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Abstract

Melanoma is the most aggressive of the skin cancers, with historically high rates of morbidity and
mortality due to its resistance to traditional cytotoxic therapies. Recently, however, breakthroughs
in new therapies have dramatically changed clinical outcomes of this disease. These advances
emerged from an improved understanding of tumor oncogenesis and the interacting tumor
microenvironment. Small molecules that target the oncogenic mitogen-activated protein kinase
(MAPK) pathway, specifically the tyrosine kinase BRAF and its downstream signaling partner
MEK, have demonstrated an improved overall survival and progression-free survival for BRA~
mutant melanoma. Additionally, manipulation of tumor immune surveillance by inhibitors of

the immune suppressive programmed cell death 1 receptor (PD-1) and cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) pathways have recently demonstrated durable responses in various
cancers by promoting an anti-tumor immune response. Application of these targeted and immune-
modulatory therapies has shown promising outcomes in melanoma. Combinations of these
therapies may hold promise to enhance responses further. In this review, we will discuss the
current targeted therapies and immunotherapies, and review the results of combination studies and
speculate on future treatment paradigms.

1 Introduction

Melanoma is a common and aggressive skin cancer with historically limited treatment
options for metastatic disease. While multi-faceted approaches to risk modification,
screening, and chemotherapies have improved outcomes in other common cancers, such

as breast, prostate, and lung, the incidence and mortality rates of melanoma have steadily
increased in the USA [1]. The hallmark of melanoma is its propensity for early invasion
with spread to organ sites such as, but not limited to, the brain, lung, bone, and liver

[2]. This insidious quality, coupled with an innocuous appearance in early stages, results

in some patients presenting with advanced disease on initial presentation or recurrence
following surgery. Unfortunately, conventional therapies have limited success at late stages,
with 5-year historical survival for stage I11 at 50% and stage 1V at 5-10% [3, 4]. This urgent
need has led to a new generation of therapies for melanoma.
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2 Targeted Therapies

The aggressive nature of melanoma in part derives from mutations and other genomic
alterations in key intrinsic cellular signaling pathways. Characterization of signaling
molecules and proteins in these pathways has enabled the development of a new generation
of highly selective therapeutic agents. The mitogen-activated protein kinase (MAPK)
pathway was the first major proto-oncogenic pathway to be characterized in melanoma

with the discovery of the mutant BRAF kinase in nearly 50% of tumor samples [5]. In
addition, NRAS and NVFI mutations are present in a non-overlapping 15-20 and 10-15%

of melanomas, respectively. Normally tightly regulated, the MAPK pathway plays a key
role in propagating and modulating external growth signals to promote proliferation, growth,
and division. The canonical MAPK pathway exerts its effects through the phosphorylation
and activation of sequential proteins in its kinase cascade. The first component of the
MAPK pathway is the Ras family of small GTPases, which act as ‘on’ or ‘off” switches
when stimulated by upstream signals [6]. Activation of transmembrane receptor proteins by
external growth factors causes Ras to bind guanosine triphosphate (GTP), adopting its active
conformation, allowing it to phosphorylate and activate the next kinase in the signaling
cascade, Raf (a serine/threonine-specific protein kinase with three tissuespecific isoforms:
ARAF, BRAF, and CRAF) [7]. This motif is repeated in successive steps of phosphorylation
—Zkinase activation which amplifies the proliferative signal, leading from Ras — RAF —
MEK and culminating in the activation of the effector kinase ERK. ERK ultimately acts on
numerous cytoplasmic and nuclear targets to promote growth and cell division [6].

Given the importance of the MAPK pathway in cell growth and division, activating
mutations in the various components of this pathway, including RAS, RAF, and MEK,
have been found in a variety of cancers [8]. For example, RASis found mutated in nearly

a third of human cancers [9], and is especially prominent in pancreatic, colorectal, and lung
cancers. NRAS, a Ras isoform, harbors mutations in 15-20% of melanomas.

BRAF, one of three RAF kinases, is mutated in ~8% of all cancers. A constitutively active
variant, BRAF V600E (encoded by the BRAFT1799A missense mutation) is found in
40-50% of melanomas. To date, there are nearly 300 characterized mutations in BRAF
[10], with those affecting BRAF V600 being the most common (primarily VV600E, but
also including V600K, V600R, in about 5% of melanomas) [11]. The non-V600E BRAF
mutations, although clinically relevant and perhaps amenable to MEK inhibition, will not
be addressed in this review. Nearly all oncogenic BRAF mutations, including the V600E
mutation, result in a constitutively active kinase which activates MEK independently of an
upstream signal or regulation.

The discovery of the mutant BRAF V600E kinase as an oncogenic driver in 2002 [12]
unlocked the potential of employing small molecule inhibitors for targeting melanoma.
Shortly after, the first BRAF inhibitor, sorafenib (BAY 43-9006), discovered in a screen
against the similar protein CRAF as the target, was investigated for its activity against
BRAF V600E melanoma cells. While sorafenib was more active against purified CRAF
[half maximal inhibitory concentration (IC50) of 6 nM] than mutant BRAF (38 nM) [13],
it nonetheless showed promise in mouse models of melanoma. In human trials, however, it
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failed to show efficacy as a single agent. Additionally, while sorafenib in combination with
traditional chemotherapy was found to be superior to chemotherapy alone in several phase

Il randomized clinical trials, it did not ultimately improve overall survival (OS), and was

not correlated with BRAF mutational status, suggesting the effects observed are independent
of BRAF inhibition [14]. Sorafenib was shown later to have activity against other kinases,
including vascular endothelial growth factor (VEGF) and platelet-derived growth factor
(PDGF), arguing that any modest activity likely reflects its anti-angiogenic effects [15, 16].
Indeed, while ineffective in melanoma, sorafenib has since been approved for use in renal
and hepatocellular carcinomas, two highly vascular malignancies [17, 18].

