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Cancer immunotherapy and the emergence of immune check-
point inhibitors havemarkedly changed the treatment paradigm
formany cancers. They function to disrupt cancer cell evasion of
the immune response and activate sustained anti-tumor immu-
nity. Oncolytic viruses have also emerged as an additional ther-
apeutic agent for cancer treatment. These viruses are designed to
target and kill tumor cells while leaving the normal cells un-
harmed. As part of this process, oncolytic virus infection stimu-
lates anti-cancer immune responses that augment the efficacy
of checkpoint inhibition. These viruses have the capability of
transforming a “cold” tumor microenvironment with few im-
mune effector cells into a “hot” environment with increased im-
mune cell and cytokine infiltration. For this reason, there are
multiple ongoing clinical trials that combine oncolytic virother-
apy and immune checkpoint inhibitors. This review will detail
the key oncolytic viruses in preclinical and clinical studies and
highlight the results of their testing with checkpoint inhibitors.

As theworldwide cancer incidence continues to rise,1 theneed fornovel
treatment strategies has become increasingly important. Targeting can-
cers at the molecular level is an attractive option, as demonstrated by
the recent successes of systemically delivered immunotherapeutics
(Figure 1). The field of immunotherapy seeks to develop treatments
that effectively augment the body’s own immune response to cancer
in an effort to achieve local and systemic anti-tumor immunity. Unfor-
tunately, certain cancers (e.g., pancreatic cancer) have a unique tumor
microenvironment that has a relative paucity of circulating immune
effector cells.2 This scenario creates a “cold” tumor microenvironment
and results in the tumor’s being less responsive to immunotherapies.
Conversely, “hot” tumor microenvironments are known to be immu-
nogenic and have a much higher response rate to immunotherapy.3

Therefore, strategies to transform cold tumor microenvironments
to hot ones are especially attractive, as they will help to increase the
effectiveness of immune checkpoint inhibitors (ICIs).4 OVs are able
to target and kill cancer cells while minimizing toxicities to surround-
ing normal tissues.5 After infection with these viruses, the local tumor
microenvironment is altered with an increase in activated T cells,
natural killer (NK) cells, and cytokines.6 This review will explore the
combination of ICIs with OVs for cancer therapy and will highlight
key preclinical data, along with notable clinical trials.

ICIs

Immune checkpoints are inhibitory pathways in the immune system
that modulate the amplitude and duration of immune responses. In
Molecu
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some instances, tumors manipulate these immune-checkpoint path-
ways, resulting in a resistance to the body’s native immune system.
ICIs work by disrupting the cancer cells’ signals, thereby exposing
the tumors’ T lymphocytes to attack (Figure 2). T lymphocytes have
been the major focus of efforts to therapeutically manipulate endoge-
nous antitumor immunity because of their functions in (1) selective
peptide recognition, (2) direct cytotoxicity to certain antigen-express-
ing cells (by CD8+ effector T cells), and (3) their ability to orchestrate
diverse immune responses (by CD4+ helper T cells), which involves
both adaptive and innate effector mechanisms. T cell-mediated immu-
nity includes multiple sequential steps involving the clonal selection of
antigen-specific cells, their activation and proliferation in lymphoid
tissues, their translocation (trafficking) to sites where the antigen is
presented, the execution of direct effector function, and the provision
of help (through cytokines and membrane ligands) for a multitude of
effector immune cells. Each of these steps is regulated by counterbal-
ancing stimulatory and inhibitory signals that fine-tune the immune
response. Specificity is conferred to the response via antigen-indepen-
dent second signals that modify the initial signal, which was provided
by the interaction of antigenic peptides with T cell receptors.7 The
inhibitory signals in the immune response are triggered through
membrane receptors, such as those for B7, programmed death
receptor ligand-1 (PD-L1), and high-mobility group protein box1
(HMGB-1), and are overexpressed on tumor cells, and hence the
interactions of these inhibitory receptor with their ligands (both mem-
brane bound and soluble), such as cytotoxic T lymphocyte-associated
antigen-4-B7 (CTLA4-B7), programmed death receptor-1 (PD-1)-
PD-L1, and T cell immunoglobulin and mucin domain 3 (TIM3)-
HMGB1, limit T cell activation (Figure 3).8–11 These aforementioned
interactions are the targets for currently used ICIs and are explained in
more detail in the following sections.

