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Abstract: Results from randomized clinical trials over the last several years have finally 

begun to demonstrate the potential of oncolytic viral therapies to treat a variety of cancers. 

One reason for these successes has been the realization that this platform is most effective 

when considered primarily as an immunotherapy. Cancer immunotherapy has also made 

dramatic strides recently with antibodies capable of blocking immune checkpoint inhibitors 

and adoptive T-cell therapies, notably CAR T-cells, leading a panel of novel and highly clini-

cally effective therapies. It is clear therefore that an understanding of how and when these 

complementary approaches can most effectively be combined offers the real hope of moving 

beyond simply treating the disease and toward starting to talk about curative therapies. In 

this review we discuss approaches to combining these therapeutic platforms, both through 

engineering the viral vectors to more beneficially interact with the host immune response 

during therapy, as well as through the direct combinations of different therapeutics. This 

primarily, but not exclusively focuses on strains of oncolytic vaccinia virus. Some of the 

results reported to date, primarily in pre-clinical models but also in early clinical trials, are 

dramatic and hold great promise for the future development of similar therapies and their 

translation into cancer therapies.
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Introduction to oncolytic viral therapy
Oncolytic viruses selectively infect and/or lyse cancer cells without causing signifi-

cant harm to normal tissue. The anti-tumor effects of viruses were first reported over 

a 100 years ago, with reports of cancer regressions coincident with viral infection or 

vaccination with live viral vaccines.1 Oncolytic viruses include in vitro passaged wild 

type viruses (first generation), viruses engineered to selectively replicate in cancer 

cells (second generation), and may additionally express transgenes to provide addi-

tional therapeutic activity (third generation). Early clinical trials used bodily fluids 

that contained human or animal viruses to treat patients with cancer. Although there 

was regression, in immunocompromised patients there was morbidity due to viral 

infection rather than due to the disease itself.2 However with the advent of molecular 

biology it has become easy to propagate and engineer some viruses and coupled to a 

better understanding of cancer biology it is possible to logically design tumor-selective 

viruses.3 Different viruses have different cell specificity and this diversity is being 

utilized to treat multiple kinds of cancers. Hence vectors based on Adenoviridae, 

Herpesviridae, Paramyxoviridae, Parvoviridae, Reoviridae, Poxviridae, Retroviridae, 

and Rhabdoviridae families are all being used in different clinical trials.
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Introduction to immunotherapy
Paul Ehrlich suggested in 1909 that there would be more 

cases of cancer but for the immune system, which is able 

to eliminate many tumor cells. But it took almost half a 

century for the concept of immunosurveillance to be rec-

ognized and another half a century to prove the concepts of 

immunosurveillance and immunoediting.4,5 But Coley had 

already treated patients with mixed cultures of bacteria, 

thereby prodding the immune system to be activated to 

eliminate tumors, which heralded the concept of cancer 

immunotherapy in the 1800s. However cancer immuno-

therapy, using a person’s immune system to fight cancer, was 

overshadowed for many years as the immune response was 

not well enough understood. The administration of IL-2 as 

an immunotherapy was approved in 1985 by the US Food 

and Drug Administration (FDA) and has heralded the use 

of multiple different immunotherapies for the treatment 

of cancer.6 Recombinant cytokines (including granulocyte 

macrophage colony-stimulating factor [GM-CSF] and IFN) 

remained the mainstay of cancer immunotherapy for many 

years, but recent progress has led to a resurgence in the field. 

In particular, the development of blockade of checkpoint 

inhibitors, notably with antibodies against CTLA-47 or PD-1/

PD-L18 and the use of TCR engineered or CAR T-cells9,10 and 

other adoptive cell therapy approaches have demonstrated 

the potential of this field.

Oncolytic viruses as 
immunotherapies
The first viral therapies logically designed and engineered to 

selectively replicate in malignant cells were pioneered in the 

1990s with the clinical testing of adenovirus strains, such as 

ONYX-015.11–13 The basic concept assumed that selective 

viral infection of cancer cells or replication within these cells 

would result in amplification of the therapy within the target 

tissue and that the principal mode of tumor cell killing would 

be through direct viral-mediated lysis of the infected tumor 

cells (“onco-lysis”). The immune response raised by the viral 

infection was commonly considered to be necessary to limit 

uncontrolled viral infection but also a limitation to effective 

therapy. This was supported by data in immunodeficient mice, 

where oncolytic therapies were often more effective.14 As such, 

a variety of approaches were developed to combine oncolytic 

viral therapy with partial or transient immunosuppression 

in order to enhance the viral therapy’s capacity to replicate 

in the tumor prior to immune-mediated clearance.15–17 This 

included combining viral therapy with cyclophosphamide or 

rapamycin, or with natural killer (NK) cell depletion.

