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Abstract

The identification of key driver mutations in melanoma has led to the development of targeted 

therapies aimed at BRAF and MEK, but responses are often limited in duration. There is growing 

evidence that MAPK pathway activation impairs antitumor immunity and that targeting this 

pathway may enhance responses to immunotherapies. There is also evidence that immune 

mechanisms of resistance to targeted therapy exist, providing the rationale for combining targeted 

therapy with immunotherapy. Preclinical studies have demonstrated synergy in combining these 

strategies, and combination clinical trials are ongoing. It is, however, becoming clear that 

additional translational studies are needed to better understand toxicity, proper timing, and 

sequence of therapy, as well as the utility of multidrug regimens and effects of other targeted 

agents on antitumor immunity. Insights gained through translational research in preclinical models 

and clinical studies will provide mechanistic insight into therapeutic response and resistance and 

help devise rational strategies to enhance therapeutic responses.
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Introduction

The discovery of activating mutations in the BRAF gene and development of therapeutics 

targeting this protein represents a major breakthrough in melanoma therapy and in cancer 

treatment as a whole [1]. Activating point mutations in the BRAF gene are present in over 

half of melanoma tumors, with the majority harboring a BRAFV600E mutation [2]. These 

mutations lead to constitutive activation of the MAPK signaling pathway and resultant 

reduced apoptosis, increased invasiveness, and increased metastatic behavior [3]. 

Therapeutic agents targeting oncogenic BRAF were developed within the past decade and 

clinical trials demonstrated unprecedented clinical responses over then standard-of-care 

dacarbazine [4], leading to the FDA approval of four agents and two combination regimens 

targeting the MAPK pathway [4–8]. Importantly, early efforts focused on BRAF inhibitor 

mono-therapy; however, resistance developed quickly in most patients, with a progression-

free survival (PFS) of <6 months for these agents [4, 5]. Insights gained from translational 

research highlighted MAPK reactivation as a major resistance mechanism [9, 10] and led to 

therapeutic strategies cotargeting BRAF and MEK—leading to a near doubling in PFS [6, 

7]. However, resistance still develops in the majority of patients, though a small fraction do 

achieve long-term disease control [11, 12].

The other major breakthrough in melanoma treatment is the success of immunotherapy, 

particularly with regard to immune checkpoint inhibitors, with three agents and one 

combinatorial regimen approved in the last 5 years, and many more in clinical trials [13, 14]. 

The first of these agents was ipilimumab [13], which is a checkpoint inhibitor antibody that 

targets the CTLA-4 molecule on the surface of T lymphocytes. While this regimen has a low 

overall response rate (~10 %), a significant proportion of patients derive long-term disease 

control with 20 % of patients surviving nearly 10 years [13, 15, 16]. More recently, several 

agents have been approved that target the immunomodulatory molecule programmed death 

receptor-1 (PD-1) on the surface of T lymphocytes (including pembrolizumab and 

nivolumab) [14, 17–19]. Treatment with this regimen is associated with higher response 

rates (~40 %) and with lower toxicity [19, 20], though the durability of these responses 

remains unknown. The combination of CTLA-4 and PD-1 blockade is also now FDA-

approved for stage IV melanoma [21, 22], and this treatment is associated with high 

response rates (57.6 % in phase III trial), though it is also associated with high rates of 

toxicity [21].

Given the durable responses achieved with immunotherapy (particularly immune checkpoint 

inhibitors) [16] and the high response rates of targeted MAPK pathway inhibition (albeit 

with a shorter duration of response), investigators have started to assess the efficacy of 

combination therapy from these two classes of therapeutics. The rationale for combining 

these forms of therapy was initially clinically based; however, there is evolving scientific 

evidence substantiating this approach—mainly through a deeper mechanistic understanding 

of the interplay between genomic mutations and antitumor immunity and the impact of 

treatment with targeted therapy on the tumor immune microenvironment. To date, numerous 

preclinical and translational studies have demonstrated that targeting the BRAF/MAPK 

pathway has significant effects on antigen [23] and immunomodulatory molecule expression 

[24••], and that treatment with targeted therapy may synergize well with immunotherapy 
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[25, 26••]. Details regarding these studies will be discussed herein. In addition, there are 

now a number of clinical trials underway to explore the crosstalk and synergy between these 

agents and these will be highlighted. Finally, we will discuss the complexities regarding 

proper timing, sequence, and toxicity related to combination therapy.