CTLA-4

CTLA-4, also known as CD152, is an inhibitory molecule on the
surface of activated T cells12 that inhibits the binding of B7 to
CD28.13 Its mechanism functions to halt the initial stage of naive
T cell activation in the lymph nodes and results in decreased
T cell responses.14 Anti-CTLA-4 antibodies are designed to block
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Figure 1. Timeline of FDA Approval of Immune Checkpoint Inhibitors
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CTLA-4 binding and prevent the inhibition of T cell function. A
notable example is ipilimumab, which was approved by the U.S.
Food and Drug Administration (FDA) in 2010 for the treatment
of advanced melanoma.8

PD-1

PD-1 has emerged as a promising target that is capable of inducing
antitumor immune responses. In contrast to CTLA-4, it is more
broadly expressed and functions to limit the activity of T cells in
peripheral tissues at the time of an inflammatory response to mini-
mize potential autoimmunity.15–17 PD-1 is highly expressed on reg-
ulatory T (Treg) cells;18 therefore, blockade of the PD-1 pathway
may enhance antitumor immune responses by diminishing the
number and/or suppressive activity of intratumoral Treg cells.19

PD-L1 and -L2 are the main ligands for PD-1. High expression
levels of PD-L1 are reported in most melanoma, ovarian, and
lung cancer samples.9 Additionally, PD-L1 is commonly expressed
on myeloid cells in the tumor microenvironment,20 suggesting
that PD-L1 is adaptively induced as a consequence of immune re-
sponses within the tumor microenvironment. Multiple anti-PD-1
and anti-PD-L1 agents have been developed in recent years. For
instance, pembrolizumab was the first PD-1 inhibitor approved by
the FDA in 2014 for the treatment of melanoma.21 It was later
approved in combination with nivolumab for the treatment of met-
94 Molecular Therapy: Oncolytics Vol. 13 June 2019
astatic non-small-cell lung cancer and head and neck squamous cell
carcinoma.22 Also, atezolizumab is a fully humanized IgG1 antibody
against PD-L1 that was FDA approved in 2016 for the treatment of
urothelial carcinoma and non-small-cell lung cancer. Furthermore,
avelumab and durvalumab are fully humanized IgG1 antibodies
that are FDA approved to treat Merkel cell carcinoma, urothelial
carcinoma, and non-small-cell lung cancer (H.C. Chung et al.,
2016, Am. Soc. Clin. Oncol., abstract).23

Other Immune Checkpoint Targets

Lymphocyte activation gene-3 (Lag-3) is another immune checkpoint
receptor, and it is upregulated on activated CD4+/CD8+ T cells and
NK cells and has a high affinity for major histocompatibility complex
(MHC) class II molecules.24 Clinical trials are ongoing wherein
the antibody against LAG-3 is being tested as a monotherapy or
in combination with other checkpoint inhibitors.25 For instance, a
soluble LAG-3Ig fusion protein was tested in patients with advanced
renal cell carcinoma and was well tolerated and led to stabilization
of disease in those who received higher doses of the drug in a dose-
escalation study.26

TIM-3, is a member of the TIM gene family that plays a critical role in
regulating immune response and is expressed onTh1 (T helper), Th17,
and CD8+ T cells (Figure 3). Interactions between TIM-3 and its
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Figure 2. Immune Checkpoints and the Immune Responsiveness of a Tumor Microenvironment

(Left) Immune checkpoints are triggered by ligand-receptor interactions (red box) wherein T cells are turned OFF making the tumor cold (escape immune response). (Right)

Immune checkpoint inhibitors like antibodies, drugs, and recombinant forms of the ligands or the receptors block this ligand–receptor interaction allowing the T cell to turn ON

(triggering immune response) and mount an immune response; hence, the cold tumor becomes hot.
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ligands result in suppression of Th1 and Th17 responses and induce
immune tolerance, supporting an inhibitory role of TIM-3 in T cell-
mediated immune responses.10 Four relevant ligands have been shown
to interact with TIM-3 including galectin-9 (Gal-9), HMGB1, carci-
noembryonic antigen-related cell adhesion molecule 1 (CEACAM
1), and phosphatidylserine (PS).24 In cancer patients, administration
of TIM-3 antibodies increases proliferation and cytokine production
by tumor-antigen-specific T cells.27 Preclinical studies with TIM-3
show that it is expressed along with PD-1 on tumor-infiltrating lym-
phocytes, and combination therapy targeting these two domains
may augment anti-tumor responses.28

OVs

OVs are native or recombinant viruses that target cancer cells. The
viruses cause the cancerous cells to die at the end of its replication
cycles through lysis or by the activation of an antitumor immune
response, thus minimizing damage to normal tissues (Figure 4).29,30

Historically, virologists have been concerned that the immune sys-
tem may hamper the success of oncolytic virotherapy because of
immune-mediated viral clearance, and toxicities have been noted
in immune-compromised patients receiving non-engineered vi-
ruses.31–33 Although immune clearance of virus is still a concern,
OVs are now recognized as efficient immune-stimulatory agents
capable of activating and redirecting innate and adaptive immune
responses against the tumor (Figure 5).34,35 It is these interactions
between immune cells and signaling factors (i.e., cytokines and che-
mokines) that are critical to the induction of antitumor immunity
and thus successful immunotherapy. Recent understanding of the
mechanism of OV infection and of the resulting changes in the sur-
rounding tumor immune microenvironment further characterizes
this unique class of cancer therapeutics and underscores the impor-
tance of the field of oncolytic immunotherapy.36

