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ABSTRACT
Oncolytic viruses represent a novel drug class in which native or modified viruses mediate tumor regression
through selective replication within and lysis of tumor cells as well as induction of systemic antitumor
immunity capable of eradicating tumor at distant, uninjected sites. Talimogene laherparepvec (TVEC) is a
type I herpes simplex virus genetically modified to preferentially replicate in tumor cells, enhance antigen
loading of MHC class I molecules and express granulocyte-macrophage colony-stimulating factor to increase
tumor-antigen presentation by dendritic cells. It is presently the only oncolytic virus approved by the FDA
with an indication for advanced melanoma based upon improved durable response rate in a randomized,
phase III trial. Clinical trials are underway in melanoma investigating TVEC as neoadjuvant monotherapy and
in combination with checkpoint inhibitors for unresectable disease as well as in an array of other
malignancies. It is appropriate to review TVEC’s biology mechanism of action, clinical indication and future
directions as a prototype of the burgeoning class of oncolytic viruses.
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Introduction

Oncolytic viruses represent a novel drug class in which native
or modified viruses are used for the treatment of cancer. Onco-
lytic viruses mediate tumor regression through two distinct
mechanisms. First, many viruses possess an innate ability to
selectively replicate within and lyse tumor cells where antiviral
pathways have been inactivated as part of the malignant pheno-
type. The release of new viral particles allows continued infec-
tion which amplifies the locoregional lytic effect. Secondly,
locoregional activation of the innate immune system by the
virus coupled with antigen release by dying tumor cells creates
a favorable microenvironment for priming of adaptive systemic
antitumor immunity capable of regressing tumor at distant,
uninjected sites. The prototypical drug in this class is an attenu-
ated herpes simplex virus, type1 (HSV-1) engineered to express
human granulocyte-macrophage colony-stimulating factor
(GM-CSF), designated talimogene laherparepvec (TVEC) mar-
keted under the trade name Imlygic. In a prospective, random-
ized phase III trial, TVEC significantly improved durable and
objective response rates in patients with advanced melanoma.
On the basis of these results, TVEC became the first oncolytic
virus to receive regulatory approval in the United States in
October, 2015. Numerous other oncolytic viruses with varying
tropism and lytic activity against an array of tumor histologies
have been reviewed elsewhere,1,2 but this review focuses on
TVEC. We will discuss the basic biology of TVEC, mechanisms
whereby TVEC induces antitumor immunity, practical guide-
lines for administration, and clinical trials in melanoma and
other malignancies both as monotherapy and combined with
checkpoint inhibitors.

Biology of TVEC

TVEC is a genetically modified herpes simplex virus, type 1
(HSV-1) which causes fever blisters and was derived from the
JS-1 strain originally isolated from a cold sore.3 HSV-1 is a dou-
ble-stranded DNA virus which is highly lytic. It can infect skin
and peripheral nerves, where HSV-1 enters a latent state and
may cause recurrent fever blisters during times of stress. TVEC
has been engineered by deleting a gene that blocks antigen pre-
sentation and the neurovirulence genes to prevent development
of fever blisters. TVEC uses surface nectins to enter tumor cells
and propagates by exploiting disrupted oncogenic and anti-
viral pathways, primarily the protein kinase R (PKR) and type I
interferon (IFN) pathways.3

The PKR pathway is critical for regulating aberrant cell pro-
liferation and intrinsic cellular antiviral responses.4 In normal
cells, PKR can be activated by dsRNA, a byproduct of viral rep-
lication, resulting in inhibition of protein synthesis through
phosphorylation of eukaryotic translation initiation factor 2
(eIF2) with blockade of cellular proliferation and viral propaga-
tion. Cancer cells disrupt the PKR-eIF2 pathway to support
uncontrolled proliferation with the bystander effect of becom-
ing increasingly permissive of viral replication. BRAF or NRAS
driver mutations collectively present in approximately 70% of
melanoma cells constitutively activate the MAP kinase pathway
which suppresses PKR activation, preventing cells from detect-
ing the stress of aberrant proliferation and limiting protein
synthesis.5,6 Thus, inherent PKR suppression is a key mecha-
nism for selective TVEC replication and lysis within cancer
cells compared to normal cells, especially in tumors driven by
MAP kinase pathway activation. This has implications for
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combination treatment strategies in melanoma where BRAF
and MEK kinase inhibitors such as dabrafenib and trametinib
may make melanoma cells less permissive of TVEC viral repli-
cation and cellular lysis.

