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KABSTRACT

Non-small cell lung cancer (NSCLC) remains the leading cause of
cancer-related deaths globally. However, the identification of
oncogenic driver alterations involved in the initiation and mainte-
nance of NSCLC, such as epidermal growth factor receptor muta-
tions and anaplastic lymphoma kinase translocation, has led to
the development of novel therapies that directly target mutant
proteins and associated signaling pathways, resulting in improved
clinical outcomes. As sequencing techniques have improved, the
molecular heterogeneity of NSCLC has become apparent, leading
to the identification of a number of potentially actionable onco-
genic driver mutations. Of these, one of the most promising ther-
apeutic targets is B-Raf proto-oncogene, serine/threonine kinase

(BRAF). Mutations in BRAF, observed in 2%—4% of NSCLCs, typi-
cally lead to constitutive activation of the protein and, as a con-
sequence, lead to activation of the mitogen-activated protein
kinase signaling pathway. Direct inhibition of mutant BRAF and/
or the downstream mitogen-activated protein kinase kinase
(MEK) has led to prolonged survival in patients with BRAF-
mutant metastatic melanoma. This comprehensive review will
discuss the clinical characteristics and prognostic implications of
BRAF-mutant NSCLC, the clinical development of BRAF and MEK
inhibitors from melanoma to NSCLC, and practical considera-
tions for clinicians involving BRAF mutation screening and the
choice of targeted therapy. The Oncologist 2017;22:786—796

Implications for Practice: Personalized medicine has begun to provide substantial benefit to patients with oncogene-driven non-
small cell lung cancer (NSCLC). However, treatment options for patients with oncogenic driver mutations lacking targeted treatment
strategies remain limited. Direct inhibition of mutant B-Raf proto-oncogene, serine/threonine kinase (BRAF) and/or downstream
mitogen-activated protein kinase kinase (MEK) has the potential to change the course of the disease for patients with BRAF-mutant
NSCLC, as it has in BRAF-mutant melanoma. Optimization of screening strategies for rare mutations and the choice of appropriate

agents on an individual basis will be key to providing timely and successful intervention.

INTRODUCTION

The identification of actionable oncogenic driver mutations has
changed the therapeutic landscape in non-small cell lung can-
cer (NSCLC). Notably, targeted inhibitors of epidermal growth
factor receptor (EGFR; e.g., erlotinib, afatinib, and gefitinib)
and anaplastic lymphoma kinase (ALK; e.g., crizotinib, ceritinib,
and alectinib) have enhanced the survival of patients with acti-
vating mutations in EGFR and rearrangements of ALK, respec-
tively [1, 2]. Additionally, crizotinib has demonstrated clinical
activity in patients with ROSI-rearranged NSCLC and has
recently been approved by the U.S. Food and Drug Adminis-
tration (FDA) for this indication [3]. The success of these
agents has led to a paradigm shift, whereby targeted thera-
peutics have replaced platinum-based chemotherapy as the

frontline treatment for these patients with targetable driver
mutations.

As genomic sequencing techniques have improved, the
complex molecular heterogeneity of NSCLC has become more
apparent. Consequently, several novel, potentially actionable
mutations have been elucidated through the use of whole
exome sequencing, including a number of additional driver
alterations (i.e., RET rearrangement, MET exon 14 skipping
mutations, and HER2 mutations) that are under active clinical
investigation [4]. One of the most promising novel targets in
NSCLC is mutant B-Raf proto-oncogene, serine/threonine
kinase (BRAF)—a member of the mitogen-activated protein
kinase (MAPK) pathway [5]. BRAF mutations, the majority of
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Figure 1. BRAF mutations in the context of mitogen-activated protein kinase (MAPK) molecular alterations. The approximate observed
frequencies of common driver mutations in the MAPK pathway in lung cancer are shown on the left of the figure. BRAF valine at codon
600 (V600E) mutations leading to constitutive activation of BRAF are relatively rare, occurring in 1%—2% of lung cancers. For patients with
activating BRAF mutations, direct inhibition of BRAF alone or in combination with downstream MEK inhibition is currently under clinical
evaluation. Notable BRAF and MEK inhibitors under development are depicted on the right.

