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Abstract: Activating BRAF mutations are detected in 1.5% to 4.5% of
patients with non-small cell lung cancer (NSCLC). These mutations
involve the mitogen-activated protein kinase/extracellular signal-regu-
lated kinase pathway, and affect proliferation, differentiation, transcrip-
tional regulation, and survival of cancer cells. Today, the combination
of the BRAF inhibitor dabrafenib and the MEK inhibitor trametinib
is the preferred firstline treatment option in patients with advanced
BRAF V600-mutated NSCLC, with an objective response rate of 64%,
a median progression-free survival of 10.2 months, a median overall
survival of 24.6 months, and a median duration of response of 10.4
months, according to a pivotal phase 2 study. These outcomes remain
inferior to those achieved with other targeted therapies in advanced
NSCLC with other driver alterations. First-generation BRAF inhibitors
are not active in the class Il and [l BRAF mutations that form the other
half of BRAF mutations in NSCLC. New RAF inhibitors are being inves-
tigated in early trials. Novel treatment combinations, particularly with
immune checkpoint inhibitors, are also underway. Patient referral to
expert centers and enrollment in basket trials as well as serial tissue
and liquid biopsies are needed to improve the understanding and the

treatment outcomes of this relatively rare disease subset.

Introduction

Sustained proliferative signaling, a hallmark of cancer, is one of the
main mechanisms of oncogenesis, particularly in non—small cell lung
cancer (NSCLC) with oncogene addiction.! The advent of molec-
ular testing, particularly next-generation sequencing (NGS), has
reshaped the course of NSCLC, a disease that has a poor prognosis
and until recently had few therapeutic options. Patients with driver
mutations who are treated with targeted therapies achieve impressive
response rates and survival outcomes. The BRAF mutation is 1 of 9
actionable driver alterations that should be looked for at diagnosis of
either advanced adenocarcinoma of the lung (regardless of smoking
history) or squamous cell carcinoma of the lung (current or former
smokers with a <15 pack-year smoking history).

Clinical trials evaluating the efficacy of the BRAF inhibitor
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dabrafenib (Tafinlar, Novartis) in combination with the
downstream MEK inhibitor trametinib (Mekinist, Novar-
tis) in metastatic BRAF V600E—mutated (MT) NSCLC
led to rapid approval of the combination in this clinical
setting by the US Food and Drug Administration (FDA)
and the European Medicines Agency (EMA).>® Dual
BRAF and MEK inhibition is currently a standard of care
in this molecular subtype of NSCLC. In this review, we
present an overview of the clinical and molecular char-
acteristics of BRAF-MT NSCLC, the current treatment
modalities in BRAF-driven advanced NSCLC, the cur-
rent challenges of treatment and how to overcome them,
and the next-generation targeted treatments against this
molecular subtype.

Biology of BRAF-MT Tumors

The mitogen activated protein kinase (MAPK)/extracellu-
lar signal-regulated kinase (ERK) pathway known as the
RAS/RAF/MEK/ERK signal transduction cascade is one
of the main oncogenic pathways in cancer. RAS-guano-
sine triphosphate (GTP) promotes the formation of active
homodimers or heterodimers of the serine/threonine
protein kinases ARAE, BRAF, and CRAF. These enzymes
catalyze the phosphorylation and activation of MEKI
and MEK2, which in turn activate ERK1 and ERK2.
The activation of the MAPK/ERK pathway is involved
in many cellular processes, including cell proliferation,
differentiation, transcriptional regulation, and survival.*?
ARAF and CRAF have been reported as oncogenic drivers
in some cancers.®’

BRAF is a gene that encodes the serine/threonine
protein kinase BRAE There are approximately 300 BRAF
mutations. A BRAF mutation can be found in 6% of
all patients with cancer, mainly those with colorectal
adenocarcinoma, melanoma, lung adenocarcinoma, glio-
blastoma, thyroid gland papillary carcinoma, and hairy
cell leukemia.®' Activating BRAF mutations and fusions,
found in 5.5% and 0.47% of all cancers, respectively, are
responsible for the constitutive activation of the MAPK/
ERK pathway, which enhances cell growth, proliferation,
and survival.**!! They principally involve the activation
loop next to the V600 codon or the phosphate-binding
loop at residues 464 to 469.” The substitution of glutamic
acid for valine at amino acid 600, initially reported in
2002 and known as the BRAF V600OE mutation, is the
most common BRAF mutation. It occurs in 3.05% of
tumors, according to My Cancer Genome, and is respon-
sible for constitutive BRAF protein kinase activity.®'?

Activating BRAF mutations, which are found in
1.5% to 4.5% of NSCLC tumors, are generally mutually
exclusive from epidermal growth factor receptor (EGFR)
mutations, anaplastic lymphoma kinase (ALK)/ROS1/
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RET rearrangements, and MET exon 14 skipping muta-
tions.>*>!4 Although the frequency of BRAF mutations is
much higher in melanoma (nearly 50% of patients) than
in NSCLC, the overall number of patients is compara-
ble between the 2 groups owing to the high incidence
of lung cancer." In a study by Sheikine and colleagues
that involved comprehensive genomic profiling of 23,396
patients with lung cancer, BRAF alterations were found in
4.5% of the tumor samples and included BRAF V60OE
mutations (37.4%), BRAF non-V600E activating muta-
tions (38%), BRAF inactivating mutations (18%), and
BRAF rearrangements (4.3%; mainly fusions [2.8%])."

Three functional classes of BRAF mutations exist,
based on different signaling mechanisms and kinase
activities:

(1) Class I (kinase activated, codon 600): Class I
consists of V600E/K/D-MT kinase-activating RAS-inde-
pendent monomers (ie, they do not require dimerization
to activate MEK1/2) with constitutive high BRAF kinase
activity. This class includes nearly 50% of BRAF muta-
tions in NSCLC and more than 80% of BRAF mutations
in melanoma.

(2) Class II (kinase-activated, non—codon 600): Class
II consists of kinase-activating RAS-independent dimers
with high/intermediate BRAF kinase activity involving
codons outside 600 (eg, K60IE, L597R/Q/R, G469A/V/
RIE, G464V).

