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Abstract

Purpose of review: Oncolytic virotherapy is a new approach to the treatment of cancer and its
success in the treatment of melanoma represents a breakthrough in cancer therapeutics. This paper
provides a review of the current literature on the use of oncolytic viruses (OVSs) in the treatment of
melanoma.

Recent findings: T-VEC is the first OV approved for the treatment of melanoma and presents
new challenges as it enters the clinical setting. Several other OVs are at various stages of clinical
and pre-clinical development for the treatment of melanoma. Reports from phase Ib-111 clinical
trials combining T-VEC with checkpoint blockade are encouraging and demonstrate potential
added benefit of combination immunotherapy.

Summary: OVs have recently emerged as a standard treatment option for patients with advanced
melanoma. Several OVs and therapeutic combinations are in development. Immuno-oncolytic
virotherapy combined with immune checkpoint inhibitors is promising for the treatment of
advanced melanoma.
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Introduction

Oncolytic viruses (OVs) are native or modified viruses that selectively infect malignant cells
and induce direct tumor cell lysis as well as potential systemic anti-tumor response. Until
recently, limitations related to severe toxicities associated with viral infection, tumor cell
selectivity and escape, and inadequate oncolytic potency made oncolytic virotherapy
impractical and impeded further development.

The modern era of oncolytic virotherapy began in the early 1990s with a landmark study in
which a mutant herpes virus lacking thymidine kinase was observed to successfully cause
lysis of glioma tumor cells both in vitro and in vivo.(1, 2) Over the past several years, there
has been an intensification of laboratory, pre-clinical, and clinical research in the field of
oncolytic virotherapy, culminating in over 40 clinical trials involving OVs recruiting patients
in 2017.

Oncolytic virotherapy is a novel treatment modality for advanced melanoma. Currently,
Talimogene laherparepvec (T-VEC) is the only OV that is approved by the U.S. Food and
Drug Administration (FDA) for the treatment of cancer, specifically advanced melanoma.
Other oncolytic viruses have been investigated as monotherapy and in combination for the
treatment of melanoma including herpes simplex virus (HSV), HF-10 (HF-10),
coxsackieviruses, reoviruses, and poxvirus, and will be discussed further below. The current
limitations and challenges facing the treatment of melanoma with OVs will also be
reviewed.

Mechanism of Action

The goal of OV delivery is to generate strong local and systemic immune responses against
tumor cells while minimizing collateral effects of immune stimulation including rapid
inactivation of the therapeutic virus, as well as viral and immune toxicity to normal cells.(3)
OV design and administration thus reflect these therapeutic goals. OVs are modified or
selected to preferentially infect tumor cells.(4) Several OVs preferentially bind to entry
receptors disproportionately exhibited on tumor cells, increasing specificity for tumor cell
infectivity.(5) Viral entry receptors can also be engineered to target tumor cells.(6) Local
injection of the OV allows for concentration of the virus at the site of the tumor.

Immunosuppressed tumor microenvironments, such as in melanoma, are ideal for viral
replication.(7) With lymphatics and vasculature frequently dysregulated in cancer, this
serves to shield the virus from attack by the innate immune response.(8) Within this
environment, viruses then exploit tumor cell survival mechanisms such as hyperactive cell
replication machinery, unresponsiveness to interferon signaling, and inhibition of apoptosis.
(9) Specificity for tumor can then be enhanced by engineering viruses to make cancer-
specific proteins required for replication.(10)

Viral replication ultimately leads to tumor cell death by necrosis or pyroptosis, resulting in
release of tumor antigens, DAMPs, viral PAMPs, and cytokines.(11) This triggers
maturation of antigen presenting cells which traffic to regional lymph nodes and stimulate
the proliferation of tumor antigen-specific T cells. This ultimately results in the targeted
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killing of infected and uninfected tumor cells by activated adaptive and innate immune cells.
(11-13) Recruitment of innate and adaptive immunity allows for a systemic response to
tumor cells with the potential to cause regression of tumor at non-injected sites.(14)
Therefore, OV tumor cell infection can transform the tumor microenvironment (TME) from
immune-suppressed to immune-activated.(15, 16)