Abbreviations: BRAF, B-Raf proto-oncogene, serine/threonine kinase; EGFR, epidermal growth factor receptor; ERK, extracellular signal-
regulated kinase; HER2, human epidermal growth factor receptor 2; KRAS, KRAS proto-oncogene, GTPase; MEK, mitogen-activated pro-
tein kinase kinase; MET, MET proto-oncogene, receptor tyrosine kinase; NRAS, NRAS proto-oncogene, GTPase; ROS, ROS proto-oncogene

1, receptor tyrosine kinase.

which result in activation of the MAPK pathway, occur in
2%—4% of patients with NSCLC, with the most common result-
ing in a glutamate substitution for valine at codon 600 (V600E)
[1, 2, 6, 7]. Non-V600E BRAF mutations make up the remaining
BRAF mutations and may be either activating (i.e., G469A/V,
K601E, L597R) or inactivating (i.e., D594G, G466V) [8-11]. Typi-
cally, BRAF mutations are mutually exclusive from other known
oncogenic driver mutations, and, therefore, they may provide
an actionable target in a patient population with otherwise
limited therapeutic options (Fig. 1) [1, 2]. Pharmacological inhi-
bition of mutant BRAF alone or in combination with down-
stream inhibition of mitogen-activated protein kinase kinase
(MEK) has demonstrated marked efficacy in patients with
BRAF V600-mutant metastatic melanoma (MM), providing
strong rationale for the application of this strategy to BRAF
V600-mutant NSCLC [12—-15]. On the other hand, the utility of
BRAF inhibitors (BRAFi) in patients with non-V600 mutations is
not well established.

This review provides a comprehensive overview of the clini-
cal characteristics and prognostic implications for patients with
BRAF-mutant NSCLC and discusses therapeutic strategies that
leverage experience from BRAF-mutant MM. Finally, practical
considerations for oncologists will be discussed, including con-
siderations for molecular profiling and management of poten-
tial toxicities associated with targeted agents.

www.TheOncologist.com

MATERIALS AND METHODS

PubMed was searched for English-language articles published
before June 30, 2016, using the search terms “oncogene,”
“BRAF,” “epidermal growth factor receptor,” “anaplastic lym-
phoma kinase,” “non-small cell lung cancer,” “dabrafenib,”
“trametinib,” “vemurafenib,” and “melanoma.” Abstracts were
searched from recent congresses, including the American Soci-
ety of Clinical Oncology and the European Society for Medical
Oncology. Agents in clinical development were compiled
through a search of active trials on ClinicalTrials.gov.

Clinical Characteristics of Patients with BRAF-Mutant
NSCLC
Defining the clinical characteristics of patients with specific
oncogenic driver mutations can help to determine patient
selection for screening and treatment. For instance, EGFR
mutations are more frequently observed in patients with no or
light smoking history, female patients, and those with lung
adenocarcinoma, whereas ALK rearrangement is commonly
observed in younger patients and those with no history of smok-
ing [16—20]. However, the clinical characteristics of patients with
BRAF-mutant NSCLC are less well defined, perhaps due to the
lower frequency of BRAF mutations.

One characteristic associated strongly with BRAF-mutation
frequency is adenocarcinoma histology. More than 85% of
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BRAF mutations are observed in adenocarcinomas, although
they have also been reported in other histological subtypes,
including squamous cell carcinoma (SCC) and large-cell carci-
noma [1, 8, 11, 21, 22]. The association between BRAF mutation
status and patient age or sex appears to be less clear. The
median age of patients presenting with BRAF-mutant NSCLC
(=65 years) is similar to the reported median age of patients
presenting with no known actionable mutation or mutations in
EGFR or KRAS proto-oncogene, GTPase (KRAS) [1, 2, 6, 8-11,
21-23]. With respect to sex, one study [9] observed a significant
(p < .001) association between female sex and BRAF mutation
frequency; however, this result has not been confirmed in other
studies: two separate studies reported no significant sex differ-
ences between patients with BRAF-mutant NSCLC and patients
with wild-type tumors or unknown mutational status [1, 10].

Although EGFR mutations and ALK rearrangements are pri-
marily associated with no or a light history of smoking [18, 20],
several studies have shown that the majority of BRAF-mutant
patients are former or current smokers [1, 8-11, 21, 23]. How-
ever, limited evidence exists suggesting that patients with BRAF
V600E mutations may be less likely to have a smoking history
compared with those with non-V600E mutations [11]. Overall,
approximately 20%—30% of patients with BRAF-positive tumors
report no history of smoking [1, 21, 22].

Differences in the frequency of BRAF mutations based on
ethnicity have been observed in other tumor types, including a
higher incidence of BRAF-mutant colorectal cancer in patients
of Anglo-Saxon descent versus Southern European descent. In
prostate cancer, BRAF mutations have been identified in Asian
patients but not in white patients [24-27]. Data are limited in
NSCLC, but studies suggest that BRAF mutations may occur at a
lower frequency in Asian patients (0.8%—2.0%) [23, 28, 29]
compared with white patients primarily from France and the
US. (2%—4%) [1, 2]. Additionally, the proportion of BRAF-
mutant NSCLC harboring a V600E mutation appears to be lower
in Asian patients (30%—40%) compared with white patients
(~50%—-70%) [2, 8, 11, 23, 28]. Data regarding the frequency of
BRAF mutations among other ethnic cohorts are lacking and
should be a focus of future research.

