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Genomic profiling shows that many solid tumors are characterized by specific
driver aberrations, and this has expanded the therapeutic options for many
patients. The mitogen-activated protein kinase (MAPK) pathway is a key cell sig-
naling pathway involved in regulating cellular growth, proliferation, and survival.
Driver mutations in the BRAF gene, a key player in the MAPK pathway, are de-
scribed in multiple tumor types, including subsets of melanoma, non-small cell
lung cancer (NSCLC), and anaplastic thyroid cancer (ATC), making BRAF a desir-
able target for inhibition. BRAF inhibitors have shown efficacy in several cancers;
however, most patients eventually develop resistance. To delay or prevent resis-
tance, combination therapy targeting BRAF and MEK, a downstream signaling
target of BRAF in the MAPK pathway, was evaluated and demonstrated synergis-
tic benefit. BRAF and MEK inhibitor combinations have been approved for use in
various cancers by the US FDA. We review the clinical data for various BRAF plus
MEK combination regimens in three cancer types with underlying BRAF driver
mutations: melanoma, NSCLC, and ATC. We also discuss practical treatment
considerations and management of selected combination therapy toxicities.

BRAF as an Oncogenic Driver

The identification of oncogenic driver alterations in many human solid tumors has expanded ther-
apeutic opportunities and made genomic profiling an important part of the treatment process.
Mutations in the BRAF gene, a member of the RAF family (see Glossary) of serine/threonine
kinases (ARAF, BRAF, CRAF), have been described in a variety of tumor types [1-3]. Part of
the mitogen-activated protein kinase (MAPK) pathway, BRAF is essential to the regulation
of cellular growth, proliferation, and survival [4]. Upstream of BRAF, growth factor binding to re-
ceptor tyrosine kinases (RTKSs) at the cell surface leads to phosphorylation of RAS proteins,
which then activate BRAF. Signal transduction continues downstream from BRAF to MAPK
kinase (MEK) 1 and MEK2, and finally to ERK, which phosphorylates multiple targets. The
best-studied activating BRAF mutations occur at position V600 (V600E, VE00K), resulting in
constitutive activation of BRAF and downstream activation of MEK and ERK. The frequency of
BRAF mutations varies by tumor type, and mutations are observed in ~50% of patients with
melanoma, ~25% of patients with anaplastic thyroid cancer (ATC), and 2-8% of patients
with NSCLC [5,6].

Successes and Challenges in Targeting Oncogenic BRAF

Initial attempts to directly target aberrant MAPK pathway signaling in patients with oncogenic
BRAF mutations were undertaken in patients with melanoma who received the multikinase inhib-
itor sorafenib, which inhibits CRAF, both wild-type and mutant BRAF, as well as multiple RTKs
implicated in tumor angiogenesis and progression. Unfortunately, sorafenib demonstrated limited
clinical activity in patients with melanoma, either as a single agent or in combination with
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chemotherapy, and this is likely due, at least in part, to its weak affinity for mutant BRAF at clini-
cally achievable concentrations [7-9].

To overcome this limitation, selective BRAF inhibitors (BRAFi) have been developed, includ-
ing vemurafenib, dabrafenib, and encorafenib. Unlike sorafenib, these novel kinase inhibitors
were designed to bind specifically to the ATP-binding pocket of the active conformation of
BRAF, with a preference for BRAF VB0OE, leading to increased potency and specificity
[10-12]. In mouse xenograft models of human BRAF VE600E-mutant melanoma,
vemurafenib, dabrafenib, and encorafenib each demonstrated dose-dependent tumor
growth inhibition [11,13,14]. Subsequent clinical trials with BRAFi monotherapy in metastatic
melanoma showed a high rate of objective response and improved overall survival (OS) vs
chemotherapy [15-17].

Despite the survival advantages observed versus chemotherapy, approximately half of all patients
treated with BRAFi exhibited disease progression within 6-7 months of initiating treatment
[17,18]. Resistance is typically mediated through reactivation of the MAPK pathway and can
occur through several mechanisms: these include upstream activating mutations (e.g., NRAS
or KRAS mutations) or downstream MAPK pathway alterations (VEK1/2 mutations, ERK muta-
tions, or CDKNZ2A loss) [19-23], activation of parallel signaling pathways (e.g., PI3K) [22,24,25],
increased expression of receptor tyrosine kinases (e.g., EGFR, PDGFR[3, MET, ERBBS, IGFR1)
[21,22,26-28], and BRAF ampilification and alternative splicing [22,25].

Another challenge with BRAFi monotherapy is the emergence of hyperproliferative cutaneous
events, including squamous cell carcinoma and keratoacanthoma. Further investigation into the
nature and pathogenesis of these events led to the discovery of BRAFi-induced paradoxical ac-
tivation of MAPK pathway signaling in BRAF wild-type cells. In these cells, treatment with BRAFi
leads to RAF dimerization (CRAF homodimers or CRAF-BRAF heterodimers) and transactivation
of the drug-free member of the dimer [29,30]. This, in turn, leads to hyperactive MAPK signaling,
which can induce hyperproliferative cutaneous events.

