
MEK inhibition enhances oncolytic virus immunotherapy 
through increased tumor cell killing and T cell activation

Praveen K. Bommareddy1,2, Salvatore Aspromonate2, Andrew Zloza2, Samuel D. Rabkin3, 
Howard L. Kaufman4,5,*

1School of Graduate Studies, The State University of New Jersey, New Brunswick, NJ 08901 
USA,

2Rutgers Cancer Institute of New Jersey, Rutgers, The State University of New Jersey, New 
Brunswick, NJ 08901 USA,

3Department of Neurosurgery, Massachusetts General Hospital, Boston, MA 02114 USA

4Division of Surgical Oncology, Massachusetts General Hospital, Boston, MA 02114 USA

5Replimune, Inc., Woburn, MA 01801 USA

Abstract

Melanoma is an aggressive cutaneous malignancy but advances over the past decade have resulted 

in multiple new therapeutic options, including molecularly targeted therapy, simmunotherapy and 

oncolytic virus therapy. Talimogene laherparepvec (T-VEC) is a herpes simplex-1 oncolytic virus 

and trametinib is a MEK inhibitor approved for treatment of melanoma. Therapeutic responses 

with T-VEC are often limited and BRAF/MEK inhibition is complicated by drug resistance. We 

observed that combination T-VEC and trametinib resulted in enhanced melanoma cell death in 
vitro. Further, combination treatment resulted in delayed tumor growth and improved survival in 

mouse models. Tumor regression was dependent on activated CD8+ T cells and Batf3+ dendritic 

cells. We also observed antigen spreading and induction of an inflammatory gene signature, 

including increased expression of PD-L1. Triple therapy with combination T-VEC, MEK 

inhibition, and anti-PD-1 antibody further augmented responses. These data support clinical 

development of combination oncolytic viruses, MEK inhibitors and checkpoint blockade in 

patients with melanoma.
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Summary: Combining oncolytic virus and a MEK inhibitor augments immune-mediated 

therapeutic responses in melanoma and enhances sensitivity to PD-1 blockade in mice.

Introduction

Melanoma is a metastatic tumor arising from melanocytes located in the stratum basale of 

the epidermis, mucosal membranes, and middle layer of the uvea. Metastatic melanoma has 

historically been associated with dismal prognoses, however systemic therapies have 

transformed patient outcomes over the past decade, largely due to advances in molecular 

therapy targeting the RAS-RAF-MEK-ERK mitogen activated protein kinase (MAPK) 

pathway in patients with tumors that harbor BRAF V600E/K mutations, and by 

immunotherapy, most notably with immune checkpoint blockade targeting cytotoxic T 

lymphocyte antigen 4 (CTLA4) and programmed cell death 1 (PD-1) (1). Combination 

approaches within drug classes have shown improved therapeutic benefit but treatment is 

associated with drug resistance in the case of MAPK inhibitors, and increased toxicity with 

checkpoint blockade (2, 3). New combination strategies with agents that enhance therapeutic 

responses while limiting toxicity have become a high priority for drug development in 

melanoma.

Oncolytic viruses are a class of cancer drugs that utilize native or genetically modified 

viruses that selectively replicate in tumor cells(4). Oncolytic viruses mediate therapeutic 

activity through multiple mechanisms, including direct immunogenic tumor cell killing, 

release of soluble tumor antigens, danger signals and type 1 interferons, and induction of 

host anti-tumor immunity (4). Talimogene laherparepvec (T-VEC) is an oncolytic herpes 

simplex virus, type 1 (HSV-1) encoding granulocyte-macrophage colony-stimulating factor 

(GM-CSF) and is approved for local treatment of advanced melanoma that has recurred after 

initial surgery (5). T-VEC has recently been combined with immune checkpoint inhibitors 

and was associated with improved response rates without an increase in immune-related 

adverse events (6, 7). The ability of oncolytic viruses to correct various aspects of tumor-

mediated immune suppression and the favorable therapeutic window suggest that oncolytic 

viruses may be ideal candidates for combination approaches with other systemic agents as 

well. (8).

Approximately 40–50% of cutaneous melanomas harbor mutations in BRAF, which serve as 

oncogenic drivers of the MAPK pathway promoting tumor progression. Small molecule 

inhibitors of BRAF and MEK in treatment-naïve melanoma patients whose tumors harbor 

V600E or V600K BRAF mutations contribute to significant improvements in relapse-free 

and overall survival (9). Pre-clinical studies have further suggested improved therapeutic 

activity of combination MAPK inhibition and immune checkpoint blockade (10). Although 

these findings await further clinical validation, the potential for combining MAPK inhibition 

with immunotherapy is particularly appealing since MAPK inhibitors act directly on 

mutated tumor cells resulting in release of soluble tumor-associated antigens while 

immunotherapy acts on immune cells to promote innate and adaptive immune responses 

and/or prevent suppression of host anti-tumor immunity (11). Pre-clinical studies have 

suggested improvements in therapeutic anti-tumor activity between oncolytic viruses and 
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MEK inhibition in a murine breast cancer model (12). The combination of MEK inhibition 

and oncolytic viruses has not been tested in melanoma and has not yet entered clinical trials. 

Thus, we hypothesized that MEK inhibition would improve oncolytic virus responses in 

melanoma and sought to test this with currently approved agents in melanoma.