(3) Class III (kinase-impaired): Class III consists of
kinase-inactivating RAS-dependent heterodimers requir-
ing additional upstream signaling (eg, G596R, D594G,
N581, G466V, D287Y).'" The inactive kinase domain
prevents autophosphorylation of inactivating residues,
and thus prolongs the active conformation state.” SHP2
is a non—receptor protein tyrosine phosphatase that func-
tions downstream of multiple receptor tyrosine kinases
and promotes RAS activation after induction by growth
factor signals. Class III is the only class that is sensitive
to SHP2 inhibitors in monotherapy because these agents
block the upstream signaling that is essential for the cas-
cade activation.'®

A real-world clinical genomic analysis from the Tem-
pus database identified 1160 patients with solid tumors
who had BRAF class 11 or III mutations. NSCLC tumors
with class II or III mutations were mostly microsatellite
stable. The median tumor mutational burden (TMB)
class increased with the BRAF class."”

There is an unmet need to tailor therapy for BRAF-
driven disease based on co-occurring alterations. In the
previously mentioned study from Sheikine and colleagues
that provides one of the largest assessments of BRAF
alterations in lung cancer, alterations of SETD2, SMAD4,
and PI3KCA were significantly more frequent in BRAF
V600E-altered tumors than in tumors with other BRAF
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alterations. In contrast, alterations in KEAPI, NF1, MET,
RICTOR, KRAS, MYC, STK11, and TP53 were signifi-
cantly more common in non-V600E BRAF-altered
tumors."> Negrao and colleagues conducted an analysis of
305 unique BRAF non-V600 mutations using genomic
profiles of 1589 BRAF-altered NSCLC cell-free DNA
samples from the Guardant Health Clinical Laboratory
database. They confirmed that 7P53, EGFR, KRAS, and
NFI were among the most frequently co-altered genes in
BRAF-MT and BRAF-focally amplified tumors. KRAS
mutations were common in class III BRAF-MT speci-
mens, and NFI mutations were significantly more asso-
ciated with class II BRAF mutations compared with class
[.2* A genomic analysis of tumor samples from cohorts B
and C of the phase 2 multicenter open-label study that
led to the adoption of anti-BRAF and anti-MEK therapy
as the standard of care in BRAF-MT NSCLC revealed
that 18% of the patients (n=11) had concomitant somatic
mutations and/or genetic alterations in addition to BRAF
VG600E.?! These mutations consisted of:

(1) Alterations within the phosphatidylinositol
3-kinase (PI3K) pathway (n=4). In these patients, a trend
towards decreased progression-free survival (PES) and
overall survival (OS) was shown.

(2) IDH1I R132X mutations (n=4)

(3) BRAF G466V mutation (n=1)

(4) KRAS G13C mutation (n=1)

(5) ¢eMET exon 14 skipping mutation (n=1)

A pooled analysis of five phase 1 and 2 trials of
vemurafenib (Zelboraf, Genentech/Daiichi Sankyo) as
monotherapy and in combination with either crizotinib
(Xalkori, Pfizer), sorafenib, or everolimus or both pacli-
taxel and carboplatin in BRAF V600E-MT advanced or
metastatic nonmelanoma tumors (with 13% of 99 total
patients having NSCLC) was recently presented at the
2022 annual meeting of the American Association for
Cancer Research. No significant added clinical benefit and
poor tolerance were noted when vemurafenib was com-
bined with other targeted agents or cytotoxic therapy.?

Clinical Profile of BRAF-MT NSCLC

Epidemiologic data should be interpreted with caution
given the rare nature of the BRAF mutation, the small
sample sizes, and the heterogeneity of the studies. In
NSCLC, the prevalence of BRAF mutations is higher in
White patients (2%-4%) than in Asian patients (0.8%-
2%), and the proportion of V600E mutations has been
reported to be lower in Asian patients (30%-40% vs
~50%-70%).* BRAF-MT NSCLC tumors are almost
restricted to a nonmucinous adenocarcinoma histologic
subtype.? There are no associations between BRAF muta-
tions and other clinical characteristics, such as age and

sex.”*? The prognostic significance of a BRAF mutation
in NSCLC is also unclear, with studies reporting conflict-

ing outcomes.*%

Patients with BRAF-MT NSCLC have a higher prev-
alence of smoking compared with those who have other
driver alterations. Whereas the majority of non-V600E—
altered patients are heavy smokers (average daily con-
sumption of 220 cigarettes), 20% to 30% of V600E-MT
patients are never smokers.”® Nevertheless, looking at
other contrasting results from small-scale studies, one can
conclude that BRAF mutations occur at a similar inci-
dence in smokers and never smokers.®® All patients with
advanced adenocarcinoma of the lung should therefore be
screened for the BRAF mutation.

Although class I mutations are predominant in mel-
anoma, 50% to 80% of BRAF-altered NSCLC tumors
have non-V600 alterations.?” In a large retrospective anal-
ysis of 236 patients with BRAF-MT NSCLC (n=107 class
I, n=75 class II, and n=54 class III), Dagogo-Jack and
colleagues found that class IT and III mutations had more
aggressive clinical features than class I mutations. These
mutations were associated with more brain metastases and
RAS co-alterations, as well as shorter PFS with chemo-
therapy. The OS rate also was shorter, although this was
driven by fewer extrathoracic metastases and higher use of
targeted therapies in class I patients.'® Indeed, the odds of
class I mutations were higher among tumors with pleural
involvement (odds ratio [OR], 4.39; 95% CI, 1.11-17.4)
and lower among tumors with abdominal metastases
(OR, 0.25; 95% CI, 0.07-0.92).%° In the aforementioned
real-world clinical genomic analysis from the Tempus
database, treatments (chemotherapy, immune checkpoint
inhibitors [ICIs], or combinations of these agents, in both
the first- and second-line settings) were discontinued ear-
lier in patients with class II and III mutations compared
with those harboring class I mutations, suggesting less
benefit and/or less tolerability with the therapies used.”