Preclinical models showed that acquired resistance to BRAFi treatment is associated with rapid
recovery of MAPK pathway signaling and that complete blockade of the pathway may be neces-
sary to induce apoptosis in BRAF V600-mutant melanoma [31]. To that end, the combination of
BRAFi with downstream inhibition of MEK1/2 was postulated to maximize MAPK pathway
inhibition and prevent resistance (Figure 1). The MEK1/2 inhibitor trametinib had been shown
separately to enhance survival vs chemotherapy in patients with metastatic melanoma [32]. In
organotypic cell culture models, the combination of BRAF and MEK inhibition was shown to
enhance apoptosis and delay the emergence of resistance [31]. In addition, in an experimental
squamous cell carcinoma mouse model, the addition of a MEK inhibitor (MEKI) blocked BRAFi-
induced hyperproliferative cutaneous events, suggesting that downstream MEK inhibition may
not only prevent BRAFi resistance in BRAF-mutant cells but also block paradoxical MAPK activa-
tion in BRAF wild-type cells [33].

These observations have been translated to the clinic and have led to US FDA approval of three
BRAFI/MEKIi combinations, including dabrafenib plus trametinib (approved in metastatic and
resected stage Il melanoma, NSCLC, and ATC), vemurafenib plus cobimetinib (approved in met-
astatic melanoma), and encorafenib plus binimetinib (approved in metastatic melanoma)
(Table 1). In addition, it has been shown that BRAF V600 mutations are clinically actionable in a
broad range of non-melanoma cancers, including tumor types in which RAF inhibition is not cur-
rently considered to be standard of care [34,35].
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Glossary

Aminotransferase: two types of this
protein — alanine and aspartate
aminotransferases — that are primarily
found in the liver. Increased levels of
these proteins in the blood are often a
sign of liver damage.

Anaplastic thyroid cancer (ATC): a
rapidly growing cancer of the thyroid that
is relatively rare and is characterized by
anaplastic, or dedifferentiated, cells.
Asthenia: medical term for physical
weakness.

Creatine phosphokinase: a protein
predominantly found in the brain, heart,
and skeletal muscles. Increased levels of
this protein in the blood can indicate
damage to these organs, as might be
caused by a heart attack or stroke.
G-tube: a gastrostomy tube, more
commonly known as a feeding tube, that
is inserted into the abdomen such that
food or orally administered medications
in liquid form can be delivered directly to
the stomach.

Left ventricular ejection fraction
(LVEF): a common measurement of
how much blood the heart’s left ventricle
is pumping out with every heartbeat. A
decrease in LVEF is indicative of heart
failure.

MAPK kinase (MEK): serine/threonine
kinases that phosphorylate downstream
MAPKSs. As with MAPKSs, there are
several different MEKSs (i.e., MEK1 and
MEK?2), each with varying MAPKSs that
they act upon.

Mitogen-activated protein kinase
(MAPK): a family of serine/threonine
kinases that are activated by MAPK
kinases. Activated MAPKs in turn
phosphorylate additional proteins,
including transcription factors that can
alter gene expression, and thus regulate
numerous processes including cellular
proliferation and differentiation.

Pyrexia: the medical term for fever.
RAF family: a protein family that
includes the serine/threonine kinases
ARAF, BRAF, and CRAF, which, once
activated, phosphorylate MEKSs.

RAS: the multiple members of the RAS
family are activated by GTP binding.
These proteins in turn activate RAF
family members, ultimately triggering the
MAPK signaling cascade.
Serine/threonine kinases: enzymes
that phosphorylate serine or threonine
residues on target proteins, which can
include the kinase itself. This
phosphorylation can activate or
deactivate the target protein.
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Dabrafenib p|u s Trametinib Serous retinopathy: accumulation of
. fluid behind the retina of the eye, causing
Metastatic Melanoma retinal detachment and impaired vision.
The combination of the BRAFi dabrafenib with the MEKI trametinib was first evaluated in patients
with metastatic melanoma. Initial observations from a Phase /Il study corroborated preclinical
findings, finding a significant increase in progression-free survival (PFS; P < 0.001) and a
significant decrease in the proportion of patients with squamous cell carcinoma (P = 0.09) in
the group receiving dabrafenib plus trametinib compared with those receiving dabrafenib
monotherapy [36].

The combination was further evaluated in two large Phase I trials. COMBI-v (n = 704) and
COMBI-d (n = 423) were randomized controlled trials comparing dabrafenib plus trametinib to
BRAFi monotherapy — either vemurafenib (in the open-label COMBI-v trial) or dabrafenib plus
placebo (in the double-blind COMBI-d trial) in patients naive to BRAFi (Table 2) [37-39].
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Figure 1. Oncogenic BRAF Signaling Pathway Showing BRAF, MAPK, and Alternative Pathways with Downstream Activity. Abbreviations: BRAFi, BRAF
inhibitors; ERK, extracellular signal-regulated kinase; HGF, hepatocyte growth factor; MEKIi, MEK inhibitors; NF1, neurofibromin 1; RTK, receptor tyrosine kinase; TORC1,
target of rapamycin kinase complex 1.
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Image of Figure 1

