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Oncolytic virotherapy has emerged as a novel form of cancer immunotherapy. Oncolytic viruses (OVs) can directly infect

and lyse the tumor cells, and modulate the beneficial immune microenvironment. Vaccinia virus (VACV) is a promising

oncolytic vector because of its high safety, easy gene editing, and tumor intrinsic selectivity. To further improve the safety,

tumor-targeting ability, and OV-induced cancer-specific immune activation, various approaches have been used to modify

OVs. The recombinant oncolytic VACVs with deleting viral virulence factors and/or arming various therapeutic genes have

displayed better therapeutic effects in multiple tumor models. Moreover, the combination of OVs with other cancer

immunotherapeutic approaches, such as immune checkpoint inhibitors and CAR-T cells, has the potential to improve the

outcome in cancer patients. This will open up new possibilities for the application of OVs in cancer treatment, especially

for personalized cancer therapies.
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1. Vaccinia Virus Virulence Genes

In normal cells, a range of genetic products produced by wild type VACV can render cells to adapt to viral reproductions,

including thymidine kinase (TK) and viral growth factor (VGF) . TK is one of the key enzymes in DNA metabolism . In

the replication process of VACV, a high concentration of nucleic acid pool generated with TK is needed to complete the

replications of virus progeny . When the TK gene is deleted, the replication of VACV will be restricted and display

obvious tumor selectivity since there is usually a high activity of TK in tumor cells . Therefore, TK gene deletion

becomes an effective method to improve tumor selectivity in oncolytic VACV therapy. Comparing the replication ability

between wild type and TK gene knocking-down Wyeth strains VACV, both viruses replicated effectively in human PANC-1

pancreatic cancer cells and human MCF-7 breast cancer cells, and viral titers were almost the same. However, in non-

proliferating or non-transformed cells, the replication capacity of TK knocking-down particles was significantly reduced

about 10 times , indicating the preference to tumor cells of VACV after TK gene deletion. JX-594, a modified Wyeth

strain VACV through insertion of GM-CSF into the TK gene for TK deletion, also displayed an obvious selectivity in tumor

cells , further demonstrating an advantage of TK gene deletion in tumor selectivity.

VGF is a homologous gene to epidermal growth factor (EGF). It has an EGF-like activity in virus-infected cultures, which

can compete with EGF for binding to EGF membrane receptors (EGFR) to mediate localized cellular proliferation .

VACV often promotes the proliferation of host and peripheral cells through VGF to achieve its own replication and

proliferation , while the absence of that factor significantly reduces the viral virulence and damage to normal cells .

Thus, VGF-deleted VACV has also been broadly applied in tumor therapy. In proliferating Swiss 3T3 cells, the VGF gene

is not necessary for VACV replication. However, in stationary and contact-inhibited Swiss 3T3 cells, the replication

efficiency and lethality of VGF-deficient VACV are reduced compared with wide type VACV , indicating the enhanced

tumor selectivity after VGF deletion. To further achieve tumor selectivity, TK and VGF genes were both deleted to form a

double-deleted VACV (vvDD). vvDD displayed comparable replication ability in dividing cells as TK or VGF single

knockout virus. However, in resting cells, the replication ability of vvDD was significantly reduced than TK or VGF single

knockout VACV . Thus, vvDD can be used as a good oncolytic vector for further enhancement of tumor selectivity. JX-

963, formed by vvDD with the insertion of GM-CSF, shows a greater efficacy against the primary and metastasizing lung

tumors either compared with vvDD or JX-594 (Wyeth single TK-deleted VACV expressing GM-CSF) both in vitro and in

vivo .

In addition, A48R and B18R are also deleted for tumor selectivity . A48R codes for thymidylate kinase which

participates in nucleotide metabolism and the deletion of A48R attenuates the WR virus. The B18R gene codes for a

soluble type I interferon (IFN) receptor protein, which interferes with anti-viral responses to protect from the antiviral

effects of type I IFN . Unlike normal cells, tumor cells usually show IFN deficiency . Thus, VACV lacking the B18R

gene also reduces virulence and tends to replicate in tumor cells . C7L and K1L are two important genes in regulating
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the virus-host range, including the infection capability of VACV in human cells. Deletions of C7L and K1L lead to deficient

replication capability in mammalian cells and decreased virulence in mice. The deletions of C7L and K1L are also used for

VACV attenuation to create a more safe and more effective HIV vaccine vector .