Despite the initial discovery of the BRAFV600E mutation in 2002, the development of

a specific BRAF inhibitor was hampered by the difficulty of crystallizing the protein

for rational drug design. After BRAFV600E was finally crystallized in 2004, the small
molecule PLX4032 (Plexxikon), later known as vemurafenib, was formulated in 2005, with
highly specific activity against mutant BRAF [19]. In fact, it was 12 times more specific
for the BRAFV600E kinase than the wild-type BRAF kinase (IC50 of 13 and 160 nM,
respectively) with relatively modest effects on non-V600E BRAF mutations [20].

This discovery was followed by the identification of GSK2118436 (GlaxoSmithKline), or
dabrafenib, in 2009. Dabrafenib is a highly potent and mutant-specific BRAF inhibitor with
20 times more inhibitory activity against BRAF V600E than wild-type BRAF (IC50 of

0.6 vs 12 nM) [21, 22]. Additionally, it also demonstrated excellent activity against other
V600 BRAF mutations (V600K/R, etc.) [21]. Lastly, LGX818 (Novartis, later Array), or
encorafenib, began clinical evaluation in 2013. Preliminary in vitro data have demonstrated a
high potency and promising clinical activity, and that it acts to induce autophagy leading to
senescence in BRAFV600E melanoma cells [23].

3 Mutant BRAF Inhibitor Monotherapy Trials

Since the discovery of mutant BRAF inhibitors, there was a flurry of research to bring

these targeted therapies into clinical use. Despite the initial preclinical data, sorafenib

failed as a monotherapy in metastatic melanoma, likely due to suboptimal activity against
BRAF oncoproteins. Since then, more specific BRAF inhibitors have been developed.

The efficacy and safety of two mutant BRAF inhibitors, vemurafenib and dabrafenib, as
monotherapies for BRAF~mutant metastatic melanoma, will be discussed in the following
section (schematic in Fig. 1). Given its only recent entrance into the targeted therapy market,
encorafenib has no published data as monotherapy. Instead, it is currently being evaluated in
a phase 111 randomized clinical trial in combination with the MEK1/2 inhibitor binimetinib
(COLUMBUS trial NCT01909453), with an estimated completion date in 2018.

3.1 Vemurafenib: BRIM Trial

The initial phase I/11 studies of vemurafenib demonstrated impressive clinical activity in
patients with metastatic BRAF V600E-mutated melanoma. The phase | study extension
evaluated 32 patients at the recommended phase Il dosage of 960 mg twice daily, and
reported an unconfirmed response rate of >80% [24]. The subsequent phase |1 study
revealed a slightly more modest confirmed response rate of 53%, with a median progression-
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free survival (PFS) and OS of 6.8 and 15.9 months, respectively. This clinical activity was
dramatically superior to that observed with cytotoxic chemotherapy, leading to a phase 111
study [25].

The phase 111 randomized clinical trial (BRIM-3) compared the efficacy and safety of
vemurafenib monotherapy against dacarbazine monotherapy in treatment-naive metastatic
melanoma patients carrying BRAF V600 mutations. Vemurafenib monotherapy increased
the median PSF (6.9 months vs 1.6 months) as well as OS (6 months OS 84 vs 64%). When
these patients were subdivided based on their mutational status, both BRAFV600E (91% of
the patients) and BRAF V600K (9% of the patients) benefitted similarly from vemurafenib
therapy. While vemurafenib was well tolerated, with the majority of adverse events ruled

as grade 1-2, all of the patients experienced at least one adverse event and 8% experienced
grade 4 or worse adverse events. The majority of adverse events were low grade, including
arthralgia, rash, fatigue, photosensitivity, and keratoacanthomas. Seven percent of patients
in the vemurafenib arm discontinued therapy due to intolerance. The most common grade 3
or 4 adverse events were cutaneous squamous cell carcinomas, elevated liver function tests,
keratoacanthomas, rash, and arthralgia. Cutaneous squamous cell carcinomas occurred in
19% of patients, usually in the first 2-3 months of therapy [26].

3.2 Dabrafenib: BREAK Trial

Following initial phase | and Il data that supported the activity of dabrafenib [27, 28],

this phase 111 clinical trial randomized treatment-naive metastatic BRAF V600E melanoma
patients to either dabrafenib monotherapy or dacarbazine chemotherapy (BREAK-3). PFS
was significantly higher for the dabrafenib arm as compared to the dacarbazine arm (5.1 vs
2.7 months). Subsequently, patients who progressed on dacarbazine were crossed over to the
dabrafenib arm. At the conclusion of the study at 2 years, 45% of those on the dabrafenib
arm remained alive compared to 32% on the dacarbazine arm. Given the crossover and the
study being powered for PFS, a difference in OS was not statistically detectable between
the two groups. Grade 2 or higher adverse events were greater in the dabrafenib arm
(53%:skin toxicity, fever, fatigue, arthralgia) when compared to the dacarbazine arm (44%:
nausea, vomiting, neutropenia, fatigue). As compared with vemurafenib, fevers occurred
more commonly, but phototoxicity occurred less often [29].

Patients with brain metastasis were specifically evaluated in the phase 1| BREAK-MB

trial. This study demonstrated that 39.2% of newly diagnosed patients with BRAFV600E-
mutated brain metastases achieved an overall intracranial response, as did 30.9% of patients
with progressive brain metastases after local treatment failure (surgery or radiation). This
study thus established the activity of BRAF inhibition in patients with brain involvement
[30]. As with prior studies with BRAF inhibitors, the major severe adverse events were
pyrexia and cutaneous squamous cell carcinomas; intracranial hemorrhage also occurred in
6% of patients [30].