Treatment of BRAF-MT NSCLC

Evidence

Selective first-generation (type I) BRAF inhibitors such
as vemurafenib, dabrafenib, and encorafenib bind to the
adenosine triphosphate-binding pocket of the active con-
formation of BRAF, especially BRAF V60OE. The latter
is active as a monomer, in contrast with wild-type RAE,
which signals as a dimer."” The efficacy of type I inhibitors
was initially demonstrated in metastatic V6OOE-MT mel-
anoma.'’ The addition of the MEK inhibitor trametinib
to the BRAF inhibitor dabrafenib significantly improved
OS, PFS, and overall response rate (ORR) compared with
dabrafenib plus placebo in metastatic melanoma because
the drugs affect distinct targets within the same MAPK
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Table. Main Published Studies in BRAF-MT Advanced NSCLC

Median | Median | Other
Author (y) | Design Patients Best Response | PFS, mo | OS, mo | Findings AEs
Hyman etal | Basket study; | 20 w/NSCLC | CR: 0%; 7.3 NR = Rash (68%), fatigue
(2015)*! vemurafenib | (18 BRAF PR: 42%; (56%), arthralgia
960 mg PO VG600E, 1 ORR: 42%); (40%)
2x/d BRAFV600G, | SD: 42%
1 BRAFV600?)
Subbiah et al | Basket study; | 62 w/NSCLC | ORR: 37.1%j; 6.5 15.4 mDOR: Most common all-G
(2019)* vemurafenib | (8 L1, 54 >1.2) | ORR L1: 7.2 mo AE: nausea (40%);
960 mg PO 37.5%; G 3/4 events: 77%;
2x/d ORR >1.2: 37% 2 G 5, not related
to vemurafenib; AEs
leading to tx interrup-
tion in 40% of pt; tx
discontinuation in 6
pt; cutaneous SCC:
26%
Gautschi et | Retrospective | 35 (5 L1) ORR: 53%; 5 10.8; L1: | 83% had =
al (2015) multicenter DCR: 85% 25.3 for | V6GOOE-MT
cohort study; V60OE
vemurafenib muta-
or dabrafenib tions and
or sorafenib® 11.8 for
non-
V600E
muta-
tions
Mazieres et | NSCLC 118 212 (101 | ORR: 44.8% 5.2 10 23 pt (19% | All for BRAF V600:
al (2020)% cohort of BRAFV600, (BRAFV600 (BRAF (BRAF of BRAF SAEs: 36%; TRAE:s
phase 2 17 BRAF cohort); V600); V600); V600 and of any G: asthenia
open-label non-V600) ORR: 0%-— 1.8 5.2 27% of (56%), decreased
basket study; cohort stopped | (BRAF (BRAF non-V600) | appetite (46%),
vemurafenib (BRAF non- non- non- had ECOG | acneiform dermatitis
960 mg 2x/d V600 cohort) V600) V600) PS2 (37%), nausea (35%),
diarrhea (35%); G >3
TRAES: cutaneous
SCC (8.8%), derma-
titis (6.6%), increased
GGT (6.6%); 27
tx discontinuation
owing to toxicity; 3
G 5: dehydration,
pneumonia, neutrope-
nic sepsis
Planchard et | Cohort A 84 (6L1,78 OR: 4 of 6 (L1); | 5.5 12.7 mDOR: SAEs: 42%; G =3
al (2016)*° of phase 2, >1.2) ORR: 33% 9.6 mo by | AEs: cutaneous SCC
multicenter, (=L2); investigator | (12%), asthenia
nonran- SD: 24% (=1.2) assessment | (5%), BCC (5%);
domized 1 treatment-related
open-label death from intracra-
study; nial hemorrhage
dabrafenib
150 mg 2x/d

Clinical Advances in Hematology & Oncology Volume 20, Issue 11 November 2022




ABDAYEM AND PLANCHARD

Table. (Continued) Main Published Studies in BRAF-MT Advanced NSCLC

Median | Median | Other
Author (y) | Design Patients Best Response | PFS, mo | OS, mo | Findings AEs
Planchard et | Cohort B 57 (progression | ORR: 63.2% 9.7 = 100% SAEs (56%): pyrexia
al (2016)3 of phase 2, following (4 of 5 patients BRAF (16%), anemia (5%),
multicenter, 21 prior who had an V600E; confusion (4%),
nonran- platinum-based | ECOG PS of 2 mDOR: 9 | decreased appetite
domized CT) achieved an OR) mo; median | (4%), hemoptysis
open-label time to first | (4%), hypercalcemia
study; response: (4%), nausea (4%),
dabrafenib 6 wk by cutaneous SCC
130 mg PO investigator | (4%); G 3-4 AEs:
2x/d and assessment | neutropenia (9%),
trametinib 2 hyponatremia (7%),
mg PO 1x/d anemia (5%); tx
discontinuation owing
to toxicity: 12%P" (tx
interruption 61%,
dose reduction 35%)
Planchard et | Cohort C 36 (L1) CR: 6%; PR: 10.2 24.6 - G 3-4 AFEs (69%):
al (2017)? of phase 2, 58%; ORR: pyrexia (11%),
multicenter, 64% increased ALT
nonran- (11%), HTN (11%),
domized vomiting (8%); SAEs:
open-label increased ALT (14%),
study of pyrexia (11%),
dabrafenib increased AST (8%),
130 mg PO decreased EF (8%); 1
2x/d and treatment-unrelated
trametinib 2 death (cardiorespira-
mg PO 1x/d tory arrest)
Planchard et | Updated 57 cohort B; 36 | ORR: 68.4% 10.2 18.2 mDOR: =
al (2020)?! results for cohort C (cohort B); (cohort (cohort | 9.8 mo
cohorts B and ORR: 63.9% B); 10.8 | B); 17.3 | (cohort B);
C; dabrafenib (cohort C) (cohort (cohort | 10.2 mo
130 mg PO C) C) (cohort
2x/d and C) by
trametinib 2 investigator
mg PO 1x/d assessment

“Vemurafenib in 29 patients, dabrafenib in 9 patients, sorafenib in 1 patient. Thirty-one patients had 1 BRAF inhibitor, 3 patients had vemurafenib

followed by dabrafenib, and 1 patient had sorafenib followed by dabrafenib.

*None of the 5 ECOG PS 2 patients.

AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BCC, basal cell carcinoma; CR, complete response; CT,

computed tomography scan; d, day; DCR, disease control rate; ECOG PS, Eastern Cooperative Oncology Group performance status; EE, ejection
fraction; G, grade; GGT, gamma-glutamyl transferase; HTN, hypertension; L1, first-line; L2, second-line; mDOR, median duration of response;
mo, month(s); MT, mutated; NR, not reached; NSCLC, non—small cell lung cancer; OR, objective response; ORR, objective response rate; OS,

overall survival; PES, pr()grcssi()n-frcc survival; PO, by mouth; PR, partial response; pt, patient(s); SAEs, serious adverse events; SCC, squamous cell

carcinoma; SD, stable disease; TRAES, treatment-related adverse events; tx, treatment; V6002, V600 unknown; wk, weeks(s); y, year.

pathway, and trametinib overcomes the reactivation of
ERK signaling, which is the most common mechanism of
resistance to BRAF inhibitors.>!