The activity of an OV is a reflection of the biology of the virus from
which it was derived and its host-virus interactions. Typically, OVs
fall into two classes. The first class includes naturally replicating
viruses that replicate only in cancer cells and are non-pathogenic
in humans because of their sensitivity to innate antiviral immunity.
These include the parvoviruses, myxoma virus (MYXV), Reovirus,
Newcastle disease virus (NDV), and Seneca Valley virus (SVV).
The second class includes those that are genetically manipulated
for use as vaccines or vectors, such as poliovirus (PV), measles virus
(MV), vaccinia virus (VACV), adenovirus, herpes simplex virus
(HSV), and vesicular stomatitis virus (VSV).5,37 These viruses target
the tumor cells directly or indirectly, replicate and express proteins
that are deemed cytotoxic to the cell’s survival,38 and/or induce anti-
tumor response upon expressing key tumor epitopes.39 The specific
targeting mechanism is different for different OVs and is based on
the viral engineering performed,40,41 and replication mechanisms
can be controlled by using gene promoters that are activated only
in tumor cells. 42
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Figure 3. Key Receptor-Ligand Interactions That Turn OFF the T Cell

Oncolytic viruses induce immune responses that, upon infecting tumor cells, induce apoptosis or express the transgenes that, when presented or released by tumor cells,

attract immune cells. The transgenes could be (1) key epitopes that attract immune cells, (2) immune-stimulatory blockers of immune checkpoints, or (3) key genes from non-

human species that have anti-tumor effects.
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OVs in Combination with ICIs

ICIs have helped revolutionize cancer treatment, but oftentimes, even
the best response rates to these agents do not exceed 35% to 40%.43–46

The goal of combining OVs and checkpoint inhibitors is to use the
viral infection to prime the tumor by altering the local immune
microenvironment to one that is more immunogenic, with the under-
standing that ICI’s work best in these hot environments.43,44 Because
of the preclinical success of this type of combination therapy, there are
multiple ongoing clinical trials that combine OVs and checkpoint
inhibitors (Table 1).47–49

Clinical Testing

HSV

HSV-1 is the member of the Herpesviridae family that has been most
extensively tested as a backbone for oncolytic vectors.50 They are
large icosahedral viruses that have a double-stranded, linear-DNA
96 Molecular Therapy: Oncolytics Vol. 13 June 2019
genome of approximately 160 kb.6 Cancer gene therapy mediated
by HSV-1 vectors has largely focused on the delivery of suicide
genes—namely, the thymidine kinase (tk) gene. However, other can-
cer therapeutic genes have been delivered using replication-defective
HSV-1 vectors and include: p53,51 tissue inhibitor of metalloprotei-
nases-2 (TIMP-2),52 interleukin-2 (IL-2),53,54 IL-12,55 IFN-g,56 and
granulocyte-macrophage colony-stimulating factor (GM-CSF).53,57

T-VEC

Talimogene laherparepvec (T-VEC) is a genetically modified HSV
that was the first FDA-approved oncolytic vector based on the results
of the OPTiM (Oncovex [GM-CSF] Pivotal Trial in Melanoma)
trial.58 The virus included key deletions in the genome to maximize
tumor-specific replication while minimizing neurovirulence.59,60 In
addition, it encoded the transgene for GM-CSF. In the trial, GM-
CSF was compared to intralesional T-VEC in patients with advanced,
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Figure 4. Oncolytic Viruses Stimulate the Tumor Microenvironment and Synergize with ICI

Schematic representation of different stages of tumor suppression using combination therapy involving oncolytic viruses (OVs) and immune checkpoint inhibitors. Initially,

tumor cells are infectedwith OVs resulting in the release of cytokines, chemokines, and viral transgenewhich triggers immune responses. A further treatment of those infected

cells with immune checkpoint inhibitors mount additional immune responses, resulting in the killing of most cancer cells.
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non-resectable melanoma, and T-VEC demonstrated a significant
improvement in durable overall response rate (16.2% versus 2.1%;
p < 0.001).58 Also, the injection of T-VEC into metastatic melanoma
lesions decreased the presence of myeloid-derived suppressor cells,
CD4+ Tregs, and other suppressor cell populations.61 These alter-
ations in the immunemicroenvironment set the stage for the abscopal
responses seen with T-VEC administration. In the OPTiM trial, there
was aR50% reduction in volume of 15% of the non-injected visceral
lesions.58 Overall, the vector demonstrated a tolerable safety profile,
which consisted of mild constitutional symptoms and local injection
site reactions.62

