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Introduction

While a number of landmark advances have been made
in recent years, metastatic melanoma remains a difficult
disease to treat, and most patients ultimately succumb
to their disease. Until recently, chemotherapy was the
historical mainstay of treatment for the majority of
patients, although no phase III trial demonstrated an
overall survival benefit.!? Prior to 2011, high-dose
interleukin-2 (HDIL-2) was the only other Food and
Drug Administration (FDA) approved option, but
response rates are low and most patients are not eligible
due to the significant toxicity associated with the
drug.* Advances in the understanding of both immune
regulation as well as oncogenic drivers in melanoma
have led to the development of new therapies that have
demonstrated an overall survival benefit in phase III
trials. Ipilimumab, a cytotoxic-T-lymphocyte-associated
antigen-4 (CTLA-4) antibody, was the first agent to
demonstrate an overall survival benefit for metastatic
melanoma in a phase III trial, ultimately leading to FDA
approval in 2011.° The discovery that mutated BRAF
is a major contributor to oncogenesis in approximately
half of all melanomas ultimately led to the development
of selective BRAF inhibitors, which have also shown a
survival benefit in phase III studies.®® This increased
understanding has paved the way for newer approaches
to therapy with novel immune modulators as well as the
identification of other oncogenic targets.

Immunotherapy

The association between the immune system and
melanomais well-known, with spontaneous regression
observed in primary lesions and rarely in cases of
metastatic disease.” ' The goal of immunotherapeutic
approaches is to induce a T-cell response, though this
has been limited in the past by insufficient knowledge
regarding T-cell regulation. CTLA-4 is a regulatory
molecule that serves as a checkpoint under normal
conditions to limit T-cell activation and expansion,
with an additional role in preventing autoimmunity. '
Other related pathways, including programmed
death 1 (PD-1), functionintheregulation ofthe immune
response and are promising viable therapeutic targets in
melanoma. A partial listing of key immunomodulator
trials is shown in Table 1.

CTLA-4

Creating a targeted immune response against a specific
antigen is a complex process requiring the coordination
of several interconnected pathways. An initial signal
occurs when a tumor-associated antigen is presented
via the major histocompatibility complex on an antigen-
presenting cell (APC) and binds to a T-cell receptor
(TCR)." A second, co-stimulatory signal is created
upon the binding of B7 on the APC to CD28 on the
T-cell. This in turn activates a number of pro-survival
pathways and upregulation of transcription factors,

Table 1. Selected immunomodulator trials in advanced melanoma.

Study Agent Phase Trial design Pts RR (%) SD (%) 2-yr OS (%)
Hodi Ipilimumab Il 3 arm randomized 676
etal Ipilimumab 3 mg/kg q 3 weeks 5.7 14.4 21.6
with gp100 vaccine
Ipilimumab 3 mg/kg q 3 weeks 1" 17.5 23.5
with gp100 vaccine placebo
gp100 vaccine alone 1.5 9.6 13.7
Robert Ipilimumab I 2 arm randomized 502
et al'® Ipilimumab 10 mg/kg q 3 weeks + 15.2 18 285
DTIC 850 mg/m?; ipilimumab 10 mg/kg
maintenance q 12 weeks until PD
Ipilimumab placebo + DTIC 850 mg/m?; 10.3 19.8 17.9
ipilimumab placebo maintenance q
12 weeks until PD
Topalian  Nivolumab | Single arm, dose escalation 94 28 6@ NA
et al* ranging from 0.1 to 10 mg/kg q 2 weeks
Hamid MK-3475 I Single arm 85 51 NR NA
et al*® 3 dose levels: 1 mg/kg, 3 mg/kg, 10 mg/kg

Note: 2Stable disease >24 weeks.

Abbreviations: NR, not reported; NA, not applicable as additional footnotes.
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ultimately leading to increased T-cell activation and
expansion. In response to this TCR-activated complex,
CTLA- 4, which is normally present in cytoplasmic
vesicles, translocates to the membrane where it
modulates the TCR/CD28 complex, likely through a
number of mechanisms, including competitive binding
of B7, interaction with TCR activity at the immune
synapse, and direct inhibition of CD28."