Results

Combination MEK Inhibition and Oncolytic Virus Treatment Augments Oncolytic Activity 
and Viral Replication in Human and Mouse Melanoma cell lines

We sought to investigate whether combining T-VEC and MAPK inhibition can augment 

tumor cell killing in melanoma. T-VEC was able to replicate in and kill melanoma cell lines 

harboring BRAF V600E mutations and wild-type N-Ras (SK-MEL-28 and SK-MEL-5; 

Suppl. Fig. 1A–B) and those cells with wild-type BRAF, but an NRAS Q61R mutation (SK-

MEL-2; Suppl. Fig. 1C). Infected cells exhibited dose-dependent cytotoxicity following viral 

infection at doses starting at 0.003 multiplicity of infection (MOI) (Suppl. Fig. 1A–C). In 

addition, the BRAF-mutated murine D4M3A cell line (13) was susceptible to T-VEC at high 

doses (MOI ≥ 1; Suppl. Fig. 1D). Cytotoxicity was increased in all cell lines when they were 

pre-treated with trametinib, a selective MEK inhibitor (MEKi; Fig. 1A–D, left panel). 

Independent assays with vemurafenib, a selective BRAF inhibitor, enhanced T-VEC-

mediated cytotoxicity in BRAF V600E mutated SK-MEL-28 and SK-MEL 5 cell lines, but 

not in BRAF wild-type SK-MEL-2 line (Suppl. Fig. 1E–G). Increased viral replication was 

confirmed by plaque assay (Fig. 1A–D right panels) and Western blot showing increased 

amounts of HSV-1 glycoprotein D during combination treatment in the SKMEL-28 cell line 

(Fig. 1E).

In order to confirm viral replication within infected cells we utilized single-cell laser 

radiance-based quantitative technology (14) that allows detection of viral infection at a 

single cell level (Suppl. Fig. 2A). As shown in Figure 1F, the infection metric was increased 

at 18 hours for virally infected cells with the highest value seen in cells treated with T-VEC 

and MEKi (Fig. 1F, left). A time-course analysis on cells infected with T-VEC at low (0.01) 

or high (1.0) MOI or uninfected control cells showed the expected rapid increase in infection 

metric for cells infected with 1 MOI, while cells infected with 0.01 MOI demonstrated a 

delayed increase in infection metric at 36 hours when more virus had replicated (Fig. 1F, 

right). Principal component analysis (PCA) based on cell size (F1) and radiance (F2) was 

able to differentiate each of the treated cell populations (Fig. 1G).

T-VEC and MEK Inhibition Inhibits Tumor Growth in Melanoma Xenograft Model.

Next, we sought to determine if T-VEC and MEK inhibition had therapeutic activity aga in 
vivo. We utilized a murine xenograft model using the human SK-MEL-28 cell line (Fig. 

2A). Delayed tumor growth was observed with MEK inhibition alone and T-VEC alone, but 

combination treatment was associated with a significant decrease in tumor growth and tumor 

regression compared to mock or monotherapy treatments (p < 0.001; Fig. 2B). Previously, 

MEK inhibition was shown to induce tumor cell apoptosis (15), therefore, we sought to 

determine how cells were killed in this model. We found combination of T-VEC and MEKi 

is associated fewer proliferating cells, based on Ki-67 immunostaining, compared to either 
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treatment alone(Fig. 2C). HSV-1 in tumors was detected by immunostaining for the HSV-1 

glycoprotein D, which was seen in the T-VEC alone-treated tumors and significantly 

increased in tumors of mice treated with T-VEC and MEKi (Fig. 2D). We also observed 

decreased levels of phosphorylated (p)ERK in tumor cells treated with MEKi, as well as 

tumors treated with T-VEC alone, which was further decreased in tumors treated with the 

combination (Fig. 2E). Finally, while T-VEC treatment alone resulted in significant increase 

in caspase 3 cleavage compared to mock treatment, combination therapy resulted in higher 

tumor cell apoptosis in vivo (Fig. 2F).

To confirm melanoma cell apoptosis, we treated SK-MEL-28 cells in vitro and found an 

increase in Annexin-V staining in cells treated with the combination compared to 

monotherapy or mock treatment (Suppl. Fig. 3A–B), and this effect was partially blocked by 

a pan-caspase inhibitor (Z-VAD ),(Suppl. Fig. 3C). Further, there was increased cleaved 

PARP in tumor cells treated with both T-VEC and trametinib (Suppl. Fig 3D). Collectively, 

these data demonstrate that combination T-VEC and MEK inhibition can delay melanoma 

xenograft growth in vivo and that treatment is associated with decreased tumor cell viability 

and increased apoptosis.

T-VEC and MEK Inhibition Enhances Therapeutic Effectiveness and Improves Survival in 
the Immune-competent D4M3A Murine Melanoma model

To determine the effects of combination T-VEC and trametinib (MEKi) in an immune-

competent D4M3A BRAFV600E melanoma model, we used a modified T-VEC encoding 

murine GM-CSF (mT-VEC), as described in the Materials and Methods. D4M3A cells are 

susceptible to T-VEC infection and killing (Suppl. Fig. 4A) and exhibit upregulation of 

pERK, characteristic of BRAFV600E mutated cells (Suppl. Fig. 4B). In D4M3A tumor-

bearing mice, mT-VEC alone exhibited no significant delays in tumor growth (Fig 3B–C) 

while MEKi (MEKi) alone showed significant delays in tumor growth (Fig. 3B–C). 

