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Malignant melanoma is the most aggressive form of 
skin cancer and its incidence has increased in the last  
decade (1). Melanoma is considered an immunogenic 
tumour type based on criteria such as high tumour mutation 
burden, higher prevalence in immunocompromised patients 
and its clear response to immunotherapy. Surgical treatment 
alone successfully treats the vast majority of early-stage 
melanomas, however surgery is less effective, or even 
inappropriate, for advanced-stage or metastatic melanoma. 
In such cases, systemic treatments, such as targeted therapy, 
immunotherapy and, less frequently, chemotherapy are 
the cornerstone of patient management. Immunotherapy 
offers the greatest opportunity for durable tumour control 
in advanced melanoma (2) by using elements of the 
patient’s own innate and adaptive immune system to target  
cancer cells. 

Immune checkpoint inhibitors (ICIs) have revolutionised 
the management of a range of cancers in recent years, 
with their greatest successes to date being seen in treating 
melanoma. ICIs are monoclonal antibodies that target 
immune checkpoint molecules, such as CTLA-4 and 
programmed death-1 (PD-1), which are co-inhibitory 
molecules expressed most prominently on the membrane 
surface lymphocytes. Since 2010, the Food and Drug 

Administration (FDA) has approved both anti-CLTA-4 
(ipilimumab) and anti-PD-1 (nivolumab, pembrolizumab) 
antibodies for treating advanced melanoma. Patients can 
be treated with combination (ipilimumab plus nivolumab) 
or single-agent (anti-CTLA-4 or anti-PD-1) therapy (3-5). 
Pembrolizumab has shown response rates around 38% in 
patients with metastatic melanoma, including in those with 
progressive disease after treatment with ipilimumab, and 
an overall survival (OS) of 74% at 12 months (6). Clinical 
benefit of PD-1 administration has been correlated with a 
marked expansion/increase of tumour-infiltrating CD8+ T 
cells.

Even though ICIs are transformative cancer therapies 
and offer therapeutic benefits for patients with advanced 
melanoma, in a significant subset of patients the tumour 
will display either intrinsic or acquired resistance to 
these drugs, usually accompanied with a lack of sufficient 
T cell inflammation and resistance to ICI therapy (7). 
These limitations have driven the development of 
combination strategies between ICIs and other types of 
immunotherapies, including with oncolytic viruses (OVs). It 
is the hope that such combinations will enhance the steps of 
spontaneous T cell activation and immune cell infiltration 
into tumours.
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OVs are a novel class of cancer immunotherapy (8). 
They can be naturally occurring or genetically-modified, 
but share the property of preferentially replicating in and 
killing tumour cells. There are several DNA and RNA 
viruses which have been exploited as OVs in translational 
cancer research: for instance, reoviruses, herpes simplex 
viruses (HSV) and adenoviruses (9,10). The therapeutic 
efficacy of OVs extends to their modulation of the 
tumour-immune microenvironment (TIME) to reverse 
the immunosuppressive milieu of tumours and, thereby, 
sensitise them to tumour-specific lymphocytes and  
ICIs (11). Importantly, a variety of genes can be inserted 
into the genome of OVs to enhance their therapeutic 
efficacy; for example, transgenes expressing cytokines or 
recombinant ICI antibodies. Such viral genome engineering 
can improve local and systemic anti-tumour immunity and 
reduce the emergence of treatment resistance (12). 

Talimogene laherparepvec (T-VEC) has been approved by 
multiple regulatory agencies for the treatment of advanced 
melanoma. T-VEC is a genetically-modified HSV type 1 
that encodes granulocyte-macrophage colony-stimulating 
factor (GM-CSF). The chemokine facilitates priming of 
tumour-specific lymphocytes and infiltration of immune 
cells into the tumour site. Thus, it enhances anti-tumour 
immunity and induces a systemic immune response (13). 
Additionally, T-VEC contains deletions of the infected cell 
proteins (ICPs) 34.5 and 47, which allow the virus selectively 
to infect tumour cells (14) and promote antigen presentation 
in infected tumour cells (15), respectively. 