Key Concepts Underlying the Rationale for Combining Targeted Therapy 

and Immunotherapy

Targeting the BRAF/MAPK Pathway Can Abrogate an Immunosuppressive Tumor 
Microenvironment

As illustrated in Fig. 1, MAPK inhibition contributes to a more favorable immune 

environment through a number of mechanisms, including suppression of immunosuppressive 

factors such as interleukin (IL)-10 [27], VEGF [28, 29••], PD-L1 [29••], myeloid derived 

suppressor cells (MDSCs) [30], regulatory T cells (Tregs) [31], and stromal fibroblast 

mediated inhibitory interactions with T cells [32]. The first report that MAPK pathway 

activation could contribute to immune escape was published in 2006 before the development 

of pharmacologic agents targeting the oncogenic BRAF mutation [33], and demonstrated 

that treating a BRAF mutant melanoma cell line with either a MEK inhibitor or RNAi 

against the BRAFV600E mutation was associated with decreased expression of 

immunosuppressive factors IL-6, IL-10, and VEGF [33]. Seminal in vitro work was then 

performed in the setting of BRAF-targeted therapy and showed that treatment with a BRAF 

inhibitor or MEK inhibitor in melanoma cell lines was associated with enhanced melanoma 

differentiation antigen (MDA) expression and enhanced reactivity to antigen-specific T 

lymphocytes [23]. The positive effect of BRAF inhibition on immunosuppressive proteins 

was subsequently corroborated in patients with metastatic melanoma that were treated with 

either BRAF inhibitor mono-therapy or combination with MEK inhibitor, in whom 

treatment caused a decrease in intratumoral IL-6 and IL-8 [24••]. An increase in exhaustion 

markers PD-1, PD-L1, and TIM-3 was also seen in this tissue-based study.

Another mechanism through which BRAF/MAPK pathway blockade abrogates the 

immunosuppressive tumor microenvironment is through inhibition of tumor-associated 

fibroblasts (TAFs) via modulation of IL-1 [32]. This was first studied in vitro, where studies 

showed that transducing V600E mutant BRAF versus wild-type BRAF into melanoma cells 

induces transcription of IL-1α and IL-1β. Coculturing TAFs pretreated with IL-1α and 

IL-1β along with melanoma specific cytotoxic T cells resulted in suppressed T cell 

proliferation and function. The authors further demonstrated that this was mediated by 

upregulation of COX-2 and PD-1 ligands PD-L1 and PD-L2. BRAF inhibition was shown to 

abrogate TAF-induced T cell suppression in vitro. This mechanism was then validated in 

patients with metastatic melanoma on BRAF-targeted therapy in whom longitudinal biopsies 

were collected. These studies showed that BRAF inhibition prevented this induction of 

IL-1α and IL-1β transcription.

Another immunosuppressive mechanism at play in melanoma is through the chemokine 

CCL2, which is known to be involved in tumor progression and metastasis [34]. The role of 

CCL2 in the setting of BRAF-targeted therapy has been studied in preclinical models, 
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demonstrating that BRAF inhibition decreases CCL2 gene expression and secretion, and that 

the magnitude of CCL2 suppression correlates with the magnitude of reduction in tumor size 

in a murine model of BRAF-mutant melanoma [35]. Mice treated with anti-CCL2 antibody 

showed reduced tumor growth and BRAF inhibition did not further contribute to tumor 

control, suggesting that lowering CCL2 is a mechanism by which BRAF inhibitors exert 

their antitumor effect. Similarly, BRAF inhibition was less effective in Ccr2−/− mice; Ccr2 

is the receptor for CCL2 and was expressed primarily on Cd11b+ cells and CD4+ T 

regulatory cells, with near absence on other T or NK lymphocytes. BRAF inhibition 

therefore may impact recruitment of these CCR2+ tumor-infiltrating lymphocytes (TILs) via 

CCL2 suppression. Another group recently also found that CCL2 contributes to tumor 

proliferation and migration and that dual targeting of CCL2 and BRAF may be beneficial. 