OVs can be armed with a variety of genes to increase viral efficacy and immunogenicity of
tumor cell death. For example, matrix-degrading enzymes can improve intratumoral viral
dissemination.(17) Fusogenic membrane glycoproteins can promote syncitia formation,
allowing viruses to spread between cells without immune detection until cell lysis.(18)
Granulocyte-macrophage colony stimulating factor (GM-CSF) can improve trafficking of
antigen-presenting cells to lymph nodes,(19) and chemokines can improve T cell infiltration
into the tumor milieu.(20) Finally, prodrug convertase enzymes can facilitate conversion of
infused anti-cancer drugs to active forms.(21)

Oncolytic Viruses Used in the Treatment of Melanoma

T-VEC is currently the only OV approved in the U.S. and Europe for the treatment of
advanced melanoma. There is a significant amount of clinical research underway focused on
the use of OVs in the treatment of melanoma (Table 1.) Combination therapy is also an
active area of research (Table 2). Given the immunosuppressed nature of the TME in
melanoma, combination therapy with OVs has been proposed as a means to generate a pro-
inflammatory milieu and prime anti-tumor immunity. (22) Combinations include pairing
OVs with various modalities and agents such as radiation therapy, radionuclide therapy,
chemotherapy, biologic therapies, and other viruses, and provide additional venues for
investigation in melanoma.(23) Results from phase Ib-11 trials combining OVs with immune
checkpoint inhibitors are promising and have reported overall good treatment tolerance and
effect, and phase 111 trials are ongoing.

1. Oncolytic Herpes Simplex Viruses

Talimogene laherparepvec (T-VEC)—T-VEC is a first-in-class recombinant HSV (type
1) that has been engineered to contain mutations in the infectious cell proteins (ICP) 34.5
and 47 and expresses GM-CSF. ICP34.5 is involved in viral replication, viral exit from cells,
and inhibition of the host’s protein synthesis shut-off response, which is normally activated
upon viral infection. Mutations in ICP34.5 protect normal cells from HSV replication and
selectively target cancer cells, which are deficient in the protein synthesis shut-off response
due to deficiencies in cellular growth arrest and DNA damage-inducible protein 34
(GADD34 or MyD116).(24-26) ICP47 inhibits transporter associated with antigen
presentation (TAP), a protein involved in the transfer of major histocompatibility complex
class I restricted antigens from the cytosol to the plasma membrane.(27, 28) Thus, mutations
in ICP34.5 and ICP47 in the HSV gene collectively result in selective replication of the virus
in tumor cells and enhanced antigen presentation of HSV-infected cells. GM-CSF has been
demonstrated to augment the anti-tumor immune response and induce a systemic immune
response.(29)
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In the phase I study evaluating T-VEC in multiple solid tumor types, the most commonly
observed adverse events were flu-like symptoms and local injection site reactions, with more
marked side effects noted in patients who were seronegative for HSV.(30) Subsequently, a
phase |1 study evaluating T-VEC in patients with unresectable stage Illc-1V melanoma with
injectable lesions was conducted.(31) A total of 50 patients were enrolled with an overall
response rate (ORR) of 26%, including 8 complete responses (CR) and 5 partial responses
(PR). The overall survival was 58% at 1 year and 52% at 2 years. Responses were observed
in both injected and distant lesions. In addition, both local and systemic immune responses
were demonstrated by an increase in melanoma antigen recognized by T cells 1 (MART-1)
specific T cells locally and systemically, as well as a decrease in regulatory T cells and
myeloid-derived suppressive cells (MDSC) in the injected regressing lesions.(32)

Based on the data from phase I/1l trials, a phase 111 study (OPTiM) was conducted.(33) This
study randomized 436 patients with unresectable and injectable stage 111B-1VV melanoma to
receive treatment with either intralesional T-VEC or GM-CSF. This study met its primary
endpoint of durable response rate (DRR) (defined as a continuous response lasting = 6
months), with a significantly higher DRR observed in the T-VEC-treated group compared to
the GM-CSF-treated group (16.3% v. 2.1%; odds ratio, 8.9; p < 0.001). Notably, responses
were observed in 15% of uninjected visceral metastases, suggesting a systemic immune
effect. There was a trend toward improved overall survival in the T-VEC treated group (23.3
months in TVEC group versus 19.9 months in GM-CSF group; HR, 0.79; p = 0.051). In a
subset analysis, highly significant treatment benefit was found in patients with stage 111B,
I1IC, or IVM1a disease and treatment-naive patients, and no difference was observed based
on HSV serological status. As a result of this study, T-VEC was approved by the FDA in
October 2015 and the European Medicines Agency in December 2015 for the treatment of
unresectable stage 111 and 1V melanoma.