In a basket trial, the selective BRAF V600 inhibitor
vemurafenib achieved a response rate of 42%, a median
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PFS (mPES) of 7.3 months, and an unreached median
OS (mOS) in 20 pretreated NSCLC patients.” In the
histology-independent VE-BASKET study, vemurafenib
monotherapy achieved an ORR of 37% in BRAF
V600-MT NSCLC patients as well as durable activity,
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with median PES and OS times of 6.5 and 15.4 months,
respectively.?® Other trials testing vemurafenib were
published and showed its efficacy in BRAF V600-MT
NSCLC, with ORR rates ranging from 37.1% to 53%,
mPFES times from 5 to 6.5 months, and mOS times from
10 to 15.4 months.'>333

After demonstrating encouraging clinical activity of
dabrafenib monotherapy in BRAF V600E-MT advanced
NSCLC (cohort A), including a 33% ORR and an mPFS
of 5.5 months, Planchard and colleagues led a phase 2,
multicenter, nonrandomized open-label study of dab-
rafenib at 150 mg twice daily and trametinib at 2 mg once
daily in patients with stage IV BRAFV600E-MT NSCLC
that progressed following at least 1 platinum-based
chemotherapy regimen (cohort B). They reported a con-
firmed ORR of 66.7%, an mPES of 10.9 months, and
an mOS of 18.2 months.**' The results of cohort C that
included treatment-naive patients with advanced BRAF
V600E-MT NSCLC showed an ORR of 64%, an mPFS
of 10.2 months, an mOS of 24.6 months, and a median
duration of response of 10.4 months.>*' The Table sum-
marizes the findings of these pivotal studies in advanced
BRAF-MT NSCLC. In summary, the addition of MEK
inhibitors to BRAF inhibitors has significantly improved
treatment outcomes in advanced BRAF-MT NSCLC;
yet response rates remain lower than those achieved with
other targeted therapies such as EGFR or ALK inhibitors
in EGFR-MT or ALK-rearranged disease, respectively.

In the European BRAF (EURAF) cohort, rapid
and significant tumor responses were achieved in older
patients who were heavily pretreated and who received
anti-BRAF treatment, thus encouraging physicians to
administer treatment to older patients who have altered
performance status.'

Central Nervous System Activity

According to a study of 146 patients by Geukes and
colleagues, BRAF inhibitors with or without MEK
inhibitors are active in melanoma brain metastases, with
an intracranial disease control rate of 65% at 8 weeks in
symptomatic patients (vs 70% extracranially). A median
intracranial PFS of 5.8 months was achieved with the
combination of dabrafenib and trametinib (vs 5.7 months
for dabrafenib monotherapy and 3.6 months for vemu-
rafenib monotherapy).”> Given the scarcity of clinical
studies in lung cancer, the beneficial effect of BRAF and
MEK inhibitors on brain metastatic BRAF-MT NSCLC
could be extrapolated from melanoma studies.

Safety

Safety data from studies that evaluated BRAF inhibitors
with or without MEK inhibitors in advanced NSCLC
are summarized in the Table. BRAF inhibitors may cause
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pyrexia, whereas MEK inhibitors may result in gastrointes-
tinal toxicity. Uncomplicated pyrexia and gastrointestinal
toxicities can usually be managed with good patient educa-
tion and supportive care. Through the blockage of paradox-
ical activation of the MAPK pathway in BRAF wild-type
cells, the addition of MEK inhibitors to BRAF inhibitors
significantly reduces the risk of cutaneous squamous cell
carcinoma compared with BRAF inhibitor monotherapy
(4% vs 12% in the phase 2 study by Planchard and col-
leagues).? On the other hand, MEK inhibitors can cause
interstitial lung disease in approximately 2% of cases.
When this occurs, the MEK inhibitor should be discontin-
ued while maintaining BRAF inhibition.

Current Recommendations

Despite the lack of randomized clinical trial data, the
EMA and the FDA have approved dabrafenib in combi-
nation with trametinib for the treatment of patients with
BRAF V600 mutation—positive advanced or metastatic
NSCLC.

According to the latest guidelines from the European
Society for Medical Oncology (ESMO), the combination
of dabrafenib and trametinib is the preferred first-line
treatment in stage IV lung carcinoma with BRAF V600E
mutations (level of evidence: III; grade of recommen-
dation: A; ESMO Magnitude of Clinical Benefit Scale
version 1.1 [ESMO-MCBS vl1.1]: 2). Immunochemo-
therapy (level of evidence: V; grade of recommendation:
B) or platinum-based chemotherapy alone (in nonsmok-
ers) could be administered after systemic progression
on targeted therapies. Oligoprogressive disease could
benefit from local treatment such as radiation therapy
or surgery while continuing dabrafenib and trametinib.
Platinum-based chemotherapy is another frontdine
option (level of evidence: IV; grade of recommenda-
tion: A); in that case, dabrafenib and trametinib could
be administered in a second-line setting.** Of note, the
ESMO-MCBS vl1.1 is calculated for every new therapy/
indication approved by the EMA since January 2016.
Levels of evidence (I to V) and grades of recommendation
(A to E) for the ESMO guidelines are adapted from the
Infectious Diseases Society of America—US Public Health
Service Grading System.?%

According to 2021 guidelines from the American
Society of Clinical Oncology, dabrafenib and trametinib
or standard treatment may be offered as first-line therapy
in the nondriver mutation setting (type: informal consen-
sus; evidence quality: low; strength of recommendation:
moderate). There are no randomized controlled trials
comparing targeted therapies with standard-of-care che-
motherapy or chemoimmunotherapy. In the second-line
setting, dabrafenib and trametinib may be offered if not
given in the frontline setting (type: informal consensus;
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evidence quality: low; strength of recommendation:
moderate) or dabrafenib or vemurafenib alone may be
offered (type: informal consensus; evidence quality: low;
strength of recommendation: weak)."