Although these pioneering clinical trials with ONXY-015 

demonstrated the safety of the platform and the possibility 

for clinical responses, these responses were only clearly 

demonstrated in combination with chemotherapy indicating 

that additional therapeutic activity was needed. The tumor-

selective viral replication and gene expression demonstrated 

with these therapies means they are ideal cancer gene therapy 

delivery vehicles,18 and so transgene expression represents 

a key approach to add additional mechanisms of tumor 

cell killing into the therapies.19 However, the fact that any 

infected cell would be destroyed as a result of viral replica-

tion meant that effective therapeutic transgenes would likely 

encode secreted proteins or peptides capable of producing a 

bystander killing effect.20 Also, the transient nature of onco-

lytic viral transgene expression further restricts the choice of 

effective therapeutic transgenes. Despite these limitations an 

extensive panel of transgenes has demonstrated the capacity 

to enhance oncolytic viral therapeutic effects, at least in pre-

clinical models. These have included pro-drug converting 

enzymes,21,22 anti-angiogenic23–25 and anti-vascular proteins, 

monoclonal antibodies,26 apoptosis induction,27 and extracel-

lular matrix degrading enzymes.28

However it has become evident that in addition to remov-

ing the virus directly, the immune response is also capable of 

killing infected tumor cells and so may enhance the overall 

therapeutic activity. Furthermore, when an oncolytic viral 

therapy produces a complete response in an immunocom-

petent mouse model, the animals frequently demonstrate the 

capacity to reject a re-challenge with the same tumor cell 

line.29 This indicates that an adaptive immune response can 

be raised by the viral infection within the tumor that is able 

to cross-protect against tumor associated antigens.

Because the main focus of immunotherapy at the time 

that oncolytic viral therapies were first described involved 

systemic delivery of recombinant cytokines, expressing 

these directly from oncolytic viral therapies was a logical 

step to take. Tumor-selective production of these cytokines 

when expressed from oncolytic viruses has the potential to 

enhance the targeting of the immune response against the 

tumor and at the same time reduce systemic toxicity rela-

tive to use of recombinant cytokines. The simple expression 

of single cytokines from oncolytic viral therapies therefore 

represents the first attempted combination of oncolytic virus 

and immunotherapy.

Single cytokine expression
The expression of single cytokines from oncolytic viral 

backbones has proven to be a potent approach to enhancing 
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their immunotherapeutic effects.30 An extensive panel of 

cytokines has been tested, but the most commonly tested 

have been those that have proven most effective when used 

as recombinant proteins, notably type I IFN31–33 and GM-

CSF.34–39 Although both cytokines have demonstrated the 

capacity to significantly enhance the therapeutic effects 

of different oncolytic vectors, the greatest clinical success 

has been with GM-CSF.34,35,37 Two separate oncolytic viral 

therapies have demonstrated success in randomized clini-

cal testing, talimogene laherparepvec (T-Vec; Amgen Inc., 

Thousand Oaks, CA, USA) and pexastimogene devacirepvec 

(Pexa-Vec; Jennerex, now owned by Sillajen, San Francisco, 

CA, USA), these represent an oncolytic herpes simplex virus 

(HSV) strain expressing GM-CSF and an oncolytic vaccinia 

strain expressing GM-CSF. Randomized Phase III and Phase 

IIb studies with these viruses respectively have clearly dem-

onstrated the potential of oncolytic viral therapy, and have 

provided strong support for the argument that enhancing the 

immunostimulatory effects of these vectors through combi-

nation with immunotherapies will be a potent approach to 

treating cancer.