With the initial success of T-VEC as a monotherapy, it was then used
in combination with ICIs. Ipilimumab (an anti-CTLA-4 antibody)
was used with T-VEC in a phase Ib trial that enrolled 19 patients
with previously untreated stages IIIB to IV melanoma. The trial re-
sults were significant for an objective response rate of 50%, and there
were no dose-limiting toxicities.47 The subsequent phase II portion of
the trial randomized 198 patients to receive either T-VEC plus ipili-
mumab or ipilimumab alone. The objective response rate of the com-
bination therapy arm (39%) was significantly higher than that of the
monotherapy arm (18%; p = 0.002). Importantly, 52% of patients
demonstrated abscopal responses in distant, noninjected visceral
lesions.63

T-VEC has also been combined with an anti-PD-1 antibody with
encouraging results. In the phase 1b portion of the Masterkey-265
trial, 21 patients with stage IIB and IV melanoma were treated with
T-VEC in combination with intravenous pembrolizumab.64 The
side-effect profile was favorable, and there were no dose-limiting
toxicities.64 Additionally, the overall objective response rate was
62%, whereas 33% of patients had a complete response.64 The combi-
nation therapy had elevated PD-L1 protein expression and increased
CD8+ T cells on several tumor cell subsets after T-VEC treatment,
suggesting that oncolytic virotherapy may improve the efficacy of
anti-PD-1 therapy by altering the tumor microenvironment.

Vaccinia Virus

These vectors are members of the Poxviridae family and are large,
enveloped viruses that contain a double-stranded-DNA genome.65

The advantages of using vaccinia virus for cancer therapy include
intravenous stability and delivery, enhanced potency, extensive safety
history as a live vaccine, demonstrated ability to induce efficient
immune responses, and a large transgene-encoding capacity.66
Molecular Therapy: Oncolytics Vol. 13 June 2019 97
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Figure 5. Oncolytic Viral Means of Immune Stimulation

Oncolytic viruses with different properties have a different mode of action on tumor cells. (1) Non-replicating OVs bearing engineered transgenes allow the infected tumor cells

to express those transgenes that trigger an immune response. (2) Replicating OVs lyses the infected tumor cells after infection; the released virus infects the neighboring

tumor cells, making the treatment effective. (3) Non-lytic viruses engineered with transgenes integrate the transgene into the tumor cell genome upon infection; the infected

cells then express the transgenes and mount an immune response. Because of genome integration, progeny tumor cells are also mitigated, as the integrated transgene is

transferred from parental cells to progeny cells.
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One research group modified a Western Reserve oncolytic vaccinia
virus by inserting three different forms of a murine PD-1 binder
into the virus and tested it in multiple in vitro and in vivo models.
Importantly, intratumoral injection with the vaccinia virus armed
with the whole antibody to murine-PD-1 (WR-mAb) demonstrated
longer-lasting and higher levels of anti-PD-1 antibody expression
when compared to an intratumoral injection of the antibody itself.67

Notably, this increased expression did translate into an improved
survival for the mice in the WR-mAb treatment arm when tested in
a subcutaneous fibrosarcoma model.

Liu et al.68 demonstrated that, after infection with their oncolytic
vaccinia virus that had deletions in the tk and the vgf (virus growth
factor) genes (vvDD) in colon and ovarian cancer mouse models,
there was a significantly increased level of PD-L1 expression
compared with that in animals treated with PBS injection. They
went on to show synergistic effects with the combination of a modi-
fied oncolytic vaccinia virus (expressing CXCL11) and an anti-PD-L1
98 Molecular Therapy: Oncolytics Vol. 13 June 2019
antibody in colon and ovarian peritoneal carcinomatosis models,
which resulted in statistically significant survival advantages when
compared to either monotherapy treatment.

Rojas et al.69 identified the importance of timing of the delivery of
immune checkpoint inhibition with respect to the inoculation with
an oncolytic vaccinia virus WR.B18R�.TK� (deletion in the tk and
the B18R viral genes). When the virus and an anti-CTLA4 antibody
were simultaneously delivered in their murine model bearing
renal adenocarcinoma, there was no significant antitumor benefit.
However, when the checkpoint inhibitor was delivered starting
4 days after the viral injection (to allow for maximum viral replica-
tion) there was a survival benefit, as well as a significant reduction
in tumor volume, compared with those mice who received virus
monotherapy (p < 0.04).69

Other researchers have used an engineered Western Reserve strain of
oncolytic vaccinia virus that has deletions of the tk and ribonucleotide

http://www.moleculartherapy.org


Table 1. OVs in Combination with Immune Checkpoint Inhibitors That Are in Preclinical and Clinical Testing