The NSCLC panel of the National Comprehensive
Cancer Network added dabrafenib or vemurafenib mono-
therapy as an option to preferred first-line treatment with
dabrafenib and trametinib, mainly when the latter combi-
nation is not tolerated. Chemotherapy regimens, with or
without ICls, also remain “useful in certain circumstances.”

Immunotherapy

Tumors with driver alterations are known to respond
poorly to ICIs. These tumors often occur in never
smokers, and generally have lower TMB and lower pro-
grammed death ligand 1 (PD-L1) expression. BRAF-MT
tumors seem to be an exception to this common finding.
In a retrospective analysis of 22 patients with BRAF-MT
advanced NSCLC who were treated with ICIs, BRAF-MT
NSCLC was associated with a high PD-L1 expression, a
low/intermediate TMB, and a microsatellite stable status.
Treatment outcomes with ICIs were not influenced by
the level of PD-L1 expression nor by the BRAF mutation
class; they were comparable with those seen in the general
NSCLC population.”’ In the retrospective IMMUNO-
TARGET registry study, 38 patients with BRAF-MT
who received ICIs had an ORR and an mOS of 28% and
13.6 months, respectively.*’ Similarly, in a study of 210
patients enrolled in the Italian Expanded Access Program
of second-line nivolumab, mOS was 11.0, 11.2, and 10.3
months in the overall population, the BRAF-wild type
subgroup, and the BRAF-MT (5% of patients) subgroup,
respectively. BRAF-MT patients had an ORR of 9%.%
Whether the efficacy of ICIs is caused by the higher pro-
portion of smoker patients in the BRAF-driven subgroup
(mainly V60OE mutations), or possibly to the higher
PD-L1 expression and TMB, the conclusion remains
the same: ICIs should not be discarded as a second- or
later-line treatment option in BRAF-MT NSCLC.

Resistance to BRAF Inhibitors
Secondary resistance mechanisms to BRAF inhibitors,
which have been studied primarily in melanoma, most
commonly involve the same MAPK pathway through
reactivation of ERK signaling either upstream or down-
stream of BRAF kinase through:

- BRAF splice variants (16%)

- BRAF gene amplification (13%)

- NRAS/KRAS (20%) or MEKI/2 mutations (7%)
that induce a BRAF-independent reactivation of ERK
signaling'%%

Indeed, molecular analyses of tumor and liquid

biopsies of 8 patients with NSCLC who progressed

on dabrafenib/trametinib and were included in the
MATCH-R (from “Matching Resistance”) institutional
prospective trial revealed 3 molecular events, all within
the MAPK pathway, that were potentially responsible
for resistance: MEKI K57N, NRAS Q61R, and KRAS
Q61R mutations.* Similarly, Sheikine and colleagues
reported a small subset of BRAF V600E-MT NSCLC
tumors with available specimens before and after treat-
ment (7 patients). The putative resistance alterations that
were identified involved KRAS (G12D, K61H, G12R,
V14I), NRAS (Q61K), a rearrangement in the setting of
VG600E as well as a concomitant splice site mutation in
the remaining allele of SMARCA4, and a homozygous
deletion of MAP2K4."> The combination of MEK1/2
inhibitors (eg, trametinib, cobimetinib [Cotellic, Genen-
tech], binimetinib [Mektovi, Pfizer]) with BRAF inhib-
itors delays the emergence of MAPK-related resistance
mechanisms through inhibition of ERK signaling.'
Other less-common resistance mechanisms include
the activation of other pathways—such as PI3K/mam-
malian target of rapamycin (mTOR)—through activating
mutations in AKT and PTEN loss of function, thus
bypassing the MAPK pathway.'? Based on the finding that
the activation of the PI3K/mTOR pathway is a mecha-
nism of primary and acquired resistance to BRAF-targeted
therapy, Subbiah and colleagues combined vemurafenib
and the mTOR inhibitor everolimus in a phase 1 study of
BRAF-MT advanced solid tumors. Among the 20 patients
who were enrolled, 11 were heavily pretreated with prior
BRAF or MEK inhibitors, 4 (22%) had a partial response,
and 9 (50%) had stable disease as the best response.*?

The Future of BRAF-MT NSCLC

Encorafenib and Binimetinib

The phase 3 COLUMBUS trial showed that the BRAF
inhibitor encorafenib and the MEK inhibitor binimetinib
had favorable efficacy and better tolerability compared
with vemurafenib monotherapy in BRAF-MT mela-
noma.” Encorafenib/binimetinib plus the anti-EGFR
monoclonal antibody cetuximab (Erbitux, Lilly) was also
evaluated in metastatic BRAF V600E-MT colorectal can-
cer, a subtype with a poor prognosis. This combination
resulted in a significantly longer mOS (9 months with
the triplet vs 5 months with cetuximab plus chemother-
apy).f©
study of the combination of encorafenib and binimetinib
in patients with previously treated and untreated BRAF
VG600E-MT NSCLC called ENCO-BRAF is currently
running in France (NCT04526782). Another similar
international phase 2 trial of the same combination in the

An open-label, multicenter, multicohort phase 2

frontline setting or as second-line therapy after chemother-
apy or immunotherapy with or without chemotherapy is
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also actively recruiting patients (NCT03915951). Of
note, participants with other BRAF V600 mutations are
eligible for the latter study.

Next-Generation RAF Inhibitors

Currently used first-generation (type I and type I 1/2)
RAF inhibitors are effective in the treatment of patients
with class I BRAF V600 mutations. However, these agents
paradoxically activate the MAPK signaling pathway, thus
leading to renewed tumor growth as well as additional
cancer growth in noncancerous wild-type BRAF tissues.
Type II RAF inhibitors target DFG-out and aC-helix—in
conformations of RAF proteins, leading to their ability
to block both active RAF dimers and active RAF mono-
mers at similar potencies without inducing paradoxical
activation. Among the studied type II RAF inhibitors
are AZ628, belvarafenib, CCT196969, CCT241161,
1Y3009120, and TAK-580 (MLN2480). In contrast
with the first-generation inhibitors, these drugs are
less selective for mutated BRAF and can induce toxici-
ties in nonmalignant cells.” Among the type II RAF
inhibitors that are being evaluated in BRAF V600-MT
NSCLC, we cite HLX208, which has high bioavailabil-
ity (NCT05065398); XP-102, which is 100 times more
potent than vemurafenib (NCT05275374); PF-0728489,
also known as ARRY-461, which is highly brain-penetrant
(NCT04543188); ABM-1310, which is brain-penetrant
(NCT04190628); LXH254 (NCT02974725); KIN-
2787 (NCT04913285); and DAY101 (NCT04985604).
The corresponding early trials are shown in the eTable (see
www.hematologyandoncology.net).

