic
modification in virulence or other genes, they are “fully virulent viruses in their target
cancer cells” (Figure 1). Clearly, the extent of cancer-specificity reflects the specificity of
the target to which the oHSVs are addressed. Some TAAs—such as EGFRVIII (epidermal
growth factor receptor Variant III), IL-13 Receptor 2-α and HER2 (human epidermal growth
factor receptor 2) are more specific than others. A further improvement was introduced
by Glorioso and coworkers through point mutations in gD that impair the binging of
neutralizing antibodies, and thus make the oHSV stealth to anti-HSV antibodies present
in the human population [34].

Bench and preclinical studies foresee the following advantages for the tropism re-
targeted oHSVs. In contrast to the ∆γ34.5 oHSVs that can replicate solely in cancer cells
that carry defects in certain pathways of the innate response and may potentially replicate
in non-cancerous cells defective in innate responses, the retargeted oHSVs infect cancer
cells irrespective of the status of their innate response and are designed to prevent off-target
infections. The extent of infections in tissues with low level expression of the targeted
receptors remains to be verified in humans. Moreover, once the retargeted oHSVs infect
the tumor cells, they are essentially wt-viruses, they blunt the cell innate response and
promote high viral replication [35–38]. Lastly, in the tumor bed, the retargeted oHSVs ex-
clusively infect the cancer cells, whereas the ∆γ34.5 and the attenuated viruses additionally
infect immune cells, with unclear effects on the global immune response.
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Figure 1. Schematic view of HSV tropism retargeting and immunotherapy induced by armed oHSVs. (A–D). (A) wt-HSV
infects normal tissues, i.e., its natural target cells through natural major receptors HVEM and nectin1 (blue). (B) 1st and
2nd generation tropism retargeted oHSVs infect cancer cells expressing the target Tumor Associated Antigen (TAA, violet)
and fails to infect its natural targets. The scFv to TAA which mediated the virus retargeting to cancer cells is engineered
in the following virion glycoproteins: gD (1st generation), either gB or gH (2nd generation). (C) 3rd generation tropism
retargeted oHSV, can infect both the cancer cells that express the target TAA (violet) and the producer cells that express
an artificial receptor (orange), and fails to infect its natural targets. (D) The IL-12-armed retargeted oHSV specifically infects
tumors cells, causes immunogenic cell death of cancer cells and elicits immuno-therapeutic response, that result in inhibition
of tumor growth, sensitization to checkpoint blockade and antigen-agnostic vaccination.

2.2. Transcriptional and Post-Transcriptional Retargeting Strategies

Additional strategies to attain cancer specificity and preserve viral virulence include
transcriptional retargeting—i.e., placing a critical viral gene under the control of a cancer-
specific promoter, post-transcriptional retargeting and combinations thereof [39]. Examples
include the control of the key γ34.5 virulence gene by a hybrid nestin enhancer-HSP68
minimal promoter which ensures expression of the HSV genome specifically in the nestin-
positive glioblastoma cells [40] and the insertion of miRNA target sequences specific for
selected tissues (e.g., brain, heart, or liver) to avoid off-tumor expression of key herpesviral
proteins like ICP4 (infected cell protein 4), ICP27, UL8, and γ34.5 [20]. Such approaches
have been elegantly reviewed recently [23] and are beyond the scope of current review.

3. Properties of the Tropism-Retargeted oHSVs Generated in Our Laboratory
3.1. Three Generations of Tropism Retargeted oHSVs

For heuristic reasons we divide the retargeted oHSVs generated in our laboratory into
three groups (Table 1). In all, the retargeting was achieved by insertion of a single chain
antibody (scFv) to the receptor of choice, while detargeting was achieved by deletion of
appropriate portions in gD [27,41] [WO2009144755] (Table 1).
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Table 1. 1st, 2nd and 3rd generation retargeted oHSV, genotypic modifications for retargeting and detargeting purposes.

Generation of
Recombinant

Name of
Recombinant

scFv for Retargeting
to Tumor Cells

Inserted

GCN4 Peptide for
Retargeting to Producer

Cells Inserted in

Detargeting
Strategy,

Deletions @ gD
Ref

1st

R-LM113
R-115
R-123

HER2 @ gD Absent ∆ aa 6–38 [21,27,42]

R-LM249 HER2 @ gD Absent ∆ aa 61–218 [41]

R-611 EGFR @ gD Absent ∆ aa 6–38 [42]

R-613 EGFRVIII @ gD Absent ∆ aa 6–38 [42]

R-593 PSMA @ gD Absent ∆ aa 6–38 [42]

2nd
R-803
R-809 HER2 @gH Absent No deletion, or ∆

aa 6–38 [43]

R-903
R-909 HER2 @ gB Absent No deletion, or ∆

aa 6–38 [44]

3rd

R-313,
R-315
R-317
R-319

HER2 @ gD @ gB ∆ aa 6–38 [46]

R-213 HER2 @ gD @ gH ∆ aa 6–38 [45]

R-87
R-89
R-97
R-99

R-99-2

HER2 @ gD @ gD Deletions, various [47]

R-321,
R-335
R-337

HER2 @ gD @ gB ∆ aa30 and aa38 [46]
this paper

The 1st generation recombinants carry the scFv in gD, in place of either aa 6-38 or
aa 61–218. Such deletions eliminate the portions in gD responsible for interactions with
HVEM and nectin1, and confer full detargeting. In different recombinants, the scFvs
were addressed alternatively to HER2 (human epithelial growth factor receptor 2), EGFR
(epithelial growth factor receptor), EGFRVIII (EGFR variant III) or PSMA (prostate specific
membrane antigen) [27,42] and WO2009144755.

The 2nd generation recombinants carried the scFv to HER2 or to EGFR in either gH or
gB. This recombinant group explored the possibility that glycoproteins essential for HSV
entry, other than gD, serve as vector for the scFv. They carry the ∆6–38 in gD [43,44] and
WO201612849.

The 3rd generation recombinants simultaneously carry two retargeting moieties.
The rationale is detailed below (see, paragraph 3.3). One moiety is the anti-HER2 scFv
inserted in gD for cancer cell retargeting. The other moiety is the GCN4 peptide engineered
alternatively in gD, gH or gB for retargeting to an ad hoc producer cell line. For detargeting
purposes, the 3rd generation recombinants contained one of the following deletions in gD:
aa 6–38, two single amino acids—∆D30 and ∆Y38, or deletions in the nectin binding site
encompassing aa 214–223 [44–47] [WO2017211941, WO2017211944, WO2017211945].

3.2. The Retargeted oHSVs are a Platform

TAAs constitutes a family of molecules, with varying degrees of cancer specificity.
Very often, the encoding genes are genetically amplified in cancer cells, such that the TAAs
are overexpressed in cancer cells, and poorly or not expressed in non-cancerous cells.
Many are located on the cell surface. Since each member of the family is expressed
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across several cancer types [48], a single retargeted oHSV can potentially be employed
against a number of different cancers. In most of our studies we selected HER2, expressed
and amplified in a number of cancers, including breast, ovary, stomach, lung and pan-
creas cancers and glioblastoma, and is a relevant target in cancer immunotherapy. Thus,
a HER2-retargeted oHSV can potentially be employed against a variety of indications.
Glorioso laboratory, as well as our additionally generated oHSVs retargeted to EGFR,
EpCAM, EGFRVIII specific for glioblastoma puntiforme, and PSMA, present in prostate
cancers [23,26,49–51]. The EGFRVIII recombinant was further improved by insertion of
a matrix metalloproteinase which enhanced intratumoral vector distribution and efficacy
in a glioblastoma model [52]. Essentially, the retargeted oHSVs are a platform and can
potentially be addressed to different TAAs. It is envisioned that the intensive molecular
profiling programs carried out worldwide may lead to the discovery of novel TAAs, even
more specific than the ones currently known.

3.3. Cultivation of Tropism-Retargeted oHSVs in Non-Cancerous Producer Cells

A critical feature of the retargeted oHSVs generated in our laboratory is that they
are strictly dependent on the targeted cancer receptor for infection, including infection
of the producer cells. Often, the target receptor is an oncogene, i.e., it contributes to
the oncogenic potential of the cancer cells. While the retargeted oHSVs can be readily
cultivated in human cancer cells lines positive for the targeted receptor, approval of clin-
ical grade virus production in cancer cells by competent authorities might likely imply
specific motivations. A goal in the design of the 3rd generation retargeted oHSVs was
to generate a non-cancerous producer cell line for the in vitro growth of the retargeted
oHSVs. To this end, as mentioned above, we designed recombinants that simultaneously
carry two retargeting moieties (Figures 1 and 2A). The scFv retargets HSV to the cancer
receptor (HER2, in our case). The second one consists of a small high affinity ligand (GCN4
peptide) engineered in one of the entry glycoproteins—gD, gH or gB (Figure 2A) [45–47].
The producer cell line is a Vero cell derivative, named Vero-GCN4R-HER2, which expresses
an artificial receptor for the GCN4 peptide, along with human HER2.

In subsequent sections of this review, we shall focus on the two most advanced
recombinants from the 3rd generation group, R-335 and R-337. They carry (i) the insertion
of the GCN4 peptide in gB between residues 81 and 82; (ii) the deletion of only two amino
acids in gD—D30 and Y38—for HVEM and nectin1 detargeting; (iii) the insertion in gD of
scFv to HER2 in place of Y38. R-335 and R-337 carry mIL-12 in the US1/US2 intergenic
region, a site that enables a high expression level. While R-335 carried the natural form of
mIL-12, made of p40 and p35 subunits, R-337 carried the fusion form, in which the two
subunits are held together by a linker to form a single peptide. In cultured cells, the fusion
form was produced at 50 to 100-fold higher amounts than the dimeric form and possibly
was more stable. R-335 and R-337 genotypes are depicted in Figure 2A. The properties of
OVs, and particularly oHSVs expressing IL-12 are reviewed in [53].

Preliminarily, we quantified the ability of the two recombinants to grow in Vero-
GCN4R-HER2 and in the human HER2-positive cancer cell line SK-OV-3. The yields of
R-335 and R-337 in Vero-GCN4R-HER2 are shown in Figure 2B, which also shows the yields
of R-LM5 (an essentially wt HSV carrying EGFP [27]) and of the 1st generation recombinant
R-115. R-335 and R-337 infect these cells through both the GCN4R and HER2 receptors,
whereas R-115 infects only through HER2. Figure 2C shows the fold-increase of the yields
relative to that of R-115. Two features emerged. R-335 and R-337 replicated to seven to
eight-fold higher yields than R-115. As expected, R-335 and R-337 replicated to fivefold
lower yields than R-LM5; this is a common feature for recombinant viruses and accounts
for different receptor usage, in that R-LM5 infection occurs through the simian orthologs of
the natural receptors nectin1 and HVEM, which ensure the best possible interaction for
HSV entry into the cells.
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Figure 2. Growth kinetics of 1st and 3rd generation HER2-retargeted oHSVs in cancerous and non-cancerous producer
cells. (A) Schematic representation of genomes of wt HSV named R-LM5 (carrying GFP), R-115 (1st generation), R-335 and
R-337 (3rd generation) retargeted oHSVs. Indicated are the genetic loci of gB, gD, the insertion site of mIL-12 in the US1 and
US2 intergenic locus. 1st and 3rd generation recombinant viruses carry the insertion of scFv anti-HER2 for the retargeting
to HER2-positive cells, and the deletion of indicated portions of gD for the detargeting from HSV-1 natural receptors
HVEM and nectin1. The 3rd generation R-335 and R-337 viruses carry the GCN4 peptide in gB between aa 81 and 82,
and were engineered as detailed in [17,54]. (B–E) Yields of the wt HSV named R-LM5 (carrying GFP), R-115, R-335 and
R-337 in VERO-GCN4R-HER2 (B,C) and in SK-OV-3 (D,E) cells at 24, 48 and 72 h after infection. Replicate cultures of each
cell line were infected with the indicated viruses at 0.1 PFU/cell as titrated in SK-OV-3 cell line. Progeny virus was titrated
in SK-OV-3 cells. In panels C and E, yields are expressed relative to that of R-115. The data represent the average of at least
five independent experiments ± SD. (F) Plaque size of the indicated viruses five days after infection. For each virus-infected
culture 20 plaque pictures were taken, expressed as arbitrary units and plotted ± SD. (B–F) Statistical significance was
calculated by One Way ANOVA test and expressed as * = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001.

In our experience the highest yields for both wt-HSV and HER2-reatargeted oHSVs
are obtained in SK-OV-3. Figure 2D,E show that the wt R-LM5 grew somewhat better
in SK-OV-3 than in Vero-GCN4R-HER2 cells, as expected. The growth of R-335 and R-337
could not be differentiated from that of R-LM5 and was about three-fold higher than that of
R-115. In addition, R-335 and R-337 plaques in SK-OV-3 cells were doubled in size relative
to those from R-115, in agreement with the virus yields results (Figure 2F). The higher
replication of R-335 and R-337 relative to that of R-115 was surprising in that SK-OV-3 cells
lack the receptor for GCN4 peptide. We interpret these results to indicate that the smaller
deletion in gD improved the glycoprotein performance, and that the GCN-4 insertion in gB
somehow activated gB or a combination of these effects.

3.4. Safety Profile of Retargeted oHSVs

Safety of retargeted oHSVs rests on their specificity for cancer cells and on genetic
stability and is documented by the following lines of evidence. In vitro, both 1st and
3rd generation retargeted oHSVs infected almost exclusively the cancer cells positive for
the targeted receptor and failed to infect or infected very poorly receptor-negative cancer
cells and non-cancerous cells, unless they transgenically expressed the targeted receptor [27,
41]. In no cases did the infection of few cells in a culture of receptor-negative cells result
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in a virus that could be serially passaged. The viruses exhibit genetic stability in that they
have been passaged in cultures for several months (3rd generation) or years (1st generation),
without any change in retargeting/detargeting properties. In vivo, upon intratumoral
(i.t.) administration, the 1st generation R-115 was detectable only in the tumors, and not
in serum or other organs (Figure 3A) [55]. When administered intraperitoneally (i.p.),
the 1st generation oHSVs did not cause any pathological signs, including brain infections,
even at the highest amounts (2 × 109 PFU). Under the same conditions, the wt-HSV killed
all mice (Figure 3B) [41,56]. In vivo, upon intracranial administration, the 1st generation
R-LM113 virus did not infect the brains, whereas the wt-HSV readily did (Figure 3C) [57].
Altogether, the results support the notion that (i) that in vitro infection of human cells only
occurs at high level HER2 expression, and (ii) the HER2-retargeted oHSVs do not cause
detectable off-target infections in mice. A detailed analysis on bio-distribution to human
tissues, especially in tissues with low level HER2 expression, remains to be performed.

Figure 3. The retargeted oHSVs are safe in mice upon intraperitoneal, intratumoral or intracranial routes of administration.
(A) R-115 biodistribution to the indicated organs following four intratumoral injections (1 × 108 PFU/dose or vehicle),
started at d 10 after tumor implantation. Organs and tumors were explanted at d 26, and, after homogenization, the total
DNA was extracted. R-115 genome copy numbers were determined by qPCR in comparison with a standard curve obtained
with purified HSV DNA, and expressed as gc/100 ng of DNA or gc/100 µl blood. (B) Kaplan Meier survival curves
of the C57BL/6 mice intraperitoneally injected with 1 × 108 or 2 × 109 PFU of R-LM5 (wt HSV), R-LM113 and R-115
(1st generation) oHSVs. (C) Merged fluorescence and bright-field images of adult nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mouse brains after injection with R-LM5 (1 × 105 PFU) or R-LM113 (3 × 105 PFU) viruses.
Viral spread is visualized by enhanced green fluorescent protein fluorescence. (A) Statistical significance was calculated
using the Log-rank (Mantel-Cox) test. Panels (A–C), reproduced with permission. ** = p-value < 0.01.

4. In Vivo Efficacy of Retargeted oHSVs in Immunocompetent Mouse Models
4.1. Efficacy against LLC-1-HER2 Primary Tumors

Early studies from our laboratory indicated that retargeted oHSVs are highly effective
in nude mice, a property which only accounted for direct oncolytic effects [41,56]. The key
question arose as to how effective the retargeted oHSVs are in immunocompetent mice,
in particular in eliciting the innate response to the virus, the innate and the adaptive
long-term immunity to the tumor. To address this question here we provide the first
description of the efficacy of R-335 and R-337 and review previously described efficacy data
on 1st generation recombinants R-LM113, R-115 and R-123. A list of the most significant
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preclinical studies carried out in our laboratory is reported in Table 2. As discussed
above, the HER2-retargeted oHSVs are strictly dependent on (human) HER2 to carry out
infection, a feature that required an ad hoc immunocompetent murine model. Preliminarily,
we screened a number of murine tumor cell lines and found that LLC-1 (Lewis lung
carcinoma-1) cells enabled the highest HSV replication [55]. The ad hoc model consists of
LLC-1 cells made transgenic for HER2 (LLC-1-HER2) and of the syngeneic C57Bl/6 mice
transgenic and tolerant (TG) to HER2. Mouse tolerance to HER2 was critical to prevent
that the immune response to the tumor was mainly driven by the allogeneic HER2 [55].
With respect to antitumor activity, the 1st generation R-115 protected 60% of mice, of
which 16% exhibited a complete response (CR) and 44% a partial response (PR) [55].
The experimental design in anti-tumor efficacy experiments is illustrated in Figure 4,
panel A. Briefly, mice were implanted with subcutaneous tumors; the recombinants were
administered intratumorally (i.t.) to well-developed tumors. The mice that survived
the primary tumor received a second challenge tumor, which was untreated. The R-335
and R-337 recombinants were administered i.t. to well-developed tumors as five injections
of 1 × 108 PFU each, every other day (Figure 4A). The antitumor activity of R-335 was
similar to that of R-115, while that of R-337 was higher. In particular, R-335 protected 60%
of mice, 30% of which exhibited a complete response (CR) (Figure 4B–E). R-337 protected
100% of the mice, 80% of which exhibited CR (Figure 4B–E). The Kaplan Meier survival
curve shows highly statically significant differences between each virus and the control,
and between the two viruses (Figure 4F). The superior efficacy R-337 relative to R-335
should be interpreted in light of the fact the only genotypic difference between the two
viruses resides in mIL-12, which is a heterodimer in R-335 and a fusion form in R-337.
The results clearly indicate that a significant contribution to the control of primary tumor
growth is immune mediated.
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Figure 4. Efficacy of R-335 and R-337 monotherapy on the growth of LLC-1-HER2 tumors. (A) Schedule of treatments.
The six-to-eight weeks old HER2-transgenic/tolerant (HER2-TG) C57BL/6 mice were subcutaneously implanted in the left
flank with 5 × 105 LLC-1-HER2 cells in 100 µL of PBS [55]. 10 d later, when the tumor volumes averaged 70–100 mm3, mice
received 5 intratumoral injections of R-335, R-337 (1 × 108 PFU per injection, diluted in 50 µL PBS) or vehicle (50 µL PBS), at 2–3
day intervals. At d 33, the mice which survived the primary tumor received a contralateral challenge LLC-1-HER2 tumor of 5
× 105 cell per mouse. Tumor volume was calculated using the formula: largest diameter x (smallest diameter) 2 × 0.5. Mice
were sacrificed when tumor volumes exceed 1000–2000 mm3, ulceration occurred, or animals exhibited distress or pain. (B–D)
Kinetics of tumor growth in mice treated with vehicle (B), R-335 (C) or R-337 (D). The numbers reported in each panel indicate
the numbers of mice which were completely cured from tumors (complete response, CR), or which showed a delay/reduction
in tumor growth (partial response, PR). The mice were scored PR when the tumor volume was <50% smaller than the mean
size of the tumors in the vehicle group. (E) Volumes of the primary tumors at d 21 after implantation. Black (vehicle), blue
(R-335) and red (R-337) circles. (F) Kaplan-Meier survival curves of the three groups of mice. (G,H) Kinetics of growth of
contralateral challenge tumor in naïve mice (G), and in the R-335 or R-337 (H) arms. (I) Immune response in splenocytes
harvested at sacrifice. To isolate splenocytes, spleens were smashed through a 70 µm cell strainer in PBS, red blood cells were
lysed with ACK buffer, and samples were resuspended in medium (RPMI 1640 containing 10% heat inactivated FBS, 1%
penicillin/streptomycin). Splenocytes (1 × 106 cell/well) were incubated with 1 × 105 LLC-1-HER2 or LLC-1 cells in 0.5 mL
medium, and cocultured for 48 h. The amount of secreted IFNγ (quantified by ELISA) was a measure of the splenic anti-LLC-1
and anti- LLC-1-HER2 immune response [55]. (J,K) Antibody reactivity in sera harvested at sacrifice to LLC-1-HER2 or LLC-1
cells (J), and to HSV-1-infected cells (K), as determined by cell enzyme-linked immunosorbent assay (CELISA).
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Wt-LLC-1 and LLC-1-HER2 single cell preparations were reacted with mouse serum, diluted 1:150 in flow cytometry buffer
(PBS + 2% FBS), in ice for 1 h, washed with flow cytometry buffer and incubated with anti-mouse PE (1:400). Data were
acquired on BD C6 Accuri. For CELISA assay, RS cells were infected with HSV-1 at 3 PFU/cell for 24 h, then they were
fixed with paraformaldehyde, reacted with mouse serum diluted 1:60, or with the anti-gD monoclonal antibody HD1
(green) diluted 1:400 (positive control), followed by anti-mouse peroxidase. Peroxidase substrate o-phenylenediamine
dihydrochloride was added and plates were read at 490 nm as detailed [55]. (F) Statistical significance was calculated by
the Log-rank (Mantel-Cox) test. (E,I–K) Statistical significance was calculated by means of the One Way ANOVA test and
expressed as * = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001; **** = p-value < 0.0001. Color code: mice which
received Vehicle, R-335 or R-337 are indicated in black, blue or red, respectively.

4.2. Retargeted oHSVs Promote Antigen Agnostic Vaccination Effect against Distant Tumors

A notable property of R-115 is the long-term abscopal efficacy [55]. Mice which sur-
vived the primary tumor were fully protected from a distal tumor implanted at later times.
Essentially, R-115 vaccinated mice against a subsequent challenge tumor. Even the 3rd
generation R-335 and R-337 proved to be particularly effective. Of the mice described
in Figure 4C,D, those which survived the primary tumor received a challenge LLC-1-HER2
tumor 33 days later. All these mice were fully protected (Figure 4G,H). Inasmuch as
the mice did not receive any treatment after the implantation of the distant challenge tumor,
any protection seen against such tumors was immune-mediated.

The mice protected from distant tumors exhibited a T-cell immune response docu-
mented as splenocyte reactivity to tumor cells (Figure 4I), in agreement with similar finding
with R-115 [55]. In particular, the splenocytes from both R-335- and R-337-treated mice,
harvested at sacrifice, reacted strongly to LLC-1-HER2 cells, and weakly to LLC-1 cells
(Figure 4I). The antibody response reflected at large the T-cell response, in that the sera
from R-335- and R-337-treated mice carried antibodies to LLC-1-HER2 and, to a lesser
extent, to LLC-1 cells (Figure 4J). The extent of protection against distant wt-LLC-1 tumors
will be evaluated in detail in future studies. Current results argue that the intratumoral
treatment of LLC-1-HER2 tumors with R-335 or R-337 can elicit a protective response
also to wt-LLC-1 cell neoantigens. The mice sera showed seroconversion also to HSV-1
(Figure 4K), as expected.

4.3. Retargeted oHSVs Subvert TME Immunosuppression

The purpose of this series of experiments was to provide evidence that the long-term
distant protection was mediated by an immune response, documented as dramatic changes
to the immunosuppressive TME. In these experiments, mice were treated i.t. with the R-337,
and sacrificed a few days after the end of treatment, at a time when tumors were decreas-
ing in size (Figure 5A–C). Analyses were carried out on tumor infiltrating lymphocytes
and cytokines, on the reactivity of splenocytes and of serum antibodies to tumors cells,
with the aim to detect local and systemic modifications. In R-115-treatred mice, the major
modifications consisted in the tumor infiltration by CD4+, CD8+ and activated CD8+,
NK (natural killer) and activated NK, Tregs (T-regulatory), along with the reduction in in-
tratumoral CD11b+ leucocytes [55]. The immune landscape of LLC-1-HER2 TME is that
of an immunologically desert tumor, characterized by low infiltration from anti-tumor
immune subpopulations and low levels of immune activation markers, co-stimulatory
molecules and pro-inflammatory cytokines [61]. In essence, the host immune system is
unable to recognize and react against LLC-1 tumors. Figure 5D–K documents the modifica-
tions detected in R-337-treated mice. Worth noting are the increase in tumor infiltrating
leucocytes, specifically CD4+, CD8+ and activated CD8+, DCs, and NK and activated NK
cells. The CD11b-positive population, which includes the immunosuppressive myeloid
derived suppressor cells, was decreased (Figure 5L). FoxP3+ cells, which include the T-
regulatory cells, were also increased (Figure 5H), in agreement with previous reports [55].
Transcriptional analysis of the tumor specimens revealed an increase in IFNγ, IL-12 (most
of which likely expressed from the viral genome), CXCL11 chemokine and t-bet transcrip-
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tion factor (Figure 5M–Q), hallmarks of inflamed TME and polarization to activated Th1
cells. Analysis of the systemic effect was carried out on spleen samples. The modifications
were essentially similar to those detected in the tumor samples (Figure 5R–W), except
that the increase in NK cells was non statistically significant. The splenocyte reactivity
and the antibody response to LLC-1-HER2 cells were essentially similar to those detected
in mice sacrificed at about 100 days after primary tumor implantation (Figure 5X,Y). Al-
together, i.t.- administered R-337 elicited a strong systemic and intratumoral immune
response, and the inflammation of the LLC-1-HER2 TME.

Figure 5. Immune heating of TME and spleen modifications induced by intratumoral R-337 monotherapy. (A,B) Kinetics
of tumor growth in HER2-TG C57BL/6 mice treated with vehicle (A) or R-337 (B), according to the schedule reported
in Figure 4A. (C) Tumor volumes at d 24. Black (vehicle) and red (R-337) circles. (D–L) Immune cell populations in tumors.
Single cell suspensions were prepared from freshly isolated LLC1-HER2 tumors at sacrifice. Tumors were minced in small
pieces, digested with collagenase, passed through 70 µm cell strainer and rinsed with FACS buffer. For each sample,
2 × 106 cells were blocked with α-CD16/32 Ab (clone 93), and then reacted with the antibodies CD4-FITC (clone GK1.5),
CD8a-PE (clone 53-6.7), CD45-Percp-Cy7 (clone 30-F11), CD335-APC (clone 29A1.4), FoxP3-PE (clone 150d/e4), CD11b-FITC
(clone M1/70), CD11c-PE (clone N418) and CD69-PercP (clone H1-2F3). Data were acquired on BD C6 Accuri. CD4 (CD4+
cells), CD8 (CD8+ cells), NK (CD335+ cells) and myeloid cells (CD11b+ cells) were gated on CD45+ subpopulation.
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Activated (CD69+) CD8 and NK cells were gated on CD8+ and CD335+ subpopulations, respectively. DC cells
(CD11c+CD11b+) were gated on CD11b+ population. Tregs (FoxP3+CD4+) were gated on CD4+ population. (M–Q).
Expression profile of cytokines, immune related transcription factor and immune markers. Tumor homogenates (a few mgs)
were employed for total RNA purification and 1.2 µg of RNA was employed for the cDNA synthesis. Diluted cDNAs (1:4)
were assayed by real-time PCR with Taqman probes. The levels of expression were determined using the ∆∆Ct method,
normalized on the Rpl13a housekeeping gene and on the mean of the vehicle-treated group. (R–W) Immune cell populations
in spleens. Sample preparation and staining as described for tumors. (X) Immune response in splenocytes to LLC-1-HER2
and LLC-1 cells was quantified as IFNγ secretion in the culture medium. For the details, see Figure 4. (Y) Serum antibody
reactivity to LLC-1-HER2 and LLC-1 cells. For the details, see Figure 4C–Y Statistical significance was calculated by the t-test
and expressed as * = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001; **** = p-value < 0.0001, ns = not significant.
Color code, mice treated with vehicle or R-337 are indicated in black or red, respectively.

4.4. The “Immune Heating” of the Tumor Predisposes to Combination Therapy

The distant long-term protection, along with the dramatic changes to TME induced
by R-337, suggested that the recombinant could render immunologically cold and CPI-
resistant tumors immunologically hot and possibly CPI-sensitive. LLC-1-HER2 tumors
recapitulate tumors that are completely insensitive to anti-PD-1 (compare Figure 6B with
Figure 4B), in agreement with the low immunogenicity of these tumors [61]. The experiment
documented in Figure 6 was designed to ascertain whether R-335 and R-337 synergize
with anti-PD-1. Mice were treated as in Figure 4, and additionally received anti-PD-1,
administered i.p. (see Figure 6, panel A). It can be seen that, when combined with anti-
PD-1 in a simultaneous regimen [62–65], R-335 displayed a tendency to increase efficacy
(Figure 6B–E). Thus, in mice treated with R-335 alone, CR and PR occurred in 31 and 25%
of mice, respectively, in agreement with data shown in Figure 4. In mice which received
the combination therapy, CR and PR occurred in 41 and 35% of mice, i.e., 76% mice were
protected, completely or partially. The Kaplan Meier survival curve is reported in Figure 6F.
The mice which survived the primary tumor were fully protected from a challenge distant
tumor (Figure 6G,H). The long-term protection was most likely based on the systemic
immune response, documented as splenocyte and antibody reactivities to LLC-1-HER2
and wt-LLC-1 cells (Figure 6I,J).

To evaluate the efficacy of R-337 in combination with anti-PD-1, we decreased the over-
all amount of virus from five injections of 1 × 108 PFU each to three injections of 0.3 ×
108 PFU each (in total, 0.9 × 108 vs 5 × 108) (Figure 6K). At this lower dosage, R-337
monotherapy induced CR in 36% mice and PR in 18%, with an overall response rate of
about 55%. In the combination arm, 80% of mice exhibited CR, and 10% exhibited PR
(Figure 6L–N). The difference between monotherapy and combination therapy was statisti-
cally significant with respect to tumor size (Figure 6O) and Kaplan Meier survival curve
(Figure 6P). The surviving mice were fully protected from a distant challenge made of
LLC-1-HER2 cells (Figure 6Q,R). At sacrifice, 80 days after primary tumor implantation,
the mice treated with the combination therapy showed a tendency to increased splenocyte
response (Figure 6S), and an increase in antibody response (Figure 6T). The results show
that the R-337 and anti-PD-1 combination therapy was highly effective and are consistent
with the view that the distant protection was immune-based.
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Figure 6. Efficacy of R-335 of R-337 in combination with anti-PD1 antibodies on the growth of LLC-1-HER2 tumors.
(A) Schedule of the treatments. The HER2-TG C57BL/6 mice were implanted with LLC-1-HER2 cells. At d 10 after implan-
tation, when tumors reached the average volume of 70–100 mm3, mice received 5 i.t. injections of R-335, or R-335 plus i.p.
injections of anti-PD-1, at 2–3 days intervals. The administration schedule of oHSV and anti-PD-1 treatments was according
to [62–65]. At d 44, the mice which survived the primary tumor received a contralateral challenge LLC-1-HER2 tumor.
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For the details, see Figure 4B–D Kinetics of tumor growth in mice treated with vehicle (B), R-335 alone (C), or R-335 plus
anti-PD-1 combination therapy (D). Figures in panels indicate the number of mice exhibiting complete response (CR) or
partial response (PR). (E) Volumes of the primary tumors at d 21 after implantation. Black (vehicle), blue (R-335) and
open blue (combination) circles. (F) Kaplan-Meier survival curves of the three groups of mice. (G–H) Growth kinetics of
contralateral challenge tumors in naïve mice (G), and in R-335 or combination arms (H). (I) Immune response in splenocytes
harvested at sacrifice. Splenocytes were incubated with LLC-1-HER2 or LLC-1 cells. Activation was quantified as IFNγ

secretion in the culture medium. (J) Serum antibody reactivity to LLC-1-HER2 or LLC-1 cells. (K) Schedule of the treatment
with R-337 with or without combination with anti-PD-1 antibodies. The HER2-TG C57BL/6 mice were implanted with
LLC-1-HER2 cells. At 10 d after tumor implantation, mice received 3 i.t injections of R-337 at 5 days interval, and, where
indicated, i.p. injections of anti-PD-1 antibodies, as detailed in the drawing. At d 35, the mice which survived the primary
tumor received a contralateral challenge LLC-1-HER2 tumor. (L–T) Kinetics of tumor growth (L–N), tumor size at d 21 (O),
Kaplan Meier survival curves (P), growth curves of challenge tumors (Q–R), immune response in splenocytes (S), antibody
reactivity to LLC-1-HER2 or LLC-1 cells (T). (F,P) Statistical significance was calculated by the Log-rank (Mantel-Cox) test.
(E, I, J, O, S, T) Statistical significance was calculated by means of the ANOVA test and expressed as * = p-value < 0.05;
** = p-value < 0.01; *** = p-value < 0.001; **** = p-value < 0.0001. Color codes: mice treated with vehicle, R-335, R-337 are
indicated in black, blue or red, respectively. Full circles and continuous lines, monotherapies. Open circles and dotted lines,
combination therapies.

4.5. Retargeted oHSVs Eradicate High Grade Gliomas (HGG) in Preclinical Models

Glioblastomas (GBMs) are among the tumors with highest resistance to surgery,
chemo- and radiotherapy, and highest mortality rate. Essentially, the natural history
of these tumors has not changed in the last 50 years. GBMs have been the subject of
intense interest as targets of OV-based therapy, and especially of oHSVs, in part because of
the natural tropism of HSV for the nervous system. Human GBMs express TAAs, such as
HER-2, EGFRvIII, IL-13R2α, EGFR and others.

We provided proof of principle that GBM can potentially be treated with retargeted
oHSVs. In initial studies, Malatesta and his group developed a high-grade glioma (HGG)
model, consisting of human GBM cells genetically modified to express HER2 and ortho-
topically implanted in the brains of immunodeficient mice [57]. When the 1st generation
unarmed R-LM113 was administered i.t. as single dose, it more than doubled the survival
time, and fully protected about 20% of the mice [57]. These findings confirmed and ex-
tended similar finding on EGFRvIII-expressing GBM cells [49]. Subsequently, the Malatesta
group developed a genetically engineered HGG preclinical model in immunocompetent
syngeneic BALB/c mice. The tumors cells were derived upon overexpression of platelet-
derived growth factor B (PDGF-B). This model exhibits a gene expression profile typical of
oligodendrocyte precursor cells and histopathological features typical of GBM, thus reca-
pitulating GBM [66]. The cancer cells were made transgenic for HER2, and orthotopically
implanted in the brains of BALB/c mice. A single dose of R-115 administered intracranially
(i.c.) fully protected 30% of mice. At sacrifice, the protected mice did not harbor any
remnant of tumor. Interestingly, as we observed with the LLC-1-HER2-bearing mice, all
the R-115-treated mice which survived the primary tumor exhibited a long-term distant
protection and developed immune response to the tumor. This consisted of a systemic IgG
response, as well as of a local response, whereby tumors became infiltrated with CD4+ and
CD8+ lymphocytes [60].

4.6. Efficacy of Systemically Administered Retargeted oHSVs

A major aim in the OV field has been the development of agents suitable for systemic
treatment of metastatic cancer. Given the natural history of the viruses from which the dif-
ferent OVs are derived, some OVs are better suited than others for systemic administration.
In addition to unspecific uptake by parenchymal organs—a barrier for all OVs, the OVs
based on some human viruses, like HSV, human Adenoviruses, measles viruses need to
contrast the prior immunity that exists in humans. The question arose whether retargeted
oHSVs are sufficiently robust for systemic delivery. In early studies we found that a 1st
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generation retargeted oHSV, named R-LM249, administered by weekly i.p. injections,
significantly reduced brain and ovarian metastases by HER2-positive human tumors in im-
munodeficient mice carrying multiorgan tumors [56]. R-LM249 could also be delivered
by means of mesenchymal carrier cells and decreased metastatic lung burden [58]. Most
recently, in a immunocompetent mouse model that takes advantage of the immunothera-
peutic effect, a 1st generation oHSV payloaded with IL-12 and GM-CSF, and administered
in combination with anti-PD1, was capable of strongly decreasing the burden of lung
tumor nodules induced by intravenous administration of LLC-1-HER2 cells, a model
of metastatic lung disease [21]. Remarkably, the tumor growth inhibition occurred also
in HSV-preimmunized mice [21]. The finding provides evidence that appropriately armed
retargeted oHSVs in combination with checkpoint blockade can be a suitable agent for
systemic administration.

4.7. Patents

Herpes Simplex Virus (HSV) with modified tropism, uses and process of preparation
thereof—WO2009144755 (divisional patent EP2700405)

Retargeted herpesvirus with a glycoprotein H fusion—WO201612849
Herpesvirus with Modified Glycoprotein B—WO2017211941
Herpesvirus with Modified Glycoprotein D—WO2017211944
Herpesvirus with Modified Glycoprotein H For Propagation In A Cell—WO2017211945

5. Conclusions

The main features to emerge from current review on retargeted oHSVs are as follows.
A major argument that may be raised against tropism retargeted oHSVs is that they

are not anti-pan-tumor agents. This argument does not take into account that any selected
TAA is expressed across a number of cancer types, and therefore any retargeted oHSV
can potentially be employed against a variety of indications. Moreover, clinical practice
indicates that, due to cancer heterogeneity, the therapeutic effects of potentially pan-tumor
OVs is not uniformly exerted on any type of tumor, or of cancer patient. The current trend
in anti-cancer therapy is to develop therapeutic agents tailored on the patient characteristic,
since it is futile and even counterproductive to administer a therapy to a patient who will
not benefit of it (see reference [67] in this issue). The retargeted oHSVs meet this need.
It is interesting to note that the restriction to predefined targets is shared with CAR-Ts
(chimeric antigen receptor T cells) to solid tumors, which are essentially addressed to
the same targets as the retargeted oHSVs [68,69]. The retargeted oHSVs and CAR-Ts
could potentially be combined, and the combination could overcome some of the limits
encountered by CAR-Ts, e.g., the difficulty to populate the tumors and to overcome the TME
immunosuppression, essentially hostile to lymphocyte proliferation and activation [70].

A second Con is that the retargeted oHSVs strictly depend on the presence of the tar-
geted receptor for infection, also for infection of producer cells. This property greatly limits
the repertoire of cells which can be employed for production. Inasmuch as it advisable to
make use of non-cancerous cells for clinical grade virus production, we set-up a strategy
for virus growth, based on a double retargeting. Finally, it has long been debated that
a disadvantage of employing human viruses as OVs is the prior immunity, which can
block virions, particularly if they are administered by systemic routes. This notion should
be reassessed in light of the interesting discovery that prior immunity, or an unrelated
immune response, can actually contribute to unleashing the TME immunosuppression [71].
Indeed, the high efficacy deployed by the retargeted oHSVs enabled a systemic delivery,
even in mice carrying a prior immunity to HSV [21]. In the field of vaccines to infectious
agents, an analogous potentiation of the innate response by immunologically unrelated
priming was also reported [72]. Whether such effects apply to humans treated with HSV-
based OVs remains to be determined.

On the Pro side, the IL-12-positive R-337 was highly effective in eradicating the pri-
mary tumor, modifying the TME, and eliciting an antigen-agnostic long-term anti-tumor
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vaccination. How do we explain the high abscopal efficacy and antigen-agnostic vacci-
nation? It is well known that wt-HSVs cause immunogenic cell death and are inducers
of innate response, which they blunt later in infection [35–38]. Typical features of the in-
nate response to HSV are the secretion of IFN-α, -β, and -γ—through STING and other
sensors—and of additional pro-inflammatory cytokines, infiltration by and activation of
NK cells, of CD4+ and CD8+ lymphocytes, and of dendritic cells (DCs). The high levels of
IFN-γ and the recruitment and activation of DCs, T and NK cells are hallmarks of the early
phases of innate and adaptive responses to the tumor. Thus, the innate antiviral response
may well serve as the switch that turns on the anti-tumor innate response; the latter then
evolves into the adaptive response [73]. The LLC-1-HER2 tumor employed in current
studies exemplifies a tumor insensitive to anti-PD-1. Treatment with R-337 efficiently un-
leashed the resistance, such that the efficacy of both R-337 and anti-PD-1 were dramatically
increased in a combination regimen and resulted in high protection. Thus, the retargeted
oHSVs appear to serve well the function of augmenting the tumor sensitivity to CPIs.

In mice there was no detectable off-tumor and off-target infections, even though
the potential of spread to tissues with low level expression of the targeted receptor (HER-2,
in our case) remains to be verified in humans for any given retargeted oHSV.

In conclusion, major difficulties facing the clinical translation of retargeted oHSVs to
the clinic have been tackled and solutions have been found. The stage is ready for further
developments and for verification at the bedside of how well this class of therapeutic
agents will hold promise.
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Simple Summary: Oncolytic virotherapy (OVT) is a promising approach in cancer immunotherapy.
Oncolytic viruses (OVs) could be applied in cancer immunotherapy without in-depth knowledge
of tumor antigens. Improving efficacy, employing immunostimulatory elements, changing the
immunosuppressive tumor microenvironment (TME) to inflammatory TME, optimizing their delivery
system, and increasing the safety are the main areas of OVs manipulations. Recently, the reciprocal
interaction of OVs and TME has become a hot topic for investigators to enhance the efficacy of
OVT with less off-target adverse events. Current investigations suggest that the main application of
OVT is to provoke the antitumor immune response in the TME, which synergize the effects of other
immunotherapies such as immune-checkpoint blockers and adoptive cell therapy. In this review,
we focused on the effects of OVs on the TME and antitumor immune responses. Furthermore, OVT
challenges, including its moderate efficiency, safety concerns, and delivery strategies, along with
recent achievements to overcome challenges, are thoroughly discussed.

Abstract: Oncolytic virotherapy (OVT) is a promising approach in cancer immunotherapy. Oncolytic
viruses (OVs) could be applied in cancer immunotherapy without in-depth knowledge of tumor
antigens. The capability of genetic modification makes OVs exciting therapeutic tools with a high
potential for manipulation. Improving efficacy, employing immunostimulatory elements, changing
the immunosuppressive tumor microenvironment (TME) to inflammatory TME, optimizing their
delivery system, and increasing the safety are the main areas of OVs manipulations. Recently, the
reciprocal interaction of OVs and TME has become a hot topic for investigators to enhance the efficacy
of OVT with less off-target adverse events. Current investigations suggest that the main application
of OVT is to provoke the antitumor immune response in the TME, which synergize the effects of other
immunotherapies such as immune-checkpoint blockers and adoptive cell therapy. In this review,
we focused on the effects of OVs on the TME and antitumor immune responses. Furthermore, OVT
challenges, including its moderate efficiency, safety concerns, and delivery strategies, along with
recent achievements to overcome challenges, are thoroughly discussed.

Keywords: oncolytic virus; tumor microenvironment; antitumor immune response; delivery; genetic
modification

1. Introduction

The first hints of the possible anticancer effects of viruses occurred during the early
20th century, with evidence of tumor regression in patients with simultaneous viral infec-
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tions [1]. Such reports persisted until the 1950s, when the primary clinical studies on the
tumor-killing ability of viruses that form the cornerstone of today’s achievements were
carried-out [2]. Since then, various preclinical and clinical studies have attempted to opti-
mize the viruses for increasing specificity, efficiency, and reducing adverse events (AEs),
which led to the introduction of oncolytic virotherapy (OVT) as emerging immunotherapy
of cancers [3]. Oncolytic virus (OVs) or cancer-killing viruses are defined as natural or
genetically modified viruses that are able to selectively proliferate in tumor cells without
damaging normal cells [4]. This natural tropism of some viruses to tumors is due to an
increase in some receptors (such as CD54) on the surfaces of tumor cells or defects of tumor
cells to induce innate immunity against viruses [5]. So far, various DNA and RNA OVs
have been used to treat cancer [6]. The majority of DNA viruses are double-stranded, while
RNA viruses are predominantly single-stranded. The advantages of double-stranded DNA
viruses are their large genomes which enable them to carry large eukaryotic transgenes
and high fidelity DNA polymerase, maintaining the virus genome integrity during replica-
tion [7]. Regarding their relatively small size, RNA viruses cannot encode large transgenes.
However, they are better candidates in the delivery system due to less induction of immune
responses [8]. Several RNA viruses and DNA viruses, including reovirus (RV), Seneca
Valley virus (SVV), poliovirus (PoV), parvovirus (PV), vaccinia virus (VACV), and her-
pes simplex virus (HSV) have the ability to cross the blood-brain barrier (BBB) enabling
their use in brain tumors [9–14]. OVT started with wild-type viruses such as Newcastle
disease virus (NDV), myxoma virus (MYXV), SVV, PV, coxsackievirus (CV), and RV [3].
However, genetic modification was a revolutionary achievement in the OVT providing
greater specificity and efficacy against tumors with higher safety for healthy cells [15].
Genetically modified OVs (GMOVs) mainly include PoV, measles virus (MeV), adenovirus
(AdV), VACV, HSV, and vesicular stomatitis virus (VSV) [3]. The first GMOV was HSV-1,
introduced in 1991 [16]. So far, three OV-based drugs have been approved for cancer
treatment, the first of which was an unmodified ECHO-7 virus called Rigavirus which was
approved in 2004 in Lativa under the brand name Rigvir for melanoma [17]. However, the
approval was withdrawn in 2019 due to its low efficacy. The two other approved OVs are
GMOVs include Oncorine (H101 adenovirus), which obtained approval for head and neck
cancer in China in 2005 [3], and T-VEC or Imlygic (HSV-1), which was approved in 2015
in the United States and Europe for non-surgical melanoma [18]. The efficacy of OVs on
many cancers, such as melanoma, glioblastoma, triple-negative breast cancer (TNBC), head
and neck cancers, and colorectal cancers has been elucidated [19–23], and a large number
of clinical trials are currently evaluating the wild-type and GMOVs efficiency and safety
in various cancers which are listed in Table 1. Along with the therapeutic approaches,
GMOVs expressing reporter genes can be applied in the diagnosis of various cancers by
positron emission tomography or single-photon emission computed tomography [24].

OVs can kill the tumor cells in the following main ways: 1. OVs infect and replicate
specifically in tumor cells leading to direct lysis of tumor cells. Malignant cells have defects
in antiviral responses allowing OVs to replicate and lyse malignant cells [7]; 2. OVs can
induce different types of immunogenic cell death (ICD), including necrosis, necroptosis,
immunologic apoptosis, pyroptosis, and autophagy. Tumor cell death or lysis causes
the release of tumor-associated antigens (TAA) and neoantigens (TAN) and damage-
associated molecular patterns (DAMPs), which increase inflammation and improve the
efficacy of immunotherapy [25,26]; 3. OVs, especially GMOVs, can enhance tumor antigen
presentation and prime the immune response in the tumor microenvironment (TME) by
induction of antiviral responses, inflammation, cytokine production, and expression of
costimulatory molecules [26,27]; 4. The infection of vascular endothelial cells (vECs) by
OVs destroys tumor vasculature, resulting in tumor necrosis and the infiltration of immune
cells into the TME [28].
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Accordingly, a considerable part of OVT effects on tumors is achieved by changing
the TME from an immunosuppressive to the immunostimulatory microenvironment and
affecting the tumor vasculature and matrix. Moreover, the success of OVT in solid tumors
largely depends on the OV access to the tumor. Here, we review the effects of OVs on
the TME and antitumor immune responses. Furthermore, OVT challenges, including its
moderate efficiency and safety concerns, along with recent achievements to overcome
challenges, are thoroughly discussed. Regarding the critical role of OV delivery strategy
in the efficacy of OVT, recent approaches enhancing OV delivery into the TME are also
provided.

2. Oncolytic Virus Effects on TME

The long-term effects of immunotherapy in solid tumors are mostly unsatisfactory,
partly due to the immunosuppressive condition of TME and low infiltration of immune
cells. TME consists of tumor cells, tumor-associated fibroblasts (TAF), vEC, mesenchymal
cells, myeloid-derived suppressor cells (MDSCs), and tumor-infiltrating leukocytes (TILs),
such as T cells, B cells, dendritic cells (DCs), natural killer (NK) cells, macrophages, and
neutrophils [90]. The presence of exhausted cytotoxic T lymphocytes (CTLs), helper T-cells
(THs), and NK cells, as well as a large number of regulatory T-cells (Tregs), tolerogenic
DCs, MDSC, and M2-macrophages, induce immunosuppressive milieu in the TME through
inhibitory ligands and secretion of inhibitory cytokines such as interleukin (IL)-10, tumor
growth factor (TGF)-β, IL-35, and IL-27 [91]. OVs can change the paradigm in the TME
and convert cold tumors to hot ones by various mechanisms.

2.1. OV-Mediated Lysis of Tumor

Direct oncolysis activity of OVs is the first stimulus of the immune response in the
TME [92]. Overexpression of surface receptors such as CD46, CD54, CD155, CD55, and
integrins enhances OVs’ preferable entry to tumor cells [93–97]. In normal cells, viral
components known as pathogen-associated molecular patterns (PAMPs) are sensed by pat-
tern recognition receptors (PRRs) and induce the production of interferon (IFN)-I through
the Janus kinase signal transducer and activator of transcription (JAK-STAT) and Nuclear
Factor (NF)-kB signaling pathways. IFN-I activates the protein kinase RNA-activated (PKR)
signaling pathway leading to protein synthesis blockade and viral clearance [98]. Tumor
cells have defects in antiviral pathways such as IFN-I, PKR, and JAK-STAT, resulting in the
survival and proliferation of OVs, specifically in tumor cells [99–101]. Lysis of OV-infected
cells releases a very diverse TAAs that prime immune cells to induce a local and systemic
vaccination against the released TAAs [92]. While many cancer immunotherapies depend
on identifying and targeting TAAs (one or several limited TAAs), OVT can vaccinate pa-
tients against the entire TAA and TAN treasure of cancer through a phenomenon called
antigen/epitope spreading. Hence, OVT could be considered a kind of personalized im-
munotherapy. Interestingly enough, recent studies have reported the increase of TAA- and
TAN-specific T cells in the blood of patients with melanoma and ovarian cancer treated
with OVs, suggesting that the in situ OV injection might enhance the systemic antitumor
response [102–104]. This finding raises hopes for the anti-metastatic effects of OVT. TANs
are assumed to be derived from high mutational burden of tumor cells [105,106]. These
immunogenic TANs are capable of eliciting tumor-specific immune responses and serve as
ideal targets in immunotherapy [105–107]. However, TAN-specific T cells are not activated
enough in cancer patients due to the poor presentation of TANs, lack of costimulatory
signals, and abundance of inhibitory immune checkpoints in the TME [107]. OVs, espe-
cially armed OVs, have been shown to activate the TANs-specific T cells by increasing
the access of APCs to the TANs (epitope spreading), enhancing the TANs processing and
presentation by APCs, and providing costimulatory signals [107–109]. Accordingly, Wang
et al. demonstrated that VACV armed with PD-L1 inhibitor and GM-CSF enhanced TANs
presentation and activated systemic T cell responses against dominant and subdominant
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(cryptic) neoantigens [107], so OVT could potentiate the antitumor immune responses by
activating the TANs-specific T cells.

2.2. Induction of Immunologic Cell Death

Apart from the direct lysis of cancer cells, OVs can induce various ICDs in virus-
infected cells through induction of endoplasmic reticulum (ER) stress [110]. Infection of
tumor cells with AdV, CV-B3, MeV, VACV, HSV, and H1-PV has been shown to induce ICD
and autophagy in cancer cells [111,112]. ICD is characterized by the expression and release
of DAMPs such as ATP, uric acid, heat shock proteins, ecto-calreticulin, and HMGB1, as
well as extracellular proinflammatory cytokines [113]. Extracellular ATP acts as a danger
signal which attracts and activates DCs [114]. HMGB1 and calreticulin can activate DCs
via toll-like receptor (TLR)-4 signaling [115]. In addition, calreticulin neutralizes CD47
receptors on the tumor cell surface, and thereby, increases the tumor cell engulfment by
macrophages [116]. OV-mediated ICD, along with other ICD-inducing methods such as
chemotherapy and radiotherapy, break immune tolerance against the tumor and increase
lymphocyte and neutrophil infiltration, leading to antitumor response and more survival
in preclinical models [111].

2.3. Stimulation of Antitumor Immune Response

Besides the release of DAMPs, cancer cell death also causes the release of viral PAMPs
in the TME. These PAMPs mainly include DNA, ssRNA, dsRNA, proteins, and capsid
contents that activate innate immune cells through stimulating PRRs such as retinoic acid-
inducible gene (RIG)-1, cyclic GMP-AMP synthase (cGAS), and stimulator of interferon
genes (STING) [113]. DCs, as a bridge between the innate and adaptive immune systems,
play a critical role in generating the antitumor response. DCs elicit a specific response
against TAA-expressing tumor cells by engulfing OV-infected cells and cross-presentation
of TAAs to CD8+ T and CD4+ T cells [117]. On the other hand, the OVs-derived PAMPs
cause maturation of myeloid and plasmacytoid DCs, leading to the production of proinflam-
matory cytokines such as IFN-α, IFN-γ, IL-12, IL-1β, IL-6, IL-8, and tumor necrosis factor
(TNF)-α [90,118,119]. These functional DCs, mainly CD103+ and BATF3+, prime CD8+ T
cells against tumors [120]. Innate immune signaling, such as the cGAS-STING pathway,
plays a pivotal role in the recruitment of lymphocytes to the TME through the expression
of CXCL9 and CXCL10 [121]. Parallel to DCs, innate lymphoid cells (ILCs) also respond
to the released PAMPs leading to higher inflammation and antitumor responses [18]. As
an example, arenavirus-infected melanoma cells produce a high level of CCL5, leading to
recruitment of NK cells and melanoma regression [122]. Interestingly, in situ antitumor
responses following OVT are mainly mediated by IFN-I, whereas OVT-mediated systemic
antitumor responses appear to be mediated by IFN-II excreted from TILs [123]. In general,
the innate immune response to OVs increases lymphocyte infiltration, antigen presentation,
and activation of the antitumor adaptive immune response through an IFN-mediated
mechanism [18]. T cell activation requires at least three consecutive signals (peptide-MHC,
CD28-B7, and stimulatory cytokines), all of which are defected in TME to escape adaptive
immune responses. OVs, as potent immunogens, induce all three signals needed to activate
T cells [18]. OVT increases the expression of B7-1/2 and CD40 on the surface of DCs and
induces the expression of MHC-peptide on the surface of tumor cells leading to optimal
activation of T cells [124]. Conversion of the TME phenotype from immunologically inert
to immunologically active status can augment the effectiveness of the immunotherapeutic
modalities.

2.4. Effect of OV on Tumor Vasculature

Some OVs, such as HSVs and VACVs, can target tumor stromal cells, such as TAFs,
vECs, and pericytes, thereby destroy the tumor’s complex structure [26]. TGF-β secreted
by tumor cells makes TAFs susceptible to OV infection [125]. OVs also reduce the fibrosis
in the TME. VSV has been shown to infect hepatic stellate cells (HSCs), leading to tumor
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fibrosis reduction [126]. OVs affect the tumors vasculature by replicating in the tumor
vECs. Vascular endothelial growth factor (VEGF) secreted from tumor vECs suppresses
the antiviral response and allows the replication of OVs in endothelial cells through
ERK1/2 and STAT3 pathways [127]. Following infection and replication, the OVs reduce
VEGF production from the infected cell resulting in angiogenesis prevention in the tumor.
OVs’ antiangiogenic properties further limit tumor growth by decreasing the oxygen and
nutrition supplies [6]. VACV is shown to replicate in the tumor vEC and cause vascular
destruction and ischemia [28]. Neutrophil infiltration into the TME seems essential for
OVT-mediated ischemia through the induction of thrombosis in small tumor vessels [28].
It has been shown that the administration of JX-594 in hepatocellular carcinoma destroyed
tumor vasculature without affecting patients’ normal vessels [28]. Thus, targeting of
stromal cells by OVs increases the infiltration of immune cells into the TME, and converts
immuno-deserted or immune-excluded tumors (with low TILs) into immune-infiltrated
tumors [18]. OVT-mediated changes in the TME, including lymphocyte infiltration into the
tumor, enhancement of TAAs/TANs presentation, and heating the TME can improve other
immunotherapies such as adoptive cell therapy (ACT) and immune checkpoint inhibitors
(ICIs) [90].

3. OVT Challenges and Achievements
3.1. Tumor Targeting

Although OVs have tumor tropism based on some overexpressed receptors and
adhesion molecules on the tumor cells, the tumor tropism of wild OVs is not enough.
GMOVs can express receptors with a high affinity for TAAs. For instance, insertion of single-
chain antibodies (scAb) against human epidermal growth factor receptor (HER)-2, epithelial
cell adhesion molecule (EpCAM), and carcinoembryonic antigen (CEA) increases the
specificity of OVs to tumors [128–130]. Insertion of sequences such as the arginine-glycine-
aspartate (RGD) motif or specific domain from AdV3 and AdV35 to AdV5, makes AdV5
specific for integrins, desmoglein-2, and CD46, which are overexpressed in tumors [131,132].
VSV expressing HIV-derived glycoprotein (gp)-160 is a specific VSV against leukemia and
T lymphomas [133].

Defects in the IFN-I antiviral response, lack of tumor suppressor genes such as the
retinoblastoma (Rb), and increased Ras signaling in tumor cells lead to the specific prolifer-
ation of OVs in tumor cells [134]. Insertion of tumor-specific promoters such as prostate-
specific antigen (PSA) and human telomerase reverse transcriptase (hTERT) promoters,
which are highly expressed in tumor cells, causes specific expression of viral genes in tumor
cells [135,136]. Some micro-RNAs (miRNAs) are overexpressed in healthy cells while they
are at negligible levels in tumor cells. Hence, targeting these miRNAs by miRNA-targeting
sequences (miRNA-TS) destroys viral RNA in normal cells. Low expression of miRNA-TS
targets in tumor cells causes viral RNAs to remain and replicate in tumor cells [137].

3.2. Improving Antitumor Efficacy

Genetic modifications of OVs to increase the expression of cytokines, chemokines,
costimulatory molecules, tumor extracellular matrix (ECM)-degrading enzymes, and
antiangiogenic molecules can enhance their antitumor effects (Figure 1). Granulocyte-
macrophage colony-stimulating factor (GM-CSF) gene-bearing OVs such as T-VEC, Pexa-
Vec, and CG0070 recruit antigen-presenting cells (APCs) and CTLs, resulting in a better
TAA presentation with minimal antiviral response induction [6]. GMOVs expressing
proinflammatory cytokines showed enhanced antitumor efficacy. Despite the considerable
antitumor response, IL-2-secreting OVs cause systemic toxicity. The design of VACV ex-
pressing membranous IL-2 rather than secretory form increases local antitumor response
with significantly reduced toxicity [138]. The use of IL-12, IL-15, IL-18, TNF-α, IL-24,
and IFN-γ genes in OVs also enhances antitumor effects with much lower toxicity than
IL-2 [6,139–141]. Interestingly, the application of the non-secretory form of these cytokines
causes local effects rather than systemic AEs [142]. Expression of specific chemokines such
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as CCL5, CCL19, CCL20, CCL21 by engineered OVs (mainly VACV) increases the infiltra-
tion of naïve and memory T lymphocytes and DCs into the TME [143–146]. Simultaneously,
employment of one or multiple costimulatory ligands, including CD40L, 4-1BBL, OX40L,
and B7-1 in OVs such as LOAd703 (the combination of CD40L and 4-1BBL) increases
antigen presentation and T cell priming [6,26,96]. Besides, insertion of TLR ligands such
as CpG-rich regions in the OVs genome stimulates TLRs and further activates innate and
acquired immunity [138].

Another way to enhance the immune responses in the TME is the elimination of
immunosuppressive cells. GMOVs that express the hydroxyprostaglandin dehydrogenase
(HPGD) enzyme inactivate PGE2 and reduce the presence of MDSCs in the TME [147].
Soluble CXCR4 expressed by GMOVs binds to CXCL12 secreted by tumor cells as a decoy
receptor and inhibits the effects of CXCL12 on angiogenesis, metastasis, and recruitment of
MDSCs [148].

Although OVT can release TAAs through various mechanisms, the expression of
TAAs by GMOVs or coating the TAA-derived peptides on the surface of OVs increases T
cell response and improves OVT. A large number of TAAs and peptides have been studied
so far [26]. The advantage of peptide coating over peptide expression is the convenience,
speed, lower cost, and the possibility of personalization for each patient in the peptide
coating method [26].

OVs can be engineered to express proapoptotic proteins such as TNF-related apoptosis-
inducing ligand (TRAIL) and apoptin that can induce specific apoptosis in tumor cells [149,150].
Insertion of the oncogene suppressor small interfering RNAs (siRNAs) in OVs could also
suppress oncogene expression and inhibit tumor growth [151,152].