Combination treatment, however, was associated with significant tumor growth inhibition 

and improved survival with complete tumor eradication in 4 of 9 (44%) mice (Fig. 3C). 

Mice with complete tumor regression remained tumor free (Fig. 3C) and were re-challenged 

with twice the number of D4M3A cells implanted in the opposite flank (left). In this 

experiment, 70% (5/7) of mice completely rejected re-challenged tumor (Fig. 3D). We 

further observed a significant increase in tumor infiltrating CD8+ T cells in mice treated with 

combination therapy (Fig. 3E). CD8+ T cells exhibited increased levels of interferon-γ, 

Granzyme B and Ki-67 (Fig. 3E), indicative of an activated cytotoxic phenotype (Fig. 3E). 

The increased number of CD8+ T cells was further confirmed by immunohistochemistry 

(Fig. 3F–G). Both mT-VEC and MEKi demonstrated an increase in CD8+ T cells following 

treatment, which were further increased by combination therapy (Fig. 3F–G). There was no 

significant change in the total number of CD3+CD4+ T cells (Fig. 3H), but there was a 

decrease in CD4+FoxP3+ regulatory T cells (Tregs) in mice treated with mT-VEC alone or in 

combination with MEKi (Fig. 3H). This resulted in a significant increase in the CD8+/Treg 

ratio in mice treated with mT-VEC alone and in combination with MEKi (Fig. 3H).
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T-VEC and MEKi Combination Therapy is CD8+ T cell-dependent

To determine which immune cells are involved in the anti-tumor activity, we repeated the in 
vivo tumor experiments using depletion antibodies against CD4+ and CD8+ T cells, and 

liposomal clodronate to deplete macrophages. All cell depletions were confirmed by FACS 

analysis of splenocytes (Suppl. Fig. 5A–B). Mice bearing D4M3A tumors were treated as 

described in the survival experiments in Fig. 3 and depletion antibodies were injected as 

shown in (Fig. 4A) and described in Materials and Methods. Neither macrophage depletion 

nor CD4+ T cell depletion significantly impacted anti-tumor activity, but CD8+ cell 

depletion completely abrogated the anti-tumor activity and survival benefit (Fig. 4B–C). 

FACS analysis confirmed the loss of CD4+ and CD8+ T cells in tumors collected from mice 

treated with immune cell depleting antibodies (Fig 4D, E). A compensatory increase in 

CD4+ T cells in the tumor microenvironment of mice depleted of CD8+ cells (Fig. 4D) and 

increased CD8+ T cells in tumors of mice depleted of CD4+ cells (Fig 4E) was seen.

Combination treatment with T-VEC and MEKi augments melanoma antigen-specific T cell 
responses

We sought to further characterize the antigen specificity of the CD8+ T cell responses in 

mice treated with mT-VEC/MEKi combination therapy. Initially, flow cytometry using 

MHC-I dextramers for two defined melanoma antigens, gp100 and TRP2 and one viral 

antigen,HSV-1 gB, was used to determine antigen specificity of tumor infiltrating CD8+ T 

cells during T-VEC treatment alone in a time course study (Suppl. Fig. 6). We saw an initial 

increase of HSV-1 gB-specific CD8+ T cells at day 19 which plateaued by day 24 (Suppl. 

Fig. 6). Gp100- and TRP2-specific CD8+ T cells emerged between days 19–24 (Suppl. Fig. 

6). mT-VEC treatment induced HSV-1 gB-specific CD8+ T cells (Fig. 5A) and combination 

mT-VEC and MEKi resulted in a significant increase in the relative frequency of tumor-

infiltrating HSV-1 gB-specific CD8+ T cells (Fig. 5A). We also observed an increase in 

gp100- and TRP2-specific CD8+ T cells during combination treatment (Fig. 5B–C). 

Although the increase in melanoma-specific CD8+ T cells was especially high within the 

tumor-infiltrating lymphocyte population, we did not detect HSV-1-specific CD8+ T cells in 

the spleen of treated animals but did observe a minimal, but significant, increase in both 

gp100- and TRP2-specific CD8+ T cells in the spleen (Suppl. Fig. 7). These data suggest 

that T-VEC and MEKi can induce antigen spreading.

Combination treatment with T-VEC and MEKi is Dependent on Batf3+ Dendritic Cells.

To determine the role of CD8+CD103+ DCs in mediating anti-tumor immunity (16, 17)., we 

implanted D4M3A tumors into Batf3−/− mice. The lack of CD8+CD103+ DCs in Batf3−/− 

mice did not alter the ability to establish D4M3A tumors (Suppl. Fig. 8A, B). Tumors from 

Batf3−/− mice had significantly reduced frequency of CD45+MHCII+CD11c+CD103+ cells, 

as well as CD45+MHCII+CD11c+CD8+ cells after combination therapy (Suppl. Fig. 8C). To 

determine the effects of Batf3+ DCs on combination therapy, D4M3A tumors were 

implanted in C57BL/6J and Batf3−/− mice and treated as described in Fig. 3. Although 

combination treatment resulted in delayed tumor growth in C57BL/6J mice, as previously 

seen (Fig. 3C), this effect was significantly diminished in Batf3−/− mice (Fig. 6A–B).
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Treated Batf3−/− mice demonstrated a significant decrease in the percent and number of 

CD8+ T cells compared to C57BL/6J (B6) (Fig. 6C). There was also a significant decrease 

in the percent of CD8+ T cells expressing IFN-γ and Granzyme B (Fig. 6D) and 

proliferating (Ki67+) CD8+ T cells (Fig. 6D) and increased Tregs, (Fig. 6E) seen after 

combination treatment. We also observed a significant decrease in gB-specific CD8+ T cells 

and gp100- and TRP2-specific CD8+ T cells in Batf3−/− mice compared to wild-type mice 

treated with combination therapy (Fig. 6F).