Therefore, aside from adenocarcinoma histology, the clini-
cal characteristics that define patients likely to harbor BRAF
mutations are not readily apparent. As opposed to other onco-
genic mutations, mutations in BRAF occur in a more heteroge-
neous population; thus, screening for BRAF should not be
limited by factors such as age, sex, or smoking status. Addition-
ally, differences in the clinical characteristics associated with
BRAF V600E and non-V600E mutations add further complexity
to the characterization of BRAF mutations as a whole.

Prognostic Significance of BRAF Mutations

Based on current literature, the prognostic significance of BRAF
mutation positivity is not entirely clear; studies of patients with
BRAF-mutant NSCLC report largely conflicting results (Table 1).
The inconsistencies are likely the result of small patient num-
bers and patient heterogeneity across various studies.

In an Italian cohort, patients with resected BRAF V600E-
mutant lung adenocarcinoma (n = 21) had a significantly shorter
median disease-free survival (15.2 vs. 52.1 months; p < .001)
and overall survival (OS; 29.3 vs. 72.4 months; p < .001) com-
pared with patients with tumors that were BRAF wild-type

© 2017 The Authors. The Oncologist published by Wiley Periodicals, Inc. on behalf of AlphaMed Press

(n = 310). No significant difference in disease-free survival or OS
was observed between patients with and without BRAF non-
V600E mutations [9].

Conversely, other studies have demonstrated a trend
toward superior OS in patients with BRAF-mutant NSCLC com-
pared with other oncogene-driven NSCLC or wild-type tumors.
In a French cohort, the median OS for patients with stage -1V
BRAF-mutant NSCLC was 22.1 months versus 14.5 months in
patients with BRAF wild-type tumors (p = .095) [11]. Among a
cohort of patients from the U.S. with advanced lung adenocar-
cinoma, those with BRAF-mutant tumors (n = 15) had the lon-
gest OS (56 months) compared with patients with other known
oncogenic drivers or no known oncogenic mutations, although
this finding was not statistically significant [10].

Limited data are available with regard to the prognostic sig-
nificance of BRAF positivity compared with that of other
oncogene-driven NSCLCs. A study examining patients with
unresectable stage I1IB/IV BRAF V600-mutant lung adenocarci-
noma (n = 20) demonstrated a 3-year OS of 23.6% compared
with 38.1% in patients with EGFR mutations (n = 130; p = .25)
and 12.8% in patients with KRAS-mutant tumors (n = 142;
p = .12) [8]. In addition, findings from a French National Cancer
Institute study showed that patients with NSCLC with activating
BRAF mutations (n = 132) had a median OS of 13.8 months
compared with 11.7 months for patients with KRAS-mutant
NSCLC. The median OS values for patients with EGFR mutations
(not reached) or those with ALK rearrangement (20.7 months)
were much greater [1]. The above studies included heterogene-
ous groups of patients, and further studies are needed to
better elucidate the prognostic significance of BRAF-mutant
NSCLC.

While the prognostic implications of BRAF mutation remain
unclear, case reports have clearly demonstrated that durable
disease control in patients with metastatic BRAF V600E-mutant
NSCLC is possible [30, 31]. However, data from an observational
cohort in a real-world setting showed that in the second-line
setting, 57% of patients with activating BRAF mutations
received best supportive care only [1]. This observation indi-
cates that there is an unmet need in patients with BRAF-
mutant NSCLC in whom rationally designed targeted therapy
could provide benefit.

Clinical Development of BRAF and MEK Inhibitors

Melanoma

Due to the high frequency of BRAF mutations in MM (~50%),
therapeutic development of specific BRAFi (dabrafenib or
vemurafenib) and MEK inhibitors (MEKi; trametinib or cobime-
tinib) was initiated for this molecular subtype. In preclinical
models, both BRAFi and MEKi reduced extracellular signal-
regulated kinase (ERK) signaling specifically in BRAF V600E-
mutant melanoma cell lines, leading to cell cycle arrest and
apoptosis. In mouse xenograft models, these inhibitors also led
to tumor growth delay and regression [32, 33]. Additionally,
combinations of BRAFi and MEKi demonstrated synergistic anti-
tumor activity and could prevent or delay the acquired resist-
ance observed with BRAFi treatment [34, 35].