Based on the data from the randomised phase III 
OPTiM trial (NCT00769704) in patients with unresectable 
stage IIIB–IVM1c melanoma, intralesional administration 
of T-VEC was shown to improve response rate compared 
with subcutaneous GM-CSF alone [durable response rate 
(DRR) 16.3 vs. 2.1%; overall response rate 26.4% vs. 5.7%]. 
Although adverse events associated with T-VEC have 
been reported (e.g., fatigue, chills, and pyrexia), the agent 
is well tolerated with low levels of grade 3–5 toxicity (16). 
Subsequent follow-up analyses reported median OS of 23.3 
and 18.9 months for T-VEC and GM-CSF, respectively. 
Updated overall response rates were 31.5% (T-VEC) and 
6.4% (GM-CSF), while complete responses were 16.9% 
(50 patients from T-VEC group) and 0.7% (1 patient 
from GM-CSF group). The benefits of T-VEC were most 
pronounced in the patients with stage IIIB, IIIC, and 
IVM1a compared to more advanced metastatic stages (17). 

Despite this successful phase III trial, single-agent T-VEC 
therapy has achieved limited market penetration and has 
established little more than a niche role in the treatment 
of melanoma, largely because of the dominant positions 
assumed by ICIs and BRAF/MEK inhibitors. T-VEC, 
and other OVs, have been the subject of further studies in 
combination with ICIs in an attempt to exploit their roles as 
relatively non-toxic TIME-modulating therapies.

A phase Ib study (MASTERKEY-265; NCT02263508) 
examined 21 patients with unresectable stage IIIB–
IVM1c melanoma who were treated with the combination 
of T-VEC and pembrolizumab. Patients received 
intratumoral injections of 1×106 plaque-forming units (pfu) 
per mL of T-VEC on day 1 of week 1 and subsequent doses 
of 1×108 pfu/mL were injected on day 1 of week 4 and 6, 
and every 2 weeks thereafter. Subsequently, a flat dose of  
200 mg of pembrolizumab was infused intravenously every 
2 weeks commencing on day 1 of week 6 (together with the 
third dose of T-VEC). The combined treatment resulted 
in a high overall response rate of 62% and complete 
response rate (CRR) of 33% in advanced melanoma 
patients. Additionally, the combination of T-VEC and 
pembrolizumab did not increase adverse events compared 
to historical controls for pembrolizumab alone. Most 
importantly, after combination treatment, post-treatment 
tumour biopsies were shown to have an increased density 
of CD8+ T cells, programmed death-ligand 1 (PD-L1) and 
interferon-γ (IFN-γ) expression (18).

These clinical data provided proof-of-principle for 
T-VEC inducing immunogenic cell death in tumour cells, 
causing the release of viral antigens, danger-associated 
molecular patterns (DAMPs), pathogen-associated 
molecular patterns (PAMPs) and, thereby, promoting 
IFN-γ signalling. Such T-VEC-induced IFN-γ signalling, 
together with virus-mediated local GM-CSF production 
leads to infiltration and activation of antigen-presenting 
cells (APCs) in the TIME. The APCs expressing ingested 
tumour antigen can then prime and activate CD8+ T 
cells in the tumour-draining lymph nodes. The impact 
of T-VEC in increasing the influx of tumour-specific 
lymphocytes into the TIME can alter the state of tumours 
from immunologically cold to hot. This phenotypic 
change within a tumour can, in turn, improve tumour 
responsiveness to ICI therapy.

Further characterisation of the ways that T-VEC was 
distributed within tumours and influenced the tumour 
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microenvironment in the MASTERKEY-265 trial potentially 
could have revealed mechanistic insight into induction of 
stimulatory events in relevant cell sub-populations within 
the tumour microenvironment, similar to the analysis of 
T-VEC-treated lymphoma samples in the study by Ramelyte 
et al. (19). Single-cell analysis could have provided insight 
into which immune pathways are functionally relevant in 
distinct patient populations and, thus, might have informed 
the optimisation of combination trials.

Following the initial phase Ib MASTERKEY-265 
trial, Chesney et al. (20) completed the main phase III 
randomised, double-blind, placebo-controlled trial. Six 
hundred ninety-two patients with advanced melanoma 
(stage IIIB–IVM1c) were randomly divided into 346 
patients in each of two groups (pembrolizumab plus T-VEC 
vs. pembrolizumab plus placebo). In this component 
of the study, the schedule was altered and T-VEC and 
pembrolizumab were administrated concurrently from  
day 1 of cycle 1. As before, the initial dose level was 
up to 4 mL of 1×106 pfu/mL, with subsequent doses at  
1×108 pfu/mL initially 2-weekly and, then, beyond cycle 5 
given 3-weekly to align with the standard administration 
schedule of flat-dosing of 200 mg of pembrolizumab. 
Primary endpoints of the study were progression-free 
survival (PFS) and OS. Ultimately, the study reported 
that the T-VEC/pembrolizumab combination did not 
significantly improve PFS or OS compared to the placebo 
group. Notably, objective response rate (ORR) and DRR 
of T-VEC/pembrolizumab group were 48.6% and 42.2%, 
respectively, while those for placebo were 41.3% and 
34.1%, respectively. Even though both ORR and DRR were 
numerically higher in the combination treatment group, the 
differences were not statistically significant.