Table 1. BRAF/MEK Inhibitor Combinations with Approved Indications by Tumor Type

Tumor type

Malignant melanoma

NSCLC
ATC

In both studies, dabrafenib plus trametinib was superior to monotherapy with respect to PFS and
OS [37-39]. In COMBI-v, the risk of death was reduced by 31% (P = 0.005) in the dabrafenib plus
trametinib group versus the vemurafenib-alone group at the preplanned interim analysis. In
COMBI-d [38], PFS was significantly longer with combination therapy than with dabrafenib plus
placebo (hazard ratio [HR], 0.6, 95% CI 0.53-0.84, P = 0.0004), and the risk of death was re-
duced by 29% (P = 0.0107). A recent pooled analysis of patients treated with dabrafenib plus
trametinib in COMBI-d/v (n = 563) suggested potential stabilization of survival curves, where 4
and 5 year PFS rates were 21% and 19%, and 4 and 5 year OS rates were 37% and 34%, re-

spectively [40].

Drug combination

Dabrafenib + trametinib

Vemurafenib + cobimetinib

Encorafenib + binimetinib

Dabrafenib + trametinib

Dabrafenib + trametinib

Indication (year of FDA approval)

Metastatic/unresectable BRAF VBOOE/K+ (2014)
Adjuvant: BRAF VBOOE/K* stage Il (2018)

Metastatic/unresectable BRAF V600+ (2015)
Metastatic/unresectable BRAF V600+ (2018)
Advanced or metastatic BRAF V600E* (2017)
Metastatic/unresectable BRAF VGOOE" (2018)

Table 2. Registration Trials for BRAFi Plus MEKi Combinations in Melanoma, NSCLC, and ATC#

Indication

Trial

n (BRAFi + MEKi arm)

Median follow-up,
months

ORR, n (%)
CR
PR
SD

Median DOR, months
(95% Cl)

Median PFS, months
(95% Cl)

Median RFS, months
(95% Cl)

Median OS, months
(95% Cl)

Grade 23 AEs, %

Dabrafenib + trametinib

Metastatic
melanoma

COMBI-dAP [40]

563 438

22 44

11.1 (9.5-12.8) -

- NE (46.9-NE)

25.9 (22.6-31.5)

59 4

Adjuvant
melanoma

COMBI-AD
[46,47]

NSCLC

BRF113928

Cohort B
[51]

57

19
(minimum)

38 (67)
39
35 (61)
8 (14)

9.8
(6.9-16.0)

10.2
(6.9-16.7)

18.2
(14.3-NE)

49

Cohort C
(53]

36
156.9

21 (58)
4 (11)

10.4
(8.3-17.9)

10.9
(7.0-16.6)

24.6
(12.3-NE)

69

ATC

ROAR [62]

28

13.8
(4.6-NE)

19.8
(8.1-NE)

64

Cell

Vemurafenib +
cobimetinib

Metastatic
melanoma

CcoBRIM [63,108]

247
21.2

172 (70)

52 (21)

120 (49)

45 (18)

13.0 (11.1-16.6)

12,6 (9.5-14.8)

22.5 (20.3-28.8)

78

REVIEWS

Encorafenib +
binimetinib
Metastatic
melanoma

COLUMBUS
(part 1) [69]

192
48.8

64
3
1

=

5
29
18.6 (12.7-24.1)

)
)
)
)
14.9 (11.0-20.2)

33.6 (24.4-39.2)

68

@Abbreviations: —, not applicable/not available; AE, adverse event; ATC, anaplastic thyroid cancer; BRAFi, BRAF inhibitor; CR, complete response; DOR, duration of
response; MEKI, MEK inhibitor; NE, not estimable; NSCLC, non-small cell lung cancer; ORR, objective response rate; OS, overall survival; PFS, progression-free survival;

PR, partial response; RFS, relapse-free survival; SD, stable disease.

PResults are from a pooled analysis of the dabrafenib plus trametinib arms of the COMBI-d and COMBI-v trials.
°One patient was excluded from the response analysis owing to insufficient observation time at the time of cutoff.
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In COMBI-v [39], the occurrence of rash was almost halved with combination treatment com-
pared to vemurafenib monotherapy (22% vs 43%). Photosensitivity reactions, which are more
common with vemurafenib than other BRAFi, occurred in 4% of patients receiving dabrafenib
plus trametinib versus 22% receiving vemurafenib alone. Other cutaneous adverse events
(AEs) were less frequent with combination therapy than with monotherapy, notably squamous
cell carcinomas and keratoacanthomas (1% vs 18%). However, pyrexia was more common in
the dabrafenib plus trametinib group than in the vemurafenib group (53% vs 21%).

Overall, the incidence of AEs in the combination and monotherapy groups of COMBI-d [37]
followed a pattern similar to that observed in COMBI-v [39]. Patients treated with dabrafenib
plus trametinib had an increased incidence of pyrexia (51% vs 28%) [37] and of the trametinib-
associated AEs hypertension (22% vs 14%) and peripheral edema (14% vs 5%) versus those
treated with dabrafenib plus placebo [37].

Historically, patients with melanoma brain metastases (MBM) have had a particularly poor prog-
nosis, with a median survival of 4-5 months [41]. Evidence suggests that patients with BRAF-
mutant melanoma may be at a higher risk for development of MBM than patients with BRAF
wild-type melanoma [42,43].

