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Oncolytic viruses (OV) represent a promising strategy to augment the spectrum of cancer 
therapeutics. For efficacy, they rely on two general mechanisms: tumor-specific infection/
cell-killing, followed by subsequent activation of the host’s adaptive immune response. 
Numerous OV genera have been utilized in clinical trials, ultimately culminating in the 
2015 Food and Drug Administration approval of a genetically engineered herpes virus, 
Talminogene laherparepvec (T-VEC). It is generally accepted that OV as monotherapy 
have only modest clinical efficacy. However, due to their ability to elicit specific antitumor 
immune responses, they are prime candidates to be paired with other immune-modulat-
ing strategies in order to optimize therapeutic efficacy. Synergistic strategies to enhance 
the efficacy of OV include augmenting the host antitumor response through the insertion 
of therapeutic transgenes such as GM-CSF, utilization of the prime-boost strategy, and 
combining OV with immune-modulatory drugs such as cyclophosphamide, sunitinib, 
and immune checkpoint inhibitors. This review provides an overview of these immune-
based strategies to improve the clinical efficacy of oncolytic virotherapy.

Keywords: oncolytic virus, immune therapy, GM-CSF, prime boost, cyclophosphamide, immune checkpoint, 
sunitinib

inTRODUCTiOn

Despite the introduction of molecular interrogation and personalized medicine strategies for both 
the diagnosis and treatment of cancer over the past decade, the burden of this disease is still large. 
In 2016, an estimated 600,000 individuals died from cancer in the USA alone (1). Thus, while 
there is more efficacy in cancer treatment than ever before, there is still a significant potential for 
improvement.

Until recently, the myriad of genetic and epigenetic alterations that exist among cancer cells 
provided a seemingly insurmountable therapeutic challenge. How could one specific drug target all 
the machinery that the cancer cell uses to grow? Additionally, tumor heterogeneity and resistance 
mechanisms allow growth of cancer cells under the selective pressures of both the tumor microen-
vironment and attempted treatments (2). Thus, the answer to these treatment barriers may be in the 
ability to harness the potential of an equally diverse entity—the human immune system. One unique 
class of cancer therapeutics that utilizes the immune system is oncolytic viruses (OV).

The recognition that viral infection could play a role in the treatment of cancer first came to light 
over one hundred years ago (3). Only recently, though, has there been an increasing interest in the 
field, culminating in the US Food and Drug Administration (FDA) approval of a modified herpes 
simplex virus (HSV) for use in metastatic melanoma (4). There are numerous other clinical trials of 
OV currently ongoing (Table 1).
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Table 1 | Selected ongoing clinical trials using oncolytic viruses.

virus name Mods/effect Tumor Phase Route Combination Trial iD

Adenovirus DNX-2401 Enhance viral tumor entry: Δ24-RGD 
insertion

Glioma, 
gliosarcoma

I IT IFN-γ NCT02197169

II IT Pembrolizumab NCT02798406

Glioma I IT Temozolomide NCT01956734

VCN-01 Enhance intratumoral distribution: 
PH20 hyaluronidase insertion

Pancreas I IT Gemcitabine + Abraxane NCT02045589

Solid tumors I IV Gemcitabine + Abraxane NCT02045602

Colo-Ad1 Increase tumor specificity: Chimeric 
Ad11/3 group B

Ovarian I/II IP – NCT02028117

Solid tumors I IV Nivolumab NCT02636036

I/II IV – NCT02028442

AdV-tk Increased tumor sensitivity to drug: TK 
insertion

MPE I IPl – NCT01997190

Pediatric (brain) I IT RT + Valcyclovir NCT00634231

Pancreas I/II IT Gemcitabine + RT + mFOLFIRINOX NCT02446093

Prostate II/III IT Valcyclovir NCT02768363

III IT RT + Valcyclovir NCT01436968

Oncos-102 Enhance viral tumor entry and immune 
activation: Δ24-RGD-GM-CSF 
insertion

