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Abstract

New immuno-oncology therapies are improving cancer treatments beyond the former standard of care, as evidenced by
the recent and continuing clinical approvals for immunotherapies in a broad range of indications. However, a majority of
patients (particularly those with immunologically cold tumors) still do not benefit, highlighting the need for rational com-
bination approaches. Oncolytic viruses (OV) both directly kill tumor cells and inflame the tumor microenvironment. While
OV spread can be limited by the generation of antiviral immune responses, the initial local tumor cell killing can reverse
the immunosuppressive tumor microenvironment, resulting in more effective release of tumor-associated antigens (TAAs),
cross-presentation, and antitumoral effector T cell recruitment. Moreover, many OVs can be engineered to express immu-
nomodulatory genes. Rational combination approaches to cancer immunotherapy include the use of OVs in combination with
immune checkpoint inhibitors (ICIs) or adoptive T cell therapy (ACT) to promote sustained antitumoral immune responses.
OV combinations have additive or synergistic efficacy in preclinical tumor models with ICIs or ACT. Several preclinical stud-
ies have confirmed systemic reactivation and proliferation of adoptively transferred antitumoral T cells in conjunction with
oncolytic OVs (expressing cytokines or TAAs) resulting from the specific tumor cell killing and immunostimulation of the
tumor microenvironment which leads to increased tumor trafficking, activity, and survival. Recent clinical trials combining
OVs with ICIs have shown additive effects in melanoma. Additional clinical data in an expanded range of patient indications
are eagerly awaited. The relative timings of OV and ICI combination remains under-studied and is an area for continued
exploration. Studies systematically exploring the effects of systemic ICIs prior to, concomitantly with, or following OV
therapy will aid in the future design of clinical trials to enhance efficacy and increase patient response rates.

1 Oncolytic Virotherapy

Oncolytic viruses induce immunogenic tumor cell death, Oncolytic virotherapy is currently gaining traction as one of
which makes them ideal partners for combination with the most promising approaches for cancer immunotherapies
immunotherapies such as immune checkpoint inhibitors in the clinical arena. Oncolytic viruses (OVs) have unique
and adoptive T cell therapies. mechanisms of action compared to currently available treat-

ments. Their antitumor effects include direct tumor-selective
oncolysis, as well as activation of host systemic innate and
adaptive immune responses [1, 2] resulting in the recruit-
ment of diverse immune cell types, including lymphocytes,
into the tumor microenvironment. These qualities make
OVs very attractive candidates for combination with cancer
immunotherapies, which rely on the presence and function
of antitumoral lymphocytic populations.
54 Rosa Maria Diaz OVs are defined as replication competent viruses that
rmdiaz@vyriad.com selectively destroy tumor cells. Viruses have long been con-
sidered as possible antitumoral agents based on observa-
tions of cancer regressions after natural viral infections [3].
Tumors have evolved mechanisms of defective damage/path-
ogen recognition responses, making them more susceptible
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to viral infection. In addition, the ability to genetically engi-
neer viral genomes has enabled the development of safe and
powerful tumor-specific viruses that also express cytotoxic,
immunomodulatory, or imaging genes. These agents can
range from small RNA virus backbones, which encode only
a handful of genes, often replicate quickly, and lyse tumor
cells to release thousands of viral progeny, to large DNA
virus backbones such as adenovirus, herpesvirus, or vaccinia
virus, which can encode from 25 to over 250 different viral
genes and allow more leeway for genetic manipulation but
may be slower to replicate and spread [4—6].

The clinical safety of OVs is now being established, with
thousands of patients treated to date using different virus
platforms, doses, and routes of delivery. The majority of
the OV clinical trials have tested intratumoral or local viral
administrations with manageable safety profiles. Viruses
that have been safely delivered intravenously into patients
include adenovirus, measles virus, vaccinia virus, reovirus,
picornavirus, and Newcastle disease virus. Most patients
experience influenza-type symptoms within 24 h of admin-
istration and fluctuations in systemic cytokines levels a few
hours after viral infusion that are usually readily manage-
able [1, 7].

The epidemiology of the parental virus, reflected in the
seroprevalence of neutralizing antibodies to the viral vector,
determines whether OVs can be delivered efficiently sys-
temically or whether direct intratumoral injection is likely
to be more effective. Direct intratumoral injection avoids
the possibility of serum neutralization and provides effi-
cient delivery. However, it also poses a technical challenge
depending on the tumor location, which can require spe-
cialized injection techniques via interventional radiology.
On the other hand, the treatment of disseminated tumors
using a systemically delivered OV may provide a greater
chance of virus infection of multiple tumor nodules, as each
tumor does not need to be directly injected [8, 9]. Clinical
responses in further clinical studies testing different routes
of administration and doses will determine optimal condi-
tions for oncolytic virotherapy.

In 2015 the herpesvirus talimogene laherparepvec
(T-VEC) was approved by the US Food and Drug Admin-
istration (FDA) for advanced melanoma and, as such, was
the first OV to gain approval in the USA. In addition to its
oncolytic effects, this virus encodes the granulocyte—mac-
rophage colony-stimulation factor (GM-CSF) immunomodu-
latory gene for recruitment and activation of immune cells.
When this virotherapy was administered intratumorally in
melanoma patients, distant lesions that were not injected
responded, indicating viral-mediated generation of a sys-
temic immune response [10]. However, complete cures were
not reported, indicating the need for combination therapies
to achieve improved responses.
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Therefore, in addition to direct tumor lysis, the impor-
tance of the immune response on the efficacy of OV therapy
has been widely demonstrated [11-14]. Currently, most of
the efforts to ‘arm’ OV consist of adding genes that have the
ability to boost the activation of immune responses within
the tumor microenvironment, such as cytokines or costimu-
latory molecules [15]. Following the approval of T-VEC, a
large number of oncolytic virotherapy trials, using myriad
viral platforms, have been initiated either as monotherapies
or as combination therapies with other modalities, such as
chemotherapy, radiotherapy and, in particular, immunothera-
pies [16, 17].

2 Oncolytic Viruses (OVs) and Activation
of Immune Responses

Subsequent to viral infection, host cells orchestrate diverse
mechanisms directed to shut down replication and avoid
pathogenicity. Initially, viral pathogen-associated molecu-
lar patterns (PAMPs) are recognized by surface or intra-
cellular host pattern recognition receptors (PRRs) followed
by the activation of several signaling pathways, resulting
in the induction of chemokines and cytokines such as type
I interferons (IFNs). Therefore, activated innate immune
cells, including neutrophils, granulocytes, natural killer
(NK) cells, and antigen-presenting cells (APCs), will be
the first to arrive and respond at the site(s) of infection. To
consolidate pathogen control, an antiviral adaptive immune
response produced by B and T cells is subsequently estab-
lished [17, 18]. Tumor cells and their microenvironment
have evolved many mechanisms to suppress the generation
of any local or systemic antitumoral immune effectors [19,
20]. Hence, OVs, due to their ability to selectively infect and
replicate in tumor cells, as well as their capacity of attracting
activated immune cells locally into the immunosuppressive
tumor microenvironment, constitute an appealing strategy
for cancer immunotherapy.

