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1. Tumor Microenvironment

The TME represents an important barrier that can hinder immune responses against tumors and also attenuate

immunotherapeutic efficacy (Figure 1). In situ immune components of tumors, including T cells, B cells, natural killer cells

(NK), dendritic cells (DCs), macrophages, granulocytes as well as suppressive regulatory cells subtypes such as

regulatory T cells (Tregs), regulatory B cells (Bregs), and myeloid-derived suppressor cells (MDSCs), play crucial roles in

the host cancer immunosurveillance system, although their contribution varies between tumor types and among patients

with the same cancer . The type, density, and location of immune infiltrates within a tumor have been suggested to have

a clinical prognostic impact . Importantly, the infiltration of T cells, particularly CD8+ T cells, have has been shown to

correlate with augmented responses to immunotherapy and improved survival .

Figure 1. The tumor microenvironment (TME). Major cellular constituents of the TME during oncolytic virotherapy (OVT).

Tumors can be classified as immunologically “hot” or “cold” . “Hot” or inflamed tumors have an abundance of

infiltrating T cells and molecular signatures of immune activation and are usually responsive to immunotherapy . By

contrast, “cold” tumors are defined to have limited number of infiltrating T cells and are not sufficiently primed for immune

recognition . These cold tumors often contain Tregs, Bregs, and MDSCs, which prevent cytotoxic immune cells from

penetrating into the TME . Therefore, turning a cold tumor hot is essential and may significantly enhance the therapeutic

efficacy of cancer immunotherapies. Unfortunately, only a minority of patients with hot cancers seem to respond and

benefit from immunotherapies like checkpoint blockers, cancer vaccines and CAR-T cells. To improve clinical outcomes in
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patients with a variety of cancer types, significant efforts are currently undertaken to combine immunotherapies

themselves or with traditional cancer therapies, such as chemotherapy, radiation therapy, or surgery .

The generation of an anti-tumor response involves a cyclic process referred to as the cancer-immunity cycle . This cycle

begins with liberation of neoantigens generated as a result of spontaneous immunogenic cell death, chemotherapy,

radiation, and/or OVT among others. The released neoantigens are captured and processed by antigen-presenting cells

(APCs), which migrate to the draining lymph nodes to prime and activate tumor-specific T cells. Tumor-specific T cells

traffic to and infiltrate the tumor bed where they recognize and kill cancer cells. The killing of cancer cells releases

additional tumor antigens, fueling the cancer immunity cycle.

2. Tumor Microenvironment and Oncolytic Virotherapy

2.1. oHSV and Anti-Tumor Immune Responses

A number of candidate oHSVs are currently in development . Our group and others have demonstrated the significant

impact of oHSV OVT on the development of anti-tumor immune responses in pre-clinical or clinical studies .

Specifically, these studies have highlighted the ability of oHSVs to change the TME from “cold” or immunosuppressive to

“hot” or immunostimulatory as a component of their efficacy. Given the central role of the TME in controlling the

development of anti-tumor immune responses, understanding the cellular and molecular changes in the TME during OVT

would inform the development of more efficacious immunotherapies for the treatment of human and animal cancers.

While the pre-clinical pipeline of oHSV is rich with promising candidates , we focus in this section on several

oHSVs for which there is clinical data.

T-VEC™ is the first FDA approved OVT for treatment of patients with unresectable melanoma . T-VEC is a modified

HSV-1 OV derived from the JS-1 strain in which two copies of its ICP34.5 genes which encodes the neurovirulence factor

are deleted . The ICP34.5 gene is also important for viral replication, viral egress from cells and prevention of cellular

block to viral protein synthesis in infected cells through its inhibitory activity on the protein kinase R (PKR) pathway 

. PKR stops protein synthesis by phosphorylating the eukaryotic translation initiation factor 2 alpha (eIF2α) . The

ICP34.5 protein redirects protein phosphatase 1α (PP1α), which reverses the phosphorylation of eIF2α to restore protein

synthesis . Deletion of the ICP34.5 gene decreases pathogenesis and prevents replication of the virus in normal cells.