However, in contrast to the prior study, they showed that BRAF inhibition led to an increase 

in CCL2 levels in both patient tumor and serum and contributed to BRAF treatment 

resistance [36]. Targeting CCL2 and downstream miRNAs with siRNA led to restoration of 

drug efficacy and cell apoptosis in resistant cell lines.

There is also now an emerging role of tumor-associated macrophages (TAMs) in the setting 

of BRAF inhibitor treatment [37], which may impact antitumor immunity. Macrophages are 

phagocytes that can be polarized as M1 or M2. The M1 type is classically activated and 

plays a role in the T helper (Th)1 cellular immune response and is thought of as “pro-

inflammatory” while the M2 type is alternatively activated, plays a role in Th2 immune 

responses and is generally thought of as immunosuppressive and pro-tumoral [38]. In reality, 

these exist as a continuum rather than as two discrete entities [39]. One study exploring the 

interaction between macrophages and MAPK inhibitor treatment showed in a mouse model 

treated with MEK inhibitor as well as in tumor samples from patients treated with either 

BRAF inhibitor alone or BRAF/MEK inhibitor combination that treatment leads to an 

increase in number of intratumoral macrophages. Both M1 and M2 macrophages were 

increased and overall inhibited efficacy of targeted therapy as discussed further below [40••].

BRAF/MAPK Blockade Can Augment T Cell Infiltrate and Function

In addition to affecting the immunosuppressive tumor microenvironment, the MAPK 

pathway and BRAF inhibition affect both T cell intratumoral infiltration and function. As 

noted previously, MAPK inhibition has been shown to enhance T cell recognition due to 

increased antigen presentation [23]. Oncogenic signaling through the BRAF/MAPK 

pathway appears to impair MDA expression via transcriptional repression, and blockade of 

the pathway leads to enhanced expression of MDA—including gp100, MART-1, Trp-1, and 

Trp-2 [23]. Accordingly, antigen-specific T cell responses against these were enhanced with 

MAPK inhibitor treatment. In addition to enhancing mRNA expression of these antigens, it 

has been shown that the MAPK pathway affects antigen presentation via an MHC 

internalization pathway that is normally used by activated T cells for MHC-I trafficking 

[41].

Enhanced function of T cells has also been shown in the setting of BRAF inhibition. Initial 

reports focused on effect of MAPK inhibition on T cell proliferation and showed that while 

BRAF inhibition does not adversely affect T cell proliferative response, MEK inhibition 
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leads to decreased proliferation [23]. Subsequent studies have shown that BRAF inhibition 

causes a paradoxical activation of T cells [42•], leading to enhanced T cell function. 

Similarly, BRAF inhibition causes T cell activation in a dose-dependent manner, measured 

by up-regulation of activation markers CD69 and Ki67; this increased activation corresponds 

to greater magnitude of ERK signaling. This is important for considering combination with 

immunotherapy since efficacy of checkpoint blockade is dependent not only on T cell 

presence but also activation.