2. Cytokines and Chemokines

2.1. Cytokines

Cytokines are a class of proteins secreted by immune cells and tissue cells, which can regulate the immune response by

binding to corresponding receptors. Cytokine therapy for tumor patients has been an important treatment modality.

However, cytokine in monotherapy does not fully achieve the efficacy seen in preclinical trials , as it is often associated

with severe dose-limiting toxicities because of its short half-life . Therefore, new strategies to avoid its disadvantages

for tumor treatment are needed. Reports showed that utilizing VACV to deliver cytokines not only makes cytokines persist

but also enhances the antitumor immunity induced by VACV .

GM-CSF is associated with a variety of immune cell activation and differentiation. GM-CSF can increase the expression of

class Ⅱ major histocompatibility complex (MHC) molecules on the surface of macrophages , and recruit and activate

dendritic cells (DC). When mice bearing established Lewis lung carcinoma were pretreated with docetaxel followed by

GM-CSF-producing tumor vaccine, significant tumor regression, and prolonged survival were observed compared with

chemotherapy alone, further studies revealed that augmentation of vaccine-induced antitumor immunity in docetaxel-

treated mice primarily due to the enhanced survival of antigen-experienced T cells . OVs generated with GM-CSF

expression include adenovirus , herpes viruses , and VACV, all display positive tumor treatment outcomes.

Recombinant VACV expressing GM-CSF, such as JX-594 and JX-963 , display potential therapeutic effects with

safety and enhanced antitumor efficacy, including the destruction of tumor blood vessels . JX-594 has shown

exciting results in phase I clinical trials targeting a variety of tumors as local or systemic therapy, and a phase Ⅲ clinical

trial has also recently been completed targeting hepatocellular carcinoma.

Other cytokines, such as interferons (IFN) and interleukins (IL), have also displayed promising results in oncolytic viral

therapy. IFNs have multiple antitumor mechanisms, including direct inhibition of tumor cell proliferation, anti-angiogenesis,

and induction of tumor-specific cytotoxic T-cells . IFN-β expressing oncolytic VACV (TK /B18R /IFN-β , JX-795)

therapy significantly increased the survival of breast cancer-bearing mouse models compared to the control group .

IL-12 plays a key role in augmenting the cytotoxic activity of T cells and natural killer cells. A recombinant VACV vKT0334

containing the genes encoding murine IL-12 efficiently infected a variety of tumor cell lines and produced high amounts of

biologically active mIL-12, and the antitumor activity of vKT0334 was also significantly enhanced compared with the

backbone virus (vKT033, VACV do not express IL-12) in sarcoma tumor mice model . Other interleukins, such as IL-15,

also display beneficial antitumor effects after cooperating with VACV vector. A recombinant VACV expressing a

superagonist IL-15 (a fusion protein of IL-15 and IL-15Rα) led to significant tumor regression and extended survival of the

mice bearing colon or ovarian cancer .

Although cytokine expression obtains good results, it is at the cost of reduced oncolytic activity due to the cytokine-

associated immunity resulting in less viral replication and earlier clearance . Toxicity effects have also been reported

with systemic cytokine release caused by OVs-driven cytokine expression . Cytokines are potent and complex

immune mediators, designing cytokine expression recombinant oncolytic virotherapy requires a profound knowledge of

cytokine biology and contemporary biotechnology to exploit their anti-tumor activity while minimizing toxicity.

2.2. Chemokines

Chemokines are secreted chemotactic cytokines that mediate the migration and positioning of immune cells within various

tissues. Chemokines influence the host immune response to tumors by directing leukocyte trafficking into tumor lesions to

mediate both antitumor and protumor immune effects . Among the chemokines, the type-1 chemokines CXCL9,

CXCL10, and CXCL11 contribute to the inhibition of angiogenesis and tumor progression . They recruit effector

CD8  T cells and Th1 cells expressing CXC-chemokine receptor 3 (CXCR3), the common receptor of CXCL9, CXCL10,

and CXCL11, to migrate into tumors for mediating antitumor immunity. Tumors with higher-level expressions of CXCL9,