In addition, T-VEC contains a deletion in the gene encoding the ICP47 protein . HSV-1 uses the ICP47 protein to inhibit

transporter associated with antigen presentation (TAP), thus it downregulates antigen presentation through MHC Class I,

as a way of evading immune response during infection . The deletion of the ICP47 gene increases antigen presentation

and enhances viral immunogenicity. Additionally, ICP47 inactivation in T-VEC puts the herpes unique short 11 (US11)

under immediate early promoter control which results in enhanced and earlier expression of US11, whose gene product

inhibits PKR activity . Finally, two copies of the human granulocyte–macrophage colony stimulating factor (GM-CSF)

gene are inserted in place of the deleted ICP34.5 gene loci . GM-CSF functions as a potent immune stimulator by

promoting the recruitment and maturation of DCs and macrophages . It is not clear what contribution the GM-CSF

makes to anti-tumor efficacy of T-VEC™ as other vectors have shown efficacy in the absence of cytokine transgenes .

T-VEC demonstrated strong lytic activity when tested in vitro in human tumor cell lines, including melanoma and

pancreatic cancer cells . In mice, intratumoral injection of A20 lymphoma tumors with T-VEC resulted in significant

reduction of tumor volume of both injected and non-injected tumors, and treated mice rejected subsequent tumor re-

challenge . Corroborating the aforementioned study, a recent study in mice found similar systemic immune responses

induced by T-VEC to distal untreated tumors . Furthermore, a significant increase of CD3+ and CD8+ T cells was

observed in both injected and contralateral tumors and these T cells were tumor specific . In humans, TVEC

monotherapy has also demonstrated distant responses in untreated tumors . Intralesional injection of T-VEC altered the

TME and increased MART-1 (melanoma antigen recognized by T-cells 1) specific CD8+ T-cell infiltration in melanoma

patients . There was also evidence of these cytotoxic T cells in the peripheral blood of treated patients, suggesting the

induction of systemic anti-tumor immunity . In addition, injected lesions demonstrated a decrease in Tregs, T-

suppressor cells, and MDSCs . In another study, T-VEC in combination with anti-PD-1 antibody, pembrolizumab,

altered the TME and increased cytotoxic CD8+ T cell infiltration . These findings demonstrate that OVT can improve the

efficacy of ICIs as a combination therapy.

The G207 strain is an attenuated HSV-1 OV based on the HSV-1 (F) strain, which contains deletions of both copies of the

ICP34.5 gene, as well as an Escherichia coli lacZ gene insertion which inactivates the ICP6 gene . The ICP6 gene

encodes for a subunit of ribonucleotide reductase, an enzyme necessary for viral DNA synthesis in quiescent cells .
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The inactivation of the ICP6 gene restricts the virus to replicate in actively dividing cells, thus giving the virus selectivity for

tumor cells .

Early reports demonstrated the utility of G207 as an in situ cancer vaccine . In this study, G207, after intratumoral

inoculation of colorectal carcinoma cells, was reported to induce an anti-tumor immune response. Further, in mice that

had two tumors engrafted, intratumoral inoculation with G207 reduced tumor growth rates in treated and contralaterally

engrafted but untreated tumors, demonstrating an abscopal effect . Intratumoral inoculation with G207 in pre-clinical

models of U-87MG gliomas resulted in a significant reduction of tumor volume and prolonged survival . Tumor

vasculatures were destroyed in mice bearing rhabdomyosarcoma xenografts following intratumoral treatment with G207

. In the same line, work by Huszthy et al. in athymic nude rats implanted with human glioblastoma (GBM) biopsies

further suggests that G207 may possess antiangiogenic properties . The authors also observed accumulated CD68+

microglia cells and macrophages within the tumor bed around viral plaques in G207 injected tumors . In this study, viral

plaques and CD68+ cells within the tumor tissue were confirmed by immunostaining .