Therapeutic effects with IFN-expressing vectors have 

been primarily limited to pre-clinical studies, although a 

Phase I study with a vesicular stomatitis virus (VSV) express-

ing IFN has been recently initiated.40 One possibility is that 

the potent anti-viral effects of IFN detrimentally affect the 

capacity for oncolytic viral therapies expressing this cytokine 

to initially infect and replicate within the tumor. Clinical 

data with vectors expressing IFN will look to answer this 

question.

The loss of oncolytic activity resulting from the enhanced 

immune activation seen with cytokine expression can be 

mitigated in several ways. One approach is to choose a 

cytokine whose effect is not directly anti-viral. GM-CSF 

does not directly block viral replication, instead having a 

more general effect on proliferation of hematopoietic cell 

lineages.41 Although some concerns have been raised that this 

might include cell types that have a known tumor-promoting 

effect, notably monocyte derived suppressor cells,42 the clini-

cal data would indicate that the pro-inflammatory effects of 

viral infection within the tumor counter any such immuno-

suppressive effect of GM-CSF expression.

In a similar fashion to GM-CSF, chemokines can influence 

the overall type and level of immune response without hav-

ing directly anti-viral effects. As a result several chemokines 

have been expressed from different oncolytic vectors without 

appearing to detrimentally affect viral oncolytic activity.43,44 

The capacity for chemokine expression to influence the 

trafficking of particular immune cell subsets into the tumor 

still results in enhanced overall therapeutic benefit.

An alternative strategy would be to regulate the level or 

timing of transgene expression. Although this can be partly 

achieved through careful choice of promoter (such as use of 

a weaker late promoter that is not expressed until after viral 

replication has begun), perhaps the most powerful approach 

is to incorporate exogenous regulation of transgene activity. 

A variety of approaches is available that can be utilized to 

control activity of a gene product,45 either through regula-

tion at the gene expression level, mRNA stability or protein 

stability, with addition of a specific small molecule often 

used to exogenously control the temporal kinetics of protein 

activity. In this way a cytokine that when expressed consti-

tutively results in limited initial viral infection of the tumor 

or premature clearance and loss of oncolytic activity, can 

have its function suppressed for a controlled period of time 

after initial delivery.

For example, it was found that several cytokines (including 

IL-2 or TNF), when constitutively expressed from an onco-

lytic vaccinia resulted in significant reductions in the level of 

viral gene expression from the tumor, despite the fact that over-

all therapeutic activity was increased.17,46 The immune enhanc-

ing effects of constitutive cytokine expression were still able to 

enhance the overall activity of the virus, despite reducing its 

oncolytic effects. However, if the level of cytokine activity was 

exogenously regulated, an initial period of unhindered oncolytic 

and replicative activity could be allowed to proceed. Once an 

immune response was naturally initiated and was beginning 

to limit viral oncolytic activity, a second immunotherapeutic 

phase of viral activity could be enhanced through exogenously 

activating cytokine function. This was found to result in sig-

nificantly enhanced overall therapeutic benefit. Although the 

additional complexity involved may hinder translation of these 

approaches, recent descriptions of regulated systems that incor-

porate common antibiotics as the small molecule component 

would simplify use in the clinic.47

Other approaches to increasing  
oncolytic viral immune stimulation
The immune response is a multi-step process, with different 

cytokines playing key roles at different steps. The effects 

of any one cytokine may be very different at different steps 

of the immune response, and may also be concentration-

dependent. As a result, there are likely to be limits to the 

benefits that can be achieved through expression of a single 

cytokine. Although expression of multiple cytokines, or 

cytokines and chemokines has been attempted,30 it is likely 
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that the additional immunostimulation may result in limited 

further increases in therapeutic effects as a result of decreased 

oncolytic activity.

Several alternative approaches to engineer oncolytic 

viruses to increase their stimulation of all or specific 

components of the immune response have been reported 

 (summarized in Table 1).