Different OVs kill tumor cells by triggering different cell
death pathways with diverse degrees of immunogenicity.
However, all of them will release PAMPs, which create an
‘acute inflamed’ environment consisting of activated de novo
infiltrating and resident dendritic cells (DCs), macrophages,
and NK cells, among others. These cells can destroy viral-
infected tumor cells, release cytokines that can reduce
tumor growth, and pick up viral and tumor antigens from
dying tumor cells for presentation to, and activation of, T
cells. However, at the same time, myeloid-derived suppres-
sor cells (MDSCs) and regulatory T cells (Tregs) may also
be recruited into the tumor microenvironment, serving to
inhibit immune responses [17, 21]. OVs that can tilt the bal-
ance towards the generation of proinflammatory responses
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that cannot be counteracted by host/tumor immunosuppres-
sion would be appealing for further development.

2.1 Innate Inmune Responses

The development of effective OVs for cancer immunother-
apy relies on a comprehensive understanding of antiviral
innate immune responses both in normal cells and tumor
cells. Viral nucleic acids are detected by different types of
PRRs. RNA viruses are recognized by retinoid acid-induc-
ible receptors (retinoic acid-inducible gene 1 [RIG-1] and
melanoma differentiation-associated protein 5 [MDAS])
and Toll-like receptor (TLF) 7 for single-stranded RNA or
TLR3 for double-stranded RNA. DNA viruses are detected
by cytosolic double-stranded DNA sensors including cyclic
guanosine monophosphate—adenosine monophosphate syn-
thase (cGAS) and IFN-y inducible protein 16 (IFI16), among
others [22, 23].

Viruses trigger rapid antiviral innate immune responses
that can compromise the replication/killing activity of OVs.
Therefore, approaches have been developed to nullify such
antiviral responses, including the use of the immunosuppres-
sive drug cyclophosphamide or type I IFN inhibitors just
before OV administration [24, 25], which will then enable
further viral replication and subsequent tumor killing and
priming of anti-tumor-associated antigen (TAA) T cell
responses. In this way the balance is tipped towards extended
viral replication and tumor cytotoxicity. For example, inhibi-
tion of IFN responses by oncolytic virotherapy in combina-
tion with dimethyl fumarate (FDA approved for the treat-
ment of psoriasis and multiple sclerosis) has been shown to
increase tumor viral spread and efficacy [26]. Combination
of a herpesvirus expressing GM-CSF with the histone dea-
cetylase inhibitor (HDACi) valproic acid resulted in aug-
mented viral replication, oncolysis, and enhanced antitumor
immunity [27]. Among the mechanisms of action of HDA-
Cis are transcriptional suppression of IFN-responsive genes,
inhibition of viral clearance, and increased macrophage and
CDS8 T cell tumor infiltration [28, 29].

However, blocking the generation of strong antiviral
innate responses will hamper the development of adaptive
immune responses against both the virus and also against
the tumor [21, 30]. Ideally, the goal is to find the perfect
balance between viral replication (cytotoxicity, innate trig-
gering) and immune responses (replication restricting, tumor
cell killing, adaptive T cell priming). Therefore, an ideal
OV should accomplish the temporal tasks of replicating
and killing tumor cells with subsequent release of tumor
antigens in conjunction with PAMPs for the optimal gen-
eration of adaptive antitumoral immune responses. In this
way, OVs can be considered as both cytotoxic and cancer
vaccine agents. For example, OVs that induce type I IFNs
by Stimulator of Interferon Genes (STING) signaling may

have an advantage as this pathway has been shown to gener-
ate T cell immunity against dying tumor cells [31]. On the
other hand, in the case of tumor cells with defective STING
signaling, oncolytic therapy with herpes viruses was sig-
nificantly improved due to enhanced tumor cell replication
and cell-to-cell spread [32, 33]. In addition, a recombinant
attenuated oncolytic poliovirus, which infects APCs without
killing them, generated sustained type I IFN activation lead-
ing to an inflammatory microenvironment permissive to the
induction of enhanced adaptive immunity [12].

2.2 Immunogenic Tumor Cell Death

It has been shown that immunogenic cell death (ICD) is
associated with potent cancer immunity. The hallmarks
of ICD involve the release of specific damage-associated
molecular patterns (DAMPs) from dying tumor cells: high-
mobility group box 1 (HMGB1), adenosine triphosphate
(ATP), annexin 1, calreticulin, type I IFN, and tumor cell-
derived nucleic acids [34, 35]. In vitro studies have shown
that different OVs are capable of inducing tumor ICD, result-
ing in increased activation of antitumor innate responses
and the ability of APCs to cross-present tumor antigens for
effective priming of antitumoral human T cells [36-39].
Moreover, clinical data have shown that T-VEC-treated
regressing melanoma tumors had an increased presence
of antimelanoma-associated antigen-specific T cells [10].
It was also shown than oncolytic measles virus treatment
in ovarian cancer patients augmented the endogenous T
cell response against tumor antigens [40]. However, not all
viruses are created equal. Therefore, it will be important to
determine the capacity of different OVs to induce known or
novel ICD markers that can exert a favorable impact on the
effective development of antitumoral T cells. For example,
many viruses express genes for blocking cell death path-
ways, which could reduce extensive ICD. Therefore, for OVs
with poor ICD induction, an attractive option would be to
incorporate ICD-related DAMP genes into their genomes
for the potentiation of TAA visibility and immunogenicity
during tumor infection. Another exciting option is the use
of OVs armed with viral fusogenic membrane glycoproteins
(FMGs). Surface tumor cell expression of FMGs will result
in cell cytotoxicity by the generation of massive multinucle-
ated giant cells (syncytia), which have been shown to induce
ICD [41].