In Phase 1b clinical trials with patients suffering from recurrent GBM, G207 was introduced directly into resected cavities

after tumors were removed surgically . G207 demonstrated high safety profiles with post treatment evidence of

significant infiltration of CD8+ T cells and macrophages/microglia into the TME . Most recently, results from the first in-

human trial of G207 for malignant pediatric cerebellar brain tumors were reported . Patients had catheters

introduced which allowed direct administration of virus to tumors. Results were highly encouraging with only a single non-

responder of 12 patients enrolled. There was substantial evidence of lymphocyte infiltration into tumors in some patients

. Interestingly, when patients who were HSV-1 seropositive were excluded from analysis, increased circulating numbers

of natural killer (NK) cells was found to positively correlate with survival. Median survival for front-line therapies of high-

grade pediatric gliomas is 5.6 months . While not directly comparable, in this trial, G207 treatment resulted in

median survival of 12.2 months . Moreover, at the time of reporting four of the patients were still surviving 18 months

after treatment with G207. This result exceeded expectations and provides strong support for Phase 2 trials.

HSV1716 is derived from HSV-1 strain 17 and lacks both copies of the ICP34.5 genes . HSV1716 OVT has been

demonstrated to reduce tumor growth and provide survival advantage as well as to induce significant tumor infiltration of

inflammatory immune cells, including CD4+ T cells, CD8+ T cells, NK cells and macrophages in mouse models of

intracranial M-3 S91 Cloudman melanoma, 4T1 breast, and rhabdomyosarcoma cancers . One mechanism used

by HSV1716 to recruit effector immune cells into the TME is through the upregulation of chemokines: IFN-γ-inducible

protein-10 (IP-10 also known as CXCL10) and monokine induced by IFN-γ (MIG also known as CXCL9) . IP-10 and

MIG are known to have chemotactic effects on activated T cells and NK cells. Recent studies in PyMT-TS1 breast cancer

model further demonstrated HSV1716’s ability to alter the TME immunosuppressive milieu. In this study, HSV1716 OVT

resulted to reduced number of Tregs and reprogrammed M2-like TAMs to a more pro-inflammatory M1-like phenotype in

the TME when compared to matched controls .

HSV1716 has been evaluated in a number of clinical trials as an intervention strategy for melanoma, mesothelioma, non-

CNS solid tumors, and glioma . For mesothelioma, patients were administered HSV1716 via an intrapleural

catheter . In the majority of patients after treatment with HSV1716, levels of Th1 cytokines IL-2, IFN-g, TNFa in pleural

fluid were increased 5–10-fold . Interestingly, the authors reported the development of novel anti-tumoral antibody

responses in four of the patients treated with HSV1716 . In a previous study, HSV1716 was administered intravenously

in young patients with extra-cranial solid tumors . Impressively, intravenous administration at up to 10  infectious doses

was well tolerated and two patients exhibited stable disease. Unfortunately, TMEs were not studied in biopsied

specimens. In another study in young patients with brain tumors, up to 10  infectious units were administered

intratumorally . Administration was well tolerated. No biopsies were performed, but imaging revealed metabolic activity

consistent with inflammatory responses.

HF10 is a non-engineered, spontaneously mutated OV derived from the HSV-1 HF strain. At the genome level, HF10

lacks the expression of functional unique long (UL) 43, UL49.5, UL55, UL56, and latency-associated transcripts (LAT),

and overexpresses UL53 and UL54 genes . The functions of these altered genes and how they may contribute to the

antitumor efficacy of HF10 have been reviewed . In a C3H mouse model of head and neck squamous cell carcinoma

(SCC VII), intratumoral injection of HF10 reduced tumor growth and significantly enhanced survival .