The host antiviral response ensures that OVs disappear after a while and prevents the
AEs of their long presence. However, the host antiviral response might cause rapid clear-
ance of OVs before fulfilling their antitumor activity [153]. Expression of IFN-I antagonists
by OVs or some non-pathogenic bacteria reduces the innate immune response against OV
and delays their clearance [154]. Also, the use of stem cells, polymers, and liposomes as
OV carriers reduces the immunogenicity of OVs, shields them from neutralizing antibodies
(nAbs), and improves their transmission to the TME, which is listed in Table 2. An inter-
esting way to optimize cytokine production with minimal antiviral responses is to insert
inducible promoters or regulatory genes so that the cytokine expression is exogenously
induced after sufficient replication of OVs in tumor cells [155].
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deleting virulence genes and recombination of OVs together could diminish the concerns of adverse events. However, 
several biosafety concerns still remained unmet. The combination of OVT with other immunotherapy, such as ICIs, TIL 
therapy, CART cell therapy, DC vaccines, mAbs, BiTEs, and metabolic inhibitors could potentiate the immunotherapy 
against tumors. OV. Oncolytic virus; OVT. OV therapy; TAA. Tumor-associated antigen; scFv. Single-chain variable frag-
ment; Her-2. Human epidermal growth factor receptor 2; EpCAM. Epithelial cell adhesion molecule; CEA. Carcinoembry-
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3.3. Tumor ECM and Vasculature Degradation

Tumor ECM is a barrier to access tumor cells. Co-administration of ECM-degrading
enzymes such as relaxin [234], matrix metalloproteinase (MMP)-1, -8, -9 [131,226], chon-
droitinase [235], and hyaluronidase [226] with OVT, or induction of their genes expres-
sion in GLV-1h255 (VACV) and VCN-01 (OAdV) can increase OV spread into the TME
and improved OVT efficiency in cancers such as retinoblastoma and pancreatic carci-
noma [236,237]. Cellular tight junctions are also accounted as barriers for OV distribution.
GMOVs can trigger the production of proteins such as penton-dodecahedra and junction
opener-1, which open the cellular junction through binding to desmoglein-2 [226]. How-
ever, there are concerns about increasing the likelihood of metastasis in this method that
needs further investigation.

On the other hand, the insertion of endostatin and thrombospondin-1 genes in HSV-
Endo and T-TSP-1 (both are HSV) destroys tumor vasculature. It suppresses angiogenesis in
lung and gastric cancer by inhibiting migration and enhancing apoptosis in vECs [238,239].
Also, the expression of anti-VEGF sc-Ab by VACV increases antiangiogenic and antitumor
properties [240].

3.4. Biosafety of OVT

Besides tumor cells, some OVs might replicate in normal cells and cause damage. For
instance, T-VEC might remain a latent infection and cause long-term neurological AEs [153].
Using OVs with low pathogenicity in humans, such as parvovirus and reovirus, weakening
OVs through repeated passages or deleting virulence genes, can increase the safety of
OVT [241,242]. Thymidine kinase (TK) and infected cell protein (ICP)34.5 genes play a
vital role in VACV and HSV-1 replication. The products of such genes are abundant in
tumor cells, so the GMOVs lacking these genes can replicate in tumor cells, while the virus
replication is impaired in healthy cells due to the low expression of such products [243,244].
The GL-ONC1 and Pexa-Vec (JX-594) are TK-free VACVs, and the T-VEC, HSV-1716, and
G207 are ICP34.5-free HSVs showing acceptable safety in clinical trials [6,245–247]. Wild
ZIKA virus has oncolytic potential in glioblastoma but also infects normal nerves with
severe complications. Removal of 10 nucleotides from 3’ of its genome can increase safety
without reducing oncolytic activity [248]. Mutation or deletion of the E1 gene in AdV, and
deletion of TK, vaccinia growth factor (VGF), hemagglutinin, and B18R genes in poxvirus
reduce the virulence of OVs in normal cells [153,249]. However, deleting virulence genes
to increase safety sometimes reduces OVs’ antitumor activity [250].

Recombination of a safe OV such as NDV with an efficient OV like VSV is another way
to increase the safety of OVs. Recombinant VSV-NDV (rVSV-NDV) comprises the envelope
contents from NDV and the original backbone of VSV. Recombination of AdV with less
harmful coxsackievirus or parvovirus constitutes OVs with high potency in tumor cell
infection without damage to normal cells [250–252]. Using Ebolavirus (EBOV) glycopro-
teins also reduces the neurotoxicity of VSV in rVSV-EBOV [253]. Nevertheless, naturally
occurring homologous recombination of GMOVs and wild-type OVs might result in a
transgenic and pathogenic virus [153]. Transmission of OVs through body fluids to other
people is rare but still a concern [254]. Also, the safety of OVT in immunocompromised
individuals receiving radiotherapy and chemotherapy, as well as in pregnant women is
still debated [153]. In general, due to the emergence of OVT with GMOVs, its long-term
AEs are still unknown and require caution and further investigations.

3.5. Administration Routs

One of the factors influencing the response to OVT is the way of administration. Intra-
tumoral injection results in precise control of the OV concentration in the TME, resulting in
better therapeutic outcomes [255,256]. However, the complexity of intratumoral injection
limits dosing repetition [257]. Besides, low perfusion of OVs into dense tumors requires
ECM-degradation strategies [226]. Intravenous injection is popular due to its convenience,
reproducibility, and possibility to target metastatic foci [258,259]. However, it requires
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tumor- specific delivery systems and is more likely to cause systemic toxicity [257]. Liver
tropism, physical barriers such as BBB, complement activation, and the immune system
response to OV before accessing the TME are the other disadvantages of intravenous
injection [226,257]. Intraperitoneal, intrathecal/intracranial, and intrapleural injections are
suitable for targeting intra-abdominal organs, central nervous system (CNS), and lung
tumors, respectively, but are limited to use in laboratory animals [153]. The best route of
administration is still a matter of debate with no specific guidelines. It seems that the less
aggressive administration routs such as oral/mucosal and nasal administration, at least for
gastrointestinal and cerebral malignancies, could increase the acceptability for patients and
should be considered in future studies.

4. Combination Therapy
4.1. Immune-Checkpoint and Cell Therapy

Despite all the benefits, OVT as monotherapy cannot have a dramatic effect on tumor
suppression and, like other immunotherapy methods, is used as combination therapy.
A common complementary treatment strategy for OVT is ICI [260]. The overexpression
of various immune checkpoints in the TME suppresses the response of immune cells.
OVT and ICI seem to have synergistic effects [114,260]. OVT facilitates the infiltration
of immune cells into the TME, and ICIs prevent the suppression of infiltrated immune
cells activity. OVT also improves ICI access to the TME by destroying ECM and tumor
vessels [6]. Recently, the use of OVs expressing mini-antibody (minibody) and single-chain
variable fragment (scFv) against checkpoints has been able to block checkpoints locally
in the TME, with fewer AEs [261,262]. Many clinical trials are currently examining the
combination of ICI and OVT, the results of which primarily suggest that in order to achieve
a better outcome, ICI should be prescribed after the onset of OV responses [6,263]. OVT
increases the effectiveness of TIL and CAR-T cell therapy. OVT can increase the access
of TILs and CAR-T cells to the tumor by altering the tumor matrix and increasing the
chemokines such as CCL5 [264]. The secretion of IL-15, TNF-α and IL-2 from OVs in the
TME increase the in situ proliferation and activation of TILs and enhances tumor response
to CAR-T cell therapy [265,266]. Bispecific T-cell engagers (BiTEs) are fusion proteins
containing two scAbs against tumor antigens and T cell surface CD3 [267]. The use of
BiTE-expressing OVs can bridge T/CAR-T cells to TAA-expressing cells in the TME [267].
Furthermore, concomitant use of TAA-specific mAbs with OVT can enhance the antitumor
response. However, the small size of OVs genome has made it difficult to encode whole
antibodies [268] Combination of OVT with DC vaccines also improves the efficacy of DC
vaccines by altering the TME immunosuppressive conditions [269]. OVs could be utilized
as tumor vaccines in order to enhance the immune responses against established tumors or
even prevent tumor recurrence. The main function of such OV-based tumor vaccines is the
recruitment of APCs, facilitating the phagocytosis of tumor cells by APCs, and promoting
the APC maturation to induce appropriate antitumor immune responses [270–272].

4.2. Metabolic Inhibitors as an Emerging Combination Therapy

Given the OV dependence on host cell metabolism for replication, the metabolic
pathways can be considered effective modalities in OVT. For example, due to the role of
glycolysis in the antiviral response, blocking this pathway increases the sensitivity of cells
to OV infection [273,274]. On the other hand, increasing pyruvate flux into the tricarboxylic
acid cycle, the increment of oxidative phosphorylation, and reactive oxygen species pro-
duction lead to enhance OV replication and oncolytic activity [275–277]. However, there
are contradictions in the enhancing or dampening roles of these metabolic pathways in
the replication and function of OVs [278]. These discrepancies indicate that the metabolic
pathway targeting should be based on the type of cancer and employed OV. Tumor cells
deplete the glucose, tryptophan, and glutamine required by immune cells and produce
lactate, kynurenine, and adenosine [279]. These changes cause induction of exhausted
CTLs, M2-macrophages, and Tregs, creating an immunosuppressive TME [275–278]. The

169



Cancers 2021, 13, 588

combination of metabolic inhibitors with OVT and the application of GMOVs to express
metabolic inhibitors can alter the metabolism of cancer cells and immune cells to increase
antitumor responses [278,280].

4.3. Other Combination Therapies

Along with the growing interest in OVT in the field of cancer treatment, many preclin-
ical and clinical studies have suggested the use of OVs in combination with other common
cancer therapies. OVT has been shown to potentiate the response to chemotherapy and
radiotherapy, so that it could re-sensitize the chemo-/radio-resistant cells. Therefore, the
combination of OVT with chemotherapy and radiotherapy is currently being evaluated in
several clinical trials for chemo-resistant patients (Table 1). One of the shared mechanisms
of OVT and chemo-/radiotherapy is ICD, in which a plethora of DAMPs is released, re-
sulting in maximum induction of innate and adaptive immune responses. Hence, using
OVT along with chemo-/radiotherapy could decrease the required doses of toxic agents
and consequently lessen the adverse events of high dose treatments. Recombinant OVs
can express enzymes such as cytosine deaminase, which converts the non-toxic prodrug
5-fuorocytosine (5-FC) into a toxic drug 5-fluorouracil (5-FU) in the tumor milieu [152].
Such local production of chemotherapeutic agents would decrease the systemic adverse
events. GMOVs encoding the FCU1 gene can produce two enzymes, FCY1 and FUR1,
that convert 5-FC to 5-FU and consequently 5-FU-monophosphate to target 5-FU-resistant
tumors [152]. The tumor ECM prevents the access of therapeutic agents to the tumor
cells, making the tumor resistant to chemotherapy [281]. Combination of ECM-degrading
GMOVs with chemotherapy overrides the ECM-induced chemo-resistance observed in
solid tumors [281]. Combination therapy of OVs and chemotherapy has been shown to
exert synergistic antitumor activities via enhancing tumor cell killing capacity of chemother-
apeutic agents, increasing virus proliferation in tumor cells, and invigorating oncolytic
activities of OVs [282,283].

Besides conventional chemotherapy and radiotherapy, OVs could be administered
in combination with targeted therapies [284]. Histone deacetylase inhibitors (HDIs) are
recently entered the clinic as a promising treatment for cancers [285]. The companion of
HDIs with OVT increases viral replication, upregulates the transgene expression (such
as GM-CSF in T-VEC), enhances virus spread through the tumor cells, and augments
oncolytic activities [286,287]. Moreover, HDIs induce antitumor immunity by inducing the
expression of NK cell activating ligands and expression of TAAs, resulting NK cells and
CTLs priming [286]. Co-administration of OVs with some protein kinase inhibitors such
as MEK-1/2 and BRAF, and also inhibitors of some transcription factors like STAT-1 and
NK-κB has been shown to enhance the oncolytic activities of OVs [288,289]. MEK/BRAF
inhibitors do not affect viral replication. Instead, they enhance ER stress-induced apoptosis
following OVT [288]. Interferon-stimulated genes (ISGs) are associated with resistance of
tumors to chemotherapy, radiotherapy, and OVT. STAT-1 and NK-κB inhibitors diminish
the expression of ISGs and thereby increase the cytotoxicity of OVs [289].

5. Conclusions

Although the OVT is not a new concept in cancer, the concerns of possible adverse
events and unspecific infection hamper enough development in this era. The emerging
genetic manipulations of OVs facilitate clinical studies with much lower concerns and
reintroduce OVT as a promising immunotherapeutic approach. However, many questions
should still be addressed. Finding the appropriate OV for each tumor, the best combination
therapy, higher OVT efficacy and safety, and optimal delivery system require further
knowledge about the cellular and molecular interaction between the OVs and the cells
present in the TME. The results of current clinical trials could pave the way for OVT in
the clinic.
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Simple Summary: Chimeric Antigen Receptor (CAR) modified T cell therapy has revolutionized
the treatment of B cell malignancies, however transposition of the technology to the solid tumour
setting has been met with more therapeutic resistance. Oncolytic Viruses (OVs) are multi-modal
agents, possessing tumour cell cytolytic capabilities as well as strong immune stimulatory properties.
Although combination therapy poses great promise, great care must be employed so as to maximize
the output of each modality and minimize interference.

Abstract: Oncolytic viruses (OVs) and adoptive T cell therapy (ACT) each possess direct tumour
cytolytic capabilities, and their combination potentially seems like a match made in heaven to
complement the strengths and weakness of each modality. While providing strong innate immune
stimulation that can mobilize adaptive responses, the magnitude of anti-tumour T cell priming
induced by OVs is often modest. Chimeric antigen receptor (CAR) modified T cells bypass conven-
tional T cell education through introduction of a synthetic receptor; however, realization of their
full therapeutic properties can be stunted by the heavily immune-suppressive nature of the tumour
microenvironment (TME). Oncolytic viruses have thus been seen as a natural ally to overcome
immunosuppressive mechanisms in the TME which limit CAR T cell infiltration and functionality.
Engineering has further endowed viruses with the ability to express transgenes in situ to relieve
T cell tumour-intrinsic resistance mechanisms and decorate the tumour with antigen to overcome
antigen heterogeneity or loss. Despite this helpful remodeling of the tumour microenvironment, it has
simultaneously become clear that not all virus induced effects are favourable for CAR T, begging the
question whether viruses act as valets ushering CAR T into their active site, or vandals which cause
chaos leading to both tumour and T cell death. Herein, we summarize recent studies combining
these two therapeutic modalities and seek to place them within the broader context of viral T cell
immunology which will help to overcome the current limitations of effective CAR T therapy to make
the most of combinatorial strategies.

Keywords: oncolytic virus; adoptive T cell therapy; CAR T cell; immunotherapy

1. CARs: The Ultimate Tumour Killing Machines?

An insufficiency of the breadth, or functionality, of the tumour reactive T cell repertoire
can be overcome through the use of adoptive T cell therapy (ACT) in which T cells specific
to the antigenic constituency of the tumour are generated ex vivo and re-introduced to the
patient. These cells may be directly expanded from the tumour [1] or derived from periph-
eral blood in which novel specificity is conferred by expression of an ectopic T cell receptor
(TCR) or a chimeric antigen receptor (CAR) [2]. This allows for T cells to be cultured to pos-
sess desirable phenotypes in vitro, and patients to be treated with preconditioning regimes
to promote T cell engraftment and minimize suppression. T cells generated through these
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means have led to a large subset of complete responses in otherwise treatment refractory
disease, with CAR T cells in particular experiencing unprecedented success against B
lymphoid cancers [3].

While TCRs recognize intracellular antigens presented in the context of the major
histocompatibility complex (MHC), the synthetic CAR confers specificity in an MHC
unrestricted manner to cell surface, and now recently, soluble antigens [4]. The CAR design
is modular with each domain contributing to the resulting functional outcome. In its most
basic configuration, the CAR molecule is composed of an extracellular antigen binding
domain (most commonly an scFv), an extracellular hinge region, a transmembrane domain,
and an intracellular signaling domain (including the CD3ζ and costimulatory domains) [5].

The signaling region of the earliest iterations of CARs comprised only the CD3ζ
endodomain and triggered effector function but had limited therapeutic potential [6,7].
A multi-step activation model is required to mount effective T cell responses, with sig-
nal one being derived from the TCR, signal two from co-stimulatory ligation, and signal
three from cytokine exposure. Co-stimulatory domains have thus been included prox-
imal to CD3ζ in second generation constructs to promote persistence and anti-tumour
activity [8–10]. Third and fourth generation CARs include two or more co-stimulatory do-
mains, or other transgenes including cytokines [11–14]. CD28 and CD137 (4-1BB) have been
most rigorously explored preclinically and are included in the clinically approved constructs
axicabtagene ciloleucel (Yescarta), and tisagenlecleucel (Kymriah), respectively [15–17]. Sev-
eral other costimulatory domains have however been successfully evaluated including
CD27, OX40, CD40L, and ICOS, and the incorporation of distinct costimulatory domains
has been shown to have profound effects on phenotype, expansion kinetics, metabolism,
and persistence [18–22]. Sophisticated synthetic biology circuits have been designed to
incorporate additional regulatory tuning and recognition capacity [23]. The functional prop-
erties of each domain have been explored and are extensively reviewed elsewhere [24–27].

Retro- or lentiviral vectors are the primary means of introducing stable expression
of the CAR into T cells, but random integration into the genome has the potential to lead
to insertional mutagenesis and variegated expression of the CAR, thus prompting use
of targeted means to introduce the CAR into genomic safe harbours such as the T-cell
receptor α constant (TRAC) locus using CRISPR/Cas9 [28,29]. Although the CAR has
primarily been introduced into autologous T cells to generate a bespoke patient product,
disruption of the TRAC simultaneously enables the use of allogeneic T cells by preventing
the development of graft vs. host disease (GVHD) [30].

2. Switching on the Ignition with Oncolytic Viruses

Through natural tropism, or genetic engineering, oncolytic viruses are a class of
viruses which share a preference for replication in malignant cells over normal tissue.
A broad diversity of viruses has been defined as having oncolytic properties and possess
distinct genomes (RNA and DNA), entry specificities, replication mechanics, immune-
evasion machinery, and genetic modifications which collectively confer tumour specificity.
Infection of tumour cells can be facilitated by the overexpression of viral binding and entry
receptors, such as CD46 for measles [31] or ICAM-1 for Coxsackievirus A21 [32]. Deletion
of viral genes, complemented by high level expression in tumour cells, such as those
involved in nucleotide metabolism (thymidine kinase, ribonucleotide reductase, uracil
DNA glycosylase) has been employed with herpes simplex virus (HSV) and vaccinia virus
(VACV) strains [33–36]. The adenovirus E1A protein binds the cellular retinoblastoma
protein to drive S-phase entry, allowing it to access the cellular DNA replication and protein
synthesis machinery, and a 24 amino acid deletion restricts the virus to rapidly proliferating
cells [37].

The primary innate antiviral mechanism, type I interferon (IFN), is known to be anti-
angiogenic, and to promote growth arrest and apoptosis [38]. While many tumours harbour
mutations in key IFN genes or epigenetically silence them, the activation of oncogenic
pathways or loss of tumour suppressors such as EGFR, Wnt B catenin, or Pten, all have links
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to IFN production or responsiveness [39,40]. The net effect is that an estimated 65–70% of
cancer cell lines are thought to have defects in their ability to produce, or respond to, type I
IFN [41]. Compromised IFN signaling thus underlies the tumour selectivity of OVs and
is particularly relevant to Vesicular stomatitis virus (VSV) and Newcastle disease virus
(NDV) [41,42]. The safety and specificity of oncolytic VSV is further enhanced through
deletion or mutation at position 51 in the matrix protein whose normal function is to
block nucleocytoplasmic trafficking of mRNA, thus preventing the translation of IFN
and interferon stimulated genes (ISGs) [41,43]. An analogous approach encodes IFNβ in
the viral genome, with the added benefit that the cytokine promotes dendritic cell (DC)
activation and acts as a signal 3 cytokine for T cell priming [44–46].

3. Combination OV and T Cell Therapies: Driving CAR T to the Tumour

Inter and intra-patient tumour heterogeneity, the plastic nature of cancer genomes,
and the dynamic state of the tumour microenvironment all contribute to the likely failure
of monotherapy approaches to cancer treatment. In this respect, it would seem on the
surface that a partnership between OVs and CAR T cells offers a perfect opportunity to
orchestrate a multi-pronged approach against often rapidly evolving targets on multiple
fronts. Although combination strategies using multiple biologic agents may face more
regulatory hurdles, significant clinical development of both platforms individually may
pave a way forward. Significant toxicities have been well described for CAR T therapy,
including cytokine release syndrome (CRS) and neurotoxicity, and it will be paramount
to establish a robust safety profile of any combination strategy. A multiplexed approach
has now made the jump from the bench [47] to clinic as the investigation of HER2 CAR
T cells and oncolytic and helper dependent adenovirus expressing IL12 and anti-PDL1 is
now underway (NCT03740256).

Herein we review how intrinsic and engineered properties of oncolytic viral vectors
may be exploited to enable CAR T to overcome barriers to effective therapy in the solid tu-
mour setting, including restricted infiltration, interaction with immunosuppressive soluble
mediators and cellular players, and antigen heterogeneity and escape (Figure 1). However,
combination with OVs does not automatically guarantee a superior therapeutic outcome
as they can lead to both helpful and deleterious consequences for CAR T cells, and thus act
both as valets and vandals. The studies highlighted herein illustrate the complex biology
of each living drug and the importance of highly tailored therapeutic strategies.
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Figure 1. Strategic combination of oncolytic viruses with CAR T cells. The TME presents many immunosuppressive
barriers to CAR T trafficking (high levels of CCL2, low levels of T cell chemotactic chemokines), as well as functionality
through cytokines (TGFβ and IL10), metabolic dysregulation (arginase 1, inducible NO synthase (iNOS), indoleamine
2,3-dioxygenase (IDO), and CD39 and CD73 production of adenosine), and inhibitory ligands (PDL1 etc.). Many of these
factors are expressed by tumor associated macrophages (TAMs), myeloid derived suppressor cells (MDSCs), regulatory
T cells (Tregs) or the tumor cells themselves. Viral infection and oncolysis of tumor cells lead to the production of type I
interferons (IFNs), danger-associated molecular pattern molecules such as HMGB1 and ATP, and CXCL9, 10, and 11 which
in turn recruit additional T cells and dendritic cells. Exposure to high level type I IFN can also have inadvertent negative
consequences for CAR T cells leading the upregulation of various inhibitory receptors including PD1, TIM-3 and LAG-3,
as well Fas, leading to apoptosis. In contrast to some of these intrinsic properties, OVs can be armed with transgenes such
as cytokines (IL2, IL12), chemokines (CCL5, CXCL11), checkpoint blocking antibodies (anti-PD1, etc.), BiTEs (EGFR, etc.) or
the CAR antigen itself (CD19, etc.).

4. The TME—A Breaker’s Yard for CAR T Cells

The tumour microenvironment is composed not only of cancer cells, but heterogenous
levels of a variety of immune cell types whose location and density can profoundly affect
prognosis and therapeutic response [48]. Although effector T cells, NK cells and B cells
can be present to variable degrees, suppressive immune cell types, including regulatory
T cells (Treg) and aberrantly matured myeloid cells such as myeloid derived suppressor
cells (MDSCs) and tumour-associated macrophages (TAMs) are often found within the
tumour core and the invasive front [48,49]. This constellation of stromal cells coordinates
a network of overlapping regulatory mechanisms which mask the tumour from immune
destruction, beginning with the expression of chemokines which disfavour the recruitment
of effector T cells. Expression of the counter-ligands for CXCR3 on activated lymphocytes,
CXCL9, 10, and 11, is associated with good prognosis and is required for T-cell trafficking
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across tumour vascular checkpoints [50–52]. However, tumours may reduce levels of
these ligands through epigenetic silencing or the co-expression of chemokine- cleaving
proteases [53,54], and instead express CCL2 which recruits immature myeloid cells and
TAMS [55–57]. In turn, MDSCs and TAMs lead to metabolic and cytokine mediated
dysfunction of T cells through the production of arginase 1, inducible NO synthase (iNOS),
indoleamine 2,3-dioxygenase (IDO), transforming growth factor beta (TGFβ) and IL10,
respectively [58,59]. Tregs exploit cytokine-mediated and contact-dependent mechanisms
to limit effector T function, including competition for IL2, expression of CD39 and CD73
leading to the production of adenosine, secretion of TGFβ and IL10, and expression of
checkpoint ligands such as CTLA-4 and PDL-1 [60]. Finally, tumour cells themselves,
immune cells, and exosomes can all express ligands or release soluble factors which engage
checkpoint receptors on CAR T cells, including PD-1, TIM-3, LAG-3 and TIGIT, leading
to dysfunction and apoptosis [61]. Overall, these factors contribute to making the tumour
more akin to a scrap yard than the exclusive valet parked ramp where you would, ideally,
want to leave your meticulously engineered CAR.

5. TME Make over by Oncolytic Viruses

OV infection leads to a cascade of inflammatory events, stimulating innate and adap-
tive immune responses, and thus changing the cytokine, chemokine and cellular compo-
sition of tumours. Viral nucleic acids serve as pathogen-associated molecular patterns
(PAMPs) to activate cytoplasmic RNA and DNA sensors and Toll-like receptors (TLRs),
converging on TRIF and MyD88 to activate type I IFN signaling [62,63]. OV infection
upregulates calreticulin (CRT) on the cell surface, and oncolysis releases adenosine triphos-
phate (ATP) and high-mobility group box 1 (HMGB1) into the extracellular environment,
all members of the danger-associated molecular pattern (DAMP) family [64,65]. Together,
in concert with type I IFN, these signals promote the recruitment and maturation of DCs
which take up virus and tumour debris, traffic antigen back to lymph nodes, and prime
naïve T cells. Although all CXCR3 ligands are induced by IFNγ, CXCL10 and 11 are directly
agonized by type I IFN [66].

Thus, infection leads to a global change in the cellular composition of the tumour
and the corresponding derived soluble mediators. Mouse models have demonstrated that
OVs promote the infiltration and activation of CD8 T cells, CD11c+ DC, NK cells, M1-
like macrophages, and concomitantly reduce the proportion of Tregs and MDSCs [67–74].
Although a large fraction of infiltrating T cells is likely to be specific to viral antigens,
oncolysis can act as a tumour antigen agnostic vaccine, priming T cells against public and
private neoantigens [73,75]. Oncolytic infection and type I IFN concomitantly induce the
upregulation of checkpoint receptor ligands such as PDL1, and thus combination therapy
with pharmacologic or viral expression of checkpoint blocking antibodies with vaccinia [67],
VSV [68,76], reovirus [77], measles [70,78], HSV [72] and NDV [71] have provided superior
tumour outcomes. Immune correlative studies in the clinical setting have corroborated
preclinical findings, showing that talimogene laherparepvec (HSV) and reovirus treatment
promotes an increase in CD8 T cell density in post treatment biopsies [79,80], and measles
treatment facilitates T cell priming against tumour antigens [81]. The representation of
virus specific or tumour antigen specific T cells which infiltrate into a tumour is not well
characterized, however is likely to be skewed toward viral specificities due to high level
expression of viral epitopes which are not subject to tolerance mechanisms.

6. Fiddling while CARs Burn

On the face of it, these pro-inflammatory effects of OV infection of tumours would
be predicted to provide an excellent make over to convert the tumour from a parking site
that is essentially ‘closed for business’ to T cells to one that now is replete with special
offers for both long and short term parking deals -suggesting that OVs should significantly
improve CAR T efficacy in the solid tumour setting. However, woven throughout the
potential benefits of type I IFN responses on T cell recruitment/activation are negative
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feedback mechanisms which have evolved to promote de novo anti-viral T cell responses,
and subsequently restrain inflammation to prevent autoimmunity. While the upregulation
of checkpoint ligands can be blocked by the simultaneous use of checkpoint inhibitors,
the more insidious role of type I IFN is its direct effect on CD8 T cell biology. Depending on
the timing, memory status and concentration, type I IFN exerts pleiotropic effects on T cells.
Type I IFN supports the expansion and differentiation of naïve T cells, thus playing a key
role in cell fate decisions as a signal 3 cytokine [46,82]. However, via a mechanism that is
thought to make space for T cells specific to incoming pathogens, type I IFNs also promote
acute apoptosis of memory T cells [83–86]. Indeed, priming the tumor with oncolytic
VSV expressing IFNβ simultaneously promoted significant CAR T attrition in a type I
IFN dependent manner [87]. Although the effect was largely T cell intrinsic as adoptively
transferred transgenic Pmel T cells underwent the same IFN associated fate, additional
CAR specific effects were observed. Virus derived IFN upregulated the expression of the
CAR, promoting downstream effects of tonic signaling, including high level expression
of inhibitory receptors. Although apoptosis was averted through the use of transgenic
or CRISPR edited interferon alpha receptor (IFNAR1) deficient T cells, and thus allowed
for enhanced combination therapy in lymphodepleted animals, this engineering strategy
inadvertently sensitized the CAR T cells to NK cell attack [87–89]. These effects are thought
to be broadly relevant to other OVs. While the underlying biology was enhanced by
the expression of IFNβ from the VSV vector, oncolytic reovirus also induced CAR T cell
attrition, albeit to a more moderate extent [87].

High levels of VEGF in the tumor have been shown to attenuate type I IFN signaling
in tumour-associated endothelial cells through Blimp-1, thus sensitizing them to OV
infection [90]. Together with the neutrophil-dependent induction of microclots, several
OVs, including reovirus, VSV, vaccinia virus, and NDV, have been shown to induce vascular
shutdown in tumours [90–95]. While vascular collapse may starve tumour cells, it may
simultaneously limit the access of CAR T cells to their targets. Vascular normalization
using 3TSR prior to NDV therapy has been shown to increase immune cell trafficking
into the tumour [95], and may thus represent an important third-party consideration for
combination therapy.

7. Viruses as Micro-Pharmacies for T Cells

Although the virus-intrinsic effects of infection on the tumour composition are po-
tentially overwhelmingly favourable, an additional therapeutic strength may be in the
ability of OVs to deliver desirable transgenes locoregionally. The magnitude and timing of
chemokine induction varies depending on virus biology and several OVs have been engi-
neered to express chemokines to enhance recruitment of CAR T to the tumour. Oncolytic
adenovirus armed with the chemokine RANTES (CCL5) to promote infiltration, as well
as the cytokine IL15 to support T cell survival once in the tumour conferred enhanced
therapeutic benefit when used in combination with GD2 CAR T [96]. A similar strategy
incorporating the CXCL11 transgene into vaccinia virus enhanced CD8 T cell infiltration
and enhanced mesothelin specific CAR T therapy of murine TC1 tumours [97].

In order to sidestep any reduction in replication and oncolytic capacity, Shaw et al.
used a gutted (helper-dependent) adenovirus to deliver various cytokine payloads in
combination with replication competent oncolytic adenovirus and HER2 specific CAR T.
Among the candidate cytokines IL2, IL7, IL-12p70, IL15, and IL2, expression of IL-12p70
was found to potentiate CAR T efficacy in a xenograft model of head and neck squamous
cell carcinoma [47]. Further incorporation of a PD-L1 blocking antibody in the helper
dependent adenovirus increased anti-tumour efficacy [47,98] and provides the rationale
for clinical evaluation. Notably, local production of the anti-PDL1 antibody from the virus
was superior to systemic administration of anti-PD-L1 IgG, thus highlighting the benefit of
in situ transgene production [98]. Encoding the checkpoint blockade molecule and IL12
in the virus is a particularly attractive strategy to produce locally high concentrations at
bioactive sites, where systemic delivery is associated with adverse events [99].
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A similar strategy by Wanatabe et al. employed oncolytic adenovirus armed with
TNFα and IL2 to enhance both human and mouse mesothelin specific CAR T. Treatment
with Ad5/3-OAd-TNFα-IL2 induced more robust and persistent localization of human
CAR T in the tumour and correspondingly induced sustained regression. Adenovirus
encoding the murine cytokines increased CD80 and CD86 expression on tumour resident
macrophages and dendritic cells, upregulated CXCL10 production in the tumour, and was
associated with higher levels of infiltrating CD4 CAR T, and CD4 and CD8 endogenous T
cells; all of which contributed to increased tumour control in the combination arm [100].

8. Graffitiing Antigenic Specificity onto Tumours

Oncolytic viruses exhibit a range of infectivity within tumours suggesting that highly
susceptible cells would be killed, whilst cells refractory to oncolysis, but in which viral
genes are expressed, could be targeted by CAR T. In solid tumours where no specific CAR
targets have been identified, OVs could be used to deliver ectopic antigens to tumour
cells [101,102]. This strategy could also be applied to re-target CAR T cells to antigen nega-
tive tumour cells, a common mechanism of treatment failure [103,104]. Proof of concept
studies from Aalipour et al. and Park et al. used oncolytic vaccinia viruses to decorate
cancer cells with CD19 and demonstrated targeting of CD19 CAR T to previously unrecog-
nized tumour cells both in vitro and in vivo. Although CD19 delivery leads to unnecessary
induction of B cell aplasia, the modular nature of the approach suggests that it could be
extended to other antigens. One significant limitation would be heterogenous expression of
the CAR target antigens and incomplete targeting by either modality. However, both OVs
and CAR T have been demonstrated to elicit endogenous T and B cell responses to tumour
associated antigens (TAA) through epitope spreading [80,105–107], and indeed Park et al.
show that mice which were cured by combination therapy were partially protected against
re-challenge with parental tumours which did not express the CAR antigen.

The immune adjuvanticity and transgene expression capabilities of OVs allow them to
act as strong vaccines. TAAs can be expressed to a high degree in tumour cells, and upon
cell lysis, taken up by dendritic cells or other phagocytic cells for presentation to T cells.
Viruses may also initiate abortive non-lytic infections in non-transformed cells, such as
APCs, which lead to the expression of viral genes and the subsequent priming of T cells.
Thus, oncolytic vaccination against single TAAs, or even a library of antigens, provides
stronger anti-tumour therapy than parental strains [108–110]. The size of the T cell pool
is further magnified through the use of heterologous vectors for priming and boosting
which encode the same antigen [111–113], or by adoptive transfer of transgenic antigen
specific T cells [114–116]. Although CAR modified T cells acquire a novel specificity, they
also retain the specificity conferred by their native TCR, and parallel work has sought to
boost CAR T cells through the TCR. Transgenic T cells expressing both a CAR specific
to HER2 and bearing a TCR specific for either the gp100 or OVA antigens are expanded
by treatment with vaccinia expressing the cognate epitope, leading to accumulation of
T cells in the tumour and eradication of large established tumours [117]. Clinical evaluation
of a mixed infusion product containing Epstein-Barr Virus (EBV) TCR specific and open
TCR repertoire GD2 CAR T demonstrated that virus specific CAR T circulate at a higher
frequency than the counterpart control T cells [7]. Viral reactivation or vaccination further
supports the expansion of virus specific CAR T cells [118,119].

Bispecific T-cell engager (BiTE) technology links an anti-CD3 scFv to a tumour antigen
specific scFv, and thus bypasses both the TCR-MHC interaction and the CAR to engage
effector function. In this way, OVs and CAR T cells engineered to express BiTEs can
redirect endogenous T cells, or CAR T themselves, against a second tumour antigen speci-
ficity [120–123]. Putting these platforms together, Wing et al. demonstrated that oncolytic
adenovirus expressing an EGFR-targeting BiTE improved the activation, proliferation,
and cytokine production of CART cells targeting the folate receptor alpha (FR-α) and can
help to overcome antigen heterogeneity [124]. Use of the virally expressed BiTE redirected
both CAR T and CAR negative nonspecific T cells and provided superior anti-tumour
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efficacy compared to each monotherapy. A multiplex strategy has also combined BiTE
expression (specific to CD44v6) with cytokine (IL12) and checkpoint (anti-PDL1) delivery
using the oncolytic and helper dependent adenovirus system in conjunction with HER2
CAR T to combat several mechanisms of tumour escape simultaneously [125].

9. Virus CAR-Pooling to Tumours

Although we have discussed primarily the use of viruses to improve various aspects
of T cell anti-tumour function, so T cells can also be exploited to improve the efficiency
of oncolytic virotherapy—most notably perhaps through helping to deliver the viruses to
their active site. In vitro pre-loaded antigen specific T cells, and cytokine-induced killer
cells, have been reported to traffic OVs, allowing replication and oncolysis within the
tumour. This smuggling of viruses to tumours has been shown to be possible even in pre-
vaccinated hosts, thus bypassing circulating anti-viral antibodies which have often proved
to be the Achilles heel of systemic OV therapy [126–131]. Similarly, murine and human
HER2 CAR T cells loaded with low doses of oncolytic VSV or vaccinia virus have been
shown to deposit their cargo without compromising the function of the CAR T cells [132].
As discussed above, the TME represents a very unwelcoming parking place for (CAR)
T cells. The same is true for highly immunogenic viruses trying to passage through and
then exit selectively from a circulatory highway system heavily patrolled by neutralising
antibodies, complement, and other anti-viral effectors. However, CAR-pooling of precisely
engineered tumour-targeting viruses may overcome several of the barriers to effective
combination CAR/OV therapy.

10. Conclusions: OV Enhanced CAR T Cell Therapy—And Vice Versa

In the quest for a systemic, potent anti-tumour therapy, both adoptive (CAR) T cell
transfer and oncolytic viruses have enormous curative potential. Both intrinsic and engi-
neered capabilities endow OVs with a unique potential to serve as a platform to enhance
adoptive T cell therapy. However, in order to reach their destination, both (CAR) T cells
and viruses have to navigate a circulatory highway fraught with diversions, patrols and
obstacles. Even if/when they successfully reach the tumour, the TME represents a highly
immune-suppressive, neutralizing destination. This neighbourhood is unlikely to appeal to
any owner of such highly sophisticated and engineered anti-tumour killing machines (cells
or viruses) as a safe and effective parking place. However, tumour infection by OVs has the
potential to effect a dramatic make over and convert this hostile, T cell repellent TME into a
highly attractive haven, open for business for an influx of CAR T cells. In this respect, the in-
flammatory profile induced by OV infection, as well as OV-triggered transgene expression,
needs to be carefully crafted. Moving forward, models in which the safety and efficacy of
combination strategies that intricately engage innate and adaptive immunity are evaluated
must account for factors which both recruit and support activated CAR T cell therapies,
as well as those compensatory mechanisms which restrain and inhibit the (T cell) immune
system. Importantly, a variety of models should be used which, combinatorially, analyze
the plethora of factors which may be absent from specific model systems, or which may be
present but which are non-reactive in the specific model being tested—such as type I IFN,
which binds to species specific IFNAR [133]. Thus, it will be critical to prevent OV infection
from simply converting a T cell freezing TME into an incendiary, CAR T-vandalizing,
TME. With appropriate design of the levels, nature and timing of inflammatory cytokine
expression from OV infection, it will be possible to generate an optimal, climate-controlled
environment that nurtures the gentle, valet parking of CAR T cells inside the tumour—
where the T cells can go on to do their worst against solid tumours. Therefore, we believe
that by generating novel designer combinations of paired viruses and engineered T cells it
will be possible to create a powerful synergy between adoptive T cell therapies and OV
infection, whereby each one enhances the tumour trafficking, selectivity and potency of
the other.
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Simple Summary: Here, we review the current state of knowledge in the field of cancer
immunotherapy, focusing on the scientific rationale for the use of oncolytic viruses, checkpoint
inhibitors and their combination to combat melanomas. Attention is also given to the immunological
aspects of cancer therapy and the shift from conventional therapy towards immunotherapy.
This review brings together information on how immunotherapy can be applied to support
other cancer therapies in order to maximize the efficacy of melanoma treatment and improve
clinical outcomes.

Abstract: In this review, we discuss the use of oncolytic viruses and checkpoint inhibitors in cancer
immunotherapy in melanoma, with a particular focus on combinatory therapies. Oncolytic viruses
are promising and novel anti-cancer agents, currently under investigation in many clinical trials
both as monotherapy and in combination with other therapeutics. They have shown the ability
to exhibit synergistic anticancer activity with checkpoint inhibitors, chemotherapy, radiotherapy.
A coupling between oncolytic viruses and checkpoint inhibitors is a well-accepted strategy for future
cancer therapies. However, eradicating advanced cancers and tailoring the immune response
for complete tumor clearance is an ongoing problem. Despite current advances in cancer research,
monotherapy has shown limited efficacy against solid tumors. Therefore, current improvements
in virus targeting, genetic modification, enhanced immunogenicity, improved oncolytic properties
and combination strategies have a potential to widen the applications of immuno-oncology (IO)
in cancer treatment. Here, we summarize the strategy of combinatory therapy with an oncolytic
vector to combat melanoma and highlight the need to optimize current practices and improve
clinical outcomes.

Keywords: oncolytic viruses; melanoma; immunotherapy; checkpoint inhibitors; combinatory therapy

1. Introduction

Cancer is one of the three leading causes of death in industrialized countries, along with infectious
and cardiovascular diseases. It is caused by the abnormal growth of the progeny of transformed
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cells, which have previously been subjected to mutations and several other alterations in the cell
cycle and metabolism that contributed to giving these cells the typical tumor-like phenotype [1].
One of the most critical aspects in the fight against cancer is the tumor’s ability to spread in the patient’s
body, even in locations far from the primary tumor location, developing metastasis [1]. This event could
make the clinical picture significantly more complicated, since in order to cure cancer, all malignant
cells in the patient’s body need to be destroyed and removed, preferably without side effects
for the patients [2].

The immune system (IS) is a complex system which is responsible for the protection of the human
body. It consists of many cell types, structures and chemical mediators with different functions
that can regulate each other to work effectively and neutralize components recognized as non-self.
The idea that our immune system could act as a weapon or a prevention tool against cancer cells
has always been particularly attractive, especially because of the specificity of the immune response
that could be elicited. The first clue about the host immune system’s alleged protective role against
cancer emerged from a series of experiments on mice [3], in which it was noticed that mice previously
immunized with irradiated tumor cells that were then challenged with an injection of tumor viable
cells showed protection against the tumor. The same response was not observed in T cell deficient
mice or mice which had been challenged with viable cells from a different tumor than the one used
for the immunization process [3]. This evidence led to the discovery of the host immune system
involvement in tumor-disruption and tumor prevention mechanisms, suggesting what many years
of research have now shown, that is, that the host immune system has a role in the prevention
and rejection of tumors [4]. However, since neither the immune system nor the tumor could be
defined as simple networks, the relationship between them is obviously complex. This is due to
the several factors which are involved in determining the evolution of tumorigenesis, among which
there is also the immune system, which can surely exert an anti-tumor effect, but with specific subsets
of immune cells, it may also perform a “foster” action on the tumor [5,6]. There are many ways
that the IS could carry out its anti-tumor action. First, it protects the host from virus-induced tumors
by eliminating or suppressing viral infection [7]; second, it promptly resolves inflammations, avoiding
tissue exposure to an inflammatory environment, which is conducive to tumorigenesis [7,8]; third,
the immune system is capable of specific recognition and disruption of tumor cells on the basis
of their expression of molecules which work as antigens [7,9]. This last specific feature of IS is also
known as immunosurveillance, and it is extremely important to guarantee a specific immune reaction
which is directed only to tumor cells, sparing healthy tissue and avoiding many side effects [10].
This is possible because tumor cells are antigenic, meaning they express specific antigens usually
called tumor associated antigens (TAAs), tumor specific antigens (TSA) or tumor rejection antigens
(TRAs) [11–13]. The recognition and identification of these antigens is now a fundamental part
in the development of effective immunotherapy, since they represent the main component with
which T cells can recognize tumor cells to be activated and trigger the specific immune response.
Most of the early efforts in antigens identification focused on shared tumor antigens, which could
represent a valid alternative for a wide range of cancers, but these antigens are also expressed in a variety
of self-tissues, leading to immunologic tolerance [14,15].

Therefore, the focus of research has slowly shifted to more tumor-specific antigens, usually
generated from point mutations in normal genes, known as “neoantigens” [16,17]. Despite advances
in conventional cancer therapies including chemotherapy, immuno-oncology is becoming more popular
and effective in various cancer indications, including melanoma. Therefore, more conventional
modalities seem to be gradually being replaced by more effective IO agents and their combinations
(Table 1).
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Table 1. The combinatory therapy of oncolytic vectors and CPIs for melanoma treatment.

OV Checkpoint
Inhibitor Indication Response Data ClinicalTrials.gov ID

T-VEC Ipilimumab Melanoma ORR 39% (comb.) vs.
18% (ipi alone) NCT01740297

T-VEC Pembrolizumab Stage IIIB–IV
melanoma 48% ORR NCT02263508

T-VEC Pembrolizumab Stage III–IV
melanoma N/A NCT02965716

HF-10 Ipilimumab Melanoma N/A NCT031530085

HF-10 Ipilimumab Melanoma

BORR 24% (at
24 weeks); median PFS
19 months; median OS

21.8 months

NCT02272855

HF-10 Nivolumab
Stage IIIB, IIIC,

IVM1a
melanoma

N/A NCT03259425

CAVATAK Ipilimumab
Uveal

melanoma with
liver metastasis

N/A NCT03408587

CAVATAK Pembrolizumab Melanoma N/A NCT02565992

ONCOS-102 Pembrolizumab
Advanced or
unresectable
melanoma

N/A NCT03003676

2. Melanoma—Epidemiology and Prevalence

Melanoma is the most aggressive type of skin cancer, and it arises from melanocytes, which are
pigment-producing cells in the skin [18]. This type of cancer involves skin (mostly, but not exclusively,
sun-exposed skin), but it can also occur in the eye, in the meninges and on gastrointestinal and genital
mucosae [7]. In this section, we focus on cutaneous melanoma.

Melanomas can be characterized deeply from a histological point of view, thus leading to
the identification of four major subtypes of melanoma [19]: Superficial spreading melanoma, nodular
melanoma, lentigo malignant melanoma, and acral lentiginous melanoma. These four subtypes
have different patterns of growth and come with different changes in epidermis and dermis [20].
According to a statistic evaluation carried out by the Global Cancer Observatory (GCO), which is
part of the International Agency for Research on Cancer (IARC), melanoma incidence is annually
increasing worldwide at a very fast rate, which in 2012 was the fastest growing of all types of cancer [21].
In GLOBOCAN 2018, the statistic evaluation of cancer incidence and mortality published by IARC,
there were estimated to be approximately 290,000 new cases and 61,000 deaths related to melanoma [22],
compared with the 232,000 new cases and 55,000 deaths reported in GLOBOCAN 2012. Melanoma
mostly affects young and middle-aged individuals, with a median age at diagnosis of 57 years, while
the incidence increases linearly from 25 years until 50 years of age, and then it decreases, especially
for females [21]. Overall, the highest incidence is observed in regions with high exposure to solar
radiation, such as Australia and New Zealand [23].

There are two types of risk factors for melanoma: (i) Environmental risk factors and (ii)
host-related risk factors. Among the environmental risk factors commonly involved in cancer
onset, for melanoma there is one particular risk factor which is deeply involved-ultraviolet (UV)
light radiation from sunlight [21]. The correlation between sunlight exposure-particularly the UV-B
spectrum [24]—and increased risk of melanoma has been deeply investigated, with findings that
describe how exposure patterns and timing can contribute to the risk stratification for melanoma [21,25].
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Intense and intermittent sun exposure is associated with a higher risk of melanoma, compared
with continuous sun exposure, which is more often associated with non-melanoma skin cancers.
UV-A exposure from artificial sources, such as sunbeds and devices employed in radiation phototherapy
of psoriasis, is associated with a higher risk of melanoma [26]. There are a number of host risk factors
related to the patient: (i) The number of congenital and acquired melanocytic nevi, which linearly
correlates with melanoma incidence [21]; (ii) pigmentation characteristics of the patient, which are
determined by polymorphisms in MC1R gene (melanocortin 1 receptor)—individuals with red hair,
light complexion and light eyes exhibit a low pigmentation, and thus an increased risk for melanoma
because of their higher sensitivity to UV exposure; (iii) family history of melanoma [21,27]; and (iv)
immunosuppression, which is usually caused by comorbidities [28]. Melanoma diagnosis usually
comes as an early-stage disease, in which it is possible to proceed with surgical excision and is curable
in the majority of cases, while approximately 10% of patients are diagnosed at an advanced stage, which
consists of an unresectable and/or metastatic melanoma [21,29]. Furthermore, stage IV melanomas
are usually associated with a poor prognosis, lower probability to develop a consistent response to
treatments, and, in about 30% of cases, there is brain and visceral involvement [30]. For patients with
an advanced-stage melanoma, especially those who cannot undergo excisional surgery or who have
metastasis, the wide range of systemic therapies represent the only way to defeat this aggressive type
of cancer, which explains their importance and why they are being heavily investigated. This section
provides a brief overview of the current available approaches to treat melanoma.

3. Conventional Cancer Therapies

3.1. Excisional Surgery

Surgery is taken into consideration, especially for early-stage melanomas. Excisional surgery is
an effective strategy for most patients, but it is not always feasible, and in some cases (approximately
20%) the patient can present a relapse anyway, which is usually associated with a poor prognosis [31].

3.2. Chemotherapy

Chemotherapy for melanoma consists of the following two chemotherapeutics:

• Dacarbazine (DTIC): Approved by the FDA in 1975 for treatment of melanoma, it is an alkylating
agent. Like every other chemotherapeutic drug, it is not highly selective for cancer cells over
healthy cells, and the high number of clinical trials which have been carried out have reported
a modest anti-tumor efficacy. Despite this, dacarbazine remains one of the first-line treatments
for metastatic melanoma [32].

• Temozolomide: Despite being considered an analogue of dacarbazine, it has been studied because
it has the advantage of oral administration, which is usually more versatile for the patient.
Furthermore, temozolomide can reach the central nervous system and, since brain is
one of the most common sites for melanoma to metastasize, this represents a crucial point
for advanced melanoma treatment [32].

3.3. Targeted Therapies

Targeted therapies revolutionized melanoma treatment in 2011, when the first therapies were
approved by FDA. They belong to the following classes:

• BRAF inhibitors: Since BRAF is the most frequently mutated oncogene in melanoma [33],
its inhibitors have shown promising results in several clinical trials, with rapid regression
of metastasis and positive responses in 50–60% melanoma patients [32,34]. The first drug
belonging to this class that has been approved for melanoma is vemurafenib, a selective inhibitor
of V600-mutant BRAF [33]. In a randomized phase III clinical trial (BRIM3), vemurafenib showed
an objective response rate (ORR) of 48% versus 5% for dacarbazine, and a median progression-free
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survival (PFS) of 5.3 months versus 1.6 months for dacarbazine [33,35]. The second BRAF inhibitor
came soon after the first one, with similar promising results [33]. Toxicities associated with
this class of therapeutic agents include rash, arthralgia, fatigue, fever (for dabrafenib only) and
photosensitivity (for vemurafenib only), but also the development of secondary non-melanoma
cutaneous lesions, such as squamous-cell carcinoma [36,37].

• MEK inhibitors: The development of MEK inhibitors became a priority after the success with
BRAF-inhibitors, and it was led by the acknowledgement that BRAF signaling is dependent
on MEK1/2 downstream activation [33,38]. Trametinib belongs to this class of new targeted
therapies [32], and represents the first drug of its class to be approved by the FDA as a single
agent, since in the phase III METRIC clinical trial it showed an ORR of 22% and a median
PFS of 4.8 months [39]. Aside from the use of MEK inhibitors to target BRAF-mutated
melanomas, there is also preclinical evidence that indicates vulnerability to MEK inhibitors
in a not insignificant number of melanomas which do not present BRAF V600 mutations, called
wild-type BRAF melanomas (especially in NRAS-Q61-mutant tumors), and also in BRAF/NRAS
wild-type melanomas, together with melanomas harboring non-V600 BRAF mutations [33,40].

A translational investigation led to evidence of a possible synergistic relationship between MEK
and BRAF inhibitors. Since then, many combinatorial approaches of these two types of inhibitors
have been investigated in clinical trials. The combination of vemurafenib and cobimetinib in a phase
I study not only resulted in ORR and median PFS values that were very promising, but showed that the
incidence of cutaneous hyperproliferative manifestations was substantially lower compared to BRAF
inhibitor monotherapy [41]. The combination of BRAF and MEK inhibitors now forms the backbone
of advanced BRAF-mutated melanoma treatment [33].

4. Cancer Immunotherapy

The goal of cancer immunotherapy is the stimulation or activation of immune responses
against tumor cells, with the ultimate aim of eradicating cancer from the patient’s body (Figure 1).
In the following sections, we discuss therapeutic treatments falling under the umbrella of the cancer
immunotherapy field.
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4.1. Immune Checkpoint Inhibitors (ICIs)

Immune checkpoint inhibitors are a new class of cancer therapeutics that have the physiological
purpose to negatively regulate the activation of T cells. These checkpoints make it more difficult
for T cells to activate, as they need both the interaction with the epitope through the MHC I class,
and the presence of co-stimulatory signals to overcome the barrier of negative inhibition. Checkpoint
inhibitors (CPIs) are very important to prevent continuous occurrence of immune reactions
(Figure 2) [43].
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Figure 2. Timeline of immuno-oncology (IO) agents approved for cancer therapies.

The two most important immune checkpoints that have been studied in immunotherapy are
the cytotoxic-T lymphocytes antigen 4 (CTLA-4) and the programmed cell death protein 1 (PD-1) [44,45].
CTLA-4 is a receptor and a member of the immunoglobulin superfamily CD28:B7 [46]. It can be found
on the surface of both effector T cells and Treg cells, as its function is to regulate the extent of the early
stage activation of these two types of immune cells. CTLA-4 binds CD80 and CD86 with higher affinity
than CD28 does and blocks the amplification signal that the co-stimulatory binding is supposed to send,
in order to trigger T cells expansion. In tumors, CTLA-4 is overexpressed to suppress the activation
of immune cells which could have been successful in reaching the tumor site (generally referred to
as tumor infiltrating lymphocytes—TILs) [47].

PD-1 is another co-inhibitory molecule expressed in stimulated T cells, Treg cells, B-activated cells
and NK cells, and it exerts its function once it is bound to its two ligands, PD-L1 and PD-L2. PD-L1 is
expressed more and is found on antigen presenting cells (APCs), dendritic cells (DCs), macrophages
and B cells, but it is also expressed in tumor cells which are able to abrogate the lymphocyte response [5].
These two immune checkpoints have been investigated as a target for several monoclonal antibodies,
which are already being exploited in cancer therapy for their ability in binding a specific antigen.

The first monoclonal antibody against immune checkpoints to be discovered was ipilimumab,
an anti-CTLA-4 antibody that has been firstly approved as a first-line treatment of metastatic
melanoma [48]. In the anti-PD-1 group there are other two common ICIs, pembrolizumab and
nivolumab, both with indications for metastatic melanoma. Pembrolizumab has been the first anti-PD-1
monoclonal antibody that has been discovered, and with clinical trials KEYNOTE-001, KEYNOTE-002
and KEYNOTE-006 it has gained the first-line therapy indication for metastatic melanoma [49].
In particular, in trials KEYNOTE 006 AND KEYNOTE-002, which both presented comparative arms,
patients treated with pembrolizumab significantly improved their progression-free survival (PFS),
overall survival (OS) and overall response rates (ORR) relative to ipilimumab in ipilimumab-naive
patients (KEYNOTE 006), and significantly improved PFS and ORR, but not OS (although OS data
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are immature), relative to chemotherapy in ipilimumab-refractory patients, who had also received
BRAF/MEK inhibitor therapy if BRAF-mutation positive (KEYNOTE 002) [50].

Pembrolizumab can to be administered as the first line therapy (BRAF wildtype melanoma) or after
treatment with ipilimumab, in a combination with anti-CTLA-4 or in patients with BRAF mutations after
treatment BRAF inhibitor such as vemurafenib, sorafenib and dabrafenib. Atezolizumab in combination
with cobimetinib and vemurafenib is also used for the patients with BRAF V600 mutation-positive
unresectable or metastatic melanoma (first line therapy) (Figure 3) (IMspire150, NCT02908672) [51–55].
Therefore, it is reasonable to suppose that atezolizumab could bring some new advantages if compared
to the targeting of PD-1 exerted by pembrolizumab, such as the preservation of PD-L2 interactions with
PD-1 which carries out the immune checkpoint functions that avoids autoimmune reactions during
therapy, allowing for a more tolerable safety profile for this immunotherapeutic new drug [56].
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Figure 3. CPI refractory melanoma-treatment scheme overview.

Initially, immunotherapy was employed in melanoma treatment with administration of interferon
and interleukin cytokines, such as IFN-α and IL-2, which were approved by the FDA with melanoma
indications in 1996 and 1998, respectively [32]. Unfortunately, this approach did not show notable
benefits for patients, due to the severe side effects associated with systemic administration and to
the much poorer therapeutic effects that came with other routes of administration, like the subcutaneous
one [32,57]. A modern approach to the immunotherapy of melanoma has grown from elucidations
on the role of specific immunomodulatory molecules, and led to a goal shift directed to the enhancement
of cell-mediated immunity [33]. To do this, some of the aforementioned ICIs (Figures 2 and 3) have
been investigated and were subsequently approved for melanoma therapy:

• Ipilimumab (anti-CTLA-4): Gained regulatory approval by the FDA to treat melanoma after
a series of phase III clinical trials (CA184-002 as a single agent, CA184-024 in combination with
dacarbazine). The tumor responses according to the Response Criteria in Solid Tumors (RECIST)
criteria varied from 5.7% to 11.0% in the anti-CTLA-4 treatment arms. The median overall
survival (OS) was improved to 10 months for the anti-CTLA-4 monotherapy arm as compared to
6.4 months for the peptide vaccine-alone arm (HR 0.68; p < 0.001 [58], CA184-002, NCT00094653).
The five-year survival rate was 18.2% (95% CI, 13.6% to 23.4%) for patients treated with anti-CTLA-4
+ dacarbazine vs. 8.8% (95% CI, 5.7% to 12.8%) for patients treated with placebo plus dacarbazine
(p = 0.002, CA184-024, NCT00324155) [59]. Toxicity associated with ipilimumab includes
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immune-related symptoms such as dermatitis, colitis, diarrhea and, less commonly, hepatitis,
uveitis and hypophysitis [60].

• Pembrolizumab and nivolumab (anti-PD1): After the ipilimumab proof of concept that a checkpoint
blockade could actually be an effective strategy to treat melanoma, pembrolizumab and nivolumab
were investigated for the same indication, even if (or maybe especially because) they are
selective for another receptor which is usually expressed on immune T cell surface—PD-1.
Phase III clinical trial reported the median overall survival which has not been reached
in the nivolumab-plus-ipilimumab group and was 37.6 months in the nivolumab group,
as compared with 19.9 months in the ipilimumab group (hazard ratio for death with nivolumab plus
ipilimumab vs. ipilimumab, 0.55 [p < 0.001]; hazard ratio for death with nivolumab vs. ipilimumab,
0.65 [p < 0.001]). The overall survival rate at 3 years was 58% in the nivolumab-plus-ipilimumab
group and 52% in the nivolumab group, as compared with 34% in the ipilimumab group
(NCT01844505) [33,61–63].

4.2. Oncolytic Virotherapy

Oncolytic virotherapy [64–70] has elicited increased interest over recent years, even though the first
encouraging evidence that led to its development date back to the beginning of the 20th century.
It consists of the employment of naturally occurring viruses (e.g., enteroviruses, reoviruses, vaccinia
virus) [71–74] or genetically modified viruses (e.g., HSV, adenoviruses). Oncolytic viruses (OVs) [75–77]
have the fundamental feature of tumor specificity and many other important advantages, such as
the ability to trigger anti-tumor immune responses and the possibility to deliver specific genes
in the tumor microenvironment [78].

To avoid damage in healthy tissues, oncolytic viruses are usually genetically modified so that
they can replicate only in tumor cells. Their design benefits from a deletion of 24 base pairs in the viral
E1A gene which makes the expressed mutated E1A protein unable to bind to retinoblastoma protein
(pRb). This interaction is needed in normal cells to activate the E2F transcription factor, which leads to
induction of the S-phase of the cell cycle. The deletion-bearing virus is able to infect normal cells but
its replication is restricted due to the dysfunctional E1A [74]. The viruses bearing the 24 bp deletion
in their E1A gene are commonly tumor-selective and referred to as ∆24-viruses. The only cells in which
∆24-viruses can replicate are tumor cells, which are usually deficient of pRb. Taken together, it is
worth highlighting that oncolytic viruses work as anti-tumor agents in a two-step manner: The first is
the lysis of tumor cell they have previously infected, but not before they have finished their replication
cycle, so that with cell death the release of new progeny occurs. Another feature of OVs is the ability to
selectively replicate in cancer cells [79–81]. Even though the virus can enter both healthy and cancerous
cells (the selective cell entry must not be confused with exclusive cancer cell entry), there are inherent
abnormalities in cancer cell pathways concerning homeostasis, response to stress and their anti-viral
machinery, which can give OVs a selective advantage for their replication in these cells [82].

The anti-viral machinery in normal cells is activated by a series of pathways:

• Toll-like receptors (TLRs): This pathway is activated by pathogen-associated molecular patterns
(PAMPs), which consist of elements of viral capsid, DNA, RNA and viral proteins. These elements
are recognized by TLRs, and they stimulate the innate immune system through a variety of signaling
factors (MYD88, TRIF, IRF7, IRF3, NF-kβ), leading to the release of pro-inflammatory cytokines
and local type I interferon (IFN-I) [82,83].

• RIG-1 pathway: This pathway is activated by the detection of viral dsDNA and uses some
of the same factors exploited by the TLRs pathway, such as IRF3/7. It leads to the release
of IFN-I [6].

• IFN-I pathway: This is activated by the local production of type I interferon. After IFN-I binds
to its receptor, IFNR, a cascade of signals is triggered and, through the JAK-STAT pathway,
it leads to the upregulation of cell-cycle regulators such as PKR and IRF7. These two factors are
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important in order to contain viral spread because they induce abortive apoptosis, which blocks
the replicative cycle of viruses before the viral progeny is ready to be released [82].