Type I IFNs have antiviral and antitumor activity through
limiting cellular proliferation and promoting viral eradication
partly through PKR activation. To permit unrestrained prolifer-
ation, cancer cells commonly down regulate expression of type
I IFN receptors and inactivate downstream signaling through
the JAK-STAT pathway.7,8 Disruption of the type I IFN path-
way in many cancers provides another means for selective
TVEC replications and lysis of tumor compared to normal cells
(Table 1).

The HSV-1 neurovirulence protein, infected cell protein
34.5 (ICP 34.5) is necessary for productive infection of neu-
rons and other healthy cells as it dephosphorylates eIF-2,
preventing PKR induced blockade of protein synthesis.9 In
TVEC, both copies of the ICP 34.5 gene have been deleted
allowing viral replication in cancer cells which inhibit PKR
by other mechanisms described above. This reduces toxicity
by favoring abortive infection in normal cells with an intact
PKR pathway.3 TVEC has been further engineered to
enhance antigen presentation and T-cell priming by deleting
the viral infected cell protein 47 (ICP47) which normally
reduces immune destruction of HSV-1 infected cells by
binding to transport associated protein to prevent antigen
loading of MHC class I molecules10 This gene deletion in
TVEC enhances cell surface MHC class I expression and
tumor antigen presentation by infected cancer cells and
improves safety by impairing the ability of the virus to
evade immune recognition in normal host cells. ICP47 gene
deletion also brings the downstream herpes unique short 11
(US 11) gene whose product blocks the shutdown of host
cell protein synthesis under an early/intermediate promoter,
instead of its native late promoter. This translocation par-
tially de-attenuates the virus and enhances the lytic activity
of TVEC in an array of cancer cell lines through impacts
on the PKR-eIF2 viral suppression pathway.2,3

To further enhance TVEC immunogenicity, two copies of
the human GM-CSF gene were inserted into the deleted ICP
34.5 genomic site. GM-CSF promotes dendritic cell accumula-
tion at sites of inflammation and enhances antigen presenting
cell function.11 In murine models, defective HSV-1 vectors
with ICP 34.5 deletions regressed only injected tumors. When

GM-CSF was incorporated into the virus, regression of both
injected and uninjected tumors occurred, consistent with a sys-
temic antitumor immune response.12 Furthermore, mice were
protected from rechallenge with the same tumor cells, indicat-
ing induction of durable anti-tumor memory responses. In
summary, genomic modifications incorporated within TVEC
include: 1) deletion of ICP 34.5 to reduce neurovirulence and
lytic infection of healthy cells, 2) deletion of ICP47 to enhance
antigen presentation by infected cells, 3) translocation of US11
to improve viral lytic activity in tumor cells, and 4) local expres-
sion of GM-CSF to enhance T-cell priming by dendritic cells.
The relative selectivity of T-VEC for lysis of tumor cells com-
pared to normal cells is primarily related to inherent suppres-
sion of type I IFN signaling and the PKR antiviral pathway
within most cancer cells.

Induction of antitumor immune response by TVEC

TVEC has a dual mechanism of action, an oncolytic effect
whereby it directly infects and kills local tumor cells at the
injection site as well as an immunotherapy effect through
induction of local and systemic immune responses13 TVEC is
administered by local injection into cutaneous, subcutaneous
or nodal melanoma sites according to the FDA-approved label.
TVEC preferentially replicates in tumor cells leading to lysis
and release of soluble tumor-associated antigens as well as dan-
ger signals from host cell debris and viral pathogen compo-
nents. Local GM-CSF expression enhances migration and
maturation of dendritic cells which ingest soluble tumor anti-
gens and apoptotic tumor cells. The dendritic cells then travel
to regional lymph nodes where they present antigens to specific
CD4 C helper and CD8 C cytotoxic T-cells, initiating a sys-
temic immune response (Table 2). The response rate of distant
metastases is lower than in injected tumor, potentially reflecting
insufficient effector T-cell expansion and/or inability of circu-
lating effectors to overcome the immunosuppressive tumor
microenvironment at distant sites. Combination therapy with
TVEC and immune checkpoint blockade may help over these
limitations.

Most established cancers exist in an immunosuppressive
tumor microenvironment. Lytic TVEC infection of tumor cells
results in local release of interferons, chemokines, Toll-like
receptor agonists, and danger-associated molecular pattern
(DAMP) and pathogen-associated molecular pattern (PAMP)

Table 1. Biology of TVEC.