Melanoma I IT CPA + Pembrolizumab NCT03003676

Mesothelioma II IPl Carboplatin/Paclitaxel + CPA NCT02879669

Solid tumors I IP Durvalumab NCT02963831

CG0070 Immune activation: GM-CSF insertion 
and E3 deletion

Bladder III Intravesicular – NCT02365818

Coxsackie CVA21 None Lung (NSLC) I IV Pembrolizumab NCT02824965

Melanoma I IT Ipilimumab NCT02307149

IT Pembrolizumab NCT02043665

Solid tumors I IV Pembrolizumab NCT02043665

Herpes 
simplex

Talminogene 
laherparepvec 

Decreased virulence and prolong viral 
replication: ICP34.5 deletion, US11 
deletion, GM-CSF insertion

Breast I/II IT Paclitaxel NCT02779855

II IT – NCT02658812

H/N I IT Pembrolizumab NCT02626000

HCC, Liver Mets I IT – NCT02509507

Lymphoma II IT Nivolumab NCT02978625

Melanoma I/II IT Ipilimumab NCT01740297

II IT RT NCT02819843

– NCT02366195

– NCT02211131

Pembrolizumab NCT02965716

III IT – NCT02297529

Pembrolizumab NCT02263508

Pediatric I IT – NCT02756845

Sarcoma I/II IT RT NCT02453191

II IT RT NCT02923778

HF-10 Decreased virulence: UL56 deletion, 
single partial UL52

Melanoma II IT Ipilimumab NCT02272855

Solid tumors I IT – NCT02428036

HSV1716 Decreased virulence: ICP34.5 deletion Mesothelioma I/II IPl – NCT01721018

Pediatric I IT/IV – NCT00931931

G207 Decreased virulence: ICP34.5 deletion, 
UL39 disruption

Pediatric (brain) I IT RT NCT02457845

(Continued )
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virus name Mods/effect Tumor Phase Route Combination Trial iD

Maraba MG1 Tumor antigen to enhance antitumor 
immune activity: MAGE-A3

Lung (NSCLC) I/II IM AdMA3 Vaccine + Pembrolizumab NCT02879760

Solid tumors I/II IM AdMA3 vaccine NCT02285816

Reovirus Reolysin None Bladder I IT Gemcitabine + Cisplatin NCT02723838

Breast II IV Paclitaxel NCT01656538

Colorectal I IV FOLFIRI + Bevacizumab NCT01274624

II IV FOLFOX + Bevacizumab NCT01622543

Myeloma I IV Bortezomib + Dexamethasone NCT02514382

Lenalidomide or Pomalidomide NCT03015922

Pancreas I IV Pembrolizumab + Chemo NCT02620423

II IV Carboplatin + Paclitaxel NCT01280058

Pediatric (brain) I IV GM-CSF NCT02444546

Solid tumors II IV Paclitaxel NCT01199263

Vaccinia GL-ONC1 Increased tumor sensitivity to drug 
and reduced virulence: TK disruption, 
hemagglutinin disruption, F14.5L 
disruption

MPE I IPl – NCT01766739

Ovarian I IP – NCT02759588

Solid tumors I IV Eculizumab NCT02714374

JX-594 Immune activation and increased 
tumor sensitivity to drug: GM-CSF 
insertion, TK disruption

Breast, sarcoma I/II IV CPA NCT02630368

HCC III IT Sorafenib NCT02562755

Solid tumors I IT Ipilimumab NCT02977156

PROSTVAC Tumor antigen to enhance antitumor 
immune activity: PSA, LFA-3, ICAM-1, 
B7.1 additions

Prostate I/II SC Nivolumab and/or Ipilimumab NCT02933255

II SC – NCT02326805

– NCT02649439

– NCT02772562

Ipilimumab NCT02506114

Docetaxel + Prednisone NCT01145508

Docetaxel NCT02649855

Flutamide NCT00450463

– NCT02153918

Enzalutamide NCT01867333

NCT01875250

III SC GM-CSF NCT01322490

Vesicular 
stomatitis

VSV-IFNβ-NIS Increased tumor specificity and 
enhanced sensitivity to radiotherapy: 
IFN-β + NIS

Hematologic 
malignancy

I IV – NCT03017820

Solid tumors I IV – NCT02923466

CPA, cyclophosphamide; IM, intramuscular; IP, intraperitoneal; IPl, intrapleural; IT, intratumoral; IV, intravenous; MPE, malignant pleural effusion; SC, subcutaneous; RT, radiotherapy.