Ipilimumab is a fully human monoclonal CTLA-4
antibody that has demonstrated an overall survival
(OS) benefit in two phase III studies in patients with
metastatic melanoma.>!® Initial phase I studies tested
doses from 3-20 mg/kg, with some suggestion of a
direct-dose response relationship, though potentially
at the risk of increased toxicity."” In an early trial in
which patients with metastatic melanoma were given
a single dose of ipilimumab at 3 mg/kg, a partial
response was seen in 2 of 17 patients.”” A phase II
study of pretreatment with ipilimumab at 10 mg/kg in
155 patients with advanced melanoma showed a 35%
disease control rate, and a median overall survival
(OS) of 10.2 months.?! Other studies have also shown
promising response rates as well as the potential for
durable responses. One dose-ranging study in which
patients were treated at 0.3 mg/kg, 3 mg/kg, or
10 mg/kg demonstrated a direct relationship between
ipilimumab dose- and response rates, with approximately
11% of patients in the highest dose cohort exhibiting
a response.?? Toxicity also appeared to correlate with
dose, with no grade 3 or 4 events observed at the
lowest dose level; however, the toxicity profile was
generally manageable for the other patient groups.?
A landmark phase III trial which demonstrated an OS
benefit for patients receiving ipilimumab ultimately
led to FDA approval of this agent in 2011.° In this
study, patients with previously treated unresectable or
metastatic melanoma were randomized to one of three
treatment arms: ipilimumab 3 mg/kg every 3 weeks
for 4 doses with a gp100 vaccine, ipilimumab 3 mg/kg
every 3 weeks for 4 doses with a vaccine placebo, or
gpl00 vaccine alone. A total of 676 patients were
enrolled, and patients who received ipilimumab,
with or without the vaccine, showed improved OS
compared to the vaccine only group (10 months and
10.1 months, respectively, versus 6.4 months for
vaccine alone, P < 0.001, P = 0.003, respectively).’
Importantly, there appeared to be evidence of long-
term survivors in the two ipilimumab arms, with

21.6% of patients in the ipilimumab plus vaccine arm
and 23.5% of patients who received ipilimumab alone
still alive at 24 months, suggesting the potential for
durable responses. There did not appear to be any
significant differences in terms of survival between
the two ipilimumab groups. Overall, ipilimumab
appeared to be well-tolerated. The most common
adverse events appeared to be immune-related,
which occurred in 60% of patients who received
ipilimumab and 32% of patients who received the
vaccine as monotherapy, though only 10%—-15% of
patients experienced a grade 3 or 4 event. The most
common immune-related adverse events (irAE)
appeared to be dermatologic or gastrointestinal,
with the development of a rash reported in 40%
of patients and diarrhea in 30%. Other toxicities
included hepatotoxicity and endocrinopathies.
Immune-related events were generally responsive
to treatment, including high-dose steroids, though
occasionally tumor necrosis factor (TNF)-a blockade
was required. Importantly, however, there were
12 treatment-related deaths in the ipilimumab group,
7 of which were thought to be immune-related. The
benefit of ipilimumab in the first-line setting was
subsequently confirmed in a phase III trial in which
502 patients were randomized to receive ipilimumab
at 10 mg/kg with dacarbazine (DTIC) 850 mg/m?
followed by maintenance ipilimumab at 10 mg/kg
every 12 weeks until progression, or ipilimumab
placebo with DTIC followed by ipilimumab placebo
every 12 weeks.'® OS was improved in patients who
received ipilimumab and was 11.2 months versus
9.1 months for patients in the chemotherapy arm (HR
0.72, P < 0.01). Furthermore, durable responses were
also observed, with 28.5% and 20.8% of patients
in the ipilimumab arm surviving for 2 and 3 years,
respectively. Adverse events, including irAEs, were
similar to those previously reported for ipilimumab,
including diarrhea and pruritis/rash. There was a higher
incidence of aspartate aminotransferase (AST)/alanine
aminotransferase (ALT) elevation, likely due to the
combination of ipilimumab with DTIC. The consistent
improvement in overall survival in two phase III
studies, with a subset of patients experiencing durable
responses, confirmed the benefit of ipilimumab in the
setting of metastatic melanoma.

However, many questions remain in terms of
dosing, schedule, and strategies for combination
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with other therapies. A randomized phase III trial
comparing two different dose levels of ipilimumab,
3 mg/kg versus 10 mg/kg, (NCTO1515189) recently
completed accrual and will ultimately help define the
optimal dose. Preclinical data have also suggested that
selective inhibition of oncogenic BRAFV* can lead
to increased expression of melanocyte differentiation
antigens (MDAs), potentially resulting in increased
T-cell recognition.® Furthermore, peripheral blood
samples from patients with BRAFY® mutated
melanoma who were treated with the selective BRAF
inhibitor GSK2118436 showed no impairment in
immune function.”* Taken together, these findings
suggest a possible synergy between targeted and
immunotherapeutic agents. Currently, a clinical trial
is underway in which patients with BRAFY* mutated
melanoma are being treated with vemurafenib for
6 weeks, followed by ipilimumab (NCT01673854) to
further investigate this strategy.