Given the evidence suggesting generation of a systemic immune response by T-VEC,
combination therapy with checkpoint inhibitors are of particular interest. In a phase Ib trial,
T-VEC plus ipilimumab was evaluated in 18 patients with advanced melanoma.(34) The
ORR was 50% (complete remission (CR) = 22%; partial response (PR) = 28%); stable
disease (SD) = 22%) and overall survival (OS) was 67% with 18-month progression-free
survival (PFS) at 50%. Eight patients (44%) had a durable response of = 6 months. Of
reported adverse events (AEs), 26.3% were Grade 3 (G3) with 15.8% attributable to T-VEC
and 21.1% attributable to ipilimumab; no dose-limiting toxicities (DLT) were observed.
Subsequently, a phase Il study was performed in which 198 patients with unresectable
advanced melanoma were randomized to T-VEC plus ipilmumab or ipilumab monotherapy.
(35) The study met its primary endpoint with a significantly higher ORR observed with
combination therapy when compared to ipilimumab alone (39% versus 18%; odds ratio, 2.9;
p < 0.002). The most common AEs were fatigue, chills, and diarrhea with 45% G3 AEs seen
in combination therapy versus 35% with ipilimumab alone.

In a phase Ib study (MASTERKEY-265), 21 patients with unresectable stage I1I1B-IVM1c
melanoma were enrolled to receive combination treatment with T-VEC plus pembrolizumab.
The most common AEs were fatigue, pyrexia, and chills.(36) Median time to response was
17 weeks, the ORR was 48% and the CR was 14% with confirmation by per modified
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immune-related response criteria (irRC) (unconfirmed ORR = 57%; CR =24%). A phase IlI
randomized controlled trial (KEYNOTE-034) evaluating T-VEC (versus intralesional
placebo) plus pembrolizumab is currently ongoing (NCT02263508).(37) T-VEC is also
being investigated for use as neoadjuvant therapy. In a phase 11 study, 150 patients with
completely resectable stage 111B- IVM1a melanoma were randomized to treatment with
adjuvant T-VEC prior to surgical resection versus surgery alone. This trial has recently
concluded and the results are pending.(38)

Currently T-VEC is injected into visible, palpable, or identifiable lesions using bedside
ultrasound guidance. There are ongoing trials to develop alternative delivery strategies to
visceral sites.(39) Early safety data from a phase | open-label trial of T-VEC injected into
liver tumors using ultrasound under CT guidance showed tolerability and feasibility.(40, 41)
Liver tumors were either primary or metastatic, including some that were metastatic
melanoma. There were 28.6% G3 treatment related AEs. A DLT was reported after 1 dose
for a G3 increase in AST and a G2 increase in bilirubin. Treatment-related serious AEs
included AST increase (n=1), ALT increase (n=1), and nausea (n=1). Procedure-related
adverse events included: liver cholestasis due to hematoma (n=1) and hepatic hemorrhage
(n=1.) A phase Ib/Il trial (MASTERKEY-318) set to accrue 244 patients is underway, in
which T-VEC, alone or in combination with systemic IV pembrolizumab, is directly injected
under CT/US guidance into different liver tumor types, including hepatic metastasis from
melanoma (NCT02509507.)(39, 42)

HF-10—HF10 is an attenuated, replication-competent, and spontaneously occurring HSV
type 1 mutant OV with high tumor selectivity.(43, 44) UL53 is a gamma accessory gene
which is overexpressed by HF10 and encodes glycoprotein gK which regulates HSV
egression from infected cells.(45) UL56 is a gamma accessory gene which is involved in the
pathogenicity and latency of HSV-1 and loss of UL56 in HF10 significantly decreases
neuroinvasiveness of the virus.(45) It also lacks latency associated transcripts (LATS), which
play a role in the reactivation of the HSV-1 virus.(45)