3.3 Adverse Effects with Unilateral BRAF Inhibition

While the survival benefits of these new mutant BRAF inhibitors for patients with BRAF
V600 melanoma compared to the traditional chemotherapies are undeniable, they also have
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a distinct toxicity profile. One significant adverse event common to both vemurafenib

and dabrafenib is skin toxicity, particularly the risk of skin malignancies or low-grade
non-malignant proliferative lesions. These BRAF inhibitor-associated cutaneous lesions are
more prevalent, with earlier onset with vemurafenib (4-31%, median time 8 weeks) as
compared to dabrafenib (6—11%, median time 16 weeks) across complied studies [31].
While vemurafenib and dabrafenib inhibit mutant BRAF signaling in metastatic melanomas,
they promote oncogenic signaling in wild-type BRAF skin cells in a phenomenon termed
paradoxical RAF signaling [32], exemplifying the complexity of the MAPK pathway.
While the exact mechanism is not entirely clear; mutant BRAF inhibitors potentiate MAPK
signaling in vitro, possibly through CRAF dimerization or through alterations in scaffolding
protein conformation, leading to the activation of downstream ERK signaling [33]. Other
mechanisms of this phenomenon, including RAF inhibitor-mediated reduction of BRAF
auto-phosphorylation, have also been proposed [34]. Analysis of the cutaneous squamous
cell carcinomas often demonstrated HRAS mutations, suggesting that BRAF inhibition

in keratinocytes leads to paradoxical MAPK signaling in premalignant cells harboring a
latent HRAS mutation [11]. Thus, BRAF inhibitors appear to ‘unmask’ these subsequent
malignancies by promoting MAPK signaling in RAS mutant cells rather than truly inducing
new malignancies. Further, non-cutaneous RAS-mutant malignancies have been rare [11].

While BRAF inhibitor monotherapy produced dramatic responses with tumor regression
and improved survival, almost all patients eventually relapse with disease resistance to
BRAF inhibition. This occurs through both MAPK-dependent and MAPK-independent
mechanisms, but interestingly, does not include secondary BRAF mutations [11]. Instead,
numerous genomic alterations elsewhere in the MAPK pathway have been found to confer
resistance to mutant BRAF inhibitors, including NRAS mutations, BRAF amplifications,
BRAF alternate splicing, increased CRAF levels, and MEK1/2 mutations [35, 36],
representing the heterogeneity of melanoma genetics. Oncogenic BRAF inhibition has
been documented in multiple studies to activate ERK, exemplifying the complexity of
MAPK signaling. BRAF V600E inhibition has been shown to cooperate with oncogenic
RAS to drive melanoma formation in mice by activating the RAF isoform CRAF [37].
Interestingly, recent evidence has shown that RAF dimers participate in an inhibitory auto-
phosphyloration regulatory mechanism [38]. This auto-inhibitory process is disrupted when
BRAFis mutated or if it is coupled to a BRAF inhibitor, leading to increased ERK activity
[33, 39]. Furthermore, MAPK-independent mechanisms of resistance have been found in
about 30% of relapsed melanoma [40]. Concurrent loss of the PTEN pathway renders
melanomas resistant to oncogenic BRAF inhibition-induced cell death [41]. Up-regulation
of survival proteins has also been implicated in BRAF inhibitor resistance [42].

4 MEKZ1/2 Inhibitor Monotherapy Trials

As mentioned, mutations in MAPK encoding genes occur in most melanomas, including
BRAF, NRAS, NF1, and others. While the BRAFV600E mutation accounts for the
majority of BRAF mutations, several other clinically relevant BRAF mutations also exist.
Conceptually, inhibiting the MAPK pathway at a point downstream of BRAF could be an
effective strategy in a broader spectrum of melanomas. The following section discusses
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MEK inhibitors as a monotherapy. Its activity in combination therapy will be discussed later
in Sects. 5and 8.

4.1 Trametinib

GSK1120212 (GlaxoSmithKline), or trametinib, is a highly specific inhibitor of MEK1/2.
This agent was initially evaluated in a phase | study involving 81 patients with melanoma.
Patients with BRAF V600 mutations who had not received prior mutant BRAF inhibitors
had a 33% response rate. Four of 39 patients (10%) with wild-type BRAF melanoma also
responded. None of the patients with an MNRAS mutations responded to MEK1/2 inhibition.
Interestingly, one of the responders was later found to have a BRAFL597 mutation,
suggesting that trametinib may play a role in these non-V600 BRAF mutations. These
results were limited to cutaneous or suspected cutaneous melanomas; none of the 16 patients
with uveal melanomas responded [43].

4.2 Trametinib: METRIC Trial

The safety and efficacy of trametinib monotherapy was then compared to traditional
chemotherapy in patients with BRAF V600 metastatic melanoma in the phase 111
METRIC-3 clinical trial. PFS was higher with trametinib than with chemotherapy (4.8 vs
1.5 months). OS at 6 months was also higher in the trametinib arm than the chemotherapy
arm (81 vs 67%) despite allowing crossover from the chemotherapy arm to trametinib

after progression. Adverse events were more prevalent in the trametinib group; the majority
of which were rash, diarrhea, and peripheral edema. A decrease in ejection fraction was
seen in 7% of the patients and was mostly asymptomatic and reversible, although 1% had
serious cardiac events that led to drug discontinuation. Conspicuously, treatment-related skin
malignancies were not observed [44].