Additionally, the assessment of response to therapy
with ipilimumab presents unique challenges in that
the response patterns to immune modulators appear
to be distinct from those expected with traditional
cytotoxic therapy. Thus, separate guidelines have
been proposed in order to more accurately classify
responses in patients receiving this class of agents.?
Four distinct patterns of response are observed: an
initial response after the completion of therapy that
would typically be expected with standard cytotoxic
agents, disease that initially remains stable, but then
exhibits a slow continued response after the cessation
of therapy, a response after an initial increase in
the size of tumor lesions, or a response after the

Receptor tyrosine
kinase

Cell membrane

Dabrafenib
Vemurafenib

=)
Sustained activation, growth, and suppression of

apoptosis

Figure 1. Overview of the MAPK pathway and therapeutic targets.

development of new lesions. The latter two categories
are designed to describe patients who clinically
remain stable and exhibit radiologic progression only.
Patients who become more symptomatic along with
apparent progression on scans most likely represent
true disease progression.

PD-1

PD-1 is another inhibitory receptor involved in
regulating T cell activation and expansion. While PD-1
is also a member of the CD28 family, it is thought to
have distinct signaling functions from CTLA-4 in
mediating immunosuppression. PD-1 is primarily
expressed on activated T cells. The two known ligands
for PD-1, programmed death ligand 1 and 2 (PD-
L1 and PD-L2), are expressed in a wide variety of
tissues, including tumor cells, though PD-L1 appears
to predominate.’*?’ Binding of PD-1 with its ligand
generates an inhibitory signal to limit continued T-cell
activation.?® Furthermore, blockade of this interaction
has been shown to augment T cell responses in vitro
withresultant anti-tumor activity.?-*° Tumor expression
of PD-L1 is one potential mechanism by which tumor
cells evade immune surveillance, and tumor surface
expression of PD-L1 has been shown to be a poor
prognostic marker in retrospective case series.?!3?
A number of antibodies directed against PD-1 are now
in various phases of clinical development, including
nivolumab (MDX-1106, BMS-936558), MK-3475,
and AMP-224.

Nivolumab is a fully humanized IgG4 monoclonal
antibody specific for PD-1 that has shown promising
activity in early phase studies. In an initial report of a
phase I study, which included 4 different dose cohorts
(0.3 mg/kg, 1 mg/kg, 3 mg/kg, 10 mg/kg), the half-
life ranged from 12 days for the three lower doses
compared to 20 days for the 10 mg/kg dose.*® The
maximum concentration and area under the curve
(AUC) appeared to correlate directly with dose.
Pharmacodynamic data revealed that PD-1 receptor
occupancy appeared to be dose-independent, with a
mean peak occupancy of 85% (70%—-97%) and a mean
plateau occupancy of 72% (59%—81%) observed
at 4-24 hours and =57 days, though discordance
between serum levels and receptor occupancy was
observed insome patients. In this study, whichincluded
39 patients with previously treated solid tumors
(10 with melanoma), no dose-limiting toxicities were
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observed after one dose, and a maximum tolerated
dose (MTD) was not established. After one dose of
nivolumab, no grade 3 irAEs were seen, although one
patient developed grade 3 colitis after administration
of 5 doses. The most common adverse events reported
in this study were decreased CD4+lymphocyte counts,
lymphopenia, fatigue, and musculoskeletal events.
One patient with metastatic colorectal carcinoma
treated at 3 mg/kg had a complete response (CR),
while 2 patients treated at the 10 mg/kg dose (including
one with melanoma) had partial responses (PR). An
updated analysis of this trial, which included data
on 236 evaluable patients, confirmed the promising
results observed in the initial phases of the study.** In
94 patients with metastatic melanoma treated at any
dose, 28% had an objective response that appeared to
be durable for most of the patients. Overall, nivolumab
appeared to be well-tolerated, though 5% of patients
discontinued therapy secondary to adverse events.
The most common treatment-related events reported
included fatigue, rash, diarrhea, and pruritis. Notably,
some of the immune adverse events associated with
ipilimumab, including colitis, hypophysitis, and
thyroiditis, were observed in less than 1% of patients.
PD-L1 expression was also assessed in 42 available
tumor specimens. In the 25 patients whose tumors
expressed PD-L1, 36% had an objective response,
while no responses were observed in patients whose
tumors did not express PD-L1.