In vivo mouse and human studies corroborate in vitro findings showing favorable effect of 

MAPK inhibition on intratumoral T cell infiltration and function. Wilmott et al. 

demonstrated an increase in CD8 and CD4 T cells in patient tumor samples collected 7 days 

after treatment with BRAF inhibition, with magnitude of CD8 T cell influx correlating to 

tumor size reduction and necrosis [43]. At time of tumor progression, a decrease in CD8 T 

cells was noted. With regard to the functionality of these T cells and their origin, Cooper et 

al. demonstrated that BRAF inhibition leads to a higher percentage of activated intratumoral 

CD8 T cells that secrete IFN-γ and TNF-α in a BRAF-mutant murine melanoma model 

[26••]. As no increase in Ki67+ T cells was seen with treatment, the influx of T cells into the 

microenvironment was attributed to cell migration from outside the tumor as opposed to 

proliferation of pre-treatment CD8 T cells. Notably, the efficacy of BRAF inhibition was 

dependent on this T cell response as administering anti-CD8 depleting antibody completely 

abrogated the response to BRAF inhibitors. In subsequent studies in patients, Cooper et al. 

also demonstrated that BRAF inhibition causes an increase in clonality of tumor infiltrating 

lymphocytes [44], suggesting that this is at least in part an antigen-specific response and an 

expansion of preexisting clones rather than a nonspecific infiltrative response to a dying 

tumor. Of note, no difference in CD8 TIL count was seen in patients on BRAF inhibitor 

monotherapy versus combined BRAF/MEK inhibition, suggesting that the addition of MEK 

inhibition to a BRAF inhibitor backbone does not adversely affect T cell infiltrate and 

expansion [24••].

Influence of BRAF/MAPK Pathway Blockade on Dendritic Cell Function

In addition to the direct effects on T cells, BRAF/MAPK pathway blockade may also 

augment T cell responses through its influence on dendritic cells (DCs). DCs are antigen-

presenting cells that bridge the innate and adaptive immune systems and are critical for 

effective priming and activation of T cell responses. This has been studied in vitro and 

suggested that oncogenic BRAF may contribute to an immunosuppressive tumor 

microenvironment through suppression of DC maturation [33]. Immunosuppressive 

cytokines in the tumor microenvironment were shown to mediate decreased production of 

IL-12 and TNF-α and decreased expression of the costimulatory markers CD80, CD83, and 

CD86 [45•]. Importantly, most of these effects were reversible with pharmacologic 

inhibition of the BRAF/MAPK pathway, though DC cytokine production remained 

suppressed and this was reversed in BRAF mutant cells with either BRAF or MEK 

inhibition. Of note, coculturing DCs with BRAFWT cell lines also led to decrease in DC 

cytokine production but this was not reversed with BRAF or MEK inhibition. Culturing DCs 

directly with BRAF inhibitor did not show any toxic effects on DCs except at levels 50 times 

the IC50 of most BRAF mutant melanoma cell lines. In contrast, MEK inhibition showed 

Reddy et al. Page 5

Curr Oncol Rep. Author manuscript; available in PMC 2017 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreased function of DCs including viability and priming capacity in a dose-dependent 

fashion, suggesting that BRAF inhibition may be preferable to MEK inhibition for 

optimizing DC cell function. Interestingly, other studies showed that while BRAF and MEK 

inhibition enhanced DC maturation, it also impaired their ability to cross-present antigens 

[46, 47].

Targeting the BRAF/MAPK Pathway May Enhance Natural Killer Cell Activity

In addition to the effects on T cells and DCs, BRAF/MAPK pathway inhibitors may also 

modulate natural killer (NK) cell activity. NK cells are cytotoxic lymphocytes that are 

traditionally part of the innate immune system. Their role in mediating response to BRAF 

inhibition has been explored, demonstrating that NK cells potentiate BRAF inhibitor 

response through a perforin-dependent pathway in a BRAF-mutant melanoma model [48•]. 

The authors showed that while lung metastases from mice depleted in CD4 or CD8 still 

showed response to BRAF inhibition, depletion of NK cells by neutralizing antibody 

treatment negated the efficacy of BRAF inhibition on tumor control. Combination treatment 

with BRAF inhibition and low-dose IL-2 led to improved BRAF efficacy with significantly 

lower burden of pulmonary metastases compared to monotherapy with either agent, 

providing support for combination trials of BRAF inhibition with NK stimulatory agents. 