Table 1 | Continued

3

Meyers et al. Immune Strategies to Optimize OV

Frontiers in Oncology | www.frontiersin.org June 2017 | Volume 7 | Article 114

OV therapy is based on the finding that certain viruses 
selectively replicate within cancer cells. Initially, OV therapy 
was thought to exert its primary anticancer effect through direct 
tumor oncolysis (apoptosis/autophagy). However, almost 20 years 
ago, findings by Mastrangelo and colleagues (5) demonstrated 
that, in fact, another mechanism may be at play with oncolytic 
virotherapy. Not only did primary tumors decrease in size when 
injected with an oncolytic vaccinia virus (VV), but non-injected 
tumors did as well (5). Their findings suggested that OV have 
the potential to induce systemic antitumor immunity. It is now 
commonly accepted that exposure of tumor neoantigens after 
OV-induced oncolysis (Figure 1A) can activate both the innate 
and adaptive arms of the host immune system and direct them 

specifically toward areas of tumor burden. It is currently unclear 
to what extent each of these mechanisms contributes to the overall 
success of clinical efficacy in an individual OV.

Interestingly, there has been only modest success in the 
introduction of OV to the clinical arena as monotherapies (6, 7). 
The explanation for these modest results is likely multifactorial, 
including host antiviral mechanisms limiting effective viral dis-
semination, development of tumor resistance to key oncogenic 
signaling pathways typically exploited by OV, and a host of 
immunosuppressive regulatory factors within the tumor micro-
environment. Current clinical approaches utilizing OV seek to 
enhance their efficacy with complimentary immunotherapeutic 
strategies (Figure 1B).
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FiGURe 1 | Oncolytic virus (OV)-mediated tumor cell lysis. (a) OV can specifically infect cancer cells, and subsequent replication can induce oncolysis. The release 
of tumor antigens has the potential to activate a systemic antitumor immune response. (b) The immune response induced by OV can be improved through several 
strategies. The prime-boost approach utilizes one priming viral platform carrying tumor-specific antigens, while a second platform—usually an OV—carrying the 
same antigens boosts the resultant antitumor immune response. The insertion of transgenes, such as GM-CSF, can facilitate antigen presentation on the surface of 
dendritic cells, and thus augment an antitumor response by recruiting natural killer (NK) cells and inducing tumor-specific cytotoxic T-cells. Immune checkpoint 
inhibitors can function both at the level of the tumor, targeting the programmed cell death protein 1 (PD-1) axis or peripherally at the level of the lymph nodes by 
targeting the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) axis. Both approaches ultimately improve the antitumor response. Immunomodulatory drugs 
such as sunitinib and cyclophosphamide can augment the antitumor immune response of OV by inhibiting immunosuppressive populations, such as myeloid-
derived suppressor cells (MDSCs) and regulatory T cells (Tregs), respectively.
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As the field of OV is in the midst of renewed excitement and 
optimism, we seek herein to provide an overview of the most 
frequently utilized immune-based strategies to improve the 
clinical efficacy of oncolytic virotherapy and review the available 
evidence for doing so.

Manipulating Ov for Clinical benefit
The Hallmark Transgene: GM-CSF
Early in the process of bringing OV into the clinical setting, it 
was realized that certain viral candidates could be genetically 
modified to reduce virulence and/or be armed with therapeutic 
transgenes to augment oncolytic activity with local gene delivery. 
Transgenes to enhance therapeutic benefit of OV are quite varied 
and include inflammatory cytokines, proteases that degrade the 
tumor microenvironment, antiangiogenic proteins, prodrug-
converting enzymes, and proapoptotic genes (8). In general, the 
trend in the OV field is to enhance candidate viruses in such a way 
that their ability to induce antitumor immunity is optimized. No 
transgene has been utilized as frequently or with as much success 
as GM-CSF.

Ever since the antitumor effects of GM-CSF were first 
 appreciated by Dranoff and colleagues (9), it has held particular 
interest as a therapeutic adjuvant in immune-based cancer treat-
ments. Based on its effects in cytokine-transduced cancer cell 
vaccines such as Sipuleucel-T for prostate cancer, it has become 
an attractive OV therapeutic transgene. By promoting monocyte-
to-dendritic cell (DC) differentiation, GM-CSF facilitates antigen 
presentation on the surface of DCs following viral-induced 
oncolysis (10). This ultimately leads to a more robust antitumor 
immune response by recruiting natural killer (NK) cells and 
inducing tumor-specific cytotoxic T-cells (11).