HF10 has shown potential in the preclinical setting against breast, head and neck squamous
cell carcinoma, pancreatic cancer, and melanoma.(30, 45-47) In a murine melanoma model
using DBA/2 mice and clone M3 cells, intratumoral administration of HF-10 resulted in a
reduction in tumor mass, while intraperitoneal injection was shown to produce a 100%
survival rate.(48) In a murine B16 melanoma model, increased survival and reduced tumor
growth were observed.(49)

In a phase | clinical trial examining the effects of HF10 on superficial and refractory cancers
in 24 patients, including malignant melanoma, chills, nausea, fatigue and weight loss were
observed in 12.5% of patients with 87.5% of all patients experiencing tumor emergent
adverse events.(50) A phase Il clinical trial of 46 patients ranging 28 to 91 years of age,
using HF10 in combination with ipilimumab in stage I1I1B/IV unresectable melanoma had a
reported median best ORR of 41% at 24 weeks, PFS of 19 months, and median overall
survival of 21.8 months.(47) Three patients experienced =Grade 3 (G3) adverse events as a
result of HF10. 37% of patients experienced > G3 adverse events as a result of ipilimumab.
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A phase Il clinical trial combining neoadjuvant HF-10 and nivolumab is currently recruiting
patients.(51)

2. Oncolytic Coxsackieviruses

Coxsackieviruses have also been shown to possess promising potential as effective oncolytic
therapies for melanoma. They first garnered interest as a possible cancer treatment based on
to their known interactions with intercellular adhesion molecule-1 (ICAM-1) and decay-
accelerating factor (DAF) receptors, both of which have been shown to be markedly
overexpressed in melanoma.(52) The effects of coxsackieviruses on human melanoma cells
were first described by Shafren et al. (2004), who showed that the genetically unmodified
wild-type coxsackievirus A21 (CVVA21) induced oncolysis of both in vitro cell lines and
human melanoma xenografts.(53) It was later found that several other group A
coxsackieviruses, specifically CVA13, 15, and 18, also demonstrated oncolytic activity in
melanoma cells and tumors. Furthermore, sera from patients with stage IV melanoma had
undetectable levels of protective neutralizing antibodies for serotypes 13, 15, and 18, while
several patients had low levels of antibodies against CVA21, suggesting that a combinatorial
approach may be helpful for patients with prior exposure to these viruses.(54)

CVAZ21, commercially known as CAVATAK, is currently manufactured as an intratumoral
agent and has completed phase 11 clinical trial studies in patients with stage I11C and 1V
melanoma. Of the 57 patients enrolled, 22 patients (38.6%) displayed immune-related
progression free survival at 6 month with no serious adverse events attributable to CVA21.
(55) A phase Il study assessing extended dosing finished recruitment in 2016 and data
analysis is currently underway.(56) Combination therapy with intratumoral CVA21 and
immune checkpoint inhibitors, specifically ipilimumab and pembrolizumab, are also being
studied in patients with advanced melanoma, with preliminary results reporting ORRS
around 50% with no DLTs.(57, 58)

3. Other Oncolytic Viruses

While HSV and coxsackievirus have gained much attention, several other oncolytic viruses
have also shown early promising results in melanoma. Reovirus is a double-stranded RNA
virus of the Reoviridae family whose anti-tumor properties stem from its ability to
selectively infect and kill cells with overactive Ras signaling.(59) Reolysin, a serotype-3-
dearing reovirus strain, has been evaluated in the treatment of metastatic melanoma.
Reolysin was shown to be safe and well-tolerated in three phase | trials of patients with
advanced solid tumors.(59-61) However, a phase 11 study of Reolysin in 21 patients with
metastatic melanoma showed no objective responses when given intravenously.(62) Severe
(grade 3-4) toxicities were rare but included fatigue, lymphocytopenia, and hyponatremia,
while the same toxicities were commonly observed but with low grade. In another phase I1
study, Reolysin was evaluated in combination with carboplatin and paclitaxel in 14 patients
with advanced melanoma.(63) The results from this study demonstrated an ORR of 21% and
an OS of 5.2 and 10.9 months, respectively. This suggests improved clinical benefit over
paclitaxel/carboplatin alone, which showed PFS and OS of 3 and 9 months, respectively, in
other clinical trials.(64, 65) Toxicities of combination therapy were comparable to those of
chemotherapy alone, although pyrexia was common and 1 case of G3 febrile neutropenia
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was observed. There is currently insufficient evidence to recommend use of reovirus in the
treatment of metastatic melanoma, however, combination therapy with Reolysin remains a
potential therapeutic option and should be evaluated in the clinical setting.