4.3 Selumetinib and Binimetinib

Several other MEK inhibitors have been developed. Selumetinib (AZD6244) is a recently
developed MEK inhibitor that, while not being superior to temozolomide in BRAF~mutant
cutaneous melanoma [45], did show a modest superiority to chemotherapy in uveal
melanoma [46]. However, selumetinib in combination with dacarbazine did not improve
survival compared with dacarbazine alone in patients with BRA~mutated melanoma

[47]. Binimetinib (MEK162) has also been evaluated in NRAS-mutant melanoma, and
demonstrated an improved PFS over dacarbazine (2.8 vs 1.5 months) [48].

5 Targeted Therapies: Combination Trials

For an aggressive cancer with high mutational load such as melanoma, the benefits of
targeted monotherapies are muted by near inevitable disease progression and therapy
resistance. Concurrently targeting multiple points in an oncogenic pathway could delay

the development of resistance, improve response durability, and decrease adverse events.

In melanoma, resistance often involves reactivation of MAPK signaling, suggesting that
more complete pathway blockade could have clinical utility. As such, multiple clinical trials
have evaluated the safety and efficacy of combining mutant BRAF inhibitors with MEK
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inhibitors in patients with mutant BRAF metastatic melanoma. The next section will review
and discuss these trials.

5.1 Dabrafenib + Trametinib Versus Dabrafenib: COMBI-d Trial

Based on this rationale, dabrafenib and trametinib were combined to assess their efficacy
and safety compared to dabrafenib alone in patients with BRA~mutant melanoma.
Following activity and safety demonstrations in initial phase I/11 trials, two phase 111
randomized controlled trials were performed. In the COMBI-d trial, dabrafenib and
trametinib were compared with dabrafenib alone, and demonstrated superior median PFS
(11 vs 8.8 months) and response rate (69 vs 53%) (see Table 1). Median OS was similarly
improved at (25.1 vs 18.7 months) [49]. The rate of serious adverse events was similar
between the two groups, although combination therapy increased the likelihood of pyrexia.
Interestingly, however, the addition of MEK inhibition significantly decreased the rates of
cutaneous squamous cell carcinomas, likely by blunting paradoxical MAPK activation [50].
Notably, the 3-year follow-up from this study reported that outcomes remained improved
for the combination, in terms of 3-year PFS (22 vs 12%) and OS (44 vs 32%). This study
challenges the notion that acquired resistance is inevitable, and suggests that a subset of
responding patients may have long-term benefit from combined MAPK blockade [51].

5.2 Dabrafenib + Trametinib Versus Vemurafenib: COMBI-v Trial

The efficacy and safety of the dabrafenib and trametinib combination was also compared
against vemurafenib monotherapy in the phase 111 COMBI-v clinical trial. The initial
report showed the median PFS to be superior in the combination group as compared

to vemurafenib (11.4 vs 7.3 months), and OS was also improved (12-month OS 72 vs
65%) [52]. As with prior studies, adverse events were comparable between the two study
groups, although pyrexia was higher with combination therapy (53 vs 21%). Cutaneous
malignancies were vastly decreased with combination therapy compared to vemurafenib
monotherapy (1 vs 18%) [52].

5.3 Vemurafenib + Cobimetinib Versus Vemurafenib: CoBRIM Trial

In a phase Il randomized clinical trial, cobimetinib, a highly specific MEK1/2 inhibitor,
was combined with vemurafenib and compared with vemurafenib monotherapy. The results
are comparable to those observed with dabrafenib and trametinib, as vemurafenib and
cobimetinib increased PFS compared to vemurafenib alone (12.3 vs 7.2 months). Median
OS was also equally encouraging for the combination therapy vs. vemurafenib monotherapy
(22.3 vs 17.4 months). The risk of disease progression or death was significantly reduced

by 42% by the combination therapy at the final analysis. Serious adverse events were more
prevalent in the combination group (37 vs 28%). Specifically, combination therapy increased
the risk of cardiovascular adverse events, serous retinopathy, elevated liver enzymes, and
elevated creatine phosphokinase. By contrast, combination therapy decreased the incidence
of skin malignancies compared to mutant BRAF inhibitor alone [53].
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5.4 Encorafenib + Binimetinib Versus Vemurafenib or Encorafenib: COLUMBUS Trial

Encorafenib is a recently developed BRAF inhibitor, and its use in melanoma is currently
being evaluated in combination with the MEK1/2 inhibitor binimetinib. In a two-part, phase
I11 randomized clinical trial, investigators sought to compare the efficacy of encorafenib
and binimetinib against either vemurafenib or encorafenib alone, as well as to tease out

the contribution of binimetinib by decreasing the dose of encorafenib. Results from part

| of the trial revealed improved PFS with combination encorafenib and binimetinib when
compared to either vemurafenib or encorafenib alone (14.9 vs. 7.3 or 9.6 months). Adverse
events were comparable between the combination and monotherapies, although patients on
the combination trial are more likely to have elevated creatinine phosphokinase and retinal
pigment epithelial detachment [54]. Part 1l of the COLUMBUS trial is currently underway,
and results are expected to be released in the near future.

6 Conclusions of Targeted Therapy Trials

The development of MAPK inhibitors is a success story in translational medicine and
rational drug design, and heralded a paradigm shift in the treatment of metastatic melanoma.
These early studies clearly demonstrated the efficacy of MAPK inhibitors compared to
traditional chemotherapy. The following section will discuss the lessons learned from these
studies.

6.1 Quality of Life

The primary endpoints of these studies focused on PFS or OS. While mortality is

arguably the most objective goal of any treatment regimen, morbidity is much harder

to quantify, but remains critically important. A patient’s perception of their disease is

a complex blend of mortality measures, toxicity, pain, functionality, and symptoms, and

is influenced by emotional, personal, and spiritual factors. In the absence of a cure

and in the prolongation of a disease state, the quality of life permitted by a treatment
becomes an important consideration for therapy selection. Quality-of-life scores capture a
multi-dimensional appreciation that objectively characterizes the treatment response from a
patient’s perspective.