To date, GM-CSF has been used with success in OV platforms 
such as HSV (4, 12), VV (13, 14), and adenovirus (AdV) (15, 16). 
Of these, HSV and VV have arguably served as the most effica-
cious platforms. A phase III randomized clinical trial comparing 
HSV-1 with a GM-CSF Transgene Talminogene laherparepvec 
(T-VEC) vs. GM-CSF alone in advanced melanoma led to the first 
FDA approval of an OV. Of 436 patients randomized, 295 were 
in the T-VEC group and 141 in the GM-CSF arm. The objective 
response rate (ORR) was 26.4% for T-VEC, including 10.8% with 
a complete clinical response, vs. 5.7% for GM-CSF alone. Despite 
not quite reaching statistical significance, those in the T-VEC 
arm achieved an overall survival of 23.3 vs. 18.9 months in the 
GM-CSF group, thus demonstrating a meaningful trend toward 
improved survival (4).

The utility and efficacy of T-VEC are currently being explored 
across a variety of cancer types with phase II clinical trials open 
in breast (NCT02658812), lymphoma (NCT02978625), and 
sarcoma (NCT02923778). Additionally, another randomized 
phase III trial in melanoma is open exploring the value of 
adding T-VEC to the programmed cell death protein 1 (PD-1) 
inhibitor, pembrolizumab, for treatment of unresected melanoma 
(NCT02263508).

Furthermore, an oncolytic VV has been programmed with a 
GM-CSF insertion (JX-594) and has been the subject of much 
clinical investigation. Early-phase I/II trials have been completed 
with JX-594 in colorectal cancer (17), melanoma (18), pediatric 

malignancy (19), and non-specific solid tumors (14). The great-
est clinical promise, however, has been seen with JX-594 in 
hepatocellular carcinoma (HCC). A phase II dose-finding 
trial demonstrated significant survival benefit with high doses 
(14.1  months) compared to low doses (6.7  months) of JX-594 
(20). Furthermore, it was found that objective tumor responses 
were present in both injected- and non-injected tumors, indicat-
ing a possible element of systemic antitumor immunity. Studies 
of this OV in a preclinical setting have demonstrated that tumor 
oncolysis is mediated by antibodies in a complement-dependent 
nature (21), likely related to its ability to increase the release of 
specific tumor neoantigens/epitopes to the systemic circulation. 
Further exploration of its efficacy in HCC is currently ongoing, 
with a phase III trial open for recruitment (NCT02562755) with 
or without with the VEGFR tyrosine kinase inhibitor Sorafenib.

It is important to consider that despite the clinical promise of 
OV expressing a GM-CSF transgene, the underlying mechanisms 
mediating antitumor activity are both poorly understood and 
subject to controversy. There are little data surrounding the spe-
cific mechanistic contributions of GM-CSF to the success of the 
OV previously mentioned. Moreover, despite the recognition that 
GM-CSF has a certain level of antitumor potency, it is also intri-
cately linked to the modulation (increase) of immunosuppressive 
myeloid-derived suppressor cells (MDSCs) (22). Specifically, not 
only has GM-CSF been shown to increase MDSC numbers in 
transplantable tumor models (23) but it has also been implicated 
as the main factor driving MDSC generation in these models 
(24). Thus, further study is needed to determine the best use of 
GM-CSF with OV in order to maximize its antitumor effects, 
while minimizing its recruitment and proliferation of immuno-
suppressive MDSCs.

“Boosting” OV Efficacy: The Prime-Boost Strategy
Based on the success of traditional vaccinations to combat virally 
induced disease, vaccinating patients with tumor antigens has 
been a therapeutic approach of interest in cancer, although has 
only demonstrated modest success to date. Eliciting a success-
ful systemic immune response against tumor antigens requires 
the breaking of tolerance that typically prevents host antitumor 
immunity. One answer may be to utilize viral delivery platforms. 
One problem with this approach lies in that the use of viral 
vectors may induce a competitive immune response against the 
viral antigens, rather than the tumor antigens of interest (25). A 
solution is to utilize the emerging heterologous “prime-boost” 
approach. For example, tumor-specific antigens can be encoded 
into the backbone of one viral platform to prime the immune 
system before being introduced to a second viral platform car-
rying the same antigens that upregulates, or boosts, the resultant 
antitumor immune response.