Immunohistochemistry analysis showed evidence of tumor necrosis and infiltration of CD8+ T cells around HSV-infected

cells in HF10 treated tumors . These findings correspond with the results of previous studies of HF10 OVT against

other malignancies , however, the authors did not show whether HF10 as a monotherapy, altered the

immunosuppressive cell populations in the TME.
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There have been several clinical trials to evaluate the safety and efficacy of HF10 for a number of different cancers

including head and neck squamous cell carcinoma (HNSCC), breast cancer, melanoma and pancreatic cancer 

. All trials report that HF10 was safe and tolerable in each trial. Analysis of infiltrating immune cells was reported

in a subset of these trials. In a recent Phase I trial of nonresectable pancreatic cancer where patients were treated

intratumorally with HF10, immunohistochemistry on HF10 treated tumors revealed a statistically significant infiltration of

CD8+ T-cells compared to tumors that did not receive HF10 . Analysis of CD4+ T-cells revealed no statistically

significant differences between treated and untreated tumors. The study also included analysis of macrophages and other

APCs. Of these, macrophages were found to infiltrate tumors in statistically significant numbers in HF10 treated tumors

relative to untreated tumors. Consistent with a trial for G207 , the authors noted an increase in circulating NK cells in

patients treated with HF10.

NV1020 is derived from the HSV-1 strain F designated as R7020, that was originally developed as a vaccine against HSV-

1 and HSV-2 infection . The NV1020 genome contains a 15-kb deletion region at the UL/S junction, which

encompasses genes encoding ICP0, ICP4, and ICP34.5, as well as UL56 . NV1020 is further attenuated by a 700-bp

deletion in the tk gene locus that prevents the expression of the overlapping UL24 gene . In addition, the virus carries

an insertion of an exogenous copy of the HSV-1 tk gene, and a 5.2-kb fragment of HSV-2 DNA . NV1020 replicates

efficiently in transformed cells and the insertion of the tk gene ensures that viral infection or toxicity can be controlled with

antiviral drugs, like acyclovir.

The safety and efficacy profile of NV1020 in the treatment of peritoneally disseminated gastric cancer has previously been

investigated in preclinical models. When tumor bearing mice were treated intraperitoneally with NV1020, it significantly

reduced tumor burdens and conferred significant survival advantage when compared to control treated animals . In

addition, when the brain, liver, kidneys and tumor of NV1020 treated mice were evaluated for HSV biodistribution and

necrosis, immunohistochemistry analysis showed no virus or necrosis in any non-tumor tissues . However, significant

HSV staining and extensive necrosis was observed in tumor specimens. Furthermore, NV1020 has also been shown to

have significant promise in the treatment of other pre-clinical cancer models, including pancreatic, pleural, and bladder

cancer, as well as head and neck squamous cell carcinoma .

The safety and tolerability of NV1020 was first evaluated in a Phase 1 study involving patients with colorectal cancer

metastatic to liver (mCRC) . NV1020 was administered to 12 patients (3 per cohort) via intrahepatic arterial infusion in

escalating dose of 3 × 10 , 1 × 10 , 3 × 10 , and 1 × 10  PFU. All patients received cycles of floxuridine through a

chemotherapy infusion pump with several combinations of chemotherapy (irinotecan, 5-fluorouracil, leucovorin, or

oxaliplatin) 1 and 2 months after administration of virus. Most frequent adverse events associated with the administration

of NV1020 included pyrexia, headache and rigor. Although, one patient had a severe case of increased gamma glutamyl

transferase (GGT) levels occurring 12 h after virus infusion. No significant change in serum levels of cytokines and T cells

due NV1020 administration was observed. Radiologic assessment of anti-tumor activity 28 days after viral administration

showed that two patients had reduction in tumor size of 39% (1 × 10  PFU cohort) and 20% (3 × 10  PFU cohort),

respectively. In addition, 3 patients demonstrated progression of disease, while 7 patients had disease stabilization.

A subsequent study aimed to evaluate the therapeutic effects of an optimally tolerated dose of NV1020 in patients with

mCRC has been completed. According to the results, treatment with virus through hepatic artery infusion was well

tolerated and was associated with stable disease in 50% of the patients. Immunologically, individual infusions of NV1020

induced a dose-related increase in the levels of IL-6, TNF-α, and IFN-γ. The addition of chemotherapy resulted to a

median time to progression (TTP) and a median overall survival (OS) of 6.4 months and 11.8 months respectively.

Altogether, this study suggests that NV1020 can stabilize liver metastases and sensitize tumors to chemotherapy resulting

prolonged overall survival in patients with mCRC .