Recent data presented from an early phase trial
of MK-3475, in which patients with advanced
melanoma were randomized to receive one of 3 dosing
regimens, has also shown promising results. A total of
132 patients have been enrolled, and in the 85 patients
that were evaluable at the time ofanalysis, 51% showed
an objective tumor response.*® In the 27 patients who
hadreceived prior therapy with ipilimumab, 11 patients
had a PR. MK-3475 appeared to be well-tolerated,
with a low incidence of grade 3/4 events. Overall,
these results are very promising for melanoma as well
as other tumor types, and a number of larger studies
are planned or are currently underway.

Emerging Immunotherapies

While ipilimumab and PD-1 targeted therapies
are the furthest along in clinical development,
a number of advances have been made with other
immunomodulatory targets, including CD40, 0X40,

CD137 (4-1BB), and PD-L1, among others (Table 2).
These targets show great promise for building
upon the foundation of CTLA-4- and PD-1-directed
therapy, although early toxicity signals may limit the
use of some of these agents. CD40 is an important
mediator of the humoral immune response and has
been shown to be expressed in different types of
APCs as well as in various tumors.’**® A number
of monoclonal antibodies targeting CD40 are in
various phases of clinical development, including
CP-870,893, dacetuzumab, Chi Lob 7/4, and
lucatumumab.® A clinical trial testing the combination
of CP-870,893 with tremelimumab in patients with
metastatic melanoma is currently enrolling patients
(NCTO01103635). OX40 is a costimulatory molecule
expressed on CD4+ and CD8+ T lymphocytes, as well
as other cell types, including natural killer (NK) cells
and neutrophils.***' A mouse anti-human agonistic
monoclonal antibody has entered phase I testing,
though no initial responses were seen in a trial of
30 patients.*® Given that elevated levels of neutralizing
humananti-mouseantibodies were detected inpatients,
humanized anti-OX40 antibodies are currently being
developed. CD137 (4-1BB) is a surface protein
that regulates numerous immune activities.** This
protein was shown to be expressed in activated

Table 2. Selected immunomodulator targets and available
drugs.

Target Agent class Phase of
development

CD40

CP-870,893 Receptor agonist I

Dacetuzumab Receptor agonist [

Chi Lob 7/4 Receptor agonist I

Lucatumumab Receptor antagonist |

0X40

Anti-OX40 Receptor agonist [; halted

CD137 (4-1BB)

Urelumab Receptor agonist I/

GITR

TRX518 Receptor agonist I

CTLA-4

Ipilimumab Receptor antagonist  Ill; FDA approved

Tremelimumab  Receptor antagonist Il

PD-1

Nivolumab Receptor antagonist Il

MK-3475 Receptor antagonist 1l

TGF-B

Fresolimumab Receptor antagonist |
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T cells, whose only known ligand (CD137-ligand) is
expressed mainly on macrophages, activated B cells,
and dendritic cells.** Two monoclonal agonist
antibodies have been developed and are currently
under clinical phase testing, but only urelumab (BMS-
663513) has completed accrual; other studies were
stopped due to concerns regarding liver toxicity.*%4’
Some clinical activity was observed in patients with
melanoma, and new dose escalation trials with these
agents are currently ongoing.

Other agents, including those that target PD-L1,
KIR, TGF-B, and the glucocorticoid-induced TNF
receptor (GITR) are currently under development.?*+7
These, along with the other drugs described, represent
a new era in immunomodulatory therapy that have a
significant potential to impact patient care.

Targeted agents

Along  with the development of novel
immunotherapeutic  approaches, an increased
understanding of the molecular drivers of
melanomagenesis has ushered in a new era of targeted
therapeutics for this disease. Notably, the discovery
in 2002 that BRAF is mutated in a large proportion
of melanomas opened the door for novel approaches
targeting the mitogen-activated protein kinase
(MAPK) pathway. Initially identified in a screen of
cancer cell lines, mutated BRAF is now known to
be an oncogenic driver in approximately half of all
melanomas.® Additionally, the role of targeted therapy
continues to be defined for other genetic subsets of
melanoma as well.*34

BRAF

As part of the MAPK pathway, the three isoforms
of RAF in humans, including ARAF, BRAF, and
CRAF, all serve to transmit extracellular signals
intracellularly to a variety of effectors, ultimately
resulting in increased growth and proliferation.’® The
RAS-RAF-MEK-ERK pathway remains one of the
best described MAPK pathways, and dysregulation
of this signaling cascade is implicated in a number of
malignancies. Under normal circumstances, activation
of BRAF is highly dependent on RAS; however,
the substitution of a glutamic acid for a valine at
amino acid position 600 (BRAFYSF) results in a
constitutively active kinase, now known to be capable
of driving melanoma growth and metastasis.®*!%