This work provided the foundation for clinical evaluation of
BRAFi, MEKi, and combination therapy in patients with BRAF
V600-mutant MM. In similar randomized phase Il trials, vemur-
afenib and dabrafenib each significantly reduced the risk of

O}rl}léologist“'



789

Baik, Myall, Wakelee

‘009 UOPOI 1e dUlleA ‘JOO9A ‘|BAIAINS 93J)-U0IsSai304d ‘Sid ‘[BAIAINS |[BIDAO ‘SO ‘42oued Sun| [|92 ||ewS-uou ‘DTISN ‘pPaydeal Jou ‘YN ‘@sed1o ‘@uas
-02U0-0104d S\YY ‘Sl ‘401dadaJ J010e) YiMou3 |ewsplda ‘Y4D3F {|BAIAINS 331)-9SBISIP ‘S4Q ‘OSeUD| Suluoalyl/aules ‘@uadoouo-ojold Jey-g Yyyg ‘eseuny ewoydwA| onsejdeue Y7y ‘ejep ou ‘— :suolleinaiqqy

"AdeJayy aulj-1sy woly S4d,
‘Ajuo suoneinw m.\_zmzt/\j
"Ajuo aseasip Al/q]1| 93e1s yum siualied 1oj umoys uosiedwo),

poLiad JeaA-T B A0 3JUBIH Ul SI9IUD 8T I
pauaaJos Ajpuinol syuafied ||e papnjoul

SiSAjeue a31elieAl}NW pue elieAlun Aq

10¢

49403130 pue ¢T0C
Adeniga4 usamiaq
J10SN ueinw-Jyyg
30 sisougelp yum
sjuanied ||e papnju|

sisougelp

J1OSN [eniul jo
QW13 WOoJj paie|ndjed
SO D1DSN ua44ndad
Jo A| 98e1s yum
sjuaned papnpu|

S90UBIBYIP

JoMqiyul 4vyg
PaAI=dal mucw_“_.ma
ueINW-{Y9 J0 %05
DIL-Y493 panIeda4
D1ISN ueINW-Y493F
yum siuaned Jo %v6

Y493 10 Sy 43yl
'SA {44 ddUdJaYIp
JuedyIudIS ou (%871

uo1}I3saJ JO dep
9y} woJy paje|nojes
SO pue s4a ‘97ISN
JO UOI3D3S3J dA[3RIND
jUaMJIapUN sjualied

Sjuswwo)

1uedylusis jJou syuaied Juelinw-4yyg Jof SO S60"=d UBdYIUSIS OU 5T "SA "SA %T°8E "SA %9°ET 100 >d
‘8'TT "SA L'0T "SA YN 'SA L'TT 'SA 8'€T SYT 'SAT'CT CS SN €Y 'SA €€ 'SA 99 19184 SO JedA-¢ YL SN E'6T syuow ‘uelpaw ‘so
100" >d
ST'L'SAG YT "SAH'ST SA €L 'SAG'L = = = ‘1°ZS "SA Z'ST :S4a SyIUOW ‘UBIPaW ‘S4d
uolleInw d1uagoouo
uoleInw d1ud30dUo ou adAy-pim Jvyg ou YTV ‘Y493 ‘Sv¥) SV adAr-pim
WV ‘4493 ‘Sv¥N SA UBINW J7yg 'SA JUeINW JYHg 'SA JUBINW J7YHE ‘4453 SN 009N HvYHg 4744 'SA J009N 1vHd (s)uosnedwo)
85 0S (37 € Al 93e1s
(esdeyau 4o ‘Al ‘111 33e3S) 98 €2 6T €2 9z 1l 23e3s
(11 pue | a3e3s) yT (11 pue | a8e3s) oz 9 9 ST Il 93e1s
- = ST LT 9s | 93e1s
— — — — Ajuo pajoasay % ‘98e3s aseasiq
— (t) 8¢ (T>)v () Lz (@) st J009A-UON
— (@) v (@) Lt (=) 9¢ (€) 1T 30097
(T) 29t (€) 08 (2) 12 (=) €9 (s) 9¢ (%) u ‘weinw Jyyg
¥99°/T 069°C 156 — 6€L u
‘|e 13 I1sajieg ‘dnoisiaiu) ‘|e 33 10ss1] AR ERATLEIINY ‘|e 19 YeANq ‘4ajua) ‘|e 12 m_BYIeN Apnis
JeI0Y] annesadoo) youaiy ‘lendsoH ‘wni}osuo) J33ue) Sulena) ‘340403 [euolINMISUI
Ayissaniun uoAy uonenp Uueo|S |eLOWdN -1I}jnw uejey

J3sue) Suny

[TT-8 ‘T] DT1DSN enw-Jyyg yum syuaied 1o ssawodino jo Alewwns *T ajqeL

© 2017 The Authors. The Oncologist published by Wiley Periodicals, Inc.

www.TheOncologist.com

on behalf of AlphaMed Press



790

Targeting BRAF-Mutant Non-Small Cell Lung Cancer

disease progression or death compared with dacarbazine in
patients with previously untreated BRAF V600E-mutant MM
(hazard ratio [HR]), 0.26 and 0.30, respectively; p < .001), clearly
demonstrating the efficacy of BRAFi in this setting [12, 13].