In the BREAK-3 trial, patients on dabrafenib experienced stabilization or only minor
deterioration of functionality and symptoms over time, whereas patients on dacarbazine
deteriorated steadily. This divergence was further demonstrated with patients who crossed
over from the dacarbazine arm to the dabrafenib arm. While the BREAK-3 trial was not
powered to detect a pre-specified difference as defined by the European Organisation

for Research and Treatment of Cancer Quality of Life Questionnaire (EORTC QLQ-

C30) survey, the mean differences show a favorable quality-of-life profile for the BRAF
inhibitor. Further, patients who crossed over from the chemotherapy to targeted-therapy arm
experienced a meaningful improvement in functionality [55]. These effects were similarly
observed for the MEK1/2 inhibitor trametinib in the METRIC trial [56].

As discussed previously, MAPK inhibitor combination regimens are consistently superior
to BRAF inhibitor monotherapy in prolonging survival. With multi-agent therapy, toxicity
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and tolerability become particularly important. This is especially true in oncology
pharmacology, where the balance between tolerability and benefit is a fine line. This

was first examined in the COMBI-d trial where dabrafenib plus trametinib was compared
against dabrafenib alone. Patients on the combination regimen experienced improved global
health scores, functionality, pain, and symptoms compared to monotherapy. One exception
was gastrointestinal symptoms, which worsened with combination therapy. Although the
trial was designed with survival as an endpoint, it demonstrated clinically and statistically
significant improvements in many quality-of-life metrics [57].

6.2 Effect of Combination Therapy on Non-melanoma Skin Cancers

A noteworthy collection of adverse effects that plague BRAF inhibitors is the risk of
developing keratoacanthomas. This side effect is reflective of the underlying molecular
mechanism of action, leading to paradoxical BRAF activation. Mutant BRAF inhibitors
have been shown to lead to auto- or hetero-dimerization of RAF molecules in vitro, which
can activate downstream signaling either through autophosphorylation or by preferential
activation of ERK [33] (while bypassing MEK). This paradoxical RAF activation appears
to be tissue specific and more robust in keratinocytes [58], as these skin lesions are
primarily cutaneous squamous cell carcinomas or keratoacanthomas. Paradoxical RAF
activation, however, is not sufficient for oncogenesis. Analysis of keratoacanthomas in
patients treated with mutant BRAF inhibitor revealed HRAS mutations, suggesting that
mutant BRAF inhibitors activate a pro-proliferative cascade in keratinocytes with latent
RAS mutations [59]. One intriguing, non-cutaneous malignancy has been reported with
vemurafenib therapy. A patient on vemurafenib developed clinically apparent chronic
myelomonocytic leukemia (CMML) with an NRAS mutation. Interestingly, the CMML
responded to vemurafenib withdrawal and later the addition of a MEK inhibitor [60, 61].
Pre-clinical and early clinical studies are evaluating the next-generation BRAF inhibitors
PLX7904 and PLX8394, which do not activate RAS [62].

MEKZ1/2 inhibitors as single agents do not increase the rate of subsequent skin malignancies.
Importantly, concomitant BRAF and MEK inhibition causes fewer cutaneous malignancies
than BRAF inhibitor monotherapy, suggesting that the oncogenic signal promoted by mutant
BRAF inhibition is countered by MEK1/2 inhibition. This finding further supports the use of
combination therapy over monotherapy.

6.3 MEK Inhibition Toxicities

MEKZ1/2 inhibitors have characteristic adverse effects as single agents and with combination
therapy. They can cause cardiotoxicity leading to a decrease in ejection fraction in patients
on MEK1/2 monotherapy [44] and combination regimens, an effect not seen with mutant
BRAF inhibitors alone [63]. These episodes of cardiac dysfunction are mostly asymptomatic
and reversible with dose reduction, although in the METRIC trial, two patients had grade

3 serious cardiac events [44]. The underlying mechanism of cardiotoxicity is not well
understood. In light of this, patients with pre-existing decreased cardiac ejection fraction
may not tolerate regimens that include MEK1/2 inhibitors and are likely more appropriate
for BRAF inhibitor monotherapy. Some patients with mild cardiac dysfunction may tolerate
combination therapy, although extremely close monitoring should be implemented.
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6.4 Ongoing Questions

With these recent trials, there is ample evidence for using MAPK inhibitors, especially

in combination, in metastatic melanoma. However, much remains unanswered. The three
existing combination MAPK kinase trials clearly demonstrate that combination therapies
offer many benefits over monotherapy alone. It remains unclear what advantages, if any,
various combinations have over one another, as no head-to-head trials have been performed.
In the absence of those studies, selection is based on provider discretion and is often based
on experience, toxicities, and dosing schedule.

Other questions also remain. First, a small subset of patients clearly demonstrates durable
benefits. Pre-emptively identifying these patients with molecular or clinical biomarkers

has been a major challenge. Recent studies have identified that patients with fewer than
three disease sites and normal LDH have a higher likelihood of durable benefit, but

this is not universal. Circulating tumor DNA has been shown to prognosticate between
BRAF responders as well as predicate disease progression, but the technology is not

fully developed and clinical usage is yet to be implemented [64, 65]. Second, overcoming
resistance has been a vexing problem. Heterogeneity at resistance has impeded development
of active subsequent therapies. Studies that have attempted crossover from single-agent
therapy to combination MAPK blockade have been unimpressive [66]. Animal studies

have suggested that the development of drug resistance occurs through oncogene addiction
whereby drug withdrawal in an intermittent dosing schedule improves the duration of
response [67]. This has been supported by various clinical case reports [60] and is currently
being investigated in several clinical trials (NCT01894672, NCT02263898). Finally, much
work remains to extend the benefits of MAPK blockade to non- BRA~mutant melanomas.
Several studies are ongoing with MEK inhibitor monotherapy (for NRAS and atypical
BRAF mutations) and with other targeted therapy agents (e.g., CDK4/6 inhibitors) [68].