2.2. Interactions of oHSV with the Tumor Vasculature

Tumor vasculatures restrain the migration of immune cells from reaching tumor targets through the expression of

immunosuppressive ligands and the downregulation of adhesion molecules . Studies on how oHSV-derived OVT

disrupts tumor-induced vasculature has demonstrated mixed results. On one hand, studies have shown a direct anti-

angiogenic effects of oHSV . Although most of the reported anti-angiogenic oHSV vectors are armed with angiostatic

factors or angiogenesis inhibitors. One example is the oHSV RAMBO (rapid antiangiogenesis mediated by oncolytic

virus). Hardcastle et al. hypothesized that incorporating an extracellular fragment of the brain-specific angiogenesis

inhibitor 1 (BAI1), vasculostatin (Vstat120), in RAMBO would counter the downregulation of thrombospondin 1 (TSP-1)

and the increased cysteine-rich 61 (CYR61) integrin activation in the TME, thereby enhancing the anti-tumor efficacy .

Indeed, RAMBO treatment promoted significant anti-tumor and anti-angiogenic responses over the control virus, in the
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treatment of mice bearing intracranial and subcutaneous gliomas. In addition, RAMBO-treated tumors showed a

significant reduction in tumor microvessel density (MVD) and vascular volume fraction (VVF) . Similarly, Tsuji et al.

demonstrated that treatment with T-TSP-1, an oHSV armed with human TSP-1, reduced tumor MVD and exerted an

enhanced anti-tumor efficacy against human gastric cancer in vivo .

On the other hand, other reports have suggested that oHSVs induce pro-angiogenic responses . The

downregulation of TSP-1, an anti-angiogenic factor, and the increased expression of CYR61, a pro-angiogenic factor, in

infected cells are some of the limitations of the neovascular responses associated with oHSV infection . When taken

together, there is no clear census regarding the anti-angiogenic or pro-angiogenic nature of oHSV vectors.

2.3. Interactions of oHSV with the Extracellular Matrix of Tumors

The extracellular matrix (ECM) of tumors controls a number of important regulatory processes central to tumor pathology

. However, its function as a barrier to prevent viral replication and spread has motivated a number of groups to

manipulate the ECM as a component of OVT . These efforts include the exogenous addition of enzymes

to degrade the ECM during OVT and the engineering of novel viruses that express matrix degrading enzymes. The

molecular makeup of the ECM can be unique to each tumor. As such, the approaches to disrupt the ECM as a component

of OVT may not represent a “one size fits all” solution. Further, ECM remodeling proteins such as matrix

metalloproteinases (MMPs), while generally understood to be protumoral, can have anti-tumoral effects depending on

individual tumor characteristics . Bearing this in mind, a number of groups have been successful incorporating ECM-

targeting approaches for OVT.

Building on earlier work that demonstrated exogenous addition of matrix metalloproteinase 9 (MMP9) in neuroblastoma

cells enhanced oHSV spread , Sette et al. created a novel oHSV that expresses MMP9 (KMMP9) . MMP9 degrades

Type IV collagen which is present in the ECM of glioblastoma multiforme (GBM). KMMP9 possessed enhanced spread in

GBM spheroids and treatment of intracranial mouse xenografts with KMMP9 resulted in increased survival compared to

xenografts treated with control non-MMP9 expressing-virus .

Mckee et al. demonstrated that targeting collagen using bacterial collagenases enhanced efficacy of OVT in melanoma

xenograft models . Bacterial collagenases were introduced intratumorally, coincident with MGH2, an oHSV vector. The

combined effect was enhanced intratumoral spread of virus and significantly reduced tumor growth rates.

In brain tumors many CSPGs are upregulated and this upregulation is associated with the enhanced pathogenicity of

these tumors. Sugar modifications on CSPGs are responsible for limiting diffusion in the ECM. Dmitrievea et al. reasoned

that removal of these moieties with a bacterial enzyme, chondroitinase ABC (chase-ABC), would facilitate replication and

spread of oHSV through CNS tumors . To this end, they engineered an oHSV (OV-Chase) to express Chase-ABC. OV-

Chase significantly enhanced replication and spread through subcutaneous gliomas, reduced tumor growth rates and

increased survival in mouse glioma xenografts.