Other mutations at position 600 can occur, including
V600K, which accounts for approximately 15%—-30%
of all BRAF mutations.** The hypothesis that BRAF
could be sufficient for oncogenesis in melanoma
was initially met with some skepticism, largely due
to the fact both high levels of BRAF expression as
well as mutations are seen in normal melanocytes.>>¢
Functional analyses revealed that most BRAF
mutants, including all of those at amino acid position
600, possessed upregulated basal kinase activity when
compared to wild-type BRAF, resulting in RAS-
independent phosphorylation of ERK.*” Thus, while
the activation of BRAF through mutation appears
to be an early event in melanoma tumorigenesis, it
remains a critical pathway in advanced disease. Early
attempts at targeting BRAF with sorafenib or other
drugs were largely unsuccessful, likely because these
agents had insufficient selectivity for the mutant form
of BRAF.**% A unique structure-guided approach
led to the development the highly selective BRAF
inhibitor vemurafenib, which was shown to have
an OS benefit in a phase III trial.”** Early trials with
vemurafenib were very promising, and in the initial
phase I trial of PLX4032 (now known as vemurafenib),
24 of 32 patients in the extension phase had a PR,
while 2 patients had a CR.** Median progression-free
survival (PFS) was 7 months, and median OS was not
reached. A phase II study in 132 previously untreated
patients with metastatic melanoma demonstrated an
overall response rate (ORR) of 53%, with a median
duration of response of 6.7 months.* A pivotal phase I11
trial in which 675 previously untreated patients were
randomized to receive either vemurafenib 960 mg PO
BID or DTIC 1000 mg/m? demonstrated an overall
survival benefit in favor of the vemurafenib arm,
with a hazard ratio (HR) for death in the vemurafenib
group of 0.37 (CI 0.26 v 0.55).7 Six month OS was
also improved and was 84% (95% CI, 78-89) in the
vemurafenib arm versus 64% (95% CI, 56-73) in the
DTIC arm. An interim analysis led to early stopping
of the trial, with crossover to the vemurafenib arm.
Updated results were recently presented, and with
longer follow-up the improvement in OS was still
evident despite crossover, at 13.6 months in the
vemurafenib arm versus 9.7 months in the DTIC
arm.® Dabrafenib, another highly selective BRAF
inhibitor, has also shown potential in the treatment of
patients with metastatic melanoma. Early-phase trials
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demonstrated high response rates, and data from
a recently completed randomized phase III study
confirmed the progression of a free survival benefit
when compared to DTIC.3¢"6% Table 3 summarizes
the results of selected BRAF inhibitor trials.

Toxicity

While BRAF inhibitor therapy is generally well-
tolerated, there are some unique toxicities that require
coordinated management of patients receiving these
agents. The most common adverse events reported
for vemurafenib include arthralgias, rash, fatigue, and
nausea, although in most cases there were few grade 3
or 4 events.” Notably, the development of cutaneous
squamous cell carcinomas (cuSCCs) was observed
in 12% of patients, and keratoacanthomas in 8%.
It is therefore recommended that patients undergo
periodic dermatologic surveillance, and those who
develop a concerning lesion should seek prompt
evaluation for definitive local therapy. Interestingly,
many of these lesions may harbor mutations in RAS,
resulting in reactivation of the MAPK pathway.*
Photosensitivity, which can potentially be severe, has
also been reported, and patients should be advised
to wear sunscreen and counseled in sun avoidance.
Dabrafenib appears to have a similar toxicity profile,
though lower rates of cuSCCs/keratoacanthomas

have been reported.® Additionally, pyrexia appears
to be more common in patients receiving dabrafenib,
although grade 3 events were rare.

Mechanisms of resistance

to BRAF inhibitor therapy

The success of BRAF-targeted therapy represents a
milestone in the treatment of metastatic melanoma.
With high response rates that have the potential to
result in a relatively quick clinical improvement, these
agents are ideal for patients with rapidly progressive
or symptomatic disease whose tumors harbor a BRAF
mutation. However, there is a small subset of patients
whose disease is initially refractory, and even in those
who do respond, most will ultimately relapse within
a year. This raises important questions regarding the
mechanisms of both primary and acquired resistance.
Initially thought to center solely around MAPK
reactivation, it is now becoming apparent that a
number of mechanisms likely contribute.