Tumor ICD should also occur in the presence of appropri-
ately activated APCs that can both migrate to lymph nodes
and present TAAs. The presence of conventional type 1
DCs (cDCls) at tumor sites is associated with effective can-
cer immunity. In humans these are CD141+, C-type lectin
domain-containing 9A + (CLEC9A +) cells that express the
chemokine receptor X-C motif chemokine receptor 1 (XCR1).
Their presence in tumors has recently been associated with
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cancer patient survival [42—44]. Hence, it will be important to
determine the ability of different OV to attract this subtype of
DC:s to the tumor. Additionally, OVs could be engineered to
produce chemokines such as X-C motif chemokine ligand 1
(XCL1), which is known to recruit cDCls [44, 45]. An alter-
native approach currently in development is the OV-medi-
ated local delivery of bispecific engager molecules directed
against both tumor cells and T cells. This can result in the
potent in situ activation of cytotoxic T cells without the need
for APCs or major histocompatibility complex (MHC)-1/pep-
tide expression [46, 47]. More recently, oncolytic adenoviruses
expressing bispecific T cell engagers have shown to effectively
target the immunosuppressive tumor stroma [48, 49].

On the other hand, OV ‘in situ’ vaccination produces
antivirus T cell responses. These can be dominant over
the responses to TAAs and to newly mutated tumor anti-
gens (neoantigens), which are the most desirable. It then
becomes a race between the generation of T cell responses
against immune subdominant self TAA, more non-self neo-
antigens, and viral antigens. This problem could be over-
come by modifying OVs to express TAAs if they are known
[50-52]. Alternatively it is possible to delete nonessential
OV genes, mutate immunodominant viral epitopes [6], or
use prime-boosting regimens with different OVs. In this way,
pre-existing anticancer T cells induced by the priming OVs
will be specifically boosted after a second heterologous OV
administration [53-55].

The generation of antiviral immune responses has long
been considered detrimental for OV therapy. However, cur-
rently it is clear that the induction of effective systemic
antitumoral responses rely on activation of innate immune
cells [21]. Therefore, we hypothesize that an initial short
inhibition of the innate responses by engineered OV would
augment viral infection and tumor cell death with subse-
quent induction of enough ‘heat’ for adequate activation of
immune innate cells, which are essential for effective adap-
tive T cell responses. For disseminated disease, it would be
advantageous to use a systemic OV delivery. Several current
clinical studies are focused on optimizing intravenous OV
administration. For example, clinical systemic delivery of
oncolytic reovirus was shown to generate the accumulation
of cytotoxic T cells in brain metastases [14]. It would also
be interesting to determine if the systemic innate immune
response to the virus infusion could actually have any impact
on tumor immunity and clinical responses.

3 OVs and Immune Checkpoint Inhibitors
3.1 Immune Checkpoint Inhibition

The immune system has developed a regulatory network
to avoid excessive damage to the host after foreign insults.
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The function of the adaptive immune system is controlled
by sets of positive (immune co-stimulatory) and negative
(immune inhibitory) regulators [56]. Tumor microenvi-
ronments evolve for dampening any antitumoral immune
responses that could be generated in the course of tumor
growth and dissemination. Hence, if present at all, anti-
tumoral T cell effectors are inhibited by the upregulation
of negative regulators in tumor, immune, endothelial, or
stromal cells. This results in the presence of ‘exhausted’
T cells at the tumor site. Immune checkpoint inhibitor
(ICI) therapy was designed to block the negative action
of these regulators for efficient reactivation of exhausted
T cell function and has proven to be a major breakthrough
in cancer immunotherapy [56, 57].

ICIs have seen widespread clinical approvals in oncol-
ogy. This includes the use of anti-cytotoxic T cell lympho-
cyte antigen 4 (CTLA4) antibodies and anti-programmed
death 1 (PD1) receptor/ligand (PDL1) antibodies. CTLA4
is essential to limit rapid and uncontrolled T cell prolifera-
tion after priming of naive T cells in secondary lymphoid
organs, it diminishes T cell activation in peripheral tis-
sues, and is also expressed on Treg cells. PD1, another
co-inhibitory molecule found mainly on T cells, binds to
PDLI1 expressed on many types of cells and also binds to
PDL2, which is specifically expressed on APCs. PDL1
has been shown to be overexpressed on tumor cells as an
immune escape mechanism. Binding of PD1 with either
ligand prevents activation of T cells and eventually leads
to exhaustion. An increased activation of the immune sys-
tem is generated by these antibodies by blocking T cell
inhibitory signals that maintain T cell inactivity or exhaus-
tion by cancer cells. It is thought that anti-CTLA4 antibod-
ies work mainly at the initial stages of T cell priming and
activation while PD1/PDL1 antibodies work mainly on
exhausted T cells. However, PD1/PDL1 signals also have
effects on antigen presentation by APCs, activated T cells,
NK cells, and macrophages activities [56, 58].

Even though multiple malignancies now have an approved
ICI therapy as part of the standard of care, these agents alone
are unable to effectively control the cancers of a majority
of treated patients [59, 60]. As a result, exploration of new
immuno-oncology combinations has increased in recent
years. It has been demonstrated that low tumor mutational
load and the lack of CD8 T cells in tumor areas (so-called
‘cold tumors’) are related to ICI therapy unresponsiveness
[61, 62]. In addition, targeting immunosuppressive myeloid
cells with small molecules in the tumor microenvironment
has resulted in the enhancement of ICI therapy [63]. There-
fore, strategies aimed at altering the immunosuppressive
tumor microenvironment and attracting new or pre-existing
CDS8 T cells to the tumor site (to turn the cold tumors hot)
are being tested to increase favorable clinical responses to
ICI therapy.
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3.2 Combination Therapy in Preclinical Models

Many OVs have been successfully combined with ICIs pre-
clinically, resulting in enhanced tumor cell clearance and sur-
vival in murine tumor models [64—67]. More recently, OVs
encoding immunostimulatory cytokines have also shown
superiority when combined with ICIs. Combination of onco-
lytic vesicular stomatitis virus (VSV) expressing IFN-f and
a sodium iodide symporter reporter gene (VSV-IFN-3-NIS)
with an anti-PDL1 antibody significantly inhibited progres-
sion of disseminated acute myeloid leukemia (AML) tumors
compared to either treatment alone [68]. Oncolytic vaccinia
virus expressing a membrane-bound interleukin (IL)-2 in
combination with anti-PD1/PDL1 blockage also improved
antitumor efficacy in a model of colon cancer. However, viral
combination with anti-CTLA4 blockade did not have any
enhanced effect [69]. Furthermore, a triple combination of
an IL-12 expressing herpesvirus, anti-PD1, and anti-CTLA4
antibodies was required to enhance overall survival in a
mouse model of glioblastoma [70].

Interestingly, neoadjuvant oncolytic virotherapy in com-
bination with ICIs before surgery was recently reported to be
successful in preventing tumor relapses in a model of murine
breast cancer [71]. Of note, it has recently been shown that
triple therapy of targeted MEK inhibition (trametinib; FDA
approved for melanoma), T-VEC, and PD1 inhibition gener-
ated complete durable responses in murine models of mela-
noma and colorectal cancer. MEK inhibitors block mitogen-
activated protein kinase kinase enzymes, which are often
hyperactive in cancers. Trametinib inhibition was associ-
ated with decreased antiviral responses and increased CD8
T cells in the tumor microenvironment [72].