Dabrafenib plus trametinib was evaluated in patients with BRAF V600-mutant MBM in the open-
label, Phase I COMBI-MB trial (NCT02039947) [44]. Patients were assigned to one of four co-
horts on the basis of their specific BRAF mutation and prior local therapy. Patients in cohort A
(n = 76) had BRAF V600E-positive asymptomatic MBM and had not received prior local brain
therapy. Patients in cohort B (n = 16) had received prior local brain therapy for BRAF VE0OE-
positive asymptomatic MBM. In cohort C (n = 16), patients had BRAF V600D/K/R-positive
asymptomatic MBM, with or without prior local brain therapy, and patients in cohort D (n = 17)
had BRAF V600D/E/K/R-positive symptomatic MBM with or without prior local brain therapy.
The investigator-assessed intracranial response rate in cohort A (primary endpoint) was 58%,
and the median duration of response was 6.5 months (95% CI 4.9-10.3 months). Intracranial re-
sponse rates were similar among the various cohorts at 56% in cohort B, 44% in cohort C, and
59% in cohort D. Dabrafenib plus trametinib had a manageable safety profile in patients with
MBM, and there were no new safety signals.

Adjuvant Therapy of Melanoma

Surgical resection is the standard of care for most patients with early-stage melanoma and offers
a very good long-term prognosis, with 5 year melanoma-specific survival rates of 98% and 90%
in patients with stage | and Il disease, respectively [45]. However, in patients with stage lll disease
who have regional nodal involvement, the risk of relapse is greater, and many more patients may
ultimately die from melanoma [45]. The intent of adjuvant systemic therapy is to increase relapse-
free survival (RFS) and OS by targeting and eliminating any residual disease following surgical
resection. Given the heightened risk of relapse in patients with stage Il melanoma and the high
proportion of patients with BRAF mutations, adjuvant systemic therapy with dabrafenib plus
trametinib was evaluated in the Phase Il COMBI-AD trial.

COMBI-AD is the first trial to evaluate BRAFi plus MEKi combination therapy in the adjuvant set-
ting. Patients with completely resected BRAF V600E/K mutation-positive, stage lll (node-positive)
cutaneous melanoma received <12 months of adjuvant dabrafenib plus trametinib versus two
matched placebos [46,47]. With a minimum of 40 months of follow-up, dabrafenib plus trametinib
significantly reduced the risk of relapse by 51% versus placebo [46]. The 3 and 4 year RFS rates
were 59% (95% Cl 55-64%) and 54% (95% CI 49-59%) in the dabrafenib plus trametinib arm
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and 40% (95% Cl 35-45%) and 38% (95% Cl 34-44%) in the placebo arm, respectively. The rate
of relapse events in the trial decreased after 3 years, when a plateau appears in the RFS plots,
although further follow-up is warranted and underway. The observed RFS benefit was consistent
regardless of baseline disease stage, nodal metastatic burden, or tumor ulceration [46]. Estima-
tion of the proportion of patients who may never experience relapse using a Weibull mixture cure-
rate model showed cure rates of 54% (95% Cl 49-59%) in the dabrafenib plus trametinib group
versus 37% (95% Cl 32-42%) in the placebo group, an absolute difference of 17% [46]. Interim
analysis of OS showed that treatment with dabrafenib plus trametinib led to a clinically meaningful
43% reduction in the risk of death versus placebo (P = 0.0006), but this P value did not cross the
prespecified interim significance boundary [47].

The safety profile of dabrafenib plus trametinib in the adjuvant setting was consistent with that ob-
served in patients with metastatic melanoma [47]. Notably, the rate of discontinuation due to AEs
was higher in the COMBI-AD trial (26%) than that reported in Phase lll trials in the metastatic set-
ting (14-16%). This could potentially be attributable to the nature of adjuvant therapy and the
lower threshold for AE tolerance in this setting [47].

Non-Small Cell Lung Cancer

NSCLC is the second most common cancer in the USA [48] and makes up 85% of all lung cancers
[49]. The 5 year survival rate across all disease stages remains approximately 16-18% despite im-
proved therapies, in part because the early stages of NSCLC are asymptomatic, delaying diagno-
sis. Although the proportion of patients with NSCLC who carry BRAF mutations (2-8%) is relatively
small [5,6], it represents a sizeable population given the overall incidence of NSCLC.

Dabrafenib monotherapy and dabrafenib plus trametinib were evaluated in patients with
BRAF VV600E-positive metastatic NSCLC in a three-cohort, single-arm, open-label, Phase |l trial
[60-58]. Patients in cohorts A and B had progressed on =1 platinum-based chemotherapy. Pa-
tients in cohort A received dabrafenib monotherapy [52], and those in cohort B received
dabrafenib plus trametinib [50,51]. Patients in cohort C received dabrafenib plus trametinib as
first-line therapy [53].

In cohort A, the overall response rate (ORR) and median PFS in patients receiving dabrafenib
monotherapy were modest at 33% and 5.5 months, respectively, and the safety profile was con-
sistent with other studies of dabrafenib monotherapy [52]. The confirmed ORRs with combination
therapy in cohorts B and C were 67% and 64 %, respectively, approximately double the percent-
age seen with monotherapy [51,53]. In previously treated patients (cohort B), the median
investigator-assessed PFS was 10.2 months (95% Cl 6.9-16.7 months); 1 and 2 year PFS
rates were 43% and 22%, respectively, with a median OS of 18.2 months (95% CI 14.3 months
to not estimable) [50,51].