Given the priority being given to combination studies of 
ICIs with a range of different OVs, including other herpes 
simplex viral agents, it is important to try to understand 
the reasons for MASTERKEY-265 being a negative trial 
following on from the positive outcomes from OPTiM. 
The first issue to consider relates to the distribution of 
disease stages between the two studies. Patients recruited 
to MASTERKEY-265 had more advanced disease than in 
OPTiM (55 vs. 39–45% with stage IVM1b/c disease). As 
discussed above, previous subgroup analyses have confirmed 
that T-VEC is more effective in earlier stage disease (IIIB 
to IVM1a) (17). Thus, it is possible that any beneficial 
effects of T-VEC were insufficient to translate to PFS 

and OS improvements in pembrolizumab-treated patients 
with more advanced disease, in whom the majority of the 
benefit derived from the systemic therapy that was given 
in both arms of the study. Review of the Forest plot data 
between the two arms in MASTERKEY-265 confirms that 
the T-VEC plus pembrolizumab combination was most 
effective in earlier stage disease, but the differences are 
not particularly striking and stage distribution, per se, is 
unlikely adequately to explain the overall negative result. 
Perhaps future research could include dedicated studies in 
patients with early-stage disease.

Another important consideration is the effect of T-VEC 
on different sized tumours. The OPTiM trial was the first 
to report that patients with lower tumour burden (lower 
than 14.5 cm2) have a higher probability of achieving 
complete response (17). These data are supported by a 
meta-analysis of 8 studies with 642 patients in stage IIIB–
IVM1c melanoma treated with T-VEC. A higher efficacy 
of T-VEC in early metastatic melanoma was reported in 
that the CRR and ORR of patients in stage IIIB–IVM1a 
melanoma were 41% and 64%, respectively, while the 
CRR and ORR of patients in stage IVM1b–IVM1c were 
4% and 9%, respectively (21). Furthermore, apart from 
the substages of disease, size and number of lesions are also 
associated with tumour load and considered as baseline 
characteristics to indicate the chance of clinical responses 
after treatment with T-VEC. Thus, metastatic lesions with 
a larger diameter were correlated with poorer responses to 
T-VEC (22). Similar data exist for the likelihood of patients 
with melanoma deriving benefit from immunotherapy (23).  
In keeping with these reports, the Forest plots from 
MASTERKEY-265 demonstrate an improved degree of 
benefit for the T-VEC plus pembrolizumab combination 
for those with a sum of lesion diameters below the median. 
Again, these data point towards the fact that the T-VEC 
plus pembrolizumab combination might have yielded 
a positive trial outcome had the trial been conducted 
exclusively in patients with lower tumour burdens. Having 
said that, one must recognise that that is not the area of 
greatest unmet need in patients with melanoma. 

There is another important factor to consider when 
assessing the outcomes of MASTERKEY-265, and that 
relates to treatment schedule. It is important to note the 
difference in the treatment schedule between the initial 
phase Ib (18) and the full phase III trial (20). As previously 
described, T-VEC and pembrolizumab combination was 
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administrated concomitantly to the patients from the 
outset in the phase III trial, while repeat-dose T-VEC was 
injected 6 weeks prior to the administration of first dose 
of pembrolizumab in the phase Ib trial. Other data (24) 
have suggested that the difference in administration 
schedule could have influenced the activities of the 
T-VEC/pembrolizumab combination, in that priming 
the TIME with OVs prior to giving ICIs improved 
outcomes  compared to  del iver ing the  treatment 
concomitantly. One can hypothesise that administration 
of T-VEC prior to pembrolizumab would allow for 
reprogramming of the TIME by recruiting and activating 
APCs with tumour (and viral) antigens with subsequent 
priming, expansion and migration of tumour-specific 
CD8+ T cells back to the tumour. Additionally, T-VEC 
upregulates the expression of PD-L1 and MHC-I on the 
membrane of tumour cells, and increases the expression 
of inflammatory cytokines, e.g., IFN-γ and IL-2, which 
further supports infiltrating CD8+ T cells. Subsequently, 
as opposed to concomitant, administration of ICIs can 
further boost and maintain the activation of the existing 
tumour-specific CD8+ T cells in such an optimised 
environment (Figure 1).