Combination T-VEC and MEK Inhibition Induces an Inflammatory Gene Signature and 
Increases PD-L1 Expression in the Tumor Microenvironment

Previous studies have identified an inflammatory gene signature in patients responding to 

PD-1 checkpoint blockade (18). Since T-VEC is associated with type 1 interferon release 

and CD8+ T cell recruitment to the tumor microenvironment, we evaluated the established 

D4M3A tumors on day 24 from mice treated with mT-VEC, MEKi or both for inflammatory 

gene expression profile. Treatment with mT-VEC was associated with an increased 

inflammatory signature compared to both mock- and MEKi-treated tumors, and that this 

profile was highest in tumors treated with combination mT-VEC and MEKi (Fig. 7A). We 

also restricted the gene expression profile to 5 genes related to T cell activation (interferon-
γ, CD8α, tumor necrosis factor-α, granzyme B and perforin 1) and found a correlation 

between T cell activation gene expression and therapeutic effects (Fig. 7B; Suppl. Fig. 9A), 

as well as categories of genes related to immune cells and anti-viral immunity (Suppl. Fig 

9B–C). While MEKi inhibited expression of most anti-viral genes, the combination of mT-

VEC and MEKi resulted in increased gene expression compared to mT-VEC alone, except 

for interleukin-34 (IL34) and NKG2D ligand (UL16 binding protein 1; Ulbp1).

While PD-1 and PD-L1 expression was significantly increased in the inflammatory gene 

panel in T-VEC and MEK inhibitor-treated animals (Fig. 7C), this was confirmed by flow 

cytometry analysis of CD45+ cells harvested from the tumor microenvironment at day 24 as 

described in Fig. 3D. An increase in both PD-1 and PD-L1 was observed in tumors treated 

with mT-VEC alone, but they were highest in tumors treated with the combination (Fig. 7D).

Triple Treatment with T-VEC, MEK Inhibition and PD-1 Blockade Further Enhances 
Therapeutic Activity.

Although combination therapy using mT-VEC and MEK inhibition reduced tumor burden 

and enhanced survival of treated mice (Fig. 3B, C), tumors were completely eradicated in 

only 30–40% of mice. Based on the flow cytometry analysis and gene expression profiling 

showing an increase in PD-1 and PD-L1 expression in the tumor microenvironment (Fig. 

7D), we reasoned the that therapeutic activity might be further expanded by addition of 

PD-1 blockade to the combination regimen. To test this, we treated D4M3A tumor-bearing 

mice with mT-VEC, MEKi, or both as previously described in Fig. 3C, and with or without 

αPD-1 antibody. There was limited impact of αPD-1 when given with mT-VEC alone or 

MEK inhibition alone (Fig 8B, C), as compared to monotherapy (Fig 3B, C). However, the 

combination of αPD-1 with both mT-VEC and MEKi resulted in complete durable 

responses in almost all mice (6/7), compared to 2/7 mice with mT-VEC and MEKi (Fig. 8C). 

All mice who cleared primary tumors with mT-VEC/MEKi/αPD-1 therapy rejected 
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subsequent tumor re-challenge (Fig. 8D). Flow cytometry analysis performed on tumors 

showed a significant decrease in CD45+PD-1+ and CD8+PD-1+ cells in mice treated with 

triple therapy compared to mT-VEC and MEKi (Fig. 8E, Suppl. Fig. 10). No significant 

changes were observed in Tregs or the CD8+/Treg ratio (Fig. 8F). Triple combination 

elicited an increase in the percentage of total CD8+ T cells (Fig 8G, left panel), as well as 

granzyme B and Ki67 expression (Fig 8G). There was no overt toxicity observed in the mice 

as evidenced by changes in body weight, feeding habits, stool frequency or coat appearance, 

including the absence of vitiligo.

Finally, to test the efficacy of triple combination in a different model we tested the triple 

combination in BALB/c mice bearing established CT26 murine colon cancer tumors. In the 

CT26 model, both mT-VEC/MEKi and mT-VEC/αPD-1 antibody dual combinations elicited 

significant anti-tumor activity, with regression observed in 5/10 mice (Fig 8H, Suppl. Fig. 

11). In addition, the triple combination, using mT-VEC/MEKi/αPD-1, caused regression of 

all tumors, producing complete responses not observed with double therapy treatment (Fig 

8H, Suppl. Fig. 11). There were no signs of toxicity or weight loss in any of these animals.