Pre-clinical Works Clinical Trials

Virus
DNA/ RNA
Virus Viral Engineering

Immune Checkpoint
Inhibitor Disease Treated Viral Engineering

Immune Checkpoint
Inhibitor Disease Treated Reference

Measles virus –ssRNA
for expression of
anti-PDL1 and
anti-CTLA4

anti- PDL1 and
anti-CTLA4

malignant
melanoma

– – – 118

Adenovirus dsDNA
for expression of
TNFa or IL-2

anti- PD-1 melanoma

DNX-2401 (express
modified E1A gene)
and ONCOS-102
(express modified
GM-CSF, E1A gene
and fiber knob region)

pembrolizumab
(anti-PD1)

glioblastoma and
advanced melanoma

74,76 ClinicalTrials.gov:
NCT02798406,81 and
NCT03003676

Herpes simplex
virus

dsDNA
for expression of
GM-CSF and IL-12

anti- PD-L1 and
anti-CTLA4

glioblastoma
multiforme

T-VEC (express
GM-CSF gene)

ipilimumab (anti-
CTLA4) and
pembrolizumab
(anti-PD1)

advanced melanoma 47,63,119,120

Vaccinia virus dsDNA

for expression
of CXCL-11

anti-PD-L1
colon and ovarian
cancer

JX-594 phase 3
clinical trial

PDL1 and CTLA-1 renal carcinoma

68–70 H. Chon and C. Kim,
2018, Am. Soc. Cancer
Res., abstract

WR.B18R-.TK anti-CTLA4
renal
adenocarcinoma

– – – –

VVWR/TK
�RR�/

FCU1
anti-PD-1 and
anti-CTLA-4

sarcoma – – – –

Maraba virus �ssRNA MG1 strain (native)
anti-PD-L1 and
anti-CTLA4

breast cancer

MG1-MAGEA3
(express the
melanoma-
associated antigen
A3 [MAGE-A3])

pembrolizumab
(anti-PD1)

non-small cell lung
cancer, metastatic
melanoma, and
cutaneous squamous
cell carcinoma

92 ClinicalTrials.gov:
NCT02879760 and
NCT03773744

Reovirus dsRNA no engineering anti-PD1 melanoma Reolysin
pembrolizumab
(anti-PD1)

–
83,85 ClinicalTrials.gov:
NCT02620423

Coxsackievirus +ssRNA
Coxsackievirus
A21 (native)

anti- PD1 and
anti-CTLA4

melanoma Coxsackievirus A21

pembrolizumab
(anti-PD1) and
ipilimumab(anti-
CTLA4)

advanced melanoma
and bladder cancer

H. Pandha et al., 2017, Am
Soc Cancer Res., abstract;
B. Curti et al., 2017, M. Yuan
Quah et al., 2016, Am Soc
Cancer Res., abstract

Vescicular
somatitis virus

�ssRNA

for expression
of IFNb and NIS

anti-PD-L1 glioma VSV-hIFNb-NIS
avelumab (anti-PD-L1)
and pembrolizumab
(anti-PD1)

refractory metastatic
solid tumors and
refractory non-small
cell lung cancer or
hepatocellular carcinoma

108 ClinicalTrials.gov:
NCT02923466,
NCT03647163

HIF-2a, Sox10,
and cMyc

anti-PD-1 and
anti-CTLA-4

myeloid leukemia – – – 110
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reductase genes, with Fcu1 inserted at the tk locus (VVWR/TK
�RR�/

FCU1) to demonstrate immune-mediated effects on distant lesions.
In murine sarcoma models, they demonstrated abscopal responses
following a single injection of virus and also showed that these
immune-mediated effects were predominantly driven by CD8+

T cells.70 The virus was also tested in combination with both anti-
PD-1 and anti-CTLA-4 antibodies. When compared to virus or ICI
monotherapy treatments in in vivo mouse models, combination
therapy resulted in significant survival advantages.70 CTLA-4
blockade worked best shortly after viral treatment, whereas PD-1
blockade worked better when delivered later (7 days) after viral
treatment.70

Pexastimogene Devacirepvec

Pexastimogene devacirepvec (Pexa-Vec; also known as JX-594) is
a Wyeth strain oncolytic vaccinia virus with disruption of the
viral thymidine kinase gene (tk) and insertion of human GM-CSF
and b-galactosidase transgenes to induce both virus replication–
dependent oncolysis and tumor-specific immunity.71 Pexa-Vec, in
combination with ICIs, is currently undergoing testing in multiple
clinical trials. For example, in a phase III clinical trial enrolling pa-
tients with renal cell carcinoma, treatment with the virus resulted
in a 16-fold increase in intratumoral CD8+ T cells, along with
increased expression of PD-1, CTLA-4, and LAG-3 (H. Chong and
C. Kim, 2018, Am. Assoc. Cancer Res., abstract).

Adenovirus

Adenoviruses are double-stranded-DNA viruses of the Adenoviridae
family that lack a viral envelope and have an icosahedral capsid struc-
ture.72 They are approximately 70–90 nm in size and contain a 35 kb
genome.6 There are 57 serotypes of adenovirus, but serotype 5 from
group C has been the most commonly used backbone for oncolytic
vectors.73

Multiple adenovirus constructs are undergoing preclinical testing in
combination with ICIs, and some of the promising candidates include
those recently reported by the Hemminki group.74 In this study, they
described two adenoviruses: one that expresses tumor necrosis factor
alpha (TNFa) and another that expresses IL-2. In their in vivo exper-
iments using melanoma tumors established in the flanks of mice, they
demonstrated a marked increase in intratumoral CD8+ T cells when
viral therapy was combined with the delivery of an anti-PD-1 anti-
body (compared to virus alone). Furthermore, combination therapy
with the anti-PD-1 antibody and viral therapy resulted in statistically
significant tumor growth suppression and increased survival when
compared to virus monotherapy. A clinical trial employing an onco-
lytic adenovirus encoding TNF-a and IL-2 (TILT-123) in combina-
tion with an anti-PD-1 antibody is forthcoming.