Deletion of viral virulence genes
Because many larger DNA viruses contain multiple virulence 

genes whose products directly inhibit specific steps in the 

immune response the opportunity exists to delete or mutate 

one or more of these genes such that the virus loses its abil-

ity to control specific immune response steps. For example, 

vaccinia virus and other poxviruses have evolved distinct 

strategies to evade either T-cell recognition or humoral 

responses.48,49 As such strains engineered to lose their capac-

ity to suppress one of these arms of the immune response 

may demonstrate a shift in the Th1 versus Th2 balance of 

the immune response raised. However, the majority of the 

virulence genes tend to interfere with signaling pathways 

or cytokines involved with activating the innate immune 

response, notably the IFN pathway. As such, it was demon-

strated that deletion of genes that disrupt the IFN response 

pathway could actually result in greater therapeutic effects 

than simple expression of IFN from the same viral back-

bone.50 Consideration of the virus itself is therefore a more 

subtle but potentially more powerful approach to manipulat-

ing the immune response than cytokine expression.

expression of immune stimulating molecules
Recent advances in the field of tumor vaccines have high-

lighted the importance of addition of adjuvant. Because 

oncolytic viruses naturally produce adjuvant when replica-

tion in the tumor is achieved, they can selectively induce 

an inflammatory response in the tumor. However, specific 

adjuvants capable of binding selected TLRs are becom-

ing more commonly used to enhance cancer vaccines.51 

One strategy would therefore be to modify or engineer the 

oncolytic vectors to further bind specific TLRs. In particular 

TLR9 activation is often associated with a favorable immune 

response and so viruses modified to produce greater amounts 

of CpG motifs in their DNA have been constructed and 

tested and have displayed enhanced therapeutic effects in 

pre-clinical models.52

Alternative approaches to enhance the anti-tumor T-cell 

response have also been tested. In particular, expression 

of tumor associated antigens directly from the oncolytic 

virus may result in enhanced in situ vaccination effects and 

cross-protection of the adaptive immune response against the 

tumor.53 These “oncolytic vaccines” may allow the raising 

of an adaptive immune response against additional antigens 

that would not normally be induced by the virus alone, such 

as those associated with relapse.54 However, as with all 

vaccine approaches, it is necessary to know that the antigen 

being targeted is both present and essential in order for the 

approach to be successful.

A related approach involves the expression of bispecific 

T-cell engagers from the virus. These bispecific antibodies 

bind T-cells and tumor antigens, so locking the T-cells in 

close proximity to the cancer cell targets.55

expression of global immune regulators
Many immune responses are mediated through activation of 

cell signaling pathways. An alternative approach to produc-

tion of factors that bind at the cell surface to activate these 

pathways would be to express gene products that are capable 

of activating steps on these pathways directly. This approach 

has the potential advantages that the presence of specific 

receptors is not necessary and the result is often more global 

than expression of a single cytokine. However over-activation 

of the immune response may be an issue.

Targeting of immunosuppression within the tumor
Antibodies that prevent activation of immune checkpoint 

inhibitors, including anti-PD1, anti-PDL1, and anti-CTLA4 

represent some of the most promising new cancer therapies 

of the last 20 years.8,56 This demonstration that blocking of 

Table 1 Approaches to enhancing the immunotherapeutic potential 
of oncolytic virotherapies, through either viral engineering or 
combination therapies

Modifications  
to the viral  
backbone

Viral virulence gene  
deletion

Vaccinia B18R (type i 
iFN-binding protein)

Transgene expression  
(immune activating)

Cytokines (GM-CSF; 
type i iFN)
TLR ligands (CpG 
expression)
Tumor associated 
antigens (in situ vaccines)
Bispecific T-cell engager

Transgene expression  
(overcoming 
immunosuppression)

Chemokine receptors 
(CXCR4)
Blockade of immune 
checkpoint inhibitors

Oncolytic virus  
combination with  
immunotherapy

immune activating Adoptive T-cell therapy 
(TCR, CAR T-cell etc)
Vaccine therapy

Overcoming  
immunosuppression

Blockade of immune 
checkpoint inhibitors
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immune checkpoint inhibitors is a critical step in producing 

and maintaining a robust anti-tumor immune response has 

provided evidence for the need to both activate the immune 

response and to prevent premature immune shut-off. Viral 

infection within the tumor is immune activating. The fact 

that uncontrolled viral replication has not been reported after 

extensive testing of many oncolytic viral therapies in the 

clinic indicates that these vectors are removed by the host 

immune response. As such they must be capable of transiently 

and at least partially overcoming the local immunosuppres-

sive environment within the tumor.