Property Source

Selective TVEC replication and lysis in
tumor cells.

Inherent suppression of PKR and type
I interferon anti-viral pathways in
malignant cells.

Reduced neurovirulence with
suppressed latency and ability to
reactivate.

Deletion of both copies of the
ICP34.5 neurovirulence.

Partial de-attenuation to enhance
lytic activity in tumor cells.

Translocation of the US11 gene
bringing it under an early
promoter.

Enhanced antigen loading of MHC
class I molecules.

Deletion of the ICP47 gene.

Dendritic cell accumulation and
enhanced antigen presentation.

Insertion of 2 copies of the GM-CSF
gene.

Table 2. TVEC Mechanisms of Inducing Antitumor Immunity.

TVEC Effect Proximate Results Immunologic Consequence

Local viral
infection

Pathogen-associated
molecular pattern release

Innate immune system activation
improving the milieu for
adaptive immune priming

Tumor cell
injury

Danger-associated
molecular pattern release
from host cells

Further innate immune system
activation

Tumor cell
lysis

Soluble tumor-associated
antigen release

Neoantigens available for
adaptive immune priming

Local GM-CSF
expression

Enhanced dendritic cell
accumulation and
maturation

Migration of tumor-antigen
loaded dendritic cells to
draining lymph nodes to prime
specific CD4C and CD8C T
cells
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factors which together promote a more favorable milieu for
priming of anti-tumor immune responses. Viral nucleic acid
variants (PAMP) and host cell derived heat shock proteins, cal-
reticulin, ATP and uric acid (DAMP) bind Toll-like receptors
to promote innate immune responses. Cancer cell lysis releases
tumor-associated neoantigens for processing and presentation
by dendritic cells activated by TVEC-encoded GM-CSF. This
can lead to priming of anti-tumor CD8 C T-cell responses
against previously unrecognized antigens. The induction of
tumor specific immune responses by TVEC has been clinically
demonstrated by the presence of MART-1-specific CD8 C T-
cells within injected melanoma nodules.14

Preclinical studies

An ICP34.5- deleted HSV-1 vector forerunner of TVEC was
engineered to express the marker gene beta-galactosidase.15

Following intracranial or foot-pad injection in mice, strong
expression of the marker gene was observed in the brain and
dorsal rood ganglia with little toxicity. These findings indicate
that deletion of the HSV-1 neurovirulence gene blocks neuro-
toxicity but preserves sufficient infectivity to allow potent trans-
gene expression even within neural tissue. A subsequent HSV-1
vector forerunner of TVEC with deletions of ICP 34.5 and
ICP47 preferentially lysed human breast cancer cells compared
to autologous hematopoietic cells in mixed culture.16 TVEC
itself demonstrated strong lytic activity against a variety of
human tumor cell lines in vitro, including melanoma cells.17

Murine models demonstrated tumor infiltration by CD8C T
-cells in both injected and noninjected metastases.18 Melanoma
patients treated with TVEC demonstrated accumulation of
melanoma antigen specific CD8C T-cells within injected
lesions associated with a reduction in CD4C FoxP3C regula-
tory T-cells and CD14C myeloid-derived suppressor cells.14

Collectively, these observations demonstrate the ability of
TVEC to infect and drive transgene expression in a variety of
cell types, preferentially lyse an array of human tumor cells,
and induce antigen-specific CD8C adaptive immune responses
in both injected and uninjected tumors.

Clinical trials of TVEC monotherapy in advanced
melanoma

The initial human study of TVEC was a phase I trial in 30
patients with refractory cutaneous or subcutaneous metastases
from melanoma, breast cancer, gastrointestinal adenocarci-
noma, or squamous cell carcinoma of the head and neck.16 The
virus was administered by local intratumoral injection instead
of systemic delivery to reduce toxicity and improve tumor cell
infectivity. TVEC was well tolerated, and the most common
adverse events were local inflammation and flu-like symptoms.
Local reactions were dose limiting at 107 pfu/mL in HSV-sero-
negative patients, and baseline HSV serologic status did not
influence TVEC efficacy. Thus, the dosing regimen established
was a priming dose of 106 pfu/mL regardless of baseline serol-
ogy, followed 3 weeks later by multiple treatment doses of 108

pfu/mL every 2 weeks until confirmed disease progression or
unacceptable toxicity (Table 3).16 This approach allowing
HSV-seronegative patients to seroconvert prior to high-dose

therapy was well tolerated. No objective responses were seen in
the trial, but viral replication, GM-CSF expression and HSV-
antigen-associated necrosis was observed in melanoma, breast
cancer, and head and neck cancer. Areas of tumor necrosis
were associated with positive staining for HSV particles and
surrounding normal tissues showed no necrosis and rarely
stained positive for HSV particles.16 Six patients demonstrated
flattening of injected and/or nearby uninjected tumors, and sys-
temic immune response were observed in four patients.