Though preclinical models have demonstrated
that mutations in BRAF itself are capable of inducing
resistance, the presence of such a mutation has yet to
be identified in the patient samples analyzed to date.”
However, MAPK pathway dysregulation at points
both upstream and downstream of BRAF likely play
a critical role in acquired resistance. Activation of

Table 3. Key BRAF inhibitor (BRAF:i) trials in metastatic melanoma.

Study Trial design Control Patients in RR in BRAFi Median PFS
arm BRAFiarm  arm (%) (months)
Vemurafenib trials
Flaherty et al®* Single arm dose escalation/  NA 322 81 >7
phase Il extension cohort
Sosman et al® Single arm phase Il NA 132 53 6.8
Chapman et al’ Randomized phase |l DTIC 1000 mg/m? 337 57 6.9 versus 1.6
IV every 3 weeks (HR 0.38; 95%
Cl1 0.32-0.46,
P < 0.001)
Dabrafenib trials
Kefford et al®” Single arm dose escalation/  NA 16° 63 NR
phase Il extension cohort
Trefzer et al® Single arm phase Il NA 76V600E 59 27 weeks
16V600K 13 20 weeks
Hauschild etal®  Randomized phase |l DTIC 1000 mg/m? 187 50 6.7 versus 2.9
IV every 3 weeks (HR 0.35; 95%
Cl1 0.20-0.69,
P < 0.0001)

Notes: ®Patients in extension phase treated at the recommended phase Il dose of 960 mg BID; Pevaluable patients with BRAF'6®° mutated melanoma,

treated at recommended phase Il dose or higher (at least 150 mg BID).
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NRAS is one such mechanism, and it is thought that
oncogenic mutations in NRAS result in sustained
activation of CRAF, providing a bypass mechanism
to BRAF inhibition. An analysis of PLX4032 resistant
clones known to harbor the V60OE mutation identified
a de novo activating mutation in NRAS (Q61K) in
one cell line.”” The same mutation was then found
in two separate biopsies in a patient whose disease
had relapsed on PLX4032. A more recent analysis of
available patient samples for patients treated in a phase
II trial with vemurafenib served as further confirmation
of this mechanism.” Of the thirteen patient samples
available at the time of progression, 3 NRAS mutations
were identified. It is well-known that MEK signaling is
a critical driver in BRAF mutated melanoma, and it is
likely that altered MEK signaling accounts for another
potential mechanism of resistance. In an analysis of
tumor samples from patients treated with the MEK
inhibitor AZD6244, a MEK mutation was identified
in a patient who had progressed on treatment.”
Interestingly, combined BRAF and MEK inhibition
prevented the emergence of resistant clones. COT is
another MAP kinase that has been shown to play a role
in resistance to BRAF inhibition, as preclinical data
have shown thatitis capable of inducing ERK activation
independently of RAF.” Additional in vitro analyses
suggest that high COT expression is associated with
de novo resistance to BRAF inhibition, underscoring
the fact that even within the same pathway multiple
mechanisms are likely to contribute.

Outside of the MAPK pathway, the picture
continues to be defined, as a number of pathways
appear to play a role in the development of resistance
to BRAF inhibition. One potential mediator includes
the phosphatidylinositol-3-kinase (PI3K) pathway.
The PI3K/AKT/mTOR pathway, a key mediator of
cellular proliferation, apoptosis, and metabolism, is
known to be dysregulated in a number of cancers,
including melanoma.” Preclinical studies have
shown that BRAF and PI3K signaling work in
concert to allow melanoma to escape apoptosis.’®
Phosphatase and tensin homolog (PTEN), which
normally serves to abrogate PI3K signaling, has
been shown to be lost in approximately 10% of
all melanomas, leading to sustained activation of
prosurvival signals generated by AKT signaling.”
AKT itself may also be constitutively activated in
melanoma irrespective of PTEN, and higher levels of