Another study looking at the interaction between BRAF inhibition and NK cell function 

found that BRAF-resistant cell lines enhanced NK cell killing of melanoma cells [49]. MHC 

I was downregulated in BRAF-resistant cell lines, and this was associated with and at least 

partially contributed to the enhanced NK cell tumor killing. PD-L1 was also upregulated in 

BRAF-resistant cell lines but did not show that antibody-mediated inhibition of PD-1/PD-L1 

interactions led to any detectable effect on NK cell-mediated cell lysis.

Immune Mechanisms of BRAF/MAPK Pathway Resistance

The immune microenvironment has been shown to be a powerful determinant of response to 

BRAF inhibition, both in determining initial response as well as development of resistance 

during treatment with BRAF inhibitors. As described above, part of the mechanism by 

which BRAF inhibition is effective is through altering the immune microenvironment [24••]. 

Therefore, any resistance mechanism that develops in the various components of the 

immune microenvironment in the context of BRAF/MAPK pathway inhibition can lead to 

treatment resistance. A few studies have explored the role of the immune microenvironment 

in MAPK inhibitor resistance [29••, 40••].

One of the first of these studies published showed that the immunosuppressive ligand for 

PD-1 (PD-L1) is upregulated in BRAF inhibitor-resistant melanoma cell lines compared to 

parental lines from which they were derived, and that this correlates with increased MAPK 

signaling. Importantly, PD-L1 expression remained elevated for 3 months even in the 

absence of BRAF inhibitor [29••]. Blocking MAPK pathway through ERK 1/2 siRNA, 

BRAF inhibitor, or MEK inhibitor suppresses this PD-L1 expression, and combining BRAF 

and MEK inhibition has additive effects.

Another potential immune-mediated mechanism of MAPK inhibitor resistance is through 

macrophage-derived secreted factors TNF-α and VEGF [37, 40••]. TNF-α is required for 
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growth and survival of melanoma cells and has been shown to mediate resistance to BRAF/

MAPK pathway inhibitors. Preclinical studies demonstrated that this is mediated through 

increased NF-κB signaling and downstream lineage transcription factor MITF expression. 

M1 and M2 macrophages were found to be the primary source of TNF-α and coculturing 

melanoma cells with macrophages caused resistance to MEK inhibition. This effect was lost 

when anti-TNF-α antibody was also added. As mentioned earlier, this group also 

demonstrated an increase in TAMs at time of resistance to BRAF/MAPK inhibitor 

treatment. Combining MEK inhibitor with IKK inhibitor (to block NF-κB signaling 

pathway) caused a decreased in this TNF-α expression in macrophages as well as decrease 

in macrophage counts. Another group showed that BRAF inhibitors paradoxically activate 

the MAPK pathway in macrophages resulting in VEGF production. VEGF subsequently 

reactivates the tumor MAPK pathway and stimulates growth of melanoma cells [37]. 

Targeting macrophages in mouse models enhanced efficacy of BRAF inhibition in this study.

In Vivo Evidence of Synergy with Combination BRAF Targeted and 

Immunotherapy

Preclinical Models

Synergy has been demonstrated when combining BRAF/MAPK-targeted therapy and 

immunotherapy in several preclinical models [26••, 35, 50]. Several regimens have been 

explored, including a regimen combining BRAF-targeted therapy with immune checkpoint 

inhibitors against PD-1 [26••]. In this study, treatment with BRAF inhibition and either anti-

PD-1- or anti-PD-L1-based therapy significantly increased the number of CD8+ tumor 

infiltrating lymphocytes (TILs), and also improved their function—based on increased 

production of granzyme B, IFN-γ, and TNF-α (compared to BRAF inhibition alone) [26••]. 