The initial phase II trial enrolled 50 patients with unresect-
able or metastatic melanoma with stag IIIC or IV disease.19

Most patients (74%) had received prior systemic treatment for
advanced melanoma. Up to 10 tumors were injected with
TVEC on each treatment day, preferentially delivered to any
new or progressing lesions. The maximum total injection vol-
ume was 4mL per treatment day with the volume injected into
each lesion varying from 0.1mL for tumors < 0.5cm to 4mL for
lesions > 5 cm in greatest diameter. Patients initially received a
priming dose of 106 pfu/mL followed 3 weeks later by treatment
doses of 108 pfu/mL every 2 weeks for a maximum of 24 treat-
ments, per the current label.19 TVEC was well tolerated with
toxicity primarily limited to transient flu-like symptoms, nau-
sea, and local injection site inflammation. The objective
response rate (ORR) by RECIST 1.0 criteria was 26% with 8 of
13 responding patients experiencing complete response and 12
responses lasted > 6 months. Regression of both injected and
distant tumors occurred, including visceral metastases. On an
extension protocol, two additional patients had late conversion
to CR by 24 months. Only 3 of 20 patients (15%) with visceral
metastases had an objective response. The overall survival was
58% at one year and 52% at two years in an era predating com-
mercial availability of BRAF inhibitors or immune checkpoint
blockade. Several patients experienced pseudo-progression
with tumor enlargement and/or appearance of new small
tumors before a response, as described with other forms of
immunotherapy.20,21

Based upon the encouraging durability of responses and land-
mark survival with low toxicity in the phase II study, a phase III
trial (OPTiM) was conducted in 436 patients with stage IIIB to
IV melanoma (Andtbacka RH 2015)22. Patients were random-
ized 2:1 to intralesional TVEC or GM-CSF administered subcu-
taneously at 125 mcg/m2 daily for 14 days in 28-day cycles. Due
to the frequency of pseudo-progression with TVEC, treatment

Table 3. TVEC Clinical Trials in Melanoma.

Therapy
Phase

(Enrollment) Primary Outcomes

TVEC Monotherapy I (nD 30) Established dosing regimen
TVEC Monotherapy II (nD 50) ORR D 26%, CR D 16%
TVEC v. GM-CSF III (nD 436) TVEC improved DRR v. GM-CSF (16%

v. 2%, p < 0.001)
Neoadjuvant TVEC v.

Immediate Resection
II (nD 150) Enrollment completed May 2017,

results pending
IpilimumabC/¡ TVEC Ib/II (nD 198) Addition of TVEC to Ipilimumab

improved ORR (39% v. 18%,
p D 0.002)

Pembrolizumab C/¡
TVEC

Ib/III (nD 660) Ib (n D 21) demonstrated
tolerability and ORR D 57% with
combo; phase III enrolling

TVECC Dabrafenib and
Trametinib

Ib (nD 20) Enrolling
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discontinuation because of progressive disease by response
assessment criteria was not required before 24 weeks unless alter-
nate therapy was clinically indicated. After 24 weeks, treatment
continued until clinically relevant melanoma progression associ-
ated with reduced performance status, intolerable toxicity, com-
plete remission, lack of response by 12 months, or disappearance
of all injectable tumors in the case of TVEC. After 12 months,
patients with stable or responding melanoma could continue
treatment for six additional months. The primary endpoint was
durable response rate (DRR), defined as the percentage of
patients experiencing a response lasting � 6 months and begin-
ning within the first 12 months of treatment. DRR was higher in
the TVEC arm (16% v. 2%, p< 0.001), as was ORR (26% v. 6%)
with CR in 11% of the TVEC group. Median OS was 23.3 months
with TVEC and 18.9 months with GM-CSF (p D 0.051), and 5-
year survival in the TVEC arm was 33%. The most common
adverse events with TVEC were fatigue, chills, pyrexia, nausea,
and local injection reactions. Cellulitis occurred in 2% of patients.
In exploratory analyses, OS was superior in the TVEC arm for
patients with stage III or stage IV M1a (skin or lymph node only
metastases) and for treatment na€ıve patients with p< 0.001 in
both comparisons. Based on these encouraging results, TVEC
became the first oncolytic viral therapy to demonstrate signifi-
cant clinical benefit in a phase III randomized trial.13 This led to
TVEC approval asmonotherapy for unresectable cutaneous, sub-
cutaneous, or nodal melanoma lesions following initial surgery
by the U.S. Food and Drug Administration in October, 2015.