expression are generally observed in more advanced
stages of disease.”” Recent preclinical data shows that
PTEN loss may lead to intrinsic resistance to BRAF
inhibition through suppression of proapoptotic
signals generated by BIM.”® BRAF mutated cell
lines lacking functional PTEN were shown to induce
significantly less apoptosis and increased levels of
phosphorylated AKT in response to treatment with
PLX4720 compared to analogous cell lines with
intact PTEN. In examining downstream effectors of
AKT that may mediate this effect, BIM expression
appeared to be relatively suppressed in PTEN-
negative cell lines in response to PLX4720 exposure.
Furthermore, dual BRAF/PI3K inhibition increased
BIM expression and appeared to enhance apoptosis
in PTEN-negative cells, suggesting this strategy as a
method for overcoming intrinsic resistance. Acquired
BRAF resistance may also result from activation of
the IGF-1R pathway, which has been shown to be
involvedinmelanoma cell growth and survival.” Inan
analysisof multiplereceptor tyrosinekinases, IGF-1R
expression appeared to be upregulated in resistant
melanoma cell lines, although the exact mechanism
of action remains to be defined. Treatment with two
IGF-1R inhibitors resulted in increased apoptosis
in cells that were resistant to BRAF inhibition.®
This appeared to be mediated through increased
AKT signaling, with no appreciable effect observed
on ERK phosphorylation. The same was observed
in a sample from one patient who had progressive
disease after treatment with PLX4032. Five paired
sets of pre- and post-treatment samples were
analyzed, and increased levels of both IGF-1R and
pAKT were observed in the post treatment sample
of one patient, lending further validation to the in
vitro data. An additional potential mechanism for
required resistance involving an alternative pathway
is the role of PDGFRp.” Nazarian et al showed that
in resistant cell lines harboring a V60OE mutation,
a number of receptor tyrosine kinases were
differentially expressed compared to the parental
line, including PDGFRJ. Subsequent analysis
revealed that only PDGFR[ showed increased
phosphorylation, consistent with its upregulated
activity. Furthermore, in patient samples, over-
expression of PDGFR was seen in tumor tissue
relative to baseline. The underlying mechanisms of
resistance to BRAF inhibitor therapy is acomplex and
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heterogeneous process and combination strategies
aimed at other targets in conjunction with BRAF
inhibition is a promising strategy moving forward.

MEK

Trametinib, an allosteric inhibitor of MEKI1 and
MEKZ2, has recently been shown to improve OS when
compared to cytotoxic chemotherapy in BRAF mutated
melanoma, though response rates are lower than
those observed with the single agent vemurafenib.®!
Preclinical data suggested that MEK is a viable target in
melanoma, as MEK inhibition is capable of suppressing
tumor growth in BRAFY*’F xenografts.*” Similarly to
BRAF inhibition, early attempts at targeting MEK in
melanoma did not show promising results, potentially
due to the narrow therapeutic window of many of
the agents tested.®** In pharmacokinetic analyses,
trametinib has a half-life of approximately 4 days
and a low peak to trough ratio, properties which are
thought to contribute to its improved toxicity profile
when compared to other inhibitors in this class.?”$®
In the initial phase I study which included patients
with multiple tumor types, 2 mg daily was established
as the recommended phase II dose. Overall, 10% of
patients responded, and patients with BRAF mutated
melanoma appeared to have the best responses. Given
this early sign of promising activity, 97 patients with
metastatic melanoma were ultimately included in the
study. Of those, 36 were known to have a BRAFY¢®
mutation and six of these patients had received prior
therapy with a BRAF inhibitor.* In the 30 patient
BRAF inhibitor-naive cohort, the ORR was 33%,
with 2 patients experiencing a complete response
and a median PFS of 5.6 months (95% confidence
interval [CI], 5.5-11.1 months). More modest levels
of activity were observed for other cohorts, including
those with BRAF wild-type disease. A phase II study
also showed promising results in the BRAF inhibitor-
naive patient population.” In this cohort of 57 patients
with BRAFVSEK melanoma, the response rate was
25%, with a median PFS of 4 months (95% CI, 3.6—
5.6 months). No responses were seen in the 40 patients
who had received prior therapy with a BRAF
inhibitor, though a minority of patients experienced
stable disease. A recent randomized phase III study
comparing trametinib to cytotoxic chemotherapy in
patients with BRAF mutated melanoma confirmed the
promise seen in earlier studies.®! A total of 322 patients

were randomized 2:1 to receive either trametinib
or chemotherapy (dacarbazine or paclitaxel). The
response rate for patients receiving trametinib was 22%
(95% CI 17-28) versus 8% (95% CI 4-15, P=0.01)
for those who received chemotherapy. Median PFS
was improved in the trametinib arm (4.8 months)
compared to 1.5 months in the chemotherapy arm. At
6 months, OS in the trametinib arm was 81%, compared
to 67% in the chemotherapy arm, even though
crossover had been allowed. Trametinib appeared to
be well-tolerated, with cutaneous toxicities being the
most frequently reported side effect. Rash, including
acneiform dermatitis, was reported in more than two-
thirds of patients, with 8% reported as grade 3 or 4.
Diarrhea, fatigue, and peripheral edema were also
among the other commonly reported adverse events,
though grade 3/4 events were rare and occurred in less
than 10% of patients.