Different viruses, ICIs, doses, schedules, and tumor mod-
els will likely generate disparate results that can be difficult
to compare when deciding which is the lucky combination
therapy winner. As a note of caution, all these combina-
tion therapies in animal models rely only on the function of
newly primed antitumor and antiviral T cells. In contrast,
their effects on truly exhausted antitumor T cells, which exist
in some patients, have not yet been fully elucidated [73]. A
novel mouse model of glioblastoma can recapitulate ‘truly
exhausted’ antitumoral T cells and could be a useful tool to
evaluate the effects of ICI and OV combinations in preclini-
cal models [74].

The timing of OV and ICI combination administration
was evaluated using a vaccinia virus with either concurrent
or delayed administration of an anti-CTLA4 antibody [75].
The study revealed that delayed administration improved
overall survival of tumor-bearing mice, while concurrent
administration did not. The authors concluded that the anti-
CTLA4 antibody could interfere with viral replication, thus
reducing overall efficacy. In a separate study, CTLA4 inhibi-
tion was more effective shortly after vaccinia administration,

while PD1 inhibition was more efficacious when delivered
7 days later [76]. Anti-CTLA4 antibody therapy was only
effective when administered within 1 day of recombinant
VSV administration in a murine breast cancer model [77].
A detailed listing of recent preclinical studies using different
timing of combination OV and ICI therapy administration
is shown in Table 1.

PDL1 is upregulated on many cells when stimulated by
inflammatory cytokines, such as interferons generated by
OVs. Therefore, viral infection of tumor cells will upregu-
late PDL1 expression that could then successfully be block-
aded by ICI. Oncolytic reovirus has been shown to prime
tumors for subsequent PD(L)1 blockade in part through the
upregulation of PDL1 on tumor cells following infection
[78]. Similarly, T-VEC has been shown to have this effect in
melanoma patients [79]. However, PDL1-negative tumors
can also be responsive to anti-PD1/PDL1 antibodies, indicat-
ing that its expression on tumor cells is not always critical
for responsiveness.

OV-mediated local expression of ICIs from within
infected tumor/surrounding cells is also currently under
exploration. This could avoid toxicities that are often gener-
ated by the systemic administration of ICIs. Novel OVs engi-
neered to express either full-length or single-chain variable
fragment (scFv) anti-CTLA4 or anti-PDL1 antibodies have
improved efficacy over parental virus in several preclini-
cal murine tumor [80-82]. However, ICI expression would
only be transient due to virus elimination by the immune
system, which could be a problem for the generation of a
sustainable immune response or extensive reactivation of
exhausted lymphocytes. In addition, high local levels of
ICIs in the tumor microenvironment could have completely
unpredictable effects on other immune cells besides T cells,
such as macrophages, MDSCs, or stroma cells, which could
be immunosuppressive, immunostimulatory, or even toxic.

3.3 Combination Therapy in Clinical Trials

Because of the active immunostimulatory role of OVs in
conferring de novo tumor immune cell infiltration, as well as
encouraging combinatorial preclinical studies, over a third of
the active OV trials listed on ClinicalTrials.gov are designed
to explore the combination of OVs with ICI drugs. A recent
clinical study of intratumoral administration of T-VEC in
combination with pembrolizumab in patients with advanced
melanoma indicated that OV-induced tumor destruction cre-
ates a pro-inflammatory tumor microenvironment that pro-
motes the influx of T cells, while local immunosuppressive
signals can be blocked by ICIs to promote activation and
amplification of antitumor T cell responses [79]. In addi-
tion, similar activity has been observed with the combina-
tion of a Coxsackievirus and ipilimumab or pembrolizumab
[83, 84]. These studies provide a clinical demonstration that

A\ Adis



L. Russell et al.

490

dSO-IND + snliA
IOAO [AIAINS paroxduur

ASO-TAD PIA pauIquIod

€T 12 ‘61 skep

[1] uonensmuIwpe [Jf (pekeed 101 ‘L1-CI ‘01— SABP snIp 1dd-nuy ewors [977TD SOITAOSY
[eATAInS paroxdur gxpeb ‘ze
(rrrl uonensIurwpe [Df ;poAe[2d  Aep DI ‘1T p1 ‘L SAep snIIp 11ad-buy  ewopakw aidnnw onj-TNDLS STITAOSY SITAOSY
€111 ‘6 °L skep
IDI pue SnIIA -[opow 910
[eA1AInS paroiduwr uon 6L ‘S ‘c skep 1" 1ad-nuy J190UBD UO[0D
[0TT] -BnSWUpE [J] SNOSUBINWILS  [D] PUB SNIIA ([3pOW 09T 1dd-buy  9¢1D pue ewouepW Q14914 BI0SeT AAN
[earains paroidwr uopn 91
[+9] -enswurwpe [D] snodueNWIS  ‘CT ‘O ‘L SKep [D PUE SnIIp YVILD-DUY Buioue[EW 91 g BI0SET AAN AAN
[eATAIDS
poaoxdwr uonensiurwpe (pzb) 67—1¢ shkep 1qd-nue
IDI 1dd-hue pue 11D pue v 1LD-hue uoneulq 1ad-huy J9oued
[1£] -TUE UONBUIQUIOD (pakea  -wod “(A[rep) 11— sAep snrip  JueAn(peoou PVILD-huy sea1q 1LL09 ‘OLINA ‘1LY IDIN BqQEIB]A
[eA1AIns paroxduwut 1LYy BUWIOJIBS
(6011 uonensIurupe [ ,pekeed skep IO ‘% ‘T 0 sAep snup 1ad-nuy  -oAwopqeyr -9/ pue N-6-EIN 9ILTASH
v1°11°8
skep $y1LD-DUE [qd-Due
uoneUIqUIOd ‘g ABp SNIIA
S9UIO2INO $1 118
189q pop[aIk uonenst  SKep $yILD-NUe ‘g Aep SNIA YV ILD-huy
-UIpe [5] snosuejnuirs 1T ‘81 ‘ST skep 1T-qd-Due 1'1ad-nuy
[sor] pue sniia (g Kep) Jorpiey 1o 7qd-pue ‘71 Aep snirp 1dad-huy Bwor[3 DSH $00 CI-TI VLYD-ASH [-ASH
quo[e snIA
PUE UONBUIQUIOD U22M)2q
suostredwod 20uedYIuIIS Ou
‘QUINJOA JOWN) PISNPAI A[[€d pr—¢b uayl ‘g1 ‘L1 ‘ST sAep pisdes ¢/6pv
[LoT]  -DSISIouAs [D] snoouelnuIg IDI ‘61 ‘L1 ‘T sAep snap qewnzrjoiquisd euIoug[_W 8COTY pue ASO-IND -¢01-SOONO
asuodsar
ua31IUBOAU [[99 ], PAUSPEOI]
pue [eAraIns pasoidur uon
[s9] -BISIUTWPE SNOAURINWIIS G ‘9 ‘€ ‘0 SAep [D] ‘0 Aep SnIIA 1dd-HUy  BWOUIDIEOOUIPE Junj $9LIND pPVHRLY
peb ‘p1 Lep
QuOTE SNIIA 10A0 DI ‘Peb “¢1 ‘2T ‘1T sAep snap
[eAtaIns paaoiduwr uonern peb “p1 “T1 ‘11 shep
-surwpe (LOV pue [D]10) DI ‘PEb ‘b1 “CT “TT skep snmp
[901] 1D ;Pake[ap 10 snoaueynwils  peb ‘O Aep D] *01 Aep snuip 1ad-nuy BwouR[oW VAO-91d T 10 P-ANLL SPV
[eATAInS paroiduur 61 ‘91
[coT1] UONENSIUIWPE [D] PoAe[@ ‘€1 ‘01 SABP [D] ‘L Aep SnaA 1ad-huy BWOIS ZONT[97TO 1PV  SnIIAOUSpY
S90URIRJOY JUAWIIOD SUTWIL], 9[npayos Suisoq YOy SnilA  Snip uoneurquio) uonedIpuy SnIIA - A[rurej snarp