Tasadenoturev

Tasadenoturev (DNX-2401) is a replication-competent oncolytic
adenovirus that has been modified with a 24 bp deletion in the E1A
region of the genome, which allows for viral replication in cancer cells
that lack a functional Rb (retinoblastoma) pathway, but not in normal

http://www.moleculartherapy.org
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cells.75 This viral vector was tested in a phase I trial in 37 patients with
malignant glioma. A portion of these patients (n = 25) had intratu-
moral injections at various viral titers to evaluate dosing and
response, whereas the others (n = 12) had intratumoral injections
via an implanted catheter, followed by surgical resection. In the first
group, 72% of patients had a reduction in tumor size and 20% of
patients survived more than 3 years after their initial treatment.76

In the second group of patients, immunohistochemical analysis of re-
sected specimens demonstrated decreases in the expression of TIM-3,
but not PD-1 or PD-L1.76 DNX-2401 is now undergoing testing in a
phase II study combining the virus and pembrolizumab for those
glioblastoma patients progressing on initial therapy (CAPTIVE
[Combination Adenovirus+Pembrolizumab to Trigger Immune
Virus Effects] trial, ClinicalTrials.gov: NCT02798406).

ONCOS-102

Another adenovirus that is currently undergoing testing in clinical tri-
als as part of combination therapy with ICIs is ONCOS-102 (AdV5/3-
D24-GM-CSF). It is based upon serotype 5, and its key modifications
include GM-CSF expression, a 24 bp deletion in the E1A region
(conferring replication selectivity to Rb-pathway-deficient cells),
and a chimeric fiber knob region.77 In a recent phase I trial in 12 pa-
tients with refractory solid tumors, viral administration resulted in
large immune cell infiltration into the tumors. When comparing
pre- and post-treatment biopsies, ONCOS-102 resulted in a 4-fold
increase in CD8+ T cells and an almost 6-fold increase in the expres-
sion of CD3.78 Furthermore, there was a subset of mesothelioma
patients who demonstrated an increase in tumor PD-L1 expression
following injection with the virus.78 These observations have led to
interest in combining ONCOS-102 with pembrolizumab, and there
is a clinical trial that is ongoing that uses this combination for patients
with advanced melanoma (ClinicalTrials.gov: NCT03003676).

Reovirus

They are double-stranded-RNA viruses that belong to the Reoviridae
family and are 75–85 nm in size with an icosahedral capsid.79 Reovi-
ruses have direct oncolytic activity against a number of tumor types
secondary to viral RNA production that activates the PKR (protein
kinase R) pathway, which is inhibited in many Ras-transformed
cells.6,80

Reolysin

Reolysin (pelareorep) is an isolate of the human reovirus type 3 strain
and functions as a live, replication-competent vector.81 In addition to
performing direct oncolysis, Reolysin can induce dendritic cell matu-
ration as well as NK cell recruitment and activation.82 The combina-
tion of an anti-PD-1 antibody with an intratumorally delivered
reovirus dramatically improved survival compared to untreated and
monotherapy groups in a murine melanoma model.83 Combination
therapy enhanced NK killing of virus-infected cells and reduced im-
mune suppressionmediated by Foxp3+ Treg cells.83 A series of studies
using depletion antibodies clearly demonstrated that NK and CD8+

T cells (but not CD4+ T cells) were responsible for the antitumor
efficacy.83,84 Furthermore, Ilett et al.85 have demonstrated how intra-
tumoral doses of reovirus into subcutaneous melanoma tumors can
prime the microenvironment via a Th1 response. Their data also
demonstrated that an anti-PD-1 antibody in combination with a sys-
temically delivered reovirus demonstrated significantly improved
survival in mouse models compared to control and monotherapy
groups and that this enhancement is clearly dependent upon CD8+

T cells.85

In a phase Ib study that enrolled nine patients (primary high-grade
glioma and brain metastasis), each individual was given an intrave-
nous infusion of reovirus prior to planned surgical resection. Using
immunohistochemistry and transmission electron microscopy,
reovirus was detected in the resected specimens of all nine patients.86

Additionally, the resected specimens that were previously inoculated
with reovirus demonstrated a marked increase in tumor-infiltrating
cytotoxic T cells (CD8+) and elevated levels of PD-L1 expression
when compared to untreated controls.86

Reolysin (in combination with the single agent gemcitabine) has
been tested in a phase II study of 34 chemotherapy-naive patients
with advanced pancreatic cancer and demonstrated a median
survival of 10.2 months, a 1-year survival of 45%, and upregulated
PD-L1 expression.87 Based upon this data, an additional clinical trial
(ClinicalTrials.gov: NCT02620423) is under way investigating the
combination of pembrolizumab, chemotherapy, and reovirus admin-
istration in patients with metastatic pancreatic adenocarcinoma.