Importantly, this was associated with a significant delay in tumor outgrowth and prolonged 

survival. Other studies have also demonstrated synergy, including in a BRAF-mutant murine 

model where BRAF inhibitors were combined with adoptive T cell therapy [50]. Results 

demonstrated superior antitumor response and survival in mice treated with the combination 

compared to those treated with single agent therapy. Unlike prior reports, BRAF inhibition 

did not affect antigen expression or cause an increase in T cells in the tumor, and no 

difference was observed in expansion or distribution of the adoptively transferred T cells. 

Despite these reports showing synergy, other reports have demonstrated none—including a 

report by Hoojikas et al. demonstrating no improvement in tumor control with combined 

BRAF inhibitor and CTLA-4-based therapy [51]. Of note, however, BRAF treatment in this 

study did not induce apoptosis but caused a decrease in CD8 cells following treatment. 

Knight et al. used the same mouse model and also found minimal single agent activity with 

α-PD-L1, α-CTLA-4, and α-TIM-3 but did see activity with anti-CD137 (4-1BB), which 

was enhanced when combined with BRAF inhibitor [35].

Combination therapy sequencing was also investigated in preclinical studies using CT26 

mice. These studies confirmed that combining MEK inhibitors with checkpoint blockade 

immunotherapy resulted in improved tumor clearance due to increased CD8 infiltration. 

Furthermore, treatment with MEK inhibition followed by MEK inhibition +α-PD-1 was 

more successful than an α-PD-1 lead-in followed by α-PD-1 +MEK inhibition as measured 
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by tumor burden and survival, suggesting that these combinations can have dramatically 

distinct effects depending on chosen sequence [52].

Clinical Trials

Based on the promising results from preclinical data and translational studies, several trials 

are underway assessing the effects of combining MAPK inhibition with immunotherapies 

(Table 1). These include combinations of BRAF±MEK inhibitors with immunotherapies, 

including checkpoint blockade (α-CTLA-4 and/or α-PD-1, α-PD-L1), adoptive T cell 

therapy, and cytokines such as IL-2 and/or interferon alpha-2b (IFN-α2b).

There are several important considerations for the optimal design of combination therapy 

trials. While data from the majority of the trials in Table 1 are immature, results from early 

studies highlight a potential for increased toxicity with combination therapy. A phase I study 

combining vemurafenib and ipilimumab in metastatic BRAFV600E mutated melanoma was 

stopped before completing accrual due to unexpected incidence of grade 2/3 hepatotoxicity, 

with 7/12 patients developing grade 2 or 3 transaminitis and 2 patients with grade 2 or 3 

hyperbilirubinemia [54••]. Patients on this trial were treated with a 4-week run-in of 

vemurafenib followed by ipilimumab (3 mg every 3 weeks) with concurrent vemurafenib 

twice daily. Though none of the patients were symptomatic and toxicity was reversible with 

study drug discontinuation and/or administration of steroids, this study highlights the need 

for careful monitoring of toxicities in these targeted and immunotherapy combination trials. 

The same hepatotoxicity was not observed with sequential vemurafenib followed by 

ipilimumab but there was a higher incidence of grade 3–4 skin adverse events [56]. Using 

dabrafenib instead of vemurafenib in combination with checkpoint inhibitors targeting 

CTLA-4 also did not show significant hepatotoxicity; however, unexpected toxicity (i.e., 

colon perforations in 2/7 patients) was observed in the setting of treatment with combined 

dabrafenib + trametinib+ ipilimumab (NCT01767454) [53, 58], cautioning against the use of 

this specific combination.

Recently, the first study demonstrating successful combination of anti-PD-1/PD-L1 with 

targeted therapy was presented [55••]. The phase I study had three cohorts: cohort A treated 

with combination dabrafenib + trametinib + anti-PD-L1 agent MEDI4736, cohort B 

trametinib+MEDI4736, and cohort C with sequential trametinib +MEDI4736. Treatment 

was shown to be well tolerated with no significant increase in toxicities beyond what would 

be expected from targeted therapy or immunotherapy only. Preliminary analysis of patients 

dosed for at least 16 weeks showed response rates for cohorts A, B, and C were 69, 21, and 

13 %, respectively, and disease control rates were 100, 79, and 80 %, respectively.