On the other hand, paradox breakers—such as
PLX7904 and PLX8394—are a class of BRAF inhibitors
that inhibit ERK1/2 in BRAF V600E-MT cells without
driving paradoxical activation of ERK1/2 in RAS-MT
cell lines. They are more specific for mutated RAF (mainly
BRAFV600-MT) than wild-type RAF proteins, and could
replace first-generation RAF inhibitors without paradoxi-
cally inducing tumor genesis. They also remain active in
cases of dimerization-mediated resistance to vemurafenib.!”
PLX8394 is currently being evaluated in an ongoing basket
trial of BRAF V600-MT gliomas and (in extension cohort
2) non—-V600-MT solid tumors (NCT02428712).

Non-V600 Mutations

First-generation BRAF inhibitors such as dabrafenib,
encorafenib, and vemurafenib target class I BRAF muta-
tions but are not effective against class II or III mutations,
which constitute approximately 50% of BRAF mutations
(34% all cancers included) in NSCLC and 34% of BRAF
mutations, all cancers included. Interestingly, Negrao and
colleagues reported an objective durable response at 1 year
to dabrafenib and trametinib in a patient with a class II
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mutation (L597R).? Class-specific therapies are needed
to target these different subsets. The studied strategies
include single-agent ERK inhibition, combined BRAF
and MEK inhibition, and MEK with receptor tyrosine
kinase inhibition.-*

Among the type II novel RAF inhibitors that are
being evaluated in BRAF non-V600-MT NSCLC, we
cite LXH254 in combination with LTT462 (ERK1/2
inhibitor), trametinib or ribociclib (Kisqali, Novartis;
NCT02974725), KIN-2787 (specifically designed to
inhibit class IT and III in addition to class I mutations)
in combination with binimetinib (NCT04913285),
belvarafenib as monotherapy and in combination with
cobimetinib (NCT04589845, NCT03284502), and
DAY101 as monotherapy and in combination with the
selective MEK1/2 inhibitor pimasertib (NCT04985604).

RAMP202 is an ongoing phase 2 study of the
dual RAF/MEK inhibitor VS-6766, as a single agent
and in combination with the FAK inhibitor defac-
tinib, in recurrent KRAS-MT and BRAF-MT NSCLC
(NCT04620330). DCC-3116, a first-in-class selective
inhibitor of ULK1/2 kinases and autophagy, is currently
being tested as monotherapy and in combination with tra-
metinib in NSCLC tumors with KRAS, NRAS, and BRAF
mutations (NCT04892017).° PF-07284892 (ARRY-
558), a small-molecule inhibitor of SHP2 that may block
MAPK signaling, is being evaluated as monotherapy and
in combination with binimetinib in class III BRAF-MT
NSCLC (NCT04800822). Information regarding these

ongoing trials is also featured in the eTable.

Combining ICIs With Targeted Therapies

The aim of combining ICIs and targeted therapies in
BRAF-MT advanced NSCLC is to achieve high response
rates (through targeted therapies) and durable responses
(through ICIs). Most of the evidence on the efficacy and
safety of the triplet therapy comes from trials in advanced
melanoma. In a phase 1 multicenter, open-label study
of 50 patients with advanced melanoma, Ribas and col-
leagues showed that durvalumab (Imfinzi, AstraZeneca)
can be safely combined with trametinib with or without
dabrafenib.’! Results from parts 1 and 2 of the COMBI-i
trial showed a promising and durable ORR (75%) and an
unreached mPFS with more than 15 months of follow-up
in 36 patients with advanced BRAF V600-MT mela-
noma treated with the triplet dabrafenib, trametinib, and
spartalizumab.’? Results of the randomized phase 3 part
of the study are awaited (NCT02967692). The results
of KEYNOTE-022, a double-blind randomized phase 2
trial of dabrafenib (150 mg twice daily) and trametinib
(2 mg daily) with pembrolizumab (2 mg/kg) or placebo
every 3 weeks in treatment-naive BRAF V600E/K-MT
advanced melanoma were recently reported.”® The trial
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did not meet its prespecified endpoint (required P value
0f .0025), as the improvement of PES in the triplet group
(n=60) was not statistically significant (16.0 vs 10.3
months; hazard ratio [HR], 0.66; P=.043). Also, there
was an unexpected 8.4% increase in the response rate in
the doublet compared with the triplet arm. This could
be explained by the imbalance in the baseline patient
characteristics as the triplet arm had a higher tumor
burden (more visceral metastases, distant metastases with
elevated lactate dehydrogenase, and metastatic sites), and
therefore a lower ORR and a poorer prognosis. The ran-
domization had been stratified for baseline lactate dehy-
drogenase levels but not for M1c stage. Nevertheless, the
median duration of response was longer in the triplet
arm than in the doublet arm, at 18.7 vs 12.5 months,
respectively. Grade 3 to 5 treatment-related adverse
events were reported in 58.3% and 26.7% of patients
receiving triplet and doublet therapies, respectively. Most
immune-related adverse events resolved with treatment
modification or discontinuation. Grade 3 or 4 increases
in aspartate aminotransferase and alanine transaminase
resolved with dose modifications. Grade 5 pneumonitis
occurred in 1 patient in the triplet group (1.7%). The
triplet arm had a worse toxicity profile; however, most
toxicities resolved after dose reduction and/or discontin-
uation of the targeted therapies and/or pembrolizumab.
RNA sequencing of biopsies showed increased CD8+ T
cells, a T cell-inflamed transcriptome as well as increased
expression of histocompatibility class I and II molecules
in patients who received triple therapy, which is concor-
dant with an enhanced immune response.”