CXCL10, and CXCL11 displayed increased infiltration of antitumor T lymphocytes . CXCL11-producing tumors were

completely rejected in a T-cell lymphoma mice model . VACV expressing CXCL11 increased CXCL11 expression levels

in virus-infected cells and stimulated T cells trafficking to malignant tissues, resulting in prolonged survival of mice with

TC1 murine lung tumors, and the proliferation ability of the recombinant virus was not affected by CXCL11 expression,

demonstrating the good antitumor potential of oncolytic CXCL11 expressing VACV . In another study, the expression

of CXCL11 on VACV also showed an enhanced therapeutic efficacy without affecting virus infection and replication,
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displaying increased local numbers of CD8  CTLs as well as reduced expression of several suppressive molecules such

as TGF-β, COX2, and CCL22 in the tumor microenvironment (TME), thus prolonged the survival of mice with a murine

AB12 mesothelioma model .

CCL5 is also a potent chemoattractant that can attract NK cells, T cells, and DC expressing its receptor CCR5 . CCL5

plays a crucial role in maintaining several functions of T cells such as survival, migration, and differentiation . Reports

showed that CCL5-armed VACV (vvDD-CCL5) enhanced immune cell infiltration into colorectal tumors in mice. Moreover,

CCL5 expression also resulted in prolonged persistence of the virus exclusively within the tumor. Further enhancement of

antitumor effectiveness was achieved when vvCCL5 was used in conjunction with DC1 vaccination, correlating with

increased immune cell infiltration into the tumor and an apparent Th1 skewing of the infiltrating T-cells .

Hot tumors are typically characterized by the accumulation of pro-inflammatory cytokines, CD8  T cells, and NK cells;

these malignancies normally have a better response rate to immunotherapy treatment. Conversely, cold malignancies

present immunosuppressive immune cells in the tumor, including Tregs, and tend to have a poor prognosis and response

to immune checkpoint inhibitors . Utilizing VACV vectors to deliver chemokines or VACV combined with chemokine

therapy may alter the TME, recruit CD8  T cell and NK cells into the tumor, and turn the cold tumor into a hot tumor to

achieve better therapeutic antitumor efficacy.

3. Costimulators

T cells play a key role in controlling tumor growth. There is growing evidence that effective T cell activation can control

tumor growth and prolong the survival of tumor patients . For T cell activation, the second or costimulatory

signal between T cell and costimulating molecules on antigen-presenting cells (APC) is needed and necessary under

natural physiological conditions . B7-1 (CD80) and B7-2 (CD86) are two important costimulatory molecules

presenting on the surface of specialized APC and interact with CD28 or cytotoxic T-lymphocyte antigen (CTLA-4)

expressed on T cells . CD28 delivers a positive stimulatory signal to T cells , while CTLA-4 delivers a negatively

regulating signal to T cells . The affinity of CTLA-4 to B7 is much higher than CD28, thus the expression of CTLA-4

dampens CD28 co-stimulating signal of T cells by competing with CD28 to bind to B7, which leads to B7 consumption and

T cells suppression . Some studies found that B7-1 is also expressed in some tumors, the expression of B7-1 in

metastatic lesions is much lower than in normal tissues, implying the correlations of B7-1 downregulation with tumor

progression . Moreover, most mouse and human tumors do not express B7-1 or B7-2. Thus, even though a potent

antigen is expressed on the tumor cells, it is unlikely to activate antitumor T-cell responses due to the absence of

costimulators . Therefore, increasing the expression of B7 molecules on tumors can provide co-stimulation to elicit

effective antitumor T cell immunity.

VACV vector is a good tool to deliver B7 molecules, which can turn tumor cells themselves into APC to provide a

costimulatory signal for T cells after infection, thus triggering potent tumor-specific T cell responses . Mouse melanoma

cells infected with a set of recombinant VACV encoding the murine B7-1 or/and B7-2 provided effective costimulation,

resulting in the proliferation of resting CD4  T cells. Moreover, when B7-1 and B7-2 were delivered together on the same

cell, the proliferative response of CD4  T cells was further increased . In another study, inoculation of rV-B7-1- or rV-B7-

2 (recombinant vaccinia viruses containing the murine B7-1 or B7-2 genes)-infected tumor cells into immunocompetent

animals resulted in no tumor growth . In a melanoma study, VACV vectors expressing B7-1 effectively overcame the

immunosuppressive TME  and enhanced tumor-specific T cell responses. Therefore, the utility of recombinant

vaccinia viruses to deliver B7 molecules to tumor cells is a potential strategy to enhance antitumor T cell responses.