TVEC monotherapy trials clearly demonstrate distant
responses in uninjected tumors, presumable through immune
activation against tumor-associated antigens. However,
responses in lung or visceral sites are uncommon. Subanalysis
of the OPTiM trial examining TVEC treatment in 132 patients
with stage IV M1b or M1c disease with metastases to lung or
visceral sites compared to 163 patients with stage IIIB – IV
M1a melanoma revealed DRR of 5% v. 25%, ORR of 9% v. 41%
and CR rates of 4% v. 17%, respectively.23 Given the activity of
other systemic melanoma therapies across metastatic stages,
the role of TVEC monotherapy may be largely limited to stage
IIIB – IV M1a disease.24

Retrospective review of data from the OPTiM trial identified
patients with cutaneous melanoma arising in the head and
neck as a particularly favorable subgroup responding to TVEC.
Among 61 such patients, the DRR was 36% with a complete
response rate of 30% and 73% of responses persisted greater
than a year.25 TVEC has also induced a durable complete
response of inflammatory melanoma, a rare aggressive mela-
noma phenotype characterized by extensive melanoma cell
infiltration of dermal lymphatics and intercalation freely
through the dermis producing a diffuse malignant plaque
affecting almost an entire arm.26

Current role of TVEC in melanoma treatment

Subgroup analysis of the OPTiM trial demonstrated a consider-
ably higher durable response rate of 33% in stage III B/C patients
and overall survival was significantly improved with TVEC for
stage III B/C or IVM1a disease. The phase II trial reported objec-
tive response in 67% of injected lesions, 41% of injected non-vis-
ceral lesions, and only 13% of visceral lesions unavailable for

injection.27 The median time to response in injected tumors,
uninjected non-visceral tumors, and visceral tumors was 18, 23
and 51 weeks, respectively. Furthermore, multivariate analysis of
the OPTiM trial demonstrated significantly improved DRR and
OS among patients with below median baseline tumor burden.28

In the authors’ experience, TVEC is especially active against der-
mal satellite or in transit metastases. Thus, TVEC is highly effec-
tive at controlling locoregional disease, but systemic effects are
limited and typically require combination approaches. TVEC
monotherapy may be considered for first line treatment of
patients with unresectable stage III or IV M1a melanoma or
patients with more advanced BRAF wild-type melanoma and rel-
ative contraindications to checkpoint inhibition, including
advanced age, poor performance status, or significant autoim-
mune disease. Anti-PD1 monotherapy or combined BRAF and
MEK inhibition produce objective responses in 40–60% of
patients with 3-year PFS of 23–30% and 3-year OS of approxi-
mately 50%.29,30 Thus, these agents are generally preferred over
TVEC monotherapy in the first line treatment of visceral mela-
nomametastases. TVEC is contraindicated in patients with active
herpetic infection and those requiring daily antiviral therapy
although a history of fever blisters is permissible. Since TVEC is a
live, attenuated virus, immunocompromised patients may be at
risk for disseminated herpetic infection. TVEC should be avoided
in patients with HIV, lymphoma, leukemia, or on significant
immunosuppressive therapy. Since there have been no studies in
pregnant women, TVEC should not be used in this population.

Administration of TVEC

For dermal or very superficial lymph node metastases, TVEC
administration can be accurately directed visually and by palpa-
tion. In the case of subcutaneous nodules or deeper lymph
nodes in the cervical, axillary or inguinal regions, ultrasound
guidance in the clinic may be necessary to ensure intratumoral
delivery. Use of ultrasound expands the population of patients
who are candidates for intratumoral therapy and may be per-
formed by experienced medical oncologists, surgeons or inter-
ventional radiologists. Development of proficiency with
intralesional injection is becoming increasingly important for
melanoma clinicians as multiple oncolytic viruses and Toll-like
receptor agonists are in late-stage clinical trials to augment sys-
temic CPB1,31 The needle should be placed in the center of the
tumor and the correct volume for a particular lesion delivered
as a single injection with the needle redirected multiple times
to infiltrate the entire nodule. Fully viable melanoma nodules
often have elevated oncotic pressure that resists intratumoral
injection, and the volume must be delivered gradually over a
few minutes. As tumors respond, the clinician may observe
reduction of oncotic pressure and greater ease of injection as an
indication of response.26