More direct approaches have been taken to subvert the ECM barrier to viral replication and spread through tumors. E-

cadherin is a molecule that facilitates cellular adhesion through nectin-1. Nectin-1 is the predominant receptor for HSV-1

infection and the addition of E-cadherin was hypothesized to directly increase viral infection and spread by promoting

receptor binding . This group engineered an oHSV (OVCDH1) to express human E-cadherin. OVCDH1 exhibited

enhanced spread through GBM cells in vitro, reduced tumor growth rates in vivo and enhanced survival in xenograft and

immunocompetent models of GBM.

Most studies of the effect of manipulating the ECM on OVT efficacy have focused on viral replication and spread. There

has been relatively little effort spent to look at the effect manipulating the ECM during OVT has on immune cell infiltration.

The above study is particularly interesting in this respect, as they examined the effect of E-cadherin on infiltrating NK

cells, macrophage, microglia and T-cells. Perhaps due to an increase in cytolytic activity of OVCDH1 this group noted an

increase in NK cell infiltration into tumors after OVCDH1 treatment versus control virus treatment. No other differences in

immune cell infiltration were observed between OVCDH1 and control groups.

Finally, while the above groups demonstrated that overexpression of ECM proteins can benefit OVT efficacy, Mahller et

al., reasoned that inhibition of ECM protein activity may benefit OVT . This group hypothesized that, as the function of

many ECM protein activities are pro-tumoral, using a virus to express TIMP-3, a matrix metalloprotein inhibitor, might

benefit oHSV-derived OVT. TIMP-3, tissue inhibitor of MMPs 3, is an inhibitor of all MMPs. Treatment with TIMP-3 reduced

tumor growth rates in a number of cancer models . Using this rationale, Mahller et al., engineered the G207

oHSV (described below and in Table 1) to express TIMP-3 and called it rQT3. Compared to control virus which expresses
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luciferase, treatment of neuroblastoma and malignant peripheral nerve sheath (MPNST) xenografts with rQT3 was

superior at reducing tumor growth rates and enhancing survival.

Table 1. Summary of HSV-derived Oncolytic Viruses Discussed.

Oncolytic Herpes
Simplex Virus Strain HSV Gene Mutations Transgene Reference

KMMP9 KOS
Deletion of residues 2–24 and amino acid

substitution,
Y38C, in gD. gB:NT

Human EGFR, miR-124
target in ICP4 3′UTR, MMP9

rQT3 F ICP34.5Δ, ICP6Δ Human TIMP3

MGH2 F ICP34.5Δ, ICP6Δ CYP2B1 and
human shiCE

OVCDH1 Q1 ICP34.5Δ, ICP6Δ Human CDH1

OV-Chase F ICP34.5Δ, ICP6Δ Bacterial Choindroitinase
ABC

T-VEC JS-1 ICP34.5Δ, ICP47Δ Human GM-CSF

G207 F ICP34.5Δ Escherichia coli lacZ gene at
ICP6

HSV1716 17 ICP34.5Δ None

HF10 HF
Reduced expression of UL43, UL49.5, UL55, UL56

and LAT genes; increased expression of UL53, and
UL54 genes

None

NV1020 F
Joint deletion (1 copy of ICP0,

ICP4, ICP 34.5), UL56Δ, UL5/6 duplication, UL24Δ,
TKΔ

TK under ICP4 promoter
control, 5.2-kb fragment

of HSV-2 DNA

G47Δ-mIL-12 F ICP34.5Δ, ICP6Δ, ICP47Δ Mouse IL-12

VC2 F gKΔ, UL20Δ None

RAMBO F ICP34.5Δ, ICP6Δ Human Vstat120

T-TSP1 F ICP34.5Δ, ICP6Δ, ICP47Δ Human TSP-1
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