Classic viral vaccine vectors are non-replicating and therefore 
do not have oncolytic properties. However, the prime-boost 
strategy with non-OV has still seen demonstrable clinical 
applicability. PROSTVAC, which is utilized in prostate cancer, is 
the prototypical example. Despite not utilizing an OV platform, 
ongoing clinical trials of PROSTVAC are highlighted in Table 1, 
as success of this platform to date demonstrates the power of the 
prime-boost strategy in viral-based cancer vaccination.
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There are two members of the Rhabdoviridae family that 
have been investigated for use as OV, both belonging to the 
Vesiculovirus genus—vesicular stomatitis virus (VSV) and 
Maraba virus. These enveloped ssRNA viruses were first noted to 
have oncolytic potential in 2000 when VSV was demonstrated to  
induce tumor regression in a mouse xenograft model of mela-
noma (26). VSV is a promising oncolytic agent due to its reason-
able safety profile and lack of preexisting neutralizing antibodies 
in humans—problems that have been encountered with other 
OV platforms. It has been demonstrated that VSV can be utilized 
effectively as a cancer vaccine, with increased capacity as part of  
a heterologous prime-boost strategy (27, 28). In a murine model 
of melanoma, VSV vaccine not only induced upregulation of 
tumor-specific immunity but also decreased adaptive antiviral 
immunity leading to an increase in the overall survival of treated 
animals (27). Following the early preclinical success of VSV, 
other mammalian cell-trophic rhabdovirus family members were 
screened for oncolytic capacity (29). From this study, Maraba 
virus was identified as having the broadest oncotropism, which 
could be further enhanced with the induction of two-point muta-
tions (L123W in M and Q242R in G). In a direct comparison to a 
similarly mutated VSV in a murine model of metastatic colorectal 
cancer, this Maraba virus (MG1) induced total tumor clearance in 
100% of treated animals, as compared to 30% in VSV (29). Later 
studies specifically investigating a Maraba MG1 expressing a 
melanoma antigen demonstrated its inability to prime an adaptive 
immune response but significant capacity as a boosting vector. In 
a syngeneic murine model of melanoma, utilizing Maraba MG1 
had dramatic effects leading to significantly extended median 
survival and complete remission of 20% of animals treated (30). 
Preclinical promise has allowed Maraba MG1 to move into early-
phase clinical trials, with two currently ongoing (NCT02879760, 
NCT02285816). Both trials utilize a non-replicating AdV vector 
for priming with MG1 as the boost. Results are not yet available.

Synergistic Strategies with Ov and 
immune-Modulatory Drugs
Cyclophosphamide (CPA)
Cyclophosphamide is a commonly used anticancer agent that non-
specifically causes DNA alkylation and induces apoptotic cell death. 
Additionally, CPA can modulate the immune system through its 
ability to kill proliferating NK cells, T cells, and B cells with rela-
tively low clinical doses (31). Thus, CPA has been investigated for 
a synergistic effect along with OV and has demonstrated improved 
tumor destruction in preclinical models of reovirus (RV) (32, 33), 
VV (34), measles (35), and AdV (36). Specifically, in a murine 
model of melanoma, preconditioning with CPA led to an increased 
intratumoral viral level of oncolytic RV and led to enhanced 
antitumor efficacy (32). Additionally, one study demonstrated that 
CPA treatment in conjunction with OV therapy leads to control of 
the host antiviral response, a problem that can dampen effective 
OV proliferation, especially in viral platforms that are ubiquitous 
in humans (37). Furthermore, CPA can potentiate OV replica-
tion by suppressing local innate immune cells (38) and depleting 
regulatory T  cells (Tregs), thus enhancing antitumor activity of 
cytotoxic T-cells (11). Recently, a number of early-phase clinical 

trials investigating OV synergy with CPA have been completed 
in oncolytic AdV (solid tumors) (15), oncolytic RV (pediatric 
tumors, solid tumors) (39, 40), and oncolytic Seneca Valley Virus 
(neuroendocrine tumors) (41). These trials, however, did not 
examine the role of CPA specifically in advancing the efficacy of 
the OV platforms. Furthermore, two current early-phase clinical 
trials utilizing CPA and an AdV platform are being conducted 
(NCT00634231, NCT02879669) as well as one trial utilizing CPA 
and an oncolytic VV (NCT02630368). The general landscape of 
cancer immune therapies, however, is gravitating toward more 
tumor-specific therapies. As such, other immune-modulatory 
agents are being explored, and CPA’s role as a synergistic treatment 
strategy to compliment OV therapy is diminishing.