Discussion

In this report, we demonstrate that the combination of T-VEC and MEK inhibition increases 

melanoma tumor cell killing through increased viral replication and apoptosis in vitro and 

enhances melanoma-specific adaptive immune responses in vivo. Previous reports have 

described interactions between MAPK pathway inhibition and othert oncolytic viruses (12, 

19). MEK inhibition was found to increase oncolytic adenovirus replication and tumor cell 

killing, possibly through upregulation of coxsackievirus and adenovirus receptor (20). In 

glioma cells, MEKi PD98059 inhibited autophagy and increased cell killing without 

increasing oncolytic adenovirus replication (21). Oncolytic reovirus increased tumor cell 

killing due to increased endoplasmic reticulum stress-induced apoptosis and not increased 

virus replication (19). The effects of MEK inhibition are more complex with oncolytic HSV 

and depend on the particular virus strain. An internal repeat-deleted oncolytic HSV-1 

inhibited p-MAPK activation in vitro and synergized with PD98059 in killing triple negative 

breast cancer cell lines (12). In contrast, the tumor cell cytotoxicity of ICP34.5-deleted 

oncolytic HSV-1 (R3616) in vitro correlated with constitutive MEK activation, due to 

suppression of protein kinase R so that MEK inhibition reduced virus replication by about 

15-fold (22). The R3616 virus was also found to be more effective in vivo against tumors 

with high MEK activity (23). Compared to R3616, T-VEC has an additional ICP47 deletion, 

resulting in early Us11 expression and PKR suppression, which likely explains the favorable 

interaction of T-VEC with MEKi. Thus, different oncolytic viruses interact with MEK 

inhibition in different ways.

In our model we utilized trametinib, which is a more selective MEK 1/2 inhibitor and has 

been previously shown to have fewer side effects compared to other MEK inhibitors (24). 

Thus, in the context of combination therapy, trametinib might provide particulalry improved 

therapeutic window. Another factor known to influence the replicative ability of viruses is 

the status of the anti-viral machinery, which is composed of intra-cellular factors that detect 

viral nucleic acids and molecular elements that promote viral clearance, such as type 1 
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interferon, and viral DNA sensors such as cGAS-STING. The expression of the anti-viral 

machinery is typically defective in tumor cells, which allows preferential replication for 

many oncolytic viruses (25). In our model, we also confirmed that MEK inhibition was 

associated with decreased anti-viral response expression in vivo, including STING 

(Tmem173) and interferon response factors (IRFs) 3 and 7. MEK inhibition inhibits 

expression of these factors, thus establishing favorable intra-cellular conditions for viral 

replication.

While MEK inhibition in tumor cells may promote apoptosis and drive immunogenic cell 

death, MEK inhibition may also block T cell activation (26). Thus, it may be surprising that 

we observed strong anti-viral and anti-tumor CD8+ T cell responses in our model (Figs 3 

and 5). One explanation may have related to a recent finding that MEK inhibition selectively 

blocks activation of naïve T cells but not antigen-experienced effector T cells (10). Others 

have shown that MEK inhibition selectively suppresses alloreactive T cells in a model of 

graft-versus-host disease, demonstrating that trametinib blocks GVHD-inducing CD8+ T 

cells but spares graft-versus-tumor-specific CD8+ T cells in vivo (27). Thus, established 

tumors may contain antigen-experienced T cells and, in this setting, MEK inhibition would 

be expected to promote T cell activation, consistent with the Nanostring data from tumor 

bearing mice treated with trametinib and mT-VEC. The increased expression of STING and 

TLRs may also promote recruitment of anti-tumor CD8+ T cells as induction of these innate 

immune sensors has been associated with restoration of effective anti-tumor immunity (28).

Another important observation in our study was that BRAF inhibition only enhanced T-VEC 

oncolysis in BRAF-mutant tumor cells. In contrast, MEK inhibition improved T-VEC 

replication and oncolytic activity in both BRAF-mutant and BRAF wild-type cell lines. This 

suggests that MEK inhibition may be better than BRAF inhibitors in combination with HSV-

based OV therapy and might be active regardless of BRAF mutation status. This will, 

however, require further clinical validation.

In our studies, therapeutic effectiveness was seen in both human xenograft and immune-

competent melanoma models. We found that combination T-VEC and MEK inhibition is 

also associated with increased accumulation of activated CD8+ T cells, characterized by 

production of IFN-γ and Granzyme B, within the tumor microenvironment as well as an 

increase in CD8+/Treg ratio. We also confirmed the importance of CD8+ T cells through 

selective immune cell depletion studies. This is consistent with prior reports in melanoma 

patients treated with single-agent T-VEC in which injected tumors have been found to have 

higher numbers of MART-1-specific effector CD8+ T cells and decreased numbers of CD4+ 

Foxp3+ Tregs (29). Since HSV-1 can promote IFN production, we also found an increase in 

PD-1 and PD-L1 expression within the tumor microenvironment (30)and this is likely 

related to the counter-regulatory induction of immune checkpoints in the setting of excessive 

IFN-γ (31). This comports with recent clinical data showing increased PD-L1 expression in 

tumors from melanoma patients treated with T-VEC and pembrolizumab (6) and provides a 

biologic rationale for the addition of PD-1 blockade to T-VEC and MEKi treatment, where 

we showed over 80% complete tumor eradication and increased survival without overt signs 

of toxicity. This triple drug regimen is particularly appealing since all three agents are 

currently FDA-approved for the treatment of melanoma, and it is consistent with recent 
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reports suggesting MAPK pathway inhibition and PD-1/PD-L1 blockade are associated with 

improved therapeutic responses in pre-clinical models (10, 32).