sa1pnys TeaTurda1d Poejos[as Ul SUONBUIqUIOD JOJqIyur Jutodyooyd sunwwl pue Kderayomna onkoouo jo Surwry, | djqelr

A\ Adis



491

Cancer Immunovirotherapy

UORNSIUIUPE AQ ISIY AU} 133 SAep £ I [D] JO UONBNSIUTIIPE ISIL] ¢
uonensIuIupe AQ ISy Y} Ia)Je SAep g puB | U29m1dq [D] JO UONRISTUILIPE ISIL] |,
soua3 19110dwAS 9pIpor WNIpos
pue ¢ uoraIuI yloq Surssardxa sniiA SNIBWOIS IBINIISIA SIN-INAI-ASA ‘SNIIA SIIBUWOIS JB[NIISIA ASA “I0IOR} SISOIOU Jown) AL ‘Ura)oid ¢-Sururejuod urewop-uronw pue urgojgounwr {39
1 S ‘Uonensumupe Jo 9)nol Yoy ‘skep x A10a9 pxb ‘puedi | yreop powrweisord ;74 ‘1 yreop powwersord ;G4 ‘UIIng[eAo YAQ ‘sniia d1A[0dUO A ‘SNIIA 9SBISIP J[ISBOMIN AN ‘Shou
-9ABIUI A] ‘[eIOWNIENUI 7 ‘Teduojuradenur g7 0 103doda1 G[-UDN[IUI 0y -7] ‘UDYNI[IAUI 77 “I0JIqIYUT JUTodyooyd Qunuwiwl 77 ‘Oruo[eodenul Hj ‘snitaouspe paje[n3ar-rojoword oseydrios
-URI) 9SIOADI 9SBIOWIO[Q) URWINY pYAa [y ‘] snaia xodurrs sadioy jASH ‘[[99 9YI[-Wa)s BWOISB[OI[S D§H ‘I0jor) uone[nuns-Auojod adeydoroew—alkoonuels ,7§O)-)0 ‘urajold jusosatonyy uaaid
Jd4D ‘p uadnue 9)KooydwiA] [[90 I, 9TX0101AD $y 7LD ‘BTN PIO[RAW )Nde THY ‘Ouad aseury surprwAy) sniia xo[durs sadioy oy) Surssardxae snaraouape Y 7-py ‘Aderoy [[90 I, aandope 7OV

TeataIns pasoidur

1T ‘81

[89] uonensuIwpe D] ,paKe[pq ‘ST skep 1D ‘T Aep snirp Al 1'1ad-nuy TNV d4D°86¥1D SIN-INAT-ASA
IDI 9[3UIS B+ SNIIA
IO SOIIA IOAO [BATAINS
paaoxdwr sosnara 3urssardxa
“VVL € [[e ia uoneu LT ‘ST ‘€1 sKep 1D] YV ILD-BUY
[99] -1quod [DI-[enp (paked@ ‘LT ‘ST ‘€T ‘0T ‘8 ‘9 sKep snrp Al 1dd-huy ewoIS [97TD  9KN-0 10°0[-X0S ‘BTATH-ASA
1DV + SIIIA "SA TEATAINS UO 12 ‘L skep 1DV
109jj9 ou pey uohensiuipe ‘(Yoam/x €) 8T 1 skep ID1 ENLL-DUY
[eL] IDI Sutddefioso/,pakeioq  “(aM/X €) 8T—8 SABP SNIIA Al 1dd-huy  BwouB[eW VAO-914d 10914 VAO 10 001d3 ASA ASA
Koeoryye paroxdwr uon 9 ‘¢ ‘0 shep [D] 40
[6L] -enswurwpe D] paKe[op A[UQ QT L ‘¢ S&ep D ‘0 Aep snirp Al PVILO-DUY  BWOUISIEOOUSPE [BUSL BOUSY 8T 10 dgaa
(Apoquue yy11D-DuE 10§ PVILD-huy
jou) Aoeoyje paroidwr uon SI ‘€1 ['1ad-nuy
[69] -ensmurnupe [D] snosuejnwis ‘T1 ‘6 SAep [DI ‘6 Aep snaip dI 1ad-huy 190ued U000 oN[-8EDIN cTu-gaaa
[earains paroidwr uon €111
[TT1]  -enswmwpe D] snosue) NI 6 ‘L sKep 1D ‘L Kep snxip dI 1dd-huy 190UBD UOJOD ON[-8EDIN  0YST-TI/ST-11 Posnj-Addar
[eATAIns pasoxdur 01 ‘L skep
juounjeanaid [d4-nue pue SIIIA ‘9 ‘€ ‘() SAep [D] 40 T YV ILD-huY
[9L] uonensuIwpe [ ,poAE2A ‘6 ‘9 SKep [D] ‘¢ ‘0 SABp SN LI 1ad-huy BuIod1es COCVOIN ImoA-aaaa BIUIOOBA
SO0UAIRJIY JuQWIWod Surwry, a[payos Sursoq YOy SnIrA  Snip uoneuIquio) uonesIpuy snap  A[rurey Snarp

(ponunuoo) | sjqey

A\ Adis



492

L. Russell et al.

OV therapy can change the tumor microenvironment to pro-
mote T cell infiltration, potentially rendering a tumor more
responsive to ICI therapy. Therefore, combination therapy
with OVs and ICIs could enhance CD8+T cell infiltration
and activation to improve therapeutic response in cancer
patients who are previously or constitutively resistant to ICIs
alone. However, the mechanisms behind each of these T cell
inhibitory signaling pathways, and their effects on tumor
regression, are not clearly understood. Therefore, a more
complete mechanistic understanding of exactly how these
antibodies work in the clinic is required to allow for develop-
ment of effective and rational combination therapies [56].