Conventional cytotoxic therapies, as we have already pointed out, are not always effective
in melanoma patients, and this statement comes with an even heavier burden when it comes to
patients with advanced (unresectable and/or metastatic) melanoma, for whom excisional surgery is not
an option [21]. Within this framework, oncolytic viruses pose as a potentially valid therapeutic option
for these patients, thanks to their ability to selectively target cancer cells and simultaneously trigger
the patient immune system against melanoma cells [84,85]. A decisive role in the efficacy of oncolytic
viruses against tumors is covered by their stimulation of immune system, which is triggered to
develop a specific anti-tumor immune response by the OV. It is for this reason that the immunogenicity
of melanoma as a tumor is an important feature to describe.

Melanoma has been considered an immunogenic malignancy for a long time [86,87]. Virtually
all of the major enlightenments concerning tumor immunology have been experimentally observed
in melanoma models. When we say that melanoma is a strongly immunogenic malignancy, we refer
to the fact that it has a close relationship with host immune cells, which usually infiltrates the
tumor microenvironment [87]. The distribution, density, profile and activation state of immune cells
which are part of TILs can be variable and modulates the clinical outcome in melanoma patients.
TILs are now recognized as an independent prognostic biomarker for melanoma, and the assessment
of its composition is even more appealing because it could provide new molecular targets and
biomarkers to predict therapeutic responses of immunotherapy drugs [88]. The major components of TIL
infiltrate are CD8+ T lymphocytes, Tregs, NK cells, dendritic cells, and macrophages. Furthermore,
the high immunogenicity of melanoma also implies the presence of a plethora of tumor antigens,
which can be classified as TAAs, which are antigens located on tumor cells’ surfaces, and TSAs or
neoantigens, which are more specific for a single tumor [87]. Talimogene Laherparepvec (T-VEC), also
known as Imylgic or OncoVexGM-CSF, is the first oncolytic virus that has been approved by the FDA
and the EMA to treat cancer (Figure 2). The FDA approved T-VEC in 2015, with an indication for local
treatment of unresectable, subcutaneous, cutaneous and nodal lesions in patients with melanoma
recurrent after initial surgery [89,90]. From this perspective, T-VEC represents a valid second-line
treatment for patients with metastatic, unresectable melanoma, especially for those with stage IIIB,
IIIC and IV melanoma [89].

5. Combinatorial Approaches with OVs in Melanoma Treatments

5.1. OVs with Immune Checkpoint Inhibitors

The idea behind this combinatorial approach is that these two therapeutic tools can improve
each other by addressing one another’s shortcomings. Oncolytic viruses present some limitations
related mainly to antiviral immunity, which makes it challenging to exploit the bloodstream to reach
distant metastatic sites [91]. Therefore, triggering a tumor-specific adaptive immune response is
a fundamental feature as OVs cannot travel inside the body to reach other sites, while T cells that have
been sensitized to tumor cells surely can, thus assuring an antitumor response even in different sites
to that of the primary tumor [91]. From this perspective, ICIs help guarantee the correct activation
of the immune system, targeting specific molecules expressed either on the tumor or on immune cells
(CTLA-4, PD-1, PD-L1), while viral infections obtained using OVs makes the TME more immunogenic,
creating a microenvironment in which ICIs are known to work much better [92].

This combinatorial approach has been explored in numerous clinical trials [91], among which was
a phase II clinical trial with 198 stage IIIB–IV melanoma patients, which was organized to evaluate:
(1) ipilimumab as a monotherapy and (2) ipilimumab combined with T-VEC [92]. The results showed
that the objective response rate of the combination therapy was 39%, while ipilimumab alone had
an objective response rate of 18% [91,92]. T-VEC has also been investigated in combination with
other ICIs such as pembrolizumab, an anti-PD-1 antibody. In the phase IB portion of the clinical trial
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Masterkey-265, T-VEC was administered to 21 patients with stage IIB and IV melanoma in combination
with intravenous pembrolizumab. Among the criteria that have been evaluated, the safety profile
of the combination was favorable, with no dose-limiting toxicities, and the objective response rate was
62%, while 33% of patients showed a complete response [92].

Multiple adenoviruses are undergoing clinical and preclinical testing in combination with ICIs,
both in melanoma and other types of tumor.

The Hemminki group exploited a murine model of melanoma to establish the mechanism
under the combination of the anti-PD-1 antibody with the oncolytic viruses encoding for TNFα and
IL-2 [93]. What emerged from the combination therapy was a marked increase in intratumoral
CD8+ T cells and a statistically significant tumor growth suppression, along with increased survival
in animals. Researchers reported complete tumor regression after the course of the combinatory
therapy. This preclinical research provides the rationale for a clinical trial where oncolytic adenovirus
coding for TNFa and IL-2 (TILT-123) is used in melanoma patients receiving an anti-PD-1 antibody
NCT04217473) [92,93].

Thomas et al. reported development of a new fusion-enhanced oncolytic immunotherapy platform
based on herpes simplex virus type 1. Researchers developed various oncolytic vectors expressing e.g.,
GMCSF, an anti-CTLA-4 antibody-like molecule. Anti-cancer assessment was performed in vivo and
in nude mouse xenograft models (melanoma, lymphoma, gliosarcoma). The combination therapy with
the virus expressing GALV-GP-R- and mGM-CSF and an anti-murine PD1 antibody showed improved
anti-tumor effects compared to the control. The treatment of mice with derivatives of this virus
coding for anti-mCTLA-4, mCD40L, m4-1BBL, or mOX40L showed enhanced anti-cancer efficacy
in un-injected tumors (abscopal effect) [94].

Also, in our previous study we have investigated the anti-cancer potency of ONCOS-102
and pembrolizumab in the humanized melanoma mouse model. Humanized mice engrafted with
A2058 melanoma cells showed significant tumor volume reduction after ONCOS-102 treatment.
The combination of anti-PD1 with the virus further reduced tumor volume, while pembrolizumab alone
did not show therapeutic benefit by itself [45]. Systemic abscopal was also observed when combining
oncolytic adenovirus and checkpoint inhibitor in a humanized NOG mouse model of melanoma [44].
These data support the scientific rationale for the ongoing clinical study of combination therapy
of ONCOS-102 and pembrolizumab for the treatment of melanoma (NCT03003676).

Currently, there are many oncolytic vectors are under development and investigation in melanoma:
coxsackieviruses, HF-10, adenoviruses, reoviruses, echoviruses, and Newcastle disease viruses.
Therefore, it is probable that oncolytic vectors will have long-term application in the treatment
of advanced melanoma not only as a monotherapy but as a part of combinatory therapies. [95].

T-VEC is the first oncolytic vector approved for the melanoma treatment. Reported data have
shown improved therapeutic responses to T-VEC in combination with immune checkpoint blockade
in patients with melanoma without additive toxicity [96]. T-VEC combined with anti-PD-1 based
immunotherapy for unresectable stage III-IV melanoma showed an overall response rate for on-target
lesions of 90%, with 6 patients resulting in a complete response in injected lesions (NCT02263508) [97].
Also, the treatment with T-VEC in patients with advanced melanoma with disease progression
following multiple previous systemic therapies (vemurafenib, metformin, ipilimumab, dabrafenib,
trametinib, and pembrolizumab) showed signs of anti-cancer effect, and provides potential clinical and
immunotherapeutic utility of T-VEC application [98].

CAVATAK, an oncolytic immunotherapy, is an oncolytic strain of Coxsackievirus A21 (CVA21).
The virus infects ICAM-1 expressing tumor cells, resulting in cell lysis, and anti-tumor immune response.
The Phase II CALM study investigated the efficacy and safety of CVA21 in patients with advanced
melanoma (NCT01227551). The treatment with CAVATAK resulted in elevation of the immune
CD8+ T cell infiltrates within the tumor (5 of 6 patients), and increased expression of PD-L1+ cells.
It was also reported that the virus was able to reconstitute immune cell infiltrates in lesions resistant
to immune-checkpoint blockade [99]. The combinatory therapy trials have been conducted where
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CAVATAK was administered with ipilimumab (NCT02307149) or pembrolizumab (NCT02565992).
The treatment with CAVATAK and anti-CTLA-4 has shown durable response with minimal toxicity.
The preliminary ORR rate for the ITT population of 50.0% is higher than published rates for either
agent used alone (CAVATAK: ~28% and ipilimumab: ~15–20%) in advanced melanoma patients [100].
Among the evaluable patients (intratumoral CAVATAK and systemic pembrolizumab in advanced
melanoma patients), the ORR was 73% (8/11). The DCR (CR + PR + SD) was 91% (10/11). In patients
with stage IVM1c disease, the ORR and the DCR is 100% (5/5). Combination therapy of the virus1 and
anti-PD1 may present a new strategy for the treatment of patients with injectable advanced melanoma
(CAPRA clinical trial) [101].

Another oncolytic adenovirus that has been investigated in combination with pembrolizumab is
ONCOS-102 (AdV5/3-∆24-GM-CSF), which is now under clinical trial (NCT03003676) to investigate
its safety and efficacy, supported by preclinical data showing increased CD8+ T cell infiltration
in tumor mass upon viral administration [92]. The therapeutics efficacy and safety of the virus
was previously tested in C1 study (NCT01598129). The treatment with the virus was safe and
well tolerated at the tested doses. Therapy resulted in infiltration of CD8+ T cells to tumors and
up-regulation of PD-L1, highlighting the potential of ONCOS-102 as an immunosensitizing agent
for combinatory therapies with checkpoint inhibitors [102]. Therefore, providing a scientific rationale
for the combinatory therapy with CPIs.

To date, approximately one third of all clinical trials concerning OVs have investigated
a combinatorial approach with at least one ICI [91]. Therefore, it is expected that oncolytic viruses
have the capability to promote a ‘hotter’ immune microenvironment which can improve the efficacy
of ICI [103,104]. Oncolytic viruses can be thought of as matches—they can light up a fire inside the tumor
and this fire will make the TME “hot” enough for ICIs to strike a blow. Many clinical and preclinical
models of melanoma and other solid tumors have provided strong evidence that the infection of tumor
cells with OVs can result in the creation of a pro-inflammatory tumor microenvironment, which
in turn translates into a new influx of T cells that can be protected from inactivation by ICIs [104,105].
Furthermore, some adenoviruses administered in combination with ICIs have been reported to
boost release the pool of tumor neoantigens which can be recognized by CD8+ T cells [106]; this is
a particularly important finding, because OVs (both as monotherapy and in combination) have
most difficulty affecting low mutational burden cancers, which typically have a very small number
of TAAs [91].

Nowadays, one of the major challenges for researchers investigating this field is to assess not
only which combinations are most effective, but the dosing regimens and schedules to adopt to
maximize the synergy and minimize the side effects [91,92]. This is why further clinical trials results
are so impatiently awaited. ICIs have contributed to revolutionize cancer treatment. Nevertheless,
the best response rates to these agents do not exceed 35% to 40% [107]. Therefore, the goal of combining
OVs with ICIs is to enhance clinical efficacy. Oncolytic vectors are used in order attract the immune
cells into the lesion, prime anti-tumor immune responses by development of innate and adoptive
anticancer immunity. In turn, CPI therapy will prevent inhibition of activates cancer specific T cells.
It is expected that those two agents can result in synergistic or additive anti-cancer effect. Interestingly,
it has been demonstrated that local OV injection can modulate tumor-specific CD8+ T-cell responses
rendering distant tumors susceptible to immune checkpoint inhibitor therapy [108]. Therefore, due to
the preclinical success of this combination therapy, there is huge interests in clinical trials: results
obtained from patients who have progressed after immune checkpoint inhibition (e.g., NCT 03003676)
could shed the light on OV’s role in overcoming resistance to immunotherapy. By elucidating
the potential of the combination of OVs and checkpoint inhibitors, further development in treatment
regimens employing these novel therapeutic agents could be beneficial for patients.

Apart from combinatorial strategies, another aspect concerning the use of ICIs is often investigated
to reach some improvement—the response predictions with biomarkers. There are several biomarkers
associated with the response of ICIs, some of which have been approved and are currently being

209



Cancers 2020, 12, 3057

exploited to predict the response rate in patients before treatment begins, while others are under further
study to establish whether they have a strong correlation with the extent of patients’ responses to ICIs.
The most important predictive biomarker for anti-PD-1/PD-L1 antibodies is PD-L1 expression [41,82],
which is evaluated by immunohistochemistry. PD-L1 expression by cancer cells is recognized
as both a prognostic and predictive biomarker in patients with cutaneous melanoma. Approx.
35% of cutaneous melanomas express PD-L1, The PD-L1 immunohistochemistry (IHC) has been
approved by FDA as a complement diagnostic to select patients with non-small-cell lung carcinoma
(NSCLC) suitable for pembrolizumab therapy. Nevertheless, absence of PD-L1 does not necessarily
translates into a poor response to anti-PD-1/PD-L1 inhibitors. Some patients with low PD-L1 expression
exhibits clinical efficacy. However, further efforts are still needed to improve the clinical use of PD-L1
expression as biomarkers Apart from combinatorial strategies, another topic concerning the use of ICIs
is often investigated to study prediction biomarkers. There are several biomarkers associated with
the response of ICIs, some of which have been approved and are currently being exploited to predict
the response rate in patients before treatment begins, while others are under further study to establish
whether they have a strong correlation with the extent of patients’ responses to ICIs. The most important
predictive biomarker for anti-PD-1/PD-L1 antibodies is PD-L1 expression [41,109], which is evaluated
by immunohistochemistry and is a prerequisite for treatment with drugs such as atezolizumab or
pembrolizumab. However, this biomarker may not be enough to identify all of the patients who
could benefit from this type of therapy, and this observation led scientists to begin further studies
to find more appropriate predictive biomarkers. This biomarker’s use is already well established
in conventional chemotherapy regimens, but recent studies suggest that it could be exploited to predict
the response to immunotherapy and, most importantly, that it could also help discriminate real disease
progression from pseudo-progression in patients treated with immunotherapy, avoiding re-biopsy
in these patients [109–111].

5.2. OVs with Chemotherapeutic Agents—Future Prospects

In the last decade, many preclinical models have demonstrated that chemotherapeutic agents and
OVs could work synergistically [11]. There are two main approaches to setting this combination:

• Use OVs as adjuvant to chemotherapy, which is the most clinically relevant approach, since
chemotherapeutic agents represent the cornerstone of almost every cancer standard-of-care
therapy [78].

• Use chemotherapeutic drugs to counteract or inhibit factors that limit the effectiveness of oncolytic
virotherapy such as large tumor size, poor vasculature, elevated interstitial pressure and other
physical barriers [112].

It is important to consider that even if chemotherapy and OVs could seem good partners, not all
combinations have showed synergistic effects. In fact, the result depends on different factors including
OVs strain, cancer type and the exact drug(s) used, as well as their dosing regimen and schedule [113].

In terms of the two standard-of-care chemotherapeutic agents for melanoma, temozolomide
and dacarbazine, there are both in vitro and in vivo studies that explored combinations with various
oncolytic vectors. Specifically, an in vitro/in vivo study that tested the combination of dacarbazine with
ZD-55-IL18, an oncolytic adenovirus encoding for IL-18, showed that there is a synergy between these
two agents, observed in the induction of apoptosis of tumor cells, and inhibition of angiogenesis and
metastasis [113]. Another in vitro study conducted on melanoma cell lines treated with temozolomide
(TMZ) and another oncolytic adenovirus (Ad5/3.2xTyr) reported that TMZ enhanced the OV’s antitumor
effect without altering the expression of CAR or other viral receptors on cancer cells, but rather
by blocking the tumor cell’s cycle in the S/G2 phase, providing a better intracellular environment
for the viral replicative cycle to develop. This finding is consistent with the higher number of genome
copies detected inside infected tumor cells [114].
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By way of conclusion, we could say that the combinatorial approach based on chemotherapy and
oncolytic viruses is promising, but like every other approach, it has to face some challenges to push
researchers even further. It is clear that there are some incompatibilities between chemotherapy and
OVs [114] which must be taken into account when designing new combinations:

• Many chemotherapeutic agents induce apoptosis in cancer cells, while OVs need actively dividing
cells to complete their replicative cycle successfully;

• Other chemotherapeutic drugs target angiogenetic mechanisms to impair tumor expansion,
but this would also affect viral trafficking inside the tumor mass;

• The immune modulation exerted by some chemotherapeutic drugs could dampen the antitumor
immune response triggered by OVs.

We must consider all of these notions to reach a combination that can work effectively with
a synergistic interaction.

5.3. OVs with Radiotherapy—Future Prospects

Anticancer synergistic interaction of radiation and OVs therapy has solid backing in the literature,
and the enhancement of viral replication due to radiotherapy has been reported in different in vitro
and in vivo models such as lung cancer and pleural mesothelioma [115,116]. In melanoma, apart from
the clear and demonstrated efficacy of both approaches as a monotherapy to kill cancer cells [32],
the synergy is due to three other aspects:

• Radiotherapy may reduce the internal pressure within the tumor mass, making it easier for the OV
to penetrate it and work properly.

• Some OVs, such as vesicular stomatitis virus (VSV) or HSV, are able to preferentially target
Ras-mutated cancer cells (Ras is one of the driver mutations in melanoma). Since Ras mutations
in cancer cells are associated with resistance to radiotherapy, OVs which can target these cells will
exert a complementary therapeutic effect to radiotherapy.

• Infection of melanoma cells by OVs will lead to a release of cytokines like TNFα or TRAIL, which
can sensitize tumor cells to radiation therapy.

Twigger et al. tried to combine an oncolytic reovirus with radiation therapy in a variety
of melanoma cell lines, observing that the combination yielded a statistically significant enhancement
of viral cytotoxicity without affecting reoviral replication rates, but with an increase in apoptosis of cancer
cells [117]. In another preclinical study, Kyula et al. investigated the combination of an oncolytic
Vaccinia virus and radiotherapy in BRAF-mutated, Ras-mutated and wild type melanoma cell lines.
Results showed that in melanoma cells that carried V600D or V600E BRAF mutations there had been
an increased apoptosis [42]. Also, the combination of reovirus and radiation has shown to increase the
tumor growth delay of the melanoma xenografts in the treated animals, and significantly improve
the overall survival rate compared to the treatment with either of the individual therapies [118].
Importantly, Ras mutation is one of the driver mutations for melanoma and is associated with
radio-resistance [58]. However, some viruses like: reovirus, VSV and HSV have been able to selectively
target the Ras mutated melanoma cells and mediate cell death [119]. Therefore, oncolytic vectors
able to lyse the radiation-resistant melanoma cells can exhibit a complementary therapeutic effect
to radiotherapy. There are many ongoing attempts to find the optimal way to combine these two
strategies to maximize the antitumor effect preclinically. More investigations are needed to understand
how to exploit this combination in the complex context of metastatic unresectable melanomas and
their application in clinics.
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6. Conclusions

The discovery of T cell checkpoint inhibitors and oncolytic virotherapy has changed the paradigm
of oncologic treatment for some cancer types and showed a transition pattern from conventional
therapies towards immuno-oncology. Oncolytic viruses can induce anti-tumor immunity and lead to
the infiltration of TILs. In turn, a checkpoint blockade can prevent inhibition of T cell activity. Therefore,
the combination of those agents seems to be a potent treatment regimen to combat immunogenic cancer
types such as melanoma.
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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) is a devastating malignancy with a
poor prognosis and a dismal survival rate. Oncolytic virus (OV) is an anticancer approach that utilizes
replication-competent viruses to preferentially infect and kill tumor cells. Vesicular stomatitis virus
(VSV), one such OV, is already in several phase I clinical trials against different malignancies. VSV-
based recombinant viruses are effective OVs against a majority of tested PDAC cell lines. However,
some PDAC cell lines are resistant to VSV. This review discusses multiple mechanisms responsible
for the resistance of some PDACs to VSV-based OV therapy, as well multiple rational approaches
to enhance permissiveness of PDACs to VSV and expand the spectrum of PDACs responsive to
VSV-based oncolytic virotherapy.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a devastating malignancy with poor prognosis
and a dismal survival rate, expected to become the second leading cause of cancer-related deaths in
the United States. Oncolytic virus (OV) is an anticancer approach that utilizes replication-competent
viruses to preferentially infect and kill tumor cells. Vesicular stomatitis virus (VSV), one such OV,
is already in several phase I clinical trials against different malignancies. VSV-based recombinant
viruses are effective OVs against a majority of tested PDAC cell lines. However, some PDAC cell
lines are resistant to VSV. Upregulated type I IFN signaling and constitutive expression of a subset
of interferon-simulated genes (ISGs) play a major role in such resistance, while other mechanisms,
such as inefficient viral attachment and resistance to VSV-mediated apoptosis, also play a role in
some PDACs. Several alternative approaches have been shown to break the resistance of PDACs to
VSV without compromising VSV oncoselectivity, including (i) combinations of VSV with JAK1/2
inhibitors (such as ruxolitinib); (ii) triple combinations of VSV with ruxolitinib and polycations
improving both VSV replication and attachment; (iii) combinations of VSV with chemotherapeutic
drugs (such as paclitaxel) arresting cells in the G2/M phase; (iv) arming VSV with p53 transgenes;
(v) directed evolution approach producing more effective OVs. The latter study demonstrated
impressive long-term genomic stability of complex VSV recombinants encoding large transgenes,
supporting further clinical development of VSV as safe therapeutics for PDAC.

Keywords: oncolytic virus; virotherapy; pancreatic cancer; pancreatic ductal adenocarcinoma; vesic-
ular stomatitis virus

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pancreatic
neoplasm. It is a highly invasive malignancy, which forms a stromal desmoplastic reaction
(desmoplasia), characterized by a dramatic increase in the proliferation of alpha-smooth
muscle actin-positive fibroblasts and an increased production of many extracellular matrix
components [1]. Family history, diabetes, and smoking are the most well-established risk
factors for developing pancreatic cancer. Despite being only the 13th most common type
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of cancer, PDAC is the fourth-leading cause of cancer-related deaths and is predicted to
become the second-leading cause of cancer-related death by 2030, as incidence increases
while rates of survivorship remain stagnant due to late diagnosis and limited treatment
options [2].

KRAS, CDKN2A, TP53, and SMAD4 serve as driver genes for PDAC development, and
the vast majority of patients with fully established pancreatic cancer carry genetic defects
in at least one of these genes [3]. Mutations in KRAS are present in 90% of PDAC tumors,
95% of PDAC tumors have mutations in CDKN2A (encodes p16), 50–75% in TP53, and
SMAD4 (DPC4) is lost in approximately 50% of PDAC tumors [4]. Mutated KRAS oncogene
leads to an abnormal, constitutively active, Ras protein. This results in aberrant activation
of pathways responsible for survival and proliferation [5]. Inactivation of the tumor
suppressor gene CDKN2A results in the loss of p16, a protein that serves as a regulator of the
G1-S checkpoint of the cell cycle. Abnormalities in TP53 prevent it from acting as a tumor
suppressor protein, including its important role as a regulator of DNA-damage checkpoints.
Furthermore, many p53 mutants acquire devastating gain-of-function oncogenic activities,
actually promoting cell survival, proliferation, invasion, migration, chemoresistance, and
chronic inflammation. SMAD4 (DPC4) is related to the TGF-β signaling pathway, but some
mutations result in abnormal signaling by TGF-β, a transforming growth factor receptor
on the cell surface which can further increase the risk of cancer development by increasing
the rate of cell growth and replication. In addition, germline mutations within BRCA2,
BRCA1, ATM, and other genes were frequently identified in PDACs as inherited traits
increasing susceptibility to PDAC development later in life [6,7]. These genes, especially
when identified as being comorbid, are correlated with a significantly higher metastatic
burden [8–10].

The primary treatments for PDAC include surgery, chemotherapy, radiotherapy,
and palliative care [11]. Surgical resection still retains the greatest chance of success for
potentially curing PDAC, however late-stage diagnosis due to ambiguous symptoms
often results in tumors that are too-far progressed for surgery alone. Less than 25% of
patients that present with PDAC are eligible for surgical resection, and 5-year survivorship
of completely resected patients is approximately 37% [4]. In addition, even in patients
where surgical resection was performed with either preparatory or subsequent adjuvant
chemotherapy, there is a high rate of recurrence, and up to 80% of patients with recurrent
PDAC will relapse with local and/or distant disease, which is associated with mortality
within 2 years from diagnosis.

Recent advances in the understanding of the molecular biology, diagnosis, and staging
of PDAC will hopefully lead to greater progress in the development of novel treatment
approaches for PDAC patients. One such approach is oncolytic virus (OV) therapy, which
utilizes replication-competent viruses to preferentially infect, replicate in, and kill cancer
cells. In this review, we will discuss current advances with OV therapy for PDAC, with a
special focus on vesicular stomatitis virus (VSV), the major interest of our laboratory. For
comprehensive reviews of gene therapy for pancreatic cancer (unlike oncolytic virotherapy,
gene therapy is typically based on replication-defective viral vectors for transgene delivery),
we refer to these excellent papers [12,13].

2. Major Challenges with Current PDAC Treatments

Since 1997, gemcitabine-based chemotherapy has been the standard first-line treat-
ment for patients with unresectable locally advanced, or metastatic pancreatic cancer
with a median survival rate of 4.4–5.6 months, especially when patients are not healthy
enough for combination therapies [14]. Gemcitabine (dFdC) is an analog of deoxycytidine
and a pro-drug that, once transported into the cell, must be phosphorylated by cellular
deoxycytidine kinase to gemcitabine diphosphate (dFdCTP) and gemcitabine triphos-
phate (dFdCTP), both of which can inhibit processes required for DNA synthesis. Other
commonly used chemotherapies for pancreatic cancer include 5-fluorouracil (5-FU), oxali-
platin, albumin-bound paclitaxel, capecitabine, cisplatin, irinotecan, and docetaxel [15,16].

220



Cancers 2021, 13, 1171

Although several gemcitabine-based combination treatments exist, most have not consid-
erably improved survival. While some combinatorial chemotherapy treatments, such as
gemcitabine with erlotinib, have demonstrated potential for longer patient survival, the
majority of patients eventually experience tumor progression due to the development of
resistance, and therefore novel therapies are required, especially those that do not rely
solely on chemotherapeutic drugs [17,18].

The mechanisms of de novo or inherent resistance of PDACs to chemo- or radiother-
apeutics are not well understood. Several factors have been demonstrated to contribute
to such resistance, including (i) multiple factors associated with the nature of the PDAC
tumor microenvironment (TME) [19,20]; (ii) nucleoside transporters or/and nucleoside
enzymes affecting drug uptake and metabolism [21]; (iii) hypoxia-inducible factor-1 al-
pha (HIF-1α) regulated glucose metabolism [22]; (iv) stromal-derived Insulin-like Growth
Factors (IGFs) [23]; (v) abnormal expression of tumor-associated mucin proteins [24]; (vi)
IFN-related DNA-damage resistance signature (IRDS) of some tumors [25]. The under-
standing of chemoresistance of PDACs to chemotherapy is very important, as at least some
of these mechanisms could be also contributing to the resistance of PDACs to OV therapy.

The success of any treatment for PDAC is further complicated by the TME of PDAC,
which is characterized by dense stroma comprised of abundant fibroblasts, hypoxia, and
sparse vasculature. Moreover, the infiltration of tumor-promoting immune cells mediates
immune evasion and promotes tumor progression. The stroma surrounding the tumor
is primarily composed of pancreatic stellate cells (PSCs) which are activated by secreted
factors such as TNFα, TGF-β, and interleukins 1, 2, 10, and themselves secrete mucins,
collagen, fibronectin, and laminin in addition to some other factors, forming a thick extra-
cellular matrix (ECM). This composition generates an incredibly dense physical barrier,
to both host immune cells and potential therapeutics while also increasing interstitial
pressure, which, when combined with sparse vasculature, forms a hypoxic environment,
further inhibiting immune cells in terms of recruitment and effectiveness. PI3K/Akt, a
key downstream mediator of many receptor tyrosine kinase signaling pathways involved
in cell proliferation, migration, and inhibition of apoptosis, is phosphorylated under hy-
poxic conditions, along with MAPK (Erk), which regulates cell proliferation in response to
various growth factors, which have been associated with resistance to gemcitabine [26,27].
The limits on antitumor immune cell recruitment also leads to T-cell exhaustion resulting
in loss of cytotoxic effector function and further limits appropriate immune responses.
SDF-1α/CXCR4 signaling-induced activation of the intracellular FAK-AKT and ERK1/2
signaling pathways and a subsequent IL-6 autocrine loop in cancer cells can further increase
chemoresistance [28].

The low expression of nucleoside transporters (NT) and inactivity of nucleoside
enzymes (NE) both affect the activity of gemcitabine. Low expression of a nucleoside
transporter hENT1 restricts the uptake of gemcitabine, preventing its incorporation into
the DNA of replicating cancer cells, and high expression of hENT1 is related to longer
overall survival in pancreatic cancer patients [29,30]. The inactivation of deoxycytidine
kinase (dCK), an enzyme responsible for the initial phosphorylation of gemcitabine, also
mediates resistance. dCK is often inactivated in gemcitabine-resistant PDAC lines [31], and
knockdown of dCK has been shown to lead to the development of resistance [32], while
expression of a DCK transgene (along with uridine monophosphate kinase) sensitized
pancreatic cancer cells to gemcitabine [33].

Pancreatic cancers metabolize glucose at higher rates and show higher expression of
HIF-1α positively correlated with gemcitabine resistance [34,35]. HIF-1α increases glucose
uptake and metabolism in the cell and is stabilized by MUC1, a common biomarker for
cancers including PDAC [36]. Knockdown of HIF-1α in gemcitabine-resistant cells reduced
tumor cell survival following gemcitabine treatment, and treatment with digoxin, and HIF-
1α inhibitor, reduced glucose uptake and cell survival in cells treated with gemcitabine [37].
The increased glucose uptake under hypoxic conditions feeds into the glycolysis pathway
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and increases biomass; however, the exact mechanisms by which HIF-1α reduces sensitivity
to chemotherapeutics have yet to be determined.

In addition, stromal-derived IGFs activate the insulin/IGF1R survival signaling path-
way, reducing responsiveness to chemotherapeutics [38]. One proposed mechanism de-
scribes crosstalk between activated Insulin/IGF signaling pathways in PDAC. IGF-1 and
IGF-1R, which are known to be abundantly expressed in the PDAC tissue, can stimulate
β-cell proliferation and increase β-cell mass, increasing basal insulin production which
may alter the trophic effects of the endocrine cells on the exocrine cells. Endocrine β-
cells that express oncogenic K-ras can also be one potential progenitor for PDAC under
chronic tissue inflammation [39]. This is further supported by evidence that demonstrates
macrophages and myofibroblasts are the two major sources of IGFs within the pancreatic
tumor microenvironment, and that chemoresistance is increased when cytotoxic agents
increase M2-like macrophage infiltration [23]. For any novel therapies to be effective, they
should be able to address most if not all of these challenges.

The structural composition of mucins produced by cells in certain cancers, such as
breast and pancreatic cancers, has been suggested to limit immune cell recognition by
blocking infiltration [40]. Similarly, the dense mucin mesh prevents cellular uptake of
chemotherapeutics like gemcitabine and 5-FU within the tumor. MUC1 and MUV4 are
overexpressed and aberrantly glycosylated in the majority of pancreatic tumors [41]. Kalra
et al. demonstrated that the inhibition of mucin O-glycosylation enhanced the cytotoxic ef-
fects of 5-FU against human pancreatic cancer cell lines, but not against the mucin-deficient
cell line [40]. They suggest that preventing the formation of the mucin facilitates the diffu-
sion of drugs across the compromised mucus layer, improving intracellular drug uptake
and enhancing cytotoxic drug action. Elevated MUC1 and MUC4 expression have also been
correlated with greater degrees of resistance to gemcitabine [42]. It was also demonstrated
that gemcitabine-resistant cells had accentuated the non-oxidative branch of the pentose
phosphate pathway activity and increased pyrimidine biosynthesis, conferring resistance
by increased dCTP production. MUC1 and MUC4 overexpression was also shown to upreg-
ulate mdr genes in pancreatic cancer cells, including ABCC1, ABCC3, ABCC5, and ABCB1
genes [41,43]. MUC4 expression was shown to be conversely correlated with the expression
of hCNT1 and hCNT3 transporters, preventing uptake of chemotherapeutic drugs like
gemcitabine, and hCNT1 is upregulated when MUC4 is inhibited, resulting in increased
drug sensitivity [44]. Finally, MUC4-overexpressing CD18/HPAF-Src were not sensitive to
gemcitabine, conferring resistance and survival advantages through erbB2-dependent and
anti-apoptotic pathways [45]. Altogether, mucins including MUC1 and MUC4 have been
demonstrated to be highly overexpressed and aberrantly glycosylated in pancreatic cancer
cells, conferring resistance to various chemotherapies and the downregulation of these
oncoproteins may represent a promising therapeutic strategy for reversing chemoresistance
and reducing tumor progression and mass.

Type I IFN signaling is upregulated in some tumors responding to chemotherapy and
can have antitumor as well as pro-tumor effects. The expression of a type I IFN-related
DNA-damage resistance signature (IRDS) was reported to correlate with resistance to
chemotherapy and radiotherapy in multiple cancer types. In breast cancer, the IRDS has
been implicated in the development of chemoresistance, which may be another potential
mechanism of resistance in PDACs as well [25]. The STAT1/IFN pathway transmits a
cytotoxic signal either in response to DNA damage or to IFNs, such as in the case of viral
infection. Cells with an IRDS (+) profile show constitutive activation of the STAT1/IFN
pathway. Interestingly, this chronically activated state of the STAT1/IFN pathway may
select against transmission of a cytotoxic signal, instead resulting in pro-survival signals
mediated by STAT1 and other IRDS genes [25]. In agreement with this mechanism, STAT1
is highly upregulated in many cancers, including PDAC, and protects SCC-61 cells from
ionizing radiation-mediated death [46]. STAT1 may also induce resistance with other
DNA damage-based treatments, such as gemcitabine, and may transduce survival/growth
signals that enhance tumor survival under some conditions [47]. Sensitivity to DNA
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damage is coupled with sensitivity to IFNs such that selection for resistance to one may
lead to resistance to the other [48], which could prove to be a problem with not only chemo-
and radiotherapies, but OV treatments as well.

3. Overview of Common Experimental Models to Study OV Therapy in PDAC

Oncolytic virus (OV) therapy is a relatively novel anticancer approach. Effective OV
therapy is dependent on the oncoselectivity of OVs—their ability to preferentially infect,
replicate in and kill infected cancer cells without damaging nonmalignant (“normal”) cells.
The ideal OV therapy not only requires the direct lysis of cancer cells by the virus but also
activates innate and adaptive anticancer immune responses [49] (Figure 1).

Figure 1. General Overview of Oncolytic Virotherapy. This figure demonstrates the general method
of action for the treatment of cancer by oncolytic virotherapy using VSV as an oncolytic virus.
The images depict the infection and oncolysis of malignant cells over time, followed by immunos-
timulation of cells invading the cleared area. The figure was created by authors with BioRender
software (BioRender.com).

Preclinical PDAC models are critical for understanding the biology of PDAC, are
platforms for developing novel strategies against PDAC, and are a necessary part of the
drug development pipeline. There are several features of an ideal PDAC model system
to develop clinically relevant OV therapy against PDAC: (1) the ability to test OV against
different PDACs, characterized by various responsiveness to different therapies, including
OV therapy; (2) the model should recapitulate a complex TME of PDACs; (3) tractability of
the model, including the ability to trace both tumor cells and OV; (4) the ability to deliver
OV systemically, as the PDAC are difficult to access; (5) the ability to detect and evaluate
innate and adaptive immune responses against both tumor cells and OV. Unfortunately,
there is no single PDAC model that successfully recapitulates all these critical features
and challenges of the disease. However, there are numerous models for PDAC, each with
unique advantages and disadvantages. Here, we will briefly review the advantages and
disadvantages of various in vitro and in vivo models of PDAC and how they can contribute
to the development of OV therapeutics.

3.1. In Vitro Systems
3.1.1. PDAC Cell Lines

Numerous human PDAC cell lines have been established and can be characterized
by their distinctive genotypic and phenotypic variations, including their relative permis-
siveness or resistance to OV infection [50–52]. Utilizing cell lines as a model system offers
several advantages for studying PDAC, including easy propagation and indefinite growth.
These features represent a cost-effective and consistent model that can easily be used to
study molecular mechanisms and biomarkers of resistance or permissiveness of PDAC
cells to OVs [50,52]. While cell line-based approaches represent quick, straightforward,
and consistent models, several features reduce their clinical translatability. First, the homo-
geneous nature of cell line models fails to accurately represent the heterogeneous nature
of typical in vivo tumors, including PDAC [53]. Indeed, cell lines are under selection
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for mutations and phenotypes allowing growth advantage in a monolayer, however, the
selection mechanisms in vivo are different [54]. In fact, established PDAC cell lines not
only lose the heterogeneity present in the primary tumor, but the evolution of these cell
lines to grow in culture may obscure genetic aberrations present in the primary tumor [52].
Additionally, many PDAC cell lines are originated from metastasized disease, so the ability
to study PDAC progression is severely limited. Secondly, cell lines cultured in a monolayer
lack the important three-dimensional structure and function as seen in vivo [54]. Thirdly,
the PDAC cell line model fails to represent the TME, which is understood to be a dynamic
player in PDAC tumor progression [54]. Lastly, cultured cell lines lack selection pressure
from the host adaptive immune system, thus leaving mutations necessary for evading host
immunity underrepresented. The outcome of the OV therapy depends on the complex in-
teraction between tumor cells, virus, and innate and adaptive immune systems of the host.
One of the desirable outcomes of this interaction is OV-mediated stimulation of immune
response against tumor cells. However, normal PDAC stromal cells can induce innate
antiviral responses against OV replicating in tumor cells, and adaptive immune response
can prematurely clear virus infection instead of targeting tumor cells. Unfortunately, cell
culture-based models cannot address these important issues.

Even given the disadvantages of the cell line model, it is a good starting proof-
of-principle platform that has allowed our group to investigate mechanisms regarding
responsiveness or resistance to OV therapy [50,51,55–62]. For example, our group is
interested in understanding why/how certain PDAC cell lines are more resistant to VSV
infection than other PDAC cell lines [50]. The cell line model in this aspect allows for
reliable comparative measurements of virus replication, spread, and cell lysis. Additionally,
the cell line model allows for relatively straightforward screening of both cellular and viral
genes and proteins of interest. Cell line models allow for efficient virus tractability through
reporter genes such as GFP [63]. Additionally, cell culture-based systems allow innovative
imaging approaches for single-cell real-time analysis of OV replication and efficacy in
pancreatic cancer cells [64].

Depending on the nature of the investigation, either human or murine PDAC cell lines
can be used. Human PDAC cells, derived from primary pancreatic tumors or “cell line-
derived xenograft (CDX)” models, have been used since as early as 1963 to characterize and
test anti-cancer drugs [65]. The use of human PDAC cells provides the obvious benefit of
having the same genetic makeup of the human disease, including key PDAC mutations in
KRAS, CDKN2A, p53, and SMAD4 [3]. Although using human PDAC cell lines as a model
has numerous informative applications, this model has a limited ability for consequent
in vivo studies. If using human PDAC cell lines, researchers are limited to T cell-deficient
nude athymic (nude), or B and T cell-deficient severe combined immunodeficient (SCID)
mice [66,67]. As will be later discussed in this review, while such in vivo models have
many applications, they lack the ability to assess the role of the adaptive immune system
against PDAC as well as OV, both important when determining the efficacy of potential
OV therapeutics.

To circumvent this caveat, murine PDAC cell lines can be used. Using murine PDAC
cells derived from murine PDAC tumors allows researchers to establish PDAC in immuno-
competent mice, allowing for the study of OV therapy in the presence of the functional
adaptive immune system. One notable drawback to this model is the potential genetic
dissimilarity (and thus clinical translatability) between mouse and human PDAC cells.

Generally, murine PDAC cell lines are originated from mice that have PDAC due
to either chemical induction or genetic modifications in genetically engineered mouse
model (GEMM). Once commonly used PDAC cell line that was cultured from a chemically
induced PDAC tumor is Panc02, which has been extensively used for PDAC research [68].
The PDAC tumor from which it was derived was established by implanting 3-methyl-
cholanthrene (3-MCA)-saturated threads of cotton in the pancreas of C57BL/6 mice. De-
spite its long-term use in evaluating various therapeutic strategies, Panc02 cells lack clinical
significance for PDAC due to the absence of some common mutations found in human
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PDAC. More relevant murine PDAC cell lines are originated from the KPC mouse model
of PDAC (LSL- KrasG12D; LSL-Trp53R173H; Pdx1-Cre) [68]. KPC mice develop spontaneous
PDAC which closely resemble the genetics, physiology, tumor progression, and metastatic
hallmarks of human PDAC [69], and will be described in more detail later in this review.

3.1.2. PDAC Organoid Cultures

To better address the lack of 3D structure and function of 2D models, 3D organoid
(organ-like) structures may be used that self-organize into structures that more closely
resemble the in vivo tissue structure, composition, and function [70]. To model PDAC,
normal or cancerous pancreatic ductal cells are typically embedded in Matrigel™, which
contains important components of basement membrane and growth factors. Pancreatic
ductal cells form polarized structures due to the cell–cell contacts and cell-matrix interac-
tions, which can greatly influence gene expression when compared to 2D cultures [71]. The
ability to better mimic the complex 3D architecture of PDAC in vitro is a valuable platform
for testing drug delivery, pharmacokinetics, efficacy, and drug resistance. One of the key
advantages of the organoid model is the ability to study PDAC progression by comparing
normal pancreatic, preneoplastic, and PDAC cell-based organoids. Better understanding at
what phases PDAC is more susceptible or resistant to OV therapy is of particular interest to
our group, and such a model represents an unparalleled system for controlled disease pro-
gression and visibility. Although organoids have many promising potential applications,
there are still limitations. First, this organoid model system is synthetic and the mutational
selection is not well understood [72]. Second, many of these models are solely epithelial
tissue layers, lacking important elements of the tumor microenvironment such as immune
cells, nervous cells, mesenchyme, muscular layers, etc. [73]. This limitation is addressed
in more realistic organoid models of PDAC, or, “PDACoids” are additionally co-cultured
with stromal components like cancer-associated fibroblasts (CAFs), PSCs, endothelial cells,
and immune cells to better mimic the dense stroma which typically represents up to 90%
of the tumor volume and is a major player in PDAC tumor progression and therapeutic
resistance [74]. Thirdly, the organoid model fails to address the complex immune system
dynamics as in the human disease [75]. Unfortunately, even as organoid models continue to
progress towards the true complexity of the in vivo tumor, the immune microenvironment
around a tumor is exceedingly difficult to truly recapitulate in vitro. Despite the limitations
of organoids, this technology has great potential and use to more closely model human
tumors. We would like to refer to a more exhaustive review of 3D cell culture approaches,
including the spheroid model systems here [76].

PDAC organoid cultures offer a more realistic model to study OV delivery, replication,
cell lysis, and oncoselectivity, as they better mimic the 3D organization and complexity of
the human disease. Recent studies showed that an adenovirus-based OV exhibited good
oncoselectivity, with replication only occurring in organoids from PDAC tumors. The
group also concluded that the cytotoxicity observed in PDAC organoids was predictive
of antitumor efficacy in both subcutaneous (SC) and orthotopic xenograft models [77].
Although VSV has not yet been tested in a PDAC organoid setting, other OVs used so
far [64,78,79] have been promising and provide a more predictive model for in vivo disease.

3.2. In Vivo Murine Model Systems

Murine models for human PDAC research are useful tools as mice and humans have
comparable anatomic, cellular, and genomic features, including tumor biology [80]. For
the scope of this review, we will focus on murine-based in vivo model systems, however
in vivo PDAC models from alternative species are also used, and we refer to these excellent
articles [81,82].

Murine models of PDAC can help both researchers and clinicians to better understand
the onset, development, and metastatic processes of this disease, as well as to explore new
therapeutic modalities such as OV therapy. Ideally, a murine model of PDAC should have
the following features: (1) consistent PDAC disease progression similar to that of human
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disease from precursor lesions to PanIN and then PDAC [83]; (2) Cancerous phenotype sim-
ilar to that in human disease demonstrating the common hallmarks such as anti-apoptosis,
immune evasion and suppression, dense fibrosis/desmoplasia, and metastasis; (3) Should
address the phenotypic and genetic heterogeneity as seen in human disease; (4) A reliable,
consistent, and relatively quick time to tumor establishment; (5) Ability to study innate
immune responses to PDAC cells as wells as OV; (6) Ability to track in vivo both tumor
cells and OV. Here, we will briefly review the advantages and disadvantages of common
in vivo PDAC models, and how they pertain to the development of OV therapeutics. We
will break down these models by the genetic background of the mouse, and how PDAC
is established in the mouse. For more comprehensive reviews of in vivo PDAC model
systems, we refer to these papers [84,85].

3.2.1. Human Cell Line Derived Xenograft (CDX) and Patient-Derived Xenograft
(PDX) Models

Human CDX and PDX xenograft PDAC models are used by introducing PDAC cell
lines (CDX) or primary tumor tissues (PDX) into immunocompromised mice (nude or
SCID), commonly via SC injection [86]. These are useful models for studies not focused
on antitumor immune responses, such as drug screenings as it is procedurally relatively
simple and economical [87]. The SC CDX and PDX models have additional advantages:
(1) the tumor has good tractability and is relatively easy to measure, even in the absence of
reporter genes (e.g., luciferase); (2) depending on the growth rate of the cell line, tumors
can be palpable within 2–6 weeks [85], and (3) this model allows for direct intratumoral
injection of chemotherapeutics or OVs, and subsequent evaluation. However, these models
have serious limitations for studying PDACs, which most often develop metastatic tumors,
and SC tumors typically fail to metastasize. Furthermore, the CDX model is characterized
by the loss of genetic heterogeneity in culture, whereas the PDX model at least retains some
of the patients’ original genetic heterogeneity [88].

The orthotopic CDX and PDX xenograft PDAC models are more clinically relevant.
In those models, PDAC cells or primary tumor tissues are injected/implanted into the
pancreas of nude or SCID mice, which better recapitulates primary human tumors and
are more likely to provide metastases and show more relevant tumor microenvironment
compared to the SC model [89,90]. However, this approach is more procedurally chal-
lenging and requires special imaging techniques such as ultrasonography or an in vivo
imaging system (IVIS) in concert with PDAC cells that express a reporter gene such as
luciferase [67,89]. Moreover, ideally, the second reporter gene (e.g., for red fluorescent pro-
tein) should be encoded by OV to track virus spread in the tumors (primary and metastatic)
and potential spread to normal tissues. The major limitation of all human CDX and PDX
xenograft PDAC models (SC and orthotopic) is the lack of host immunity that both limits
the study of OV-mediated adaptive antitumor and antiviral immunity and the robustness
of the host, as immunocompromised mice typically exhibit susceptibility to infections and
other health problems [91].

3.2.2. Humanized Murine Model

The use of human CDX and PDX models are severely limited when investigating the
dynamic interplay between the tumor, tumor microenvironment, and immune system while
studying human PDACs. To compensate for this, researchers have developed humanized
murine models, where mice are engineered to express components of the human immune
system [92,93]. Humanized mice were created by establishing mutations in the IL2 receptor
common chain (IL2rgnull) in the non-obese diabetic (NOD)/SCID background [94,95]. With
the combined lack of NK cell activity from the NOD background and the impaired B and T
cell response from the SCID background, this model can support the implantation of human
tissue, peripheral blood mononuclear cells (PBMCs) and hematopoietic stem cells (HSCs),
allowing for the modeling of human adaptive immunity in immunocompetent mice [93,96].
It is important to note that, although these models allow for studies involving the adaptive
immune system, these mice do not have the complete human immune system. This model
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has shortcomings such as limited lymph node development, HLA incompatibility between
grafted human immune components and PDAC cells/tissue, and limited ability to mimic
human immune cell trafficking [97]. Traditionally, human PDAC is characterized as non-
immunogenic or “cold” tumors due to its lack of T-cell infiltration and immunosuppressive
microenvironment [98]. However, tumor implantations in humanized murine models can
cause T-cell infiltrations due to lack of histocompatibility, therefore changing classical cold
tumors into artificially hot tumors, which can subsequently lead to false-positive results
in immunotherapeutic investigations. Some studies have utilized the humanized murine
model to try and better understand the role of the adaptive immune system and its role
in anti-tumor immunity in the context of OV therapy [99]. While these studies may offer
some insights into the role of anti-tumor immunity during OV therapy, there are many
caveats to this model that still need to be addressed.

3.2.3. Genetically Engineered Mouse Models (GEMMs)

The KPC Murine KPC cell lines provide a bridge between the need to recapitulate
human PDAC disease phenotype and the use of immunocompetent in vivo murine models.
This model was developed when they used a Cre/LoxP approach to express a mutant
KRAS allele exclusively in pancreatic progenitor cells, causing the development of PanIN
lesions which subsequently progressed to PDAC, but only after a prolonged latency period,
as KRAS mutations alone are not sufficient for PDAC development [100]. This GEMM
model mimics the classical characteristic of human PDAC, including the pronounced
desmoplastic stromal reaction [100,101].

Since, numerous GEMM models have been developed to also include classical human
PDAC mutations such as in TP53, SMAD4, CDKN2A, TGF-β, and INK4A. The details of
these models are beyond the scope of this review, are more comprehensively described
in other reviews [102–104]. As mentioned above, currently, the most commonly used
model is LSL-KRASG12D; LSL-Trp53R172H; PDX-1-Cre (KPC, stands for: Kras, p53, and
Cre) mouse (C57BL6 genetic background). Unlike predecessor GEMM models, such as
the LSL-KRASG12D; PDX-1-Cre (KC) mouse, the KPC model creates advanced PDAC with
classical human PDAC effects such as cachexia, abdominal distension, bowel and biliary
obstruction. PDAC progression in KPC models closely resembles that of human disease as
they develop PanIN within 8–10 weeks, followed by invasive and metastatic tumors by
16 weeks, along with the characteristic PDAC desmoplastic stromal reaction [69]. As the
disease progresses, the tumor will predictably metastasize to the liver, lung, diaphragm and
adrenals, as seen in the human disease. The KPC model, and GEMMs generally, provide
the advantage of being able to investigate potential biomarkers, novel diagnostics, and/or
therapeutics in the early stages of PDAC, and in the presence of the functional adaptive
immune system [105,106]. The KPC model is an attractive platform for investigating the
efficacy of OV therapies, due to the high semblance of PDAC disease and immune status
of this model compared to that of the human disease.

This model does however have disadvantages. First, although resulting PDAC in
the KPC model is very similar to that of the human disease, tumors are of murine origin
and will therefore have inherent differences compared to human disease. Additionally,
the development of KPC mice is labor-intensive, costly to upkeep, and tumor initiation
and formation take up to or greater than one year [107]. As well, tractability is limited as
monitoring tumor progression requires specialized equipment that might not be available
to all labs [108]. These technical drawbacks of this model make it less than ideal for OV
therapy testing.

As the vital and therapeutic role of the immune system continues to be acknowledged
during OV therapy, it should be standard to use a murine model with a competent immune
system. GEMMs, such as KPC mice, represent such a model but can be limited due to high
costs, labor intensity, and long tumor formation periods. Syngeneic murine models are
developed by introducing murine tumor cells or tissues into immunocompetent mice of the
same or similar genetic background either SC or orthotopically, i.e., implanting PDAC cells
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or tissue from a C57BL6 background mouse into a “wild-type” (WT) C57BL6 mouse. One
of the earliest murine PDAC cell lines cultured, Panc02, was established from chemically
induced PDAC in 1984 [68]. However, due to the artificial induction from which these
cells arose, they do not harbor classical mutations as in human disease, such as KRAS and
p53 [109]. A promising alternative is the KPC cell lines, which originated from the KPC
mice and containing clinically relevant genetic mutations [63]. Syngeneic murine models
can be established in immunocompetent mice either orthotopically or SC, both having the
unique advantages and disadvantages. Both approaches provide the important feature
of exhibiting a full immune system. The process of injecting syngeneic PDAC cells SC
is procedurally less laborious, and tumor tractability is good, but the SC approach lacks
the overall clinical relevance compared to orthotopic due to the tumor not being in the
pancreas, and its lack of reliable metastasis. The main limitation in the orthotopic approach
is the lack of PDAC cell tractability. However, luciferase can be genetically engineered into
the PDAC cell lines to be implanted, allowing for much easier tumor imaging by measuring
intensity of bioluminescence [102]. Other methods of syngeneic cell line delivery include
intravenous, intraperitoneal, and intrasplenic, which have been used to provide models for
lung, peritoneal, lymph node, and liver metastasis, respectively [110–112]. Our group is
currently developing the syngeneic KPC cell line model system for studying VSV-based OV
therapy against PDAC (i.e., location, tumor microenvironment, immune system), without
the high costs and long development times of GEMM models. A key highlight of this
system is tractability of both tumor cells as well as VSV via encoded far-red fluorescent
protein, and this system utilizes several alternative KPC cell lines that have been engineered
to express luciferase, so tumor growth and subsequent metastasis can be tracked and
measured easily [113,114].

In conclusion, different preclinical PDAC models provide platforms to study impor-
tant aspects of PDAC tumor biology, and potential treatments. The in vitro PDAC cell
line model allows for large-scale and/or high throughput screenings, as well as determin-
ing basic infectivity to OVs and innate immune status but lacks obvious physiological
components such as a full immune system, tumor microenvironment, metastasis, and
early progression. The in vitro organoid model shares many features of the PDAC cell
line model, but better addresses tumor heterogeneity, tumor microenvironment, and dis-
ease progression. In vivo PDX models allow similar genetic representation of the human
disease by using human-derived tissue, but lack major clinical features of PDAC such
as early disease progression, complete immune system, and tumor microenvironment
(if implanted SC), as PDXs must typically be implanted into an immunocompromised
mouse. The humanized mouse model is a PDX alternative, better allows for studies of
immune system interactions with both the tumor and tumor microenvironment, as well as
potential immune-modulating treatments such as OV therapy. GEMMs, and in particular
the KPC model, best recapitulate human PDAC in full, and are the most ideal systems
for research purposes. Unfortunately, GEMM models are time-consuming and costly. The
syngeneic model is far less time-consuming than the GEMM KPC model, and shares most
of its beneficial features, with the exception of early disease progression studies. Each of
these model systems have strengths and weaknesses, and the most suitable model depends
on what questions are being asked. It is therefore important to understand the unique
advantages and disadvantages of each PDAC model system.

In this review, we will discuss current advances with OV therapy for PDAC, with a
special focus on VSV, the major interest of our laboratory. While other OV will be discussed
in the current review, we would like to refer to other reviews which give a more general
overview of OV therapy for pancreatic cancer [115–118].

4. Overview of the Current Progress in OV Therapy for PDAC

In 2015, the FDA approved Talimogene laherparepvec (T-VEC; Imlygic™), a geneti-
cally modified herpes simplex virus, to treat melanoma [119]. T-VEC is the first and still
the only FDA-approved OV. However, numerous OVs are currently in preclinical studies
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and clinical trials for various malignancies, including PDAC. Tables 1 and 2 summarize
the results of preclinical studies (Table 1) and clinical trials (Table 2) of various oncolytic
viruses against pancreatic cancer.

Preclinical studies demonstrated that a wide range of different viruses could be
efficient OVs against PDAC (Table 1).

Additionally, gene therapy targets, such as oncogene knockdown, insertion of func-
tional tumor-suppressor genes, and expression of functional RNAs also demonstrate
improved cancer-killing efficacy when combined with OV. One method uses adenoviruses
and adeno-associated viruses to deliver apoptotic genes to tumor cells. Such gene therapy
using Adenovirus subtype 5 mediates rat insulin promoter directed thymidine kinase
(A-5-RIP-TK)/ganciclovir (GCV) gene therapy resulting in significantly enhanced cytotox-
icity to both Panc1 and MiaPaCa2 pancreatic cancer cells in vitro [176]. Another review
explored the potential use of OV expressing functional p53 [117]. Another method would
use OV to deliver siRNA transgenes for oncogenetic knockdown, such as ONYX-411-
siRNAras expressing a mutant K-ras siRNA which significantly reduced K-ras mRNA
expression at 48 h posttreatment and improved oncolytic activity [134]. The inclusion of an
endostatin-angiostatin fusion gene in VVhEA also showed significant antitumor potency
in vivo [152].

There have been many experiments screening for more effective virotherapies within
available libraries, and modulated viruses such as the adenovirus Ad∆CAR-SYE has been
shown to significantly suppress tumor growth, and complete regression of tumors was
observed in vivo [129]. In addition, more efficient and tumor-specific targeting peptides
and OV could be identified by using additional libraries, and modifications to existing OV
based on these findings are also promising. Such modifications have been shown to be
effective, with the adenoviruses VCN-01 variants ICOVIR-15K and ICOVIR-17 [130]. As
discussed previously, the ability of the OV to modulate the ECM was observed, as tumors
treated with VCN-01 showed a dramatic decrease in the intratumoral HA content [130].
Other adenoviral variants such as Ad5PTDf35(pp65) have also demonstrated T-cell stimu-
lation and dendritic cell (DC) modulation to increase efficient transduction within a human
context [133].

Combinatorial treatments of chemotherapies, or chemovirotherapy, such as OV paired
gemcitabine, have demonstrated improved oncolytic capabilities in vitro and in vivo than
either treatment on their own. In vitro and in vivo studies showed that myxoma virus
(MYXV) and gemcitabine therapies can be combined sequentially to improve the overall
survival in intraperitoneal dissemination (IPD) models of pancreatic cancer [177]. The
addition of chemotherapies to OV therapy using a combination of an oncolytic herpes sim-
plex virus-1 mutant NV1066 with 5-FU increased viral replication up to 19-fold compared
with cells treated with virus alone, and similar results were achieved by the addition of
gemcitabine [125]. Similarly, oVV-Smac combined with gemcitabine greater cytotoxicity
and potentiated apoptosis [148]. H-1PV combined with cisplatin, vincristine or sunitinib
induced effective immunostimulation via a pronounced DC maturation, better cytokine
release and cytotoxic T-cell activation [154]. The addition of gene targets alongside chemovi-
rotherapy has also shown greater cytotoxic efficiency, as with VV-ING4 in combination
with gemcitabine [150]. Even in cell lines that demonstrate resistance to viral infection, re-
sistance can be broken with simultaneous treatments. Viruses like VSV rely on nonspecific
interactions with the cell surface during the earliest stages of infections, and polycations
have been shown to improve viral production and increase oncolysis by increasing the
amount of virus interacting with cells during attachment [60]. Additionally, the use of JAK
inhibitors like ruxotinilib and IKK inhibitors like TPCA-1 have also been shown to increase
viral reproduction and oncolysis [56,60]. Other potential combinatorial treatment regimens
could include radiovirotherapy or chemoradiotherapy.
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Some of these treatment methodologies are already being tested in clinical trials.
Table 2 describes the OV currently being tested in clinical trials, and while some are still
underway, OV including ONYX-15, AD5-yCD, and T-VEC are well-tolerated, and in some
cases, biologically active, either alone or in combination chemovirotherapies [167–171,174].

5. Understanding Molecular Mechanisms of Responsiveness and Resistance of
PDACs to VSV-Based OV Therapy

VSV is a prototypic nonsegmented negative-strand (NNS) RNA virus (order Monone-
gavirales, family Rhabdoviridae). VSV is a promising oncolytic virus against various ma-
lignancies, and it has several advantages as an OV [178–180]: (i) its basic biology and
interaction with the host have been extensively studied. The oncoselectivity of VSV is
mainly based on VSV’s high sensitivity to Type I interferon (IFN) mediated antiviral
responses (and therefore inability to replicate in healthy cells), while it can specifically
infect and kill tumor response cells, most of which lack effective Type I IFN responses;
(ii) although WT VSV can cause neurotoxicity in mice, nonhuman primates, several VSV
recombinants, including VSV-∆M51, have been generated which are not neurotropic but
retain their OV activity; (iii) VSV has a broad tropism for different types of cancer cells
(including PDACs), as its primary mode of entry into a host cell utilizes binding of the
VSV-G protein to LDLR, which is ubiquitous, and VSV-G is also capable of using other
common surface molecules for cell entry [179]; (iv) there is no preexisting immunity against
VSV in most humans; (v) replication occurs in the cytoplasm without risk of host cell trans-
formation; (vi) cellular uptake occurs rapidly; (vii) VSV has a small, easily manipulated
genome, and novel VSV-based recombinant viruses can be easily engineered via reverse ge-
netics to improve oncoselectivity, safety, oncotoxicity, and to work synergistically with host
immunity and/or other therapies in a specific tumor environment (e.g., PDAC); (viii) as
other members of the order Mononegavirales, and compared to positive-strand RNA viruses,
VSV is less likely to mutate, and our recent study demonstrated long-term genetic stability
of VSV recombinants carrying large transgenes [62]. All these and other advantages make
VSV a promising candidate OV for PDAC treatment, and we have shown that VSV is
effective against the majority of PDAC cell lines in vitro and in vivo [50,51]. Importantly,
several phase I clinical trials using VSV against different malignancies are in progress
(ClinicalTrials.gov for trials NCT03647163, NCT02923466, NCT03120624, NCT03865212,
and NCT03017820).

VSV exhibits inherent oncotropism based largely on defective or reduced type I
IFN responses, as specific genes associated with type I IFN responses are downregu-
lated or functionally inactive [165,181]. In addition, IFN signaling can be inhibited by
MEK/ERK signaling or by epigenetic silencing of IFN-responsive transcription factors
IRF7 or IRF5 [182,183]. However, some PDACs do not have these defects and resist VSV
infection like normal cells, which are sensitive to IFN-α treatment and capable of secreting
type I IFNs following VSV infection [184].