IMspirel50 is a randomized, double-blind, place-
bo-controlled phase 3 study of vemurafenib, cobimetinib,
and either atezolizumab or placebo (added at cycle 2) in
514 patients with BRAF V600-MT advanced melanoma.
PES was significantly longer in patients who received
atezolizumab vs placebo, at 15.1 vs 10.6 months (HR,
0.78; 95% CI, 0.63-0.97; P=.025). Reassuringly, the
safety profile and treatment discontinuation rates (13%
vs 16%) were comparable in both treatment arms.*
Treatment with BRAF inhibitors results in a paradoxical
activation of cells with wild-type BRAF, including lym-
phocytes that could increase the risk of autoimmune tox-
icities.” The main concern in combining ICIs and BRAF
inhibitors is the increase in immune-related adverse
events, especially pneumonitis, which could be fatal in
NSCLC patients—who usually have pre-existing respira-
tory frailty. Indeed, the addition of ipilimumab to either
vemurafenib or dabrafenib and trametinib in melanoma
patients was quite toxic (eg, hepatotoxicity, colonic per-
foration), which led to discontinuation of both trials.>*>
Fortunately, as stated previously, MEK inhibitors block
the paradoxical activation of the MAPK pathway, thus

improving the toxicity profile when they are combined
with BRAF inhibitors with or without ICIs. Landscape
1011 is a phase 1b/2 umbrella study that is currently test-
ing (among other arms) the combination of sasanlimab,
a subcutaneously administered monoclonal antibody
that blocks the interaction between PD-1 and PD-L1/
PD-L2, with encorafenib and binimetinib in advanced
BRAF V600E-MT NSCLC (NCT04585815). B-FAST
is another ongoing trial of atezolizumab combined with
vemurafenib and cobimetinib in treatment-naive patients
with a BRAF V600 mutation as detected by 2 blood-
based NGS circulating tumor DNA (ctDNA) assays
(NCT03178552).

Liquid Biopsy in BRAF-MT NSCLC

Liquid biopsy is a simple noninvasive analysis of either
plasma circulating tumor cells, ctDNA, or other analytes.
This approach to biopsy resolves the main issues associated
with standard tissue biopsies: tissue scarcity and damage;
complications related to the intervention, especially in
older, unfit patients; and tumor heterogeneity, given that
the collected tumor cells/DNA may be derived from sev-
eral tumor sites.”? Ortiz-Cuaran and colleagues reported
the results of serial ctDNA testing before treatment with
anti-BRAF agents upon response and progression. They
detected the BRAF V600E mutation in ctDNA in 72.7%
and 54.3% of samples at baseline and at disease progres-
sion on BRAF inhibitors, respectively. Serial monitoring
of ctDNA mirrored the observed overall clinical and
radiologic tumor response. At baseline, BRAF mutations
were associated with liver and adrenal metastases. Patients
with concomitant activating mutations of FGFR2 and
CTNNBI progressed earlier while on BRAF tyrosine
kinase inhibitors. Although the reactivation of the MAPK
pathway remained the most frequently described resis-
tance mechanism, other alterations in the PI3K pathway,
as well as in IDH1, FGFR2, and CTNNBI, were found.*®
Today, real-time polymerase chain reaction and NGS are
the most commonly used methods to assess for BRAF
mutations in tissue biopsies. These methods could also be
used on ctDNA in the blood or other fluids (pleural and
cerebrospinal fluid). Despite the use of sensitive assays to
detect circulating BRAF mutations, false negatives remain
an important obstacle to the validation of liquid biopsy
as an alternative to tissue biopsy. They are mostly linked
to the variable amounts of ctDNA shed into the plasma
depending on tumor burden and location (eg, cerebral vs
noncerebral, thoracic vs extrathoracic).

Conclusion

Together with immunotherapy, precision medicine is a
g Y;
pillar of modern thoracic oncology. Twenty years after
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the initial report of the BRAF V600E mutation, patients
with BRAF-MT metastatic NSCLC have better survival
outcomes, primarily because of the combination of dab-
rafenib and trametinib in first- and later-line settings. We
still have much room for improvement, however. The rar-
ity of BRAF mutations in lung cancer, the heterogeneity
of the disease, and the retrospective design of many of the
studies explain the general lack of understanding when
it comes to BRAF-MT NSCLC, as well as the delayed
development of targeted therapies in comparison with
other driver mutations in lung cancer, such as EGFR and
ALK. The routine implementation of molecular profiling
in both early and advanced NSCLC is a must in 2022.
Large-scale analyses are needed to fully determine the
clinical and prognostic characteristics of BRAF-MT dis-
ease. Patients with BRAF-MT NSCLC should be referred
to expert centers where they can be enrolled in clinical tri-
als of new drugs and new treatment combinations. They
should also be encouraged to participate in translational
research protocols in which serial tissue and liquid biop-
sies are collected before and during treatment, including
at response and at progression.
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eTable. Ongoing Early Studies in BRAF-Mutant NSCLC

Name BRAF
(Identifier) Mutation Design Drug(s) Setting Comment Status
ENCO-BRAF BRAFVG00E | Phase 2, Encorafenib and | Pretreated and tx- Encorafenib: Recruiting
(NCT04526782) multicenter, | binimetinib naive BRAF BRAF inhibitor;
open-label, VG600E-MT NSCLC | binimetinib: MEK
multicohort inhibitor
OCEAN I BRAFVG600E | Phase 2, Encorafenib and | First- or second-line | — Not yet
(NCT05195632) multicenter, | binimetinib setting; BRAF and recruiting
single-arm MEK inhibitor—naive
LAND- BRAFVG00E | Phase 1b/2, | Substudy A: Advanced NSCLC Sasanlimab: subcu- | Recruiting
SCAPE 1011 open-label | sanlimab with with BRAF V600E taneous monoclo-
(NCT04585815) umbrella encorafenib and | mutation; any line nal antibody that
binimetinib (phase 1b); previously | targets and inhibits
untreated (phase 2) programmed death
ligand 1
(NCT03915951) | Mainly BRAF | Phase 2, Encorafenib and | First- or second-line - Recruiting
VG600E; other | open-label binimetinib setting
BRAFV600
mutations
will be
considered
(NCT05065398) | BRAF V600 Phase 2, HLX208 Pretreated BRAF HLX208: Recruiting
multicenter, V600-MT NSCLC; small-molecule
open-label BRAF and MEK BRAF inhibitor
inhibitor—naive
ENHANCE BRAF V600 Phase 1/2a | XP-102; XP-102 | Pretreated BRAF XP-102: highly Recruit-
(NCT05275374) and trametinib V600-MT cancers potent and selec- ment starts
(melanoma, colorec- tive RAF inhibitor | in 2022
tal, NSCLC, thyroid); | that binds to the
previous BRAF + DFG-out (inac-
MEK inhibitors tive) conformation
permitted of the BRAF
kinase (100x
higher potency
than vemurafenib,
does not affect
wild-type cells)
NAUTIKA1 BRAFV600 Phase 2, BRAF cohort: NSCLC stages = Recruiting
(NCT04302025) multicenter, | vemurafenib and | IB-III, neoadjuvant
multicohort | cobimetinib treatment for 8 wk,
then if pathological
response or lack of
progression, 4 cycles
of chemotherapy
followed by up to
2 y of vemurafenib
and cobimetinib
B-FAST BRAFV600 Phase 2-3, Cohort E: First-line setting, = Recruiting
(NCT03178552) multicenter, | atezolizumab, BRAF V600 mutation
global, cobimetinib, and | detected in blood
open-label, | vemurafenib
multicohort
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eTable. (Continued) Ongoing Early Studies in BRAF-Mutant NSCLC