The Batf3+ (CD8+CD103+) DC population was initially identified as critical for priming 

anti-viral CD8+ T cells responses (16). These DCs are also critical for anti-tumor immunity 

and recruitment of lymphocytes through chemokines, such as CXCL9 (33). We 

demonstrated that Batf3+ DCs are also critical for the recruitment of CD8+ T cells in our 

melanoma model following treatment with T-VEC and trametinib, and observed an increase 

in CXCL9 expression. These data support a role for Batf3+ DCs and local CXCL9 

expression to generate and recruit effector CD8+ T cells into the tumor microenvironment. 

We found evidence for both viral (HSV gB-specific) and melanoma (gp100- and TRP2-

specific) CD8+ T cell responses, consistent with initial viral responses followed by cross 

presentation of tumor-associated antigens (34). Antigen spreading has previously been 

reported as a predictive biomarker of therapeutic responses for other forms of 

immunotherapy, including tumor vaccines and immune checkpoint inhibitors (35, 36). We 

further observed that combination therapy promoted an IFN-γ-regulated gene signature 

profile that has been associated with therapeutic responses to PD-1 blockade in patients with 

melanoma (18). Based on the increased expression of PD-1 and PD-L1, we added anti-PD-1 

therapy to the mT-VEC+MEKi combination, which resulted in a survival benefit. We also 

observed a similar therapeutic effect for triple combination in the genetically distinct 

BALB/c murine CT26 model suggesting that this approach may be broadly applicable for 

solid tumors beyond melanoma. Finally, our data may also have implications for other 

microbial pathogens being evaluated as cancer therapeutics. In a patient-derived orthotopic 

xenograft model, treatment with Salmonella typhimurium combined with vemurafenib or 

trametinib resulted in improved therapeutic responses in a BRAF V600E mutated melanoma 

(37).

Our study does have certain limitations, such as the use of murine models for oncolytic virus 

studies, which may be influenced by decreased viral tropism in murine tumor cells 

compared to human tumor cells. In addition, xenograft models are not adequate for 

representing an intact host immune system and implanted tumors may not adequately reflect 

the biology of spontaneously arising cancers. We did observe infection of the D4M3A cell 

line, which allowed therapeutic studies to be conducted and these were supplemented with 

human xenograft tumor experiments, which are susceptible to T-VEC infection and 

treatment with MEKi.

In summary, we evaluated the combination of MAPK inhibition and T-VEC in murine and 

human melanoma cell lines and found an unexpected synergistic effect between T-VEC and 

MEK inhibition regardless of BRAF mutation status. We also confirmed that therapeutic 

responses could be further improved by addition of anti-PD-1 therapy. In our studies, we did 

not observe overt signs of toxicity in mice supporting an improved therapeutic window 

although clinical confirmation is needed. Collectively, these data provide pre-clinical 

rationale for triple combination treatment of T-VEC, MEK inhibition and PD-1 blockade in 

patients with melanoma.
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Material and Methods

Study design

In this hypothesis-driven study, we tested the therapeutic potential of two clinically approved 

agents in melanoma, an oncolytic virus, talimogene laherparepvec, and the selective MEK 

inhibitor, trametinib. Combination therapy was evaluated in human and murine melanoma 

cell lines in vitro, in human-derived xenograft tumor models in vivo, and in a transplantable 

murine model using the D4M3A cell line that is sensitive to HSV-1 infection. The effect of 

the two-drug regimen on viral replication was assessed by plaque assay. In addition, immune 

studies were performed to determine the impact of the combination on various immune cell 

populations, antigen spreading and induction of gene signature profiles. The initial 

experiments found that the combination treatment induced expression of PD-1 and PD-L1, 

and further in vivo studies were conducted to assess triple combination treatment with 

oncolytic virus, MEK inhibitor and PD-1 blockade. In all experiments, animals were 

assigned to various experimental groups at random, but investigators were not blinded. For 

survival studies, sample sizes of 7 to 10 mice per group were used. Mice were euthanized 

when tumors reached 400 mm2. All outliers were included in the data analysis.

Cell Lines

Human melanoma cells SK-MEL-28, SK-MEL-2, and SK-MEL-5 (ATCC) and mouse cell 

line CT26 (ATCC) were cultured in monolayers using RPMI supplemented with 10% heat 

inactivated bovine serum (Thermo Fisher Scientific), 10mM L-glutamine (Corning), and 

0.5% penicillin G-streptomycin sulfate (Corning). Cells were detached using 0.25% trypsin 

EDTA (Corning) for passaging. The murine melanoma cell line D4M3A was generated from 

Tyr::CreER;BrafCA;Ptenlox/lox mice (13) and kindly provided by Dr. David Mullins 

(Dartmouth University, Hanover, NH). D4M3A cells were cultured as previously described 

(13). All cells were low-passage and confirmed to be mycoplasma-free (LookOut 

mycoplasma kit; Sigma).

Viruses

T-VEC is a modified JS1 strain of HSV-1 encoding human GM-CSF and has been 

previously reported (38). T-VEC is commercially available and was purchased from the 

Rutgers Cancer Institute Pharmacy. For immune competent murine studies, a modified virus 

(mT-VEC) in which the human GM-CSF gene was replaced by murine GM-CSF, was used 

and generously provided by Dr. Pedro Beltran (Amgen Inc). All human cell lines and 

xenograft experiments were performed using T-VEC and all murine cell line and syngeneic 

experiments were performed using mT-VEC.

Drugs, chemicals and antibodies

Drugs and antibodies and their respective suppliers are listed in table S1. Chemical agents 

are listed in table S2.
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Cytotoxicity and viral plaque assays, Western blotting, Lumacyte analysis, immune 
histochemistry and flow cytometry

All commercial kits used in these experiments are listed in table S3 and described in more 

detail in the supplemental methods.