There has been a demonstration of neurotoxicity in mice infected intranasally or
intracranially, demonstrating a need for methods of improvement of VSV oncoselectivity
and neurotropic safety without compromising oncolytic ability. There are at least eight
approaches demonstrated to address these needs [178–180]: (i) mutating the VSV M protein;
(ii) VSV-directed IFN-β expression; (iii) attenuation of VSV through disruption of normal
gene order; (iv) mutating the VSV G protein; (v) introducing targets for microRNA from
normal cells into the VSV genome; (vi) pseudotyping VSV; (vii) experimental adaptation
of VSV to cancer cells; and (viii) using semi-replicative VSV. Most of the studies in our
laboratory focus on VSV-∆M51 recombinants containing a deletion of the methionine
residue at position 51 of the M protein, VSV-∆M51. This mutation results in an inability
of VSV-M to inhibit nucleus-to-cytoplasm transport of cellular mRNA, including antiviral
transcripts, in normal cells with functional antiviral signaling [185,186].

Our laboratory has characterized numerous human PDAC cells lines and discovered
a wide range of susceptibility and permissiveness of different PDAC cell lines to VSV and
other tested OVs [50,51,56,58–61]. The range includes “super-permissive” cell lines (such
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as MIA PaCa-2 and Capan1), “super-resistant” cell lines (such as HPAF-II, Hs766T), and
well as many cell lines in between (such as SUIT2 and AsPC-1). Below we describe different
mechanisms associated with the resistance of some PDACs to VSV.

5.1. Upregulated Type I IFN Signaling and Constitutive Expression of a Subset of IFN-Stimulated
Genes (ISGs)

Our extensive analysis of a large number of human PDAC cell lines demonstrates
that PDAC cell lines show surprising diversity with regard to their ability to produce
and respond to type I IFNs, and the evaluation of IFN sensitivity and IFN-α and IFN-
β production within a cell line may be used to predict its responsiveness to oncolytic
treatment [50,51] (Figure 2).

Figure 2. Permissiveness of PDAC to VSV: Four Different Phenotypes. This figure demonstrates the
variability across PDAC in regard to permissiveness to infection by VSV. Permissiveness refers to the
cells allowance for viral attachment, infection, and replication. The figure was created by authors
with BioRender software (BioRender.com).

Upregulated or residual expression of antiviral genes display four unique phenotypes
(Figure 2): (i) no type I IFN production and not responsive to type I IFN, (ii) no type I IFN
production but responsive to type I IFN, (iii) type I IFN production and responsive to type
I IFN, (iv) super resistant PDACs: type I IFN production, responsive to type I IFN and
constitutive expression of many antiviral IFN-stimulated genes (ISGs) [51,56,58].

We also conducted a transcriptome analysis to identify biomarkers for resistance
of PDAC cell lines to VSV-∆M51. Of the genes identified, six demonstrate constitutive
co-expression in the VSV-resistant cell lines: MX1, EPSTI1, XAF1, GBP1, SAMD9, and
SAMD9L [58]. Most of these genes are known to have an antiviral effect. Moreover,
shRNA-mediated knockdown of MX1 showed a positive effect on VSV-∆M51 replication
in resistant PDAC cells, suggesting that at least some of the identified ISGs contribute
to resistance of PDACs to VSV-∆M51 [58]. Finally, we demonstrated that JAK inhibitors
effectively break resistance to VSV-∆M51 while affecting very few non-ISGs, suggesting
that the constitutive expression of these genes is likely a causative factor for the phenotype
of resistance [50,56]. Further evidence that host antiviral response to VSV-∆M51 infection
is the source of resistance has been shown in infection with WT VSV, as even cell lines
resistant to VSV-∆M51 are permissive to at least some degree to the WT-VSV, which is
better able to evade antiviral responses in the host [50,51].

5.2. Role of Cell Cycle in Resistance of PDAC Cells to VSV

We have demonstrated that compounds inducing cell cycle arrest in G1/S-phase or
S-phase strongly inhibited VSV-∆M51 replication, while G2/M phase arrest dramatically
enhanced the replication of VSV-∆M51 in cells with functional antiviral signaling [61]. It
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was found that G2/M arrest strongly inhibited IFN production and expression of ISGs in
response to exogenously added IFN. The replication of IFN-sensitive cytoplasmic viruses
can be strongly stimulated during G2/M phase as a result of inhibition of antiviral gene
expression, likely due to mitotic inhibition of transcription, a global repression of cellular
transcription during G2/M phase. However, G2/M arrest did not stimulate the replication
of VSV-∆M51 in cells defective in IFN signaling, and it did not stimulate replication
of WT VSV, which is more effective at evading antiviral responses [61]. Together, our
study suggests that continuous cell cycle transition, a hallmark of cancer cells, could be
another factor of oncoselectivity for many viruses, at it would facilitate viral replication
via inhibition of antiviral responses in dividing cancer cells during G2/M phase. It also
suggests that slowly dividing PDAC cells could be more resistant to some OVs than faster
dividing PDACs.

5.3. Resistance to Virus-Mediated Apoptosis

Inhibition of apoptosis is a hallmark of many malignancies, including PDAC [187],
and PDAC with decreased expression or activation of certain apoptotic proteins have
the potential to limit/delay cell death following VSV infection [166,188–190]. Our study
demonstrated that all three tested VSV recombinants (VSV-GFP (WT M gene), VSV-p1-GFP
(WT M gene, GFP in the first position in the genome), and VSV-∆M51-GFP) induced caspase
3 cleavage following infection, but VSV-∆M51-GFP induced more caspase 3 cleavage in all
cell lines with VSV-inducible Type I IFN responses, despite similar replication levels for
the viruses [59]. This indicates a positive role for the ∆M51 mutation, and therefore host
antiviral responses, in apoptosis induction, and is unlikely to be simply a result of virus
attenuation as VSV-p1-GFP induced caspase cleavage similarly to VSV-GFP. Further, VSV-
∆M51-GFP induces both the extrinsic and intrinsic apoptosis pathways in most PDACs,
however, we observed inhibition of VSV-induced and drug-induced apoptosis in some
PDAC cells lines, and that was observed even when VSV replication was stimulated using
JAK1 inhibitors [59]. In general, our study has demonstrated that resistance of some PDAC
cell lines to VSV-mediated oncolysis could be not only due to type I IFN responses that
limit virus replication, but also to cellular defects in apoptosis.

5.4. Inefficient Attachment of VSV to PDAC Cells

It is generally accepted that VSV tumor tropism is mainly dependent on the permis-
siveness of malignant cells to viral replication rather than on receptor specificity. However,
when compared VSV attachment to different human PDAC cell lines, we observed a dra-
matically weaker attachment of VSV to HPAF-II cells, the most resistant human PDAC cell
line [60]. Interestingly, although sequence analysis of low-density lipoprotein (LDL) recep-
tor (LDLR) mRNA did not reveal any amino acid substitutions in this cell line, HPAF-II
cells displayed the lowest level of LDLR expression and dramatically lower LDL uptake.
We also showed that LDLR-independent attachment of VSV to HPAF-II cells and some
other PDAC cell lines can be dramatically improved by treating cells with polybrene or
DEAE-dextran [60].

6. Enhancing Responsiveness of PDAC Cells to Oncolytic Virotherapy with VSV
6.1. Combination of VSV with Small Molecule Inhibitors

As mentioned above, PDAC cell lines resistant to infection by VSV-∆M51 demonstrate
constitutive expression of numerous ISGs, most notably Mx1 [50,56]. Importantly, a similar
expression profile (including upregulation of ISGs such as Mx1) and virus resistance
phenotype was demonstrated for primary PDACs isolated from patients [176]. Treatment
of resistant cell lines with JAK inhibitor I (a reversible inhibitor of JAK1, JAK2, JAK3
and TYK2) reduced ISG expression and partially overcame resistance to VSV suggesting
potential for further improvement by utilizing other inhibitors and/or targeting additional
pathways [50]. A similar enhancement of VSV replication was shown for ruxolitinib
(JAK1/2 inhibitor), which was previously shown to break resistance of human head and
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neck cancer cells to VSV [56]. Interestingly, a similar strong inhibition of STAT1 and STAT2
phosphorylation, decreased expression of Mx1 and OAS, and stimulation of VSV-∆M51
replication was also observed with TPCA-1, a known IKK-β inhibitor. Moreover, using
an in situ kinase assay, we demonstrated that TPCA-1 can directly inhibit JAK1 kinase
activity [56]. Thus, our study demonstrated that TPCA-1 is a unique dual inhibitor of
IKK-β and JAK1 kinase.

6.2. Combination of VSV with Polycations

As mentioned above, some PDAC cell lines, including HPAF-II, are highly resistant
to VSV due to a combination of a constitutive antiviral state and type I IFN-independent
impaired VSV attachment. It was determined that the source of the impairment to at-
tachment was not a result of mutations to the LDLR or its lowered expression levels, but
rather by some other mechanism [60]. We have shown that treatment of cells with poly-
cations improved LDLR-independent virus attachment, as both the cellular membrane
and the viral envelope have negative net charges, and the polycations serve to counteract
the repulsive electrostatic effects of the lipid barriers. Earlier studies showed a similar
effect on cells treated with either DEAE-Dextran or polybrene before infection [191,192]. A
novel combinatorial treatment with ruxolitinib and polycations demonstrated improved
overall VSV replication and oncolysis and accelerated VSV replication kinetics compared
to treatment with ruxolitinib only [60].

6.3. Combination of VSV with FDA-Approved Chemotherapeutic Drugs

VSV is inherently oncoselective due to its high sensitivity to type 1 IFN response, as
research indicates that most cancer cells are defective in this type of antiviral signaling,
and VSV-∆M51 is more sensitive than the WT virus, which is better able to inhibit these
responses. G2/M arrest stimulates viral replication by inhibiting antiviral responses.
Paclitaxel treatment stimulated the replication of VSV-∆M51 and Sendai virus (another
cytoplasmic NNS RNA virus that is also sensitive to type 1 IFN response) in multiple
PDAC cell lines via inhibition of antiviral gene expression in treated cells [61]. In cells with
functional type I IFN signaling, G2/M arrest inhibited the expression levels of type I and
III IFNs, as well as inhibiting the upregulation of ISGs in response to the same amounts of
exogenously added type I IFN [61]. A similar effect was also shown for colchicine [193].

6.4. VSV Encoding p53 Transgenes

Studies suggest that p53 enhances type 1 IFN signaling in normal cells and in some can-
cer cells types. However, our recent study demonstrated that VSV-encoded p53 trasngene
actually inhibited antiviral signaling in PDAC cells, while stimulating VSV-∆M51 replica-
tion in those cells [57]. Several potential reasons exist for the contrast to previous reports,
including (1) differences between normal cells and different cancer cells in antiviral signal-
ing, (2) constitutive activation of NF-κB pathway in a majority of PDACs, and (3) different
timing and level of expression for VSV-encoded p53 in the cell lines used in this study.
Future studies with VSVs expressing human p53 in animal models will determine if the
oncoselective phenotype seen in PDAC cell lines is also observed in vivo, as it is necessary
to see if the benefits are retained in an immunocompetent model without compromis-
ing safety.

6.5. Experimental Evolution of VSV

Replication-competent OVs can evolve under natural selection, and reversion to
virulence or loss of oncolytic potential can threaten the safety and efficacy of virotherapeutic
treatments. Evolutionary risk assessment studies are required to confirm safety, and can
also serve the benefit of producing more potent OV, however, the most effective strategy
is to combine rational design with evolution, allowing each engineered virus to mutate
and fully adapt to its intended target cells. In our recent study, two VSV-∆M51 variants
containing human p53 were serially passaged on Suit-2 cells, resulting in mutations that
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adapted the viruses to better replicate in multiple PDAC cell lines without developing
mutations in the p53 gene or losing oncoselectivity. The mutations of note that were
acquired by the viruses include two separate mutations within the G protein sequence;
both of these mutations achieved fixation within the span of the experiment in either
virus and were identical. It was determined that the acquired G mutations stimulate VSV
replication at least in part due to improved virus attachment to PDAC cells [62,194].

7. Future Directions and Conclusions

As discussed previously, several factors pose a series of challenges that will determine
whether OV is suitable for cancer treatment, especially for PDAC, where any treatment is
further complicated by the TME, which is characterized by dense stroma comprised of abun-
dant fibroblasts, hypoxia, sparse vasculature, as well as infiltration of tumor-promoting
immune cells mediating immune evasion and tumor progression. The ideal OV treatment
should allow for sufficient delivery and penetration of PDACs with the virus, induction of
adaptive antitumor responses, and prevention of premature OV clearance by host antiviral
response. It is unlikely that any monotherapy could address all these challenges, and future
effective OV-based treatments will likely be combinatorial (chemo-virotherapy, radio-
virotherapy, chemo-radio-virotherapy, chemo-radio-immuno-virotherapy, etc.). Many of
VSV-based combinatorial approaches have been described in our previously published
reviews [178,180], and some additional approaches will be discussed below [195].

First of all, to study and address all these challenges, the ideal model systems should
employ immunocompetent animals (to examine antiviral as well as antitumor immune
responses) and be able to monitor not only tumor growth and spread, but also OV spread.

Figure 3 illustrates the system that we currently use in our laboratory to investigate
various VSV-based OV treatments against PDAC.

Figure 3. Syngeneic Model of PDAC in Mice. This figure shows the method of development for
the murine model of PDAC. In this model, C57BL6 mice are used both for the development of the
tumors and to evaluate the treatment in vivo. The figure was created by authors with BioRender
software (BioRender.com).

PDAC is a highly heterogenic disease, and our studies have demonstrated dramatic
differences between different human PDAC cell lines in their permissiveness to VSV and
other OVs [50,51]. Future studies should define distinct subtypes of PDACs to develop
personalized treatment strategies for different types of PDACs [3,196,197]. Although there
is still no consensus classification for clinical application, some treatments work better
against a particular PDAC subtype. For example, patients who had a germline BRCA
mutation had significantly longer progression-free survival with maintenance a PARP
inhibitor olaparib than with placebo [198]. It could be interesting to test combinations of
OVs with olaparib against PDACs that have the BRCAness phenotype [10]. Interestingly, at
least two studies showed the increased efficacy of OV therapy for thyroid carcinoma [199]
and glioblastoma [200] when OV was combined with olaparib.

One of the major challenges for any PDAC treatment is insufficient drug delivery into
the tumors because PDACs are hypovascular, densely packed with ECM components, have
a high intratumoral tissue pressure, and very low tumor perfusion. Several previously
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developed approaches could be used to improve OV delivery into PDAC. For example,
administration of a combination of cilengitide (angiogenesis inhibitor) and verapamil (Ca2+

channel blocker) promoted tumor angiogenesis, while improving gemcitabine delivery
and therapeutic efficacy in mice [201]. Additionally, the angiotensin inhibitor losartan
was shown to increase perfusion, drug and oxygen delivery [202]. A more recent study
highlighted the potential importance of ROCK inhibition using the oral inhibitor fasudil
for dual targeting of tumor tension and vasculature [203]. The administration of fasudil, a
Rho-kinase inhibitor, and vasodilator, reduced intratumoral fibrillar collagen, improved
sensitivity towards gemcitabine/nab-paclitaxel, and reduced metastasis formation on
gemcitabine/abraxane treatment [203]. At least some of these drugs could potentially
improve OV therapy when used in combination with VSV or other OVs.

The role of the stromal cells during OV therapy is still unclear, and it is likely depen-
dent on the subtype of the particular PDAC. At least under certain conditions, the stromal
cells could play a positive role during OV therapy by dampening antiviral responses within
tumor and thus stimulating OV replication and OV-mediated oncolysis [204].

Other areas for development include approaches with a focus on antitumor immune
stimulation. The TME of many cancers, including PDAC, is known to be immunosup-
pressive, due to various factors including a dense, fibrotic composition and a hypoxic
environment that prevent access and activation of immune cells within the tumor [205,206].
Adoptive T-cell therapy augments the potency of T-cells by chaperoning virus into the
tumor [120], overcoming the stromal barrier. Antigen-specific T-cells that were loaded
with VSV-∆M51 can also be used to produce viral infection, replication, and subsequent
oncolysis, as well as producing a proinflammatory environment that helped suppress
the immunosuppressive nature of the TME. Immune tolerance mechanisms have been
implicated as the main barrier to effective antitumor immunotherapy [207], and the natural
flora of the gut has been indicated to possess the ability to exert influence over the immune
response of the TME, resulting in immune tolerance that promotes tumor growth and
development. Future experiments should examine the role of the natural flora in the
efficacy of OV therapy for PDAC.
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Simple Summary: Oncolytic viruses can be a potent tool in the fight against cancer. However, in
clinical settings their ability to replicate in and kill tumors is often limited. Combinations with specific
small molecule compounds can address some of these limitations and help oncolytic viruses reach
their full potential. The aim of this review is to provide an overview of the different types of small
molecules with which oncolytic viruses can achieve therapeutic synergy. We focus on the underlying
mechanisms in three functional areas: combinations that increase viral replication, enhance tumor
cell killing and improve antitumor immune responses.

Abstract: The focus of treating cancer with oncolytic viruses (OVs) has increasingly shifted towards
achieving efficacy through the induction and augmentation of an antitumor immune response.
However, innate antiviral responses can limit the activity of many OVs within the tumor and several
immunosuppressive factors can hamper any subsequent antitumor immune responses. In recent
decades, numerous small molecule compounds that either inhibit the immunosuppressive features
of tumor cells or antagonize antiviral immunity have been developed and tested for. Here we
comprehensively review small molecule compounds that can achieve therapeutic synergy with
OVs. We also elaborate on the mechanisms by which these treatments elicit anti-tumor effects as
monotherapies and how these complement OV treatment.

Keywords: oncolytic virus; small molecule; cancer immune therapy; combination therapy; cancer
therapy; immunotherapy

1. Introduction

In the course of oncogenic transformation and progression, tumor cells acquire dis-
tinct features that have been termed hallmarks of cancer [1,2]. Some of these aberrations
form the base for the tumor-preferential infection and propagation of natural or recombi-
nant oncolytic viruses (OVs) [3]. Evasion of growth suppressive mechanisms, continuous
proliferative signaling, unrestricted replication machinery and the evasion of innate and
adaptive immune control constitute characteristics that can be exploited by OVs. In general,
naturally occurring or genetically engineered virotherapy candidate viruses share the core
features of tumor-preferential infection, replication, and lysis. Beyond that, they display
the diversity of viruses on multiple levels: human pathogen-derived versus animal viruses,
DNA versus RNA genome, enveloped versus non-enveloped, nuclear versus cytosolic
replication cycle, etc. [4]. Herpes simplex virus (HSV) and adenovirus (AdV) are human
pathogenic DNA viruses that have been developed for three decades as oncolytic agents
with a plethora of modified variants being tested in preclinical and clinical settings. This
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resulted in the first regulatory approvals of H101, a genetically engineered adenovirus, in
2005 in China and talimogene laherparepvec (T-VEC), a recombinant attenuated HSV-1
with a transgene encoding for granulocyte-macrophage colony-stimulating factor (GM-
CSF), in 2015 in the USA and Europe [5]. Development of oncolytic HSV and AdV variants
has continued though with a strong focus on next generation “armed” OVs expressing
a multitude of immune modulatory transgenes. Another clinically advanced oncolytic
platform is based on the vaccinia virus (VV), a large DNA virus encoding about 200 genes
with an exclusive cytosolic replication cycle. Its ability to accommodate up to 40 kb of
transgene DNA make VV a prime platform for arming with immune modulatory cargo
genes [6]. A related member of the poxvirus family, myxoma virus, has also extensively
been explored as an oncolytic agent in pre-clinical settings [7]. H1, a small rat parvovirus,
completes the list of the major DNA-based oncolytic agents. This natural onco-preference
is in large part based on a dependency on proliferating cells and signaling pathway aberra-
tions [8]. Reovirus, a natural occurring human virus with double stranded RNA genome,
is usually not associated with disease in adults and its onco-tropism was originally thought
to be linked to RAS transformation in cancer cells, although recent data suggest a more
multifactorial relationship [9]. The Edmonston vaccine strain of measles virus, a negative
strand RNA paramyxovirus, displays a certain natural onco-selectivity in part due to
frequent overexpression of its receptor, CD46, in a range of different cancer types [10].
Newcastle disease virus, an avian paramyxovirus without causing known human disease,
harbors a natural onco-selectivity due to interaction with anti-apoptotic proteins and its
dependence on a defective antiviral make-up frequently observed in cancer cells [11].
Vesicular stomatitis virus (VSV), a negative strand RNA virus of the rhabdoviridae family,
causes mild disease in livestock with clinical symptoms rarely reported in humans. Its
ubiquitous receptor entry translates to a pan-tropism for a very broad range of tumor
types, but also holds the potential for some neuro-toxicity once it can access the brain.
Consequently, VSV development has long been driven by attenuation strategies [12]. As
with several other RNA viruses, the primary mode of onco-selectivity is based on reduced
antiviral defense mechanisms in certain tumors [13]. In recent years, a large number of VSV
variants armed with immunomodulatory transgenes has been tested in preclinical settings
and in early phase clinical testing [14]. With few exceptions, most OVs are rather sensitive
to innate antiviral control. This increases their safety aspect towards normal cells while
letting them take advantage of impaired innate immune signaling in tumors [13]. These
OVs are therefore also considerably better suited to be combined with small molecules that
counter innate antiviral immunity. During early OV developments, the paradigm was that
the efficacy of OV treatment correlated to virus replication. Viral spread throughout the
tumor, and subsequent OV-mediated cancer cell lysis, were thought to be the main drivers
of OV therapy [15]. According to this thinking, OVs were initially combined with immuno-
suppressive small molecule compounds in order to limit the antiviral immune response
and allow OVs to replicate to higher titers within the treated tumors [16,17]. The different
mechanisms and compounds that modulate the innate antiviral immunity are discussed
in detail below. Such approaches have yielded promising results mostly in preclinical
settings [18]. However, the modes of action by which OVs can be therapeutic are more
complex in immunocompetent patients and the immune activating potential of OVs has
increasingly dominated the discussion [19–21]. OV treatments are now considered potent
partners for immunotherapies [22]. Few treatment modalities inherently hold the potential
to simultaneously induce immunogenic cell death (ICD), stimulate innate and adaptive
immune responses, enhance T cell infiltration and repolarize an immune-suppressive
tumor microenvironment (TME) [23–25]. Immunogenic cell death is associated with the
induction and release of pro-inflammatory cytokines and danger-associated molecular
patterns (DAMPs) [26]. DAMPs are especially expressed when infected cells die in an
immunogenic manner, such as necroptosis. Enhancing these modes of cell death through
the combination with tumor cell death enhancing (TCDE) small molecule compounds has
therefore become a central focus [27,28] and is also discussed in detail below. The presence
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of virus related pathogen associated molecular patterns (PAMPs) and DAMPs subsequently
facilitates the attraction of immune cells which contribute to the immune-stimulatory state
by producing additional inflammatory cytokines [29]. This can eventually shift the im-
munosuppressive TME allowing a successful antitumor immune response to occur [30,31].
Still, even after induction of an antitumor immune response, the continuous reshaping
of the TME at later stages constitutes further challenges [26]. For example, OV treatment
commonly induces the expression of programmed cell death ligand 1 (PD-L1). However,
this can be successfully countered by immune checkpoint inhibiting antibodies [32]. Small
molecule checkpoint inhibitors could contribute to OV treatment in a similar fashion [33].
Other components of the TME, such as tumor growth factor (TGF)-β, epigenetic major
histocompatibility complex (MHC) repression, cytotoxic T-lymphocyte-associated Protein
4 (CTLA-4), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), etc.), regula-
tory T-cells (Treg), myeloid-derived suppressor cells (MDSC), and M2 tumor associated
macrophages (TAMs) can also contribute to an immunosuppressive therapy-resistant state.
Some of these factors can be targeted by small molecule therapeutics [34], which will also be
discussed in a separate section below. As we show in the following, the different aspects of
multimodal OV treatment can be improved by a vast array of small molecule compounds,
and a future impact on improving the clinical outcome of such combinations is conceivable.

2. Combinations Affecting Viral Propagation in Tumor Cells

The selectivity of various oncolytic viruses largely depends on defects in the tumor
cell’s innate ability to fend off viral infections [35]. However, the initial assumption that
an impaired interferon (IFN) response is a common feature shared by many tumors [36]
may not reflect the clinical reality of solid cancers’ heterogeneity [37]. Some tumors, such
as pancreas cancer, may even display an upregulated antiviral state leading to primary
resistance [38]. A constitutive interferon pathway activation was also described as a main
determinant for oncolytic measles virus activity in a human glioblastoma specimen [39].
On the other hand, tumors induced by oncoviruses, such as HPV-associated cervical
or head and neck cancers, tend to frequently display strongly impaired antiviral innate
responses [40]. However, in light of missing systematic assessments of a large range of
tumor types, general conclusions as to what cancer types are more antivirally active and
which are not remain to be drawn. Although most viruses have evolved to express proteins
that counter antiviral measures [41], engineering of many oncolytic viruses were aimed at
abolishing exactly those viral counter measures, generating OVs with a heightened IFN
sensitivity [37]. Cornerstones of the antiviral innate immune response are type I (and to
a lesser extend type III) interferons [42]. Both IFN types converge in their signaling and
induce transcriptional responses through the Janus kinase signal transducers and activators
of transcription (JAK/STAT) pathway [43]. Their signaling is associated with downstream
expression of interferon stimulated genes (ISGs) which act as antiviral effector proteins
countering viral replication. OV replication is impaired when these pathways are still intact
in the treated tumor cells [44]. In the following, we will discuss various compound classes
involved in inhibiting antiviral signaling pathways and which hold the potential to either
enhance replication of OVs or even address OV resistance in cancer cells.

2.1. JAK-STAT Signaling Inhibition

Inhibitors of Janus kinases (JAK), such as JAK inhibitor I (a pan-JAK inhibitor) or
ruxolitinib (a specific JAK1/2 inhibitor) (Figure 1), were able to rescue the replication of
VSV in several human pancreatic ductal adenocarcinoma (PDA) cells that were otherwise
resistant due to constitutive high-level expression of certain interferon stimulated genes
(ISGs) [38,45,46]. This effect was improved even further when Polybrene or DEAE-dextran
were additionally added, improving VSV attachment and entry and allowing more cells to
be infected [47]. A similar effect was seen for refractory human head and neck squamous
cell carcinoma (HNSCC) cell lines which owed their VSV resistance to the constitutive ex-
pression of a different set of ISGs. Here, JAK inhibitor I and ruxolitinib were also successful
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in rescuing virus replication with a 100- to 1000-fold increase in yield. Interestingly, other
innate immune small molecule compounds, such as histone deacetylase inhibitors (HDI;
LBH589), phosphoinositide 3-kinase (PI3K) inhibitors (GDC-0941, LY294002), mammalian
target of rapamycin complex 1 (mTORC1) inhibitors (rapamycin) or STAT3 inhibitor VII
were not effective [48]. Combination therapy with ruxolitinib and VSV-IFNβ also enhanced
viral replication and oncolysis in several non-small cell lung cancer (NSCLC) cell lines [49].
However, several of these compounds were effective in rescuing OV replication in other
tumor cell types, as discussed in the sections below underlining the heterogeneity in mech-
anisms among different tumor cells by which synergy with OVs can occur. In melanoma,
mutations in the JAK1/2 signaling pathway as well as JAK1/2 inhibition increase sensitiv-
ity to VSV-dM51 [50]. The dual inhibitor of JAK1 and IκB kinase (IKK), TPCA-1 was also
shown to improve HSV replication of malignant peripheral nerve sheath tumor (MPNST)
cells [51]. OVs that replicate in the cytoplasm, such as RNA viruses and poxviruses, can
also trigger direct antiviral effector responses that can hamper their replication and subse-
quent oncolytic effects. Viral RNA activates the cytosolic PKR by inducing dimerization
and subsequent auto-phosphorylation reactions. The protein kinase R (PKR) pathway
leads to a stress response by activating other pathways such as the interconnected nuclear
factor κ-light chain enhancer of activated B cells (NF-κB) & c-Jun N-terminal kinase (JNK)
pathways (Figure 2) [52–54]. JNK are kinases involved in a diverse set of cellular functions,
ranging from cell death, survival and proliferation to innate immunity [54]. Specifically,
JNK are essential for the expression regulation of many immune mediator genes, such as
cytokines (e.g., interleukins (ILs) IL-2, IL-4, IL-8, IL-18, IFN-γ, granulocyte-macrophage
colony-stimulating factor (GM-CSF), C-C motif chemokine ligand 5 (CCL5), tumor necrosis
factor α (TNF-α)) [55–59] and adhesion molecules (ICAM-1) [53]. While JNK inhibition has
been reported to act antivirally on encephalomyocarditis virus, rotavirus and HSV [60–62],
a virus promoting effect was seen for vaccinia virus. Here, murine embryonic fibroblasts
devoid of JNK showed a significant increase in titer. In line with these results, an increase
of apoptosis was seen when wildtype murine embryonic fibroblast cells were co-treated
with the JNK-specific inhibitor SP600125 [55,63]. This suggests that JNK inhibition, at least
under very specific conditions, can be beneficial for OV therapy [63].

2.2. Inhibition of NF-kB Signaling

Nuclear factor (NF)-κB and inhibitor of NF-κB kinase (IKK) proteins regulate many
cellular responses to stimuli, such as innate and adaptive immunity, cell death, and in-
flammation [64]. NF-κB and IKK therefore play key roles in regulating the innate immune
response against OVs. Indeed, two types of compounds enhance OV replication through
very distinct mechanisms at different stages of NF-κB-mediated transcription [65]. For
instance, fumaric and maleic acid esters, such as dimethyl fumarate (DMF), block the
nuclear translocation of NF-κB and have been shown to improve replication of several
OVs and subsequent therapeutic outcomes by inhibiting type I IFN [66]. Another point
of intervention is in the nucleus after NF-κB has already bound DNA [67]. At this point
triptolide blocks transcription, leading to an increase of VSV replication in several VSV-
resistant tumor cell types (Figure 2) [68]. Before NF-κB can facilitate transcription of innate
immune genes it has to be released from the IκB kinase β (IKKβ) complex. The activation of
IKKβ, by the phosphorylation of IκBα and its subsequent proteasomal degradation, allows
NF-κB to relocate to the nucleus [64]. Blocking IKKβ can be therapeutically exploited since
NF-κB is overexpressed in many cancer types [69]. Consequently, inhibiting IKKβ shows
much promise for synergizing with OVs (Figure 2). This would be especially advanta-
geous for OVs, such as VSV and NDV, that rely on defective innate immunity for their
onco-selectivity [70]. This was confirmed in studies on malignant peripheral nerve sheath
tumor cells and some pancreatic ductal adenocarcinoma cell lines that showed resistance
to oncolytic HSV and VSV infection, respectively. In combination with the IKKβ inhibitor
TPCA-1, this resistance was overcome and productive infection was achieved [46,51].
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Figure 1. JAK/STAT signaling inhibition for the improvement of OV efficacy. (A) IFN binding with its receptor can activate 
JAK1 and TYK2. This in turn facilitates the phosphorylation of the docking sites of STAT1 and STAT2. Following phos-
phorylation, both STATs associate with IRF6 to form the transcriptional regulation ISG3. ISG3 trans-locates to the nucleus 
where it mediates the transcription of ISG mRNAs. The appropriate DNA strains are made accessible for ISGF3 by differ-
ent histone deacetylases. These mRNAs are in turn transported over microtubules in order to be translated. Targeting 
these pathways by means of different small molecule inhibitors (red annotated squares) allows OV replication to proceed 
for longer, resulting in increased viral spread and potentially efficacy. See the main text for more details. Created with 
biorender.com. (B) Selected chemical structures of compounds depicted in panel A. All structures throughout were drawn 
using MarvinSketch (ChemAxon) from publicly available information. Abbreviations: JAK, Janus kinase; STAT, signal 
transducers and activators of transcription; IRF9, Interferon regulatory factor 9; ISGF3, Interferon-stimulated gene factor 
3; HDAC, histone deacetylase; ISRE, Interferon-sensitive response element; MDA, microtubule destabilizing agent; VPA, 
Valproate. 

Figure 1. JAK/STAT signaling inhibition for the improvement of OV efficacy. (A) IFN binding with its receptor can
activate JAK1 and TYK2. This in turn facilitates the phosphorylation of the docking sites of STAT1 and STAT2. Following
phosphorylation, both STATs associate with IRF6 to form the transcriptional regulation ISG3. ISG3 trans-locates to the
nucleus where it mediates the transcription of ISG mRNAs. The appropriate DNA strains are made accessible for ISGF3
by different histone deacetylases. These mRNAs are in turn transported over microtubules in order to be translated.
Targeting these pathways by means of different small molecule inhibitors (red annotated squares) allows OV replication to
proceed for longer, resulting in increased viral spread and potentially efficacy. See the main text for more details. Created
with biorender.com. (B) Selected chemical structures of compounds depicted in panel A. All structures throughout were
drawn using MarvinSketch (ChemAxon) from publicly available information. Abbreviations: JAK, Janus kinase; STAT,
signal transducers and activators of transcription; IRF9, Interferon regulatory factor 9; ISGF3, Interferon-stimulated gene
factor 3; HDAC, histone deacetylase; ISRE, Interferon-sensitive response element; MDA, microtubule destabilizing agent;
VPA, Valproate.
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Figure 2. Compound classes that inhibit of NF-kB signaling and synergize with OV treatment.
(A) Virus replication results in the production of cytosolic DNA and single- and double-stranded
RNA. This triggers multiple signaling cascades, including the recruitment of RIG-I and Mda5 to the
adaptor IPS-1 on the membrane of the mitochondria. This in turn leads to kinase activation through
TRAF family members. More specifically, this activates the IKK complex, which phosphorylates
IκB proteins. Phosphorylation of IκB leads to its ubiquitination and proteasomal degradation,
freeing NF-κB complexes for transcription induction. TRAF6 signaling also leads to JNK activation.
Activated JNK trans-locates to the nucleus and activates c-Jun and other target transcription factors.
These transcription factors, such as cJun and NF-κB lead to the transcription of numerous proteins
involved in innate immunity and cells death, including IFN-β. Interfering with the different steps of
signaling pathways using different classes of compounds (red annotated red squares) have resulted
in increased viral replication and subsequent efficacy. See the main text for more details. Created with
biorender.com. (B) Selected chemical structures of compounds depicted in panel A. All structures
throughout were drawn using MarvinSketch (ChemAxon) from publicly available information.
Abbreviations: TRAF, TNF Receptor Associated Factor; JNK, c-Jun N-terminal kinase; Atf2, Activating
transcription factor 2; IPS-1, interferon-β promoter stimulator 1; TSA, Trichostatin A; DMF, dimethyl
fumarate; RigI, retinoic acid-inducible gene I; mda5, melanoma differentiation-associated protein 5;
PRK, protein kinase R; Ubcl3, ubiquitin-conjugating enzyme 13; ubiquitin-conjugating enzyme E2
variant 1; Tak1, transforming growth factor-6-activated kinase 1; IKK, IκB kinase β.

2.3. PI3K/AKT/mTOR Pathway Antagonists

Important for cell survival and growth, the phosphoinositide 3-kinase (PI3K)/Ak
strain transforming (AKT)/mTOR pathway is also crucially involved in the induction of
type 1 interferons (Figure 3) [71]. It is commonly activated in numerous types of cancer [72]
via mutations or amplification of genes encoding receptor tyrosine kinases, subunits of
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PI3K, AKT or activating isoforms of rat sarcoma (Ras) [73]. The first agents, targeting
the PI3K pathway with the specific purpose of treating cancer, were analogues of ra-
pamycin, namely everolimus (RAD 001) and temsirolimus [73]. Hence, inhibition of mTOR
is expected to augment the oncolytic activity particularly of those viruses depending on
impaired antiviral responses within a tumor cell. The macrolide compound rapamycin is a
prototypical inhibitor of the serine/threonine protein kinase mTOR. Combining rapamycin
with the highly IFN-sensitive VSV-mutant strain (VSV∆M51) led to significant increase
of the oncolytic effect [74]. In addition other oncolytic RNA viruses, such as NDV and
reovirus, showed improved oncolytic effect in mice when co-treated with rapamycin [75,76].
Oncolytic DNA viruses also benefit from co-treatment with rapamycin. The yield and dis-
semination of an HSV-derived oncolytic virus was markedly increased in semi-permissive
tumor cell lines [77]. An oncolytic vaccinia virus (VACV) only achieved complete remission
in in vivo models when it was combined with rapamycin [78]. A key restriction factor
for myxoma virus in human cells is its dependence on AKT activation [79]. By inhibiting
mTORC1, AKT becomes hyperactivated through the release from the negative feedback
loop between ribosomal protein S6 kinase beta-1 (S6K1) and insulin receptor substrate
1 (IRS-1) [80]. This subsequently enhances myxoma virus replication which also trans-
lates to increased survival in vivo [81–83]. mTOR inhibition can also lead to a decrease in
phosphorylation of the effector proteins, eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BPs) and S6Ks, which are essential for type I interferon (IFN) production
(Figure 3) [84,85]. This inhibition of the type I interferon response also contributes to a
more pronounced replication of myxoma virus in vitro and increased efficacy in vivo [86].
Everolimus was tested in combination with an oncolytic adenovirus. Even though, in vitro,
RAD001 seemed to interfere with the viral replication, potent anti-glioma effects were
seen in vivo. This was presumably due to the induction of autophagic cell death [87,88].
Increased efficacy through modulation of autophagy in similar settings is also described
for other OVs [75,76]. The hyperactivation of AKT during mTORC1 inhibition might have
benefits when combined with myxoma virus [81–83], but in other settings can have a
negative effect on survival. In phosphate and tensin homolog (PTEN)-deficient glioblas-
toma patients, for instance, hyperactivation of AKT, following rapamycin treatment, was
associated with more rapid onset of tumor progression [89]. The mTORC2 complex, which
is insensitive to rapamycin and its analogues, activates AKT and has a distinct role in
tumor maintenance and progression [90]. For OVs with a dependency on a weakened
antiviral state within the tumor, mTORC2 antagonists that also inhibit mTORC1 would be a
superior option. ATP-competitive mTOR kinase inhibitors (TKIs) achieve this by targeting
the kinase domain of mTOR, thereby also blocking the activation feedback of PI3K/Akt
signaling (Figure 3) [91]. Indeed, mTORC1/2 inhibitors, such as PP242, INK1341, INK128
or Torin1, were also able to increase HSV replication and oncolysis by altering eIF4E/4E-
BPs expression [77]. Specific inhibitors, such as rapamycin and TKIs, are prone to trigger
the development of secondary resistance after prolonged treatment [92]. Consequently,
inhibitors were developed that target the same signaling pathway but at multiple sites.
Dual PI3K/mTOR inhibitors, such as voxtalisib [93], target the p110α, β, and γ isoforms of
PI3K as well as the ATP-binding sites of both mTORC1 and mTORC2, completely suppress-
ing PI3K/Akt signaling [91]. Combinations with OVs have yet to be reported. BKM120,
another pan-class PI3K inhibitor, targeting all four catalytic isoforms, in combination with
oncolytic HSV-1, was effective in the treatment of Du145 prostate cancer sphere forming
cells (PCSCs) [94]. Finally, the benefits of combining PI3K/Akt signaling blockade and
OVs can also work in the opposite direction, demonstrated by the combination of an
oncolytic HSV and PI3K/Akt inhibitors (LY294002, triciribine, GDC-0941, BEZ235). Here,
treatment with the OV sensitized the tumor cells to the inhibitors through enhanced Akt
activation [95,96]. Indirectly, PI3K inhibitors, more specifically PI3Kδ-selective inhibitors,
could improve systemic OV delivery to tumors through attachment inhibition of systemic
macrophages [97].
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Figure 3. Overview of the PI3K(p85/p110)/AKT/mTOR pathway and small molecule compounds
that target this pathway in synergy with OV therapy. (A) Activating (PI3K, AKT, PDK1, mTORC1 and
mTORC2) and inhibiting proteins (PTEN, TSC1/2) of the signaling pathway are shown. PI3K consists
of catalytic subunit p110 and the regulatory subunit p85. PI3K phosphorylates phosphatidylinositol
bisphosphate, which in turn activates PDK1 and AKT. PTEN negatively regulates the activation of
AKT, which can inhibit TSC1/2, a negative regulator of mTOR. Active mTOR phosphorylates S6K1
and 4EBP1 leading to increased translation and synthesis of, among others, ISGs [73]. Targeting this
process by means of different small molecule inhibitors (red annotated squares) allows OV replication
to proceed for longer, resulting in increased viral spread and efficacy. See the main text for more
details. Created with biorender.com. (B) Selected chemical structures of compounds depicted in panel
A. All structures throughout were drawn using MarvinSketch (ChemAxon) from publicly available
information. Abbreviations: RTK, receptor tyrosine kinase; PDK1, phosphoinositide-dependent
kinase 1; IRS1, insulin receptor substrate 1; PTEN, phosphatase and tensin homologue; mTOR,
mammalian target of rapamycin. PKR, protein kinase R; Myx, GTP-binding protein MX; AOS,
oligoadenylate synthetase; S6K, S6 kinase; 4E-BP1, Eukaryotic translation initiation factor 4E-binding
protein 1; Rheb, Ras homolog enriched in brain; IRS1, insulin receptor substrate 1.

2.4. Proteasome Inhibitors

Another approach to indirectly inhibit NF-κB is by blocking proteasomal degradation.
The rationale is that proteasome inhibition blocks NF-kBs release from the IKKβ complex
(Figure 2). Indeed, the proteasome inhibitor bortezomib improved the viral replication of
oncolytic HSV and also enhanced necroptotic tumor cell death through increased endo-
plasmatic reticulum (ER) stress and unfolded protein response (UPR) (Figure 4C) [98–100].
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However, when bortezomib was combined with VSV, a reduction in replication and spread
was seen in myeloma cells despite NF-κB activation being blocked. Interestingly, despite
these antagonistic effects in vitro, co-treatment in vivo did improve the antitumor effi-
cacy [101]. Similarly, another proteasome inhibitor PS-341 blocked the replication of VSV in
human adenocarcinoma A549 cells [102] and infection with HSV strains. These seemingly
contradictory studies make the combination of proteasome inhibitors and OVs a treatment
option that needs to be further elucidated.

2.5. Tankyrase Inhibition

Resistance to PI3/AktT inhibitors is linked to Wnt/b-catenin signaling hyperacti-
vation [103] and can be countered by the Wnt/tankyrase inhibitor NVP-TNKS656 [104].
Hence a direct synergy between tankyrase inhibitors (TNKSi) and OVs might be possible.
Tankyrases play a role in the replication of different herpes viruses. The inhibition of
tankyrase has been shown to promote replication of beta- (cytomegalovirus) and gamma-
herpesvirus (Epstein-Barr virus), with the underlying mechanism via which this benefits
the virus still to be elucidated [105,106]. In contrast, TNKS inhibition acts suppressive on
the alpha-herpesvirus, HSV-1 [104]. However, direct combination regimens of TNKSi and
OVs have not yet been published, but such studies might be merited.

2.6. Receptor Tyrosine Kinase Inhibitor

In the antiviral context, direct inhibition of PKR and Rnase was also achieved by
another class of small molecule compounds. The ATP-competitive inhibitor of vascular
endothelial growth factor (VEGF) and platelet derived growth factor (PDGF) receptors, suni-
tinib, was reported also to be a strong inhibitor for both PKR and RnaseL [107] (Figure 2).
These compounds also have more direct impact on tumor growth through their negative
regulation of tumor vascularization. Due to their broader mode of action this group of
inhibitors can be referred to in more general terms as receptor tyrosine kinase inhibitors
(RTKIs). These compounds proved to be very beneficial when combined with oncolytic VSV,
leading to the elimination of prostate, breast, and kidney malignant tumors in mice [108].
Synergistic effects with RTKIs were also shown for vaccinia and reovirus in pancreatic
neuroendocrine tumors and renal cell carcinoma, respectively [109,110], as well as for the
combination with HSV in glioblastoma [111]. However, vaccine virus is also connected to
the activation of the epidermal growth factor receptor (EGFR) pathway for their replication
and spread. Here, simultaneous administration of RTKIs, such as imatinib and sorafenib,
resulted in the inhibition of vaccinia virus replication [112,113]. Nonetheless, oncolytic
vaccinia virotherapy, followed by sorafenib treatment, showed enhanced efficacy com-
pared to either monotherapy. This is most likely due to OV-mediated sensitization of the
tumor cells and tumor vasculature to VEGF/VEGFR inhibitors [112]. Part of these reported
benefits are also achieved through modulation of the tumor microenvironment. When
MC38 tumor bearing mice were pretreated with sunitinib, the anti-tumor response, induced
by a tumor associated antigen (TAA)-armed virus, was markedly improved through a
decrease in inhibitory regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) after sunitinib treatment [114]. This adaptive immune modulation is achieved
by interacting with RTKs expressed on regulatory immune cell populations, such as c-KIT
and VEGFR-1 [115,116]. In a similar setting, the more broad-range RTK inhibitor cabozan-
tinib also showed a more diverse and potent effect and immunomodulatory effects with
additional expression of MHC-I molecules, ICAM-1, Fas, and calreticulin on tumor cells.
Modulation of antigen expression is most likely to be facilitated by its hepatocyte growth
factor receptor (MET) inhibition [117]. Another more specific EGFR inhibitor, erlotinib,
also seems to enhance the oncolytic effect in some human pancreatic cancer cells through a
similar mechanism for oncolytic HSV. Here, prolonged viral presence was reported [118].
On the other hand, in tumors, characterized by upregulated EGFR signaling, the synergism
seemed predominantly driven by a concerted antiangiogenic effect [119].
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Figure 4. Increasing bystander killing of tumor cells by small molecules after OV treatment. (A) Cy-
tokines produced in response to OV treatment of the tumor can activate the extrinsic pathway for
apoptosis through binding with death receptors such as Fas and TNF-α receptor. Oligomerization of
these receptors in turn facilitates the recruitment of adaptor proteins, for example, binding of Fas
ligand with Fas recruits caspase-8 through the adaptor protein FADD. Cleaved caspase-8 can directly
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activate caspase-3 and result in cell death. (B) Additionally, cleaved caspase-8 connects to the
pathways of intrinsic apoptosis. This occurs when it cleaves Bid. Truncated Bid subsequently trans-
locates to the mitochondria where it induces cytochrome release leading to activation of caspase-9
and caspase-3. This cytochrome c release is facilitated by the oligomerization of the pro-apoptotic
Bax and Bak proteins at the outer mitochondria membrane. This process stands under the control
of several proteins including Bcl-2, Bcl-xL and MCL-1. These pro-survival proteins in turn are
inhibited by “BH3 only” proteins. (C) Intrinsic apoptosis can also be additionally stimulated through
compounds that induce DNA damage, since this leads to p53 upregulation, resulting in indirectly
Bax/Bak activation. ER stress signaling, caused by the accumulation of misfolded protein in the
ER, can also facilitate this effect through ASK1 with the activation and subsequent translocation of
JNK to the mitochondrial membrane. In addition, ER stress can also promote cell death through the
activation of MAPK-mediated activation of eIF2α and ATF4 leading to the nuclear translocation of
CHOP where it promotes transcription of pro-apoptotic genes. Apart from promoting cell death,
eIF2α and TRAF2 also attenuates protein translation when misfolded protein accumulate in the ER.
Since this is often the case during OV replication, the inhibition of these mechanisms can improve
the efficacy of OV treatment. (D) Also the stabilizing or destabilizing of microtubules can trigger
apoptosis. More specially, when cells are arrested G2/M phase, this can lead to the activation of
intrinsic apoptosis. Targeting these pathways can improve oncolysis, tumor immunogenicity and
viral replication depending on what aspect of cell death is targeted. Small molecule compounds
targeting different stages of this process are presented by red annotated squares. See the main text
for more information. Created with biorender.com. (E) Selected chemical structures of compounds
depicted in panels A-D. All structures throughout were drawn using MarvinSketch (ChemAxon)
from publicly available information. Abbreviations: TRADD, TNFR1-associated death domain
protein; TRAF2, TNF receptor-associated factor 2; cIAP, cellular inhibitor of apoptosis; RIP, receptor
interacting protein; FADD, fas-associated death domain; BH3, BCL-2 homology domain 3; SMC,
Second mitochondria-derived activator of caspase mimetic compounds; Ub, ubiquitin; MCL-1;
myeloid cell leukemia 1; XIAP, X-linked inhibitor of apoptosis protein; BID, BH3 interacting-domain
death agonist; tBID, truncated Bid; AdV, adenovirus; JNK, c-Jun NH2-terminal kinase; BCL-xL, B-cell
lymphoma, extra-large; BCL-2, B-cell lymphoma 2; BAX, BCL2 associated X; BAK, Bcl-2 homologous
antagonist killer; Apaf-1, apoptotic protease activating factor-1; ASK1, Apoptosis signal-regulating
kinase 1; CHOP, CCAAT-enhancer-binding protein homologous protein; DOX, downstream of CHOP;
DR5, death receptor 5 (DR5); MDA, microtubule-destabilizing agents; MSA, microtubule-stabilizing
agent; ATF4, Activating transcription factor 4; PERK, PRKR-like endoplasmic reticulum kinase; IRE1,
inositol-requiring enzyme; CP, cyclophosphamide; Gem, gemcitabine; 5-Fu, fluorouracil; GBF-1,
Golgi-specific brefeldin A-resistant guanine nucleotide exchange factor 1; GCA-2, GBF-1 inhibitor
golgicide A; P, phosphorylated; VCP, valosin-containing protein; eIF2α, eukaryotic translation
initiation factor 2α.

2.7. Histone Deacetylase Inhibitors (HDIs)

Transcription regulation requires deacetylase activity [120]. Histone deacetylase in-
hibitor compounds (HDIs) were found to rescue viral replication in resistant cells [120–122],
which led to several investigations into the potential to augment OV replication. Inter-
estingly, the blunting of the antiviral response (Figure 1) seemed to be limited to tumor
cells, leaving the inhibition of viral replication in normal tissue intact [17]. However, an
enhanced effect was also seen in proliferating endothelial cells [123]. The mechanism
by which this specificity occurs remains unclear. It is suggested that this might be due
to either an inherent preference of OVs for tumor cells or an enhanced susceptibility of
tumor cells for these small molecules [124]. This enhanced susceptibility could be caused
by the aberrant activity of histone deacetylases (HDACs), documented for several types
of cancers [125–127]. Numerous HDI/OV combinations were tested in different tumor
models showing the therapeutic benefit of blunting the innate antiviral response during
OV treatment (Table 1). Some HDIs, such as butyrate and trichostatin A (TSA), can also
indirectly inhibit the innate immune signaling through the inhibition of NF-κB activa-
tion by reducing proteasome subunit expression [128]. Apart from inhibiting the innate
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immune response, the adaptive immune response was also beneficially influenced with
entinostat resulting in prolonged lymphopenia and depletion of Tregs [129–131]. Another
HDI, valproate, was shown to suppress production of IFN-γ, and immune cell infiltration
including NK cells, macrophages and lymphocytes, which helped promote virus growth
but also has the potential to dampen anti-tumor immune responses [130,132–134]. This
discrepancy in modulating the adaptive immune response can be related to the differences
in HDAC targets of the different HDIs. Trichostatin A inhibits class I and II HDACS [135],
Entinostat inhibits class I HDACs [136], whereas vorinostat and to a lesser extent valproate
are pan-HDAC inhibitors [137,138]. Among the HDIs vorinostat is considered the more
potent candidate for combination with OVs. However, more recent screenings have un-
covered an even more potent compound to promote viral replication in less permissive
tumors, namely viral sensitizer 1 and analog 28 (VSe1-28). This increased viral yield of VSV
up to 2000 fold in vitro [124]. Further, reovirus has recently been described to synergize
with HDAC inhibitor belinostat in both sensitive and belinostat-resistant T cell lymphoma
cells [139].

Table 1. Synergy of HDIs and OVs.

HDI OV Tumor References

entinostat VSV B16-F10, CT26, L363(MM),
HT29, M14, PC3, SW620, 4T1 [17,129,130,140]

vorinostat VSV B16-F10 [130,141]

trichostatin HSV, vaccinia SAS, Ca9-22, HSC, HCT116,
B26-F10, U87, SW480, HeLa [123,142,143]

valproate HSV, H1 U87, AGS1, U251, Gli36, HeLa [132–134,144]

Scriptaid & LBH589 Adenovirus Glioblastoma [145]

In addition, the HDI trichostatin has been reported to increase expression of MHC-I
molecules on the cell surface [146]. This is of particular interest for OVs used in a cancer
vaccine setting, where downregulation of MHC-I expression can result in a relapse [147].
This increased MHC-I expression was further improved when trichostatin was combined
with the hypomethylation agent, 5-azacytidine [146,148]. Beyond the interference with
the innate antiviral activity and stimulating effects on the adaptive immune responses,
HDIs have also been shown to enhance the direct tumor cell killing and replication of H1
parvovirus by increasing the acetylation of the viral NS-1 protein [144].

3. Combinations Enhancing Tumor Cell Death

Evasion of cell death is one of the main hallmarks of cancer. Apoptosis resistance
develops frequently by either upregulation of anti-apoptotic elements or countering pro-
apoptotic stimuli [149]. Though less prominent, other forms of programmed cell death
can be similarly overridden, such as necroptosis [150]. Of note, some viruses employ
analogous strategies to counter cell death as an archetypal cellular defense mechanism
against viral infection, exemplified by the oncolytic HSV [151] and vaccinia virus [152].
Consequently, viral oncolysis alone rarely leads to widespread and complete cell death,
opening the door for a combination approach with cell death sensitizers. Another aspect
of such combinations links the aforementioned often limited intra-tumoral spread of OVs
with the potential of bystander killing of uninfected cells [153]. Sensitizing a tumor mass
with agents promoting cell death has been shown to significantly increase the kill zone
of oncolytic viruses beyond the infected areas, yet still confined to the tumor [154]. The
following section gives an overview of small molecule compounds that augment tumor
cell killing and thus hold promise to synergize with oncolytic virotherapy.
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3.1. ER Stress Inducers

One approach to promote tumor cell death is by amplifying ER stress. When cells
synthesize secretory proteins in amounts that exceed the processing machinery, proteins
are accumulated in the ER. Because this setting is linked to cells with high protein synthesis
levels such as cancer cells and virally infected cells [155,156], OV-infected tumor cells
would be particularly sensitive to disruption of ER homeostasis. The protein accumulation
triggers the unfolded protein response (UPR) which tries to alleviate the ER by increasing
ER chaperone gene transcription, lowering protein synthesis, and, if all else fails, inducing
cell death (Figure 4C) [157]. Inhibiting these adaptive UPR measures has been studied
in combination with the oncolytic M1- and adenovirus using the valosin-containing pro-
tein (VCP) inhibitor Eeyarestatin I and the Golgi-specific brefeldin A-resistant guanine
nucleotide exchange factor 1 (GBF-1) inhibitor golgicide A (GCA-2), respectively. These
combinations resulted in the significantly enhanced anticancer efficacy of the OV treat-
ment [158,159]. The fine balance between homeostasis and apoptotic induction by the
UPRER, now requires more mechanistic knowledge of virus interactions with the UPRER
and drug synergy experiments, before this field is ripe for clinical applications [160]. In-
direct effects of ER stress inducers, such as thapsigargin (Tg) and ionomycin (Im), can
also enhance the activity of oncolytic adenoviruses through an alteration in Ca2+ flux and
protein kinase C signaling [161].

3.2. Analogues of DNA Building Blocks

Pyrimidine analogues, such as Gemcitabine and 5-fluorouracil, are common chemother-
apeutic compounds used for treating various types of malignancies. By interfering with
DNA replication these antimetabolites induce inhibition of DNA synthesis with subsequent
p53 upregulation, which ultimately can lead to cell death (Figure 4C) [162]. Naturally,
these cytotoxic compounds combine well with several OVs [163–169]. However, these
antimetabolites can also induce senescence of tumor cells which can regain proliferative
activity after treatment cessation [170]. Here certain OVs, like oncolytic measles virus,
have been shown to contribute to eliminating these senescent cells, thereby avoiding re-
lapse [167]. Specific pyrimidine analogues can also have immune modulating effects. These
have been suggested to positively affect the antitumor immune response over the antiviral
one [166].

3.3. Antagonizing Inhibitors of Apoptosis (IAPs)

One major barrier to effective OV therapy is virus-induced expression of type I IFN
and nuclear factor kappa B (NF-κB)-responsive cytokines, which can orchestrate an antivi-
ral state in tumors. On the other hand, the subsequently produced cytokines (TNF-α, Fas
ligand (FasL), TNF-related apoptosis-inducing ligand (TRAIL), etc.) can also be exploited
to induce tumor cell killing beyond the zone of initial infection, facilitated via co-treatment
with a number of different pharmaceutical agents, such as SMAC-mimetic compounds
(SMCs) [154,171,172] and B cell lymphoma-2 (BCL-2) homology domain 3 (BH3) mimet-
ics [173,174]. Of note, tumor cells are often more sensitive to these chemical compounds
than normal cells since NF-κB signaling is frequently constitutively activated [175], leading
to elevated expression of proteins participating in cell death pathways [176].

The second mitochondria-derived activator of caspase (SMAC) is a pro-apoptotic
factor released from the mitochondria during the process of cell death. Cytosolic SMAC
can potentiate the activity of different caspases by inhibiting X-linked inhibitor of apoptosis
protein (XIAP) and cellular inhibitors of apoptosis (cIAPs) (Figure 4B), which otherwise
antagonize caspase cleavage [177]. SMAC mimetic compounds (SMCs) are small molecule
mimetics of this cellular factor that can potentiate TRAIL- and TNF-α-mediated cell death
(Figure 4A,B), especially in tumor cells where theses signaling pathways are aberrant [178].
Despite their potent effects on certain cell lines as a single agent due to the presence of
endogenous TNF-α, SMAC mimetics are ineffective as a monotherapy in most tumor cell
lines. In addition, drug resistance mechanisms include a SMC-induced upregulation of
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cIAP2 [179] and LRIG1 [180]. As enhancers of pro-apoptotic stimuli, however, they act
as strong enhancers of the cytotoxicity of many apoptosis-inducing therapies, such as
OVs [181]. This synergy has been described for several SMCs and viruses (see Table 2)
and is mainly facilitated by the cytokines produced in response to OV infection. The most
important cytokines involved are TRAIL [178,182,183], IL-8 [183], IL-1A [183], IL-1β [184]
and TNF-α [176,185]. To improve the synergy between SMC and OVs even further, OVs
have been armed with exogenous tumor cell death enhancing (TCDE) cytokines, like
TNF-α [186], which also addresses toxicity issues commonly associated with their systemic
delivery. In an armed OV setting, production of these cytokines is largely limited to the
tumor [187].

Table 2. Selected SMC/OV combinations.

SMC OV Tumor Model References

LCL-161 VSV, M1 EMT-6, CT26, MOC-11, SNB75, SG539,
BTIC, HCT-116, Kym-1, M-3 [154,183,186,188–191]

Birinapant M1 HCT-116, Huh-7 [183,191]

Apart from enhanced cytotoxic effects, SMC/OV combinations can also improve the
antitumor response by modulating the adaptive immune response. Exhaustion of CD8+

T-cells was reduced by an SMC-induced tumor macrophage M2 to M1 repolarization, an
effect that could be further enhanced by PD-1 checkpoint blockade [190].

B cell lymphoma-2 (BCL-2) homology domain 3 (BH3) mimetics are antagonists that
can bind with the hydrophobic Bcl-2 homology (BH) groove of Bcl-2 family proteins,
thereby inhibiting these pro-survival proteins and restoring the apoptotic processes in tu-
mor cells (Figure 4B) [192]. Several BH3 mimetics, namely GX15-070 (Obatoclax), EM20-25,
BI-97D6 were shown to synergistically increase tumor cell death when combined with
oncolytic vaccinia virus, VSV and AdV, respectively [173,174,193,194]. BH3 mimetics also
could have a place in the cancer vaccine setting where treatment with GX15-070 (Obatoclax)
increased intra-tumoral activated CD8+ T-cells while reducing Treg activity [193].

3.4. Microtubule Targeting Compounds

Taxane compounds achieve their therapeutic effect through stabilizing the spindle
microtubule dynamics resulting in inhibited cell division (Figure 4D) [195]. In combination
with OVs, the microtubule stabilizing agents (MSAs), docetaxel and paclitaxel, were able
to sensitize a variety of tumor types to cell death following stimulation by a subset of
OV infection-induced cytokines [196–202]. In combination with reovirus, even tumor
cells not sensitive to paclitaxel alone showed a strongly enhanced cell death, which was
less due to increased oncolyis but, rather, resulted from activation of cell death programs
prior to viral assembly [203]. OVs, armed with pro-apoptotic cargos, could sensitized the
cancer cells even further to combination treatment [204]. More out-of-the-box ideas, such
as encapsulating paclitaxel and oncolytic adenovirus, together in extracellular vesicles
with improved transduction and efficacy, show that there new modes of synergy still to be
elucidated [205].