Name BRAF
(Identifier) Mutation Design Drug(s) Setting Comment Status
(NCT04543188) | BRAFV600 Phase 1a/b, | PF 07284890 BRAFVG600-MT PF 07284890 Recruiting
multicenter, | (ARRY 461); solid tumors, (ARRY 461):
open-label PF 07284890 including NSCLC, potent, selective,
(ARRY 461) and | +/- brain involve- highly brain-pen-
binimetinib ment; prior BRAF etrant, small-mol-
inhibitor allowed ecule inhibitor
(part B cohort 3) of BRAFV600
mutations®
(NCT04190628) | BRAF V600 Phase 1, ABM-1310 (part | BRAFV600-MT ABM-1310: Recruiting
first-in- A); ABM-1310 solid tumors; highly selective
human, and cobimetinib | progressive disease or | brain-penetrant
open-label intolerance following | BRAF inhibitor
BRAF and MEK
inhibitors
(NCT02428712) | BRAF non- Phase 2a, P1LX8394 Extension cohort PLX8394: paradox | Recruiting
V600 extension 2: BRAF non— breaker
cohort 2 V600-MT solid
tumors; prior BRAF
inhibitor tx allowed
(NCT02974725) | Class I-1II Phase 1b, LXH254 and Pretreated KRAS or | LXH254: type II Active, not
multicenter, | LT'T462; BRAF-MT NSCLC | novel RAF inhib- recruiting
open-label LXH254 and or NRAS-MT itor of dimerized
trametinib; melanoma; prior tx | BRAF and CRAF
LXH254 and with BRAF/MEK as well as mono-
ribociclib inhibitors allowed meric BRAF while
for BRAFVG600-MT | largely sparing
NSCLC ARAF®; TTT462:
small-molecule
inhibitor of
ERK1/2
(NCT04913285) | Class I-11I Phase 1/1b, | KIN-2787; BRAF/NRAS-MT KIN-2787: Recruiting
In part B dose | multicenter, | KIN-2787 and advanced or meta- next-generation
expansion, open-label binimetinib static solid tumors pan-RAF
patients with small-molecule
BRAF class 1 kinase inhibitor
mutations are
excluded
(NCT04800822) | Class III Phase 1, Part 1: Part 1: BRAF PF-072284892: Recruiting
multicenter, | PF-07284892 class III-MT solid small-molecule
open-label (ARRY-558); tumors; part 3, inhibitor of SHP2
part 3, cohort 7: | cohort 7: BRAF class | that may block
PF-07284892 III-MT solid tumors | MAPK signaling
and binimetinib | previously treated
with SOC
TAPISTRY Cohort I: Phase 2, Cohort I: Cohort I: pretreated | Belvarafenib: Recruiting
(NCT04589845) | class II; global, belvarafenib; BRAF class II potent, selective
cohort J: class | multicenter, | cohort J: mutant/fusion-pos- | RAF dimer (type
111 open-label, belvarafenib itive tumors; cohort | II) inhibitor
multicohort J: pretreated BRAF
class III mutant
tumors
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eTable. (Continued) Ongoing Early Studies in BRAF-Mutant NSCLC

MUTATED NON-SMALL CELL LUNG CANCER

Name BRAF
(Identifier) Mutation Design Drug(s) Setting Comment Status
(NCT03284502) | Cohort 1, Phase 1b, Expansion Pretreated locally = Recruiting
basket: not multicenter, | cohorts 1 and 2: | advanced or meta-
specified open-label | belvarafenib and | static solid tumors
(class I); cobimetinib with RAS-MT or
cohort 2: class RAF-MT; no prior
TI-111 RAF, MEK, or ERK
inhibitor for class
[I-1II mutations
(NCT04985604) | Not specified | Phase 1b/2, | DAY101; Pretreated solid DAY101: highly Recruiting
multicenter, | DAY101 and tumors with MAPK | selective type 2
open-label, | pimasertib pathway alteration; | pan-RAF kinase
umbrella prior dabrafenib inhibitor; pima-
and trametinib or sertib: selective
vemurafenib allowed | MEK1/2 inhibitor
for BRAFVG600-MT
NSCLC
(NCT04892017) | Not specified | Phase 1, DCC-3116; Cohort 2 NSCLC DCC-3116: Recruiting
multicenter, | DCC-3116and | with KRAS, NRAS, first-in-class
open-label, | trametinib or BRAF mutation; | selective inhibitor
first-in- BRAFVG600E/K, of ULK1/2 kinases
human must have received | and autophagy™
prior SOC
RAMP202 Not specified | Phase 1b/2, | VS-6766; Pretreated VS-6766: dual Recruiting
(NCT04620330) multicenter, | VS-6766 and KRAS-MT or RAF/MEK
nonran- defactinib BRAF-MT NSCLGC; | inhibitor, vertical
domized, prior BRAF/MEK inhibition of
open-label inhibitors allowed MAPK pathway
with a single drug;
defactinib: FAK
inhibitor

ERK, extracellular signal-regulated kinase;

standard of care; tx, treatment; y, years.

MAPK; mitogen activated protein kinase; MT, mutated; NSCLC, non—small cell lung cancer; SOC,
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