4. BiTE

Bispecific antibodies are engineered proteins that can simultaneously engage with two different antigens . Bispecific T

cell engager (BiTE) is generated by single-chain variable fragments (scFv) of two different monoclonal antibodies, one of

which is usually a CD3 agonist to engage with CD3 on T cells, and the other can recognize a surface antigen on target

such as tumor cells. They are connected through a short, flexible peptide chain . Through co-engaging with CD3 and

targeted cell antigens, BiTE-mediated T cell activation can occur without co-stimulating signals or in vitro prestimulation,

which is also independent of the presentation of antigen peptides on surface MHC molecules . Therefore, tumor cell

killing mediated by BiTE is no longer limited to the expression of MHC molecules on targeted cells, even if MHC

expression has been lost by tumor cells, which is usually an immune evasion strategy of tumors .

Though the advantages of BiTE bring promising in solid tumor patients treatment, challenges are still faced in the

application of BiTE against common cancers, such as variable mutational burden in tumors, poor BiTE drug delivery into
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tumors, an overwhelmingly immunosuppressive TME which may make BiTE hard to work, off-target toxicities against

adjacent normal cells, dose-dependent severe systemic side effects, and so on .

Fibroblast activation protein (FAP) expression is closely related to the proliferation and apoptosis of tumor-related

fibroblasts. Reports showed that the generated BiTE-VACV with an anti-mouse CD3 and an anti-FAP, mFAP-TEA-VV,

mediated effective T cell killing of FAP expressing cells, which was accompanied by increased secretion of IFN-γ and IL-2.

In vivo, mFAP-TEA-VV enhanced viral titer within the tumor and had potent antitumor activity in comparison to control VVs

in an immunocompetent B16 melanoma mouse model . EphA2-TEA-VV is a recombinant VV encoding a secretory

bispecific T-cell engager consisting of two single-chain variable fragments specific for CD3 and the tumor cell surface

antigen EphA2. Compared with the unmodified virus, the replication and oncolysis abilities of EphA2-TEA-VV were not

changed. EphA2-TEA-VV not only killed infected tumor cells but also induced bystander killing of noninfected tumor cells.

Furthermore, EphA2-TEA-VV had potent antitumor activity in comparison with control VV in a lung cancer xenograft

model .

5. Tumor Antigens

Tumor antigens (TAs) can be generally categorized as tumor-associated antigens (TAAs) and tumor-specific antigens

(TSAs) . Though many studies have employed TAA in virotherapy, including oncolytic VACV , since TAAs

express not only in tumor cells but also in healthy tissues , they may also lead to off-target effects. Therefore,

targeting TSAs is a good way to treat tumors. TSAs are either oncogenic viral antigens or tumor-specific neoantigens .

Oncogenic viral antigens are identified in virus-induced tumors. Clinical antitumor efficacy of VACV vectors armed with

oncogenic viral antigens is confirmed in oncogenic virus clearance and tumors regression, such as oncolytic VACV

containing E6 and E7 antigens from human papillomavirus 16 (HPV16) in HPV eradication and against cervical cancer 

. HER2 is overexpressed and/or amplified in several types of tumors, such as breast cancer and gastric cancer .

Previous studies demonstrated enhanced efficacy of oncolytic VACV recombinants encoding combined HER2 and GM-

CSF in modulating the microenvironment of myeloid-derived suppressor cells (MDSCs)-rich tumors .

Tumor-specific neoantigens are generated by tumors through multiple mutation events . High mutation burden

neoantigens (high authentic neoantigens) might induce successful antitumor immunity as potent immunogens .