Trial designs differ in the timing of OV versus ICI admin-
istration. Within the multitude of clinical combinations that
are currently ongoing, a majority of trials combining OVs
with anti-PD(L)1 or anti-CTLA4 antibodies coadminister
virus and ICIs on day 1. However, a few trials are exploring
a staggered approach, initiating ICI administration at some
point between day 8 (at 1 week) and day 43 (at 6 weeks)
after virus administration (Table 2). For example, two stud-
ies are designed to test combination therapy with timing
either 2 weeks pre-virus or 4 weeks post-virus in one study
(ClinicalTrials.gov identifier NCT03773744), and either
simultaneously, or starting 2 weeks after virus administra-
tion, in a second study (NCT03799744). Hopefully, results
of the ongoing trials will reveal deeper mechanistic under-
standings of each virus and how they synergize with ICI,
which will help in the future design of effective clinical
trials.

Interestingly, it has recently been shown that CD28 co-
stimulation is associated with successful PD1 inhibition and
tumor regression [85], suggesting a benefit of simultane-
ously targeting co-stimulatory and inhibitory molecules.
Indeed, several studies are currently testing the combina-
tion of antibodies targeting co-stimulatory pathways (CD40,
4-1BB, 0X40) in combination with ICIs [86—88]. Therefore,
it will be interesting to see if OVs can naturally induce, or
can be modified to express, co-stimulatory signals in tumor
cells or other immune cells when combined with ICI for the
de novo generation of antitumoral T cells, or for the success-
ful reinvigoration of pre-existing ones.

OVs are efficient agents for altering the tumor microen-
vironment, attracting activated new immune cells and reac-
tivating existing ones. Oncolytic adenovirus in combination
with ICIs was reported to broaden the repertoire of anti-
neoantigen reactive T cells [65]. But, so far, OVs have not
been shown to induce the expression of new neoantigens.
Even though OV show great promise when combined with
ICIs, this may prove insufficient when dealing with low
mutational burden cancers, which are largely refractory to
ICI therapy. TAAs and tumor neoantigens are the currency
for the induction of antitumoral responses and not even
‘super-armed OV’ combinations would be immunologically
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effective in their absence (although they may cause extensive
oncolytic tumor destruction). Therefore, a major challenge
for the OV field against these ‘icy’ tumors would be to dem-
onstrate that they can promote the formation of neoepitopes.
Targeted introduction of mutated TAAs/neoantigens within
tumors or the delivery molecules that could activate tran-
sient mutagenesis mechanisms could be novel approaches
to explore for the generation of highly inflamed responding
tumors.

4 OVs and Adoptive T Cell Therapies

Adoptive T cell therapies (ACTs) involve the infusion of
tumor-specific cytotoxic T cells into cancer patients. Pio-
neering studies in the 1980s demonstrated the presence of
tumor-infiltrating lymphocytes (TILs) in melanoma patients.
These cells could be expanded in culture supplemented with
the cytokine IL-2, and when transferred back into patients
conferred several objective clinical responses [89, 90]. Com-
plete and long-lasting clinical responses were achieved only
with lymphodepletion protocols before ACT and with high
doses of IL-2, resulting in high levels of toxicities [91-93].
Difficulties associated with isolating and expanding TILs
from a variety of different cancer types has prevented wide-
spread clinical implementation of this approach.

A major breakthrough in this field came with the ability
to engineer and redirect autologous or allogeneic T cells
specifically against cancer cells. Two types of antitumoral
receptors can be introduced into T cells: TAA-specific T
cell receptors which are human leukocyte antigen (HLA)
restricted, or chimeric antigen receptors (CARs) directed
against tumor-specific proteins expressed on the surface of
cancer cells. CARs consist of an extracellular tumor-tar-
geted antibody fragment domain fused to a T cell receptor/
co-stimulatory signaling domain. ACT using CAR T cells
has shown remarkable clinical success for leukemias and
lymphomas, especially by targeting CD19 in B cells [94, 95].
However, the widespread application of CAR T cell therapy
has been limited against solid tumors and currently this area
represents an important clinical need. CAR T cells in clini-
cal trials for solid tumors have been well-tolerated, but with
patients only showing either partial responses or stable dis-
ease. Engineered CAR T lymphocytes must overcome the
physical barriers imposed by solid tumor compartments.
Efficient CAR T cell extravasation, specific tumor homing,
cytotoxic activity, and persistence in a hostile tumor micro-
environment are all necessary to increase the possibilities
of success [96]. One attractive approach to surmount these
barriers would be a combination therapy with OVs, whose
tumor cell killing and immunostimulatory properties could
result in increased CAR T cell tumor trafficking and activity.
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Table 2 Timing of oncolytic virotherapy and immune checkpoint inhibitor combinations in selected clinical trials

Virus family Virus

Indication

Combination
drug

Virus RoA

Dosing schedule

Timing comment

ClinicalTrials.
gov identifier

Adenovirus

CVA21

Ad-p53

DNX-2401

Enadenotucirev

ONCOS-102

VCN-01

Cavatak

Cavatak

Cavatak

HNSCC

GBM, gliosar-
coma

Advanced epithe-
lial tumors

Anti-PD1-refrac-
tory metastatic
melanoma

R/M HNSCC

Uveal melanoma
with liver
metastases

Advanced mela-
noma

NSCLC

Nivolumab

Pembrolizumab

Nivolumab

Cyclophospha-
mide
Pembrolizumab

Durvalumab

Ipilimumab

Pembrolizumab

Pembrolizumab

IT

IT

v

IT

1A%

v

IT

1A%

3 xvirus (week 1),
nivolumab day 5

Combination
repeats on week
1 of each cycle
qé4w

Virus day 1

Pembrolizumab
day ~8, q3w

Unknown virus
schedule

Unknown
nivolumab
schedule

Cyclophosphamide
day —1

Virus days 1, 4, 8

Pembrolizumab
day 22, q3w

Arm 1: virus IV
day 1, dur-
valumab IV day
1, 4w

Arm 2: virus IV
day 1, dur-
valumab IV day
15, g4w

Virus days 1, 3, 8,
q3w (up to 19%)