The majority of the approaches described to engineer 

the vectors to boost their immunotherapeutic effects has 

focused on boosting the immune activating component, 

however more recently focus has also shifted to enhanc-

ing and maintaining the vectors’ capability to overcome 

the localized immunosuppressive environment. One such 

approach has been to express a solubilized binding domain 

from the chemokine receptor CXCR4.57,58 CXCR4 binds the 

chemokine CXCL12 (SDF-1) and so this acts as a decoy 

receptor, sequestering the chemokine locally within the 

tumor microenvironment. CXCL12 is often expressed in 

the tumor and has been associated with many steps in tumor 

progression, including induction of metastasis, maintenance 

of cancer stem cells, and attraction of monocyte derived sup-

pressor cells into the tumor.

Alternatively viral vectors expressing antibodies capable 

of blocking immune checkpoint inhibitors have also been 

reported.59 In a similar way to the locally enhanced effects 

seen after cytokine expression from oncolytic vectors, the 

advantage of expressing these antibodies from the virus 

directly is that the virus is able to produce high concentra-

tions of the therapeutic antibody locally within the tumor 

microenvironment.

Combining oncolytic viruses  
with other immunotherapies
Amongst cancer therapies immunotherapy perhaps uniquely 

holds the possibility of producing curative responses. 

 However it is evident that any one immunotherapy is unlikely 

to be sufficient, and that combinations will be required to 

optimize their effects.

One of the strengths of oncolytic viral therapies is that 

they hold the potential to selectively and effectively alter the 

tumor microenvironment in order to raise an inflammatory 

response, induce an in situ vaccination, and to overcome 

local immunosuppressive conditions. However, perhaps 

the greatest limitation of the approach is that these effects 

are transient, and repeated systemic delivery with the same 

viral therapy is likely to be challenging once an anti-viral 

immune response has been raised. Therefore, combining 

the capability of an oncolytic virus to transiently modify the 

tumor microenvironment with a systemic immunotherapy 

that is capable of producing a long-lasting anti-tumor immune 

response is an attractive proposition.

Adoptive cell transfer and vaccine therapies
The use of adoptive T-cell transfer and CAR T-cell thera-

pies represents one of the key drivers behind the resurgence 

of immunotherapy as a viable cancer treatment option.60–62 

However these treatments have to date been most effective 

against leukemia, while solid tumors remain largely resistant 

to their effects.

Similarly, many therapeutic cancer vaccines have dem-

onstrated the capability of raising a robust systemic adaptive 

immune response targeting the tumor antigen of interest 

yet remain limited in their capability to produce effective 

responses in a clinical setting. One possible reason for this 

is that the cytotoxic T lymphocyte (CTLs) produced are 

either unable to efficiently traffic to and extravasate into the 

tumor, or the cells are capable of entering the tumor, but the 

suppressive local environment mediates their rapid subver-

sion and they either lose their lytic potential or convert into 

regulatory T-cells.

The potential for combining these approaches is evident, 

and has been demonstrated in several pre-clinical models, 

including the combination of dendritic cell (DC) vaccina-

tion with oncolytic viruses expressing chemokines known to 

attract the T-cells produced into the tumor,43 or the combina-

tion of CAR T-cells with oncolytic virus strains expressing 

both chemokines and cytokines to both attract these cells 

into the tumor and subsequently maintain their phenotype.63 

In another example the capability of an oncolytic virus to 

raise an in situ vaccination effect can be multiplied through 

a prime-boost approach with sequential application of sero-

logically distinct oncolytic viral therapies.64

While these data demonstrate the proof-of-principal for 

combining the approaches, it is likely that considerable fur-

ther improvement can be made through logical engineering of 

the viral vectors and/or the T-cell therapy to most beneficially 

synergize with each other.

As an alternative to using the virus to help direct the 

T-cells into the tumor it has also been demonstrated that 

some cells, including immune cells can be infected with 

oncolytic virus ex vivo and then be used as carrier vehicles 

to deliver the virus into the tumor.65,66 Because the viral 
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particle is essentially inert outside of an infected cell, it is 

not capable of directed trafficking to the tumor, meaning 

only a very small percentage of any systemically delivered 

inoculum will infect the tumor. This effect is amplified in 

previously immunized individuals. Some cells, including 

some therapeutic immune cell types, have been shown to be 

effective at trafficking to the tumor after systemic delivery. 