7 Immunotherapy

Immune checkpoint inhibitors have dramatically shifted the landscape of many cancers,
including melanoma. The notion of host anti-tumor immune defense is not new, but
development of therapies to exploit this concept have not reached fruition until recently.

Malignant cells, despite harboring many genetic aberrations associated with neoplastic
transformation, often mask their immunologic presence by down-regulating tumor
immunosurveillance and expressing or exploiting so-called immune checkpoints. These
immune checkpoints include the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death 1 receptor (PD-1) and its ligands (PD-L1, PD-L2), targets of these
newer therapies [69]. The immune checkpoints function normally to maintain self-tolerance
to protect normal tissue when the immune system is responding to an infection.

7.1 Immune Checkpoints: Physiology and Pathology

CTLA-4 is a transmembrane receptor found normally on T cells and is important in
dampening T-cell activation and response. It achieves this by sequestering the activating
CDB80 and CD86 ligands away from the costimulatory CD28 receptor (which normally
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engages with the T-cell receptor (TCR) to induce an activating response) (Fig. 2).
Additionally, CTLA-4 also sets off an intracellular inhibitory signaling cascade in T cells
to counteract any activated TCR signaling. While CTLA-4 is expressed on cytotoxic

CD8 effector cells, its immunodulatory effect is accomplished mostly by down-regulating
activating CD4 T helper 1 cells and promoting the suppressive effects of T-regulatory cells
[69, 70].

Similarly, PD-1, in concert with PD-L1 and PD-L2, suppresses T-cell activation, acting
mostly at the interface between normal tissue and inflammation to prevent autoimmunity
and to promote peripheral tolerance. PD-L1 is a cell-bound receptor broadly expressed on
T cells, B cells, macrophages, dendritic cells, mast cells, as well as vascular endothelial
cells. Binding of PD-L1 to its cognate receptor PD-1 inhibits kinases involved in the T-cell
cascade [69].

Despite harboring many genetic aberrations, which would identify them as foreign, cancer
cells have hijacked these immune checkpoint processes to evade immune destruction.
Furthermore, the tumor microenvironment is a complex structure with multiple cell types
and paracrine interactions. Intermingling with tumor cells are tumor infiltrating lymphocytes
(TIL) that have complex and diverse implications in the neoplastic process, but generally
promote a suppressive immune state, leading to T-cell anergy [70, 71] (Fig. 2).

7.2 Immune Checkpoint Inhibitors in Melanoma

Blocking these checkpoint inhibitors with monoclonal antibodies re-educates the native
immune system to recognize previously concealed targets. The CTLA-4 blocking antibody
ipilimumab was approved for use in melanoma in 2011 after a three-arm, randomized
controlled trial showed an improved survival benefit of 3.5 months with ipilimumab over
the gp100 vaccine [72]. Importantly, this was the first therapy shown to increase survival

in metastatic melanoma. In addition to an overall favorable response, a subset of patients
(19-25%) had remarkable survival beyond 2 years [73], exceeding the historical rate of
5-10% [3]. Currently, ipilimumab is primarily used as salvage therapy for patients who fail
anti-PD-1, or in combination with nivolumab.

Anti-PD-1 agents have provided even more impressive clinical efficacy and have changed
the outlook for patients with melanoma as well as other cancers. Early results suggest these
agents produce durable responses in at least one third of patients, and produce tolerable
toxicity profiles. The efficacy of the PD1 blocking antibody nivolumab in metastatic
melanoma was superior to chemotherapy, with a greater overall response rate (40 vs 14%),
median PFS (5.1 vs 2.2 months) and OS at 1 year (72.9 vs 42.1%) in patients with
untreated BRAF wild-type melanoma [74]. It was additionally effective in patients who
were previously treated with ipilimumab in another randomized controlled trial and with
greater OS at 6 months (30 vs 13.3%) as well as less severe adverse events [75]. Nivolumab
was approved as a single agent in 2015 for metastatic melanoma.

Pembrolizumab is another PD-1 antibody that has been studied in patients with metastatic
melanoma. The KEYNOTE-006 trial demonstrated the utility of pembrolizumab in
treatment-naive metastatic melanoma [76], and resulted in more patients who were
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progression free at 2 years when compared to ipilimumab (at two different doses of
pembrolizumab; 31 and 28 vs 14%). At the 2-year update, pembrolizumab was superior

to ipilimumab with regard to OS (55.1 and 55.3 vs 43%) and PFS (31.2 and 27.8 vs 13.5%);
indeed, the median OS was not reached for patients on any dosage of pembrolizumab
compared to 16 months for patients on ipilimumab [77]. In untreated patients, the objective
response rate was >40% in a large phase I study [78]. Pembrolizumab was FDA approved in
2014 for metastatic melanoma and is now widely used.

The activity of these agents led to interest in combination immunotherapy. When combined
together, nivolumab plus ipilimumab produces superior activity compared to either agent
as a monotherapy [79], as shown by the CHECKMATE-067 study. Combined checkpoint
inhibitors resulted in a superior PFS of 11.5 months compared to nivolumab alone (6.9
months) or ipilimumab alone (2.9 months), as well as superior response rates (59 vs 44 vs
19%) [79]. Long-term comparisons of OS, however, are not yet published. Combination
therapy results in a significantly higher toxicity rate as well. The practice patterns of

using single-agent anti-PD-1 vs. combination ipilimumab/nivolumab are quite varied. Many
experts favor combination therapy for patients with poor prognostic features, including
brain or liver metastases, elevated LDH, symptomatic/bulky disease, or non-cutaneous
melanomas.