TVEC is classified as a biosafety level 1 agent because it is
not known to consistently cause disease in healthy adults. It is
stored at ¡70�C and frozen vials are thawed at room tempera-
ture in a sterile biosafety cabinet. Thawed virus can be refriger-
ated prior to administration for 12 hours at 106 PFU/mL or
48 hours for 108 PFU/mL. Universal precautions should be fol-
lowed when administrating TVEC, including wearing a gown
or lab coat, gloves, and face protection.32 As many lesions as
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possible are injected up to 4 mL total volume on each treatment
day with priority given to the largest lesions followed by any
new lesions. Lesions should be cleaned with alcohol prior to
injection and local anesthetics are generally unnecessary. Injec-
tion sites should be covered with gauze and an occlusive dress-
ing and should remain covered for a week after each treatment
due to potential viral shedding in wound drainage. Pregnant or
immunocompromised providers should not have direct contact
with storage, handling or administration of TEC, nor come in
contact with the injection site.

Acetaminophen or indomethacin can be used for prevention
and treatment of fever, chills, or injection site reactions consist-
ing of pain, erythema or swelling. Herpes cellulitis is typically
self-limited and clears within 24 hours. Persistent cellulitis or
associated fever and leukocytosis should prompt suspicion of
superimposed bacterial infection. In the extremely unlikely
event that viremia or encephalitis is suspected, standard clinical
polymerase chain reaction testing for HSV DNA is reliable in
blood and cerebrospinal fluid as it detects epitopes conserved
within TVEC.33 If clinically significant disseminated herpetic
infection occurs, acyclovir is recommended as TVEC is suscepti-
ble to anti-viral therapy.34 Patients on low dose corticosteroids
equivalent to� 10 mg of daily prednisone are eligible for TVEC.

Chronic granulomatous dermatitis at TVEC injection
sites

TVEC produces objective response in 41% of stage IIIB-IV M1a
melanoma. However, clinical response assessment can be mis-
leading due to immune-related inflammation at established
tumor sites. Our group has reported five cases of granuloma-
tous dermatitis developing at sites of TVEC injection associated
with pathologic complete response in 4 of 5 patients.35 TVEC
was injected into a median of 20 tumors for a median of 9 doses
over approximately 5 months before biopsy of persistent, indu-
rated nodules with variable residual melanin pigment. Granulo-
matous dermatitis with melanophages and free melanin
pigment was observed in all samples with no evidence of mela-
noma cells in four patients. The fifth patient was rendered mel-
anoma-free by resection of the one nodule out of four
containing residual tumor. It is logical that repetitive adminis-
tration of TVEC into cutaneous melanoma metastases can lead
to chronic granulomatous dermatitis locoregionally by mimick-
ing unresolved herpes viral infection with the added stimulus of
GM-CSF production promoting macrophage accumulation.
Granuloma formation with residual melanosis creates confu-
sion over the degree of tumor response and need for further
therapy. Tumor biopsies should be strongly considered follow-
ing 4–6 months of TVEC administration to differentiate viable
melanoma nodules from granulomatous inflammation. Most
patients with confirmed benign granulomatous dermatitis
remain relapse-free following treatment discontinuation and
inflammatory nodules typically regress spontaneously over sev-
eral months.35 Multiple marker immunohistochemistry of
tumor biopsies obtained prior to TVEC and at the time of path-
ologic complete response demonstrated a marked increase in
quiescent tumor infiltrating lymphocytes post-treatment that
were Ki67 low, granzyme B low, and PD1 high consistent with
maturation of an effective adaptive immune response.35 Both

CD4C and CD8C T-cells were enriched following TVEC ther-
apy with no significant change in regulatory T-cells.

Neoadjuvant TVEC for high risk resectable melanoma

A phase II trial in resectable stage III B/C or IV melanoma ran-
domized 150 patients to immediate surgical resection versus
12 weeks of neoadjuvant intratumoral TVEC followed by sur-
gery. Enrollment was completed in May 2017 with results
pending (NCT02211131).