Another way of interfering with the tubuline network is through destabilization.
Indeed, microtubule-destabilizing agents (MDAs), such as vinca alkaloids, colchicine
and platinum compounds, have long been used as cancer chemotherapeutics. These
compounds can also increase cell death through bystander killing after exposure to OV-
induced cytokines [206–208]. The synergy of these types of compounds have been described
in numerous animal and human settings [200,201,203,208–213]. In addition, MDAs were
able to increase OV replication through a previously unappreciated role of microtubule
structures in regulating type I IFN translation (Figure 1). A colchicine-induced drop in IFN
and ISG expression allowed for a more robust replication of an oncolytic VSV variant with
a heightened IFN sensitivity [206,214]. On the other hand, HSV-induced cisplatin retention
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was reported, resulting in increased DNA damage and anti-tumor immunity [215]. An
additional route through which OV treatment can facilitate cell death in combination with
chemotherapeutics, more specifically platinum compounds, is by downregulating myeloid
cell leukemia 1 (MCL-1) (Figure 4B). MCL-1 is an anti-apoptotic member of the BCL-2
protein family that is more strongly degraded during oncolytic adenovirus infection. Its
elimination in turn allows compounds like cisplatin to push tumor cells more efficiently
towards cell death [216].

3.5. Topoisomerase Inhibitors

DNA topoisomerases are enzymes that solve topological problems associated with
DNA replication, transcription, recombination, and chromatin remodeling by introducing
temporary single- or double-strand breaks in the DNA [217]. Topoisomerase inhibitors
are small molecules that interfere with the function of these enzymes through either in-
tercalation or alkylation, leading to single and double stranded DNA breaks (Figure 4C).
When the integrity of the genome is sufficiently compromised, apoptosis and cell death
will follow, particularly in fast dividing cells, such as tumor cells, which are especially
sensitive to this [218,219]. Improving the potency of these inhibitors, specifically in tumor
cells, could allow lower dosing of these compounds, thereby limiting their adverse effects.
This is of special importance for these therapeutics, since their use has been linked to
the development of leukemia later in life [220,221]. An important mode of action of the
reported synergy between OV treatment and doxorubicin is believed to be both treat-
ments pushing the tumor cells in conflicting states of mitotic progression, resulting in
higher tumor cell death than either monotherapy could achieve [222]. In addition, the
effect of doxorubicin can be augmented by OV-mediated MCL-1 downregulation with
co-treatment significantly increasing tumor cell death (Figure 4B,C) [223].For several cancer
types, doxorubicin-treated senescent tumor cells, which are resistant to more classical
methods of treatment, were efficiently killed by an oncolytic measles virus [167]. The
combination of doxorubicin with an oncolytic adenovirus improved cell death in a more
immunogenic fashion. This was further enhanced with additional co-treatment of the
cyclophosphamide analogue ifosfamide [224]. Alternatively, the co-application of doxoru-
bicin can also promote an increased infectivity of tumor cells by oncolytic viruses such
as certain reovirus strains [225,226]. A more complex interplay has also been reported,
where OV treatment induces the nuclear translocation of the cytoplasmic transcription
factor cAMP response element-binding protein 3-like 1 (CREB3L1) [227], which in turn is
associated with augmented doxorubicin-mediated cell death [228].

4. Combinations Improving the Antitumor Immune Response

Although initially envisioned to act primarily via their tumoricidal actions, over the
last decade oncolytic viruses have emerged as potent immune activators and promis-
ing partners for cancer immunotherapies. The potential and promising preclinical and
clinical findings of combinations of OVs with major immunotherapeutic approaches
such as immune checkpoint inhibitors, T cell therapies, and cancer vaccines are beyond
the scope of this small molecule themed review but are extensively discussed in recent
publications [22,229–233]. Small molecule compounds that augment the antitumor im-
mune response can modulate the tumor microenvironment or affect the adaptive immunity
arm. The natural immune-activating characteristics renders OVs as the ideal platform to
work in conjunction with small molecule immunotherapies. The TME consists of extracellu-
lar matrix (ECM), stromal and immune cells. Some of these cells such as Tregs, MDSCs and
M2 macrophages drive an immunosuppressive environment by the secretion of cytokines
such as IL-10 or TGF-β [234,235]. Within the TME many human tumors are infiltrated by
Tregs [236], with preclinical data indicating that their depletion can enhance or restore anti-
tumor immunity [237]. This makes Treg-depleting small molecules attractive candidates to
counter cancer relapses caused by these immunosuppressive cells after OV treatment.
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4.1. Cyclophosphamide (CP)

CP was extensively tested in combination with OVs, where synergy was described
mostly through CPs immunosuppressive effects which allowed the OVs to replicate longer,
thereby prolonging and enhancing their therapeutic efficacy [238–241]. However, CP can
also play a role in improving the anti-tumor immune response elicited by initial OV treat-
ment. Low-dose CP does not have the same immunosuppressive and toxic effects that
allow increased OV replication, but does decrease the number of Tregs without compromis-
ing induction of antitumor or antiviral T-cell responses [242,243]. This selective sensitivity
of Tregs to CP, comprehensively reviewed by Madondo et al. [244], works through several
mechanisms. Combined, these mechanisms allow for depletion or reduced activity of
Tregs, while leaving other cell populations intact [244]. This approach shows great promise,
especially in combination with oncolytic virus-based cancer vaccination [245].

4.2. Inhibitors of VEGF and PDGF Signaling

VEGF-targeting agents such as sunitinib and cabozantinib can modulate the com-
position of immune cell subpopulations in the tumor and have been shown to enhance
the efficacy of OV treatment. These agents, in combination with OVs, also act on several
other aspects of the tumor adaptive immunity and TME, but mainly act through reducing
the function of immunosuppressive cells, such as MDSCs, which in turn change cytokine
levels (IL-1b, IL-6 and C-X-C motif chemokine ligand 1 (CXCL1)) and amplify the CD4+

and CD8+-mediated tumor regression [109,110,117,246]. The molecular mechanism under-
lying this MDSC depletion is believed to relate to inhibition of STAT3, which blocks the
development of immature myeloid cells into MDSCs, and VEGFR blockade, which results
in a lower capacity of MDSCs to migrate to the TME [247].

4.3. Transforming Growth Factor-β TGF-β Inhibition

During cancer progression, cross-talk of EGFR signaling occurs with another important
signaling cascade, which is centered around the cytokine family of TGF-β [248,249]. The
effects of TGF-β are very diverse and affect many signaling pathways of numerous cell
types in vivo, including cancer cells [249]. Due to the interaction complexity, the effect
of TGF-β evolves throughout the progression of cancer. Initially, it has a suppressing
effect by triggering cell cycle arrest [250]. However, as cancer progresses, tumor cells
become resistant to this response and TGF-β signaling results in epithelial–to-mesenchymal
transition and increased cell migration with subsequent metastases [250,251]. TGF-β
also contributes to an immunosuppressive TME [252], which impedes any anti-tumor
immune response that is elicited during OV treatment [253]. Indeed, when a small-molecule
inhibitor of TGF-β receptor 1 (TGF-βR1), known as A8301 [254], was combined with
oncolytic HSV as treatment for murine rhabdomyosarcoma, an increased efficacy was
seen due to an improved anti-tumor T cell response [255]. During non-canonical TGF-β
signaling, crosstalk occurs with numerous other signaling pathways, such as PI3K, JNK
and NF-κB [249]. As described above, these signaling pathways can have inhibiting effects
on the replication and potency of OVs. In certain tumor settings an indirect inhibition
of the pathways through TGF-β blockage could also promote OV replication. Indeed,
in glioblastoma (GBM) the TGF-βRI kinase inhibitors, galunisertib [256], SB431542 and
LY2109761 facilitated an increase in HSV replication through indirect inhibition of JNK-
MAPK signaling [257]. Interestingly, SB431542 also inhibited oncolytic reovirus-mediated
cell lysis, contrary to A8301 and galunisertib (LY2157299), indicating TGF-β signaling
independent mechanisms further to be elucidated [258].

4.4. Topoisomerase Inhibitors

The cytotoxicity of some topoisomerase inhibitor compounds has been shown to be
associated with enhanced immunogenicity of dying cells, in part due to the widespread
genomic damages [259]. In addition, topoisomerase inhibitors can also improve tumor
immunogenicity by upregulating antigen presentation as shown for a variety of melanoma
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cell lines and gliomas in response to nanomolar levels of DNA intercalating daunoru-
bicin [260]. These immune activating characteristics could be synergistically enhanced by
a combination of an oncolytic herpesvirus and adenovirus with mitoxantrone [261] and
temozolomide [27,262,263].

4.5. Novel Compounds Targeting Adaptive Treatment Resistance of the Tumor

There are also numerous other small molecule inhibitors that counteract different
aspects of immunosuppressive adaptive-mediated treatment resistance. However, these
compounds have yet to be tested in combination with OVs and will therefore only be
mentioned briefly, for example, inhibition of ubiquitin-specific peptidase 7 (USP7) [264,265],
PI3Kdelta [266], the CBP/EP300. In addition, topoisomerase inhibitors can also improve
tumor immunogenicity by upregulating antigen presentation as shown for a variety of
melanoma cell lines and gliomas in response to nanomolar levels of DNA intercalating
daunorubicin [260] or bromodomain [267]; all have been shown to inhibit Treg function,
subsequently allowing for a more potent antitumor immune response to arise.

4.6. Checkpoint Inhibitors (CPIs)

The benefits of combining antibody-based CPIs with OVs are well-known and have
been comprehensively reviewed elsewhere [22,268–270]. Naturally, upregulation of im-
mune checkpoints is a common result after OV treatment, leading to an increase in immune
suppression and subsequent tumor relapse [32]. This can be countered by macromolecule
CPIs. However, small molecule CPIs have also been developed and hold several benefits
over their antibody counterparts. This upcoming class of small molecules has been exten-
sively reviewed [271–274]. However, combinations with OVs have not yet been described
for small molecule CPIs.

4.7. Stimulator of Interferon Genes (STING)

The cyclic guanosine monophosphate–adenosine monophosphate (GMP-AMP) syn-
thase (cGAS)-stimulator of the interferon genes (STING) signaling pathway has recently
been described as playing an important role, not only in the innate response to infec-
tion [275–278], but also in cancer immune surveillance. STING activation initiates a type
I interferon (IFN)-driven pro-inflammatory program that stimulates basic leucine zipper
transcriptional factor ATF-like 3 (BATF3)-dependent dendritic cell (DC) cross-presentation
and promotes CD8+ T cell-mediated anti-tumor immune responses [279–282]. STING ago-
nists have thus emerged as a class of promising new therapeutics that may enhance tumor
immunogenicity and several candidates are being evaluated in pre-clinical and clinical
contexts [283–285]. However, STING deficiency is common in several cancer entities due
to the anti-tumorigenic and immune-activating role of STING signaling [286–288] and data
suggest that, consequently, oncolytic viruses benefit from STING loss due to a decreased
antiviral IFN response [287,288]. Several OVs also encode gene products that interfere
with the cGAS–STING signaling pathway [289,290]. These considerations make a potential
combination of OV with STING agonists at first look counterintuitive. However, STING
deficiency or dysfunction has been associated with an exclusion of lymphoid cells from the
TME [279] and, while viral replication may be enhanced in STING loss tumors, an optimal
induction of an adaptive anti-tumor immune response could be hindered. Indeed, OVs
that induce an IFN response via cGAS-STING signaling may have an advantage due to
the involvement of this pathway in the bridging of innate and adaptive immunity [291].
Hence, the combination of small molecule STING agonists with certain oncolytic viruses
may represent an interesting novel approach to enhance anti-tumor immune responses
in OV therapy, although careful assessment of the co-treatment regimen to balance the
antiviral and antitumoral effects of STING will be paramount.
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5. Safety Considerations

To date, clinical experience with virotherapy-enhancing combinations is limited and
our current understanding on the synergism of select combinations has been based on
extensive preclinical studies. Twenty years of clinical testing of OV’s in monotherapy
settings have underlined their excellent safety profile with grade 1 and 2 being the most
commonly reported adverse events [5]. To what extent some small molecule combinations
may compromise such a safety profile or adversely affect the overall therapeutic efficacy of
oncolytic viruses is currently, in large part, subject to conjecture and should therefore be
carefully addressed in pre-clinical settings. For example, dimethyl fumarate potentiates
replication and oncolysis induced by VSV∆M51 [66], but lowers leukocyte counts and can
result in reactivation of JC virus, leading to multifocal leukoencephalopathy (PML). Some
HDIs have also been shown to reactivate latent HIV [292], EBV and HSV-1 [293]. The risk
that such compounds may reactivate a second virus, with that virus’ interactions with
the initial oncolytic virus being unknown, should not be underestimated. The specific
inhibition profiles of the particular small molecule, as well as the OV in question, will
also determine the outcome of an OV/drug combination. While enhancing OV replica-
tion, inhibition of certain HDACs (HDAC 2, 6, 11) may enhance Treg function [294], so
choosing a drug with a favorable profile, selection of patients with low tumor Treg counts
or careful scheduling of the drug and OV may enhance the final anti-tumor synergy. In
addition, some virotherapy-enhancing combinations may also potentially enhance the
safety profile. For example, ruxolitinib has long been proposed to enhance activity of
numerous OVs due to countering the antiviral JAK/STAT signaling and no toxicities have
been reported in different preclinical studies [44,49]. However, its combination with an
interferon-armed VSV-hIFN-NIS in two current clinical trials (see Table 3) may also act
to offset potential toxicities caused by excessive production of the interferon transgene in
particularly permissive tumors.

Table 3. Currently active * clinical trials with oncolytic virus and small molecule compound combinations.

Virus
Family Oncolytic Virus Design Small Molecule

Compound Indication Phase/Status CinicalTrials.gov
Reference

HSV

rQNestin34.5v.2
HSV-1 with viral gene ICP34.5
under glioma specific nestin

promoter control

Cyclophosphamide Glioma I
recruiting NCT03152318

TBI-1401(HF10)
naturally attenuated HSV-1

Gemcitabine +
nab-pactitaxel Pancreatic cancer I

not recruiting NCT03252808

AdV

ONCOS-102
Ad5/3-24 expressing a

GM-CSF transgene
Cyclophosphamide Melanoma I

not recruiting NCT03003676

ONCOS-102
Ad5/3-24 expressing a

GM-CSF transgene
Cyclophosphamide Mesothelioma II

not recruiting NCT02879669

LOAd703
AdV5/35 expressing

TMZ-CD40L and 4-1BBL
transgenes

Gemcitabine +
nab-pactitaxel Pancreatic cancer I/IIa

recruiting NCT02705196

RV

Pelareorep
Unmodified human reovirus

typ 3 (Dearing strain)
Paclitaxel Breast cancer II

recruiting NCT04215146

Pelareorep
Unmodified human reovirus

typ 3 (Dearing strain)
Carfilzomib Multiple myeloma I

recruiting NCT03605719

VV
JX-594 (Pexa-Vec)

Wyeth strain VV expressing a
GM-CSF transgene

Cyclophosphamide Sarcoma, breast
cancer

II
recruiting NCT02630368
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Table 3. Cont.

Virus
Family Oncolytic Virus Design Small Molecule

Compound Indication Phase/Status CinicalTrials.gov
Reference

VSV

VSV-hIFN-NIS
VSV expressing an interferon

and a sodium iodide
symporter transgene

Ruxolitinib
Multiple myeloma,

AML, T-cell
lymphoma

I
recruiting NCT03017820

VSV-hIFN-NIS
VSV expressing an interferon

and a sodium iodide
symporter transgene

Ruxolitinib Endometrial
cancer

I
recruiting NCT03120624

AdV, adenovirus; GM-CSF, granulocyte-macrophage colony-stimulating factor; hIFN, human interferon; HSV-1, herpes simplex virus type
1; ICP, infected cell protein; TMZ-CD40L, trimerized membrane-bound CD40 ligand; VSV, vesicular stomatitis virus; VV, vaccinia virus.
* clinicaltrials.org accessed on 23 June 2021; search term “oncolytic”; filters “recruiting” and “active, not recruiting”.

6. Conclusions

While our understanding of how to capture the full potential of oncolytic virotherapy
continues to evolve, it appears clear that release of tumor associated antigens and activation
of the immune system is crucial for these anti-oncolytic agents. Consequently, combinations
of oncolytic viruses with immune checkpoint inhibitors are dominating the current clinical
trial landscape [295,296]. However, combinations with select small molecule compounds
can address some of the limitations of the oncolytic core features and improve oncolysis,
intra-tumoral spread, immunogenicity of tumor cell killing, as well as improving antigen
processing and the regulation of immune cell populations. Such combinations have now
also entered clinical testing [18] (for currently active trials, see Table 3).

In conclusion, there are many potent compounds available to counter most im-
munosuppressive mechanisms a tumor can display. The big challenge will be to
develop methods to efficiently and affordably determine which combination to use
when, and for which patients.
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Simple Summary: Oncolytic viruses show great promise as anticancer agents by simultaneously
lysing cancer cells while stimulating innate and adaptive immune responses. However, the extent to
which the adaptive immune system contributes to overall efficacy alongside oncolytic viruses is, in
part, dependent on the compliance of cancer cells to present antigens correctly. Dysregulation of any
part of the antigen presentation machinery provides a strong selection pressure for immune escape.
In this review, we consider the key immunological factors that might be measured to allow for the
optimum deployment of oncolytic viruses for effective cancer therapy.

Abstract: Dysregulation of HLA (human leukocyte antigen) function is increasingly recognized as a
common escape mechanism for cancers subject to the pressures exerted by immunosurveillance or
immunotherapeutic interventions. Oncolytic viruses have the potential to counter this resistance by
upregulating HLA expression or encouraging an HLA-independent immunological responses. How-
ever, to achieve the best therapeutic outcomes, a prospective understanding of the HLA phenotype
of cancer patients is required to match them to the characteristics of different oncolytic strategies.
Here, we consider the spectrum of immune competence observed in clinical disease and discuss how
it can be best addressed using this novel and powerful treatment approach.

Keywords: oncolytic virus; class I HLA; immunosurveillance; immunotherapy

1. Introduction

Cancer is a disease that constantly adapts to remain hidden beneath the immune
surveillance radar. Cells acquiring mutations or changes that are noticed by the immune
system can be pruned away by T-cell immunosurveillance, effectively providing a threshold
governing which changes are sufficiently stealthy to persist. However, under constant
selective pressure, tumors often develop a capacity for subversion, for example by the
upregulation of TGF-β or immune checkpoints, effectively raising the immunosurveillance
threshold which allows a greater range of genetic and epigenetic changes (tumor associated
antigens (TAAs)) to persist without detection [1].

We can counter this immune subversion strategy in a significant minority of patients
using immune checkpoint inhibitors that can reveal cancer cells, once again, as legitimate
targets for destruction by the immune system. However, the majority of patients do not
respond to checkpoint inhibition, and those that do can eventually develop resistance [2].
This suggests there are multiple mechanisms of immune evasion and a constantly evolving
battleground between tumor and immune cells. In many cases, cancer cells may eventually
acquire the capacity to turn off the immune surveillance radar completely by usurping the
class I HLA system to protect themselves from detection (Figure 1).

Without class I HLA presentation, T-cells cannot recognize and kill target cells, even
if all other aspects of the immune system are fully functional [3,4]. The majority of im-
munotherapy approaches currently under development—including cancer vaccines, check-
point blockade, adoptive T-cells and STING (stimulator of interferon genes) agonists—
are rendered completely obsolete without functional class I HLA presentation by cancer
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cells. Any aspirations for encouraging epitope spreading [5] or inciting a systemic ab-
scopal effect are likely to become redundant if key elements of the HLA pathway are
sufficiently compromised.
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Figure 1. Overview of immune evasion strategies employed by tumor cells. T-cell mediated killing requires functional 
class I HLA and can be inhibited by tumor expression of immune checkpoints such as PDL1 (programmed death ligand 
1). Immune activity in this situation can be restored using checkpoint inhibitor antibodies such as anti-PDL1. Similarly, 
NK (natural killer) cell-mediated cytotoxicity requires engagement via an NK cell ligand such as MIC-A (major histocom-
patibility complex class I polypeptide –related sequence A), coupled with the absence of class I HLA. Expression of the 
non-classical HLA haplotypes HLA-E or HLA-G (which are not generally recognized by the TCR (T cell receptor)) provide 
a simple mechanism for tumor cells to evade killing by both T-cells and NK cells. Additional abbreviations: ICB (immune 
checkpoint blockade), NKG2D (natural killer cell receptor G2 type D), KIR2DL4 (Killer cell immunoglobulin-like receptor 
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Figure 1. Overview of immune evasion strategies employed by tumor cells. T-cell mediated killing requires functional class I
HLA and can be inhibited by tumor expression of immune checkpoints such as PDL1 (programmed death ligand 1). Immune
activity in this situation can be restored using checkpoint inhibitor antibodies such as anti-PDL1. Similarly, NK (natural
killer) cell-mediated cytotoxicity requires engagement via an NK cell ligand such as MIC-A (major histocompatibility
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HLA haplotypes HLA-E or HLA-G (which are not generally recognized by the TCR (T cell receptor)) provide a simple
mechanism for tumor cells to evade killing by both T-cells and NK cells. Additional abbreviations: ICB (immune checkpoint
blockade), NKG2D (natural killer cell receptor G2 type D), KIR2DL4 (Killer cell immunoglobulin-like receptor 2DL4) and
ILT2 (immunoglobulin-like transcript 2).

2. The Murky and Complex World of HLA Deregulation

There are a myriad of ways that class I HLA expression can be downregulated,
corrupted or made dysfunctional [6–10]. A frequently observed event in cancer is loss
of heterozygosity (LOH) in the HLA locus, meaning that one allele is lost, effectively
providing cancer cells with a wider operational envelope to accumulate TAAs without
detection. For example, LOH in the HLA locus of lung cancer can cause the loss of HLA-
C*08:02, meaning that driver mutations like K-RAS (Kirsten rat sarcoma) G12D are no
longer presented and G12D-specific T-cells are no longer effective [11]. The frequency of
this change in cancer in early-stage lung cancer is reported to be 40% [12], emphasizing the
importance of this escape mechanism to mask immunogenic TAA.

Non-silent genetic mutations in class I HLA genes (including HLA-A, -B, -C and beta-
microglobulin (β2M)) are reported at low frequencies in many cancers, typically <5% [13], but
in microsatellite unstable colorectal cancer (MSI-H CRC), where there is a strong immune
pressure, this can be as high as 30% [14]. However, focusing on mutations directly in HLA
genes alone will only reveal a small fraction of the problem because any gene involved in
the antigen presentation pathway (e.g., proteasomal processing, peptide loading in the ER
or regulatory genes such as NLRC5) can result in deficient class I HLA function [14]. The
cumulative impact of all these molecular changes, together with heterogeneity between
clones of tumor cells, adds up to a complex picture. Given the lack of any established
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biomarkers for HLA functionality in patients, the importance of genetic mutations is likely
not fully appreciated.

Defects arising from genetic mutations or allelic loss are often referred to as irreversible
or hard defects [9]. In contrast, soft defects are epigenetic in nature and are potentially
reversible through pharmacological intervention. Causes of soft HLA defects are varied
and include deficiencies in interferon pathways [15] or the hypermethylation of key HLA
regulatory elements [16,17]. They are much harder to study and quantify than genetic
changes and may reflect responses to applied therapeutic immune pressure or be related
to other features of cancer progression and the tumor microenvironment including TGF-
β signaling [18], ER stress [19] and hypoxia [20]. Upregulation of class I HLA can be
achieved, in principle, through interferon signaling due to an interferon response element
(ISRE) in the promoter region of all the classical HLA molecules [15,21–23], although this
approach may not be effective in all cancers due to frequent deregulation of interferon
pathways [24–26].

The loss of type I HLA expression in cancer cells is often seen as an invitation for
elimination by NK cells. However, in the complex evolutionary environment of the tumor,
NK cells provide just one more challenge to work around. In consequence, the simple
absence of class I HLA is not likely to be a common occurrence; tumor cells that lose their
classical class I function alongside the upregulation of the non-classical HLA molecules
HLA-G and/or E, which do not provide classical antigen presentation but can inhibit the
activation of NK cells [27,28], are likely to be more successful. Tumor heterogeneity may
apply to HLA function in the same way that it applies to mutational load, meaning that
different tumor cells and their progeny may acquire different HLA deregulation strategies,
particularly in the face of immunological therapies. In other words, we should not think
in terms of binary HLA loss, but of a constant bio-selection to maintain a balance of HLA
expression appropriate for the continued existence of a population of cancer cells. For
further details on HLA loss and the underlying mechanisms, please refer to an earlier
review in this journal [6].

3. Treating HLA-Competent Tumors with Oncolytic Viruses or Immunotherapy

Cancers with functional HLA should be relatively amenable to a wide range of im-
munotherapies, although this can probably occur only if they are infiltrated with functional
CD8+ T-cells (Figure 2, category A). In these patients, a single adjustment to the immune
system through either checkpoint inhibition or oncolysis could arguably be sufficient to
reach a tipping point that enables the immune system to mount an effective response. The
first approved oncolytic viruses for human use, Imlygic, lends support to this concept
with significant numbers of responses that appear to be immunological in nature [29]. For
tumors showing an abscopal response (>50% shrinkage of non-injected lesions), comprising
of about 34% of superficial lesions and 15% of visceral lesions, it would be reasonable to
hypothesize that the HLA system remains at least partially functional. The addition of
checkpoint inhibitors with Imlygic has further increased the response rate [30,31], perhaps
reflecting their independent mechanisms of action that may synergize to allow HLA-
mediated cytotoxicity. Whether this is sufficient to extend patient survival compared to
either treatment alone is currently being evaluated in a phase 3 clinical trial (MASTERKEY-
256/KEYNOTE-034). Meanwhile several other oncolytic agents are being explored in
combination with checkpoint inhibitors, including Cavatak, Reolysin, MG1-MAGEA3,
ONCOS-102, DNX-2401, HF-10, Pexa-Vec and Enadenotucirev [32]. For all these trials,
it would be very helpful to prospectively correlate patient HLA expression with clinical
observations, although we are not aware that any are planning to do so.
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adaptive immune response is likely to succeed. One of the most effective ways to restore HLA expression is through 
interferons (IFN), which are usually expected to be an inherent byproduct of oncolysis and immunogenic cell death. Un-
derstanding the IFN status of cancer cells is of particular importance in the context of reversible HLA defects and oncolytic 
viruses. Cancer cells need to be IFN-competent to allow HLA upregulation, but these cells are a poor target for oncolytic 
viruses that are designed to selectively replicate in IFN-defective cells. With functional HLA status restored, CD8+ infiltra-
tion becomes an important variable. Some viruses are vulnerable to lymphocytes by design, exploiting HLA defects or 
immune exclusion in order to spread. Drawing lymphocytes into the tumor is an essential part of the adaptive immune 
response and a forte of oncolytic viruses, however lymphocytes may also eliminate some oncolytic vectors prematurely. 
Cancers with molecular hard defects (HLA−; categories I–L) or indeed soft HLA deficiencies that cannot be restored, may 
be difficult to treat with any therapy that relies on the adaptive immune response for efficacy. For these cancers, direct 
oncolysis combined with conventional cytotoxic chemoradiotherapy or the use of HLA independent killing strategies, for 
example encoding bi-specific T-cell engagers, may be more appropriate. Finally, it is worth noting that tumor heterogene-
ity means that different phenotypes may well occur within different regions of the same tumor. HDAC: histone deacety-
lase. 
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upon lysis [33–35]. This effect is amplified by triggering immunogenic cell death (ICD) 
pathways that induce wide-ranging immunological consequences, including the matura-
tion of dendritic cells and activation of T-cells [36–40]. On top of the inherent ability of 
viruses to induce ICD, arming them with transgenes can further stimulate different arms 
of the immune system through the careful choice of cytokines or checkpoint inhibitors, 
among myriad other possibilities [41]. 

4. Boosting Lymphocyte Uptake into HLA Competent Tumors 
An important and unusual benefit of oncolytic viruses is the potential to attract CD8+ 

cells that may otherwise be excluded from tumors, a phenomenon particularly apparent 
in carcinomas [42–44]. Promoting lymphocyte engraftment into tumors could be essential 
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Figure 2. Simplified model of immunological phenotypes from the perspective of oncolytic therapy. HLA+ cancers (A–D)
have a high potential for immune responses including oncolytic strategies to foster in situ vaccination and combinations with
checkpoint inhibitors (CPIs). Cancers with a HLA− (soft) phenotype (E–H) require conversion to HLA+ before an adaptive
immune response is likely to succeed. One of the most effective ways to restore HLA expression is through interferons
(IFN), which are usually expected to be an inherent byproduct of oncolysis and immunogenic cell death. Understanding
the IFN status of cancer cells is of particular importance in the context of reversible HLA defects and oncolytic viruses.
Cancer cells need to be IFN-competent to allow HLA upregulation, but these cells are a poor target for oncolytic viruses
that are designed to selectively replicate in IFN-defective cells. With functional HLA status restored, CD8+ infiltration
becomes an important variable. Some viruses are vulnerable to lymphocytes by design, exploiting HLA defects or immune
exclusion in order to spread. Drawing lymphocytes into the tumor is an essential part of the adaptive immune response and
a forte of oncolytic viruses, however lymphocytes may also eliminate some oncolytic vectors prematurely. Cancers with
molecular hard defects (HLA−; categories I–L) or indeed soft HLA deficiencies that cannot be restored, may be difficult
to treat with any therapy that relies on the adaptive immune response for efficacy. For these cancers, direct oncolysis
combined with conventional cytotoxic chemoradiotherapy or the use of HLA independent killing strategies, for example
encoding bi-specific T-cell engagers, may be more appropriate. Finally, it is worth noting that tumor heterogeneity means
that different phenotypes may well occur within different regions of the same tumor. HDAC: histone deacetylase.

Where functional HLA presentation on cancer cells is confirmed, it is compelling to
pursue oncolytic viruses as in situ personalized vaccines, releasing and exposing TAAs
upon lysis [33–35]. This effect is amplified by triggering immunogenic cell death (ICD)
pathways that induce wide-ranging immunological consequences, including the matura-
tion of dendritic cells and activation of T-cells [36–40]. On top of the inherent ability of
viruses to induce ICD, arming them with transgenes can further stimulate different arms
of the immune system through the careful choice of cytokines or checkpoint inhibitors,
among myriad other possibilities [41].

4. Boosting Lymphocyte Uptake into HLA Competent Tumors

An important and unusual benefit of oncolytic viruses is the potential to attract
CD8+ cells that may otherwise be excluded from tumors, a phenomenon particularly
apparent in carcinomas [42–44]. Promoting lymphocyte engraftment into tumors could be
essential to allow for the initiation of an effective immune response, although it can only
be useful if type I HLA expression is functional (Figure 2, categories A–D). Lymphocytes
are attracted towards a chemokine concentration gradient and replicating lytic viruses,
established within the tumor, are well placed to become a homing beacon for immune
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cells [31,45–47]. It is also possible that new CD8+ cells entering the tumor may have greater
activation potential than the endogenous T-cells that may have become anergic following
exposure to the tumor microenvironment (TME) for an extended period. This phenomenon
should place oncolytic viruses as ideal partners for other immunotherapy approaches, since
mobilizing immune cells in cancer patients by other approaches is far more challenging.
For example, administering immune stimulants like STING agonists, chemokines, or
interferons directly into the blood stream is likely to provide only a relatively short period
of activation at the expense of systemic side effects, without any locoregional information
to guide immune cells towards the tumor [48,49].

To further augment the capacity of oncolytic viruses to promote immune engraftment,
it is possible to arm them to express chemokines within the tumor [50–52]. In this context,
particularly desirable oncolytic viruses might be those that that persist locally and express
chemokines for extended periods of time. However, attracting cytotoxic T-cells into the
locality of a replicating oncolytic virus brings with it the capacity for rapid recognition and
elimination of the virus itself, and a consequent premature end to the therapy [53]. The
subtle interplay between viruses and the HLA system has been evolving for millennia, and
the implications for oncolytic virus design are considered in the next section.

5. The Consequences of Removing HLA-Manipulating Viral Proteins from
Oncolytic Viruses

Many viruses contain proteins, such as E3 19k in adenovirus or ICP47 in HSV, that
are capable of corrupting antigen presentation inside infected cells using strategies as
diverse as blocking the TAP transporter or pulling HLA molecules away from the cell
surface [54]. These elements have been removed from many oncolytic virus candidates
with the intention of making oncolysis more immunogenic, and to improve safety by
accelerating viral clearance in normal tissues [55,56]. However, in hot tumors, broadcasting
a cancer cell as virus-infected in this way may lead to premature virus elimination by the
immune system, necessitating repeated virus delivery in the face of increasing levels of
neutralizing antibodies or restricting treatment options to direct intratumoral injection.
Conversely, in cold tumors that lack CD8+ cells, this may be less of an issue, at least initially,
with virus infected cells only becoming targets after immune cell infiltration is restored.

Removing HLA-inactivating genes from oncolytic viruses might also be counterpro-
ductive to creating a durable anticancer immune response. One of the benefits of oncolytic
viruses is the capacity to cause immunogenic cancer cell death, shedding adenosine triphos-
phate, heat shock proteins and other immune-provoking signals alongside cancer antigens
into the interstitial space [37,40,57]. This could create a proinflammatory environment,
potentially leading to an anticancer immune response. In contrast, allowing the presen-
tation of virus antigens on HLA will likely lead to efficient T-cell-mediated killing of
infected cancer cells by caspase-mediated apoptosis, regarded as a less inflammatory death
mechanism [58]. Arguably, this could be less effective at priming new anticancer immune
responses than virus mediated lysis with the simultaneous presentation of pathogen or
damage associated molecular patterns (PAMPs and DAMPs).

Cancer cells infected with an oncolytic virus are likely to be destined for eventual
elimination, either through lysis or following the exhaustion of metabolites. Rather than
killing them rapidly via T-cell cytotoxicity, it may be preferable to allow virus infected cells
to persist as a factory, modifying the tumor microenvironment and releasing TAAs, while
T-cells kill any residual cells not infected by the virus [59]. Accordingly, cancer selective
viruses that can avoid T-cell killing may have the advantage, especially when relying on
the adaptive immune response as the major driver for efficacy.

6. Treating Cancers with Reversible HLA Defects

Where a cancer cell lacks functional class I HLA, little benefit can accrue from check-
point inhibition or attracting lymphocytes into the tumor microenvironment. Efforts to
express or expose TAA are likely to be fruitless until HLA function is restored. Turning HLA
defective (soft) cancers (Figure 2, categories E–H) into HLA competent tumors (Figure 2,
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categories A–D) is therefore an attractive proposition and can exploit several strengths
of the oncolytic approach, particularly where those soft mutations are mediated through
deficient interferon pathways. In particular, viruses have an intrinsic capability to induce
interferons during infection and lysis by triggering pathogen recognition receptors such as
cGAS (cyclic GMP-AMP synthase) or RIG-I (retinoic acid-inducible gene I) in cancer cells
or adjacent stromal cells [60,61]. Viruses can also be armed to express additional levels of
interferons selectively in the tumor microenvironment [62–64].

Although soft HLA defects are not understood in detail in patients, they feature
strongly in laboratory models. For example, B16 cancer cells are a classic example of
soft class I HLA defects, with low levels of HLA that can be fully restored by treatment
with gamma interferon [65]. It is intriguing to ponder whether it is interferon-induced
class I HLA upregulation rather than anything else that leads to efficacy with oncolytic
viruses in this model, given that persistent lysis would not be required in the presence of
an anticancer immune response [66].

This potential for the locoregional upregulation of class I HLA expression in tumors,
using interferon either encoded within the virus or produced naturally following virus
infection, should synergize with the ability of oncolytic viruses to attract and activate T-cells.
In turn, this could condition the tumor microenvironment to support additional immune
therapies like checkpoint inhibitors that have little chance otherwise of having an impact.
Accordingly, oncolytic viruses could be the key to enabling the effective immunotherapy of
cancers with reversible HLA defects (E to H).

While upregulating classical HLA-A, -B and -C in tumors with soft mutations may
be highly desirable to engender an adaptive immune effect, care must be taken not to
upregulate non-classical HLA-G/E, which have a variety of mechanisms to inhibit classical
antigen presentation. Variations in the promoter regions of HLA-A/B/C vs. HLA-G/E may
allow pharmacological approaches to achieve this [67]. Careful analysis of the regulation
of classical and non-classical HLA molecules, together with the versatility of oncolytic
viruses, could permit the subtle manipulation of HLA expression to achieve the greatest
therapeutic impact.

7. Implications of Interferon Competency in Cancer Cells with HLA
Reversible Cancers

Cancer cells with defects in interferon pathways or NF-κB signaling pathways may not
be amenable to the correction of HLA function via the expression of interferons (Figure 2,
categories G,H). This is crucially important for some oncolytic approaches that are designed
to exploit cancer cells that have deregulated interferon pathways [68]. At face value, these
oncolytic agents would perhaps not be the first choice for patients with interferon-reversible
soft HLA defects because, by definition, these tumors are likely to be interferon responsive
and therefore the activity of these viruses would be limited.

However, the reality is more nuanced, because defects in interferon signaling can be at
different stages of the pathway, with some cancer cells not able to express interferons and
others not able to respond to them. In a stromal-rich tumor, fibroblasts and macrophages
are likely to have the full capacity to detect oncolytic viruses and express interferons even
if the cancer cells are defective [69]. Cells that can be stimulated by external interferon
(with intact JAK/STAT signaling) would often have functional interferon regulatory factors
(IRFs), and therefore be able to trigger ISRE to upregulate classical class I HLA expression.
Conversely, cells with deficient JAK/STAT pathways could likely still upregulate HLA, but
only if their own virus-sensing pathways remain intact. Consequently, a major subset of
cancer cells with functional JAK/STAT pathways but defects in virus sensing and interferon
expression, could likely upregulate HLA in response to interferons generated within the
TME by an oncolytic virus interacting with stromal cells. However, this may be to the
detriment of further oncolytic virus spread and lysis. Accordingly, matching the patient
population to the oncolytic strategy is very important.

Some DNA viruses have sophisticated mechanisms to overcome interferon responses,
for example the E1A protein and the VA RNAs in adenovirus, B8R and B18R/B19R in vac-
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cinia, and ICP34.5, US11 and others in HSV-1 [70]. Adenoviruses, for example, can continue
replicating despite triggering interferon and STING pathways, allowing both immune
stimulation and lysis to happen concurrently [71]. When DNA viruses are genetically atten-
uated to render them interferon sensitive, the innate immune response works to limit viral
replication [72]. Consequently, patients that are considered to have interferon-inducible
HLA may be preferentially matched with viruses that can operate in a wider variety of
interferon competent environments. This may be particularly true in heterogeneous tumors
where there is likely to be a variety of different interferon defects in different populations
of cancer cells, and also in those cancers with a high stromal cell content. In contrast, for
viruses that are unavoidably dependent on dysfunctional interferon, it may be possible to
achieve upregulation of HLA via interferon-independent pharmacological means such as
HDAC inhibition [73].

8. Oncolytic Viruses for the Treatment of Irreversible Hard Defects

In cancers where there are genetic defects in the HLA pathway, attempts to mount a
comprehensive adaptive immune response are likely to be futile. In these cancers (Figure 2,
categories I–L), decisions over how best to invoke ICD or stimulate antigen presenting cells
becomes straightforward because none are likely to be successful. For these cancers, the full
spectrum of oncolytic mechanisms and arming strategies will need to focus on achieving
cytotoxicity independent of HLA expression, and this embodies the essence of the whole
concept of direct virolysis. Prior to discussing the range of different HLA-independent
cytotoxic strategies available to oncolytic viruses, it is worth challenging the very notion
that hard HLA defects are definitively irreversible. Oncolytic viruses have the capacity, in
principle, to normalize HLA expression in any cell they infect.

8.1. Gene Supplementation Therapies

Wild type copies of each of the components of the antigen presentation pathway can
in theory be encoded within oncolytic viruses and expressed locally within tumor cells
to restore pathway function. Although this approach could be adopted for any pathway
component, perhaps the most widely studied is β2M [74], where gene replacement with
adenovirus has been shown to restore cell surface expression of classical class I HLA
molecules, implying that β2M function has been restored [75]. Importantly, the restoration
of β2M was also shown to lead to peptide-specific immune recognition by cognate antigen-
specific T-cells [76].

Unfortunately, the therapeutic benefits of direct class I HLA gene replacement therapy
will likely be very limited, because current understanding suggests that the expressed
transgene product would be restricted only to cells that are actively infected with the
oncolytic virus. This raises two immediate concerns—first, that functional antigen presen-
tation would not be restored more broadly within the tumor, but only in cells that would
be expected to be killed by direct oncolysis, and secondly that the restored HLA function
in those infected cells might begin to present viral epitopes rather than TAAs, giving rise
to an augmented antiviral T-cell response rather than stimulating an anticancer response.
This might accelerate the immune-mediated clearance of the virus rather than empowering
a cancer vaccination effect. Hence, the concept of replacing mutated components of the
antigen presentation pathway appears flawed unless it can be somehow delivered more
broadly within the tumor and not restricted just to virus-infected cells. One possible ap-
proach that might be worth exploring is the use of exosomes. Although still in its infancy,
the potential for programming viruses to manipulate exosomes to distribute functional
HLA molecules amongst cancer cells may be an effective way of restoring the presentation
of TAAs to allow renewed immunosurveillance.

8.2. Turning Lymphocytes into HLA-Independent Killers with Virus-Deployed Bispecific
T-Cell Engagers

Bispecific T-cell engagers (BiTEs) crosslink endogenous CD3 on T-cells to surface
targets on cancer cells, creating an activating pseudosynapse through clustering and
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leading to rapid and efficient target-specific cytotoxicity. The T-cells then detach from the
target cell and can bind to a new target cell, earning them the epithet serial killer T-cells.
This powerful approach is reminiscent of converting endogenous T-cells into antigen-
specific chimaeric antigen receptor (CAR) T cell-like cells in situ, recognising any chosen
surface antigen.

BiTEs are difficult to deploy through conventional intravenous delivery because of
their short plasma half-life, and fine tuning of affinity of the CD3 binding arm is crucial
to prevent sequestration to T-cells outside the tumor. When it comes to the choice of the
antigen-binding arm for a systemic therapy, there is a trade-off between using broadly
expressed antigens that could mediate on-target off-disease side effects, or highly cancer-
selective antigens that may not be universally expressed throughout the tumor. Expressing
BiTES locally and exclusively in the tumor microenvironment from an oncolytic virus may
avoid these complications, allowing for a far broader range of target and effector arms to
be considered. A constantly renewed supply of BiTEs might be expected to synergize with
newly arriving T-cells encouraged to the tumor through chemokines or oncolysis.

Several groups have now demonstrated the successful delivery of BiTEs using a range
of oncolytic viruses. The earliest approaches used oncolytic vaccinia and adenovirus to
express BiTEs targeting receptors on the cancer cell surface, allowing cancer cells to be
targeted simultaneously by two distinct cytotoxic entities—the oncolytic virus and the BiTE-
targeted T-cell [77–79]. It would be difficult to use any other strategy to target these surface
markers with the anatomical selectivity provided by oncolytic viruses. However, despite
the potency and selectivity of the approach, it was soon considered suboptimal because the
rapid cytotoxicity can decrease the pool of therapeutic viruses by eradicating the tumor
cells that produce them. Accordingly, more recent innovations have explored combining
the direct cytotoxicity of oncolytic viruses against cancer cells with BiTEs that retarget
endogenous T-cells to attack other cellular components of the tumor microenvironment. To
date, these have included tumor-associated macrophages via targeting to folate receptor b
or CD206 [80], or tumor-associated fibroblasts via fibroblast activation protein (FAP) [81,82].
This latter approach forms the basis of an ongoing clinical trial which uses an oncolytic
adenovirus to express a FAP BiTE alongside alpha interferon (which should increase
immune stimulation and may restore HLA function), together with two chemokines
intended to recruit T-cells into the tumor (Clinical Trials identifier NCT04053283). Finally,
harnessing endogenous T-cells in this way should provide greater therapeutic potential
for heterogeneous solid tumors than exogenously applied CAR T-cells, since every T-cell
within the tumor may be redeployed against the chosen target antigen, whereas CAR
T-cells will always be a subset of those engrafting into solid tumors.

9. Orchestrating Anti-Cancer Innate Immune Cells in the Absence of Functional HLA

A great strength of oncolytic viruses is that they are fully customizable drugs that can
be fine-tuned to accomplish the tasks at hand. Where adaptive immunity is unlikely to
be harnessed, arming elements targeting cancer vaccine approaches can be swapped out
for those targeting the innate immune system. NK cells have been directly implicated in
enhancing the efficacy of oncolytic viruses in experimental models [83]. Arming oncolytic
viruses with IL-15 [84] is likely to augment NK activation, while strategies based on CCL5
chemotaxis [85] have been used to attract them in to tumors. Expression of SIRPa-Fc antag-
onists from oncolytic viruses can block the CD47 “don’t eat me” signals on cancer cells and
facilitate macrophages to attack them directly [86]. Building on the BiTE principle, it is now
possible to develop bispecific killer cell engagers (BiKEs) that crosslink cancer cell surface
antigens with CD16 on NK cells, or better still, trispecific TriKEs that included further
functionality through integrating IL-15 [87,88]. Equivalent approaches using BiMEs (bis-
pecific macrophage engagers) to activate macrophages have also been reported [89]. Like
all arming approaches to activate the adaptive immune system, strategies for exploiting
innate cells will benefit from selective expression in the tumor microenvironment provided
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by oncolytic viruses. Careful design of the innate immune cell stimulation is required in
order to avoid the premature and unwanted elimination of virus-infected cells.

10. Strategies to Maximize Cell Killing by Oncolytic Viruses

Oncolysis is an HLA independent killing mechanism that should be exploited in
cancers with severe immunological defects. Several hallmarks of cancer, including immune
deregulation, appear to provide an advantageous niche for virus activity [90]. These also
include the intrinsic resistance of cancer cells to apoptosis and their reprogrammed energy
metabolism that provides biosynthetic intermediates to support macromolecular synthesis.
When this is combined with hard HLA defects and little to no prospect of a functional
cytotoxic T lymphocyte response, a virus might be expected to remain on station for as
long as there are substrate cancer cells to infect. In xenografts, efficacy through oncolysis
can be demonstrated without help or hindrance from T-cells [91–93].

The combination of virotherapy with chemotherapy can also lead to enhanced virus
spread and cell lysis. Synergy with a wide range of chemotherapeutic agents, including
platinum drugs, taxanes and topoisomerase inhibitors, among others, have been reported
and reviewed in detail elsewhere [94]. Arguably, the most convincing anticancer efficacy in
solid carcinomas with oncolytic viruses was in combination with chemotherapy [95]. In this
study, patients refractory to several lines of previous treatment were injected intratumorally
with ONYX-015 concurrently with intravenous cisplatin and 5FU. Only one of the tumor
nodules (the largest) was injected, with uninfected tumors acting as internal controls. In 19
evaluable patients, eight had a complete response in the injected tumor and the remainder
had a partial response with signs of extensive lysis. That this effect was mediated by
direct oncolysis without adaptive immunity was evidenced by the lack of any effect on
non-injected tumors.

Arming viruses to treat HLA compromised tumors can be fully focused on promoting
intratumoral virus spread and direct oncolysis. This is made easier because virus gene
products that evade premature CTL killing like E3 19k in adenovirus or ICP47 in HSV-1
become redundant in this setting and removing them makes space for additional transgenes.
Matrix degrading enzymes or cell fusion peptides have both demonstrated enhanced
spread of oncolytic viruses in vitro and in vivo. Enzyme prodrug therapy using thymidine
kinase (TK) or cytosine deaminase (CD) [96] is an alternative approach that combines many
of the benefits of targeted chemotherapy with the anatomical selectivity of a virus. An
innocuous prodrug given systemically that is activated into a cytotoxic entity only by the
enzyme within the tumor restricts cytotoxicity to the environs of the infected tumor cells
and spares normal tissues, including the bone marrow. In the case of TK, the prodrug
is usually ganciclovir, which is metabolized to yield a potent DNA polymerase inhibitor,
whereas CD metabolism 5-fluorocytosine to become 5-fluorouracil (5FU), which is a widely
used inhibitor of thymidylate synthase. In particular, 5FU is an attractive therapeutic for
this approach because it diffuses widely and will mediate a considerable bystander toxicity
against cells that are not directly virus infected [97]. Future strategies to enhance virus
spread or cytotoxicity could involve transgene products, including proteins or nucleic acids
packaged into exosomes and other membrane vesicles that are shed from the infected cell,
and thereby allow their transfer into the cytosol of uninfected cancer cells nearby [98].

11. Conclusions

Progress in cancer immunotherapy over the past two decades has been extraordinary,
transforming the lives of many patients that were previously incurable. Intense ongoing
research is focused on the limits of our ability to re-educate the immune system and turn
it against tumor antigens. Success in the clinic, together with more sophisticated animal
models that allow for the demonstration of novel immunotherapies, has attracted much of
the global capacity for oncology research and development.

Yet despite this, the majority of patients do not respond to immunotherapy. This
failure may continue unless we tackle the underlying features of immune evasion head
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on. HLA deficiency is arguably the primary culprit because deregulation in any of the
genes or pathways involved in antigen processing or presentation will thwart any attempts
at perpetuating the clearance of cancer cells via the adaptive immune system. Current
laboratory tests for class I HLA expression do not take into account the presence of non-
classical HLA molecules (notably HLA-E and -G), and hence cannot reliably assess HLA
function. It follows that a deeper understanding of a patient’s capacity for adaptive immune
responses, including HLA functionality, will be essential to allow as much clinical impact
as possible.

Oncolytic viruses are supremely versatile anticancer agents that have the capacity
to address some of the greatest therapeutic challenges and unmet needs for patients.
This includes exploiting class I HLA where it is functional, or inducing it where it is not,
provided we can accurately identify patients who would benefit in those scenarios. Despite
the inherent ability of viruses to induce interferons and potentially restore or upregulate
HLA, surprisingly no primary oncolytic paper has focused on this area. In many cases,
this might be because cancers with functional interferon pathways have been avoided for
pre-clinical research using those oncolytic agents that are interferon sensitive. On a broader
point, a greater awareness of the HLA status of animal tumour models could be very useful
to help interpret preclinical therapeutic activity and might contribute towards stratification
of patients suitable for different types of treatment.

Perhaps the most powerful approach of all is to use the characteristics of oncolytic
viruses to invoke HLA independent immunotherapy or mediate direct cytotoxicity alone,
or perhaps in combination with chemo/radiotherapy. Although this is particularly relevant
to cancers with severe immune deregulation, such a strategy could be applied more broadly
without having to be overly concerned with HLA status.

It follows that oncolytic viruses have great potential to contribute to meaningful thera-
pies for patients with any status of immune function. However, which oncolytic approach
will be most successful depends on both the class I HLA status and the interferon compe-
tence of the tumor, including whether there is clonal heterogeneity between metastases or
even within individual tumors. Knowledge of HLA functionality and interferon status in
individual patients is essential to guide the choice of optimal treatment strategy, but that
information is currently very hard to obtain. A laboratory test for HLA function that could
be performed on biopsies would revolutionize our ability to deploy oncolytic and other
immune stimulatory strategies effectively.
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Simple Summary: Oncolytic viruses (OVs) are a promising immunotherapy that specifically target
and kill cancer cells and stimulate anti-tumor immunity. While different OVs are endowed with
distinct features, which enhance their specificity towards tumor cells; attributes of the cancer cell also
critically contribute to this specificity. Such features comprise defects in innate immunity, including
antiviral responses, and the metabolic reprogramming of the malignant cell. The tumorigenic features
which support OV replication can be intrinsic to the transformation process (e.g., a direct consequence
of the activity of a given oncogene), or acquired in the course of tumor immunoediting—the selection
process applied by antitumor immunity. Oncogene-induced epigenetic silencing plays an important
role in negative regulation of immunostimulatory antiviral responses in the cancer cells. Reversal of
such silencing may also provide a strong immunostimulant in the form of viral mimicry by activation
of endogenous retroelements. Here we review features of the cancer cell that support viral replication,
tumor immunoediting and the connection between oncogenic signaling, DNA methylation and viral
oncolysis. As such, this review concentrates on the malignant cell, while detailed description of
different OVs can be found in the accompanied reviews of this issue.

Abstract: Cell autonomous immunity genes mediate the multiple stages of anti-viral defenses,
including recognition of invading pathogens, inhibition of viral replication, reprogramming of
cellular metabolism, programmed-cell-death, paracrine induction of antiviral state, and activation
of immunostimulatory inflammation. In tumor development and/or immunotherapy settings,
selective pressure applied by the immune system results in tumor immunoediting, a reduction in
the immunostimulatory potential of the cancer cell. This editing process comprises the reduced
expression and/or function of cell autonomous immunity genes, allowing for immune-evasion of the
tumor while concomitantly attenuating anti-viral defenses. Combined with the oncogene-enhanced
anabolic nature of cancer-cell metabolism, this attenuation of antiviral defenses contributes to viral
replication and to the selectivity of oncolytic viruses (OVs) towards malignant cells. Here, we review
the manners by which oncogene-mediated transformation and tumor immunoediting combine to
alter the intracellular milieu of tumor cells, for the benefit of OV replication. We also explore the
functional connection between oncogenic signaling and epigenetic silencing, and the way by which
restriction of such silencing results in immune activation. Together, the picture that emerges is one
in which OVs and epigenetic modifiers are part of a growing therapeutic toolbox that employs
activation of anti-tumor immunity for cancer therapy.

Keywords: oncolytic viruses; immunoediting; oncogenic signaling; RAS; DNA methyltransferase
inhibitor (DNMTi); viral mimicry; epigenetic silencing

1. Introduction

The present review focuses on the differential and enhanced susceptibility of cancer
cells to oncolytic viruses (OVs). We propose that such hyper-susceptibility of the malignant
cells stems from unique features of the cancer-cell milieu, including defective antiviral
responses and metabolic reprograming. The sources of such tumor-cell specific alterations
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comprise a combination of factors, which are intrinsic to the tumor cell—e.g., oncogene-
stimulated signaling, and/or extrinsic ones; e.g., selective pressure applied by the tumor
immune microenvironment. We begin by focusing on the cancer-cell per se, analyzing
how oncogene-induced modifications serve to optimize the intracellular environment
towards OV replication. To this end, we employ RAS-activated pathways as a pivot,
exemplifying how this intrinsic oncogenic pathway modulates antiviral responses. We
then proceed to focus on the immunoediting of tumors, as this provides a critical extrinsic
(selective) source of alterations to cancer-cell autonomous immune functions. Given the
overlap in the immune-activation-potential of a cancer cell and its ability to raise antiviral
responses, the selective pressure applied by anti-tumor immunity results in both decreased
immunogenicity and in defective antiviral responses. We finalize our review by focusing on
oncogene-stimulated DNA methylation in the context of immune evasion, as an example
of how the two processes (oncogenic signaling and immunoediting) converge to influence
OVs-cancer-cell interactions. Our focus on DNA methylation stems from its prominence as
a molecular mechanism for silencing of cell-autonomous immune responses. In this context,
we also discuss the reversal of this form of epigenetic silencing, which may elicit tumor
immunogenicity through the expression of endogenous retroelements, thus generating a
“viral mimicry” state, emulating the immune-stimulatory potential of OVs.

2. Defects to Cell Autonomous Immunity and Metabolic Reprogramming Optimize
the Cancer Cell Milieu towards Viral Infection
2.1. Cell Autonomous Immunity: The Antiviral Response

The cell autonomous immune response provides the first line of defense against cellu-
lar pathogens, including viruses [1]. To deal with a wide variety of pathogens, activation
of cell autonomous immunity occurs in an antigen-independent fashion. Instead, it relies
on the ability of the cell to recognize molecular patterns which are abundant in pathogens
(pathogen-associated-molecular patterns, PAMPs), yet relatively absent in healthy cells.
These molecular patterns are recognized by pattern recognition receptors (PRRs), which
survey distinct cellular compartments for the presence of PAMPs. In addition, aberrant
intracellular localization of nucleic acids (e.g., intra-endosomal localization of RNA or
DNA, or cytoplasmic localization of DNA) also serves to discern between nucleic acids
of cellular vs. pathogen origin, and when detected, stimulates cell autonomous immune
responses (reviewed in [2–4]). A prototypic PAMP is double stranded RNA (dsRNA),
an obligatory molecular pattern of viral infection, which may be recognized by toll-like
receptor 3 (TLR3) upon exposure to the endosomal lumen, or by RNA helicases—the
retinoic acid-inducible gene I (RIG-I) and the melanoma differentiation-associated gene
5 (MDA5) upon exposure in the cytoplasm [1,5]. DNA too can serve as a PAMP, depend-
ing on its composition or intracellular localization. In these contexts, TLR9 recognizes
DNA molecules rich in unmethylated CpG sequences, as commonly occurs in genomes
of viruses and bacteria [6]; while cytoplasm-localized DNA is recognized by cyclic GMP-
AMP Synthase (cGAS) [7]. In a typical case, exemplified here by the cellular response to
RNA virus infections, PAMP-induced PRR signals are transduced through mitochondrial
antiviral-signaling protein (MAVS), Tank-binding kinase 1 (TBK1) and IKKs; resulting in
the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and
interferon (IFN)-regulatory factors (IRFs) 3 and 7. These in turn translocate to the nucleus
and mediate the transcriptional activation of type I or type III IFNs (e.g., IFN-β). Following
synthesis and secretion, IFNs activate Janus kinase (JAK)- signal transducer and activator
of transcription (STAT) signaling, resulting in STAT-mediated massive amplification of the
cell autonomous immune response via the induction of IFN-stimulated-genes (ISGs) [1,5,8].

2.2. Oncogene-Induced Perturbations to Antiviral Responses: A Reduction in Impediments to
Viral Replication

Oncogene-induced perturbations to antiviral responses are prominent molecular
mechanisms by which the cancer-cell milieu becomes optimized towards OV replication.
To exemplify this concept, we focus on such effects related to oncogenic RAS. Oncogenic
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mutations in RAS, a GTP-activated molecular switch, ensue exposure to genotoxic agents,
and are estimated to occur in 16–30% of all human cancers, with highest incidence in
pancreatic (90%) and colon (50%) cancers; and considerable portions of melanoma and
lung adenocarcinoma [9–11]. Activated RAS (either because of oncogenic mutations or
following stimulation of upstream growth receptors) stimulates downstream signaling
pathways mediated by phosphatidylinositol 3 (OH)-kinase (PI3K), RAL guanine nucleotide
dissociation stimulator (RALGDS) family members, and members of the RAF family, which
activate the RAF/MEK/ERK pathway [12]. Thus, RAS functions as a multi-pronged
signaling node, which upon activation, endows tumor cells with multiple malignancy-
associated features. Multiple lines of evidence place RAS, and its associated signaling
pathways, as negative regulators cell autonomous immunity.

2.2.1. RAS-Mediated Regulation of Immune Transcription Factors

In accord with oncogene-mediated regulation of gene expression programs, a critical
mechanism by which they modify immune/antiviral functions of tumor cells is through
regulation of the expression of immunity-related transcription factors. In HRAS trans-
formed murine fibroblasts, and RAS-transformed human cancer cells, MEK-ERK signaling
was shown to negatively regulate IRF-1-dependent transcription of IRF1 and STAT2 [13,14],
thus hampering IFN responses, and supporting the replication of oncolytic vesicular stom-
atitis virus (VSV). In addition to immune-related functions (e.g., as antiviral gene, master
regulator of acute inflammation, and main effector of IFNγ signaling), IRF1 was also char-
acterized as a tumor-suppressor [15–19]. Thus, IRF1 inhibition by RAS-MEK is predicted to
concomitantly promote tumorigenicity, alter the interactions between tumor- and immune
cells and enhance the susceptibility of cancer cells to OVs. Of note, the antagonism of
IRF1 function by mitogenic pathways is not restricted to cancer settings. For example,
in airway epithelial cells, influenza A virus (IAV) and rhinovirus activate the epidermal
growth factor receptor (EGFR, [20])—an upstream activator of the RAS/RAF/MEK/ERK
pathway [21]. Activated EGFR diminishes both IRF1 expression and induction of IFN-λ
production, thus increasing viral infection. Oncogenic KRAS was shown to inhibit the
expression of STAT1, STAT2 and IRF9 (members of the ISGF3 transcription-promoting com-
plex); thus, hampering the basal and IFN-induced expression of ISGs in colorectal cancer
cell lines [22]. This effect was proposed to be mediated (at least in part) through the PI3K
pathway. Moreover, a recent study employing a murine model of colorectal cancer combin-
ing oncogenic KRAS expression with conditional null alleles of adenomatous polyposis
coli (APC) and TRP53, identified repression of IRF2 as a key mechanism for KRAS-induced
immune-suppression in colorectal cancer [23]. It should be noted that the roles of IRF2 in
cancer are controversial. Thus, while IRF2 expression is downregulated in many different
tumor types [24] suggesting potential tumor suppressor roles, other studies proposed
pro-tumorigenic functions for IRF2, including via antagonism of IRF1 functions [15,25].
Similarly, while IRF2 was proposed to antagonize IRF1 antiviral responses [26], more recent
studies suggest complementary roles for IRF1 and IRF2 in IFN-induced gene expression.