In patients receiving dabrafenib plus trametinib as first-line therapy (cohort C), the median
PFS was 10.9 months (95% CI 7.0-16.6 months), with a median OS of 24.6 months (95% CI
12.3 months to not estimable) and a 2-year OS rate of 51% (95% ClI 33-67%) [53]. The median
PFS and OS with combination therapy were numerically higher compared with monotherapy;
however, this was not a randomized trial.

In previously treated patients [50], common AEs of any grade (with a frequency of 230%) included
pyrexia (46%), nausea (40%), vomiting (35%), diarrhea (33%), asthenia (32%), and decreased
appetite (30%). The most common serious AEs were pyrexia (16%) and anemia (5%). The pattern
of AEs was similar in treatment-naive patients [53].
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The results of this Phase Il study are the first to demonstrate the efficacy of combination targeted
therapy in BRAF V600-positive metastatic NSCLC in both the first- and second-line settings.

Anaplastic Thyroid Cancer

ATC is a rare and aggressive malignancy, and all cases are considered to be stage IV at diagnosis
[54]. Of the 2-5% of Americans who develop thyroid nodules during their lifetime, which translates
to approximately 60 000 new diagnoses annually, <1% develop ATC. ATC disproportionately affects
women and has a median age of diagnosis of 70 years [55,56]. Approximately 20-50% of anaplastic
thyroid tumors harbor BRAF V600E/K mutations [57-60]. Before the availability of targeted therapy,
the response rate with systemic therapy was <15%, with a median survival of 5-12 months [61].

To assess the efficacy and safety of BRAF plus MEK inhibition, an open-label Phase Il trial evaluated
dabrafenib plus trametinib in patients with nine rare tumor types, including patients with ATC (n = 28)
[61,62]. The ORR was 67%, including two complete responses. In the subset of patients with
centrally confirmed BRAF VB0OE mutation-positive tumors (n = 24), the ORR was 75%. Two-thirds
of patients with a response (12 of 18 patients) had a duration of response of 26 months. Median
PFS was 13.8 months (95% CI 4.6 months to not estimable). The median OS was 19.8 months
(95% CI 8.1 months to not estimable) and showed a plateau beginning at ~20.7 months.

Overall, the safety profile was similar to that of the combination in other indications; the most fre-
quent AEs were pyrexia (50%), fatigue (39%), and nausea (36%) [62]. Four of 28 patients (14%)
discontinued treatment owing to AEs.

Vemurafenib plus Cobimetinib

Metastatic Melanoma

Clinical development of vemurafenib plus cobimetinib paralleled that of dabrafenib plus trametinib
in metastatic melanoma. The coBRIM trial (N = 495) was a large randomized controlled trial eval-
uating vemurafenib plus cobimetinib versus vemurafenib plus placebo in patients with treatment-
naive, BRAF V600 mutation-positive, unresectable, locally advanced or metastatic melanoma
[63]. Combination treatment was superior to monotherapy in median PFS (12.3 months, 95%
Cl 9.5-13.4 months; vs 7.2 months, 95% Cl 5.6-7.5 months) and significantly reduced the risk
of death by 30% (P = 0.005).

There was a lower incidence of squamous cell carcinoma, keratoacanthoma, and Bowen disease
with the combination regimen than with monotherapy (6% vs 20%) [63]. However, photosensitivity
was increased with vemurafenib plus cobimetinib versus vemurafenib (34 % vs 20%). As expected,
AEs associated with MEK inhibition were more frequent with the addition of cobimetinib, including
serous retinopathy, decreased left ventricular ejection fraction (LVEF), and increased
creatine phosphokinase levels. Discontinuations due to treatment-related AEs were somewhat
more frequent with vemurafenib plus cobimetinib than with vemurafenib (14% vs 7%).

Non-Small Cell Lung Cancer

Vemurafenib demonstrated clinical activity as monotherapy (n = 62, ORR 37%) in BRAF V600-
positive unresectable or metastatic NSCLC in a Phase Il study [64]. Safety and tolerability profiles
were similar to those seen with monotherapy in metastatic melanoma. No prospective evaluation of
vemurafenib in combination with cobimetinib has been reported in patients with metastatic NSCLC.

Anaplastic Thyroid Cancer
BRAFi monotherapy was evaluated with vemurafenib in a Phase Il basket trial of nonmelanoma
cancers, including seven patients with ATC [34]. Two of seven patients had an objective
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response, with one complete response and one partial response. Although we know of no pro-
spective clinical trial data on the efficacy of vemurafenib plus cobimetinib in patients with ATC,
a recent case report showed impressive tumor reduction and disappearance of distant metasta-
ses in a patient with ATC treated with the combination of vemurafenib plus cobimetinib, thus also
demonstrating clinical activity in ATC [65].