Rigvir, an unmodified, single-stranded RNA ECHO-7 virus of the Picornaviridae family, is
approved in Latvia and Georgia for oncolytic virotherapy. However, there is currently
limited evidence of its safety and efficacy. Rigvir targets CD55/DAF-3, a GPl-anchored
protein present on cancer cells, and has the ability to elicit both humoral and T-cell-mediated
anti-tumor responses.(66, 67) A retrospective study of Rigvir in patients with stage I1B-11C
melanoma found that Rigvir significantly prolonged survival and reduced mortality, without
record of any “untoward” side effects(68), and a case report showed prolonged survival in
patients with stage IV M1c melanoma treated with Rigvir.(69) The case report data has
limited applicability, as it was obtained retrospectively and lacked a control arm. However,
given the potential specificity of this therapy for cancer cells, the safety and efficacy of
Rigvir in the treatment of melanoma merits further investigation.

Several trials of recombinant vaccinia virus have been conducted in advanced melanoma,
with promising early results. Vaccinia virus is a double-stranded DNA virus of the poxvirus
family, and can be modified to express both tumor-specific antigens and costimulatory
molecules. A phase I trial in which vaccinia virus expressing the CD80 costimulatory
molecule was injected into lesions, achieved an objective clinical response of 25% in 12
patients with metastatic melanoma with only low-grade toxicities, and found an enhanced T
cell systemic response against the melanoma-specific antigens gp100 and MART-1.(70) A
similar trial was conducted with intralesional injections of vaccinia virus simultaneously
expressing 3 costimulatory molecules (B7.1, ICAM-1, LFAO03), and found an objective
clinical response of 53%, also with limited low-grade toxicities.(71) Two phase I/1l trials in
patients with advanced melanoma have assessed the safety and efficacy of vaccinia virus
expressing both melanoma tumor-specific antigens (MART-1, pg100, tyrosinase;_g) and
costimulatory molecules (CD80, CD86) given intradermally and intranodally.(72, 73)

Both studies observed an increase in tumor-specific cytotoxic T lymphocyte (CTL)
responses, and objective clinical responses of 41% (intradermal) and 50% (intranodal). Side
effects were low-grade, with 1 episode of G3 leukopenia. In sum, vaccinia virus appears to
be safe and effective in the treatment of advanced melanoma, and these results are
encouraging with respect to both the clinical response as well as the specificity of the
immune response.

Prime-boost is a technique that employs two different OVs to reduce viral clearance by
neutralizing antibodies and to “boost” the immune response to tumor antigen.(74, 75) A
recent study found that prime-boost in a murine model with B16 melanoma using systemic
Reovirus/Vesicular Stomatitis Virus prime-boost treatment in combination with anti-PD-1
therapy showed significantly improved survival with long-term cures.(76) This could be
another avenue to explore in treatment of human melanoma.

Adenovirus is a double-stranded DNA virus of the Adenoviridae family, which has been
studied to a limited degree in the treatment of human melanoma. A phase | study of 14
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patients with unresectable stage 111/IVV melanoma injected intratumorally with adenovirus
expressing the cytokine IL-12 induced biologic and clinical responses, and was well-
tolerated (77). A clinical study of nine patients with chemotherapy refractory melanoma
evaluated the efficacy of adenovirus expressing GM-CSF. Four of nine patients were
evaluable for clinical response; one patient demonstrated tumor shrinkage, and two had
stable disease. Side effects were mostly low-grade, including constitutional symptoms,
nausea, and pain, with three instances of high-grade fatigue, dyspnea, and pericardial/pleura
fluid, all caused by disease progression (78). Data on the efficacy of adenovirus in human
melanoma is limited and merits further study.