2.2.2. Inhibition of PKR Licenses Cells for Viral Infection

A major antiviral signaling node, which is targeted by RAS-induced signaling, is the
dsRNA-activated protein kinase, PKR, which following the binding of dsRNA inhibits
protein synthesis via phosphorylation of the eukaryotic initiation factor 2 α (eIF2α) [27,28].
In accord with the enhanced protein synthesis requirements of cancer cells, PKR has been
identified as a tumor suppressor in different malignancy settings [28–30]; inducing apopto-
sis upon its activation [31,32]. The notion of PKR as a main antiviral gene is underscored
by the numerous inhibitory mechanisms against PKR which are encoded/induced by
different viruses [33–37], and by the enhancement of viral replication and viral-induced
lethality in PKR-null cells and mice, respectively [38]. Based on this dual role of tumor
suppressor and antiviral effector, oncogene-mediated targeting of PKR in general, and
its inhibition by the RAS/RAF/MEK/ERK pathway in particular, can be exploited by
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OVs. For example, wild-type IAV counters PKR via its NS1 protein [39], and via activation
of mitogen-activated protein kinase-activated protein kinases (MAPKAPKs) MK2 and
MK3 [40]. In accord with PKR being an ISG [38], mutant IAV lacking NS1 replicate only in
interferon-deficient systems [41] and perturbation of expression of MK2 or MK3 reduces
IAV titers, and enhances PKR activation and eIF2α phosphorylation by the dsRNA mimic
polyI:C [40]. In accord with RAF/MEK/ERK-mediated licensing of cells towards IAV
infection, IAV shows a strong tropism towards cells expressing active RAF both in vitro
and in vivo [42]. Similarly, expression of oncogenic NRAS in melanoma cells, suffices to
make them selectively susceptible to oncolysis by IAV lacking NS1 [43]. The centrality of
PKR inhibition by the RAS/RAF/MEK/ERK signaling axis in determining susceptibility of
cancer cells to OVs is further exemplified by: (i) the requirements of herpes simplex virus
1 (HSV1) ∆γ(1)34.5 mutants for MEK-mediated PKR inhibition [44], (ii) the oncotropism
of VAI mutant adenovirus towards cells in which RAS inactivates PKR [45], and (iii) the
selectivity of the mammalian reovirus towards RAS-transformed cells, which was initially
identified as dependent on PKR inactivation [46,47]. This latter tropism has been further
dissected and was shown to involve additional mechanisms, including: activation of
RAL-GTP exchange factor (RAL-GEF) and the p38 kinase, downstream of RAS [48]; the
RAS-mediated enhancement of multiple reovirus infection features including uncoating,
particle infectivity, and apoptosis-dependent virion release [49]; and the RAS-mediated
inhibition of RIG-I expression/function [50]. In line with the latter inhibitory mechanism,
RAF/MEK/ERK activation also hampers RIG-I- and IFN-mediated restriction of VSV
replication [51].

2.2.3. Inhibition of Antiviral Responses by RAS-Regulated Factors

Oncogenic RAS may also regulate OV replication through effects on additional onco-
genes. For example, the enhanced replication of oncolytic Newcastle disease virus (NDV)
depends on RAC1 in highly-malignant RAS-transformed keratinocytes [52]; and RAC1 is
a downstream effector of oncogenic RAS [53,54]. In addition, the CDC25 phosphatase, a
RAF-regulated oncogene [55], negatively regulates TBK1 through dephosphorylation, in-
hibiting RIG-I-mediated induction of IFN [56]. Moreover, while oncogenic KRAS increases
PKC-βII expression in a murine colon-cancer model [57], this enzyme phosphorylates
and inhibits RIG-I, and enhances VSV replication in different cellular settings [58]. The
notion of a functional interaction between MDA-5 and oncogenic-RAS is exemplified by
the suppression of pro-apoptotic effects of MDA-5 overexpression by either oncogenic
RAS or RAF [59]. An additional mode of action is observed for the MYC oncogene, which
functions as a crucial effector of oncogenic KRAS, [60,61] and represses, together with
the transcriptional repressor MIZ, the type I IFN pathway [61]. Interestingly, inactivation
of the tumor suppressor phosphatase and tensin homologue (PTEN), which among its
well-documented malignancy-promoting activities [62] accelerates tumorigenesis induced
by KRAS [63], results in increased phosphorylation of Ser97 in IRF3, in the negative regu-
lation of IRF-mediated IFN induction upon viral challenge, and in increased viral (VSV)
replication [64].

Together, the above-mentioned examples (Section 2.2) demonstrate the ability of
oncogenic signaling to interfere with all steps of the antiviral response continuum, including
PRR-mediated PAMP recognition, IFN induction, JAK/STAT signaling and ISG expression.

2.3. Oncogene-Mediated Stimulation of Anabolism: Supplying the Metabolic Needs of
Replicating Viruses

Both viral replication and tumor-cell growth are anabolic processes, i.e., dependent
on the biosynthesis of macromolecules (nucleic acids, proteins, lipids and oligosaccha-
rides). As such, both oncogenic transformation and viral infection optimize the cell’s
metabolic regulation towards their anabolic needs. The efficiency and extent by which
oncogene-induced processes carry out such reprograming is predicted to support enhanced
replication of OVs. For example, oncogenic KRAS stimulates anabolic metabolism to main-
tain pancreatic tumors through activation of MAPK and MYC pathways and the ensuing
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increased expression of genes which regulate sterol biosynthesis, pyrimidine metabolism
and glycosylation [65]. Such metabolically reprogramed cells are characterized by in-
creased glycolytic flux (Warburg effect, [66]) and by glutamine serving as a major carbon
source for the tri-carboxylic acid (TCA) cycle [67]. Multiple lines of evidence support the
notion that viruses benefit from analogous metabolic reprograming, as different viruses
manipulate cell metabolism towards aerobic glycolysis (reviewed in [68,69]) and repro-
gram glutamine catabolism to optimize virus replication [70]. Similarly, fatty acid synthase
(FASN), which regulates the production of long-chain fatty acids [71], is overexpressed
in different tumors [71,72], and induced upon oncogenic-RAS-mediated cell transforma-
tion [73,74]. Analogous to its role in tumorigenesis, FASN-mediated lipogenesis is required
for infection with diverse viruses [75–79]. The similitude of the metabolic requirements of
KRAS-transformed tumors and viruses is further exemplified by the effects of inhibitors of
dihydroorotate dehydrogenase (DHODH), which perturb de novo pyrimidine biosynthe-
sis, selectively inhibit the growth of KRAS mutant cell lines [80] and exhibit broad-range
antiviral activity against RNA viruses [81].

The multiple effects of oncogenic RAS, which promote viral replication and reduce
tumor-cell immunogenicity are schematically depicted in Figure 1.
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Figure 1. Oncogenic RAS supports viral infection through multiple molecular mechanisms. Scheme
depicts mechanisms described throughout review. Green arrows or blunt red arrows denote stim-
ulation or inhibition, respectively. Dashed arrows indicate cases where one source of information
supports the connection between oncogenic RAS and its effector, and another source supports the
link between the effector and the oncolysis-regulating mechanism. The figure was created with
BioRender.com (accessed on 12 February 2021).

3. Immunoediting Selects for Cancer Cells with Defects in
Immune-Stimulatory Abilities

Immunosurveillance and tumor immunoediting are complementary and consecutive
processes involving the interaction of a competent immune system with developing tumors.
The former refers to the continuous recognition and targeting of malignant cells as a result
immune activity. Contrastingly, immunoediting results in the selection of tumor cells
with reduced immunogenicity as consequence of selective pressures applied by innate
and adaptive immunity. Tumor immunoediting is commonly divided into three phases
(the “three E’s”): (i) elimination, where cancer cells are destroyed by immunosurveillance
mechanisms; (ii) equilibrium, where cells surviving the initial immune onslaught undergo
consecutive rounds of functional, epigenetic and genetic changes. These result in adapta-
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tion, i.e., improved fitness of the malignant cells within the tumor microenvironment (TME)
co-populated by immune cells; (iii) escape, where outgrowth of resistant clones induces and
supports an immunosuppressive microenvironment (reviewed in [82,83], schematically
depicted in Figure 2).
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Figure 2. Tumor immunoediting and treatment of escape mutants with oncolytic viruses. (A) Tumor
cells prior to editing are depicted (in pink) at the left side. Anti-tumor immunity kills a portion of
susceptible tumor cells while selecting for escape mutants (middle), allowing their subsequent clonal
expansion (right). Two types of escape mutants are depicted: green—IFN-defective cells, blue—cells
devoid of tumor-associated antigens. (B) OV treatments (e.g., by naturally oncolytic viruses, see
Section 5 for definition) of the immunoedited tumors (described in A). Direct cell killing by OVs
(left), immune-mediated killing of infected cells (right). A number of such naturally oncolytic viruses
are now under clinical trials for treatment of diverse cancer types. The figure was created with
BioRender.com (accessed on 12 February 2021).

3.1. Molecular Mechanisms of Immunoediting: Optimization of the Cancer Cell towards
Viral Oncolysis

The molecular mechanisms underpinning immunoediting are multifold and include:
(i) Increased ability of cancer cells to survive immune-cell-induced death. This occurs
through multiple mechanisms including: inactivating mutations, epigenetic silencing or
sequestration of components of cell death pathways induced by immune cells [84–90],
overexpression of decoy receptors (reviewed in [91]), or interference with the cancer-cell
apoptotic machineries [92]. While, in theory, such interference may make it more difficult
for OVs to kill cancer cells by apoptosis, it may also allow for an extension of the period
during which the virus replicates, increasing thus the viral titer within the tumor. Of note,
OVs have been shown to kill cancer cells via multiple pathways (in addition to apoptosis),
including necrosis, necroptosis, pyroptosis, and autophagic cell death (reviewed in [93]),
suggesting their ability to circumvent the enhanced resistance to apoptosis of cancer cells.
(ii) Reduced immunogenicity of cancer cells. A main mode of loss of immunogenicity are
acquired defects to the expression and/or function of the cell’s antigen processing and pre-
sentation machineries [94]. This occurs via a broad range of processes including inactivating
mutations or epigenetic silencing of MHC-I per se or of co-factors required for its expres-
sion [95–97]; inhibition of signaling pathways that promote MHC-I expression [98–100]; or
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activation of pathways that inhibit MHC-I expression [101–103]). Additionally, cancer cells
also decrease expression of pro-inflammatory cytokines, such as in the epigenetic silencing
of IFN-γ or IFN-κ in cervical cancer and Human Papillomavirus Type 16 (HPV-16)-positive
cells, respectively [104,105]; or the reduced expression of pro-inflammatory cytokines in
non-small cell lung cancers (NSCLC) [106]. The overlap in the genetic/signaling programs
which mediate MHC-I expression, inflammation and antiviral responses, suggests that the
downregulation of the former programs in the context of immunoediting should diminish
cancer-cell resistance to OV infection. For immune evasion, the reduction in immune
stimuli is complemented through increased expression of negative regulators of immune
cell function (e.g., programmed cell death-ligand 1 (PD-L1) [107–110]. In accord with its
function as an effector of negative feedback of inflammatory responses, PD-L1 expression is
stimulated by IFN-γ, JAK/STAT signaling, and IRF1 [111]; and by TNFα and NF-κB [112].
Given that these pathways mediate cell autonomous immunity, this would suggest that
PD-L1 upregulation can be associated with increased resistance to OV infection. However,
PD-L1 expression is also upregulated by variety of tumorigenesis-related factors, including:
EGFR in NSCLC [113]; the oncogenic BRAF V600E mutant in colorectal cancer [114]; or the
loss of PTEN and activation of the PI3K pathway in glioma [115]. As mentioned above,
activation of mitogenic pathways (e.g., EGFR, BRAF, or PI3K) entail modifications of the
cancer cell milieu, making it more prone to OV infection.

Tumor-induced defects to IFN signaling form a class of mechanisms for altering the
interactions of immune cells and malignant cells, with unique implications for oncolytic
virotherapy. The uniqueness of such defects stems from the breadth of the IFN response
that concomitantly regulates hundreds of immune-mediators [1], many of which directly
inhibit different stages of viral infection. In light of the multiple steps involved in the
induction, signal transduction and cellular response to IFNs, cancer-induced defects to IFN
signaling occur through a plethora of molecular mechanisms including: (i) perturbations
to the expression of the IFN receptor; e.g., the ubiquitination and downregulation of the
type I IFN receptor (IFNAR1) following inflammatory signaling, nutrient deprivation or
hypoxia (all conditions prevalent in the TME) [116,117]. Such down regulation, which
was observed in melanoma and colorectal cancer [118,119], is associated with increased
metastatic propensity and with the generation of an immune-privileged TME; (ii) perturba-
tions to JAK/STAT1 signaling including epigenetic silencing and inactivating mutations in
JAK1 [120–122]. In this context, whole-exome and RNA sequencing, and reverse-phase pro-
tein array data from different the Cancer Genome Atlas (TCGA) datasets (skin cutaneous
melanoma, breast invasive carcinoma, lung adenocarcinoma, and colorectal adenocarci-
noma) revealed alterations in JAK1 or JAK2 in 5–12 % of the samples, with dependence
on cancer type [123]; (iii) crosstalk of JAK/STAT1 signaling with pro-tumorigenic signal-
ing pathways; such as the inhibition of IFN-induced expression of inflammatory genes
following STAT3 activation [124].

An interesting aspect of the interactions between immune and malignant cells pertains
to the identity (source) of cancer-cell derived immune stimuli. In this context, viruses cause
~15 percent of cancer cases [125], and may thus supply PAMPs for immune-stimulation
in virus-transformed cancer cells. However, the majority of tumors do not necessarily
encounter pathogens in the course of their developments. A major additional source
of stimuli are mutations, which are recognized as tumor-associated antigens and play a
prominent immunostimulatory role [126]. Additionally, damage (or danger) associated
molecular patterns (DAMPs), which activate PRRs, may also contribute immune-activating
stimuli. Thus, DNA fragments generated as a result of genomic instability [127] or upon
therapeutic induction of double-stranded DNA breaks [128], activate cGAS/IFN-mediated
responses [129], serving thus as a source of immunostimulatory cytokines. Similarly,
cytoplasmic exposure of mtDNA [130], resulting from inhibition of the tumor suppressor
ataxia telangiectasia mutated (ATM) protein, entails PRR-mediated activation of type I IFN
responses [131]. These scenarios support the notion that PRR-mediated activation of type
I-IFN responses occurs throughout tumorigenesis, and may force the cancer cell to hamper
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such responses in order to escape the anti-proliferative and the immune-stimulatory effects
of IFN signaling. As mentioned above, such hampered responses optimize the cancer cell
milieu towards OV replication.

3.2. Acquired Resistance to Immunotherapy, An Additional Source of Modifications to Tumors
Which Can Be Exploited by OVs

Acquired resistance to immunotherapy can be viewed as an acute case of tumor im-
munoediting. In the context of immunotherapy, the release from the constraints imposed
by the immune checkpoints, enforces high selective pressure applied on cancer cells by
TME-localized immune cells. Thus, clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR associated protein 9 (Cas9)—mediated knockout screens iden-
tified genes related to IFN-γ, in addition to TNF-α and antigen presentation pathways
as required for the T-cell mediated killing and its enhancement by anti-PD1 antibod-
ies [132–134]. Similarly, truncation in the β2-microglobulin gene resulting in defects in
MHC-I-mediated antigen presentation and loss-of-function mutations to JAK1 or JAK2,
implying defects to the transduction of antiviral IFN signals; mediate resistance to PD-1
blockade in melanoma [135]. Given that immunostimulatory roles for PRRs have been
identified in immunotherapy settings [136–140], they may also be targeted in acquired
resistance to this form of therapy, with profound implications to the susceptibility of such
edited tumors to OVs. Together, these studies show how escape from immune pressure,
in the context of immunoediting in the course of tumor progression, or in the context of
immunotherapy; can directly contribute to reduced resistance to infection of cancer cells
with OVs.

4. Oncogene-Induced Silencing of Immune Genes by DNA Methylation

Methylation of cytosines within CpG dinucleotides is a highly abundant epigenetic
modification of mammalian genomes [141]. Methylation patterns, which regulate gene
expression, are dynamically regulated via the opposing activities of enzymes that introduce
or remove this modification, known as ‘writers’ and ‘erasers’, respectively. This regulatory
apparatus is complemented by chromatin ‘readers’, i.e., protein modules that recognize
histone and DNA modifications [142]. In accord with the deregulation of methylation in
cancer development, DNA methyl transferases (DNMTs, 1, 3A and 3B) are overexpressed
in many tumors [143–146]. A connection between tumorigenic features of cancer cells,
epigenetic silencing and defects in antiviral responses is already observed upon sponta-
neous immortalization of fibroblasts which results in epigenetic silencing of ISGs [147].
Numerous studies reported on promoter methylation and down regulation of different
IRFs (e.g., different combinations of IRF4, IRF5, IRF6, IRF7) in cancers, including fibrosar-
coma [148], melanoma [149], lung cancer [150], and gastric cancer [151]. Similarly, the
promoter of IFN-γ was shown to be methylated in cervical cancer [104]. Moreover, our
analysis of the TCGA skin cutaneous melanoma (SKCM) database revealed significantly
higher methylation of promoters of genes presenting highly-correlated expression with
STAT1 (a gene group that is enriched for cell autonomous immunity genes), as compared
to randomly selected genes [152]. In accord with its tumor-promoting functions, RAS
was termed as “silent assassin”, due to its gene silencing abilities in cancer cells [153]. In
this context, DNMT1 expression is transcriptionally regulated by RAS-induced signaling
pathways [143,154,155]. RAS-mediated transformation also modulates the function of
DNA-methylation readers such as MBD2 [156]. Furthermore, the expression of enzymes
that revert DNA methylation (ten-eleven translocation (TET) methylcytosine dioxygenases)
is also regulated by oncogenic signaling in general, and RAS signaling in particular; and
ERK-mediated suppression of TET1 is required for K-RAS-induced cellular transformation
and hypermethylation of DNA [157]. In accord with a functional interaction between RAS
and DNMTs in mediating pro-tumorigenic features, a genome-wide RNA interference
(RNAi) screen in K-RAS-transformed NIH-3T3 cells identified DNMT1 and members of the
RAS/MEK pathway (ERK2 and MAP3K9) as required for the silencing of the pro-apoptotic
FAS gene [158]. The role of such functional interaction in mediating the suppression of
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immune responses is observed in the downregulation of the RAS-effector MYC and the up-
regulation of ISGs in lung cancer, following DNMT inhibition [159]. Interestingly, promoter
methylation of IRF7 and enhancement of viral infection was observed in nasal epithelial
cells exposed to cigarette smoke [160], suggesting that exposure to carcinogens may already
set the stage for the silencing of immune genes observed in malignant cells.

5. Naturally Oncolytic Viruses Exploit the Altered Cancer-Cell Milieu

The combined metabolic and defense-defective features of the cancer cell milieu (see
schematic depiction in Figure 1) can be exploited in the context of oncolytic virother-
apy. This is particularly relevant for viruses that are naturally devoid of human disease-
causing potential but retain the potential to replicate in, and kill, malignant cells. Such
viruses are referred to here as “naturally oncolytic” viruses, to differentiate them from
“armed/engineered oncolytic viruses”. Examples of “naturally oncolytic” viruses in-
clude attenuated clones of human pathogens (e.g., vaccine clones of measles and mumps
viruses, [161]), viruses of veterinary origin (e.g., Newcastle disease virus (NDV), VSV,
rat parvovirus (H-1PV), [162–165]) or the mammalian reovirus, a virus naturally devoid
of disease-causing potential [47]. Indeed, we explored the complete absence of IFN sig-
naling in LNCaP prostate cancer cells [120,121], which also present oncogenic KRAS
mutation [166], to select an oncolytic mutant of the epizootic hemorrhagic disease virus
(EHDV), an orbivirus (arbovirus of the Reoviridae family) that naturally targets ruminants,
and that we named EHDV-Tel Aviv University (EHDV-TAU) [120]. Our studies demon-
strate productive infection of EHDV-TAU in cells with defective IFN/antiviral responses,
e.g. the absence of JAK1 expression/function in LNCaP prostate cancer cells [120,167], or
the low basal expression levels of PRRs and defective induction of IFN (following viral
infection) by B16F10 murine melanoma cells [152]. Moreover, in the latter case, treatment
with inhibitors of epigenetic silencing restored PRR expression and viral induction of IFN
responses in the B16F10 cells; exemplifying the role of epigenetic silencing of IFN/ISGs in
the cancer cell, as a mechanism for OV selectivity. Additionally, our studies revealed that
while productive infection was inhibited upon treatment with IFN, EHDV-TAU retained
its cell killing potential of LNCaP cells engineered to express JAK1 (LNCaP-JAK1), when
infection was carried out in presence of interleukin-6 (IL-6), an inflammatory cytokine and
strong activator of cell autonomous immunity [167]. Thus, with dependence on the cellular
setting, OVs may also exploit antiviral responses for induction of cancer cell death.

6. Endogenous Retroviruses, Viral Mimicry That Elicits Anti-Tumor Immunity

Tumor cells often show enhanced DNA methylation at CpG-rich sites, located in en-
dogenous retroelements (reviewed in [168,169]). These elements, which make up more than
40% of the human genome, consist of repetitive sequences that belong to three major classes:
endogenous retroviruses (ERVs), short interspersed nuclear elements (SINEs) and long
interspersed nuclear elements (LINEs). Endogenous retroelements have originated from an-
cient infections by exogenous retroviruses, which integrated their genomes into the genome
of germ cells of the host. This allowed for the vertical transmission of these elements to
the offspring of the infected host. During evolution, the majority of such elements have
accumulated excessive DNA mutations that inactivated their genes. However, a minority
(thousands) retained some of their protein coding potential. Importantly, peptides that are
derived from human endogenous retroviruses (hERVs) can be recognized by immune cells.
This is exemplified by the infiltration of T cells with receptors specific for hERVs-derived
epitopes, into hERVs-expressing clear cell renal cell carcinoma tumors [170]. Furthermore,
endogenous retroelements may express additional immunostimulators since transcription
of these elements may generate dsRNA molecules (by bidirectional transcription, as well
as by sense–antisense pairing); and if reverse transcription follows, complementary DNA
(cDNA) and double-stranded DNA (dsDNA) may be created too. These products, which
mimic viral infection, may then be sensed by endosomal TLR3, 7, 8 or 9, and/or by cy-
toplasmic PRRs, including RIG- I, MDA5, cGAS [168,169]. Sensing this ‘viral mimicry’,
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activates antiviral signaling cascades, including an IFN response (see [171] and additional
examples below). ERVs are repressed by variety of mechanisms, including epigenetic
silencing through DNA methylation and histone modifications (reviewed in [172–175]).

Given the potential immunogenicity of endogenous retroelements and their epigenetic
suppression, reactivation of these elements by epigenetic modifiers in cancer cells may re-
sults in the abovementioned viral mimicry, leading to an anti-cancerous state. For example,
treatment of colorectal or ovarian cancer cells with DNMT inhibitors (DNMTis) results in
induction of transcription from otherwise suppressed ERVs, the subsequent formation of
dsRNA from specific ERV elements, recognition of these dsRNA molecules by MDA5/TLR3
sensors, activation of the mitochondrial antiviral-signaling protein (MAVS)-IRF7 axis
and induction of IFN. Together, these result in enhanced anti-proliferative/apoptotic re-
sponses [176,177].

The complex interactions among oncogenic signaling, epigenetics and viral mimicry
can be further demonstrated by the effects of the cyclin-dependent kinases 4 and 6 (CDK4/6)
on cancer immunity [178]. CDK4/6, which interact with D-type cyclins, are central drivers
of the cell cycle at the G1-S transition, transduce variety of mitogenic signals and their ac-
tivity is associated with oncogenesis of several types of cancer (recently reviewed in [179]).
Upon the induction of mitogenic signal, cyclin D-CDK4/6 complex promotes retinoblas-
toma (Rb) phosphorylation, leading to the release of transcription factor E2F from the
Rb-E2F complex, and entry into S phase and DNA replication. One of the many targets of
E2F is the Dnmt1 gene [178,180]. Accordingly, CDK4/6 inhibition reduces DNMT1 activity,
which leads to activation of ERVs expression, formation of ERVs dsRNA and IFN responses
to this viral mimicry. Overall, this increases tumor antigen presentation and, together with
additional effects of the CDK4/6 inhibitors, leading to cytotoxic T-lymphocytes (CTL)-
mediated clearance of the tumor cells in mouse models [178]. Thus, mitogenic signals
suppress ERVs expression via DNA methylation, mediated by the CDK4/6-Cyclin D-Rb-
DNMT1 axis, and inhibition of this axis results in ERVs activation followed by enhanced
anti-tumor immunity.

7. Concluding Remarks

IFNs and ISGs mediate antiviral and tumor-suppressor functions, via cell-autonomous
and non-cell autonomous mechanisms. Tumor cells silence IFNs and ISGs along tumori-
genesis, and in pronounced fashion in the context of immunoediting. OVs exploit the
IFN/ISG-silenced cellular context for replication, and exert part of their therapeutic benefit
through stimulation of anti-tumor immunity. Similar to what is observed in OV-infected
cells, reversal of DNA methylation-mediated epigenetic silencing of hERVs stimulates
anti-tumor immunity through viral mimicry. While the possibility OV/DNMTi combina-
tions may be attractive due to their immunostimulatory potential, the activation of cell
autonomous immunity by DNMTi is predicted to be inhibitory towards viral replication.
Indeed, our studies showed inhibition of productive infection of EHDV-TAU and oncolytic
VSV following DNMTi treatment of murine melanoma cells. However, while the cell-killing
potential of oncolytic VSV was diminished in presence of DNMTi, EHDV-TAU retained
its cell-killing potential under these conditions ([152], see schematic depiction in Figure 3).
This difference in outcome of combined OV/DNMTi treatment, supports the notion of
tailoring therapy combinations to the distinct proprieties of different OVs.
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Simple Summary: Glioblastoma (GBM) is the most frequent and aggressive primary brain tumor.
Despite multimodal treatment, the prognosis of GBM patients remains very poor. Oncolytic virother-
apy is being evaluated as novel treatment for this patient group and clinical trials testing oncolytic
viruses have shown impressive responses, albeit in a small subset of GBM patients. Obtaining insight
into specific tumor- or patient-related characteristics of the responding patients, may in the future
improve response rates. In this review we discuss factors related to oncolytic activity of the most
widely applied oncolytic virus strains as well as potential biomarkers and future assays that may
allow us to predict response to these agents. Such biomarkers and tools may in the future enable
personalizing oncolytic virotherapy for GBM patients.

Abstract: Oncolytic virus (OV) treatment may offer a new treatment option for the aggressive
brain tumor glioblastoma. Clinical trials testing oncolytic viruses in this patient group have shown
promising results, with patients achieving impressive long-term clinical responses. However, the
number of responders to each OV remains low. This is thought to arise from the large heterogeneity of
these tumors, both in terms of molecular make-up and their immune-suppressive microenvironment,
leading to variability in responses. An approach that may improve response rates is the personalized
utilization of oncolytic viruses against Glioblastoma (GBM), based on specific tumor- or patient-
related characteristics. In this review, we discuss potential biomarkers for response to different OVs
as well as emerging ex vivo assays that in the future may enable selection of optimal OV for a specific
patient and design of stratified clinical OV trials for GBM.

Keywords: oncolytic viruses; glioblastoma; clinical trials; biomarkers; personalized oncolyticvi-
rotherapy

1. Introduction

Oncolytic viral therapy or virotherapy is a form of immunotherapy showing promising
results for cancers with poor prognosis [1]. In this approach, oncolytic viruses (OVs)
are employed to kill tumor cells, while in parallel stimulating an anti-tumor immune
response [2]. OVs exhibit either natural tropism to malignant cells or their genome is altered
to confer them higher specificity for malignant cells [3]. Viruses from ten different families
(Adenoviridae, Herpesviridae, Paramyxoviridae, Reoviridae, Retroviridae, Picornaviridae,
Parvoviridae, Poxviridae, Rhabdoviridae, Alphaviruses) have thus far been utilized as
oncolytic virus platforms in clinical trials for various cancer types [2].

One deadly type of cancer is glioblastoma multiforme (GBM), the most common and
aggressive primary brain tumor [4]. The standard treatment consists of maximal safe
surgical resection followed by radiotherapy plus concomitant and adjuvant temozolomide
chemotherapy. However, the median overall survival among all GBM patients is less than
one year, and only 15 months in patients receiving complete standard treatment with 3-year
survival being less than 10% [5,6]. In the past decades, numerous therapeutic approaches
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have been tested in clinical trials, with disappointing outcomes. The main obstacles
in treating GBM include its infiltrative growth, its intrinsic resistance to chemo- and
radiotherapy, its notorious intratumoral heterogeneity with dynamic changes in subclones
facilitating treatment escape, its protected location behind the blood-brain-barrier and
the immunological ‘cold’ microenvironment of these tumors. These hurdles to more
conventional therapies, as well as the dismal prognosis of GBM patients, have encouraged
scientists and clinicians to develop and evaluate the local application of various types of
oncolytic viruses in this patient group. Table 1 summarizes the most commonly applies
OVs in GBM trials. The OVs differ in their primary attachment molecules to host receptors
as well as in the source of their tumor selectivity, which may be derived from a natural
tropism to cancer cells or by genetic engineering.

Table 1. Characteristics of the most commonly used Oncolytic viruses (OVs) in glioblastoma multiforme (GBM) clinical trials.

Family Genome OV Examples Genetic Engineering Entry Receptor Tumor Specificity

HSV1716 ICP34.5-deleted HVEM, 3-O-sulfated
heparin sulfate and nectin-2

Defects in the p16/Rb, PKR or
interferon pathways [7]

Herpesvirus dsDNA

G207 ICP34.5 and ICP6
-deleted mutant oHSV

HVEM, 3-O-sulfated
heparin sulfate and nectin-2

Defects in the p16/Rb, PKR or
interferon pathways [8]

G47∆ ICP34.5, ICP6 and α47
-deleted mutant oHSV

HVEM, 3-O-sulfated
heparin sulfate and nectin-2

Defects in the p16/Rb, PKR or
interferon pathways [9]

rQnestinHSV-1
ICP34.5-deleted mutant oHSV, in
which γ134.5 gene was reinserted
under control of nestin promoter

HVEM, 3-O-sulfated
heparin sulfate and nectin-2 Expression of nestin [10]

Adenovirus dsDNA

Onyx-015 E1B-55k and E3B -deleted mutant
group C adenovirus CAR

Defects in p53 pathway, defects in
cell cycle, late viral

RNA export [11]

delta24-RGD
24-base pair deletion in the E1A
gene and insertion of an RGD

sequence in the viral knob

CAR, αvβ3 and αvβ5
integrins Defects in Rb pathway [12]

Paramyxoviridae (−) ssRNA
MV-CEA

Edmonston (MV-Edm) vaccine
strain with insertion of the human

carcinoembryonic antigen gene
CD46, nectin-4, SLAM Overexpression of CD46, defects

in the interferon pathway [13]

NDV Natural tropism Sialic acids Defects in the
interferon pathway [14]

Reovirus dsRNA R124 Natural tropism JAM-A, Nogo Receptor NgR1 Defects in the Ras
signaling pathway [15]

Picornaviridae (+) ssRNA PVSRIPO

Poliovirus type 1 (Sabin) vaccine
with replacement of the internal
ribosomal entry site (IRES) with

the human rhinovirus type 2 IRES

CD155 Overexpression of CD155 [16,17]

Parvovirus H1 ssDNA Parvovirus
H-1PV Natural tropism Sialic acids

Defects in interferon pathway,
defects in cell

proliferation pathways [18]

In a recent review, Chiocca et al. summarized the findings [19] from all the recent
GBM oncolytic virotherapy trials and illustrated that a subgroup of GBM patients responds
exceptionally well to OV treatments, with survivors at 36-months, and with some patients
exhibiting long term remission [20,21]. This phenomenon has also been observed in OV
trials for other cancer types. For instance, a phase II clinical trial employing an oncolytic
herpes simplex virus 1 for stage IIIC or IV melanoma showed 26% overall response [22].

These observations raise the question: would the responding patients have been
the same individuals if they had been treated with any other OV, or are we looking at
responders to a specific OV? In other words, is the elicited immune response a generalized
one for all types of OVs, or does each OV elicit a specific anti-tumor immune response?
The latter would suggest that response rates may be significantly increased if we are
able to define which OV is best suited for a particular patient. Identification of robust
predictive biomarkers for OV response would allow future design of stratified clinical trials
employing multiple OV strains. The replication efficiency of the virus is thought to be
of importance for generation of the subsequent inflammatory and anti-tumor responses.
Moreover, host immune status is also expected to contribute to the efficacy of OV treatment.
This review, therefore, focuses on tumor and host resistance mechanisms to viral infection,
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replication and oncolysis and discusses potential biomarkers that have previously been
reported in relation to sensitivity or resistance to the most frequently employed OVs in
preclinical and clinical GBM research.

2. Glioblastoma
2.1. Heterogeneity, Stem Cells and Therapy Resistance

Common molecular abnormalities involved in the evolution of glioblastomas include
aberrations in the oncogenes (EGFR, PDGF and its receptors) and tumor suppressor genes
(p16INK4a, p14ARF, PTEN, RB1, and TP53), which are often observed in other human
cancers as well [23]. GBM is also characterized by inter-tumoral heterogeneity, which is
highlighted by the classification of GBMs into three subgroups: proneural, classical and
mesenchymal [24,25]. Each subtype is characterized by specific gene expression patterns
and molecular abnormalities, resulting in different clinical treatment outcomes [25,26].
Proneural subtype has the most favorable prognosis among the three subtypes; aberra-
tions in the isocitrate dehydrogenase 1 (IDH1) gene and the platelet-derived growth factor
receptor A (PDGFRA) define this subgroup. The classical subgroup is characterized by
the amplification of EGFR, lack of TP53 mutations and often with homozygous CDKN2A
deletions [26]. Lastly, the mesenchymal subtype is the most aggressive and it is char-
acterized by aberrations in the neurofibromin 1 (NF1) and PTEN genes [23]. It is also
characterized by a pro-inflammatory environment compared with the other subtypes [27].
It was hypothesized that one underlying cause for this was the higher incidence of tumor-
associated antigens (TAAs), however this could not be proven, as specific tumor antigens
are expressed in each subtype [27]. Nevertheless, this classification has not led to altered or
adapted treatment approaches [28,29].

Apart from intertumoral heterogeneity, intra-tumoral heterogeneity poses another
therapeutic obstacle in treatment of GBM, allowing escape of subclones from (targeted)
therapies and driving treatment resistance. This heterogeneity was captured by genome-
wide and single cell RNA studies, which showed tumor cells with different transcriptional
profiles within the same tumor [30,31]. In addition, it was shown that within the same
tumor, different subtypes can coexist, highlighting the heterogeneity that characterizes
GBM [31]. In another study, paired primary and recurrent tumor tissue samples were
analyzed to determine the persistence of possible drug targets. The results showed that
the molecular targets between primary and recurrent tumors changed by 90% [32]. This
may explain the failure of drugs that target specific molecular mutations in GBM, such as
the EGFR [33].

Eventually, most of the patients experience tumor relapse due to therapeutic resis-
tance [29]. This therapeutic resistance is mainly attributed to glioblastoma stem cells
(GSCs), which activate DNA repair mechanisms to promote survival after chemo- and
radiotherapy [34]. Additionally, outgrowth of resistant subclones and downregulation
of targeted molecules contribute to drug resistance. Furthermore, the highly infiltrative
nature of GSCs makes total surgical resection of the tumor impossible [35]. The remain-
ing and/or treatment-resistant clones will eventually generate functional vessels for the
nutrient transport and develop tumor recurrence [34].

2.2. GBM Microenvironment: Local Immunosuppressive Mechanisms

Glioblastoma arises in the central nervous system (CNS) [36], which is an immunologi-
cally distinct site. In the past, the CNS was considered an immune privileged site, due to its
unique properties. For instance, the blood brain barrier, which tightly regulates the trans-
portation of the immune cells from the periphery to the CNS; the lack of antigen presenting
cells in a non-inflamed state; and more importantly the lack of a classic lymphatic sys-
tem [37–39]. The concept of CNS being immune privileged has now been revised. Recent
studies have shown that antigens derived from the CNS can efficiently elicit an immune
response [40]. More importantly, Louveau et al. [41] discovered a functional lymphatic sys-
tem, parallel to the dural sinuses, a possible route of transportation of antigen-presenting
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cells to the deep cervical lymph nodes, where they can present CNS-derived antigens and
prime T cells. These recent studies have provided evidence that CNS-derived antigens
can mount a vigorous immune response, offering ground to investigate immunotherapy
approaches for GBM.

The GBM environment is characterized by the high influx of tumor-associated macrop-
hages (TAMs). In a non-inflamed state, the myeloid composition of the CNS consists of
the tissue-resident macrophages that arise from the yolk sac, the microglia [42]. How-
ever, in GBM, the microenvironment is comprised mainly of a mixture of microglia and
infiltrating monocytes from the periphery. Glioma cells produce a milieu of monocyte
chemoattractant proteins along with other factors, leading to disruption of the blood-brain
barrier and facilitating recruitment of monocytes from the periphery [43]. When monocytes
arrive at the tumor site, glioma cells drive their polarization to an immunosuppressive
M2 phenotype [44,45]. These M2-like TAMs promote tumor growth and migration as
well as the immune invasion by hampering the adaptive immunity [44,46,47]. TAMs are
the most abundant immune cell population in GBM and can consist up to 50% of the
GBM tumor mass. Their importance in tumor growth is highlighted by the correlation
between increased TAM numbers and worse prognosis in GBM patients; furthermore,
TAM infiltration has been associated with the mesenchymal subtype of GBM, being the
most aggressive one [48,49].

Another feature that facilitates the local immune suppression in GBM is T cell dysfunc-
tion. Severe T cell exhaustion is observed in GBM, which is characterized by upregulation
of expression of co-inhibitory molecules like PD-1, LAG-3 and TIM-3 [50]. Furthermore,
an increase in numbers of the regulatory T cells (Tregs), which can suppress the antigen-
specific T cells, was found in high grade gliomas compared to low grade gliomas [51]. The
recruitment of Tregs at the tumor site is mainly facilitated by the production of the attrac-
tant indoleamine 2,3 dioxygenase (IDO) by gliomas [52]. Another facet that contributes to
the ‘’cold” tumor microenvironment is the relatively low mutational burden of GBM cells,
associated with limited expression of neoantigens [53,54]. Taken together, GBM has all the
characteristics of a tumor with low immunogenicity. The M2-like macrophages that are
abundant at the tumor site, the dysfunctional T cells and the low neoantigen expression
are some of the barriers that we need to overcome to design successful immunotherapies.

Considering all of the above, a therapeutic strategy that is not hindered by specificity
for a single molecular target or differentiation state of tumor cells, that is delivered locally in
a single surgical intervention, hence bypassing the BBB, that is self-perpetuating in its anti-
tumor activity, and which can overcome the immune-suppressive tumor microenvironment,
may offer opportunities for achieving therapeutic responses in glioblastoma patients.
Oncolytic viruses offer such a treatment strategy.

3. Factors Affecting OV Therapy in GBM

Several oncolytic virotherapy clinical trials have shown impressive and durable re-
sponses in a subset of patients, indicating that OVs might be a very promising thera-
peutic tool for treating GBM. The establishment of an efficient viral infection, lysis of
tumor cells, viral spreading and anti-tumor immune activation, all depends on multiple
factors (Figure 1). It is therefore conceivable that we may improve OV efficacy if we take
these factors into account when selecting patients for treatment.
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molecules and viral sensors (e.g., cGAS-STING) that lead to constitutive active type I interferon 
pathways, all could hamper the OV replication and oncolysis. Furthermore, cathepsin B expression 
and expression of specific proteins that drive specific tumor replication (e.g., nestin) could deter-
mine the OV efficacy. Created with BioRender.com. 
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response. This depends on the cell entry possibilities for the virus. As GBM cells are not the 
natural host cells for entry of most viruses, low levels or even lack of receptor molecules on 
these cells can form the first obstacle to virotherapy. It has been shown that tremendous 
inter-tumoral variability exists in expression levels of specific adenovirus and reovirus entry 
molecules on patient-derived GBM cells [55,56]. As a result, various retargeting strategies 
have been applied to overcome such limitations, including EGFR and integrin retargeting 
of OVs [57]. Therefore, OV efficacy could potentially be enhanced by stratification of pa-
tients based on expression of specific viral receptor molecules in their tumors. 

3.2. Status of Oncogenic Signaling Pathways Affected in Glioblastoma 
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evolved to exploit oncogenic signaling pathways in cancer cells, such as the Ras, Rb, p53 
or nucleotide synthesis pathways [58]. Therefore, OV efficacy could potentially be en-
hanced by stratification of patients based on activation status or presence of mutations in 
targeted pathways. 

Another targeting approach is by the insertion of tumor-specific promoters to drive 
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Figure 1. OV restriction mechanisms of GBM tumors. Infiltration of NK cells and tumor-associated macrophages (TAMs) at
the tumor site, activation status of autophagy, expression of viral entry molecules and viral sensors (e.g., cGAS-STING) that
lead to constitutive active type I interferon pathways, all could hamper the OV replication and oncolysis. Furthermore,
cathepsin B expression and expression of specific proteins that drive specific tumor replication (e.g., nestin) could determine
the OV efficacy. Created with BioRender.com.

3.1. Viral Entry Molecule Expression

Tumor cell infection and oncolysis are a prerequisite for mounting an inflammatory
response in the tumor microenvironment and ultimately generating an anti-tumor immune
response. This depends on the cell entry possibilities for the virus. As GBM cells are
not the natural host cells for entry of most viruses, low levels or even lack of receptor
molecules on these cells can form the first obstacle to virotherapy. It has been shown
that tremendous inter-tumoral variability exists in expression levels of specific adenovirus
and reovirus entry molecules on patient-derived GBM cells [55,56]. As a result, various
retargeting strategies have been applied to overcome such limitations, including EGFR
and integrin retargeting of OVs [57]. Therefore, OV efficacy could potentially be enhanced
by stratification of patients based on expression of specific viral receptor molecules in
their tumors.

3.2. Status of Oncogenic Signaling Pathways Affected in Glioblastoma

Many OVs applied in glioma studies are genetically engineered or have naturally
evolved to exploit oncogenic signaling pathways in cancer cells, such as the Ras, Rb,
p53 or nucleotide synthesis pathways [58]. Therefore, OV efficacy could potentially be
enhanced by stratification of patients based on activation status or presence of mutations
in targeted pathways.

Another targeting approach is by the insertion of tumor-specific promoters to drive
specific viral replication in tumor cells and avoid toxicity to normal tissue [59]. Various
promoter candidates have been applied to design tumor-specific promoter-driven OVs,
including nestin, survivin, cyclooxygenase-2 (COX-2), C-X-C chemokine receptor type 4
(CXCR4), hypoxia inducible factor-1 (HIF-1) and telomerase [10,60–63]. Considering the
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intertumoral heterogeneity in transcription profiles of GBM, it would be expected that the
response to such OVs might vary between GBM subtypes. One could hypothesize that
GBM with proneural features might be more sensitive to viruses targeting cells expressing
neuronal progenitor genes (e.g., nestin), whereas tumors of mesenchymal subtype may
be more sensitive to viruses in which replication is driven by the inflammation-activated
COX-2 or CXCR4 promoter [62–64].

3.3. Innate Anti-Viral Responses

Upon cell entry, antiviral host defenses may be activated that counteract a productive
lytic cycle and progeny production. There is a plethora of innate sensors that could lead to
clearance of the infected cell and halt the viral spreading, leading to resistance to OV therapy.
As soon as the cell is infected, the viral pathogen-associated molecular patterns (PAMPs)
are sensed by pattern recognition receptors (PRRs). These PRRs include Toll-like receptors
(TLRs) [65], RIG-I-like receptors (retinoic acid-inducible gene-I-like receptors, RLRs) [66], C-
type lectin receptors (CLRs) [66], oligomerization domain containing receptors {(NOD-like
receptors (NLRs)} [66], cyclic GMP-AMP synthase (cGAS) [67] and absent in melanoma 2
(AIM2)-like receptors (ALRs) [68]. The recognition of the viral PAMPs from the host PRRs
results in interferon type I (IFNα, IFNβ, IFN-ε, IFN-κ, IFN-ω, IFN-δ, IFN-ζ and IFN-τ) and
interferon type III (IFN-λς) production, as well as the expression of interferon stimulated
genes (ISGs) and other proinflammatory cytokines and chemokines [69,70].

Although the aforementioned PRRs have been extensively studied, not many studies
have attempted to correlate their overexpression in tumor cells with OV resistance; but
rather with the aftermath of the recognition, the antiviral interferon pathways. However, a
few studies have implicated the cytosolic DNA sensing pathway to oncolytic herpes virus-1
resistance (see below). The main sensor of dsDNA in the cytoplasm is the cGAS, which
recognizes dsDNA viruses and reverse transcribing RNA viruses like HIV-1. As soon as
cGAS is activated, it synthesizes cGAMP which activates the adaptor protein stimulator of
interferon genes (STING) [71]. Stimulation of STING leads to the activation of IRF3 and
NFκB [71]. Interferon gamma inducible protein 16 (IFI16) is another sensor of dsDNA that
signals via STING to activate IRF3 and NFκB resulting in IFNβ production [72].

Ultimately, viral detection by the aforementioned sensors will lead to the activation
of host defenses such as the production of type I and type III interferons. These have
distinct receptors, however, both activate a signaling cascade via receptor-associated protein
tyrosine kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which activate the
activator of transcription 1 (STAT1) and STAT2, which subsequently form a complex with
the IFN regulatory factor 9 (IRF9), the ISGF3 complex [73]. This complex translocates
to the nucleus, resulting in the expression of more than 300 ISGs and pro-inflammatory
molecules and establishing an anti-viral state in the infected cell [74,75]. The cytokine and
chemokine milieu produced by the infected cell also acts in a paracrine manner to induce
an ISG-mediated anti-viral state in the (uninfected) adjacent cells. Some of these ISGs, such
as GTPase myxovirus resistance 1 (MxA), ribonuclease L (RNaseL) and protein kinase R
(PKR) have direct antiviral activity. For instance, MxA monomers reside in the cytoplasm
and upon binding to viral components can degrade them [76]. PKR regulates a plethora of
signaling pathways and its role in antiviral response and inhibition of host translation is
considered crucial upon virus infection [76].

The anti-viral IFNs are major determinants of OV efficacy. Many OVs exploit the IFN
pathway defects to successfully replicate in tumor cells. For instance, it has been shown
that STING pathway is correlated with oncolytic herpes virus-1 resistance (see below).
However, new evidence shows that this advantage in viral replication may not correlate
with tumor eradication in vivo [77]. This may be explained by the inability of oncolytic
viruses to induce immunogenic cell death in STING-deficient tumor cells, thus hampering
the induction of innate and adaptive immunity [78]. Identifying specific defects in the IFN
pathway that may ‘assist’ the viral replication without harming the induction of antitumor
immunity, could lead to identification of predictive biomarkers for OV sensitivity.
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3.4. The Autophagic Response to Viral Infections

There is growing evidence that the role of autophagy in the infectious cycle of many
viruses is critical. Autophagy is an evolutionary conserved adaptive process in which the
cells attempt to maintain their homeostasis [79,80]. It can be triggered by different types of
stress, such as hypoxia, nutrient deprivation and infection [81]. The role of autophagy is to
remove detrimental cytosolic material such as protein aggregates and damaged organelles.
During this process, a phagophore engulfs cytosolic material to form an autophagosome,
which subsequently fuses with a lysosome to degrade its cytoplasmic content [81].

Autophagy is activated by the infected cell to degrade and remove the virions from
the cell, a process called xenophagy [82]. TLRs, RLRs and cGAS signaling pathways,
among others, lead to autophagy activation to enhance the interferon production and
create an anti-viral milieu [83]. Notably, plasmacytoid dendritic cells (pDCs) which lack the
autophagy protein 5 (Atg5) showed decreased TLR7-dependent IFNα and IL-12 production
after VSV and Sendai virus infection, indicating the importance of autophagy for mounting
an anti-viral response [84]. Additionally, autophagy was shown to have anti-viral effects
against Sindbis virus and Rift Valley Fever Virus infection [85,86]. On the other hand,
many viruses have developed mechanisms to exploit autophagy in favor of their viral
replication. For example, herpesvirus and dengue virus were shown to enhance autophagy
to promote cell survival in order to establish a successful infection and enhanced viral
replication [87,88]. Moreover, rapamycin, an autophagy inducer, was shown to increase the
viral replication of various oncolytic viruses in tumor cells, including adenovirus, reovirus,
poliovirus, herpes virus, NDV and myxoma virus [89–94]. In line with these findings,
it was shown that knocking out two key autophagy genes (ATG5 or ATG10) impaired
virus-induced lysis of cancer cells by a modified oncolytic adenovirus (delta24-RGD) [95].
Furthermore, co-treatment with Everolimus, a rapamycin derivative, and delta24-RGD
enhanced autophagic dependent cell death in an in vivo glioma model [96].

The double-sided role of autophagy in oncolytic virus efficacy has captured the
attention of the research community and it has been extensively reviewed [97,98]. The
results thus far suggest that, for certain OVs, the tumor cells’ ability to activate autophagy
can contribute to the degree of viral replication, and ultimately the therapeutic efficacy of
the viral treatment.

4. Potential Biomarkers for Sensitivity to Oncolytic Viruses

The different OV strains employed in GBM immunotherapy utilize different cell
entry receptors of entry and their cell killing mechanisms are distinct from each other.
Furthermore, each OV strain triggers the host responses in diverse ways. Available in vitro
and in vivo data provides numerous leads to pathways and molecules involved in OV
sensitivity or resistance. OV trials are increasingly incorporating trial-associated (immune)
monitoring studies to gain insight into the in situ mechanisms involved in clinical OV
therapy. Such valuable data may yield relevant information for identifying potential
biomarkers related to response to OV therapy in GBM.

4.1. Oncolytic Herpes Simplex Virus

Oncolytic HSV-1 (oHSV) is an enveloped double-stranded DNA virus that belongs
to the alpha-herpesvirus subfamily [99]. It is a neurotropic virus and therefore requires
engineering for tumor-restricted replication [100]. Modified oHSV-1 variants that have
been tested in glioma patients are G207, G47∆, HSV1716 and rQNestin-34.5 [9]. Safety
and feasibility of local oHSV injection in GBM was shown in two phase 1 trials testing
G207 and HSV1716 [7,8]. However, in both studies viral replication was detected in only a
few patients; 3 out of 6 and 2 out of 12 patients, respectively. These results suggest that
the replication of the virus was restricted in some patients. In addition, seroconversion
was observed in some patients indicating that the antiviral immune response may have
contributed to the rapid clearance of the virus [7,8]. In an effort to understand these
restricting mechanisms, Peters et al. studied G207 infection in vitro and found glioma stem
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cells (GSCs) to be non-permissive to infection [101]. G207 virus contains mutations in both
copies of the γ34.5 gene to prevent neurovirulence, however, in GSCs this deletion results
in a translational shut down preventing the production of progeny virions [101]. Other
oHSV-1 variants designed to express the γ34.5 protein under a tumor-specific promoter
such as the rQNestin-34.5, might enhance the oncolytic activity of the virus in GSCs [10].

Another modified HSV-1 is Talimogene laherparepvec (T-VEC) which is the first Food
and Drug Administration (FDA) approved oncolytic virus and is indicated for treatment of
patients with advanced melanoma [102]. Numerous clinical trials have employed T-VEC,
however, no biomarkers for response have been described thus far. In a clinical study in
melanoma patients, a favorable outcome was observed in a subgroup of patients with
unresectable Stage III or IV M1a disease [103]. Recently, an in vitro study in melanoma cell
lines revealed that STING expression can restrict T-VEC-mediated oncolysis and loss of its
expression may confer sensitivity to oncolysis [104].

4.2. Oncolytic Adenovirus

Adenoviruses are non-enveloped double-stranded DNA viruses [59]. Oncolytic ade-
noviruses have been extensively explored and utilized in many clinical trials against
several cancers [105]. Conditionally replicating adenoviruses (CRAds) have been modified
in diverse ways to target oncogenic pathways frequently mutated cancers such as the
retinoblastoma (Rb) or the p53 pathway [58,106]. Dl1520 (ONYX-015) was the first CRAd
tested in a phase I clinical trial for recurrent gliomas, in which the safety of local peritumoral
injection of the virus was shown [107]. Several possible selectivity mechanisms have been
proposed for dI1520, including p53/p14ARF defects, aberrant late mRNA transport and
cell cycle disruption, all of which may relate to the functions of the early viral E1B-55k gene
which is deleted in this virus [11]. Whether any of these factors can serve as biomarkers for
dI1520 response has not been evaluated.

The results of another phase I clinical study against recurrent malignant gliomas using
the CRAd delta24-RGD (DNX-2401) were recently published [20]. This OV was engineered
to selectively replicate in tumor cells with dysfunctional Rb pathway, which is the case in
approximately 80% of GBM tumors [12,58]. Impressive anti-tumor effects were found, with
17% of the treated patients surviving beyond 3 years [20]. Another early clinical trial with
this CRAd was conducted in our institute in patients with recurrent GBM (NCT01582516).
A subgroup of patients revealed high concentrations of different cytokines in post treatment
CSF samples, indicating that delta24-RGD can induce an inflammatory microenvironment,
which is potentially key for its therapeutic efficacy [108]. Whether specific cytokines can
serve as biomarkers for response requires further investigation.

Very few studies have focused on elucidating the resistance mechanisms in the non-
responder patients in oncolytic adenoviral trials. In one study, it was demonstrated that the
IFN signaling pathway was upregulated in Ad5/3-∆24-resistant ovarian tumors compared
to untreated tumors [109]. Moreover, the authors showed that the MxA, an ISG which is
induced by IFN type I or type III signaling could provide a predictive marker for resistance
to oncolytic adenoviral therapies [109,110].

Of great interest are the studies that have focused on the pre-treatment immune status
of patients receiving oncolytic adenovirus. Specifically, it was shown that chronic inflam-
mation was a negative predictive marker for response to oncolytic adenovirus therapy
in different types of cancer [111]. Furthermore, high-mobility group box 1 (HMGB1), a
nuclear protein secreted by immune cells and which is associated with a pro-inflammatory
state and immunological cell death, could serve as a predictive and prognostic marker
for oncolytic virotherapy with adenoviruses. The study suggested that patients with
low serum HMGB1 have more robust anti-tumor responses after oncolytic adenovirus
therapy [112]. It was hypothesized that a higher pro-inflammatory state as measured by
HMGB1, leads to inhibition of viral replication. These results may suggest that the use of
immunosuppressants for a limited amount of time during post virus administration, may
improve response rates in this subgroup of patients.
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Lastly, in a study using pancreatic cell lines it was shown that high expression of
cyclin D1 enhances delta24-RGD-induced cytotoxicity [113]. Cyclin D1 activates the cyclin-
dependent kinase 4 and 6 (CDK4 and CDK6), which then phosphorylates the Rb protein
resulting in cell cycle progression. Over-expression of cyclin D1 has been observed in
many cancer types like head and neck squamous cell carcinomas (HNSCC), pancreatic
and breast cancer [114]. In GBM, the highest expression of cyclin D1 was observed in
the proneural subtype, which may suggest that this subtype would benefit more from
delta24-RGD treatment.

4.3. Oncolytic Retrovirus

Replication-competent retroviruses are a relative newcomer to the OV field. These
are single-stranded RNA viruses. Originally, retroviruses were applied in gene therapy
approaches, however, it was later shown that replication competence of retroviruses can
provide a powerful tool for gene delivery of anticancer agents in tumors [115]. Vocimagene
amiretrorepvec (Toca 511) is a replicating γ-retrovirus derived from murine leukemia virus
and is engineered to encode a yeast cytosine deaminase (CD) gene [116]. In the presence
of the prodrug 5-fluorocytosin (5-FC), CD converts 5-FC to the potent anti-cancer drug
5-fluorouracil (5-FU). The results from a phase I clinical trial for recurrent high-grade
gliomas showed that the median survival of the patients (n = 53) was 13.6 months with
six patients showing complete response [21]. However, in a subsequent phase III study in
403 patients, clinical endpoints were not met [117].

New results from the earlier phase I clinical trial (NCT01470794) were recently pub-
lished demonstrating that 86% of the patients that lived >2 years had neoantigens deriving
from IDH1, PI3K3CA, EGFR, SYNE1 genes. Interestingly, only 26% of the patients with
<2 years survival had neoantigens arising from these genes, suggesting that neoantigens
arising from driver genes may support Toca+5-FC therapy response. Moreover, the num-
bers of M0 macrophages and NK cells at the tumor site at the time of treatment were
associated with poor response [118]. It is conceivable that these cells contributed to clear-
ance of the virus before its therapeutic effect could take place. Further investigation is
needed to establish if the immune composition could serve as a predictive marker and
whether this is also the case for other oncolytic viruses.

4.4. Oncolytic Measles Virus

Oncolytic measles virus (oMV) has been applied in many Phase I/II clinical trials
against numerous types of cancers including ovarian cancer, pancreatic cancer and glioblas-
toma (GBM) [119]. MV is a single-stranded, negative-sense RNA virus that belongs to the
Paramyxoviridae family [120]. The entry of MV is mediated by the attachment of the viral
Hemagglutinin (H) protein to three known cell surface receptors; the complement regula-
tory protein CD46, the signaling lymphocyte activating molecule (SLAM) or nectin-4 [121].
The wild type strains of MV mainly bind to the SLAM receptor, the attenuated MV Edmon-
ston’s (MV-Edm) vaccine strains enter through CD46 receptor, while nectin-4 can be used
by both wild type and Edm strains [121].

The attenuated MV strains have revealed tropism for infecting and killing glioma
cells, due to the overexpression of the entry receptor CD46 on the cell surface of these
cells [13,122]. Although CD46 is abundantly expressed on glioma cells, facilitating efficient
infection, some glioma cell lines show resistance to oncolysis after the viral entry, indicating
that other processes can affect its oncolytic efficacy [123].

Indeed, a recent study pinpointed the expression of the interferon-induced trans-
membrane protein 1 (IFITM1) gene as the responsible ISG for restricting oMV replication
in transformed human mesenchymal stromal cells [124]. Additionally, in another study
researchers screened eight sarcoma cell lines and found that five of them were susceptible
to the oMV. The resistance in the three remaining sarcoma cell lines was attributed to the
upregulation of the RIG-I and IFITM1 mRNA expression. Interestingly, it was found that
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resistance could be broken by increasing the multiplicity of infection (MOI) in combination
with the pro-drug 5-FC [125].

The fact that oMVs are sensitive to antiviral responses was also highlighted by a
translational study from Kurokawa et al. [123]. Specifically, it was shown that mice bearing
GBM tumors with defective interferon pathway were more responsive to oMV treatment,
producing 387-fold higher infectious progeny virions compared to mice bearing GBM with
intact interferon pathway. Moreover, gene expression analysis of tumor samples from
GBM patients treated with oMV (NCT00390299) showed an inverse correlation of ISGs
expression and viral replication [123].

Taken together, evidence suggests that IFITM1 expression may be a biomarker for
resistance to oMV virotherapy for GBM patients and could help stratify the patients in
oMV trials. Further research needs to be performed in other tumor types to investigate if
this is a pan-cancer biomarker for oMV response.

4.5. Newcastle Disease Virus (NDV)

NDV is an avian paramyxovirus with a negative-sense, single-stranded RNA enclosed
in its viral envelope. It was thought that some NDV strains have oncolytic properties
by taking advantage of the inability of the tumor cells to elicit an anti-viral response due
to deficiencies in IFN pathway [14]. Therefore, the search for markers of resistance to
NDV-mediated oncolysis have focused on the antiviral pathways.

Krishnamurthy et al. showed that NDV susceptibility was linked to impairment of
the type I interferon pathway [126]. Fibrosarcoma cells that were susceptible to NDV
infection were unable to induce IFN-β production [126]. Specifically, the STAT1 and
STAT2 phosphorylation was significantly reduced in the permissive tumor cells, resulting
in reduced expression of ISG mRNAs and IFN-β [126]. In an approach to overcome
resistance, Zamarin et al. engineered an NDV variant expressing an IFNα-antagonist,
which demonstrated enhanced oncolytic activity in melanoma cell lines compared to the
NDV strain without the IFN-antagonist [127].

In contrast with these findings, Mansour et al. revealed that the human non-small-cell
lung cancer cell line A549 was susceptible to NDV oncolysis, despite the production of
high levels of type I IFN response. It was proposed that the restriction mechanism in NDV
oncolysis was based on the expression level of the anti-apoptotic protein Bcl-xl, where
over-expression of Bcl-xl correlates with increased sensitivity to NDV [128]. Moreover, it
was recently demonstrated that STAT3 inhibition suppresses immunogenic cell death (ICD)
by NDV in melanoma tumor cells [129]. Interestingly, Bcl-xl is one of the target genes of
active STAT3 [129].

Another potential marker for NDV cytotoxicity is the status of the autophagy pathway.
Meng et al. showed in U251 glioma cells that NDV exploits the autophagic machinery to in-
crease its replication. In this study, inhibition of BECLIN-1 or ATG5 gene, which are critical
for the autophagosome formation, led to reduced production of NDV [130]. A more recent
study showed autophagy modulators act as sensitizers for NDV in drug-resistant lung can-
cers [131]. On a different note, Puhlmann et al. showed that the oncogenic protein, Rac 1, is
essential for NDV replication and it could confer sensitivity to viral replication [132]. Rac1
is a Rho GTPase protein and is involved in processes like cell proliferation and cytoskeleton
organization [133]. In GBM, it has been shown that Rac1 is important for maintaining the
stemness of GSCs, which may suggest that NDV could potentially be utilized to target the
treatment-resistant cancer stem cell clones within GBM [134].

4.6. Mammalian Orthoreovirus (Reovirus)

Wild type reovirus has been tested clinically for various types of cancer including
GBM, both by local and systemic administration [135,136]. Reovirus is a non-enveloped
virus with 10 segments of dsRNA enclosed in its capsid. The main receptor that wild type
reoviruses use to enter the cells is the junctional adhesion molecule A (JAM-A) [15]. Van
den Hengel et al. tested a panel of primary GBM cell cultures, showing that they exhibit a
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large intertumoral variability in JAM-A expression, suggesting that reovirus efficacy may
be hampered in low JAM-A expressing tumors [56]. Recently a second receptor was shown
to mediate reovirus infection in the central nervous system (CNS), the Nogo receptor
NgR1 [137]. The NgR1 expression in GBM cell lines has been established in various studies,
however in a recent study it was shown that the NgR maturation, and thus expression to
the cell membrane, is inhibited by transforming growth factor-β (TGF-β) 1, which is highly
expressed by GBM cells [138–140]. The cell surface expression of NgR1 in primary GBM
cells is yet to be elucidated.