TVEC plus ipilimumab

The unique mechanism of action and tolerability of TVEC
make it an attractive candidate for combination therapies with
other immune activating agents. Although some studies indi-
cate that GM-CSF may stimulate local myeloid-derived sup-
pressor cells,36,37 combination of oncolytic viral therapy with
ICB is supported by murine melanoma models.18,38 Further-
more, a randomized phase II trial of ipilimumab with or with-
out subcutaneous GM-CSF (NCT01134614) demonstrated
significantly improved OS with the combination and a trend
toward lower toxicity.39 Based upon these data a phase III trial
of ipilimumab plus nivolumab with or without GM-CSF is
ongoing (NCT02339571).

A phase IB trial of ipilimumab C TVEC (NCT01740297)
in 19 patients with advanced melanoma demonstrated toler-
ability of standard dose TVEC according to the current
label beginning on week 1 with ipilimumab added on week
6 at the FDA approved dose of 3 mg/kg intravenously every
3 weeks for four doses.40 A randomized, open-label phase II
continuation of this trial comparing TVEC C ipilimumab
to ipilimumab alone in 198 patients with advanced mela-
noma met its primary endpoint of improved ORR with the
combination (39% v. 18%, p D 0.002).41 Responses to the
combination were durable with 89% ongoing at a median
follow up of 16 months. Perhaps most important, visceral
lesion decreases were observed in 52% of patients with
combination therapy compared to 23% of patients with ipi-
limumab alone, suggesting that TVEC substantially
enhanced anti-tumor immunity at distance, uninjected sites
in the setting of CTLA-4 blockade. Grade 3 or 4 adverse
events occurred in 45% of patients treated with the combi-
nation and 35% receiving ipilimumab alone. TVEC C ipili-
mumab primarily increased flu-like symptoms with no
unexpected adverse events or treatment-related deaths.41

TVEC plus pembrolizumab

Pembrolizumab is an IgG4 monoclonal antibody directed
against PD-1 and is indicated for the treatment of unresect-
able or metastatic melanoma and multiple other malignan-
cies.42 In the randomized phase III KEYNOTE-006 trial in
advanced melanoma, pembrolizumab improved ORR, PFS
and OS compared to ipilimumab (anti-CTLA4) with fewer
serious adverse events.43 The addition of pembrolizumab to
TVEC would theoretically allow efficient T-cell priming by
TVEC at sites of injected tumor and enhanced killing of
uninjected tumors by effector T-cells freed from the
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immunological braking mechanism of the PD1 pathway.
Tolerability of this combination has been evaluated in the
phase Ib portion of the phase Ib/III MASTERKEY-265 trial
(NCT02263508). Twenty one patients with stage IIIB-IV
M1c melanoma with injectable tumors and no prior sys-
temic therapy received TVEC monotherapy at an initial
dose of 106 PFU/mL followed by 108 PFU/mL every 2
weeks from week 3.44 Pembrolizumab was given intrave-
nously at 200 mg every 2 weeks beginning with the third
TVEC dose and both drugs were continued for up to
2 years. No dose limiting toxicity was observed and no
additional toxicity was seen with the combination compared
with that expected with the monotherapies. The small phase
IB portion of the trial reported a confirmed ORR of 62%
and a CR rate of 33% per immune response criteria, which
was greater than the ORR seen with pembrolizumab in a
phase III trial (34%) and with TVEC seen in the OPTiM
trial (26%). These results must be interpreted with caution
as melanoma patients with injectable skin metastases often
follow a more favorable clinical course. Patients responding
to combination therapy had increased CD8C T cells,
elevated PD-L1 protein expression and interferon-gamma
gene expression in tumors following TVEC treatment.
Response to combination treatment was not associated with
baseline CD8C T cell infiltration or interferon-gamma sig-
nature. These findings indicate that oncolytic virotherapy
may enhance the efficacy of anti-PD1 therapy by modifying
the tumor microenvironment.44 The phase III portion of
the trial is ongoing and will randomize 660 patients with
advanced melanoma to receive pembrolizumab with either
TVEC or placebo.

TVEC plus kinases inhibitors

A phase Ib trial is ongoing in BRAF mutated advanced
melanoma combining TVEC with dabrafenib and trameti-
nib, BRAF and MEK kinase inhibitors, respectively (NCT
03088176). However, inhibition of the MAP kinase pathway
may theoretically make melanoma cells less permissive of
TVEC replication and lysis as described earlier in this
review.