Coxsackievirus

Coxsackieviruses belong to the Picornaviridae family and are non-
enveloped viruses with a single-stranded-RNA genome.88 They
have an icosahedral capsid and are approximately 30 nm in
size.89 Coxsackievirus A21 (CVA21, Cavatak) targets intercellular
adhesion molecule-1 (ICAM-1), which is upregulated in a number
of cancers, including melanoma, non-small-cell lung, bladder, and
prostate cancers.90 Intravenous administration of CVA21 in mouse
models of melanoma facilitated immune activation within the tu-
mor as evidenced by gene expression increases of CXCL-10 and
PD-L1 (H. Pandha et al., 2015, Am. Soc. Cancer Res., abstract).
Furthermore, intravenous delivery of CVA21 in combination with
immune checkpoint blockade (anti-PD-1 or anti-CTLA-4) in an
immune-competent mouse melanoma model mediated significantly
greater antitumor activity and survival benefits when compared to
either agent alone (M. Yuan Quah et al., 2016, Am. Soc. Cancer.
Res., abstract). In the phase I/II STORM (Selinexor Treatment of
Refractory Myeloma) study, patients with advanced cancers
received multiple doses of intravenous Cavatak. In particular, the
therapy was well tolerated with no grade 3 or 4 adverse treat-
ment-related events (H. Pandha et al., 2015, Am. Soc. Cancer
Res., abstract). In an extension study to the CALM (CAVATAK
in Late-Stage Melanoma) trial, melanoma patients who received in-
tralesional viral injections demonstrated increased immune cell in-
filtrates and checkpoint molecule expression (R. Andtbacka et al.
2016, Am Soc. Cancer Res., abstract). Consequently, there have
been multiple ongoing trials with Cavatak and ICIs (H. Pandha
Molecular Therapy: Oncolytics Vol. 13 June 2019 101
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et al., 2017, Am. Soc. Cancer Res., abstract; B. Curti, et al., 2017,
Am. Soc. Cancer Res., abstract).

Maraba Virus

Maraba virus is a member of the Rhabdoviridae family and contains a
single-stranded-RNA genome.91 A recent report highlights the utility
of an oncolytic Maraba virus in multiple breast cancer models,
including a triple-negative-patient-derived xenograft model. The re-
sults demonstrated that Maraba virus in combination with immune
checkpoint inhibition significantly slowed tumor growth when
compared to either monotherapy.92 Additionally, the Lichty research
group93 developed anMG1 strain oncolytic Maraba virus modified to
express the melanoma-associated antigen A3 (MAGE-A3). In
conjunction with a replication-deficient adenovirus expressing the
same MAGE-A3 antigen (Ad-MAGEA3), they extensively tested
this modified MG1 vector in a prime-boost approach in preclinical
models and showed a great expansion in the population of MAGE-
A3 antigen-specific CD4+ and CD8+ T cells.93 Currently, the Maraba
MG1-MAGEA3 virus (along with Ad-MAGEA3) is being tested in
clinical trials with pembrolizumab in patients with non-small-cell
lung cancer (ClinicalTrials.gov: NCT02879760) as well as those
with metastatic melanoma or cutaneous squamous cell carcinoma
(ClinicalTrials.gov: NCT03773744).

VSV

VSV is an enveloped virus of size 70 � 200 nm belonging to the
Rhabdoviridae family containing an 11 kb single-stranded-RNA
of negative sense.94 VSV in particular is an attractive vector because
of (1) its effectiveness against a variety of tumor models,95–102

including leukemia103 and lymphoma,104 and (2) its sensitivity to
type I IFNs, an innate immune mechanism found in normal cells
but not in tumor cells, thus making the virus tumor selective and
able to boost CD8 T cell responses.105,106 In clinical trials, recom-
binant VSV expressing IFNb has been tested against refractory
multiple myeloma, acute myeloid leukemia, T cell lymphoma
(ClinicalTrials.gov: NCT03017820) and refractory hepatocellular
carcinoma (ClinicalTrials.gov: NCT01628640).107 One vector
currently in phase II testing (VSV-hIFNb-NIS) contains a so-
dium-iodine symporter engineered in the virus, which facilitates
uptake of radioisotopes and non-invasive visualization of viral
replication and spread in treated patients (J. Merchan et al.,
2018, Eur. Soc. Med. Oncol., abstract). In terms of checkpoint in-
hibitor combination therapy, many preclinical studies have shown
successful combinations with VSV-based vectors. For instance,
preclinical studies have shown promise combining anti-PD-L1
antibody with VSV-hIFNb-NIS which greatly extended survival
in a murine acute myeloid leukemia model.108 Moreover, VSV-
TAA (engineered VSV expressing tumor-associated antigens
[TAAs]—namely, HIF-2a, Sox10, and cMyc) is effective against
glioma in mice and showed further extension in survival when
combined with anti-PD-1 and anti-CTLA-4.109,110 Clinical trials
are currently ongoing using VSV-hIFNb-NIS in combination
with avelumab in patients with refractory metastatic solid tumors
(ClinicalTrials.gov: NCT02923466) or with pembrolizumab for
102 Molecular Therapy: Oncolytics Vol. 13 June 2019
those with refractory non-small-cell lung cancer or hepatocellular
carcinoma (ClinicalTrials.gov: NCT03647163).