Encorafenib plus Binimetinib

Metastatic Melanoma

Encorafenib plus binimetinib was the latest BRAFI/MEKi combination to be approved by regula-
tory authorities. Although encorafenib has a similar potency to dabrafenib against BRAF V60OE, it
has a higher potency for wild-type BRAF and CRAF [10]. This has been hypothesized to poten-
tially mitigate some resistance mechanisms and/or reduce paradoxical MAPK pathway activation
versus its predecessors. In addition, encorafenib has shown a longer dissociation half-life in vitro,
which could potentially lead to prolonged effect [13].

The COLUMBUS trial was a two-part, randomized, open-label, Phase Il study comparing
encorafenib plus binimetinib versus encorafenib or vemurafenib monotherapy. Because
earlier studies found that encorafenib was better tolerated when combined with binimetinib,
part 1 [66,67] evaluated encorafenib 450 mg once daily (QD) plus binimetinib 45 mg twice
daily (BID), versus encorafenib 300 mg QD, versus vemurafenib 960 mg BID. Part 2
assessed encorafenib 300 mg QD plus binimetinib 45 mg BID versus encorafenib
300 mg QD [68]. Patients were either treatment-naive or had progressed on or after first-
line immunotherapy.

In part 1 (n = 577) [66], combining encorafenib with binimetinib significantly reduced the risk
of death by 39% versus vemurafenib (two-sided P < 0.0001). OS in the encorafenib plus
binimetinib and encorafenib arms was not significantly different (HR 0.81, 95% CI 0.61-
1.06, two-sided P = 0.12). PFS was prolonged in the encorafenib plus binimetinib arm,
with a median of 14.9 months (95% CI 11.0-20.2 months) compared with that of monother-
apy (encorafenib, 9.6 months, 95% CI 7.4-14.8 months; vemurafenib, 7.3 months, 95%
Cl 5.6-7.9 months, HR 0.51, 95% Cl 0.39-0.67, two-sided P < 0.0001 for the combination
vs vemurafenib). In a recent updated analysis, 4 year PFS and OS rates in patients treated
with encorafenib plus binimetinib were 25% and 39%, respectively [69]. These rates were
similar to the 4 year PFS and OS rates observed with dabrafenib (21% and 37%) [40], and
it remains unclear if the favorable pharmacologic and preclinical properties of encorafenib
translate to greater clinical efficacy.

AEs of special interest included increased aminotransferase levels, serous retinopathy, and left
ventricular dysfunction, which were more frequent with encorafenib plus binimetinib [66].

Dose adjustment or interruption of treatment because of AEs occurred in 53% of patients in the
encorafenib plus binimetinib group, 71% in the encorafenib group, and 62% in the vemurafenib
group. Fifteen percent of patients in the encorafenib plus binimetinib group discontinued
treatment due to AEs.

In part 2 (n = 344), median PFS was longer with encorafenib 300 mg QD plus binimetinib
45 mg BID than with encorafenib 300 mg QD (12.9 vs 9.2 months, HR 0.77, 95% CI
0.61-0.97, nominal P = 0.029) [68]. The AE profile was similar between parts 1 and 2,
suggesting that the higher encorafenib dose used in part 1 did not introduce new safety
or tolerability concerns.

804  Trends in Cancer, September 2020, Vol. 6, No. 9

Cell

REVIEWS



Practical Treatment Considerations

Many practical issues need to be considered in the clinical management of BRAFI/MEKI
combination therapy, such as the feasibility of treatment administration and management
of toxicities.

The combination BRAFi and MEKIi therapies discussed in this review were all administered as oral
tablets; however, patients with ATC often have difficulty swallowing as a result of an increasing
burden of locoregional disease in the neck. Thus, administration is an important challenge in
the clinic. Liquid formulations or suspensions suitable for delivery via a G-tube would enhance
the quality of care in this patient population. Indeed, oral formulations of some BRAFi and MEKIi
are currently being evaluated (NCTO1677741) [70]. Pill burden also differs between approved
agents, and as few as five pills per day are required with dabrafenib plus trametinib, 11 pills per
day with vemurafenib plus cobimetinib, and 12 pills per day with encorafenib plus binimetinib.
Dabrafenib and trametinib should be taken =1 h before or 2 h after a meal. All other regimens
can be taken with or without food. Coadministration with CYP3A4 inhibitors should be avoided
with all three BRAFi. Each regimen has additional guidance for concomitant medication: refer
to the package insert before administering a BRAFi/MEKI regimen.

AEs associated with BRAFi and MEKi monotherapy are best characterized in patients with met-
astatic melanoma (Table 3) [71]. With the exception of higher rates of pyrexia with dabrafenib and
higher rates of photosensitivity with vemurafenib, the occurrence of treatment-associated AEs is
similar among BRAFi (Table 3). Treatment-emergent AEs reported in clinical trials of BRAFI/MEKIi

Table 3. Class-Effect Toxicities Associated with BRAF and MEK Inhibition®

BRAFi MEKi
Constitutional Constitutional
Pyrexia® fatigue Fatigue, anemia
Cutaneous Cutaneous
Rash Rash
Photosensitivity® Pruritus
Pruritus Acneiform dermatitis
Dry skin

Papilloma, alopecia, secondary cutaneous
carcinoma, keratoacanthoma

Hepatic Cardiovascular
Elevated hepatic transaminases Decreased ejection fraction, left ventricular dysfunction
Gastrointestinal

Nausea, diarrhea, vomiting
Hepatic
Ocular

Blurred vision, serous retinal detachment, retinal vein
occlusion, chorioretinopathy

Respiratory
Interstitial lung disease
Pneumonitis
@Details in [71,96,104].