Although the trial conducted by Chesney et al. (20) 
failed to show significant clinical benefit of T-VEC 
combined with pembrolizumab, the study did demonstrate 
that patients with advanced melanoma can safely receive 
combinations of OV (HSV and, presumably, other virus 
therapies) with anti-PD-1 ICI. Therefore, it is worth 
considering the possibility that MASTERKEY-265 was a 
negative trial because T-VEC is an insufficiently potent 
therapeutic agent. Ongoing studies of next-generation HSV 
agents include those involving the RP viral platform (RP-1, 
2, and 3). Like T-VEC, RP-1 has deletions of ICP 34.5 and 

47 and encodes GM-CSF, but also encodes an additional 
transgene, constitutively active gibbon ape leukaemia virus 
fusogenic glycoprotein (GALV), which improves both its 
cytotoxicity and immune-activating effects. Pre-clinical data 
show that in a bilateral murine lymphoma tumour model 
where one tumour was injected with mRP1, and the other 
left untreated, mRP1 plus anti-PD-1 therapy enhanced 
anti-tumour effects in both injected and non-injected 
tumours, compared with either therapy alone (25). RP-2 
additionally encodes an expression cassette for production 
of an anti-CTLA-4 antibody-like molecule within the 
tumour and RP-3 carries potentially increased potency 
through its expression of CD40-ligand and 4-1BB ligand-
activating constructs. We can expect that a range of other 
highly engineered and potent viral agents will enter clinical 
studies and pick up the baton from MASTERKEY-265.

To date, combination treatment regimens of OVs and 
ICIs have been studied in several clinical trials. Although 
such regimens have been confirmed as safe and, in small, 
early-phase studies, have demonstrated positive clinical 
outcomes in advanced melanoma (and other) patient 
groups, we have not yet seen data from randomised clinical 
trials that prove that the combination of OV and ICI 
can be superior to ICI alone. As we look to the future, 
the expectation must be that progress will come through 
greater understanding and exploitation of the biological 
mechanisms that underpin favourable combinations of 
OV and ICIs. Most likely, this will involve novel, next-
generation engineered OVs that carry multiple payload 
genes delivered according to biologically optimised dose-
schedules alongside single- or multi-agent ICI therapy. 
Using such approaches, we can be optimistic that we will 
improve outcomes for patients with advanced melanoma 
and other cancer types. 
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Figure 1 Mechanisms of the combination between OVs and ICIs to activate anti-tumour immunity in advanced melanoma (8). (A) 
The tumour is in an immunologically cold state as it contains a low number of TILs and almost no PD-L1 expression. T-VEC is 
intratumorally administrated to the tumour site. The OVs infect tumour cells and viral replication occurs, resulting in lysis of tumour 
cells and, subsequently, the release of DAMPs, PAMPs, tumour antigens, and pro-inflammatory cytokines, including GM-CSF. T-VEC 
also upregulates membrane expression of PD-L1 and MHC class I molecules presenting tumour antigens. Furthermore, the progeny of 
T-VEC replication can infect adjacent tumour cells. (B) DAMP, PAMP and pro-inflammatory cytokines can recruit and stimulate APCs, 
particularly dendritic cells, to the tumour and enhance their migration to tumour-draining lymph nodes. The mature APCs can then present 
tumour antigen via MHC class II to CD4+ T cells and via MHC class I to CD8+ T cells, respectively. CD4+ T cells secrete IL-2 to support 
the expansion and activation of tumour-specific CD8+ T cells. Tumour-specific CD8+ T cells subsequently migrate to the tumour site. 
Therefore, an increase in TILs within the tumour site will alter the state of the tumour to become immunologically hot and primed for 
anti-PD-1/ICI efficacy. (C) Systemically administrated anti-PD-1 antibody will bind to the PD-1 molecules expressed on the membrane of 
CD8+ T cells within the tumour microenvironment. This antibody binding will interfere with the engagement of PD-L1 molecules on the 
tumour (and tumour microenvironmental) cells, and subsequently re-activate TILs and enhance their tumour killing efficacy. Created with 
BioRender.com. OV, oncolytic virus; ICI, immune checkpoint inhibitor; PD-1, programmed death-1; PD-L1, programmed death-ligand 
1; T-VEC, Talimogene laherparepvec; TIL, tumour-infiltrating lymphocyte; MHC, major histocompatibility complex; DAMP, danger-
associated molecular pattern; PAMP, pathogen-associated molecular pattern; GM-CSF, granulocyte-macrophage colony-stimulating factor; 
TLR, Toll-like receptor; PRR, pattern recognition receptor; APC, antigen-presenting cell.
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