Ipilimumab day 8,
q3w (up to 4 %)

Virus days 1, 3, 8,
q3w (up to 19%)

Pembrolizumab
day 8, q3w (up to
2 years)

Virus days 1, 3, 8,
q3w (up to 8 X)

Pembrolizumab
q3w (up to
24 months)

Delayed ICI
(4 days)

Delayed ICI
(1 week)

Unknown

Delayed ICI
(3 weeks)

Simultaneous ICI
or delayed ICI
(2 weeks)

Delayed ICI
(1 week)

Delayed ICI
(1 week)

Uncertain

NCT03544723

NCT02798406

NCT02636036

NCT03003676

NCTO03799744

NCT03408587

NCT02565992

NCT02824965
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Table 2 (continued)
Virus family Virus Indication Combination Virus RoA Dosing schedule Timing comment ClinicalTrials.
drug gov identifier
HSV1 HF-10 Resectable Nivolumab IT neoadjuvant 9Xvirus (5xvirus Uncertain NCT03259425
advanced mela- qlw then
noma 4 X virus q2w)
Nivolumab
q2w X7, surgery,
nivolumab g4w
up to 1 year
T-VEC Early breast Atezolizumab Unknown Virus days 1, 21, Delayed ICI NCT03802604
cancer q2w
Atezolizumab day
21, q2w
T-VEC TNBC, CRC with Atezolizumab IT Virus day 1,q3w  Simultaneous ICI NCT03256344
liver metastases Atezolizumab day
1, 3w
T-VEC Refractory lym-  Nivolumab IT Virus days 1,21,  Delayed ICI NCT02978625
phoma q2w (3 weeks)
Advanced or Nivolumab day 21,
refractory non- q2w
melanoma skin
cancer
T-VEC Malignant pleural Nivolumab Intrapleural Virus (unknown Simultaneous ICI NCT03597009
effusion schedule) +
nivolumab (same
day as virus)
T-VEC Advanced mela- Pembrolizumab  IT Virus day 1, 3w Simultaneous ICI NCT02965716
noma Pembrolizumab
day 1, q3w
T-VEC Unresected mela- Pembrolizumab ~ IT Virus days 1,21,  Delayed ICI NCT02263508
noma q2w (5 weeks)
Pembrolizumab
week 5, q3w
RP1 Melanoma, blad- Nivolumab IT 3 xvirus in escalat- Unknown NCTO03767348
der, skin, MSI- ing doses q2w
high solid Unknown
nivolumab
schedule
Maraba MGI-E6/E7 HPV-associated ~ Ad-E6/E7 IVorIT+IV ~ Prime IM Ad-E6/  Delayed ICI NCT03618953
cancer Atezolizumab E7 (- 14 days) (6 weeks)
4xIV MG1-E6/
E7 (spread over
2 weeks) OR IV
MGI1-E6/E7 day
1, IT MG1-E6/
E7 days 4,14
Atezolizumab day
43, q3w
MG1-MAGEA3 Metastatic mela- Ad-MAGEA3 IVorIT+IV  Ad-MAGEA3IM  Pre-virus ICI NCT03773744
noma, CSCC Pembrolizumab day 1+ CPA day (-2 weeks) or
Cyclophospha- -3 delayed ICI
mide Virus IV days (4 weeks)

15,18, or 1V day
15, IT days 22,
29, 36 (+day 43,
q3w IT boosters)
Pembrolizumab
q3w (start either
day 1 or week 6)
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Table 2 (continued)

Combination
drug

Virus family Virus Indication

Virus RoA

ClinicalTrials.
gov identifier

Dosing schedule Timing comment

Reovirus Reolysin Advanced pan-
creatic adeno-

carcinoma

Chemotherapy
Pembrolizumab

Reolysin Advanced pan- Pembrolizumab

creatic cancer

Unresectable
RCC

Vaccinia PexaVec Cemiplimab

Durvaumab
Tremelimumab

PexaVec Refractory CRC

Advanced solid
tumors

PexaVec Ipilimumab

PexaVec HCC Nivolumab

VSV VSV-IENB-NIS  Solid Tumors Avelumab

VSV-IFNB-NIS HNSCC, NSCLC Pembrolizumab

v

v

1A%

1A%

IT

IT

v

1A%

Virus days 1, 2 NCT02620423
q3w

Chemotherapy
combination day
1 q3w

Pembrolizumab
day 8 q3w

Delayed ICI
(1 week)

Virus days 1, 2, Simultaneous ICI NCT03723915
3, 8+days 1,
8 q3w (up to
24 months)
Pembrolizumab
day 1, q3w

orIT 3xvirus IT q2w or Uncertain NCT03294083
4 xvirus IV qlw,
cemiplimab q3w

Cemiplimab q3w:
@PD, 3 X virus
IT q2w

Virus days 2, 12,
16 cycle 1, day 2
cycle 2

Durvalumab day 1
each cycle

Tremelimumab day

1 cycles 14

Virus up to
5x(weeks 1, 3,
5,9,+week 12
if PD)

Ipilimumab up to
4% 1T (weeks 3,
5,9,+week 12
if PD)

Virus days 1, 15,
29

Nivolumab day 15
q2w

Simultaneous ICI NCT03206073

Delayed ICI NCT02977156

(3 weeks)

Delayed ICI NCT03071094

(2 weeks)

Virus day 1, Simultaneous ICI NCT02923466
avelumab day 1,

q3w

Virus day 1, pem-  Simultaneous ICI NCT03647163
brolizumab day

1, q3w

CPA cyclophosphamide, CRC colorectal cancer, CSCC cutaneous squamous cell carcinoma, CVA2] coxsackievirus A21, GBM glioblastoma,
HCC hepatocellular carcinoma, HNSCC head and neck squamous cell carcinoma, HPV human papillomavirus, HSV1 herpes simplex virus 1, ICI
immune checkpoint inhibitor, /M intramuscular, IT intratumoral, [V intravenous, MAGEA3 melanoma-associated antigen 3, MSI microsatellite
instability, NSCLC non-small cell lung carcinoma, PD progressive disease, PDI programmed death 1, gxw every x weeks, RCC renal cell carci-
noma, R/M recurrent/metastatic, RoA route of administration, TNBC triple-negative breast cancer, 7-VEC talimogene laherparepvec, VSV-IFNf-
NIS vesicular stomatitis virus expressing both interferon f§ and sodium iodide symporter genes