Despite the success of BRAFi monotherapy, 50% of the
patients treated with these inhibitors experienced disease pro-
gression within 67 months following treatment initiation [13,
36, 37]. In order to achieve complete blockade of the MAPK
pathway and reduce or delay resistance, combination BRAFi
and MEKi was evaluated. In two randomized phase Il trials, the
combination of dabrafenib plus trametinib significantly pro-
longed progression-free survival (PFS) and OS compared with
either vemurafenib monotherapy (PFS: HR, 0.61; p < .001; and
0S: HR, 0.66; p <.001) or dabrafenib plus placebo (PFS: HR,
0.67; p = .0004; and OS: HR, 0.71; p = .0107) in patients with
previously untreated, unresectable BRAF V600-mutant mela-
noma [14, 38]. The combination of vemurafenib plus cobimeti-
nib has also demonstrated enhanced OS compared with
vemurafenib monotherapy in a phase Il trial of patients with
BRAF V600-mutant MM (22.3 vs. 17.4 months; HR, 0.70;
p = .005) [39]. Across all aforementioned trials, combination
therapy was associated with a significantly higher proportion
of patients achieving a response compared with BRAFi mono-
therapy [14, 38, 39]. Based on the success of these trials, com-
binations of BRAFi and MEKi have become the standard of
care for patients with BRAF V600-mutant MM. The experience
from clinical trials in melanoma provided the proof of concept
that BRAF mutations are actionable targets for therapeutic
intervention.

Metastatic NSCLC

Although only 2%—4% of patients with NSCLC harbor a BRAF
mutation, the vast number of patients each year with a diagno-
sis of NSCLC suggests that the BRAF-mutant subgroup could
represent a substantial number of patients for whom effective
treatment options may be lacking. Evidence from preclinical
evaluation suggests that, as in BRAF-mutant melanoma, inhibi-
tion of BRAF or MEK alone is sufficient to induce cell cycle
arrest and apoptosis in BRAF V600E-mutant NSCLC cell lines.
Furthermore, the combination of BRAFi and MEKi has demon-
strated synergistic enhancement of apoptosis compared with
either agent alone [40].

In an analysis of primarily (86%) previously treated patients
with advanced-stage, BRAF-mutant (83% V600E) NSCLC who
received BRAFi therapy (sorafenib [n = 1], vemurafenib [n = 29],
or dabrafenib [n = 9]) outside of a clinical trial setting, the overall
response rate (ORR; complete response [CR] + partial response
[PR]) was 53%, and the disease control rate (DCR; CR + PR +
stable disease [SD]) was 85% [41]. Patients had a median PFS of
5.0 months and a median OS of 10.8 months.

The initial report of BRAFi therapy in patients with BRAF-
mutant NSCLC from any prospective clinical trial came from a
cohort of patients treated with vemurafenib as part of a basket
trial [42]. Twenty patients with BRAF-mutant NSCLC (90%
V600E) were enrolled. The median age was 61 years, the major-
ity of patients were male (70%), and nearly all had received
one or more prior systemic therapies (95%). Among the 19
patients with one or more post-baseline assessments, the ORR
was 42% (all PRs), and an additional eight patients had SD for a
DCR of 84%. Notably, responses in this trial did not require a

© 2017 The Authors. The Oncologist published by Wiley Periodicals, Inc. on behalf of AlphaMed Press

second post-baseline scan for confirmation. The median PFS
was 7.3 months (95% confidence interval [CI], 3.5-10.8
months), and the 12-month OS was 66% (95% Cl, 36%—85%).
Nearly all patients (95%) experienced at least one adverse
event (AE), including rash (65%), photosensitivity (25%), and
cutaneous SCC (35%).

Evaluation of dabrafenib in patients with BRAF-mutant
NSCLC is also under way in an open-label, multicohort phase Il
trial (BRF113928; NCT01336634). Cohort A of this trial was des-
ignated for evaluation of the clinical activity of dabrafenib
monotherapy, primarily in patients with previously treated
BRAF V600E-mutant NSCLC [22]. In cohort B, the combination
of dabrafenib plus trametinib was investigated in patients with
BRAF V600E-mutant NSCLC who had received one or more
prior platinum-based chemotherapies [43]. Cohort C is ongoing
and is designated for evaluation of the clinical activity of dabra-
fenib plus trametinib in patients with no prior systemic therapy.

Patients in cohort A (previously treated; n=78) had a
median age of 66 years, 50% were male, and the majority were
white (76%); 79% had an Eastern Cooperative Oncology Group
(ECOG) performance status (PS) >1, 96% had adenocarcinoma
histology, and 63% were current or former smokers. The
investigator-assessed confirmed ORR was 33% (all PRs), with a
DCR of 58%. Responses were durable, with a median duration
of response (DOR) of 9.6 months (95% Cl, 5.4-15.2 months)
and a median PFS of 5.5 months (95% Cl, 3.4-7.3 months). The
median OS was 12.7 months (95% Cl, 7.3—16.9 months).