Reovirus’ natural tropism to replicate and kill tumor cells makes it an ideal candidate
for oncolytic virotherapy. Early on, researchers attempted to elucidate the mechanism
of tumor selectivity. It was found that the constitutively active Ras signaling pathway
potentiates the reovirus replication via inhibition of PKR [141]. Additional studies have
supported that Ras pathway activating mutations enhance reovirus replication [142,143].
Contrary to these findings, Twigger et al. showed that reovirus oncolysis does not depend
on the status of EGFR/Ras/MAPK pathway in squamous cell carcinoma primary cell
lines [144]. Another factor involved in host cell sensitivity to reovirus is determined by
the levels of inhibitors of proteases, such as cathepsin B, that are required to disassemble
the virus in the cytoplasm. Inhibition of these proteases restricts disassembly and inhibits
viral replication [145].

In a clinical phase I trial for high grade gliomas and brain metastasis, the safety
of reovirus after intravenous injection prior to brain surgery was demonstrated. The
reovirus capsid σ3 protein and the virus RNA detection in tumors varied between the
nine trial patients and correlated with the high proliferation index of the tumor cells (Ki67
expression) [136]. The efficacy of reovirus was also evaluated in a clinical trial for non-small
cell lung cancer (NCT01708993), in which reovirus (Reolysin) was injected intravenously. A
post-hoc analysis of the data obtained from this clinical trial showed a favorable trend for
patients with p53 and EGFR mutations [146]. Another clinical trial (NCT01199263) testing
oncolytic reovirus in ovarian cancer patients did not show any clinical benefit and authors
stated that one explanation could be that only 20% of the ovarian cancer patients harbor
Ras mutations [147].

4.7. Oncolytic Poliovirus

Poliovirus is an enterovirus in the Picornaviridae family of single-stranded RNA
vi-ruses. A non-pathogenic oncolytic variant was engineered by replacing the internal
ribo-somal entry site (IRES) of the poliovirus type 1 (Sabin) vaccine strain with the human
rhi-novirus type 2 IRES (PVS-RIPO). The affinity of poliovirus for its cellular receptor
CD155, which is upregulated on GBM cells, provides a unique opportunity target these
tumors [16]. This approach demonstrated potent anti-glioma activity in mouse models
and led to translation to clinical investigation for GBM [17,148]. Impressive results were
obtained in a clinical phase II trial testing the recombinant nonpathogenic polio–rhinovirus
chimera (PVSRIPO), oncolytic virus in 61 patients with recurrent GBM. Twenty-one per-
cent of patients were still alive 36 months after initiation of treatment [149]. The source
of this striking response in a subgroup of patients has yet to be elucidated. However,
intriguingly, transcriptomic analysis revealed a correlation between low tumor mutational
burden, tumor-intrinsic inflammation, and improved survival after PVSRIPO or anti-PD1
immunotherapy in recurrent GBM patients [150]. Further studies are required to confirm
whether these characteristics hold predictive biomarker potential.

4.8. Oncolytic Parvovirus H-1

Oncolytic parvovirus H-1 is a single-stranded DNA rodent protoparvovirus 1 virus [18].
The lack of pre-existing immunity in humans makes parvovirus an interesting oncolytic
virus to explore in the clinic [151]. Oncolytic H-1 parvovirus was administered intratu-
morally and intravenously in recurrent GBM patients in a phase I/IIa trial [152]. Robust
immune response in terms of high infiltration of cytotoxic T cells was observed in the

327



Cancers 2021, 13, 614

oncolytic parvovirus patients in this first study. Furthermore, in peripheral blood of the
patients, specific T cell responses against glioma and viral antigens were detected [152]. Un-
like for many other oncolytic viruses, antiviral type I interferon responses are not evoked by
parvovirus infection [152]. Interestingly, parvovirus infection of GBM cells is followed by
cathepsin B upregulation [152]. Inhibition of cathepsin B protects the glioma cells from par-
vovirus oncolysis, highlighting cathepsin B’s importance in the parvovirus infection [153].

4.9. Oncolytic Vaccinia Virus

Vaccinia virus is a double-stranded DNA virus that belongs to poxvirus family [154].
Its natural tropism to enter the CNS has made it an attractive candidate for systemic
delivery in GBM patients [155]. A phase I/II clinical study for GBM patients is currently
ongoing (NCT03294486), in which patients are treated systemically with the vaccinia virus
TG6002 [156]. Different strains of oncolytic vaccinia virus have been applied for other
types of cancer as well and researchers tried to identify predictive response markers [157].
Zloza et al. identified the inhibitory molecule immunoglobulin-like transcript 2 (ILT2)
on the cell surface of T cells, as a potential biomarker for vaccinia virus immunotherapy
in melanoma patients. Increased expression of ILT2 on T cells was associated with poor
response to oncolytic virotherapy using vaccinia virus [157]. Another study attempted to
identify biomarkers associated with resistance to vaccinia virus therapy in hematological
malignancies [158]. Genes involved in the ubiquitination pathway, DNA damage response
and antigen presentation, among others, were identified and associated with resistance to
vaccinia virus-induced oncolysis [158].

5. Development of Personalized in Vitro Models for OV Selection

It can be concluded that the interplay between the OVs and tumor cells is very complex
and that defining a single biomarker or set of biomarkers predicting efficacy of a specific
OV may not be achievable. An alternative approach is the development of patient-specific
assays to screen a set of OVs and identify the optimal OV for a particular patient. Such
a predictive assay would need to provide information on the efficacy of OV infection,
replication, and oncolysis as well as on the immune response that is mounted by the OVs.

At present, in vitro culture models from patient-derived tumors have become the gold
standard in drug development research for GBM. Our group has developed a preclinical
screening system based on patient-derived low-passage cell cultures under serum-free
conditions for preserving the molecular genetic make-up of the parental tumors [159,160].
Such screening activities have for example led to the identification of viral sensitizers
which enhance the oncolytic activity of delta24-RGD in GBM cells [161]. The screening
system was also applied to assess the efficiency of infection, replication and cell killing by
four different OVs on a panel of primary glioma cell lines, which revealed tremendous
intertumoral heterogeneity in viral sensitivities [56] (and unpublished data). Such panels
of molecularly characterized cell cultures may also help identify new markers of sensitivity
or resistance to tested OVs.

To gain insight in the relationship between oncolytic efficacy and immune stimulation,
a co-culture model of glioma cells and (autologous) immune cell populations, could poten-
tially provide useful insight on the immune response that is triggered after treatment with
different OV candidates, as well as on the relationship between infectivity, oncolysis and
immune activation. For instance, a co-culture of macrophages and delta24-RGD-infected
(and permissive) GSCs revealed a shift of the tumor-supportive macrophages M2 to the
pro-inflammatory M1 [108]. Such approaches are also being taken for other forms of cancer.
A platform has been established for cancers like colorectal and non-small cell lung in which
tumor organoids were co-cultured with autologous T cells derived from the peripheral
blood of the patient [162]. With such model systems, the T cell-mediated cell killing could
be evaluated for individual patients after infection with different OVs [162].

However, the establishment of such primary GSC or organoid-immune cell co-cultures
is time-consuming and may not yield a robust OV therapy recommendation within the
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required timeframe. Furthermore, with serial passaging of primary glioma cells, the diverse
clones that characterize the GBM tumor cannot be maintained [59]. The establishment
of ex vivo 3D tumor model systems directly from fresh tumor tissue may therefore offer
a more attractive approach for performing OV screens on the heterogeneous landscape
of GBM as such models still retain architecture and cellular composition of the original
tumor, including the presence of immune cell infiltrates. We previously reported that
fresh tissue derived organotypic multicellular spheroids (OMS) offer a versatile system
for studying OV infection, replication and tissue penetration [163]. Similarly, fresh GBM
tumor slices have been employed to assess oncolytic myxoma virus efficacy [164]. Other
approaches being developed include the culture of fresh tumor cells in slices, on matrices
and in microfluidic systems [165–167]. Culturing fresh tissue also has limitations, since
the culturing methods generally favor the tumor cells and not the immune cells [168].
Identification of culture conditions supporting all cell populations would also offer an
improvement to these models.

Efforts in the field to generate 3D models from fresh tissue under culture conditions
that support and recapitulate the unique immune tumor microenvironment are expected to
facilitate investigations into both the dynamics of viral infection and replication in tumor
cells as well as the effects thereof on local immune responses [169]. Such systems may in
the future offer a tool to screen multiple OVs for a specific patient and select the optimal
viral treatment within a clinically-relevant timeframe.

6. Conclusions

With the translation of oncolytic virotherapy to clinical trials for GBM patients, im-
pressive responses have been documented in small subgroups of patients. To increase these
response rates, better understanding of factors affecting viral replication, oncolysis and
subsequent immune activation is required for each of the OVs under development. Studies
in clinically-relevant in vitro and in vivo models as well as trial-associated immune and
tumor monitoring studies are crucial for defining these factors and are expected to offer
leads for stratification of patients in future OV trials.

Based on current literature reviews, we have identified factors related to the sensitivity
of GBM tumors for specific OVs including the expression of the viral entry molecules,
activation state of (cell cycle) signaling or autophagy pathways and the induction of specific
antiviral signaling pathways that clear the virus infection (Table 2). These individual
markers of sensitivity or resistance may together yield predictive profiles. However,
further investigations are needed to shed light on the interplay between oncolytic activity
on the tumor cells and the immune system. Ultimately, the complexity of these interactions
in a background of a heterogeneous tumor and interpatient immune status variations,
may require development of personalized ex vivo models to aid in identifying the most
promising OV for a specific patient. The convergence of these developments toward
applicable tools will enable classification of each GBM patient as sensitive or resistant to
specific OVs. Ideally, future clinical trial design will incorporate more than one OV in
parallel arms, such that patients can be stratified to the OV that best matches their tumor
properties and/or immune status (Figure 2). Such a selection and stratification approach is
expected to significantly improve response rates in OV trials for GBM patients.
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Table 2. Potential predictive markers for sensitivity or resistance to OVs.

OV Potential Predictive Marker Effect Tumor Type/ Cell Line

T-VEC STING Resistance Melanoma cell lines [104]

Adenovirus
(Ad5/3-∆24)

MxA Resistance Ovarian carcinoma cell line [110]

High HMGB1 Resistance Patients with advanced metastatic
solid tumors [112]

(∆24-RGD) Cyclin D1 Sensitivity Pancreatic cell line [113]

Vocimagene amiretrorepvec

IDH1, PI3K3CA, EGFR, SYNE1
Neo-epitopes Sensitivity Patients with recurrent

high-grade gliomas [118]

NK cells and M0 macrophage
tumor infiltration Resistance Patients with recurrent

high-grade gliomas [118]

MV

IFITM1 Resistance Transformed mesenchymal
stromal cells [124]

RIG-I Resistance Sarcoma cells [125]

ISG15 Resistance Primary GBM cells [123]

NDV

Bcl-xl Sensitivity A549 cell line [128]

Rac-1 Sensitivity HaCaT A5-RT3 [132]

STAT3 Sensitivity Melanoma cell lines [129]

Reovirus (R124)

JAM-A Sensitivity Primary GBM cells [56]

Cathepsin B Sensitivity Glioma cell line [144]

P53 and EGFR mutations Sensitivity Patients with non-small cell
lung cancer [145]

Ki-67 Sensitivity Patients with high grade gliomas
and metastatic brain tumors [136]

Oncolytic parvovirus H-1 Cathepsin B Sensitivity Glioma cell line [18,151]

Vaccinia virus

Expression of ILT2 on T cells Resistance Melanoma patients [155]

LEF1, STAMBPL1, and SLFN11 Sensitivity myeloid and lymphoid leukemia
cell lines [156]

PVRIG, LPP, CECR1, Arhgef6, IRX3,
IGFBP2, and CD1d Resistance myeloid and lymphoid leukemia

cell lines [156]
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Figure 2. Personalized oncolytic virotherapy. In an envisioned personalized OV trial, resected tumor
material from each patient would be used for diagnostic tests to identify the most potent OV, in terms
of oncolysis for the particular tumor. Additional tests to determine local and/or systemic immune
status after OV infection could further aid in stratifying the patients based on their unique tumor
microenvironment and immune status. Created with BioRender.com.

330



Cancers 2021, 13, 614

Funding: The authors gratefully acknowledge the support from Foundation Overleven met Alvleesk-
lierkanker and Foundation Support Casper.

Conflicts of Interest: No conflict of interest to disclose.

References
1. Zhang, S.; Rabkin, S.D. The discovery and development of oncolytic viruses: Are they the future of cancer immunotherapy?

Expert Opin. Drug Discov. 2020. [CrossRef]
2. Harrington, K.; Freeman, D.J.; Kelly, B.; Harper, J.; Soria, J.C. Optimizing oncolytic virotherapy in cancer treatment. Nat. Rev.

Drug Discov. 2019, 18, 689–706. [CrossRef] [PubMed]
3. Kaufman, H.L.; Kohlhapp, F.J.; Zloza, A. Oncolytic viruses: A new class of immunotherapy drugs. Nat. Rev. Drug Discov. 2015,

14, 642–662. [CrossRef] [PubMed]
4. Taylor, O.G.; Brzozowski, J.S.; Skelding, K.A. Glioblastoma multiforme: An overview of emerging therapeutic targets. Front.

Oncol. 2019, 9, 963. [CrossRef]
5. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,

U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005. [CrossRef]
6. De Witt Hamer, P.C.; Ho, V.K.Y.; Zwinderman, A.H.; Zwinderman, A.H.; Ackermans, L.; Ardon, H.; Boomstra, S.; Bouwknegt, W.;

van den Brink, W.A.; Dirven, C.M.; et al. Between-hospital variation in mortality and survival after glioblastoma surgery in the
Dutch Quality Registry for Neuro Surgery. J. Neurooncol. 2019, 144, 313–323. [CrossRef] [PubMed]

7. Papanastassiou, V.; Rampling, R.; Fraser, M.; Petty, R.; Hadley, D.; Nicoll, J.; Harland, J.; Mabbs, R.; Brown, M. The potential
for efficacy of the modified (ICP 34.5) herpes simplex virus HSV1716 following intratumoural injection into human malignant
glioma: A proof of principle study. Gene Ther. 2002, 9, 398–406. [CrossRef] [PubMed]

8. Markert, J.M.; Liechty, P.G.; Wang, W.; Gaston, S.; Braz, E.; Karrasch, M.; Nabors, L.B.; Markiewicz, M.; Lakeman, A.D.; Palmer,
C.A.; et al. Phase Ib trial of mutant herpes simplex virus G207 inoculated pre-and post-tumor resection for recurrent GBM. Mol.
Ther. 2009, 17, 199–207. [CrossRef] [PubMed]

9. Ning, J.; Wakimoto, H. Oncolytic herpes simplex virus-based strategies: Toward a breakthrough in glioblastoma therapy. Front.
Microbiol. 2014, 5, 303. [CrossRef]

10. Kambara, H.; Okano, H.; Chiocca, E.A.; Saeki, Y. An Oncolytic HSV-1 Mutant Expressing ICP34. 5 under Control of a Nestin
Promoter Increases Survival of Animals even when Symptomatic from a Brain Tumor. Cancer Res. 2005, 67, 8980–8984.

11. Cheng, P.H.; Wechman, S.L.; McMasters, K.M.; Zhou, H.S. Oncolytic replication of E1b-deleted adenoviruses. Viruses 2015, 7,
5767–5779. [CrossRef] [PubMed]

12. Suzuki, K.; Fueyo, J.; Krasnykh, V.; Reynolds, P.N.; Curiel, D.T.; Alemany, R. A conditionally replicative adenovirus with enhanced
infectivity shows improved oncolytic potency. Clin. Cancer Res. 2001, 7, 120–126. [PubMed]

13. Allen, C.; Opyrchal, M.; Aderca, I.; Schroeder, M.A.; Sarkaria, J.N.; Domingo, E.; Federspiel, M.J.; Galanis, E. Oncolytic measles
virus strains have significant antitumor activity against glioma stem cells. Gene Ther. 2013, 20, 444–449. [CrossRef] [PubMed]

14. Schirrmacher, V.; van Gool, S.; Stuecker, W. Breaking therapy resistance: An update on oncolytic newcastle disease virus for
improvements of cancer therapy. Biomedicines 2019, 7, 66. [CrossRef] [PubMed]

15. Gong, J.; Mita, M.M. Activated Ras signaling pathways and reovirus oncolysis: An update on the mechanism of preferential
reovirus replication in cancer cells. Front. Oncol. 2014, 4, 167. [CrossRef]

16. Gromeier, M.; Lachmann, S.; Rosenfeld, M.R.; Gutin, P.H.; Wimmer, E. Intergeneric poliovirus recombinants for the treatment of
malignant glioma. Proc. Natl. Acad. Sci. USA. 2000. [CrossRef] [PubMed]

17. Dobrikova, E.Y.; Broadt, T.; Poiley-Nelson, J.; Yang, X.; Soman, G.; Giardina, S.; Harris, R.; Gromeier, M. Recombinant oncolytic
poliovirus eliminates glioma in vivo without genetic adaptation to a pathogenic phenotype. Mol. Ther. 2008. [CrossRef]

18. Nüesch, J.P.F.; Lacroix, J.; Marchini, A.; Rommelaere, J. Molecular pathways: Rodent parvoviruses—Mechanisms of oncolysis and
prospects for clinical cancer treatment. Clin. Cancer Res. 2012, 18, 3516–3523. [CrossRef]

19. Chiocca, E.A.; Nassiri, F.; Wang, J.; Peruzzi, P.; Zadeh, G. Viral and other therapies for recurrent glioblastoma: Is a 24-month
durable response unusual? Neuro-Oncology 2019, 21, 14–25. [CrossRef]

20. Lang, F.F.; Conrad, C.; Gomez-Manzano, C.; Alfred Yung, W.K.; Sawaya, R.; Weinberg, J.S.; Prabhu, S.S.; Rao, G.; Fuller, G.N.;
Aldape, K.D.; et al. Phase I study of DNX-2401 (delta-24-RGD) oncolytic adenovirus: Replication and immunotherapeutic effects
in recurrent malignant glioma. J. Clin. Oncol. 2018, 36, 1419–1427. [CrossRef]

21. Cloughesy, T.F.; Landolfi, J.; Vogelbaum, M.A.; Ostertag, D.; Elder, J.B.; Bloomfield, S.; Carter, B.; Chen, C.C.; Kalkanis, S.N.;
Kesari, S.; et al. Durable complete responses in some recurrent high-grade glioma patients treated with Toca 511 + Toca FC.
Neuro-Oncology 2018, 20, 1383–1392. [CrossRef]

22. Senzer, N.N.; Kaufman, H.L.; Amatruda, T.; Nemunaitis, M.; Reid, T.; Daniels, G.; Gonzalez, R.; Glaspy, J.; Whitman, E.;
Harrington, K.; et al. Phase II Clinical Trial of a Granulocyte-Macrophage Colony-Stimulating Factor—Encoding, Second-
Generation Oncolytic Herpesvirus in Patients With Unresectable Metastatic Melanoma. J. Clin. Oncol. 2009, 27, 5763–5767.
[CrossRef] [PubMed]

23. Crespo, I.; Vital, A.L.; Gonzalez-Tablas, M.; Patino, M.D.C.; Otero, A.; Lopes, M.C.; De Oliveira, C.; Domingues, P.; Orfao, A.;
Tabernero, M.D. Molecular and Genomic Alterations in Glioblastoma Multiforme. Am. J. Pathol. 2015, 185, 1820–1833. [CrossRef]
[PubMed]

331



Cancers 2021, 13, 614

24. Wang, Q.; Hu, X.; Muller, F.; Kim, H.; Squatrito, M.; Mikkelsen, T.; Scarpace, L.; Barthel, F.; Lin, Y.-H.; Satani, N.; et al. Tumor
Evolution of Glioma Intrinsic Gene Expression Subtype Associates With Immunological Changes in the Microenvironment.
Neuro-Oncology 2016, 18, vi202. [CrossRef]

25. Gill, B.J.; Pisapia, D.J.; Malone, H.R.; Goldstein, H.; Lei, L.; Sonabend, A.; Yun, J.; Samanamud, J.; Sims, J.S.; Banu, M.; et al.
MRI-localized biopsies reveal subtype-specific differences in molecular and cellular composition at the margins of glioblastoma.
Proc. Natl. Acad. Sci. USA 2014, 111, 12550–12555. [CrossRef]

26. Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, J.P.;
et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010, 17, 98–110. [CrossRef] [PubMed]

27. Doucette, T.; Rao, G.; Rao, A.; Shen, L.; Aldape, K.; Wei, J.; Dziurzynski, K.; Gilbert, M.; Heimberger, A.B. Immune heterogeneity
of glioblastoma subtypes: Extrapolation from the cancer genome atlas. Cancer Immunol. Res. 2013. [CrossRef]

28. Weller, M.; Cloughesy, T.; Perry, J.R.; Wick, W. Standards of care for treatment of recurrent glioblastoma-are we there yet?
Neuro-Oncology 2013, 15, 4–27. [CrossRef]

29. Weller, M.; van den Bent, M.; Preusser, M.; Le Rhun, E.; Tonn, J.C.; Minniti, G.; Bendszus, M.; Balana, C.; Chinot, O.; Dirven, L.;
et al. EANO guidelines on the diagnosis and treatment of diffuse gliomas of adulthood. Nat. Rev. Clin. Oncol. 2020. [CrossRef]
[PubMed]

30. Patel, A.P.; Tirosh, I.; Trombetta, J.J.; Shalek, A.K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P.; Nahed, B.V.; Curry, W.T.; Martuza,
R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014, 344, 1396–1402.
[CrossRef]

31. Sottoriva, A.; Spiteri, I.; Piccirillo, S.G.M.; Touloumis, A.; Collins, V.P.; Marioni, J.C.; Curtis, C.; Watts, C.; Tavaré, S. Intratumor
heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc. Natl. Acad. Sci. USA 2013, 110, 4009–4014.
[CrossRef]

32. Schäfer, N.; Gielen, G.H.; Rauschenbach, L.; Kebir, S.; Till, A.; Reinartz, R.; Simon, M.; Niehusmann, P.; Kleinschnitz, C.; Herrlinger,
U.; et al. Longitudinal heterogeneity in glioblastoma: Moving targets in recurrent versus primary tumors. J. Transl. Med. 2019, 17,
1–9. [CrossRef]

33. Lee, A.; Arasaratnam, M.; Chan, D.L.H.; Khasraw, M.; Howell, V.M.; Wheeler, H. Anti-epidermal growth factor receptor therapy
for glioblastoma in adults. Cochrane Database Syst. Rev. 2020. [CrossRef]

34. Cheng, L.; Huang, Z.; Zhou, W.; Wu, Q.; Donnola, S.; James, K.; Fang, X.; Sloan, A.E.; Mao, Y.; Lathia, J.D.; et al. Glioblastoma
Stem Cells Generate Vascular Pericytes to Support Vessel Function and Tumor Growth. Cell 2013, 153, 139–152. [CrossRef]

35. Darmanis, S.; Sloan, S.A.; Croote, D.; Mignardi, M.; Chernikova, S.; Samghababi, P.; Zhang, Y.; Neff, N.; Kowarsky, M.; Caneda,
C.; et al. Single-Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at the Migrating Front. of Human Glioblastoma. Cell Rep.
2017, 21, 1399–1410. [CrossRef] [PubMed]

36. Alcantara Llaguno, S.R.; Parada, L.F. Cell of origin of glioma: Biological and clinical implications. Br. J. Cancer 2016. [CrossRef]
[PubMed]

37. Engelhardt, B.; Carare, R.O.; Bechmann, I.; Flügel, A.; Laman, J.D.; Weller, R.O. Vascular, glial, and lymphatic immune gateways
of the central nervous system. Acta Neuropathol. 2016. [CrossRef] [PubMed]

38. Ransohoff, R.M.; Engelhardt, B. The anatomical and cellular basis of immune surveillance in the central nervous system. Nat.
Publ. Gr. 2012, 12. [CrossRef] [PubMed]

39. Ludewig, P.; Gallizioli, M.; Urra, X.; Behr, S.; Brait, V.H.; Gelderblom, M.; Magnus, T.; Planas, A.M. Biochimica et Biophysica Acta
Dendritic cells in brain diseases. BBA Mol. Basis Dis. 2016, 1862, 352–367. [CrossRef]

40. Miller, S.D.; Mahon, E.J.M.C.; Schreiner, B.; Bailey, S.L. Antigen Presentation in the CNS by Myeloid Dendritic Cells Drives
Progression of Relapsing Experimental Autoimmune Encephalomyelitis. Ann. N. Y. Acad. Sci. 2007, 191, 179–191. [CrossRef]

41. Louveau, A.; Smirnov, I.; Keyes, T.J.; Eccles, J.D.; Rouhani , S.J.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, J.W.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337–341. [CrossRef] [PubMed]

42. Sevenich, L. Brain-Resident Microglia and Blood-Borne Macrophages Orchestrate Central Nervous System inflammation in
Neurodegenerative Disorders and Brain Cancer. Front. Immunol. 2018, 9, 697. [CrossRef] [PubMed]

43. Hambardzumyan, D.; Gutmann, D.H.; Kettenmann, H. The role of microglia and macrophages in glioma maintenance and
progression. Nat. Neurosci. 2016, 19, 20–27. [CrossRef]

44. Takenaka, M.C.; Gabriely, G.; Rothhammer, V.; Mascanfroni, I.D.; Wheeler, M.A.; Chao, C.; Gutiérrez-vázquez, C.; Kenison, J.;
Tjon, E.C.; Barroso, A.; et al. Control of tumor-associated macrophages and T cells in glioblastoma via AHR and CD39. Nat.
Neurosci. 2019, 22, 729–740. [CrossRef]

45. Zhou, W.; Ke, S.Q.; Huang, Z.; Flavahan, W.; Fang, X.; Paul, J.; Wu, L.; Sloan, A.E.; Mclendon, R.E.; Li, X.; et al. Periostin secreted
by glioblastoma stem cells recruits M2 tumour-associated macrophages and promotes malignant growth. Nat. Cell Biol. 2015, 17,
170–182. [CrossRef] [PubMed]

46. Mantovani, A.; Marchesi, F.; Malesci, A.; Laghi, L.; Allavena, P. Tumour-associated macrophages as treatment targets in oncology.
Nat. Rev. Clin. Oncol. 2017, 14, 399–416. [CrossRef] [PubMed]

47. Shi, Y.; Ping, Y.; Zhou, W.; He, Z.; Chen, C.; Bian, B.; Zhang, L.; Chen, L.; Lan, X.; Zhang, X.; et al. Tumour-associated macrophages
secrete pleiotrophin to promote PTPRZ1 signalling in glioblastoma stem cells for tumour growth. Nat. Commun. 2017, 8, 1–17.
[CrossRef]

332



Cancers 2021, 13, 614

48. Sørensen, M.D. Tumour-associated microglia/macrophages predict poor prognosis in high-grade gliomas and correlate with an
aggressive tumour subtype. Neuropathol. Appl. Neurobiol. 2018, 44, 185–206. [CrossRef] [PubMed]

49. Lu-emerson, C.; Snuderl, M.; Kirkpatrick, N.D.; Goveia, J.; Davidson, C.; Huang, Y.; Riedemann, L.; Taylor, J.; Ivy, P.; Duda, G.;
et al. Increase in tumor-associated macrophages after antiangiogenic therapy is associated with poor survival among patients
with recurrent glioblastoma. Neuro-Oncology 2013, 15, 1079–1087. [CrossRef]

50. Woroniecka, K.; Chongsathidkiet, P.; Rhodin, K.; Kemeny, H.; Dechant, C.; Farber, S.H.; Elsamadicy, A.A.; Cui, X.; Koyama, S.;
Jackson, C.; et al. T-Cell Exhaustion Signatures Vary with Tumor Type and Are Severe in Glioblastoma. Clin. Cancer Res. 2018, 44,
4175–4187. [CrossRef] [PubMed]

51. Heimberger, A.B.; Abou-ghazal, M.; Reina-ortiz, C.; Yang, D.S.; Sun, W.; Qiao, W.; Hiraoka, N.; Fuller, G.N. Incidence and
Prognostic Impact of FoxP3 + Regulatory T Cells in Human Gliomas. Clin. Cancer Res. 2008, 14, 5166–5173. [CrossRef] [PubMed]

52. Martinez-lage, M.; Lynch, T.M.; Bi, Y.; Cocito, C.; Way, G.P.; Pal, S.; Haller, J.; Yan, R.E.; Ziober, A.; Nguyen, A.; et al. Immune
landscapes associated with different glioblastoma molecular subtypes. Acta Neuropathol. Commun. 2019, 6, 1–12. [CrossRef]

53. Büttner, R.; Longshore, J.W.; López-Ríos, F.; Vandergrift, W.A., III.; Patel, S.J.; Cachia, D.; Bartee, E. Implementing TMB
measurement in clinical practice: Considerations on assay requirements. ESMO Open 2019, 4, e00044. [CrossRef]

54. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Børresen-Dale, A.L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef]

55. Lamfers, M.L.M.; Idema, S.; Bosscher, L.; Heukelom, S.; Moeniralm, S.; Van Der Meulen-Muileman, I.H.; Overmeer, R.M.; Van Der
Valk, P.; Van Beusechem, V.W.; Gerritsen, W.R. Differential effects of combined Ad5-∆24RGD and radiation therapy in in vitro
versus in vivo models of malignant glioma. Clin. Cancer Res. 2007, 13, 7451–7458. [CrossRef] [PubMed]

56. Van Den Hengel, S.K.; Balvers, R.K.; Dautzenberg, I.J.C.; Van Den Wollenberg, D.J.M.; Kloezeman, J.J.; Lamfers, M.L.; Sillivis-Smit,
P.A.E.; Hoeben, R.C. Heterogeneous reovirus susceptibility in human glioblastoma stem-like cell cultures. Cancer Gene Ther. 2013,
20, 507–513. [CrossRef] [PubMed]

57. Grill, J.; Van Beusechem, V.W.; Van Der Valk, P.; Dirven, C.M.F.; Leonhart, A.; Pherai, D.S.; Haisma, H.J.; Pinedo, H.M.; Curiel,
D.T.; Gerritsen, W.R. Combined Targeting of Adenoviruses to Integrins and Epidermal Growth Factor Receptors Increases Gene
Transfer into Primary Glioma Cells and Spheroids. Clin. Cancer Res. 2001, 7, 641–650.

58. Sonabend, A.M.; Ulasov, I.V.; Han, Y.; Lesniak, M.S. Oncolytic adenoviral therapy for glioblastoma multiforme. Neurosurg. Focus
2006, 20, E19. [CrossRef]

59. Balvers, R.K.; Gomez-Manzano, C.; Jiang, H.; Piya, S.; Klein, S.R.; Lamfers, M.L.M.; Dirven, C.M.F.; Fueyo, J. Advances in Oncolytic
Virotherapy for Brain Tumors; Elsevier Inc.: Amsterdam, The Netherlands, 2013. [CrossRef]

60. Oh, E.; Hong, J.; Kwon, O.J.; Yun, C.O. A hypoxia- and telomerase-responsive oncolytic adenovirus expressing secretable trimeric
TRAIL triggers tumour-specific apoptosis and promotes viral dispersion in TRAIL-resistant glioblastoma. Sci. Rep. 2018, 8, 1–13.
[CrossRef] [PubMed]

61. Post, D.E.; Sandberg, E.M.; Kyle, M.M.; Devi, N.S.; Brat, D.J.; Xu, Z.; Tighiouart, M.; Van Meir, E.G. Targeted cancer gene therapy
using a hypoxia inducible factor-dependent oncolytic adenovirus armed with interleukin-4. Cancer Res. 2007, 67, 6872–6881.
[CrossRef]

62. Ulasov, I.V.; Rivera, A.A.; Sonabend, A.M.; Rivera, L.B.; Wang, M.; Zhu, Z.B.; Lesniak, M.S. Comparative evaluation of survivin,
midkine and CXCR4 promoters for transcriptional targeting of glioma gene therapy. Cancer Biol. Ther. 2007. [CrossRef] [PubMed]

63. Hoffmann, D.; Wildner, O. Efficient generation of double heterologous promoter controlled oncolytic adenovirus vectors by a
single homologous recombination step in Escherichia coli. BMC Biotechnol. 2006. [CrossRef] [PubMed]

64. Saito, N.; Hirai, N.; Aoki, K.; Sato, S.; Suzuki, R.; Hiramoto, Y.; Fujita, S.; Nakayama, H.; Hayashi, M.; Sakurai, T.; et al. Genetic
and lineage classification of glioma-initiating cells identifies a clinically relevant glioblastoma model. Cancers 2019, 11, 1564.
[CrossRef] [PubMed]

65. Hardison, S.E.; Brown, G.D. C-type Lectin Receptors Orchestrate Anti-Fungal Immunity. Nat. Immunol. 2012, 13, 817–822.
[CrossRef] [PubMed]

66. Goubau, D.; Deddouche, S.; Reis e Sousa, C. Cytosolic Sensing of Viruses. Immunity 2013, 38, 855–869. [CrossRef] [PubMed]
67. Lee, H.C.; Chathuranga, K.; Lee, J.S. Intracellular sensing of viral genomes and viral evasion. Exp. Mol. Med. 2019, 51. [CrossRef]
68. Caneparo, V.; Landolfo, S.; Gariglio, M.; De Andrea, M. The absent in melanoma 2-like receptor IFN-inducible protein 16 as an

inflammasome regulator in systemic lupus erythematosus: The dark side of sensing microbes. Front. Immunol. 2018, 9, 1–14.
[CrossRef]

69. Lazear, H.M.; Nice, T.J.; Diamond, M.S. Interferon-λ: Immune Functions at Barrier Surfaces and Beyond. Immunity 2015, 43, 15–28.
[CrossRef] [PubMed]

70. Levy, D.E.; Marié, I.J.; Durbin, J.E. Induction and function of type I and III interferon in response to viral infection. Curr. Opin.
Virol. 2012, 1, 476–486. [CrossRef] [PubMed]

71. Hornung, V.; Hartmann, R.; Ablasser, A.; Hopfner, K.P. OAS proteins and cGAS: Unifying concepts in sensing and responding to
cytosolic nucleic acids. Nat. Rev. Immunol. 2014, 14, 521–528. [CrossRef]

72. Unterholzner, L.; Keating, S.E.; Baran, M.; Horan, K.A.; Jensen, S.B.; Sharma, S.; Sirois, C.M.; Jin, T.; Latz, E.; Xiao, T.S.; et al. IFI16
is an innate immune sensor for intracellular DNA. Nat. Immunol. 2010, 11, 997–1004. [CrossRef] [PubMed]

73. Lazear, H.M.; Schoggins, J.W.; Diamond, M.S.; Hill, C.; Andrew, M.; Programs, I.; Louis, S. Shared and Distinct Functions of Type
I and Type III Interferons. Immunity 2019, 50, 907–923. [CrossRef] [PubMed]

333



Cancers 2021, 13, 614

74. Lionel BIvashkivand Laura, T. Donlin1 Regulation of type I interferon responses Lionel. Bone 2008, 23, 1–7. [CrossRef]
75. Ma, F.; Li, B.; Liu, S.; Iyer, S.S.; Yu, Y.; Wu, A.; Cheng, G. Positive Feedback Regulation of Type I IFN Production by the

IFN-Inducible DNA Sensor cGAS. J. Immunol. 2015, 194, 1545–1554. [CrossRef]
76. Sadler, A.J.; Williams, B.R.G. Interferon-inducible antiviral effectors. Nat. Rev. Immunol. 2008, 8, 559–568. [CrossRef]
77. Froechlich, G.; Caiazza, C.; Gentile, C.; D’alise, A.M.; De Lucia, M.; Langone, F.; Leoni, G.; Cotugno, G.; Scisciola, V.; Nicosia, A.;

et al. Integrity of the antiviral STING-mediated DNA sensing in tumor cells is required to sustain the immunotherapeutic efficacy
of herpes simplex oncolytic virus. Cancers 2020, 12, 3407. [CrossRef]

78. Barber, G.N. STING: Infection, inflammation and cancer. Nature 2015, 15, 11–13. [CrossRef] [PubMed]
79. Wang, Y.; Jiang, K.; Zhang, Q.; Meng, S.; Ding, C. Autophagy in negative-strand RNA virus infection. Front. Microbiol. 2018, 9,

206. [CrossRef] [PubMed]
80. Dikic, I.; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349–364.

[CrossRef] [PubMed]
81. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The Role of Atg Proteins in Autophagosome Formation. Annu. Rev. Cell Dev. Biol. 2011,

27, 107–132. [CrossRef] [PubMed]
82. Sharma, V.; Verma, S.; Seranova, E.; Sarkar, S.; Kumar, D. Selective autophagy and xenophagy in infection and disease. Front. Cell

Dev. Biol. 2018, 6, 47. [CrossRef]
83. Choi, Y.; Bowman, J.W.; Jung, J.U. Autophagy during viral infection—A double-edged sword. Nat. Rev. Microbiol. 2018, 16,

341–354. [CrossRef]
84. Lee, H.K.; Lund, J.M.; Ramanathan, B.; Mizushima, N.; Iwasaki, A. Autophagy-dependent viral recognition by plasmacytoid

dendritic cells. Science 2007, 315, 1398–1401. [CrossRef] [PubMed]
85. Orvedahl, A.; MacPherson, S.; Sumpter, R.; Tallóczy, Z.; Zou, Z.; Levine, B. Autophagy Protects against Sindbis Virus Infection of

the Central Nervous System. Cell Host Microbe 2010, 7, 115–127. [CrossRef] [PubMed]
86. Moy, R.H.; Gold, B.; Molleston, J.M.; Schad, V.; Yanger, K.; Salzano, M.V.; Yagi, Y.; Fitzgerald, K.A.; Stanger, B.Z.; Soldan, S.S.; et al.

Antiviral autophagy restricts rift valley fever virus infection and is conserved from flies to mammals. Immunity 2014, 40, 51–65.
[CrossRef] [PubMed]

87. Lussignol, M.; Esclatine, A. Herpesvirus and autophagy: “All right, everybody be cool, this is a robbery!”. Viruses 2017, 9, 372.
[CrossRef] [PubMed]

88. Heaton, N.S.; Randall, G. Dengue virus-induced autophagy regulates lipid metabolism. Cell Host Microbe. 2010, 8, 422–432.
[CrossRef] [PubMed]

89. Cheng, P.H.; Lian, S.; Zhao, R.; Rao, X.M.; McMasters, K.M.; Zhou, H.S. Combination of autophagy inducer rapamycin and
oncolytic adenovirus improves antitumor effect in cancer cells. Virol. J. 2013, 10, 293. [CrossRef] [PubMed]

90. Comins, C.; Simpson, G.R.; Rogers, W.; Relph, K.; Harrington, K.; Melcher, A.; Roulstone, V.; Kyula, J.; Pandha, H. Synergistic
antitumour effects of rapamycin and oncolytic reovirus. Cancer Gene Ther. 2018, 25, 148–160. [CrossRef]

91. Fu, X.; Tao, L.; Rivera, A.; Zhang, X. Rapamycin enhances the activity of oncolytic herpes simplex virus against tumor cells that
are resistant to virus replication. Int. J. Cancer 2011, 129, 1503–1510. [CrossRef] [PubMed]

92. Stanford, M.M.; Barrett, J.W.; Nazarian, S.H.; Werden, S.; McFadden, G. Oncolytic Virotherapy Synergism with Signaling
Inhibitors: Rapamycin Increases Myxoma Virus Tropism for Human Tumor Cells. J. Virol. 2007, 81, 1251–1260. [CrossRef]
[PubMed]

93. Goetz, C.; Dobrikova, E.; Shveygert, M.; Dobrikov, M.; Gromeier, M. Oncolytic poliovirus against malignant glioma. Future Virol.
2011, 6, 1045–1058. [CrossRef] [PubMed]

94. Hu, L.; Jiang, K.; Ding, C.; Meng, S. Targeting autophagy for oncolytic immunotherapy. Biomedicines 2017, 5, 1–9. [CrossRef]
[PubMed]

95. Jiang, H.; White, E.J.; Rios-Vicil, C.I.; Xu, J.; Gomez-Manzano, C.; Fueyo, J. Human Adenovirus Type 5 Induces Cell Lysis through
Autophagy and Autophagy-Triggered Caspase Activity. J. Virol. 2011, 85, 4720–4729. [CrossRef] [PubMed]

96. Alonso, M.M.; Jiang, H.; Yokoyama, T.; Xu, J.; Bekele, N.B.; Lang, F.F.; Kondo, S.; Gomez-Manzano, C.; Fueyo, J. Delta-24-RGD in
combination with RAD001 induces enhanced anti-glioma effect via autophagic cell death. Mol. Ther. 2008, 16, 487–493. [CrossRef]
[PubMed]

97. Tazawa, H.; Kagawa, S.; Fujiwara, T. Oncolytic adenovirus-induced autophagy: Tumor-suppressive efect and molecular basis.
Acta Med. Okayama 2013, 67, 333–342. [CrossRef] [PubMed]

98. Tazawa, H.; Kuroda, S.; Hasei, J.; Kagawa, S.; Fujiwara, T. Impact of autophagy in oncolytic adenoviral therapy for cancer. Int. J.
Mol. Sci. 2017, 18, 1479. [CrossRef]

99. Ma, W.; He, H.; Wang, H. Oncolytic herpes simplex virus and immunotherapy. BMC Immunol. 2018, 19, 1–11. [CrossRef]
100. Totsch, S.K.; Schlappi, C.; Kang, K.D.; Ishizuka, A.S.; Lynn, G.M.; Fox, B.; Beierle, E.A.; Whitley, R.J.; Markert, J.M.; Gillespie, G.Y.;

et al. Oncolytic herpes simplex virus immunotherapy for brain tumors: Current pitfalls and emerging strategies to overcome
therapeutic resistance. Oncogene 2019, 38, 6159–6171. [CrossRef]

101. Peters, C.; Paget, M.; Tshilenge, K.T.; Saha, D.; Antoszczyk, S.; Baars, A.; Frost, T.; Martuza, R.L.; Wakimoto, H.; Rabkin, S.D.
Restriction of Replication of Oncolytic Herpes Simplex Virus with a Deletion of γ34.5 in Glioblastoma Stem-Like Cells. J. Virol.
2018. [CrossRef]

334



Cancers 2021, 13, 614

102. Lalu, M.; Leung, G.J.; Dong, Y.Y.; Montroy, J.; Butler, C.; Auer, R.C.; Fergusson, D.A. Mapping the preclinical to clinical evidence
and development trajectory of the oncolytic virus talimogene laherparepvec (T-VEC): A systematic review. BMJ Open 2019, 9,
e029475. [CrossRef]

103. Harrington, K.J.; Andtbacka, R.H.I.; Collichio, F.; Downey, G.; Chen, L.; Szabo, Z.; Kaufman, L.K. Efficacy and safety of talimogene
laherparepvec versus granulocyte-macrophage colony-stimulating factor in patients with stage IIIB/C and IVM1a melanoma:
Subanalysis of the Phase III OPTiM trial. Onco Targets Ther. 2016, 9, 7081–7093. [CrossRef]

104. Bommareddy, P.K.; Zloza, A.; Rabkin, S.D.; Kaufman, H.L. Oncolytic virus immunotherapy induces immunogenic cell death and
overcomes STING deficiency in melanoma. Oncoimmunology 2019, 8, e1591875. [CrossRef]

105. Rosewell Shaw, A.; Suzuki, M. Recent advances in oncolytic adenovirus therapies for cancer. Curr. Opin. Virol. 2016, 21, 9–15.
[CrossRef] [PubMed]

106. Larson, C.; Oronsky, B.; Scicinski, J.; Fanger, G.R.; Stirn, M.; Oronsky, A.; Reid, T.R. Going viral: A review of replication-selective
oncolytic adenoviruses. Oncotarget 2015, 6, 19976–19989. [CrossRef] [PubMed]

107. Chiocca, E.A.; Abbed, K.M.; Tatter, S.; Louis, D.N.; Hochberg, F.H.; Barker, F.; Kracher, J.; Grossman, S.A.; Fisher, J.D.; Carson, K.;
et al. A phase I open-label, dose-escalation, multi-institutional trial of injection with an E1B-attenuated adenovirus, ONYX-015,
into the peritumoral region of recurrent malignant gliomas, in the adjuvant setting. Mol. Ther. 2004, 10, 958–966. [CrossRef]
[PubMed]

108. Bossche WBLVan Den Kleijn, A.; Teunissen, C.E.; Voerman, J.S.A.; Teodosio, C.; David, P.; Dongen, J.J.M.; Van Dirven, C.M.F.;
Lamfers, M.L.M. Oncolytic virotherapy in glioblastoma patients induces a tumor macrophage phenotypic shift leading to an
altered glioblastoma microenvironment. Neuro-Oncology 2018, 20, 1494–1504. [CrossRef] [PubMed]

109. Liikanen, I.; Monsurrò, V.; Ahtiainen, L.; Raki, M.; Hakkarainen, T.; Diaconu, I.; Escutenaire, S.; Hemminki, O.; Dias, J.D.; Cerullo,
V.; et al. Induction of interferon pathways mediates in vivo resistance to oncolytic adenovirus. Mol. Ther. 2011, 19, 1858–1866.
[CrossRef] [PubMed]

110. Haller, O.; Kochs, G. Human MxA protein: An interferon-induced dynamin-like GTPase with broad antiviral activity. J. Interf
Cytokine Res. 2011, 31, 79–87. [CrossRef]

111. Taipale, K.; Liikanen, I.; Juhila, J.; Turkki, R.; Tähtinen, S.; Kankainen, M.; Vassilev, L.; Ristimäki, A.; Koski, A.; Kanerva, A.;
et al. Chronic activation of innate immunity correlates with poor prognosis in cancer patients treated with oncolytic adenovirus.
Mol. Ther. 2016, 24, 175–183. [CrossRef]

112. Liikanen, I.; Koski, A.; Merisalo-Soikkeli, M.; Hemminki, O.; Oksanen, M.; Kairemo, K.; Joensuu, T.; Kanerva, A.; Hemminki,
A. Serum HMGB1 is a predictive and prognostic biomarker for Oncolytic immunotherapy. Oncoimmunology 2015, 4, e989771.
[CrossRef] [PubMed]

113. Dai, B.; Roife, D.; Kang, Y.; Gumin, J.; Perez, M.V.R.; Li, X.; Pratt, M.; Brekken, R.A.; Fueyo-margareto, J.; Lang, F.F.; et al.
Preclinical Evaluation of Sequential Combination of Oncolytic Adenovirus Delta-24-RGD and Phosphatidylserine-Targeting
Antibody in Pancreatic Ductal Adenocarcinoma. Mol. Cancer Ther. 2017, 16, 662–671. [CrossRef] [PubMed]

114. Musgrove, E.A.; Caldon, C.E.; Barraclough, J.; Stone, A.; Sutherland, R.L. Cyclin D as a therapeutic target in cancer. Nat. Rev.
Cancer 2011, 11. [CrossRef] [PubMed]

115. Logg, C.R.; Robbins, J.M.; Jolly, D.J.; Gruber, H.E.; Kasahara, N. Retroviral Replicating Vectors in Cancer, 1st ed.; Elsevier Inc.:
Amsterdam, The Netherlands, 2012; Volume 507. [CrossRef]

116. Perez, O.D.; Logg, C.R.; Hiraoka, K.; Diago, O.; Burnett, R.; Inagaki, A.; Jolson, D.; Amundson, K.; Buckley, T.; Lohse, D.;
et al. Design and selection of toca 511 for clinical use: Modified retroviral replicating vector with improved stability and gene
expression. Mol. Ther. 2012, 20, 1689–1698. [CrossRef] [PubMed]

117. Cloughesy, T.F.; Petrecca, K.; Walbert, T.; Butowski, N.; Salacz, M.; Perry, J.; Damek, D.; Bota, D.; Bettegowda, C.; Zhu, J.J.;
et al. Effect of Vocimagene Amiretrorepvec in Combination with Flucytosine vs Standard of Care on Survival following Tumor
Resection in Patients with Recurrent High-Grade Glioma: A Randomized Clinical Trial. JAMA Oncol. 2020, 6, 1939–1946.
[CrossRef] [PubMed]

118. Accomando, W.P.; Rao, A.R.; Hogan, D.J.; Newman, A.M.; Nakao, A.; Alizadeh, A.A.; Diehn, M.; Diago, O.R.; Gammon, D.;
Haghighi, A.; et al. Molecular and Immunologic Signatures are Related to Clinical Benefit from Treatment with Vocimagene
Amiretrorepvec (Toca 511) and 5-Fluorocytosine (Toca FC) in Patients with Glioma. Clin. Cancer Res. 2020, 26, 6176–6186.
[CrossRef] [PubMed]

119. Msaouel, P.; Opyrchal, M.; Dispenzieri, A.; Peng, K.W.; Federspiel, M.J.; Russell, S.J.; Galanis, E. Clinical Trials with Oncolytic
Measles Virus: Current Status and Future Prospects. Curr. Cancer Drug Targets 2017, 18, 177–187. [CrossRef]

120. Laksono, B.M.; de Vries, R.D.; McQuaid, S.; Duprex, W.P.; de Swart, R.L. Measles virus host invasion and pathogenesis. Viruses
2016, 8, 210. [CrossRef] [PubMed]

121. Lin, L.T.; Richardson, C.D. The host cell receptors for measles virus and their interaction with the viral Hemagglutinin (H) Protein.
Viruses. 2016, 8, 250. [CrossRef]

122. Ulasov, I.V.; Tyler, M.A.; Zheng, S.; Han, Y.; Lesniak, M.S. CD46 represents a target for adenoviral gene therapy of malignant
glioma. Hum Gene Ther. 2006, 17, 556–564. [CrossRef] [PubMed]

123. Kurokawa, C.; Iankov, I.D.; Anderson, S.K.; Aderca, I.; Leontovich, A.A.; Maurer, M.J.; Oberg, A.L.; Schroeder, M.A.; Giannini,
C.; Greiner, S.M.; et al. Constitutive interferon pathway activation in tumors as an efficacy determinant following oncolytic
virotherapy. J. Natl. Cancer Inst. 2018, 110, 1123–1132. [CrossRef] [PubMed]

335



Cancers 2021, 13, 614

124. Aref, S.; Castleton, A.Z.; Bailey, K.; Burt, R.; Dey, A.; Leongamornlert, D.; Mitchell, R.J.; Okasha, D.; Fielding, A.K. Type 1
Interferon Responses Underlie Tumor-Selective Replication of Oncolytic Measles Virus. Mol. Ther. 2020, 28, 1–13. [CrossRef]
[PubMed]

125. Berchtold, S.; Lampe, J.; Weiland, T.; Smirnow, I.; Schleicher, S.; Handgretinger, R.; Kopp, H.-G.; Reiser, J.; Stubenrauch, F.; Mayer,
N.; et al. Innate Immune Defense Defines Susceptibility of Sarcoma Cells to Measles Vaccine Virus-Based Oncolysis. J. Virol. 2013,
87, 3484–3501. [CrossRef] [PubMed]

126. Krishnamurthy, S.; Takimoto, T.; Scroggs, R.A.; Portner, A. Differentially Regulated Interferon Response Determines the Outcome
of Newcastle Disease Virus Infection in Normal and Tumor Cell Lines. J. Virol. 2006, 80, 5145–5155. [CrossRef]

127. Zamarin, D.; Martínez-Sobrido, L.; Kelly, K.; Mansour, M.; Sheng, G.; Vigila, A.; García-Sastre, A.; Palese, P.; Fong, Y. Enhancement
of oncolytic properties of recombinant newcastle disease virus through antagonism of cellular innate immune responses. Mol.
Ther. 2009, 17, 697–706. [CrossRef] [PubMed]

128. Mansour, M.; Palese, P.; Zamarin, D. Oncolytic Specificity of Newcastle Disease Virus Is Mediated by Selectivity for Apoptosis-
Resistant Cells. J. Virol. 2011, 85, 6015–6023. [CrossRef]

129. Shao, X.; Wang, X.; Guo, X.; Jiang, K.; Ye, T.; Chen, J.; Fang, J.; Gu, L.; Wang, S.; Zhang, G.; et al. STAT3 contributes to oncolytic
newcastle disease virus-induced immunogenic cell death in melanoma cells. Front. Oncol. 2019, 9, 436. [CrossRef]

130. Meng, C.; Zhou, Z.; Jiang, K.; Yu, S.; Jia, L.; Wu, Y.; Liu, Y.; Meng, S.; Ding, C. Newcastle disease virus triggers autophagy in U251
glioma cells to enhance virus replication. Arch. Virol. 2012, 157, 1011–1018. [CrossRef] [PubMed]

131. Jiang, K.; Li, Y.; Zhu, Q.; Xu, J.; Wang, Y.; Deng, W.; Liu, Q.; Zhang, G.; Meng, S. Pharmacological modulation of autophagy
enhances Newcastle disease virus-mediated oncolysis in drug-resistant lung cancer cells. BMC Cancer 2014, 14, 551. [CrossRef]
[PubMed]

132. Puhlmann, J.; Puehler, F.; Mumberg, D.; Boukamp, P.; Beier, R. Rac1 is required for oncolytic NDV replication in human cancer
cells and establishes a link between tumorigenesis and sensitivity to oncolytic virus. Oncogene 2010, 29, 2205–2216. [CrossRef]
[PubMed]

133. Van den Broeke, C.; Jacob, T.; Favoreel, H.W. Rho’ing in and out of cells: Viral interactions with Rho GTPase signaling. Small
GTPases 2014, 5, e28318. [CrossRef] [PubMed]

134. Lai, Y.J.; Tsai, J.C.; Tseng, Y.T.; Wu, M.S.; Liu, W.S.; Lam, H.I.; Yu, J.H.; Nozell, S.E.; Benveniste, E.N. Small G protein Rac GTPases
regulate the maintenance of glioblastoma stem-like cells in vitro and in vivo. Oncotarget 2017, 8, 18031–18049. [CrossRef]

135. Forsyth, P.; Roldán, G.; George, D.; Wallace, C.; Palmer, C.A.; Morris, D.; Cairncross, G.; Matthews, M.V.; Markert, J.; Gillespie, Y.;
et al. A phase I trial of intratumoral administration of reovirus in patients with histologically confirmed recurrent malignant
gliomas. Mol. Ther. 2008, 16, 627–632. [CrossRef] [PubMed]

136. Samson, A.; Scott, K.J.; Taggart, D.; West, E.J.; Wilson, E.; Nuovo, G.J.; Thomson, S.; Corns, R.; Mathew, R.K.; Fuller, M.J.; et al.
Intravenous delivery of oncolytic reovirus to brain tumor patients immunologically primes for subsequent checkpoint blockade.
Sci. Transl. Med. 2018, 10, eaam7577. [CrossRef] [PubMed]

137. Konopka-Anstadt, J.L.; Mainou, B.A.; Sutherland, D.M.; Sekine, Y.; Strittmatter, S.M.; Dermody, T.S. The Nogo receptor NgR1
mediates infection by mammalian reovirus. Cell Host Microbe 2014, 15, 681–691. [CrossRef] [PubMed]

138. Liao, H.; Duka, T.; Teng, F.Y.H.; Sun, L.; Bu, W.Y.; Ahmed, S.; Tang, B.L.; Xiao, Z.C. Nogo-66 and myelin-associated glycoprotein
(MAG) inhibit the adhesion and migration of Nogo-66 receptor expressing human glioma cells. J. Neurochem. 2004, 90, 1156–1162.
[CrossRef] [PubMed]

139. Kang, Y.H.; Han, S.R.; Jeon, H.; Lee, S.; Lee, J.; Yoo, S.M.; Park, J.B.; Park, M.J.; Kim, J.T.; Lee, H.G.; et al. Nogo receptor–vimentin
interaction: A novel mechanism for the invasive activity of glioblastoma multiforme. Exp. Mol. Med. 2019, 51, 1–15. [CrossRef]
[PubMed]

140. Papachristodoulou, A.; Silginer, M.; Weller, M.; Schneider, H.; Hasenbach, K.; Janicot, M.; Roth, P. Therapeutic targeting of TGFb
ligands in glioblastoma using novel antisense oligonucleotides reduces the growth of experimental gliomas. Clin. Cancer Res.
2019, 25, 7189–7201. [CrossRef]

141. Strong, J.E.; Coffey, M.C.; Tang, D.; Sabinin, P.; Lee, P.W.K. The molecular basis of viral oncolysis: Usurpation of the Ras signaling
pathway by reovirus. EMBO J. 1998, 17, 3351–3362. [CrossRef]

142. Norman, K.L.; Hirasawa, K.; Yang, A.D.; Shields, M.A.; Lee, P.W.K. Reovirus oncolysis: The Ras/RalGEF/p38 pathway dictates
host cell permissiveness to reovirus infection. Proc. Natl. Acad. Sci. USA 2004, 101, 11099–11104. [CrossRef]

143. Marcato, P.; Shmulevitz, M.; Pan, D.; Stoltz, D.; Lee, P.W.K. Ras transformation mediates reovirus oncolysis by enhancing virus
uncoating, particle infectivity, and apoptosis-dependent release. Mol. Ther. 2007, 15, 1522–1530. [CrossRef] [PubMed]

144. Twigger, K.; Roulstone, V.; Kyula, J.; Karapanagiotou, E.M.; Syrigos, K.N.; Morgan, R.; White, C.; Bhide, S.; Nuovo, G.; Coffey, M.;
et al. Reovirus exerts potent oncolytic effects in head and neck cancer cell lines that are independent of signalling in the EGFR
pathway. BMC Cancer 2012, 12, 368. [CrossRef] [PubMed]

145. Alain, T.; Kim, T.S.Y.; Lun, X.Q.; Liacini, A.; Schiff, L.A.; Senger, D.L.; Forsyth, P.A. Proteolytic disassembly is a critical determinant
for reovirus oncolysis. Mol. Ther. 2007, 15, 1512–1521. [CrossRef] [PubMed]

146. Morris, D.; Tu, D.; Tehfe, M.A.; Nicholas, G.A.; Goffin, J.R.; Gregg, R.W.; Shepherd, F.A.; Murray, N.; Wierzbicki, R.; Lee, C.W.;
et al. A Randomized Phase II study of Reolysin in Patients with Previously Treated Advanced or Metatstatic Non Small Cell
Lung Cancer (NSCLC) receiving Standard Salvage Chemotherapy—Canadian Cancer Trials Group IND 211. J. Clin. Oncol. 2016.
[CrossRef]

336



Cancers 2021, 13, 614

147. Cohn, D.E.; Sill, M.W.; Walker, J.L.; Malley, D.O.; Nagel, C.I.; Rutledge, T.L.; Bradley, W.; Richardson, D.L.; Moxley, K.M.;
Aghajanian, C. Randomized phase IIB evaluation of weekly paclitaxel versus weekly paclitaxel with oncolytic reovirus (Reolysin®)
in recurrent ovarian, tubal, or peritoneal cancer: An NRG Oncology/Gynecologic Oncology Group study. Gynecol. Oncol. 2017,
146, 477–483. [CrossRef] [PubMed]

148. Barton, K.L.; Misuraca, K.; Cordero, F.; Dobrikova, E.; Min, H.D.; Gromeier, M.; Kirsch, D.G.; Becher, O.J. PD-0332991, a
CDK4/6 inhibitor, significantly prolongs survival in a genetically engineered mouse model of brainstem glioma. PLoS ONE 2013.
[CrossRef]

149. Desjardins, A.; Gromeier, M.; Herndon, J.E.; Beaubier, N.; Bolognesi, D.P.; Friedman, A.H.; Friedman, H.S.; McSherry, F.; Muscat,
A.M.; Nair, S.; et al. Recurrent glioblastoma treated with recombinant poliovirus. N. Engl. J. Med. 2018, 379, 150–161. [CrossRef]
[PubMed]

150. Gromeier, M.; Brown, M.C.; Zhang, G.; Lin, X.; Chen, Y.; Wei, Z.; Beaubier, N.; Yan, H.; He, Y.; Desjardins, A.; et al. Very low
mutation burden is a feature of inflamed recurrent glioblastomas responsive to cancer immunotherapy. Nat. Commun. 2021.
[CrossRef]

151. Geletneky, K.; Huesing, J.; Rommelaere, J.; Leuchs, B.; Capper, D.; Bartsch, A.J.; Neumann, J.O.; Schöning, T.; Hüsing, J.; Beelte, B.;
et al. Phase I/IIa study of intratumoral/intracerebral or intravenous/intracerebral administration of Parvovirus H-1 (ParvOryx)
in patients with progressive primary or recurrent glioblastoma multiforme: ParvOryx01 protocol. BMC Cancer 2012, 12, 3516–3523.
[CrossRef]

152. Geletneky, K.; Hajda, J.; Angelova, A.L.; Leuchs, B.; Capper, D.; Bartsch, A.J.; Neumann, J.O.; Schöning, T.; Hüsing, J.; Beelte, B.;
et al. Oncolytic H-1 Parvovirus Shows Safety and Signs of Immunogenic Activity in a First Phase I/IIa Glioblastoma Trial. Mol.
Ther. 2017, 25, 2620–2634. [CrossRef] [PubMed]

153. Di Piazza, M.; Mader, C.; Geletneky, K.; Herrero y Calle, M.; Weber, E.; Schlehofer, J.; Deleu, L.; Rommelaere, J. Cytosolic
Activation of Cathepsins Mediates Parvovirus H-1-Induced Killing of Cisplatin and TRAIL-Resistant Glioma Cells. J. Virol. 2007,
81, 4186–4198. [CrossRef]

154. Guo, Z.S.; Lu, B.; Guo, Z.; Giehl, E.; Feist, M.; Dai, E.; Liu, W.; Storkus, W.J.; He, Y.; Liu, Z.; et al. Vaccinia virus-mediated cancer
immunotherapy: Cancer vaccines and oncolytics. J. Immuno. Ther. Cancer 2019, 7, 1–21. [CrossRef] [PubMed]

155. Advani, S.J.; Buckel, L.; Chen, N.G.; Scanderbeg, D.J.; Geissinger, U.; Zhang, Q.; Yu, Y.A.; Aguilar, R.J.; Mundt, A.J.; Szalay, A.A.
Preferential replication of systemically delivered oncolytic vaccinia virus in focally irradiated glioma xenografts. Clin. Cancer Res.
2012, 18, 2579–2590. [CrossRef] [PubMed]

156. Foloppe, J.; Kempf, J.; Futin, N.; Wallace, C.; Palmer, C.A.; Morris, D.; Cairncross, G.; Matthews, M.V.; Markert, J.; Gillespie,
Y.; et al. The Enhanced Tumor Specificity of TG6002, an ArMed. Oncolytic Vaccinia Virus Deleted in Two Genes Involved in
Nucleotide Metabolism. Mol. Ther. Oncolytics 2019, 14, 1–14. [CrossRef] [PubMed]

157. Zloza, A.; Kim, D.W.; Kim-Schulze, S.; Jagoda, M.C.; Monsurro, V.; Marincola, F.M.; Kaufman, H.L. Immunoglobulin-like
transcript 2 (ILT2) is a biomarker of therapeutic response to oncolytic immunotherapy with vaccinia viruses. J. Immunother. Cancer
2014, 2, 1–8. [CrossRef]

158. Lee, N.H.; Kim, M.; Oh, S.Y.; Kim, S.G.; Kwon, H.C.; Hwang, T.H. Gene expression profiling of hematologic malignant cell lines
resistant to oncolytic virus treatment. Oncotarget 2017, 8, 1213–1225. [CrossRef]

159. Balvers, R.K.; Kleijn, A.; Kloezeman, J.J.; French, P.J.; Kremer, A.; Bent MJVan Den Dirven, C.M.F.; Leenstra, S.; Lamfers, M.L.M.
Serum-free culture success of glial tumors is related to specific molecular profiles and expression of extracellular matrix–associated
gene modules. Neuro-Oncology 2013, 15, 1684–1695. [CrossRef] [PubMed]

160. Kleijn, A.; Kloezeman, J.J.; Balvers, R.K.; Kaaij MVan Der Dirven, C.M.F.; Leenstra, S.; Lamfers, M.L.M. A Systematic Comparison
Identifies an ATP-Based Viability Assay as Most Suitable Read-Out for Drug Screening in Glioma Stem-Like Cells. Stem Cells Int.
2016, 2016. [CrossRef]

161. Pont, L.B.; Balvers, R.K.; Kloezeman, J.J.; Nowicki, M.O.; Van Den Bossche, W.; Kremer, A.; Wakimoto, H.; Van Den Hoogen,
B.G.; Leenstra, S.; Dirven, C.M.F.; et al. In vitro screening of clinical drugs identifies sensitizers of oncolytic viral therapy in
glioblastoma stem-like cells. Gene Ther. 2015, 22, 947–959. [CrossRef] [PubMed]

162. Dijkstra, K.K.; Cattaneo, C.M.; Weeber, F.; Chalabi, M.; van de Haar, J.; Fanchi, L.F.; Slagter, M.; van der Velden, D.L.; Kaing, S.;
Kelderman, S.; et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral Blood Lymphocytes and Tumor Organoids.
Cell 2018, 174, 1586–1598. [CrossRef]

163. Grill, J.; Lamfers, M.L.M.; van Beusechem, V.W.; Dirven, C.M.; Pherai, D.S.; Kater, M.; Van der Valk, P.; Vogels, R.; Vandertop,
W.P.; Pinedo, H.M.; et al. The Organotypic Multicellular Spheroid Is a Relevant Three-Dimensional Model to Study Adenovirus
Replication and Penetration in Human Tumors in Vitro. Mol. Ther. 2002, 6, 609–614. [CrossRef] [PubMed]

164. Burton, C.; Das, A.; McDonald, D.; Vandergrift, W.A., III.; Patel, S.J.; Cachia, D.; Bartee, E. Oncolytic myxoma virus synergizes
with standard of care for treatment of glioblastoma multiforme. Oncolytic Virotherapy 2018, 7, 107–116. [CrossRef] [PubMed]

165. Sood, D.; Tang-Schomer, M.; Pouli, D.; Mizzoni, C.; Raia, N.; Tai, A.; Arkun, K.; Wu, J.; Black, L.D.; Scheffle, B.; et al. 3D
extracellular matrix microenvironment in bioengineered tissue models of primary pediatric and adult brain tumors. Nat. Commun.
2019, 10, 1–14. [CrossRef] [PubMed]

166. Robertson, F.L.; Marqués-Torrejón, M.A.; Morrison, G.M.; Pollard, S.M. Experimental models and tools to tackle glioblastoma.
DMM Dis. Model Mech. 2019, 12. [CrossRef]

337



Cancers 2021, 13, 614

167. Cai, X.; Briggs, R.G.; Homburg, H.B.; Young, I.M.; Davis, E.J.; Lin, Y.H.; Battiste, J.D.; Sughrue, M.E. Application of microfluidic
devices for glioblastoma study: Current status and future directions. Biomed. Microdevices 2020, 22, 1–10. [CrossRef]

168. Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop,
S.; et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity.
Cell 2020, 180, 188–204. [CrossRef] [PubMed]

169. Kemp, V.; Lamfers, M.L.M.; Pluijm, G.; Van Der Hoogen, B.G.; Van Den Hoeben, R.C. Developing oncolytic viruses for clinical
use: A consortium approach. Cytokine Growth Factor Rev. 2020. [CrossRef]

338



cancers

Review

HSV-1 Oncolytic Viruses from Bench to Bedside:
An Overview of Current Clinical Trials

Marilin S. Koch, Sean E. Lawler * and E. Antonio Chiocca

Harvey Cushing Neurooncology Research Laboratories, Department of Neurosurgery, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA 02115, USA; eachiocca@bwh.harvard.edu (E.A.C.)
* Correspondence: slawler@bwh.harvard.edu

Received: 22 October 2020; Accepted: 23 November 2020; Published: 26 November 2020 ����������
�������

Simple Summary: Oncolytic Herpes simplex virus-1 (HSV-1) offers the dual potential of both lytic
tumor-specific cell killing and inducing anti-tumor immune responses. The HSV-1 genome can
be altered to enhance both components and this may be applicable for the treatment of a broad
range of cancers. Several engineered oncolytic viruses based on the HSV-1 backbone are currently
under investigation in various clinical trials, both as single agents and in combination with various
immunomodulatory drugs.