Gene expression studies

Gene expression analysis was performed using the NanoString PanCancer Immune panel as 

described in supplemental methods.

Murine tumor treatment

The murine treatment and survival studies, as well as the immune cell depletion 

experiments, are described in detail in the supplemental methods. In tumor treatment studies, 

tumor growth was measured in two dimensions recording the greatest length and width 

using digital calipers. Tumor area was calculated by multiplying length and width. Tumor 

sizes were plotted as average size for each group. For survival experiments mice were 

monitored for tumor-growth and euthanized when tumors reached 400 mm2. Kaplan-Meier 

curves were used to document survival. Mice were weighed twice a week and no weight loss 

was observed during the treatment. Each experiment was performed at least two times and 

all animal experiments were approved by Rutgers Institutional Animal Care and Usage 

Committee.

Statistical Analyses

All statistical analyses were performed using Graphpad Prism software version 7.0a. 

Survival data were analyzed by Kaplan-Meier survival curves, and comparisons were 

performed by Log Rank test. Cell viability data, flow cytometric data and 

immunohistochemistry counts were compared using an unpaired student’s t test (two-tailed) 

or one-way ANOVA when multiple comparisons were done. P values of less than 0.05 were 

considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MEK inhibition augments T-VEC-mediated cell lysis in vitro and increases viral 
replication.
Cell viability determined by MTS assay. Cells were treated with either T-VEC alone or 

trametininb or combination T-VEC and trametinib (A-D, left panels). The right panels (A-D) 

show HSV-1 titers as measured by plaque assay from cells treated with either T-VEC alone 

(blue bar) or T-VEC and trametinib (purple bar). Only significant differences are indicated. 

(E) Western blot of cell lysate collected at 24 hours after mT-VEC (0.1 MOI) infection of 

SK-MEL-28, mock infected, MEKi (10 nM) or combination treatment. (F) Infection metric 

analysis by Lumacyte (left panel) of SK-MEL-28 cells (mock), treated with 10 nM 

trametinib (MEKi), 1 MOI T-VEC or trametinib and T-VEC. The right panel shows a time 

course for untreated cells (black line), or those treated with 0.1 MOI of T-VEC (dotted blue 

line) or 1 MOI of T-VEC (solid blue line). (G) Principle component analysis (PCA) of the 

infection metric. Each experiment was performed in triplicates and is conducted at least 

twice with similar results. Data are presented as mean ± SEM and statistical differences 
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between groups was measured by using two-tailed student t test. *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001.
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Figure 2. MEK inhibition enhances T-VEC-induced inhibition of human melanoma xenograft 
growth in vivo and promotes tumor cell apoptosis.
(A) NSG mice (n = 5/group) were implanted subcutaneously (s.c.) with human melanoma 

SK-MEL-28 cells (8 × 106) on day 0, treated via intratumoral (i.t.) injection with sterile 

water or T-VEC (1 × 105 pfu) on days 35, 40 and 45, and MEKi (trametinib; 0.5 mg/kg) or 

vehicle (0.2% Tween 80 and 0.5% hydroxypropyl methyl cellulose (HPMC) was given from 

days 35–43 via oral gavage. Red arrows indicate days when T-VEC was injected and top 

blue bar indicates days of trametinib (MEKi) treatment. (B) Mean tumor area. (C) 

Representative images obtained from immunohistochemical staining of tumors for Ki67 at 

day 36; (D) HSV-1 gD; (E) pERK1/2; and (F) cleaved caspase 3. Right panels indicate 

quantification of positive cells. Scale bars are as indicated Each experiment was repeated at 

least twice with similar results. Data are presented as mean ± SEM and statistical differences 

between groups was measured by using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. Only significant differences are indicated.
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Figure 3. MEK inhibition enhances T-VEC-induced tumor regression in an immune competent 
murine melanoma model, promotes recruitment of CD8+ T cells and establishes long-term 
memory.
(A)Treatment schema: red arrows indicate days of mT-VEC treatment and top blue bar 

indicates trametinib (MEKi) treatment. (B) Mean tumor area of mice from treated groups at 

day 45. (C) Survival of mice. (D) Re-challenge of mice cured in 3C. (E-F) Flow cytometry 

analysis of tumors at day 24. (E) Bar graphs (n=6) indicating the percent positive CD8 T 

cells, CD8+IFN-γ, CD8+GranzymeB, and CD8+Ki67 T cells respectively. (F) 
Immunohistochemical staining of CD8+ T cells in the tumor. Scale bar as indicted. (G) 
Quantification of CD8 positive cells. (H) Bar graph indicating CD4+ and CD4+FoxP3 

(Treg’s) and ratio of CD8+ T cells to Tregs. Each experiment was conducted at least twice 

with similar results. Data are presented as mean ± SEM and statistical differences between 

groups was measured by using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. Only significant differences are indicated.
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Figure 4. Depletion of CD8+ T cells abrogates the effects of T-VEC and MEKi combination 
therapy.
(A) C57BL/6J mice (n = 5/group) were implanted with D4M3A murine melanoma cells and 

mice were treated as indicated, described in methods. Red arrows indicate days of mT-VEC 

treatment, top blue bar indicated days of trametinib (MEKi) treatment, and black arrows 

indicating days where depletion antibodies against CD4, CD8 and clodronate were injected. 