Notably, the safety profile of dabrafenib monotherapy in
this cohort was similar to that of clinical experience in mela-
noma. Nearly all patients (99%) experienced one or more AEs.
The most common AEs (>30%) were pyrexia (36%), asthenia
(30%), and hyperkeratosis (30%). The most common serious
AEs were pyrexia (6%), decreased ejection fraction (2%), and
pneumonia (2%). The development of cutaneous SCC was
observed in 12% of patients. AEs led to dabrafenib discontinua-
tion in 6% of patients and dose interruption in 43%; however,
the majority of patients received the intended daily dose of the
drug. One patient receiving a factor Xa inhibitor died from an
intracranial hemorrhage that was deemed by the investigator
to be related to dabrafenib treatment. Despite a high propor-
tion of patients experiencing AEs, dabrafenib appears to have a
manageable safety profile, with low rates of serious AEs.

While BRAFi demonstrated clinical activity in patients with
BRAF-mutant NSCLC, the response rates were modest com-
pared with the >50% response typically observed with tar-
geted therapies in other oncogene-driven NSCLCs [44-46].
Furthermore, nearly 30% of patients treated with dabrafenib
monotherapy in BRF113928 cohort A had disease progression as
their best response [22]. These data suggest that more potent
inhibition of the MAPK pathway could provide additional benefit
in this treatment setting.

Cohort B of the BRF113928 trial evaluated the clinical activ-
ity and safety of combination dabrafenib plus trametinib in
patients with previously treated BRAF V600E-mutant meta-
static NSCLC [43]. Of 57 previously treated patients, 51% were
male, and the majority were white (86%); 70% had an ECOG PS
>1, 98% had adenocarcinoma histology, and 72% were former
or current smokers. Thirty-eight (67%) of the 57 patients had
received one prior treatment, and 19 (33%) had received 2—-3
prior treatments. By investigator assessment, two patients had
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Table 2. Clinical activity of targeted therapy in BRAF-mutant metastatic non-small cell lung cancer

Clinical activity Vemurafenib? Dabrafenib Dabrafenib + trametinib
Overall response rate, % 42 33 63
Complete response 0 0 4
Partial response 42 33 60
Disease control rate,b % 84 58 79
Stable disease® 42 24 16
Median DOR, months NR 9.6 9.0¢
Median PFS, months 7.3 5.5 9.7

FResponses did not require second post-baseline scan for confirmation.

PDisease control rate is defined as complete response + partial response + stable disease.
‘Includes patients with a response of stable disease at week 8 for vemurafenib or at least 12 weeks for dabrafenib and dabrafenib + trametinib.

“Half of responses were ongoing at data cutoff.

Abbreviations: DOR, duration of response; NR, not reported; PFS, progression-free survival.

Table 3. Common grade 3/4 adverse events with vemurafenib, dabrafenib, and dabrafenib plus trametinib

Vemurafenib Dabrafenib Dabrafenib + trametinib

Adverse events, n (%) (n=20) (n=84) (n=57)
Neutropenia — — 5(9)
Hyponatremia — 2(2) 4(7)
Anemia — 2 (2) 3 (5)
Asthenia — 4 (5) 2(4)
Dyspnea 3 (15) 2(2) 2 (4)
Hypertension 3 (15) 1(1) 2 (4)
Squamous cell carcinoma 7 (35) 10 (12) 2 (4)
Basal-cell carcinoma — 4 (5) 1(2)
Fatigue 4 (20)° 1(1) 1(2)
Hypophosphatemia — 3(4) 1(2)
Pyrexia 0 2(2) 1(2)
Anxiety — 2(2) —
Decreased appetite 2 (10) 1(1) 0
Headache — 2(2) 0
Palmar-plantar erythrodysesthesia syndrome — 2 (2) —
White blood cell count increased - 2(2) -

Includes fatigue, asthenia, and cachexia.
Abbreviation: —, not reported.

a CR, and 34 patients had a PR, for an ORR of 63% (95% Cl,
49%—76%). The DCR was 79% (95% Cl, 66%—89%), with 9
patients having prolonged SD (defined as SD for >12 weeks).
The median DOR was 9.0 months (95% Cl, 6.9-18.3 months),
although this result could be an underestimation, as 50% of
responses were ongoing at data cutoff. Patients receiving dab-
rafenib plus trametinib had a median PFS of 9.7 months (95%
Cl, 6.9-19.6 months). OS data were immature, however; 82%
of patients were alive 6 months after the start of therapy. This
trial was not designed for active comparison across cohorts,
and such comparisons should be interpreted with caution.
However, the data with combination therapy in cohort B
appear to compare favorably with the monotherapy data for
vemurafenib or dabrafenib, as outlined in Table 2.