Select Vector Systems in Preclinical Testing with ICIs

Myxoma Virus

Myxoma viruses belong to the Poxviridae family and are envel-
oped, double-stranded-DNA viruses with approximately 160
kb.111 The nonpathogenic nature (apart from rabbit host), capacity
for genetic modification, ability to produce a long-lived infection
in human tumor cells, and the lack of pre-existing antibodies in
the human population make myxoma virus an attractive oncolytic
agent against human cancer.112 Bartee et al.113 reported a novel re-
combinant myxoma virus (vPD1) that was designed to secrete a
soluble form of PD-1 from host cells following viral infection
and replication. The secretory PD-1 inhibition mostly accumulated
in tissues at the tumor site, and this high level of expression
continued for well after 48 h after viral infection. When tested
in a B16/F10 melanoma mouse model, treatment with the vPD1
virus resulted in tumor eradication in 59% of the mice compared
to the vGFP+anti-PD1 group that had only a 30% rate of complete
response.

Newcastle Disease Virus

This is a large (150–400 nm), single-stranded-RNA virus that is a
member of the Paramyxoviridae family.114 Infection with a Newcas-
tle disease virus activates the innate immune system and also causes
cancer cell apoptosis, which serves to facilitate the conversion from
an immune-suppressive tumor microenvironment into an inflam-
matory environment with immune effectors capable of anti-tumor
effects.6 Zamarin et al.43 used a Newcastle disease virus in multiple
melanoma mouse models to demonstrate that although viral replica-
tion is restricted to the injected tumor site, there was an increased
lymphocytic infiltration innate (e.g., NK cells, myeloid cells) and
adaptive (e.g., CD8+ and CD4+FoxP3� T cells) in both local and
distant tumor sites. When the virus was combined with an anti-
CTLA-4 antibody, the combination resulted in long-term survival
of mice, elicited inflammatory recruitment of CD8+ T cells, and
demonstrated that virus and ICI combination therapy causes a
robust memory response and provides better protection against
tumor cell re-challenge.43

Semliki Forest Virus

Semliki Forest virus (Togaviridae family) is a single-stranded-RNA
virus with a viral genome that is approximately 11.5 kb.115 There
have been multiple preclinical studies with Semliki Forest viruses in
combination with checkpoint inhibition that have shown an improve-
ment in antitumor efficacy with such regimens.116 For instance, a
Semliki Forest virus expressing murine IL-12 was used to treat synge-
neic melanoma and in colon cancer models and demonstrated syner-
gistic effects with both anti-PD-1 and anti-PD-L1 antibodies.117 The
results demonstrated significantly prolonged survival, and the vast
majority of mice (>80%) that received combination therapy with
the virus and checkpoint inhibitor remained tumor free at the end
of the experiments.
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Conclusions

In recent years, the use of immunotherapies has altered the landscape
of cancer treatment. Checkpoint inhibitors have markedly changed
the standard of care for many patients with solid tumors, especially
those with melanoma. Additionally, oncolytic virotherapy continues
to develop, and there is now a much clearer understanding of their
mechanisms of action. In the past two decades, genetic engineering
has helped the rapid expansion of OVs, enabling even potentially
pathogenic viruses to be manipulated for cancer therapies.37 Not
only do they lyse cells as part of viral replication, but they can induce
changes into the tumor’s local immune microenvironment. These
changes serve to increase immune effector cells locally at the tumor
site and sensitize those tumors to subsequent treatment with check-
point inhibitor therapy. Along with oncolytic vectors, the administra-
tion of checkpoint inhibitors (either systemically or by viral transgene
expression) has demonstrated great success in multiple preclinical
models. As a result, there are now multiple ongoing trials that
combine checkpoint inhibition and oncolytic virotherapy. The results
of these studies are highly anticipated, as they will provide insight into
optimal virus structure and transgene payload, timing and method of
antibody delivery, and potential side effects of these combination
therapies. These novel combination regimens have the potential to
have a dramatic impact in the coming years and represent a step for-
ward in the field of immunotherapy.
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