Current Challenges

QV Efficacy and Tumor Resistance

Several factors can limit OV efficacy and promote tumor escape. Though OVs are intended
to generate a tumor-specific local and systemic immune response, delivery can be
unpredictable and have unintended consequences. Initial inoculum size and time to peak
viral levels may vary.(4) The inoculum may face significant barriers to intratumoral
dissemination such as heterogeneous tumor perfusion and high interstitial pressures.(3, 79)

The ability of the host to mount an efficient antiviral defense is a potential mechanism of
resistance that may restrict therapeutic efficacy. Pre-existing antibodies may also neutralize
the virus before tumor cell invasion.(3) Though tumor cell death may incite a strong immune
response, this immune response may clear the virus, limiting further anti-tumor activity.(3)
Furthermore, systemic immune responses arising from local tumor antigens may not be
effective against often heterogeneous metastatic lesions.(80)

Interferons play a crucial role in the viral defense. Moreover, OVs can trigger an innate
immune response resulting in rapid clearance of the virus.(81) This has led to the idea that
initial inhibition of immune responses could facilitate viral proliferation.(82) Besides the
immune system, other proteins such as vascular endothelial growth factor, whose presence
was shown to limit efficacy of an OV derived from HSV,(83) seem to play a role in the viral
replication.

Physical barriers also lower the efficacy of OVs. Such barriers can be tumor cellular
structure and/or the extracellular matrix (ECM). The ECM is a complex dense network
consisting of proteins, glycoproteins, and polysaccharides.(84) Several viruses use cellular
surface receptors to enter cells. Tumors of epithelial origin often retain the firm intercellular
configuration seen in the tissue they originate from. These tight junctions can conceal
cellular receptors from the virus.(85)

Clinical Translation and Safety

Clinicians will require additional education and training in OV handling, preparation, and
delivery as these therapies continue their expansion into the clinic.(86) Concerns pertaining
to biosafety are relevant to all OVs and special precautions must be taken in their
administration, especially for live OVs such as T-VEC.(39) Pregnant women and
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immunocompromised individuals should not administer the virus, and practitioners should
use personal protective equipment when injecting T-VEC.(39)

In most cases, OVs are directly injected into a readily accessible tumor. T-VEC is typically
administered in the outpatient setting into lesions that can be visualized, palpated, or easily
reached using bedside ultrasound.(86) Practitioners must also learn specific injection
techniques and maneuvers used to achieve optimal virus delivery and tumor perfusion.
Delivery to less accessible tumors using an image-guided approach is being investigated, as
well as optimization of intravenous (1V) delivery, which frequently results in hepatic
sequestration or limited OV efficacy.

Our experience with T-VEC has demonstrated that it can be challenging for physicians to
decide whether or not to continue treatment as initial response may be delayed and
distinguishing pseudoprogression from true progression is often difficult. Furthermore,
injected metastatic lesions may remain black, making it difficult to determine if the
discoloration is due to residual melanoma or melanophages (macrophages that have
phagocytozed pigmented compounds), even after biopsy and tissue staining with melanoma
specific markers.(87) Techniques such as multiplex immunofluorescence can help
distinguish melanophages from melanoma and are being investigated.(87)

T-VEC is typically administered with an initial dose of up to 4 ml 108 PFU/ml and is
followed 3 weeks later by a higher viral load of up to 4 ml of 108 PFU/mI. Treatment is
given every 2 weeks until lesion resolution, lesion progression, or toxicity.(86) A lack of a
complete response in the majority of treated patients with T-VEC monotherapy has
prompted some to consider the possibility that changes in dose and/or dosing schedule may
improve QV efficacy.(80)

Conclusions

Although the potential for viruses to induce an antitumor immune response has been
acknowledged for years, only recently has oncolytic virotherapy become a practical reality
in the treatment of cancer. T-VEC has been a breakthrough in the treatment of melanoma,
but also brings its own challenges with which clinicians must contend as it transitions to the
clinic. Combination therapy is an active area of research and several pre-clinical studies are
underway. Strategies that pair highly immunogenic OVs with immune-checkpoint inhibitors
are especially promising. Thus far, treatment with T-VEC and related agents appears to
avoid serious life-threatening toxicities. Safety data for combination therapy is also
emerging. As OV therapy continues to gain momentum, and more patients are treated with
OVs at various doses and in combination with different agents, the full scope of OV
potential and related toxicities will be better understood.
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