Immune Checkpoint Inhibitors (ICIs)
Immune checkpoint inhibitors function as immune suppres-
sion antagonists. Normally crucial for the maintenance of self-
tolerance, immune checkpoint proteins can be overexpressed by 
tumors as a way to evade detection by the host immune system 
(42). The first immune checkpoint to be targeted for therapeutic 
benefit was cytotoxic T lymphocyte-associated antigen 4 (CTLA-
4), but superior clinical outcomes, broader clinical applications, 
and more favorable safety profiles have led PD-1 and its cognate 
ligand (PD-L1) inhibition to be the new vogue. Importantly, 
PD-1/PD-L1 inhibition can be combined with CTLA-4 antago-
nists. PD-L1 expression specifically is induced on activated 
T cells following a stimulatory signal from IFN-γ (43). CTLA-4 
acts at the level of the draining lymph node for T cell priming. 
Conversely, the PD-1/PD-L1 pathway only inhibits activated 
T cells, which attenuates the potential for loss of self-tolerance. 
Since many tumors overexpress PD-L1 (44), they can escape 
recognition by tumor-infiltrating lymphocytes. Inhibiting this 
pathway effectively “removes the brakes” on the normal immune 
response. The impressive success of PD-1/PD-L1 inhibition as 
monotherapy in phase III clinical trials of melanoma (45), non-
small cell lung cancer (46), renal cell carcinoma (RCC) (47), and 
urothelial carcinoma (48) has led to FDA approval for clinical 
use. One crucial problem with ICI is that despite their profound 
efficacy in responding patients, the majority of patients are non-
responders (49, 50). This can possibly be explained by the lack of 
active tumor-specific T cells in the tumor microenvironment. As 
OV therapy can induce antitumor adaptive immunity, it seems as 
though ICI and OV could be a perfect therapeutic match.

Preclinical success marrying ICI with OV therapy has been 
encouraging. Specifically, a study conducted by Zamarin and 
colleagues (51) demonstrated the potential for combining 
CTLA-4 inhibition with an oncolytic Newcastle disease virus in 
a murine model of melanoma. They found that OV therapy alone 
triggered a systemic antitumor immune response, but accumu-
lated T cells overexpressed CTLA-4, leading to an immunosup-
pressive tumor microenvironment and diminished treatment 
efficacy. Adding in CTLA-4 inhibition, however, improved the 
antitumor response, leading to increased long-term survival 
of dually treated animals. This response was dependent on 
NK  cells, CD8+ T  cells, and type I interferon (51). Although 
still ongoing, one clinical trial (NCT01740297) utilizing T-VEC 
and CTLA-4 blockade has promising interim results; ORR has 
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been found in 41% of treated patients and complete responses 
in 24%. Given that T-VEC monotherapy has a reported ORR of 
26% and a complete response rate of 10.8% (4), the combination 
therapy with CTLA-4 blockade seems to be an improvement. 
Additionally, a preclinical study in a murine model of melanoma 
utilizing an oncolytic RV in combination with PD-1 inhibition 
demonstrated promising results (52). This group found that 
combination treatment significantly enhances survival com-
pared to either monotherapy. The enhanced survival was tied to 
increased activity of NK cells, reduced Tregs, and increased CD8+ 
antitumor responses (52). Between PD-1 inhibitors nivolumab 
and pembrolizumab, PD-Ll inhibitor durvalumab, and CTLA-4 
inhibitor ipilimumab, there are currently 19 clinical trials ongo-
ing that combine ICI and OV (Table 1). Results from these trials 
are eagerly anticipated in order to assess the value of combining 
these two immune-based treatment modalities.