The combination was tolerable, with a safety profile similar
to that observed in patients with MM treated with dabrafenib
plus trametinib [14]. AEs led to permanent discontinuation,
dose interruption, and dose reduction in 12%, 61%, and 35% of
patients, respectively. When compared indirectly, the incidence
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of pyrexia observed in this cohort (46%) [43] was higher than
that observed with dabrafenib monotherapy (36%) [22]. How-
ever, the incidence of cutaneous SCC was 4% with dabrafenib
plus trametinib versus 12% with dabrafenib monotherapy [22,
43]. A comparison of grade 3/4 AEs for BRAFi monotherapy ver-
sus dabrafenib plus trametinib is presented in Table 3. Four
patients died due to serious AEs in this cohort, but no deaths
were determined to be related to the study drugs.

Cohort C is evaluating the combination of dabrafenib plus
trametinib in patients with previously untreated BRAF V600E-
mutant metastatic NSCLC. In addition, studies evaluating a
number of BRAFi and MEKi in patients with BRAF-mutant
NSCLC or in patients with a range of BRAF-mutant solid tumors
are ongoing (Table 4).

Acquired Resistance to BRAF/MEK-Targeted Therapy

Although a high rate of response and low rate of primary resist-
ance has been observed in patients with BRAF V600E-mutant
NSCLC treated with BRAFi alone or in combination with MEKi,

© 2017 The Authors. The Oncologist published by Wiley Periodicals, Inc.
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Table 4. Trials evaluating targeted therapies in BRAF-mutant non-small cell lung cancer

Development ClinicalTrials.gov

Agent(s) Mechanism of action phase Sponsor identifier

Dabrafenib + trametinib BRAF + MEK inhibitor Phase Il Novartis NCT01336634
Vemurafenib BRAF inhibitor Phase Il Genentech NCT01524978
Selumetinib MEK inhibitor Phase Il National Cancer Institute NCT01306045
Binimetinib MEK inhibitor Phase Il Novartis NCT02276027
PLX8394 BRAF inhibitor (paradox breaker) Phase I/l Plexxikon NCT02428712
RXDX-105 BRAF, RET, CSF-1 inhibitor Phase I/Ib Ignyta NCT01877811
LXH254 + LTT462 Pan-RAF inhibitor + ERK inhibitor Phase Ib Novartis NCT02974725
AUY922 Heat shock protein 90 inhibitor Phase Il National Taiwan NCT01922583

University Hospital
Regorafenib Multikinase inhibitor Phase Il Sarah Cannon Research NCT02795156

Institute Development
Innovations, LLC

Abbreviations: BRAF, B-Raf proto-oncogene, serine/threonine kinase; CSF-1, colony stimulating factor 1; ERK, extracellular signal-regulated kinase;

MEK, mitogen-activated protein kinase kinase.

acquired resistance eventually ensues. Recently, mechanisms
mediating acquired resistance to BRAFi via reactivation of
MAPK pathway signaling have begun to emerge. Continuous
treatment of a human BRAF V600E-mutant NSCLC cell line with
vemurafenib resulted in development of acquired resistance
mediated at least partially through two discrete mechanisms:
(a) loss of full-length BRAF V60OE in concert with expression of
a truncated form of the mutant protein or (b) enhanced EGFR
signaling through autocrine activation induced through BRAF-
independent c-Jun signaling [47]. Notably, resistance mediated
through expression of a BRAF V600E splice variant has been
shown to be prevented through combined BRAF and MEK inhi-
bition or use of second-generation BRAFi such as PLX8394 [47,
48]. Determining mechanisms of resistance and targeted strat-
egies should be an area of focused research over the coming
years and has the potential to vastly improve the outcomes in
patients in this setting.

Notably, resistance mediated through expression of a
BRAF V600E splice variant has been shown to be pre-
vented through combined BRAF and MEK inhibition
or use of second-generation BRAFi such as PLX8394.
Determining mechanisms of resistance and targeted
strategies should be an area of focused research over
the coming years and has the potential to vastly
improve the outcomes in patients in this setting.