A second consideration in optimally combining targeted therapy and immunotherapy is the 

ideal timing and sequencing of therapies. Often, targeted therapy will be initiated first in 

patients with significant disease burden for rapid disease control, with immunotherapy 

considered as front-line therapy in patients with a lower disease burden, trading a slower 

onset of response for the potential benefit of long-term durable disease control. However, in 

the setting of more effective and rapidly acting immunotherapy regimens, practice patterns 

have changed. However, it is important to consider the translational evidence regarding the 

kinetics of the immune response to these agents, as it may ultimately help guide combination 
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strategies. Data suggest that BRAF/MAPK targeted therapy favorably alters the immune 

environment within about 10–14 days; however, this effect is lost within several weeks of 

initiating therapy, suggesting that an optimal strategy may involve adding immunotherapy 

early in the course of treatment with BRAF/MAPK-targeted therapy [24••].

Several retrospective clinical studies have tried to help address the question of proper timing 

and sequence of therapy [59••]. One of these studies included a retrospective analysis of 274 

patients treated with sequential BRAF inhibitor therapy and immunotherapy, with change of 

therapy at time of progression. Data from this study showed no statistically significant 

difference in outcomes between the 32 patients that received immune therapy first followed 

by targeted therapy and the 242 patients that received BRAF inhibition first followed by 

immune therapy [59••]. However, patients that had addition of ipilimumab after disease 

progression to BRAF inhibitors showed poor response and lack of benefit with therapy. 

Prospective clinical trials are now underway to address this, including the Intergroup/SWOG 

phase III study (NCT02224781) which is designed to investigate proper sequencing of 

combined targeted therapy (BRAF and MEK inhibition) and combined immunotherapy 

(CTLA-4 and PD-1 blockade). In this trial, patients are randomized to dabrafenib/trametinib 

followed by ipilimumab/nivolumab (with crossover at time of progression) or reverse order 

with a primary endpoint of overall survival. Another trial exploring this is the SECOMBIT 

trial (NCT02631447), which has a similar design but includes a third arm receiving an 8-

week run-in of BRAF/MEK inhibition (encorafenib/binimetinib) followed by immune 

checkpoint blockade (ipilimumab/nivolumab) until progressive disease and subsequent 

targeted therapy (BRAF/MEK) until progressive disease. In addition to this, intermittent 

dosing of BRAF/MAPK pathway inhibitors is being explored [60], as there is evidence that 

intermittent dosing may be superior to continuous dosing—mainly by modulating clonal 

evolution of resistant cells [60].

Conclusions

There is growing evidence regarding immune effects of oncogenic mutations, and data 

clearly demonstrate that BRAF/MAPK pathway inhibition has a profound effect on 

antitumor immunity and the tumor microenvironment as a whole. These favorable effects are 

mediated through a number of different mechanisms, including effects on DC function, and 

NK cell activation. However, in addition to these favorable immune effects of BRAF/MAPK 

pathway blockade, immune mechanisms of therapeutic resistance to these agents also exist

—including through the induced expression of immunomodulatory molecules within the 

tumor microenvironment, and also through stromal-mediated immunosuppression (via TAM 

and TAF, as well as MDSC). Taken together, these data provide a sound rationale for 

combination strategies with targeted therapy and immunotherapy, though complexities 

certainly exist regarding proper combination regimens and associated toxicity, as well as 

optimal timing and sequence of therapy. Clinical trials are ongoing and highlight these 

complexities; however, we cannot rely solely on clinical endpoints as we move forward in 

evaluating these regimens. Tremendous insights have been gained through longitudinal 

tissue- and blood-based analyses in patients during treatment with these agents as 

monotherapy, and these translational studies should be built into these trials to better inform 

mechanisms of response and resistance to these regimens and to gain insight into potential 
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mechanisms of toxicity. In addition to this, we need to carefully study these regimens in 