Clinical trials with TVEC in non-melanoma
malignancies

A phase I/II trial of TVEC combined with concurrent cis-
platin and radiotherapy was conducted in 17 patients with
newly diagnosed stage III or IV head and neck squamous
cell carcinoma.45 There were no delays to chemoradiation
therapy or dose-limiting toxicity. At 29 months median fol-
low-up, locoregional control was 100% and RFS was 76%
(NCT01161498). In an ongoing phase Ib/III trial in recur-
rent or metastatic squamous cell carcinoma of the head and
neck, patients are randomized to pembrolizumab with or
without TVEC delivered to involved cervical nodes (NCT
2626000). A phase I trial examined one to three doses of
TVEC monotherapy delivered endoscopically to 17 patients
with advanced pancreatic adenocarcinoma.46 Despite subop-
timal dosing, responses were seen in both primary tumors

and some uninjected lesions. However, must patients had
end-stage disease with rapid progression and the trial was
terminated for strategic reasons other than toxicity. Addi-
tional clinical trials are ongoing for patients with sarcoma
in combination with radiotherapy neoadjuvantly (NCT
02453191) and combined with pembrolizumab for advanced
disease (NCT 03069378), as monotherapy for hepatocellular
carcinoma or other liver metastases (NCT 02509507), as
monotherapy for inoperable locally recurrent breast cancer
(NCT 02658812), and combined with neoadjuvant chemo-
therapy for breast cancer (NCT 02779855).

TVEC for regional advanced merkel cell carcinoma

Merkel cell carcinoma (MCC) is an uncommon, aggressive
cutaneous malignancy with propensity for locoregional recur-
rence and hematogenous spread. Approximately 80% of cases
are caused by clonal integration of Merkel cell polyomavirus
(MCPyV), and the remainder carry an extremely high burden
of ultraviolet signature mutations.47 Thus, MCC is an attractive
target for immunotherapy because MCPyV positive tumors
express viral oncoproteins, and virus-negative tumors carry a
large number of neoantigens created by ultraviolet signature
mutations providing non-self-epitopes for immune recogni-
tion. Our group has reported complete and partial response to
TVEC monotherapy in two of two patients with regionally
advanced MCC that are both ongoing at approximately a year
following therapy initiation.47 Since that report, we have treated
two additional consecutive patients with multiple regionally
recurrent MCC nodules in the neck with a clinical complete
response to TVEC following four months of treatment in one
patient and improving partial response after two months of
TVEC in the other (unpublished observation). A study of
TVEC with or without hypofractionated radiotherapy is cur-
rently recruiting patients with MCC (NCT02819843).

Conclusion: TVEC in the field of oncolytic virotherapy

Oncolytic virotherapy uses an array of replication-competent
viruses that have been adapted to amplify and spread preferen-
tially at sites of tumor growth. In 1991, a genetically modified
HSV-1 virus led to tumor control without associated encephalitis
when administered intracranially in a murine glioma model.48

TVEC was first described in 2003 and approved by the FDA in
October 2015 to treat advanced melanoma. Although TVEC
remains the only FDA-approved oncolytic virotherapy at the
time of this writing, clinical trials are underway with a wide vari-
ety of other modified viruses including vaccinia virus, adenovirus,
parvovirus, reovirus, coxsackie virus, measles, poliovirus, Newcas-
tle disease virus, Seneca valley virusand vesicular stomatitis
virus.1 Naturally occurring viruses have diverse tissue tropism
making some more advantageous than others in different tumor
histologies. Since neutralization by antiviral antibodies is a signif-
icant impediment to repetitive dosing of oncolytic virotherapy,
sequential use of immunologically non-cross-reactive viruses will
likely be more efficacious.2 Oncolytic viruses are in clinical trials
treating a broad array of malignancies including melanoma, sar-
coma, glioblastoma, myeloma, mesothelioma and carcinomas of
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the breast, lung, colon, prostate, kidney, liver pancreas, bladder,
ovary, and head and neck.

Systemic delivery of oncolytic virotherapy is another major
goal to markedly extend the spectrum of applicable tumor types
and stages for this burgeoning drug class. Several oncolytic
viruses have been administered intravenously in human
clinical trials with occasional encouraging results supporting
feasibility.2 To overcome circulating antiviral antibodies, intra-
venous delivery of infected carrier cells to transport oncolytic
viruses to tumor sites has shown success in murine models.49

Thus, oncolytic virotherapy is a strategically attractive class of
immunotherapeutics that is sure to rapidly expand in the clinic
using a variety of viral platforms to treat a wide array of malig-
nancies both locoregionally and systemically as both monother-
apy and in combinations with checkpoint inhibitors.
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