Abstract: Herpes simplex virus 1 (HSV-1) provides a genetic chassis for several oncolytic viruses (OVs)
currently in clinical trials. Oncolytic HSV1 (oHSV) have been engineered to reduce neurovirulence
and enhance anti-tumor lytic activity and immunogenicity to make them attractive candidates in a
range of oncology indications. Successful clinical data resulted in the FDA-approval of the oHSV
talimogene laherparepvec (T-Vec) in 2015, and several other variants are currently undergoing clinical
assessment and may expand the landscape of future oncologic therapy options. This review offers a
detailed overview of the latest results from clinical trials as well as an outlook on newly developed
HSV-1 oncolytic variants with improved tumor selectivity, replication, and immunostimulatory
capacity and related clinical studies.

Keywords: HSV-1; oncolytic virus; immunotherapy; clinical trials

1. Introduction

In the past decade, immunotherapeutic drugs for oncology have revolutionized the field.
The landscape of immunotherapeutic drugs has been spearheaded by immune checkpoint inhibition [1–3],
as well as CAR (chimeric antigen receptor)-T-cell therapy [4,5], suicide-gene approaches [6], and a range
of other agents, e.g., tumor antigen vaccinations [7]. In addition to these, oncolytic viruses (OVs) have
emerged as an important part of the immunotherapeutic armory (Figure 1).

OVs infect tumor cells and cause their lysis leading to a release of tumor-specific antigens as well
as neoantigens. Antigen presentation and virus induced activation of the innate immune cells in turn
trigger the activation of tumor-specific T-cells.

Among OVs in clinical trials, Herpes simplex virus 1 (HSV-1)-derived agents are some of the
most widely tested viral vectors and have also been thoroughly investigated in numerous pre-clinical
studies [8]. HSV-1 is a double-stranded neurotropic DNA-virus [9,10]; the wild-type virus in humans
can cause mucocutaneous lesions, keratoconjunctivitis, encephalitis, and respiratory infections [10].
Its large genome of 150 kb [11], infectivity, and lytic activity present ideal properties for a potent
engineerable OV: HSV-1 can infect a variety of cell types and cause lysis; its comparatively large genome
facilitates modifications that can enhance anti-tumorigenic features and reduce neurovirulence [12] and
it can easily be inactivated by the anti-herpetic drugs ganciclovir, acyclovir, or valacyclovir. To date,
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17 strains of HSV-1 are known [11]. Multiple genetic modifications of HSV-1 have been described
that alter infectiousness, neurovirulence, and lytic activity (Table 1). Engineering strategies aim at (a)
preventing infection of the nervous system, e.g., by deleting the neurovirulence gene γ34.5/RL1 [13] (b)
enhancing tumor-selectivity, e.g., by deleting the ribonucleotide reductase expressing gene ICP6 [14]
and (c) increasing immunogenicity by adding genes to express immunostimulatory mediators, such as
GM-CSF [15] and IL-12 [16,17] or counteract T-cell exhaustion by arming the HSV-genome with
anti-CTLA-4 and anti-PD-1 targeting antibody sequences [18]. Current oHSVs tested in published
clinical trials include HSV1716, G207, HF10, NV1020, and talimogene laherparepvec (T-Vec), which is
until now the most thoroughly investigated HSV-1 related OV and in 2015 became the first OV to gain
FDA-approval, after a successful trial in advanced melanoma [13]. There are several additional oHSVs
that are currently under clinical and re-clinical investigation. This review aims to give an overview
over the state of clinical applications of oncolytic viral therapy with oHSV-1 and future directions.Cancers 2020, 12  2 of 19 
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Table 1. Oncolytic Herpes viruses tested in oncology clinical trials to date.

Virus Strain Modifications Aim

G207

insertion of the Escherichia coli lacZ
sequence at ICP6/UL39 reducing ribonucleotide reductase activity [14]

deletion of γ34.5/RL1 reducing neurovirulence [15]

1716 deletion of γ34.5/RL1 reducing neurovirulence [15]

HF10

deletion in the Bam HI-B fragment unknown

two incomplete UL56 copies without
promoter possibly reducing neurovirulence [16]

reduced expression of UL43, UL49.5,
UL55, LAT

possible influence on immunogenicity (UL43),
unknown (UL49.5), reduced virus reactivation
(LAT) [17]

increased expression of UL53 and UL54 reduced viral shedding (UL53) [17]

NV1020 deletion of one allele of α0, α4, γ34.5
and UL56

reducing infectivity, viral replication and
neuroinvasiveness [18]
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Table 1. Cont.

Virus Strain Modifications Aim

Talimogene
laherparepvec (T-Vec)

deletion of ICP34.5 reducing neurovirulence [15]

deletion of ICP47 augment immune response [19]

insertion of GM-CSF gene augment immune response [19]

2. HSV-1-Derived Oncolytic Viruses in Clinical Trials

A number of oHSVs have been developed and tested in clinical trials so far. Overall they have
shown efficacy, and encouraging responses as exemplified by T-Vec. For clinical trials, GMP-grade virus
stocks are injected intratumorally following biosafety procedures. Depending on the trial, the virus
may be injected at multiple areas within the same tumor or by repeated intratumoral injections over
time; intravenous virus administration has also been evaluated [20].

2.1. HSV-1716

HSV-1716 (Seprehvir by Virttu Biologics/Sorrento Therapeutics Inc. San Diego, CA, USA) has
deletions of both copies of γ34.5/RL1 that mitigate neurovirulence [15]. This variant has been tested
for the treatment of recurrent malignant glioma [21] and stage IV melanoma [22] in phase I studies.
Toxicity was the primary endpoint in both studies. Rampling et al. injected HSV-1716 stereotactically
into the tumor of patients with recurrent anaplastic astrocytoma and glioblastoma. No encephalitis or
virus shedding could be detected, thereby demonstrating safe delivery [21]. Mackie et al. conducted a
pilot study with the same construct for malignant melanoma. HSV-1716 was applied subcutaneously
into melanoma nodules. No toxicity or virus shedding was observed. Pathological workup showed
necrosis within excised tumor tissue from three patients. Further, signs of viral replication within the
samples were observed [22]. Intravenous injections in pediatric and young adult patients (11–30 years)
with recurrent or progressive non-CNS solid tumors were also well tolerated, as no dose-limiting
toxicities or shedding of the virus (monitored with HSV-1 cultures and PCR from patient samples)
were observed. Due to the small cohort size of nine patients and varying therapy regimens pre- and
post-virus treatment, no conclusion regarding the efficacy of HSV-1716 could be drawn [20].

2.2. G207

G207 is an attenuated HSV-1 variant that contains an insertion of the Escherichia coli lacZ sequence
in the ICP6 gene and deletions at both γ34.5 loci [23], aiming at diminishing viral growth and
neurovirulence [14,15]. Deletion of the ribonucleotide reductase encoding ICP6 gene allows for selective
viral replication in dividing (tumor) cells [23]. Markert and colleagues tested the safety of G207 in several
phase I studies in recurrent or residual anaplastic astrocytoma, glioblastoma, and gliosarcoma. The initial
phase I study [24] evaluated the safety profile of intratumorally inoculated G207 in a dose-escalation
scheme. While it was demonstrated that the virus could be safely administered without the development
of encephalitis, other potential adverse events (AEs) were difficult to distinguish from disease-related
symptoms. MRI (magnetic resonance imaging) confirmed a decrease in enhancement volume in 40%
of the patients; two patients tested positive for the HSV-1 and lacZ sequence in the tissue analysis,
suggesting successful inoculation of G207. A follow-up phase Ib study investigated the safety profile
of two inoculations each before and after tumor resection in patients with recurrent glioblastoma [25].
Again, no signs of encephalitis were detected and the therapy was well tolerated. Every patient
experienced at least one AE with 13% being possibly associated with G207, but an ameliorated
Karnofsky Performance Score (KPS) was noticed in 50% of the patients. Another subsequent phase I
study focused on the combination of G207 with radiation in patients with recurrent or residual anaplastic
astrocytoma, glioblastoma, and gliosarcoma [26]. Patients were treated with G207 via stereotactic
inoculation and subsequent radiation with 5 Gy. As in the other two studies, no patient developed
encephalitis; in some cases, seizures were classified as possible G207-related adverse events. Overall,
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the treatment combination was assessed as safe. The secondary endpoint of this study was efficacy:
The median progression-free survival was stated with 2.5 months, the median survival from G207
inoculation added up to 7.5 months. Signs of therapy response in MRI were noticed in two patients on
three occasions.

2.3. HF10

HF10 (Canerpaturev, C-REV by Takara Bio Inc. Mountain View, CA, USA) is a HSV-1 strain
with a deletion in the Bam HI-B fragment [16,27,28] and additional alterations resulting in defective
expression of UL43, UL49.5, UL55, UL56, LAT genes, and increased expression of UL53 and UL54 [17].
In contrast to other oHSVs, HF10 was not engineered—the mutations that define this strain occurred
spontaneously [17]. Preclinical evaluation of this construct presented promising results in a syngeneic
immunocompetent mouse model for peritoneally disseminated fibrosarcoma with the HF-10-treated
animals showing prolonged survival. The development of anti-tumor immunity was also shown in
the mice since they rejected a tumor rechallenge [16]. HF10 was first tested in humans in a pilot study
to assess toxicity and efficacy in patients with recurrent metastatic breast cancer and (sub)cutaneous
metastases [29,30]. One nodule per patient was injected with HF10 for up to three days, while another
was injected with saline. No macroscopic reduction of tumors was observed, but histological analysis
showed 30–100% tumor cell death and signs of viral infection of breast cancer cells. No shedding or
reactivation of HSV-1 was detected. There were no therapy-related adverse effects. A follow-up phase
I dose-escalation study examined possible toxicity and efficacy of HF10 in patients with non-resectable
pancreatic cancer [31]. HF10 was injected intratumorally at several locations during laparotomy
and via catheter for three days in a row. The primary endpoints were assessed 30 days after virus
inoculation. No adverse events were registered and approximately 66% of the patients presented with
stable disease or even partial response. Furthermore, the tumor marker CA19-9 (cancer antigen 19.9)
decreased in 50% of the patients. All of the patients were HSV1 antibody positive from the beginning
and no virus shedding could be detected, either in the abdomen or in the blood. Histopathological
analysis found scar tissue at the HF10 injection site with virus-specific patterns (inclusion bodies,
small segmented nuclei), corresponding with the results of the previous study conducted for breast
cancer, suggesting viral replication [30,31]. In comparison to normal tumor tissue, HF10-injected tumors
showed a significantly higher rate of CD8+-T-cell and macrophage infiltration. A follow-up phase I
study combined ultrasound guided HF-10 injections with erlotinib and gemcitabine chemotherapy in
unresectable locally advanced pancreatic cancer [32]. After an initial chemotherapy cycle, patients
received intratumoral endoscopic ultrasound (EUS)-guided HF10 injections every two weeks with a
total of four injections. While a chemotherapy-related grade III myelosuppression was noticed in 50%
of the patients, no HF10-specific adverse events occurred. 90% of the patients received all planned
treatments and were assessed for therapy response in accordance with RECIST criteria, with >70% of
the patients showing either stable disease or partial response overall. Analysis of target lesion response
even showed a partial response in 33% and a stable disease in 66% of the cases. A complete surgical
response was noted in two patients who underwent surgery after therapy. An infiltration of CD8+

T cells was observed in the resected tissue from both patients. Another small pilot study conducted
by Fujimoto et al. [33] investigated the effects HF10 in subcutaneous metastases of head and neck
squamous cell carcinoma in two patients; the authors admittedly described no macroscopic changes
two weeks after virus inoculation, but report tumor cell death and fibrosis as well as an enrichment of
CD4+- and CD8+-T-cells in the histopathological analyses of resected tumor specimens.

2.4. NV1020

NV1020 is a derivative of the HSV-1 strain R7020 that was initially developed as a vaccine against
HSV-2 and has been attenuated by several genetic modifications including deletions of one allele of the
genes for ICP0, ICP4, and γ34.5, as well as UL56, thereby reducing infectiousness, viral replication,
and neuroinvasiveness; additionally, NV1020 has been altered by a deletion in the region of the
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thymidine kinase (tk) gene and insertions of a fragment of HSV-2 DNA and the tk gene [18]. NV1020
has been shown to be successful in the treatment of various preclinical cancer models such as pleural,
gastric, and hepatic cancer as well as head and neck squamous cell carcinoma [18,34–36]. Combined
treatment of NV1020 with 5-FU, SN38 and oxaliplatin proved to act additively or synergistically in the
treatment of colon cancer models [37]. It was first applied in a clinical setting in a phase I study for
liver metastases of colorectal cancer to evaluate safety and tolerability [38]. Patients received a single
dose of NV1020 via hepatic arterial infusion followed by implantation of a hepatic arterial infusion
pump for local delivery of chemotherapy. Virus-associated adverse events that appeared directly after
administration of NV1020 included pyrexia, headache, and muscle stiffness. NV1020-related individual
cases of increased GGT (gamma glutamyl transferase) levels, gastroenteritis, and leukocytosis were
registered. Analysis of cytokine and T-cell serum levels did not indicate a measurable immunogenic
effect of NV1020 and evaluation of anti-tumor efficacy with CT scans 28 days after treatment showed
tumor reduction in 17% and stable disease in 58% of the patients, while 25% were diagnosed with
further progression. Radiologic assessment up to 12 months after treatment showed partial responses
to chemotherapy after NV1020 in all patients; the authors also observed a 24% median decrease
of the tumor marker CEA (carcinoembryonic antigen) [39]. The median survival was 25 months;
after 62 months of observation, one patient was still alive. A follow-up study by Geevarghese et al. [40]
examined safety and efficacy of NV1020 for the same disease type. NV1020 was administered into the
hepatic artery weekly in four fixed doses, followed by adjuvant treatment at the physician’s discretion.
Similar to the first study by Kemeny et al., pyrexia, chills, headache, nausea, myalgia, and fatigue were
registered as adverse events within 24 h after NV1020 infusion. Although no shedding of NV1020
could be detected, infrequent HSV-1 shedding was observed. Higher doses of NV1020 were associated
with stable disease in 50% of the patients and additional chemotherapy resulted in a clinical control
rate of 68%. Immunologically, a dose-associated increase in levels of IL-6, TNF-α, and IFN-γ was
noted by the authors and therefore 1 × 108 pfu (plaque forming units) was defined as the optimal
biological dose.

2.5. Talimogene Laherparepvec

Talimogene laherparepvec (IMLYGICTM, T-Vec, OncoVEXGM-CSF by Amgen Inc. Cambridge, MA,
USA) is a genetically engineered OV based on the HSV-1 strain JS1, which has been modified by
deletion of γ34.5 and ICP47 as well as an insertion of the gene for GM-CSF [19] to render the virus
more immunogenic. The first phase I clinical trial was performed in patients with (sub)cutaneous
metastases of breast, gastrointestinal adenocarcinoma, malignant melanoma, and epithelial cancer of
the head and neck to determine safety, biological activity and adequate dosing [41]. For the first part
of the study, patients were categorized in three cohorts with the HSV-seropositive patients receiving
the highest dose. The second part of the study focused on evaluating three dose regimens with the
HSV-seropositive patients receiving the highest doses. The authors recorded pyrexia, low-grade
anorexia, nausea and vomiting, fatigue, and reaction at the injection site as the main adverse events.
1 × 107 pfu/mL was declared as the maximum-tolerated dose (MTD) for seronegative patients, while no
MTD for seropositive patients could be stated. All HSV-seronegative patients seroconverted, whereas
in the seropositive cohort, an increase in HSV antibody titer was noted. No treatment-associated
effects on cytokines were recorded. Histological analyses of tumor tissue frequently showed necrotic
areas and positive HSV1 staining primarily in necrotic tumor tissues suggesting a correlation. In three
patients, stable disease was achieved and in some cases size reductions of the injected tumor was seen.

Further studies on the effects of T-Vec on clinical response and survival were conducted by
Senzer et al. in a phase II study for patients with unresectable stage IIIc and stage IV melanoma [42].
The patients each received initial intratumoral injections, followed three weeks later by injections every
two weeks for a possible total of 24 treatments. All seronegative patients seroconverted. Eighty-five
percent of the patients experienced grade I/II adverse effects with the most common being fever, chills,
fatigue, nausea, and vomiting, as well as headache. Treatment was associated with local as well as

343



Cancers 2020, 12, 3514

distant responses in lung, liver, pancreas, lymph nodes, and soft tissue. Clinical response assessment
resulted in 20% complete responses; 13% of the patients were classified as having “no evidence of
disease” with some cases involving additional surgery. Overall median survival was 16 months, and the
one-year survival rate of patients with complete or partial response totaled 93%. Kaufman et al. [43]
further analyzed local and distant immune responses of this patient cohort. The authors used peripheral
blood mononuclear cells (PBMCs) from study patients, non-study patients, and healthy donors as well
as tumor tissue from study patients and non-study melanoma patients to compare the immune cell
status. Higher amounts of activated CD8+-T-cells expressing Perforin and Granzyme B as well as
PD-1 expressing T-cells and Tregs in the local tumor tissue compared to the periphery in non-study
melanoma patients were observed. Functional analysis of tumor infiltrating lymphocytes (TILs)
and PBMCs from a study patient showed an enrichment of MART-1-specific T-cells, indicating the
development of a T-Vec-mediated systemic anti-tumor immunity. Moreover, a decrease of CD4+-T-cells,
Tregs, T-suppressor cells, and myeloid-derived suppressor cells (MDSCs) within TILs of study patients
compared to non-study patients was noted. A comparison of immune cell populations between treated
tumor sites and peripheral tumor sites showed more distinct local responses but still provided evidence
for the induction of a systemic anti-tumor immunity.

A randomized phase III trial of T-Vec compared to GM-CSF in patients with unresected stage
IIIB-IV melanoma [13] showed that T-Vec treatment resulted in a prolonged median overall survival
(23.3. vs. 18.9 months T-Vec vs. GM-CSF) and an improved durable response rate in T-Vec patients
(16.3%) in contrast to GM-CSF-treated patients (2.1%). The T-Vec dosing scheme followed previous
strategies [42], while GM-CSF was administered daily for two weeks in 28-day cycles. The most
common adverse events in the T-Vec cohort included chills, pyrexia, pain at the injection site, nausea,
influenza-like symptoms, and fatigue, therefore matching the profile of adverse events seen in preceding
studies. In the T-Vec group, the authors further observed decreased size of more than 50% in injected as
well as in uninjected lesions [44], which points to the development of a systemic anti-tumor response
as previously reported [43].

Additional clinical data show that oHSV therapy appears to work well with immune checkpoint
blockade. Combined treatment of T-Vec (1 × 106–1 × 108 pfu/mL) with the CTLA-4 blocking monoclonal
antibody ipilimumab in 19 patients with stage III and IV melanoma did not lead to dose-limiting
toxicities [45]. Moreover, Puzanov et al. [45] reported 22% complete responses, 28% partial responses,
and 22% stable disease and an objective response rate of 50% referring to immune-related response
criteria. As already noted in previous studies with T-Vec monotherapy, both injected and uninjected
tumor lesions showed a size reduction after treatment with T-Vec and ipilimumab. Significant enrichment
of total CD8+ and activated CD8+-T-cells during T-Vec monotherapy as well as a gain of ICOS-expressing
CD4+-T-cells during combination therapy was observed.

3. Future Directions for Next Generation oHSVs

Currently, more than 20 clinical trials on already tested, but newly developed HSV-1 related OVs
are also underway (Table 2). Further studies on known compounds such as G207, HF10, and T-Vec are
designed to determine safety and tolerability for either different malignancies or combinations with
chemotherapy (NCT03252808, NCT02779855, NCT03300544, NCT03554044), radiotherapy (NCT03911388,
NCT04482933, NCT03300544, NCT02923778), or checkpoint inhibition (NCT03153085, NCT04185311,
NCT02978625, NCT02965716, NCT04163952).

Newly developed candidates include G47∆, rQNestin, M032, RP1, RP2, Rrp450, ONCR-177, and
C134. As many of the initial trials had shown safety but no efficacy as described above, subsequent
trials were designed to answer remaining questions.

344



C
an

ce
rs

20
20

,1
2,

35
14

Ta
bl

e
2.

O
ut

lo
ok

on
on

go
in

g
an

d
fu

tu
re

cl
in

ic
al

tr
ia

ls
on

on
co

ly
ti

c
H

er
pe

s
vi

ru
se

s.

V
ir

us
St

ud
y

Ti
tl

e
St

ud
y

Ty
pe

D
is

ea
se

Ty
pe

St
ud

y
A

im
St

at
us

N
C

T
/U

M
IN

#

H
F1

0

A
st

ud
y

of
TB

I-
14

01
(H

F1
0)

in
pa

ti
en

ts
w

it
h

so
lid

tu
m

or
s

w
it

h
su

pe
rfi

ci
al

le
si

on
s

ph
as

e
I

so
lid

tu
m

or
s

sa
fe

ty
an

d
to

le
ra

bi
lit

y
of

re
pe

at
ed

in
tr

at
um

or
al

in
je

ct
io

ns
co

m
pl

et
ed

N
C

T
02

42
80

36

Ph
as

e
IS

tu
dy

of
TB

I-
14

01
(H

F1
0)

pl
us

ch
em

ot
he

ra
py

in
pa

ti
en

ts
w

it
h

un
re

se
ct

ab
le

pa
nc

re
at

ic
ca

nc
er

ph
as

e
I

st
ag

e
II

I/
IV

un
re

se
ct

ab
le

pa
nc

re
at

ic
ca

nc
er

do
se

de
te

rm
in

at
io

n
of

co
m

bi
ne

d
tr

ea
tm

en
to

fH
F1

0
w

it
h

G
em

ci
ta

bi
ne

+
N

ab
-p

ac
lit

ax
el

or
TS

-1
ac

ti
ve

,n
ot

re
cr

ui
ti

ng
N

C
T

03
25

28
08

St
ud

y
of

H
F1

0
in

pa
ti

en
ts

w
it

h
re

fr
ac

to
ry

he
ad

an
d

ne
ck

ca
nc

er
or

so
lid

tu
m

or
s

w
it

h
cu

ta
ne

ou
s

an
d/

or
su

pe
rfi

ci
al

le
si

on
s

ph
as

e
I

re
fr

ac
to

ry
he

ad
an

d
ne

ck
ca

nc
er

,
sq

ua
m

ou
s

ce
ll

ca
rc

in
om

a,
sk

in
ca

rc
in

om
a

of
th

e
br

ea
st

,m
al

ig
na

nt
m

el
an

om
a

do
se

es
ca

la
ti

on
st

ud
y

fo
r

si
ng

le
an

d
re

pe
at

ed
in

tr
at

um
or

al
in

je
ct

io
ns

,
as

se
ss

m
en

to
fl

oc
al

tu
m

or
re

sp
on

se
co

m
pl

et
ed

N
C

T
01

01
71

85

A
st

ud
y

of
co

m
bi

na
ti

on
w

it
h

TB
I-

14
01

(H
F1

0)
an

d
ip

ili
m

um
ab

in
Ja

pa
ne

se
pa

ti
en

ts
w

it
h

un
re

se
ct

ab
le

or
m

et
as

ta
ti

c
m

el
an

om
a

ph
as

e
II

st
ag

e
II

IB
,I

II
C

,o
r

IV
un

re
se

ct
ab

le
or

m
et

as
ta

ti
c

m
al

ig
na

nt
m

el
an

om
a

sa
fe

ty
an

d
effi

ca
cy

of
re

pe
at

ed
ad

m
in

is
tr

at
io

n
of

in
tr

at
um

or
al

in
je

ct
io

ns
of

H
F1

0
in

co
m

bi
na

ti
on

w
it

h
ip

ili
m

um
ab

,b
es

to
ve

ra
ll

re
sp

on
se

ra
te

co
m

pl
et

ed
N

C
T

03
15

30
85

A
st

ud
y

of
co

m
bi

na
ti

on
tr

ea
tm

en
t

w
it

h
H

F1
0

an
d

ip
ili

m
um

ab
in

pa
ti

en
ts

w
it

h
un

re
se

ct
ab

le
or

m
et

as
ta

ti
c

m
el

an
om

a

ph
as

e
II

st
ag

e
II

IB
,I

II
C

,o
r

IV
un

re
se

ct
ab

le
or

m
et

as
ta

ti
c

m
el

an
om

a

effi
ca

cy
of

th
e

co
m

bi
na

ti
on

of
H

F1
0

w
it

h
ip

ili
m

um
ab

,b
es

to
ve

ra
ll

re
sp

on
se

ra
te

co
m

pl
et

ed
N

C
T

02
27

28
55

G
20

7

H
SV

G
20

7
al

on
e

or
w

it
h

a
si

ng
le

ra
di

at
io

n
do

se
in

ch
ild

re
n

w
it

h
pr

og
re

ss
iv

e
or

re
cu

rr
en

t
su

pr
at

en
to

ri
al

br
ai

n
tu

m
or

s

ph
as

e
I

re
cu

rr
en

to
r

pr
og

re
ss

iv
e

su
pr

at
en

to
ri

al
ne

op
la

sm
s,

m
al

ig
na

nt
gl

io
m

a,
gl

io
bl

as
to

m
a,

an
ap

la
st

ic
as

tr
oc

yt
om

a,
PN

ET
,c

er
eb

ra
lp

ri
m

iti
ve

ne
ur

oe
ct

od
er

m
al

tu
m

or
,e

m
br

yo
na

lt
um

or

sa
fe

ty
an

d
to

le
ra

bi
lit

y
of

in
tr

at
um

or
al

in
je

ct
io

n,
al

so
in

co
m

bi
na

ti
on

w
it

h
a

si
ng

le
lo

w
do

se
of

ra
di

at
io

n

ac
ti

ve
,n

ot
re

cr
ui

ti
ng

N
C

T
02

45
78

45

H
SV

G
20

7
in

ch
ild

re
n

w
ith

re
cu

rr
en

t
or

re
fr

ac
to

ry
ce

re
be

lla
r

br
ai

n
tu

m
or

s
ph

as
e

I

re
cu

rr
en

to
r

re
fr

ac
to

ry
m

ed
ul

lo
bl

as
to

m
a,

gl
io

bl
as

to
m

a
m

ul
ti

fo
rm

e,
gi

an
tc

el
l

gl
io

bl
as

to
m

a,
an

ap
la

st
ic

as
tr

oc
yt

om
a,

pr
im

it
iv

e
ne

ur
oe

ct
od

er
m

al
tu

m
or

,
ep

en
dy

m
om

a,
at

yp
ic

al
te

ra
to

id
/r

ha
bd

oi
d

tu
m

or
,g

er
m

ce
ll

tu
m

or
,o

th
er

hi
gh

-g
ra

de
m

al
ig

na
nt

tu
m

or

sa
fe

ty
an

d
to

le
ra

bi
lit

y
of

in
tr

at
um

or
al

in
je

ct
io

n,
al

so
in

co
m

bi
na

ti
on

w
it

h
a

si
ng

le
lo

w
do

se
of

ra
di

at
io

n

re
cr

ui
ti

ng
N

C
T

03
91

13
88

H
SV

G
20

7
w

it
h

a
si

ng
le

ra
di

at
io

n
do

se
in

ch
ild

re
n

w
it

h
re

cu
rr

en
t

hi
gh

-g
ra

de
gl

io
m

a
ph

as
e

II

re
cu

rr
en

t/
pr

og
re

ss
iv

e
hi

gh
gr

ad
e

gl
io

m
a

in
cl

ud
in

g
gl

io
bl

as
to

m
a

m
ul

ti
fo

rm
e,

gi
an

t
ce

ll
gl

io
bl

as
to

m
a,

an
ap

la
st

ic
as

tr
oc

yt
om

a,
m

id
lin

e
di

ff
us

e
gl

io
m

a

effi
ca

cy
an

d
sa

fe
ty

of
in

tr
at

um
or

al
in

oc
ul

at
io

n
of

G
20

7
co

m
bi

ne
d

w
ith

a
si

ng
le

ra
di

at
io

n
do

se
no

ty
et

re
cr

ui
ti

ng
N

C
T

04
48

29
33

345



C
an

ce
rs

20
20

,1
2,

35
14

Ta
bl

e
2.

C
on

t.

V
ir

us
St

ud
y

Ti
tl

e
St

ud
y

Ty
pe

D
is

ea
se

Ty
pe

St
ud

y
A

im
St

at
us

N
C

T
/U

M
IN

#

G
47

∆

A
cl

in
ic

al
st

ud
y

of
G

47
de

lt
a

on
co

ly
ti

c
vi

ru
s

th
er

ap
y

fo
r

pr
og

re
ss

iv
e

gl
io

bl
as

to
m

a
ph

as
e

I/
II

re
cu

rr
en

t/p
ro

gr
es

si
ve

gl
io

bl
as

to
m

a
sa

fe
ty

an
d

effi
ca

cy
of

in
tr

at
um

or
al

in
oc

ul
at

io
n

of
G

47
∆

co
m

pl
et

ed
U

M
IN

00
00

02
66

1

A
cl

in
ic

al
st

ud
y

of
an

on
co

ly
ti

c
H

SV
-1

G
47

de
lt

a
fo

r
pa

ti
en

ts
w

it
h

ca
st

ra
ti

on
re

si
st

an
tp

ro
st

at
e

ca
nc

er
ph

as
e

I
ca

st
ra

ti
on

re
si

st
an

tp
ro

st
at

e
ca

nc
er

sa
fe

ty
an

d
effi

ca
cy

of
in

tr
at

um
or

al
in

oc
ul

at
io

n
of

G
47

∆
co

m
pl

et
ed

U
M

IN
00

00
10

46
3

A
cl

in
ic

al
st

ud
y

of
G

47
de

lt
a

on
co

ly
ti

c
vi

ru
s

th
er

ap
y

fo
r

pr
og

re
ss

iv
e

ol
fa

ct
or

y
ne

ur
ob

la
st

om
a

n/
a

re
cu

rr
en

to
lf

ac
to

ry
ne

ur
ob

la
st

om
a

sa
fe

ty
an

d
effi

ca
cy

of
in

tr
at

um
or

al
in

oc
ul

at
io

n
of

G
47

∆
re

cr
ui

ti
ng

U
M

IN
00

00
11

63
6

A
cl

in
ic

al
st

ud
y

of
G

47
de

lt
a

on
co

ly
ti

c
vi

ru
s

th
er

ap
y

fo
r

pr
og

re
ss

iv
e

m
al

ig
na

nt
pl

eu
ra

l
m

es
ot

he
lio

m
a

ph
as

e
I

in
op

er
ab

le
/r

ec
ur

re
nt

/p
ro

gr
es

si
ve

m
al

ig
na

nt
pl

eu
ra

lm
es

ot
he

lio
m

a
sa

fe
ty

an
d

effi
ca

cy
of

in
oc

ul
at

io
n

of
G

47
∆

in
to

th
e

pl
eu

ra
lc

av
it

y
re

cr
ui

ti
ng

U
M

IN
00

00
34

06
3

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

in
co

m
bi

na
ti

on
w

it
h

ne
oa

dj
uv

an
t

ch
em

ot
he

ra
py

in
tr

ip
le

ne
ga

ti
ve

br
ea

st
ca

nc
er

ph
as

e
I/

II
tr

ip
le

ne
ga

ti
ve

br
ea

st
ca

rc
in

om
a

de
te

rm
in

at
io

n
of

th
e

m
ax

im
um

to
le

ra
te

d
do

se
of

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

ad
m

in
is

te
re

d
w

it
h

pa
cl

it
ax

el
-

do
xo

ru
bi

ci
n/

cy
cl

op
ho

sp
ha

m
id

e,
pa

th
ol

og
ic

al
co

m
pl

et
e

re
sp

on
se

ra
te

ac
ti

ve
,n

ot
re

cr
ui

ti
ng

N
C

T
02

77
98

55

T-
V

EC
in

no
n-

m
el

an
om

a
sk

in
ca

nc
er

ph
as

e
I

lo
ca

lly
ad

va
nc

ed
sq

ua
m

ou
s

ce
ll

ca
rc

in
om

a,
ba

sa
lc

el
l,

ca
rc

in
om

a,
M

er
ke

lc
el

l
ca

rc
in

om
a

or
cu

ta
ne

ou
s

T
ce

ll
ly

m
ph

om
a

de
te

ct
io

n
of

lo
ca

li
m

m
un

e
eff

ec
ts

af
te

r
ta

lim
og

en
e

la
he

rp
ar

ep
ve

c
in

je
ct

io
n

re
cr

ui
ti

ng
N

C
T0

34
58

11
7

Ip
ili

m
um

ab
,n

iv
ol

um
ab

,a
nd

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

be
fo

re
su

rg
er

y
in

tr
ea

ti
ng

pa
rt

ic
ip

an
ts

w
it

h
lo

ca
liz

ed
,t

ri
pl

e-
ne

ga
tiv

e
or

es
tr

og
en

re
ce

pt
or

po
si

ti
ve

,H
ER

2
ne

ga
ti

ve
br

ea
st

ca
nc

er

ph
as

e
I

tr
ip

le
ne

ga
ti

ve
or

ER
po

si
ti

ve
H

ER
2

ne
ga

ti
ve

in
fil

tr
at

in
g

du
ct

al
br

ea
st

ca
nc

er

sa
fe

ty
of

co
m

bi
ne

d
tr

ea
tm

en
to

f
ta

lim
og

en
e

la
he

rp
ar

ep
ve

c
w

it
h

ni
vo

lu
m

ab
an

d
ip

ili
m

um
ab

re
cr

ui
ti

ng
N

C
T

04
18

53
11

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

in
tr

ea
tin

g
pa

ti
en

ts
w

it
h

re
cu

rr
en

tb
re

as
tc

an
ce

r
th

at
ca

nn
ot

be
re

m
ov

ed
by

su
rg

er
y

ph
as

e
II

re
cu

rr
en

ts
ta

ge
IV

br
ea

st
ca

nc
er

de
te

rm
in

at
io

n
of

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

effi
ca

cy
w

it
h

ov
er

al
l

re
sp

on
se

ra
te

(O
R

R
)

ac
ti

ve
,n

ot
ye

t
re

cr
ui

ti
ng

N
C

T
02

65
88

12

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

an
d

ni
vo

lu
m

ab
in

tr
ea

ti
ng

pa
ti

en
ts

w
it

h
re

fr
ac

to
ry

ly
m

ph
om

as
or

ad
va

nc
ed

or
re

fr
ac

to
ry

no
n-

m
el

an
om

a
sk

in
ca

nc
er

s

ph
as

e
II

T
ce

ll
an

d
N

K
ce

ll
ly

m
ph

om
as

,M
er

ke
lc

el
l

ca
rc

in
om

a,
Sq

ua
m

ou
s

ce
ll

ca
rc

in
om

a
of

th
e

sk
in

,O
th

er
no

n-
m

el
an

om
a

sk
in

ca
nc

er
s

re
sp

on
se

ra
te

to
ta

lim
og

en
e

la
he

rp
ar

ep
ve

c,
al

so
in

co
m

bi
na

ti
on

w
it

h
ni

vo
lu

m
ab

re
cr

ui
ti

ng
N

C
T0

29
78

62
5

346



C
an

ce
rs

20
20

,1
2,

35
14

Ta
bl

e
2.

C
on

t.

V
ir

us
St

ud
y

Ti
tl

e
St

ud
y

Ty
pe

D
is

ea
se

Ty
pe

St
ud

y
A

im
St

at
us

N
C

T
/U

M
IN

#

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

an
d

pe
m

br
ol

iz
um

ab
in

tr
ea

ti
ng

pa
ti

en
ts

w
it

h
st

ag
e

II
I-

IV
m

el
an

om
a

ph
as

e
II

st
ag

e
IV

or
un

re
se

ct
ab

le
st

ag
e

II
I

m
el

an
om

a

re
sp

on
se

ra
te

to
ta

lim
og

en
e

la
he

rp
ar

ep
ve

c
in

co
m

bi
na

ti
on

w
it

h
pe

m
br

ol
iz

um
ab

re
cr

ui
ti

ng
N

C
T0

29
65

71
6

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c,

ch
em

ot
he

ra
py

,a
nd

ra
di

at
io

n
th

er
ap

y
be

fo
re

su
rg

er
y

in
tr

ea
ti

ng
pa

ti
en

ts
w

it
h

lo
ca

lly
ad

va
nc

ed
or

m
et

as
ta

ti
c

re
ct

al
ca

nc
er

ph
as

e
I

st
ag

e
II

I/
IV

re
ct

al
ad

en
oc

ar
ci

no
m

a

do
se

de
te

rm
in

at
io

n
an

d
to

xi
ci

ty
of

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

in
co

m
bi

na
ti

on
w

it
h

ca
pe

ci
ta

bi
be

,
5-

flu
or

ur
ac

il,
le

uc
ov

or
in

,o
xa

lip
la

ti
n,

ra
di

at
io

n

re
cr

ui
ti

ng
N

C
T0

33
00

54
4

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

w
it

h
ch

em
ot

he
ra

py
or

en
do

cr
in

e
th

er
ap

y
in

tr
ea

ti
ng

pa
rt

ic
ip

an
ts

w
it

h
m

et
as

ta
tic

,u
nr

es
ec

ta
bl

e,
or

re
cu

rr
en

t
H

ER
2-

ne
ga

ti
ve

br
ea

st
ca

nc
er

ph
as

e
Ib

H
ER

2-
ne

ga
tiv

e,
es

tr
og

en
re

ce
pt

or
po

si
tiv

e
st

ag
e

II
I/

IV
br

ea
st

ca
rc

in
om

a

sa
fe

ty
an

d
to

le
ra

bi
lit

y
of

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

in
co

m
bi

na
ti

on
w

it
h

ei
th

er
ch

em
ot

he
ra

py
(p

ac
lit

ax
el

,
na

b-
pa

cl
it

ax
el

,o
r

ge
m

ci
ta

bi
ne

/c
ar

bo
pl

at
in

)o
r

en
do

cr
in

e
th

er
ap

y

re
cr

ui
ti

ng
N

C
T

03
55

40
44

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

an
d

pa
ni

tu
m

um
ab

fo
r

th
e

tr
ea

tm
en

to
f

lo
ca

lly
ad

va
nc

ed
or

m
et

as
ta

ti
c

sq
ua

m
ou

s
ce

ll
ca

rc
in

om
a

of
th

e
sk

in

ph
as

e
I

lo
ca

lly
ad

va
nc

ed
or

m
et

as
ta

ti
c

sq
ua

m
ou

s
ce

ll
ca

rc
in

om
a

of
th

e
sk

in

sa
fe

ty
an

d
effi

ca
cy

of
co

m
bi

ne
d

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

an
d

pa
ni

tu
m

um
ab

re
cr

ui
ti

ng
N

C
T

04
16

39
52

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

an
d

ra
di

at
io

n
th

er
ap

y
in

tr
ea

tin
g

pa
tie

nt
s

w
it

h
ne

w
ly

di
ag

no
se

d
so

ft
ti

ss
ue

sa
rc

om
a

th
at

ca
n

be
re

m
ov

ed
by

su
rg

er
y

ph
as

e
II

lip
os

ar
co

m
a,

le
io

m
yo

sa
rc

om
a,

un
di

ff
er

en
ti

at
ed

pl
eo

m
or

ph
ic

sa
rc

om
a

(U
PS

)/
m

al
ig

na
nt

fib
ro

us
hi

st
io

sa
rc

om
a

(M
FH

)

ev
al

ua
ti

on
of

th
e

pa
th

ol
og

ic
co

m
pl

et
e

ne
cr

os
is

ra
te

an
d

sa
fe

ty
fo

llo
w

in
g

ne
oa

dj
uv

an
tt

re
at

m
en

t
w

it
h

ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

an
d

ra
di

at
io

n

re
cr

ui
ti

ng
N

C
T

02
92

37
78

A
Ph

as
e

1,
m

ul
ti

-c
en

te
r,

op
en

-l
ab

el
,

do
se

de
-e

sc
al

at
io

n
st

ud
y

to
ev

al
ua

te
th

e
sa

fe
ty

an
d

effi
ca

cy
of

Ta
lim

og
en

e
la

he
rp

ar
ep

ve
c

in
pe

di
at

ri
c

su
bj

ec
ts

w
ith

ad
va

nc
ed

no
n-

C
N

S
tu

m
or

s
th

at
ar

e
am

en
ab

le
to

di
re

ct
in

je
ct

io
n

ph
as

e
I

re
cu

rr
in

g
no

n-
C

N
S

so
lid

tu
m

or
sa

fe
ty

an
d

effi
ca

cy
re

cr
ui

ti
ng

N
C

T
02

75
68

45

O
N

C
R

-1
77

St
ud

y
of

O
N

C
R

-1
77

al
on

e
an

d
in

co
m

bi
na

ti
on

w
it

h
PD

-1
bl

oc
ka

de
in

ad
ul

ts
ub

je
ct

s
w

it
h

ad
va

nc
ed

an
d/

or
re

fr
ac

to
ry

cu
ta

ne
ou

s,
su

bc
ut

an
eo

us
or

m
et

as
ta

ti
c

no
da

ls
ol

id
tu

m
or

s

ph
as

e
I

ad
va

nc
ed

or
m

et
as

ta
ti

c
so

lid
tu

m
or

s

de
te

rm
in

at
io

n
of

th
e

m
ax

im
um

to
le

ra
te

d
do

se
as

w
el

la
s

pr
el

im
in

ar
y

effi
ca

cy
of

O
N

C
R

-1
77

in
co

m
bi

na
ti

on
w

it
h

pe
m

br
ol

iz
um

ab

re
cr

ui
ti

ng
N

C
T

04
34

89
16

R
P2

St
ud

y
of

R
P2

m
on

ot
he

ra
py

an
d

R
P2

in
co

m
bi

na
ti

on
w

it
h

ni
vo

lu
m

ab
in

pa
ti

en
ts

w
it

h
so

lid
tu

m
or

s
ph

as
e

I
ad

va
nc

ed
or

m
et

as
ta

ti
c

no
n-

ne
ur

ol
og

ic
al

so
lid

tu
m

or
s

sa
fe

ty
an

d
to

le
ra

bi
lit

y
of

R
P2

,a
ls

o
in

co
m

bi
na

ti
on

w
it

h
ni

vo
lu

m
ab

re
cr

ui
ti

ng
N

C
T

04
33

62
41

347



C
an

ce
rs

20
20

,1
2,

35
14

Ta
bl

e
2.

C
on

t.

V
ir

us
St

ud
y

Ti
tl

e
St

ud
y

Ty
pe

D
is

ea
se

Ty
pe

St
ud

y
A

im
St

at
us

N
C

T
/U

M
IN

#

R
P1

St
ud

y
ev

al
ua

ti
ng

ce
m

ip
lim

ab
al

on
e

an
d

co
m

bi
ne

d
w

it
h

R
P1

in
tr

ea
ti

ng
ad

va
nc

ed
sq

ua
m

ou
s

sk
in

ca
nc

er
ph

as
e

II
lo

ca
lly

ad
va

nc
ed

or
m

et
as

ta
ti

c
cu

ta
ne

ou
s

sq
ua

m
ou

s
ce

ll
ca

rc
in

om
a

de
te

rm
in

at
io

n
of

th
e

cl
in

ic
al

re
sp

on
se

ra
te

/o
ve

ra
ll

re
sp

on
se

ra
te

of
ce

m
ip

lim
ab

m
on

ot
he

ra
py

ve
rs

us
co

m
bi

na
ti

on
w

it
h

R
P1

re
cr

ui
ti

ng
N

C
T

04
05

04
36

St
ud

y
of

R
P1

m
on

ot
he

ra
py

an
d

R
P1

in
co

m
bi

na
ti

on
w

it
h

ni
vo

lu
m

ab
ph

as
e

I/
II

ad
va

nc
ed

an
d/

or
re

fr
ac

to
ry

so
lid

tu
m

or
s

de
te

rm
in

at
io

n
of

th
e

m
ax

im
um

to
le

ra
te

d
do

se
as

w
el

la
s

pr
el

im
in

ar
y

effi
ca

cy
of

R
P1

in
co

m
bi

na
ti

on
w

it
h

ni
vo

lu
m

ab

re
cr

ui
ti

ng
N

C
T0

37
67

34
8

A
Ph

as
e

1b
st

ud
y

of
R

P1
in

tr
an

sp
la

nt
pa

ti
en

ts
w

it
h

ad
va

nc
ed

cu
ta

ne
ou

s
sq

ua
m

ou
s

ce
ll

ca
rc

in
om

a
ph

as
e

I
re

cu
rr

en
t,

lo
ca

lly
ad

va
nc

ed
or

m
et

as
ta

ti
c

cu
ta

ne
ou

s
sq

ua
m

ou
s

ce
ll

ca
rc

in
om

a
sa

fe
ty

an
d

to
le

ra
bi

lit
y

re
cr

ui
ti

ng
N

C
T0

43
49

43
6

rQ
N

es
ti

n
A

st
ud

y
of

th
e

tr
ea

tm
en

to
fr

ec
ur

re
nt

m
al

ig
na

nt
gl

io
m

a
w

it
h

rQ
N

es
ti

n3
4.

5v
.2

ph
as

e
I

as
tr

oc
yt

om
a,

m
al

ig
na

nt
as

tr
oc

yt
om

a,
ol

ig
od

en
dr

og
lio

m
a,

an
ap

la
st

ic
ol

ig
od

en
dr

og
lio

m
a,

m
ix

ed
ol

ig
o-

as
tr

oc
yt

om
a

sa
fe

ty
an

d
do

se
de

te
rm

in
at

io
n

of
rQ

N
es

ti
n

w
it

h
or

w
it

ho
ut

pr
ev

io
us

im
m

un
om

od
ul

at
io

n
w

it
h

cy
cl

op
ho

sp
ha

m
id

e

re
cr

ui
ti

ng
N

C
T0

31
52

31
8

M
03

2
G

en
et

ic
al

ly
en

gi
ne

er
ed

H
SV

-1
Ph

as
e

1
st

ud
y

fo
r

th
e

tr
ea

tm
en

to
fr

ec
ur

re
nt

m
al

ig
na

nt
gl

io
m

a
ph

as
e

I
re

cu
rr

en
to

r
pr

og
re

ss
iv

e
gl

io
bl

as
to

m
a

m
ul

ti
fo

rm
e,

an
ap

la
st

ic
as

tr
oc

yt
om

a,
gl

io
sa

rc
om

a
sa

fe
ty

an
d

to
le

ra
bi

lit
y

re
cr

ui
ti

ng
N

C
T

02
06

28
27

C
13

4
Tr

ia
lo

fC
13

4
in

pa
ti

en
ts

w
it

h
re

cu
rr

en
tG

BM
ph

as
e

I
re

cu
rr

en
to

r
pr

og
re

ss
iv

e
gl

io
bl

as
to

m
a

m
ul

ti
fo

rm
e,

an
ap

la
st

ic
as

tr
oc

yt
om

a,
gl

io
sa

rc
om

a
sa

fe
ty

an
d

to
le

ra
bi

lit
y

re
cr

ui
ti

ng
N

C
T

03
65

75
76

R
rp

45
0

rR
p4

50
-P

ha
se

It
ri

al
in

liv
er

m
et

as
ta

se
s

an
d

pr
im

ar
y

liv
er

tu
m

or
s

ph
as

e
I

liv
er

m
et

as
ta

se
s

or
pr

im
ar

y
liv

er
ca

nc
er

sa
fe

ty
an

d
to

le
ra

bi
lit

y
re

cr
ui

ti
ng

N
C

T
01

07
19

41

348



Cancers 2020, 12, 3514

3.1. G47∆

G47∆ was first described by Todo et al. in 2001: It is based on the G207 virus and contains an
additional deletion in the region of the ICP47 gene, which eventually mitigates enhanced expression of
MHC I on virus-infected cells [46]. Preclinical evaluation indeed showed positive effects on MHC I
expression, T-cell stimulation of melanoma cells as well as increased cytolytic potency in melanoma and
glioblastoma cell lines in vitro and survival in a immunocompetent neuroblastoma model in vivo [46].
Promising results with this agent have also been obtained for the treatment of breast cancer cell
lines [47]. G47∆ has been tested for safety and efficacy in patients with recurrent or progressive
glioblastoma (UMIN000002661) and castration resistant prostate cancer (UMIN000010463) in Japan.
An interim analysis of the phase 2 glioblastoma study in 2019 presented with encouraging data, i.e.,
a one-year-survival rate of 92.3% compared to control (15%) [48]. Currently, this agent is also being
tested in recurrent olfactory neuroblastoma (UMIN000011636) and malignant pleural mesothelioma
(UMIN000034063).

3.2. rQNestin34.5

rQNestin34.5 is a an engineered oHSV based on F-strain HSV1 that expresses the neurovirulence
factor ICP34.5 under a synthetic nestin promoter to drive robust tumor-selective viral replication [49].
In vivo experiments showed that the survival after symptom-onset of glioma-bearing animals was
significantly prolonged after treatment with rQNestin34.5 compared to controls including the previous
generation of oHSV [49]. rQNestin34.5v2 is a derivative that lacks a fusion ICP6-GFP transcript [50]
and is currently under investigation in a phase I clinical trial for recurrent glioblastoma in combination
with cyclophosphamide (NCT03152318). Chiocca et al. [50] showed that rQNestin34.5v2 is selectively
cytotoxic for glioma cells and conducted toxicologic analyses to determine a starting dose of 1 × 106 pfu
for use in humans.

3.3. M032

M032 is derived from the HSV-1 F-strain, containing deletions for both alleles of the neurovirulence
factor γ34.5 and armed to express the stimulatory cytokine IL-12 [51,52]. The murine variant of this
construct–M002–has been well characterized by Parker et al. [53]: In vitro data support its toxicity
against human glioblastoma and murine neuroblastoma cell lines, and in vivo survival data from
neuroblastoma-bearing mice indicate a significant increase of median survival compared to control;
immunohistologic workups of murine brain sections revealed an increase of CD4+- and CD8+-T-cells.
A phase-1 trial (NCT02062827) is investigating safety and tolerability of M032 in patients with recurrent
or progressive high-grade glioma.

3.4. ONCR-177

ONCR-177 (by Oncorus Inc. Cambridge, MA, USA) is a recombinant HSV-1 virus construct that
is a derivative of ONCR-159 [54], which contains a UL37 and ICP47 mutation and 4 miR-T cassettes
that were inserted into the gene regions of ICP4, ICp27, UL8 and γ34.5, thereby diminishing viral
replication and mitigating reduced neurovirulence and also resistance to shut down by host interferon
responses [55]. Based on this, the authors state that ONCR-177 has been further modified by expression
for IL-12, CCL4, FLT3LG, and blocking antibody sequences for CTLA-4 and PD-1 to increase NK-
and T-cell activation, dendritic cell availability, and antagonize T-cell exhaustion [54]. ONCR-177
monotherapy as well as combined treatment with pembrolizumab is being tested for the maximum
tolerated dose and preliminary efficacy in advanced and metastatic solid cancers in a phase I study
(NCT04348916).
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3.5. C134

C134 is a chimeric oHSV that was altered by deletion of the neurovirulence factor γ34.5 and
expression of the human cytomegalovirus gene IRS1, with the latter preserving late viral protein
synthesis, which is disabled by deletion of γ34.5 [56]. Preclinical studies proved that C134, compared
to γ34.5 deleted HSV-1 variants, had a higher replication potential in glioblastoma in in vivo models
and was able to increase survival in glioma and neuroblastoma-bearing mice in contrast to γ34.5
deleted controls [57]. Safety and tolerability of C134 for treatment of advanced or progressive gliomas
is currently investigated in a phase I clinical trial (NCT03657576).

3.6. RP1/2

RP-1 (by Replimmune Group Inc. Woburn, MA, USA) is a derivative of a wild-type HSV1
isolate containing deletions of γ34.5 and ICP47 and expresses GM-CSF and GALV-GP-R--a fusogenic
membrane glycoprotein from gibbon ape leukemia virus that was shown to increase tumor-cell killing
potential and immunogenic effects [58]. The viral construct is in clinical trials for recurrent or advanced
squamous cell carcinoma (NCT04349436), combinations with the anti-PD-1 antibody cemiplimab
(NCT04050436) in recurrent or advanced squamous cell carcinoma, and nivolumab in advanced or
refractory solid tumors (NCT03767348) are also under evaluation. A further development on this
backbone is the RP2 oHSV, which additionally expresses anti-CTLA-4 [59] and is being tested in
combination with nivolumab for advanced or metastatic solid tumors in a phase I study (NCT04336241).

3.7. Rrp450

Rrp450 is a genetically engineered oHSV with a deletion of ribonucleotide reductase gene ICP6 as
well as an insertion of the CYP2B1 gene, thereby diminishing replication potency in non-dividing cells
and encoding for a cytochrome of the P450 family that activates the prodrug cyclophosphamide [60].
Pawlik et al. demonstrated in in vitro and in vivo models of hepatocellular carcinoma that Rrp450
causes tumor cell death, which is augmented by additional administration of cyclophosphamide [61].
These results were confirmed in preclinical models for sarcoma, high-grade medulloblastoma, and atypical
teratoid/rhabdoid tumors [62,63]. The first phase I study for assessment of safety and tolerability of
Rrp450 in liver metastases or primary liver cancer is currently in the recruitment phase (NCT01071941).

4. Conclusions

HSV-1 based OVs have shown promising results in various preclinical studies regarding efficacy
based on combined tumor cell killing abilities and immunostimulation in a broad range of cancers.
Attempts at clinical translation have often not been successful due to lack of efficacy, although safety has
been good even at the maximum achievable doses of these agents. The success of T-Vec in melanoma
leading to FDA approval has provided great impetus to the field, proving for the first time that this
approach can provide durable clinical benefit. However, melanoma is known to be responsive to
immunotherapies, and therefore the challenge now is to come up with approaches that may be broadly
applicable in more tumor types, by engineering more potent viruses, with enhanced tumor cell killing
and immunogenic responses. As described in this review, treatment with oHSV-1 proved to be safe
throughout the various different viruses tested so far. oHSVs have the potential to be an efficient
weapon in anti-cancer treatment and qualify as a potent combination partner with chemotherapeutic
as well as immunotherapeutic regimens—this possibility has been recognized as several studies on
combinatorial treatment are underway. Although effects on the immune system and prolonged survival
were observed in some cases, these results have to be critically reviewed since the majority of the studies
discussed were phase I clinical trials, designed for evaluation of safety and tolerability. It is therefore of
the utmost importance to acquire reliable and detailed clinical data on the influence of oHSVs on the
immune response and overall survival in follow-up studies to further characterize efficacy and find
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the most suitable combination partners. Better understanding the factors involved in response and
resistance will lead to improved application of these agents in future trials.
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