preclinical models to gain mechanistic insight into potential synergy. Through these studies, 

we can move forward as a field in designing optimal combination strategies to enhance 

therapeutic responses and to combat resistance to therapy via a personalized approach.
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Fig. 1. 
MAPK inhibition induces a favorable tumor microenvironment, with subsequent 

development of immune-mediated resistance to targeted therapy. Activated MAPK pathway 

in untreated BRAFV600E mutated melanoma promotes an immunosuppressive environment 

with high levels of immunosuppressive cytokines, low levels of MHC/melanoma antigen 

complexes, and low numbers of activated T cells, dendritic cells, and NK cells. Stromal 

components such as fibroblasts respond to tumor-secreted factors and suppress T cell 

activation. After MAPK pathway inhibition, immunosuppressive cytokine levels decrease 

and there is an increase in MHC/melanoma antigen complexes, mature dendritic cells, T, and 

NK cells. With time, immune mediators of resistance to targeted therapy develop, including 

PD-L1 upregulation on melanoma cells with resultant T cell exhaustion. An increase in both 

M1 and M2 macrophages is also seen with secretion of tumor promoting TNF-α and VEGF 

leading to increased melanoma tumor growth
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Table 1

Clinical trials investigating combination MAPK inhibition and immunotherapy

Agents Phase Status/preliminary results

Targeted + checkpoint inhibition

  D + T → I; D + T → I + N; D → I + N; T → I + N, I alone, I + N
    (NCT01940809)

I Recruiting patients

  D ± T + I (NCT01767454) I D + I was tolerable with no dose limiting toxicities or grades 
3/4 hepa-
    totoxicity.Triple combination led to 2/7 patients developing 
colon
    perforation [53].

  V + I (NCT01400451) I 7/12 patients had hepatic dose limiting toxicities [54••].

  V ± cobimetinib + MPDL3280A (NCT01656642) Ib Recruiting patients

  T ± D (D added to BRAF mutant, omitted from BRAF wild
    type) + MEDI4736 (NCT02027961)

I/II Treatment was relatively well tolerated with no unexpected 
toxicities
  [55••]. Preliminary results showed response rates with triple 
therapy,
  doublet concurrent therapy, and doublet sequential therapy 
of 69, 21,
  and 13 %, respectively, and disease control rates of 100, 79, 
and 80,
  respectively.

  D + T + MK-3475 (NCT02130466) I/II Recruiting patients

  V → I → V retreatment if no unacceptable toxicity and no
    progression (NCT01673854)

II 27 patients received sequential vemurafenib followed by 
ipilimumab
  therapy [56]. Thirty-three percent had grade 3/4 skin AEs, 
22 %grade
  3/4 GI AEs, and 4.3 % grade 3/4 hepatobiliary events. 
Median PFS
  4.4 months, and overall survival 20.3 months

  LGX818/MEK162 until PD → I + N; I + N until PD → LGX818/
    MEK162; LGX818/MEK162 → I + N → LGX818/MEK162
    (NCT02631447)

II Not open for recruitment

  D + T until PD → I + N; I + N until PD → D + T (NCT02224781) III Suspended recruitment due to drug supply issues

Targeted + cytokine

  V+ high dose interferon alpha-2b (NCT01943422) I/II Recruiting patients

  V+ interferon alpha-2b + IL-2 (NCT01603212) I/II Ongoing, not recruiting

  V+ pegylated-interferon (NCT01959633) I/II Recruiting patients

  V+ aldesleukin (NCT01754376) II Grade 4 delirium seen in 1/6 evaluated patients. Grade 3 
fatigue, hypo-
  tension, arthralgia, and capillary leak seen. Median PFS was
  35.8 weeks [57].

Targeted + adoptive T cell therapy

  V + adoptive cell transfer (NCT01659151) II Recruiting patients

D dabrafenib, T trametinib, V vemurafenib, I ipilimumab, N nivolumab, AEs adverse events, PFS progression-free survival
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