(B) Mean tumor area of mice treated from different groups as indicated at day 40. (C) 

Survival of mice. (D-E) Flow cytometric analysis of tumor infiltrating T cells on day 24. (D) 
Bar graphs show the percentage CD45+CD3+CD4+ and (E) CD45+CD3+CD8+ cells. Each 

experiment was repeated at least twice with similar results. Data are presented as mean ± 

SEM and statistical differences between groups was measured by using one-way ANOVA. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Only significant differences are 

indicated.
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Figure 5. Combination T-VEC and MEK inhibition induces viral-specific CD8+ T cells and 
increases melanoma antigen-specific CD8+ T cell responses.
C57BL/6J mice implanted s.c. in the right flank with 3 × 105 D4M3A cells and treated with 

mT-VEC (1 × 106 pfu) or sterile water i.t. for 3 doses on days 15, 19 and 22 and or 

trametinib (0.5 mg/kg) or vehicle (0.2% Tween 80 and 0.5% Hydroxypropyl methyl 

cellulose) orally once daily on days 15–19. Tumors were harvested on day 24, cells 

dissociated and analyzed by flow cytometry. Percentages of live CD45+ cells, CD3+ cells, 

and CD3+ sorted CD4+ and CD8+ subsets from the Mock, T-VEC monotherapy, MEKi 

monotherapy, and T-VEC + MEKi combination groups were analyzed and compared. 

Tumor-infiltrating CD8+ T cells were analyzed with (A) HSV-1-specific H-2Kb-HSV-1gB 

dextramer, (B) melanoma antigen specific H-2Db-gp100 dextramer, (C) H-2Kb-TRP2 

dextramers. Quantitative analysis is shown in the bar graphs on the right. These experiments 

were conducted at least twice with similar results. Data are presented as mean ± SEM and 

statistical differences between groups was measured by using one-way ANOVA. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. Only significant differences are indicated.
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Figure 6. Batf3+ dendritic cells play a role in the anti-tumor activity and antigen spreading 
associated with combination T-VEC and MEK inhibition treatment.
C57BL/6J mice (B6, n = 7) and Batf3−/− mice (n = 7) were implanted with D4M3A murine 

melanoma cells and either mock treated or treated with T-VEC and trametininb as described 

in Materials and Methods. (A) Mean tumor area at day 45. (B) Survival of mice. (C-F) Flow 

cytometry analysis of tumors obtained from B6 and Batf3−/− mice on day 24. (C) Bar graph 

indicating the percentage, number, of tumor-infiltrating total CD8+ T cells and the frequency 

of CD8+IFN-γ+ and CD8+GranzymeB+ T cells respectively. (D) CD8+Ki67+ T cells. (E) 
CD4+FoxP3+ Tregs. (F) Percentage of HSV1-gB+, murine gp100+ and TRP2+ CD8+ T 

cells respectively. These experiments were repeated at least twice with similar results. Data 

presented as mean ± SEM and the statistical differences between groups was measured by 

two-tailed student t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. T-VEC and MEK inhibition reprograms immune silent tumors into immune inflamed 
tumors and induces expression of PD-1 and PD-L1.
C57BL/6J mice were implanted s.c. in the right flank with 3 × 105 D4M3A cells and treated 

with mT-VEC (1 × 106 pfu) i.t. for 3 doses on days 15, 19 and 22 and or trametinib (0.5 

mg/kg) orally once daily on days 15–19. Tumors were harvested on day 24, total RNA was 

isolated and gene expression analysis performed using the NanoString PanCancer Immune 

panel as described in the Materials and Methods. (A) An inflammatory 16-gene expression 

profile was generated from mice (n=3) treated (as described in Fig 3D) with mock control 

(black), trametinib alone (MEKi; blue), mT-VEC alone (red), or combination mT-VEC and 

MEKi (purple). (B) A selected 5-gene expression signature represented by genes highly 

associated with CD8+ T cell activation. (C) Gene expression of PD-1 (right panel) and PD-

L1 (left panel). (D) Bar graphs show the mean fluorescence intensity (MFI) of CD45+PD-1+ 

(left panel) and CD45-PD-L1+ (right panel). Each experiment was performed at least twice 

with similar results. Data are presented as mean ± SEM and the statistical differences 

between groups were measured by two-tailed student t test. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001.
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Figure 8. Triple combination treatment with T-VEC, MEK inhibition and PD-1 blockade 
improves therapeutic treatment of melanoma and colon cancer models.
(A) Treatment schema: red arrows indicate T-VEC, top blue bar indicates trametinib and 

brown arrows indicate αPD-1. (B) Mean tumor area. (C) Survival of mice. (D) Re-challenge 

of mice cured from B. (E-F) Flow cytometry of tumors at day 24. Bar graph indicating 

percent positive (E) CD45+PD-1+ cells (right panel) and CD45+CD8+PD-1+ cells (left 

panel), (F) CD4+FoxP3+ (right panel) and ratio of effector T cells to Tregs (left panel (G) 
CD8+ T cells, granzyme B+ CD8 T cells, and Ki67+ CD8 T cells respectively. (H) 

Evaluation of triple combination in CT26 murine colon carcinoma model. Mice were treated 

as described in Materials and Methods. Each experiment was conducted at least twice with 

similar results. Data are presented as mean ± SEM and statistical differences between groups 

were measured by two-tailed student t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001.
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