Role of MEK inhibition in combination
therapy

The identification of MAPK reactivation as a major
contributor to BRAF inhibitor resistance, as well as
the single agent activity of trametinib, has driven
a concerted effort aimed at dual BRAF + MEK
inhibition. An initial phase I/Il study testing the
combination of dabrafenib and trametinib included
multiple cohorts in order to assess drug-drug
interactions, and then ultimately safety and efficacy
in the BRAF mutated melanoma population.”® This
study established that full monotherapy doses of
each agent could be safely delivered (150 mg BID
of dabrafenib, 2 mg daily of trametinib). An early
analysis of the cohort which included 71 BRAF
inhibitor-naive patients showed that 5 had a complete
response and 47% had a partial response.” A recent
report of 162 patients who were randomized into one
of three arms (dabrafenib 150 mg twice daily alone;
dabrafenib 150 mg twice daily + trametinib 1 mg
daily; or dabrafenib 150 mg twice daily + trametinib
2 mg daily) showed that the full dose combination
regimen resulted in an improved response rate when
compared to dabrafenib monotherapy (76% vs. 54%).
Median PFS was also improved with dual inhibition
at 10.5 months [95% CI, 7.4-14.9 months] versus
5.6 months with single agent dabrafenib [95% CI,
4.5-7.4 months]. Overall, the combination appeared
to be well-tolerated, and the most common side
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effects reported were pyrexia, rash, nausea, diarrhea,
and fatigue. Interestingly, dual inhibition appears to
reduce the incidence of hyperproliferative skin lesions,
including the cuSCCs observed with selective BRAF
inhibitor therapy. Two phase III studies comparing
dual BRAF + MEK inhibition versus BRAF inhibitor
monotherapy in patients with metastatic melanoma
are currently accruing patients (NCT01584648 and
NCT01597908) and additional trials are planned.

KIT

In addition to BRAF, mutations in KIT may also
play an important role in melanomagenesis in some
patients with melanoma, particularly those with
mucosal and acral melanoma, as well as in those with
melanomas arising from chronically sun-damaged
skin.*4%9 KIT is a transmembrane receptor tyrosine
kinase that normally functions through the binding
of stem cell factor to regulate numerous cellular
processes including proliferation and inhibition of
apoptosis. KIT has been shown to be dysregulated
in other malignancies, including the vast majority
of gastrointestinal stromal cell tumors (GIST), for
which the efficacy of targeted inhibition has been
well-established.” The role of KIT as an oncogene in
melanoma has begun to emerge in recent years. It is
well-known to be essential formelanocyte development
and survival, and now appears to be a critical oncogene
in defined subsets of melanoma as well.”>”” A number
of series have examined the incidence of aberrations
in KIT in specific melanoma subtypes, and it appears
that approximately 15%-20% of acral and 15%-35%
mucosal melanomas, depending on anatomic subsite,
harbor mutations in KIT. The most common mutations
appear to be in exons 11 and 13, though mutations in
exon 17 and others have also been observed. Initial
trials of imatinib showed disappointing results with
no significant clinical activity; however, these trials
included a largely unselected patient population.?® 1%
Preclinical data suggesting sensitivity to KIT-targeted
agents in melanoma cell lines along with isolated
reports of dramatic clinical responses to imatinib in
patients with specific mutations renewed interest in
KIT as potential oncogenic target in melanoma.'-1% In
a phase II study of imatinib in patients with advanced
melanoma with KIT aberrations, 43 patients were
treated with imatinib 400 mg BID.'* All patients had
either KIT amplification or mutation, including exons

9,11,13,17,and 18. Eighteen patients experienced some
tumor regression, and, notably, 9 out of the 10 PRs
were in patients whose tumors had mutation in exons
11 or 13. Similar to GIST, it appeared that specific KIT
mutations were predictive of imatinib sensitivity. An
additional study conducted in the United States also
included 25 evaluable patients whose tumors had KIT
amplification or mutation.'”” Two patients had a CR,
2 had a durable PR (53 weeks, 89 weeks, ongoing),
and another 2 patients experienced a transient partial
response. Interestingly, all patients who had a response
possessed mutations in either exon 11 or 13. Additional
studies are currently underway to determine whether
KIT-targeted therapy, potentially with more selective
agents, will lead to improved outcomes for this patient
population.

Conclusions

Recent advances in systemic therapy have changed
the landscape of treatment options for metastatic
melanoma. With the established efficacy of both
immune modulators and targeted agents, there is new
promise for patients diagnosed with this devastating
disease. Decades of translational and clinical work
have laid the foundation for continued breakthroughs,
though long term survivors are still rare. With
continued development of novel compounds and
combination strategies, it is possible that many more
patients stand to benefit.
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