In this respect, several preclinical studies have demon-
strated the feasibility of this approach [97]. More recently,
it has been shown in a syngeneic mouse model of pan-
creatic cancer that combined therapy of anti-mesothelin
CAR T cells with an oncolytic adenovirus expressing
the cytokines tumor necrosis factor (TNF)-a and IL-2

significantly improved tumor eradication. Effective ther-
apy was related to an increased intratumoral accumula-
tion of both CARs and host CD8 and CD4 T cells and
an altered tumor microenvironment with M1 polarization
of macrophages and increased DC maturation [98]. More
studies in immunocompetent mouse models are required
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to determine the role of antiviral immunity on the anti-
tumoral function of the transferred CAR T cells and the
toxicities associated with the combination therapy. Inter-
estingly, it has also been reported that local treatment with
an oncolytic adenovirus along with two adenoviral vec-
tors, one expressing IL-12 and the other an anti-PDL1
antibody, in combination with systemic administration of
anti-human epidermal growth factor receptor 2 (HER2)
CAR T cells augmented therapy against both primary and
metastasized tumors in a xenograft model of head and
neck cancer [82]. Future studies will determine if triple
combinations of armed OVs, ACTs, and ICIs could be
even more effective than double combinations in cancer
immunotherapy.

Adoptive transfer of naive, TAA-specific murine T cells,
in combination with VSV-expressed cognate TAAs, generates
potent antitumor activity in models of both local and meta-
static disease in a murine model of melanoma. This effect
could not be replicated with the transfer of pre-activated
cytotoxic T cells. The increased ability of VSV-TAA com-
pared with a control vesicular stomatitis virus (VSV)-green
fluorescent protein (GFP), to activate naive T cells in vivo,
was due primarily to presentation of virus-expressed TAAs
by lymph node-resident APCs, themselves activated by the
presence of immunogenic virus particles and proteins [30,
99]. The fact that established tumors can be eradicated with
this highly potent combination was confirmed by other stud-
ies in which ‘oncolytic vaccines’ based on vaccinia virus, or
VSV, expressing TAAs drove rapid expansion and tumor infil-
tration of transferred TAA-specific central memory T cells
[100]. Therefore, different from other approaches in which
OVs encode cytokines, in this combination therapy OV-TAA
is associated with highly inflammatory in vivo presentation of
the TAAs to the transferred T cells, leading to highly efficient
in vivo activation and expansion. Moreover, efficacy in these
studies was not dependent on prior lymphodepletion, irradia-
tion, or exogenous IL-2 administration.

Classical adoptive T cell transfer protocols utilize termi-
nally differentiated effector T cells that have been cultured
in vitro with IL-2 for several weeks and are therefore short-
lived. Current evidence suggests that less differentiated
cells, such as central memory T cells or stem-like memory
T cells, show superior efficacy [101, 102]. In combination
with OV-TAA, naive or less differentiated T cells responded
very quickly and effectively to priming or antigen re-expo-
sure by proliferating and activating effector functions. Thus,
by combining OV-TAA with ACTs of poorly differentiated
phenotypes it should be possible to minimize the number
of memory T cells that must be transferred into patients to
avoid extensive in vitro culture protocols.

Because it has been shown preclinically that the combi-
nation of OVs expressing TAAs along with ACTs targeted
against the same antigen is superior to either treatment
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alone, the development of future clinical trials with this type
of combination therapy is warranted in the near future.

5 Concluding Remarks

Clinical use of immunotherapies as anticancer agents has
grown rapidly in the last decade, highlighted by numerous
approvals for ICIs and CAR T cells. The regulatory approval
of T-VEC by the FDA for patients with advanced melanoma
was a watershed moment for the field of oncolytic virother-
apy. It remains to be seen how the direct oncolytic properties
of different OVs can generate diverse levels and potencies
of tumor-specific immunity. Furthermore, even though viral
spread can be limited by the generation of antiviral immune
responses, the initial local tumor cell killing can reverse the
immunosuppressive tumor microenvironment, resulting in
more effective TAA presentation and effector T cell recruit-
ment [21].

Rational combination approaches to cancer immuno-
therapy include the use of OVs to inflame the tumor and
recruit a variety of immune cells to the tumor microenviron-
ment through inflammatory viral oncolysis in combination
with ICT or ACT therapies to promote sustained antitumoral
immune responses [103, 104] (Fig. 1). OV combinations
have additive or synergistic efficacy in preclinical tumor
models with ICIs or ACTs, and recent clinical trials combin-
ing OVs with ICIs show additive effects in melanoma. How-
ever, additional clinical data in an expanded range of patient
indications are required in this area. The relative timing(s)
of the administration of anti-CTLA4, OVs, anti-PD(L)1,
and emerging ICI antibodies is an area that requires inten-
sive scrutiny. Studies systematically exploring the effects
of systemic ICIs prior to, concomitantly with, or following
OV therapy will aid in the future design of clinical trials to
enhance efficacy and drive up patient response rates.

Several preclinical studies now have confirmed systemic
reactivation and proliferation of adoptively transferred anti-
tumoral T cells in conjunction with oncolytic OV (express-
ing cytokines or TAAs) whose specific tumor cell killing
and immunostimulatory properties altered the tumor micro-
environment resulting in increased T cell tumor trafficking,
activity, and survival.

To date, the majority of OV clinical trials have been
focused on viral attenuation and modes of delivery for
testing their safety profile as monotherapies or in com-
bination with other modalities. The ability to geneti-
cally engineer different OVs for the inclusion of different
immunomodulatory genes to tip the balance towards anti-
tumoral immune responses, coupled with an increasing
knowledge of their management in the clinic, offer excit-
ing times in this area of cancer research. More preclinical
studies, smart clinical trial designs, and correlative studies
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Fig.1 Prime timing for oncolytic viruses (OVs). The myriad of
possible interactions of OVs, immune checkpoint inhibitors (ICls),
and adoptive T cell therapy (ACT) for cancer immunotherapy. OVs
debulk solid tumors, promote strong antiviral innate responses, and
inflame the tumor microenvironment (TME). OVs also prime the
adaptive immune response by the release of tumor-associated anti-
gens (TAAs) from lysed tumor cells, allowing dendritic cells (DCs)
to prime anti-TAA T cells which can now infiltrate the tumor. ICIs
can assist with anti-TAA T cell priming, prevent T cell exhaustion,
and reinvigorate exhausted T cell function when it arises. ACT effec-

determining the requirements and specific mechanisms by
which OVs prime effective antitumoral T cell responses
are now necessary. It seems highly likely that these antitu-
mor immunity priming OV are now ready to be allocated
a primetime slot in cancer immunotherapy, either as solo
artists or in combination with their fellow stars such as
checkpoint inhibitors and ACTs. Stay tuned!
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