Many tumor vaccines are generated with neoantigens . However, when the tumors are with intermediate to low

mutation burdens, the application of neoantigen-targeted vaccines is highly limited since the detection of neoantigens is

hard due to the technical limitations of detection . Excitingly, with the development of deep-sequencing technologies, it

becomes possible to identify the mutations and predict potential neoantigens . Bioinformatic analysis of The Cancer

Genome Atlas (TCGA) data revealed that increased point mutations and neoantigen burdens of tumors are correlated with

increased cytotoxic T cells infiltration , implying that combining neoantigen with oncolytic VACV might increase the

expression of low burden neoantigens in tumors, thus eliciting anti-tumor neoantigen-specific T cells, and expanding the

antitumor efficacy. In addition, the anti-tumor immunity can be further amplified by the newly released neoantigens taken

up by APC after tumor cell lysis, thus producing a more direct and effective antitumor immunity. Since the majority of

neoantigens are exclusive to tumors  and mutated unique to individual patients , the therapy of oncolytic VACV

armed with neoantigens also means personalized therapy . Accordingly, oncolytic VACV armed with neoantigens is a

personalized oncolytic agent, which can be tailor-made for tumor improving and curing.

6. Combinations

6.1. Combination with Pharmaceutical Drugs

Oncolytic viral therapy faces the limitation of viral clearance due to the generation of neutralizing antibodies, the presence

of Abs specific to VACV can prohibit the booster effect of recombinant VACV vectors . Therefore, combination

strategies are elicited to circumvent these problems, thus achieving a successful vaccination and even boosting the viral

oncolytic effects.

Cyclooxygenase-2 (COX-2) is a key enzyme in fatty acid metabolism, which is upregulated during cancer. Enhanced

COX-2 activity promotes angiogenesis, inhibits apoptosis, and increases the metastatic potential of carcinogenesis .

The COX-2 inhibitor is a class of nonsteroidal anti-inflammatory drugs. It inhibits the activity of the COX-2 enzyme and

reduced antibody production specific to VACV by inhibiting antibody induction . One study found that COX-2 inhibitors

prevented the generation of VACV-specific neutralizing antibodies, thus circumventing the limitation of viral clearance

without losing infectivity in mice vaccinated with VACV previously , indicating the assistant of COX-2 inhibitors in

protecting VACV clearance. Further, the treatment of VACV in combination with COX-2 inhibitors regressed ovarian
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tumors and enhanced the survival of tumor-bearing mice, the efficacy was more effective than either administration of

VACV or COX-2 inhibitors alone . The product of COX-2 activity, prostaglandin E2 (PGE-2), is a key mediator of

resistance to immunotherapies . The elevation expression of PGE-2 couples with an increase in the suppressive

chemokine profile and a high level of granulocytic myeloid-derived suppressor cells (MDSC), which can result in a loss of

immunotherapeutic potential . Therefore, COX-2 inhibitors can block PGE-2 activity and, thus, reverse the PGE-2-

created tumor immunosuppressive microenvironment, synergizing with oncolytic VACV for TME remolding , further

confirming the benefit of COX-2 inhibitors and oncolytic VACV in combinations against tumors. Indeed, studies showed

that vaccinia vectors engineered to target PGE-2 overcame localized immunosuppression and sensitized established

tumors resistant to immunotherapy .

Sunitinib is a receptor tyrosine kinase inhibitor. It has also been used to combine with VACV to assist the antitumor activity

as sunitinib can decrease Treg and MDSC in some tumors . In a carcinoembryonic antigen transgenic (CEA-Tg)

mice model, the combined treatment of sunitinib and modified VACV reduced tumor volumes and increased survival of

CEA-Tg mice, concomitantly with increased intratumoral antigen-specific T lymphocytes infiltration and decreased

immunosuppressive immune cells . In a renal tumor mice model, oncolytic VACV in combination with sunitinib also

significantly increased the overall survival benefit of tumor mice more than VACV or sunitinib treatment alone . In

addition, other pharmaceutical drugs, such as histone deacetylase inhibitor trichostatin A , chemokine modulating drug

cocktail , and deoxyadenosine analog cytarabine  are also employed to combine with oncolytic VACV to explore

better tumor treatment.