8 Combining Immunotherapy with MAPK Inhibition in Melanoma

Both classes of agents, developed in parallel, have demonstrated impressive survival and
quality-of-life benefits in patients with melanoma. MAPK inhibitors produce significant
clinical responses for patients with metastatic melanomas, but are usually associated with
resistance and disease progression. Immune checkpoint inhibitors do not produce universal
responses, but in subsets of patients durable clinical benefit occurs, likely due to ensuring
tumor immunosurveillance.

One could postulate that combining these agents could produce synergistic efficacy. The
value of pairing a tumoricidal drug (MAPK inhibitors) with checkpoint inhibitors could
produce cooperative effects by releasing tumor antigens to prime immune cells against

the now unmasked tumors. A number of pre-clinical studies have demonstrated enhanced
immune infiltration with BRAF and/or MEK inhibition [80-82]. Clinical analysis of
melanomas in patients treated with BRAF inhibitors showed greater lymphocyte infiltration
in tumor samples and was associated with decreased tumor burden and increased tumor
necrosis [83]. These studies provide further evidence for combination therapy. Clinically,
the goal of combining MAPK inhibitors with immune checkpoint inhibitors is to promote a
consistent and long-lasting clinical response.

Although in early phases, initial investigations have demonstrated cautiously optimistic
results in combining both MAPK inhibition and checkpoint inhibitors. The following section
will discuss and highlight the results of some of these studies.

The first reported phase | study of vemurafenib and ipilimumab reported excessive
hepatotoxicity [84]. Although asymptomatic and reversible with drug discontinuation, those
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results cautioned the toxicity profile of combination therapy. A subsequent study released in
2014 examined the use of ipilimumab + dabrafenib with or without trametinib in metastatic
melanoma. Unfortunately, the triple combination arm produced a number of grade 3 and 4
toxicities, including colitis complicated by intestinal perforation [85]. The accrual for the
triple combination arm was consequently halted, although the dabrafenib and ipilimumab
combination arm appears more tolerable.

Given these toxicities, successive combination therapy trials have carefully evaluated
dosages and monitored for adverse events. Also of note, there are numerous and potentially
promising combination immunotherapy trials currently underway. For the sake of brevity,
however, we have chosen to focus on those involving combinations of targeted therapy (e.g.,
kinase inhibitors) and immune checkpoint inhibitors.

8.1 Durvalumab + Dabrafenib: NCT02027961

An ongoing trial is investigating the PD-L1 antibody MEDI4736 (durvalumab) with
dabrafenib and trametinib. Adverse effects have correlated with increased durvalumab
dosage, but not with combination therapy, and were mostly tolerable and acceptable [86].
Biopsies collected from these patients showed evidence of increased immune infiltration
(CD8 + effector T cells and interferon-y) post treatment. Clinical responses are ongoing, and
the primary data collection closed April 2017. Results are expected to be released soon.

8.2 Atezolizumab + Vemurafenib + Cobimetinib: NCT01656642 and NCT02908672

The PD-L1 antibody atezolizumab is currently being evaluated in combination with
vemurafenib or vemurafenib plus cobimetinib in a phase 1b clinical trial. Grade 3 or 4
adverse events were seen at about a similar rate between the triple combination therapy and
MAPK inhibitors (5/14 vs 6/14) and were manageable and reversible [86]. At the time of the
last study update, clinical responses are unconfirmed given limited follow-up. Study results
are expected to be released in the near future with T-cell activation markers and molecular
studies. The phase 11l TRIOLOGY trial compares the triple combination atezolizumab with
vemurafenib plus cobinmetinib against vemurafenib and cobinmetinib and will be pivotal
in determining the role of combining immunotherapy with MAPK inhibitors. The study
was launched in June 2017, and preliminary results with PFS as the primary endpoint are
expected to be released in Nov 2019.

8.3 Pembrolizumab + Dabrafenib + Trametinib: NCT02625337 and NCT02130466

Pembrolizumab is approved for metastatic melanoma, with an acceptable safety profile and
response rate. It is currently being investigated in combination with MAPK inhibitors in two
separate clinical trials. The phase Il IMPemBra trial compares pembrolizumab, dabrafenib,
and trametinib in three different doses with pembrolizumab monotherapy. This trial started
in January 2016, with an expected primary endpoint in December 2017. More notable

is the KEYNOTE-022 trial, a five-part series designed to evaluate pembrolizumab with
dabrafenib and trametinib combination. In this study, patients with metastatic melanoma

are randomized to either pembrolizumab with dabrafenib and trametinib or dabrafenib and
trametinib in a randomized phase 11 trial [87, 88]. This study is currently accruing and study
completion is estimated to be 2021.
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8.4 PDRO0O01 + Dabrafenib + Trametinib: NCT02967692

The anti-PD1 1gG4 antibody PDR001, developed by Novartis, is currently being investigated
in combination with dabrafenib and trametinib in a randomized phase 11 trial. While
preclinical data on PDROO01 is scarce, its efficacy is under evaluation for a variety of solid
tumors, including non-small cell lung cancer, hepatocellular carcinoma, neuro-endocrine
tumors, and advanced melanomas. The NCT02967692 trial is the first study assessing
PDRO001 exclusively in melanomas. The study began in Feb 2017 and results are expected to
be released in late 2019.