®More frequent with dabrafenib.
“More frequent with vemurafenib.
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therapy are similar regardless of the primary tumor being treated [71]. Most are grade 1 or 2 and
are consistent with those associated with the BRAFi or MEKi alone, with some variations in fre-
quency. The evidence suggests that the incidence of AEs with BRAFi plus MEKi may decline
over time on treatment. In patients receiving dabrafenib and trametinib, the incidence of each
of the most common AEs was highest during the initial 6 months of treatment and declined there-
after, as did the frequency of dose reductions or interruptions due to AEs [72]. These findings
highlight the need to effectively manage AEs early during treatment (Box 1).

Next-Generation Combination Therapy

In metastatic melanoma, the introduction of BRAFI/MEKI targeted therapies, as well as immune
checkpoint inhibitors, has revolutionized treatment, and 1 year OS is now >70% [73]. However,
it has been hypothesized that combining the two modalities concurrently may lead to durable re-
sponses in a higher proportion of patients.

Aside from the additive effects of combining their mechanisms of action, there is evidence to sug-
gest that BRAFI/MEK:i treatment may lead to a favorable immune microenvironment and enhance
the efficacy of immune checkpoint inhibition with anti-PD-1 agents. In BRAF-mutant cell lines,

Box 1. Management of Selected BRAFi- or MEKi-Associated Toxicities
Constitutional Pyrexia [90,91].

The initial episode of pyrexia typically occurs within the first month, and has a median duration of 9 days. With prompt in-
terruption of both BRAFi and MEK:i at the first sign of pyrexia or its prodrome, symptoms resolve within 24 h in most cases.
Acetaminophen or nonsteroidal anti-inflammatory drugs can be used to manage symptoms. Treatment can then be re-
sumed at full dose 24 h after symptom resolution.

Pyrexia can be episodic, and recurrences are generally shorter than the initial episode. Intermittent dosing at full dose
should be considered for patients with recurrent or severe pyrexia. Corticosteroids may be helpful as secondary prophy-
laxis. Patients should be evaluated if fever does not resolve within 24 h despite dose hold and if the patient experiences
localizing symptoms, as well as confusion and signs of volume depletion.

Cutaneous Rash

Rash is typically managed through mitigation of symptoms. Treatment may include emollients, antihistamines, and
analgesics to relieve symptoms and improve quality of life [92-94]. A short course of steroids may be necessary. Dose re-
ductions or interruptions and consultation with a dermatologist should be considered if the rash is severe.

Photosensitivity [93-95]

Patient education is important to prevent or minimize photosensitivity reactions. Use of sunblock with a high sun protection
factor is needed, and UV-protective clothing should be worn. Patients also should be warned to cover themselves if sitting
near windows, such as in a car, because UV-A rays can pass through glass.

Cardiac [96] LVEF decrease

Several cardiac toxicities have been described in patients receiving BRAFI/MEKi therapy. These include decreased LVEF,
peripheral edema, and hypertension. Before initiating BRAF/MEK inhibition, LVEF should be assessed and changes
monitored after 1 month and every 2-3 months thereafter. Treatment interruption, reduction, or discontinuation can be
used to manage decreased LVEF if it occurs.

Hepatic [97,98]

Liver enzymes should be measured before initiating a BRAFI/MEKIi regimen and monitored monthly throughout the course
of treatment. Persistent or recurrent grade 2 liver enzyme elevations and grade 23 events should be managed through
dose reductions or interruptions as indicated, or, if necessary, permanent discontinuation of treatment.

Ocular [99-102]

The potential for ocular toxicities related to MEK inhibition requires regular monitoring. Patients should be advised of the
importance of reporting visual disturbances, blurred vision, red eyes, and eye pain. However, ocular toxicities are transient
and reversible with dose reduction, interruption, or discontinuation. Some ocular AEs (e.g., iritis) may require local steroids.
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blocking mutant BRAF signaling reduced the release of immunosuppressive cytokines
(e.g., interleukin-6, interleukin-10), which was supported by data from patient samples that dem-
onstrated reduced immunosuppressive cytokine levels in post-treatment tumor samples versus
pretreatment samples [74,75]. Following BRAF inhibition, an increase in tumor-infiltrating lympho-
cytes (CD8* and CD4™ T cells) that may recognize the tumor and drive tumor lysis, as well as an
increase in PD-L1 expression (which is associated with improved outcomes in patients treated
with anti-PD-1 agents), have been observed [74,76,77]. When melanoma cells were cocultured
with MART-1-specific and gp100-specific T cells, interferon-y release was increased following
BRAF inhibition, suggesting enhanced melanoma cell recognition by the T cells [78]. Finally, in pa-
tient tumor samples, granzyme B and perforin expression is elevated following treatment with
BRAFi, which suggests increased cytotoxic T-cell activity [74]. Taken together, these data pro-
vide the basis for potential synergistic antitumor activity when BRAFiI/MEKi are combined with
anti-PD-1 therapy. Indeed, in a preclinical melanoma mouse model (SM1), the combination of
an anti-PD-1 antibody with BRAFI/MEKIi therapy provided superior antitumor activity versus either
treatment alone [79].