Sunitinib
Sunitinib is a multi-tyrosine kinase inhibitor (VEGFR, PDGFR, 
c-kit, flt3, RET, CSF-1R) that has FDA approval for use in RCC 
and gastrointestinal stromal tumors. Its primary antitumor effect 
is through inhibition of VEGFR, leading to a reduced capacity for 
tumor angiogenesis (53). It is also now understood that sunitinib 
also has a role in indirectly inhibiting tumor growth through 
the promotion of antitumor immune responses (54–56). For 
example, immunosuppressive immune cell populations such as 
Tregs and MDSC are decreased with sunitinib treatment (54, 55).  
Its role as an immunotherapeutic adjuvant makes it a suitable 
candidate for combination with OV. Interestingly, it has been 
demonstrated that sunitinib can lead to the enhancement of 
viral replication through targeting innate immune pathways of 
viral resistance such as double-stranded RNA protein Kinase R 
(PKR) and RNase (57). The timing of sunitinib administration 
seems to be of importance, as administering it prior to and 
during oncolytic RV therapy allowed for the preconditioning of 
the tumor microenvironment to facilitate a maximal OV-induced 
antitumor response (58). Although no clinical trials have been 
initiated utilizing sunitinib and OV, one preclinical study 
seems to suggest potential for this combination in the treat-
ment of RCC. Sunitinib and an oncolytic RV were found to 
significantly decrease tumor burden and significantly increase 
lifespan in a murine model of RCC (59). This therapeutic 
effect could be explained by their finding that this treatment 
combination increased the presence of tumor-specific CD8+ 
T cells and decreased accumulation of both MDSCs and Tregs. 
Additionally, dually treated mice had protective immunity upon 
tumor rechallenge. In the same study, Lawson and colleagues 
(59) also demonstrated similar results in a murine model of 
squamous cell lung carcinoma, thus highlighting the possible 
broad application of this treatment strategy. Furthermore, suni-
tinib combination with an oncolytic VSV led to the elimination 
of prostate, breast, and kidney malignant tumors in mice (60). 
Additionally, the antiangiogenic effects of sunitinib can be 
augmented by the utilization of an oncolytic VV, leading to 
reduction of tumor growth in murine models of cancer (61). 
Hopefully, the preclinical success of sunitinib and OV will be 
replicated in clinical trials once they are initiated.

OTHeR STRaTeGieS TO enHanCe Ov

Although the focus of this review has been necessarily limited to a 
handful of combinatorial immunotherapeutic strategies to enhance 
OV therapy, there are a number of other exciting approaches under 
preclinical investigation. For example, the combination of adoptive 
T cell therapy with OV has shown preclinical promise and efforts 
are underway to bring this strategy to clinical investigation (62, 63). 
Additionally, a number of different OV platforms are being utilized 
in combination with inhibitors of histone deacetylases (HDACIs) 
[reviewed in Ref. (64)]. Although the mechanisms underpinning 
their tumor tropism are not fully understood (65), HDACIs led to 
immunogenic cell death of cancer cells thus potentially enhancing 
antitumor immune responses in synergy with OV (66, 67).

Finally, a transgene-modified oncolytic AdV, NG-348 (PsiOxus 
Therapeutics), has been recently designed in hopes that it will drive 
T-cell immune responses within the tumor microenvironment 
independent of tumor-specific antigens. When two transgenes, a 
membrane anchored full-length human CD80 and a membrane 
anchored antibody fragment for the T-cell receptor, are expressed 
together on the surface of NG-348-infected tumor cells they pro-
vide both the T-cell receptor and costimulatory signal required to 
activate tumor-infiltrating T-cells (68). This strategy mimics that of 
CAR-T therapies but does not require autologous cell processing or 
tumor-specific antigens. Furthermore, since the expression of the 
encoded transgenes is encoded by the endogenous viral major late 
promoter, their expression is limited to the surface of cells permis-
sive to viral infection—i.e. tumor cells. It is hoped that preclinical 
testing of NG-348 will ultimately support clinical application.

COnClUDinG ReMaRKS

Oncolytic viruses represent a promising immunotherapeutic 
approach to the treatment of cancer. Although clinical trials have 
demonstrated that their use as a monotherapy is likely insufficient 
for meaningful efficacy in the clinical arena, it has become clear 
that the ability for OV to induce a systemic antitumor immune 
response is intricately linked to their potential for success. 
Therefore, combining OV with other immunotherapies seems 
to represent the approach with the most promise. As numer-
ous clinical trials are underway across multiple OV platforms 
utilizing different immunotherapies for treatment synergy, time 
will ultimately unveil the potential for OV as a future standard 
treatment option for our patients with cancer.
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