8.5 Atezolizumab + Cobimetinib in Colon Cancer: NCT01988896

While not a melanoma study, extremely provocative results were identified from this early
study of atezolizumab and cobimetinib in colon cancer. While either agent has minimal
efficacy in mismatch repair proficient colon cancer as monotherapy, the combination was
associated with a response rate of 17% [89]. This study demonstrates proof of principle that
combination MAPK blockade and immune checkpoint inhibition can produce synergistic
benefits.

9 Conclusions and Future Perspectives

Both targeted and immune therapies have transformed melanoma from a malignancy with
a dismal prognosis and limited treatment options to a cancer with multiple active therapies.
Moving forward, one could project that immune therapy will likely move into the first-line
option for most patients given the durability of responses, with BRAF/MEK inhibition

as salvage therapy. Combining immune therapy with BRAF and/or MEK inhibitors may
enhance these responses, and provide a preferred option moving forward, although the data
are too limited at this time to make confident projections. A biomarker-driven approach
may also alter treatment paradigms. One could envision biomarkers of response to both
targeted and immune therapies (or combined therapy) which could drive treatment selection.
Ultimately, understanding the most optimal treatment sequences and combinations will
maximize the utility of currently available therapies. Combining MAPK inhibition and
immune checkpoint inhibitors is one such approach, and remains unproven but promising.
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Key Points

Molecularly targeted therapies blocking BRAF and MEK have transformed the
management of BRAF~mutated melanoma as monotherapies and, more importantly, as
combination therapy.

These agents are encumbered, however, by high rates of resistance.

Developing further combinations with immunotherapy strategies may provide additional
therapeutic benefits.
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Fig. 1.
Mechanism of action of BRAF/MEK inhibitors. PDGFR platelet derived growth factor,

IGFIRinsulin growth factor 1 receptor, W7 wild type
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Mechanism of checkpoint inhibition. CTLA-4 cytotoxic T-lymphocyte-associated protein
4, MHC major histocompatibility complex, PD-1 programmed cell death protein 1, PD-L1

programmed death-ligand 1, 7CRT cell receptor

Am J Clin Dermatol. Author manuscript; available in PMC 2023 May 15.



Page 23

Zhou and Johnson

Jewy | aseyd abire| e Ul syuawieal) Jorid ou yim syusied £z Ul ayes asuodsal 5;@_1mv

|eAIAINS 8314-Uo1ssalboid S ‘T uigioid yreap 189 pawwelboid -G ‘|eAIAINS [[BI9A0 SO ‘i Ulsload pare1oosse-a1430ydwA|-1 91X0101A0 g~/ 7LD

TEV.2092 '166229.2 :AlNd GG—vS SO Yuow-v¢ %9 SUYluow G'TT UeIpa|N 198G #-V1LD +1-Ad Qewn|oAIU + gewnuwijid]
TEVL2092 '25566E5¢ ‘AlINd 91T SO Yyuow-gT %Eg.L syluow 6'9-T'G UelpaN %Py—-0v T-ad Qewn|oAIN
€/TT685¢ ‘0£8260.¢ ‘AlNd ¥1-0T SO Yuow-¢T %L Sdd yuow-9 9%/ mmvlmm T-ad gewnzijoiqwad
SO
TGS66ESC ‘TY6.€092 ‘AlNd 8V—2€  UIOW-ZT %g/ 'SYIUOW T'GZ UBIPAIN  SYuow ' TT-0'TT UBIPAIA 69-19 MIN + dvdd glunswely + giusjeiqeq
€0T08Y.¢ ‘AlINd 09 Styiuow g'¢g¢ uelpsin Stiuow ¢°¢T UelpsiN 89 MIANW +dvdd  qluiswiqod + gluajeinwsp
saoualajey  (9%) Sa1IDIX0) Y—€ apedD) o) S4d  (9%) a1eu asuodsay 1904e) 1Uaby
Bwoue|sw padueApe 10j mcmE_mmh dul|-1sJ14 10J BYep el |ediul]d paystjgnd
T9lqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Clin Dermatol. Author manuscript; available in PMC 2023 May 15.



	Abstract
	Introduction
	Targeted Therapies
	Mutant BRAF Inhibitor Monotherapy Trials
	Vemurafenib: BRIM Trial
	Dabrafenib: BREAK Trial
	Adverse Effects with Unilateral BRAF Inhibition

	MEK1/2 Inhibitor Monotherapy Trials
	Trametinib
	Trametinib: METRIC Trial
	Selumetinib and Binimetinib

	Targeted Therapies: Combination Trials
	Dabrafenib + Trametinib Versus Dabrafenib: COMBI-d Trial
	Dabrafenib + Trametinib Versus Vemurafenib: COMBI-v Trial
	Vemurafenib + Cobimetinib Versus Vemurafenib: CoBRIM Trial
	Encorafenib + Binimetinib Versus Vemurafenib or Encorafenib: COLUMBUS Trial

	Conclusions of Targeted Therapy Trials
	Quality of Life
	Effect of Combination Therapy on Non-melanoma Skin Cancers
	MEK Inhibition Toxicities
	Ongoing Questions

	Immunotherapy
	Immune Checkpoints: Physiology and Pathology
	Immune Checkpoint Inhibitors in Melanoma

	Combining Immunotherapy with MAPK Inhibition in Melanoma
	Durvalumab + Dabrafenib: NCT02027961
	Atezolizumab + Vemurafenib + Cobimetinib: NCT01656642 and NCT02908672
	Pembrolizumab + Dabrafenib + Trametinib: NCT02625337 and NCT02130466
	PDR001 + Dabrafenib + Trametinib: NCT02967692
	Atezolizumab + Cobimetinib in Colon Cancer: NCT01988896

	Conclusions and Future Perspectives
	References
	Fig. 1
	Fig. 2
	Table 1