The Phase Il KEYNOTE-022 trial first reported the evaluation of pembrolizumab in combination
with dabrafenib and trametinib versus placebo plus dabrafenib and trametinib. The primary end-
point of improved PFS was not met in this trial, although clinically meaningful improvements in re-
sponse duration were observed, and a clear separation of Kaplan—Meier survival curves was
evident with extended follow-up (median PFS for pembrolizumab plus dabrafenib and trametinib
vs placebo plus dabrafenib and trametinib was 16.9 months vs 10.7 months; HR 0.53, 95% Cl
0.34-0.83) [80,81]. However, patients treated with pembrolizumab plus dabrafenib and
trametinib had a higher incidence of grade =3 treatment-related AEs (58% vs 25%) and discon-
tinuations due to AEs (43% vs 18%), and one patient died due to pneumonitis related to
treatment.

The Phase Il COMBI-i trial (NCT02967692) is evaluating the anti-PD-1 antibody spartalizumalb in
combination with dabrafenib and trametinib. Data from the nonrandomized parts 1 and 2 of
COMBI-i (n = 36) have demonstrated a high rate of complete response (42%) and a median PFS
of nearly 2 years (23.7 months, 95% CI 12 months to not reached) [82]. Grade =3 treatment-
related AEs were reported in 72% of patients, and AEs led to discontinuation of all three study
drugs in 17% of patients. Results from the randomized part 3 of the COMBI-i trial, as well as the
Phase lll TRILOGY trial (NCT01656642) combining the anti-PD-L1 antibody atezolizumab plus
vemurafenib and cobimetinib, are eagerly anticipated and should provide further insight into the
risk—benefit profile of combining immune checkpoint inhibitors with targeted therapy.

In addition to evaluating novel combinations to improve efficacy in existing indications, targeted
therapy combinations are also being used to treat BRAF-driven tumor types that were less re-
sponsive to BRAFI/MEKI alone, such as colorectal cancers (CRCs). A surprising lack of efficacy
was initially observed in patients with CRC treated with BRAFi [83-85]. It was later explained
that, unlike BRAF-mutant melanomas, BRAF-mutant CRC exhibited robust adaptive feedback
signaling upon treatment with BRAFi, leading to reactivation of the MAPK pathway [83,85]. Treat-
ment with BRAFi is proposed to lead to a loss of ERK-dependent negative feedback, which al-
lows greater RTK-meditated RAS activation and subsequent activation of CRAF, bypassing
BRAF inhibition. Therefore, clinical strategies have sought to combine BRAFi with or without
MEKi and EGFR blockade in BRAF-mutant CRC.

Initial evaluations in patients treated with dabrafenib plus trametinib plus panitumumalb demon-
strated a higher response rate in patients receiving the triple combination (21%) versus those
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who received dabrafenib plus panitumumab (10%) or trametinib plus panitumumab (0%) [86].
Recently, encorafenib plus cetuximab received US FDA approval for use in patients with
previously treated BRAF V60OE-mutant metastatic CRC. This approval was based on results
from the Phase Il BEACON trial, which demonstrated significant OS benefit (P < 0.001) in patients
treated with encorafenib plus cetuximab versus cetuximab plus investigator's choice of
chemotherapy [87]. Median OS was similar in patients who received encorafenib plus cetuximab
(8.4 months) and those who received encorafenib plus binimetinib plus cetuximab (9.0 months).

In addition, given the strong association between co-occurring PI3BK-mTOR pathway aberrations
and primary resistance to BRAF-targeted therapy [88], BRAF and mTOR therapies have also
been explored in the clinic [89].

Concluding Remarks

Targeting oncogenic BRAF mutations with combination BRAFi/MEKi has revolutionized treat-
ment for many patients. Novel combinations may further improve outcomes and open the door
to targeting additional tumor types that are not amenable to BRAFI/MEKI therapy (see
Outstanding Questions).
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Outstanding Questions

Can baseline biomarkers help to
determine patients who will have
durable long-term disease control
with BRAFi plus MEKi therapy?

Can noninvasive techniques such as
liquid biopsy be used to monitor for
resistance, and are there therapeutic
interventions that could help to slow
or prevent the acquired BRAFiI/MEKIi
resistance?

Can novel combination approaches
(e.g., BRAF/MEK inhibition plus anti-
PD-1 therapy) provide more durable
benefit for more patients?

What factors should be considered
in determining the best treatment
sequence or treatment combination
for patients with BRAF mutations?

Is treatment with BRAF plus MEK
inhibition or combinations efficacious
in other BRAF-mutant tumors
(e.g., colorectal cancer)?

In the absence of head-to-head data,
what drives the choice of BRAFi/MEKIi
regimen in tumors where multiple
combinations are approved for use
(e.g., metastatic melanoma)?

Is rechallenge with BRAFI/MEKi in
patients who were previously treated
with a combination regimen a potential
strategy, and when is it appropriate?
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