Therefore, the use of pre-infected cells as delivery vehicles is 

one approach to achieving increased delivery of the virus to 

the tumor. This approach can even lead to evasion of immune 

recognition (in a “Trojan horse” mechanism). However the 

benefits of combining a carrier cell and an oncolytic viral 

payload are amplified when immune cells are used as the 

carrier. Uninfected immune cells that are themselves thera-

peutic and delivered together with the pre-infected immune 

cells can more efficiently target the tumor in the context of 

an ongoing viral infection, meaning their effects are ampli-

fied and their ability to attract additional immune cells to the 

tumor are increased.

Blockade of immune checkpoint inhibitors
Because the effects of an ongoing oncolytic viral infection 

within the tumor appear to be primarily pro-inflammatory, 

it is logical that they should be combined with blockade of 

immune checkpoint inhibitors in a synergistic fashion. This 

has been demonstrated in several ways; as mentioned previ-

ously the virus itself can be used to express the antibodies 

(such as anti-PD1, anti-PDL1 or anti-CTLA4), in order to 

increase their concentration locally within the tumor. This can 

help overcome systemic toxicities (as seen with anti-CTLA4) 

or to increase the concentration locally where it will be most 

needed (as with anti-PD1/PDL1).

Alternatively, it has been shown that combination 

therapies with Newcastle disease virus (NDV)67 or vac-

cinia68 and anti-CTLA4 can effectively treat several cancer 

types. However, it was observed that the benefits produced 

during combination of anti-CTLA4 with oncolytic vaccinia 

virus were dependent on the viral strains and the regimen 

used. Combinations beginning on the same day resulted in 

loss of therapeutic benefit. This was attributed to an early 

induction of anti-viral immunity reducing the effectiveness 

of the viral therapy. Synergy was instead seen when the 

antibody treatment was begun around 3 days after initial 

viral delivery. This recapitulates some of the work seen 

with exogenous regulation of cytokine transgenes expressed 

form oncolytic viral  therapies.46 In both cases allowing an 

initial period of  unhindered viral  replication in the tumor 

before addition of the immunotherapy resulted in the greatest 

therapeutic benefit.  Considerations of timing of oncolytic 

virus- immunotherapy combinations may therefore be crucial 

as these approaches are moved into a clinical setting.

Initial clinical testing of the oncolytic HSV strain 

expressing GM-CSF, T-VEC with anti-CTLA4 antibody 

(ipilimumab) has begun and early clinical results presented 

at the 2014 ASCO (American Society of Clinical Oncology) 

conference were impressive. Full clinical results are eagerly 

anticipated.

Future directions
Combining different immunotherapies with oncolytic viruses 

is an attractive proposition and initial studies have borne this 

out with reports of robust responses in pre-clinical models. 

To date the only clinical data reported has been preliminary 

results of the combination of T-VEC and ipilimumab, but 

again the data so far are impressive. Obviously it will be 

critical to see if these data are borne out in larger scale 

clinical testing.

However, much of this data is primarily proof-of prin-

cipal in nature and so the scope for further improvement 

is large. It appears that a focused and logically designed 

approach to optimizing the design and engineering of both 

the viral and immunotherapeutic component (especially 

when CAR T-cells are incorporated) would lead to further 

dramatic improvements in therapeutic effects. Because of 

the genetic basis of both of these approaches the scope for 

iterative cycles of enhanced therapeutic effect is essentially 

unlimited.

However, perhaps the critical bottleneck in the application 

of these approaches will be the clinical translation. Out of 

this new and exciting generation of immunotherapies several 

antibodies to block immune checkpoint inhibitors (anti-

CTLA-4 and PD1 inhibitors) are currently all that have been 

approved, while no oncolytic virus is currently approved in 

the US or Europe. Therefore designing trials combining these 

approaches may be difficult. It is hoped that the FDA will 

provide assistance in bringing these promising approaches 

more rapidly to the treatment of patients.

Conclusion
Cancer immunotherapy and oncolytic viral therapies rep-

resent two of the most promising new platforms for the 

treatment of cancer. Furthermore their mechanisms of action 

mean that combining these approaches would be likely to 

provide significant additional therapeutic benefit. This has to 

date been explored primarily in pre-clinical testing. It appears 

that there is significant scope for further engineering of the 
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oncolytic viral components specifically to enhance these 

interactions. This will likely lead to new and further improved 

therapeutic approaches.
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