6.2. Combination with Anti-Angiogenesis Strategies

Angiogenesis is an important part of tumor growth and development . In the period of malignancy, tumor cells start to

secrete angiogenic growth factors which bind to receptors on endothelial cells of nearby blood vessels, initiating new

vessel formation to support further tumor growth . Factors, such as vascular endothelial growth factor (VEGF) and

epidermal growth factor receptor (EGFR), play crucial roles in tumor angiogenesis to support tumor initiation and

development , and the expression levels of VEGF and EGFR are highly correlated with the incidence of tumor growth

and poor prognosis . Thus, VEGF and EGFR have been proposed as key targets to combine with

oncolytic viral therapy for exploring a better regimen against tumors.

Oncolytic VACV has been shown to induce a profound, rapid, and tumor-specific vascular collapse in both preclinical

models and clinical studies. It was observed that revascularization after viral therapy was dramatically delayed and did not

occur until after viral clearance, and VEGF levels in the tumor were suppressed throughout the period of active viral

infection . In other studies, VACV vectors armed with single-chain antibodies against VEGF also presented a

significant decrease in neo-angiogenesis compared with VACV vectors treated alone, followed by reduced tumor volumes,

decreased tumor neo-angiogenesis, and increased survival of mice bearing the tumors . Moreover, when

VACV was simultaneously armed with the two anti-angiogenesis factors namely anti-VEGF and anti-EGFR (GLV-1h444),

it was found that only minimal tumors were grown after GLV-1h444 injection in mice carrying A549 tumor xenografts,

which displayed a better therapeutic efficacy than either of the two single antibodies alone expressing VACV injected ones

. Thus, the combination of anti-angiogenesis therapy and oncolytic VACV might be an ideal path to enhance the anti-

angiogenesis effects for preventing tumor development.

6.3. Combination with Immune Checkpoint Blockade or CAR-T Cell Therapy

Immune checkpoint blockade (ICB) of PD-1/PD-L1 has led to significant tumor regressions and improved survival in a

subset of patients with many reported tumor entities . Reports showed checkpoint blockage produced

rapid and durable immune responses, especially in PD-1-expressing tumor patients . As a negative signal

regulatory protein, PD-1 is expressed on activated T cells to inhibit T cell activation. The ligand PD-L1 is expressed on

tumor cells, which binds to T cells expressing PD-1, blocking T cell functions as a tumor evading mechanism, resulting in

decreased productions of effector cytokines and lower cytolytic activity . Therefore, the blockade of the PD-

1/PD-L1 pathway can promote the activation of tumor-specific T cells, which leads to enhanced anti-tumor T cell

responses . However, the majority of tumor patients are still refractory to immune checkpoint inhibition, which might be

because of the lack of pre-existing immune responses , an important condition for successful ICB therapy .

OVs infection of tumors might overcome resistance to ICB by improving the magnitude and quality of anti-tumor T cell

responses . Reports showed dramatic tumor regression and metastatic inhibition after combined usage of anti-PD-

1 antibody and oncolytic VACV in a previously treatment-refractory carcinoma model , with an increased CD8  T cells

infiltration and DC activation . The monotherapy of metastatic sarcoma with ICB showed little activity ,

demonstrating the excellent benefits to enhance T cells activity after oncolytic VACV in combination with ICB. In a
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pancreatic ductal adenocarcinoma treatment study, oncolytic VACV and anti-PD-L1 combination also displayed good

tumor attacking ability , and the complementary benefit of oncolytic VACV in ICB treatment was further confirmed. A

clinical phase II trial in patients with advanced NSCLC is underway to evaluate the anti-tumor efficacy of the combination

therapy with modified VACV and nivolumab, an agent of anti-PD-1 monoclonal antibody (NCT02823990) .

Chimeric antigen receptor (CAR) T-cell therapy has been one of the most promising immunotherapies in the past decade.

Despite the recent success of CAR T-cell therapy in hematologic malignancies, especially in B-cell lymphoma and acute

lymphoblastic leukemia, the application of this treatment approach in solid tumors has faced several obstacles: the

heterogeneous expression of antigens and the induction of effective immune responses in the immunosuppressive TME

. Previous studies showed that VACV (expressing a non-signaling truncated CD19 (CD19t) protein for tumor-

selective delivery) enabled targeting by CD19-CAR T cells. OV19t induced local immunity characterized by tumor

infiltration of endogenous and adoptively-transferred CAR T cells in several mouse tumor models . A combination

immunotherapy approach using oncolytic viruses might promote de novo CAR T cell targeting of solid tumors.
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