Practical Considerations

Identification of BRAF-Positive Patients

The discovery of oncogenic driver mutations in NSCLC and the
development of targeted therapeutics have revolutionized the
treatment of these patients. However, the complex molecular
heterogeneity of the disease has also created a challenge for
oncologists in selecting the optimal method for mutational test-
ing so that clinically relevant information can be obtained in a
timely manner, especially with limited biopsy samples. Cur-
rently, patients with newly diagnosed adenocarcinoma routinely

© 2017 The Authors. The Oncologist published by Wiley Periodicals, Inc. on behalf of AlphaMed Press

undergo molecular testing for the presence of activating EGFR
mutations and ALK and ROS1 translocations, as there are effec-
tive targeted therapies approved by the FDA for patients with
these genetic alterations. However, no consensus currently
exists as to how testing should be conducted, with some clini-
cians opting for sequential testing and others testing for all three
alterations simultaneously [49]. Sequential testing, which often
starts with EGFR testing and continues to ALK and ROS1 assess-
ment if a patient is EGFR-mutation-negative, may be more cost
effective, but it is more likely to lead to problems due to insuffi-
cient tissue and delays in identifying the other, less common
genetic alterations. Furthermore, as the number of actionable
genetic alterations increases, including BRAF mutations, sequen-
tial testing will further increase these challenges. Due to these
limitations, a recent survey of National Cancer Institute centers
found that the majority perform concurrent upfront testing of
multiple mutations despite higher associated costs [50].

Multiplex testing will likely be the most efficient method to
simultaneously test for actionable targets, particularly as more
clinically relevant targets (e.g., MET, RET, HER2) are identified.
Multiplex testing, such as next-generation sequencing recom-
mended by the National Comprehensive Cancer Network
guidelines in NSCLC [50], has the ability to detect multiple
markers using a single sample [51]. Furthermore, it allows for
the best systematic identification of rare mutations that might
otherwise go undetected. Current barriers to broad integration
of multiplex testing into clinical application include challenges
related to heterogeneity of available assays, variable levels of
clinical validation, and reimbursement for the assays. Further
consensus on the clinical value and cost effectiveness of multi-
plex testing will help to ensure broader coverage and facilitate
more widespread clinical integration [52].

Liquid biopsy methods could also change the landscape of
molecular profiling in NSCLC by allowing for examination of cir-
culating tumor cells, circulating tumor DNA (ctDNA), circulating
RNA, or microRNAs [53]. Liquid biopsies have the potential to
address the limitations on the number of tests that could be
performed due to scarce biopsy samples. Because acquired
resistance is often observed with most targeted therapies, liquid
biopsy methods could also be used to evaluate resistance muta-
tions and potentially avoid repeat biopsies in some patients.
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Dose Reduction

Vemurafenib Dabrafenib
(Recommended dose 960 mg BID)*

“@ 720 mg BID

y Doses <480 mg
not recommended

(Recommended dose 150 mg BID)*

f@ 100 mg BID

@ 50 mg BID

Trametinib
(Recommended dose 2 mg QD)®

Discontinue
trametinib

Figure 2. Recommended dose reduction steps due to adverse events (AEs). °Dose interruptions are generally due to grade 3 toxicity, and
dose reductions occur upon reinitiation of treatment when AEs resolve to grade 1 or baseline levels. ®Doses for combination dabrafenib
plus trametinib are the same as for monotherapy. If dose reduction is necessary, the drug most likely to be contributing to the AE should

be reduced in the same manner as monotherapy.
Abbreviations: BID, twice daily; QD, once daily.

Additionally, on-treatment monitoring of BRAF-mutant allele
fraction has the potential to measure depth of response (i.e.,
identification of residual disease) and provide early indication
of progression as has been observed in other malignancies,
including BRAF-mutant melanoma [54, 55]. Currently, several
ctDNA assays that are likely to expand in usage are undergoing
clinical validation [56, 57]. However, it is important to recognize
the limited sensitivity and specificity of these assays and limited
clinical data in resistance settings [57, 58]. The use of ctDNA is
unlikely to replace tumor biopsies, but it may be an important
adjunct to current modalities for molecular testing.

Because acquired resistance is often observed with
most targeted therapies, liquid biopsy methods could
also be used to evaluate resistance mutations and
potentially avoid repeat biopsies in some patients.

Potential Choice of Targeted Therapy in BRAF-Mutant
NSCLC
With limited data and no head-to-head comparisons, a conclu-
sion cannot be definitively reached regarding the optimal ther-
apy in BRAF-mutant patients, and, as of the time of writing, no
targeted therapies are approved by the FDA for use in this indi-
cation. Consistent with results from randomized trials in mela-
noma [14, 15], the ORR and PFS were numerically higher in
patients treated with dabrafenib plus trametinib [43] compared
with either dabrafenib [22] or vemurafenib [42] monotherapy.
However, in the absence of a randomized comparison in NSCLC,
the potential choice among clinically active agents (vemurafenib,
dabrafenib, or dabrafenib plus trametinib) could reasonably be
guided by patient comorbidities and tolerability of these agents.
Although the toxicities associated with vemurafenib and
dabrafenib are largely overlapping, there are notable excep-
tions associated with each agent. For instance, vemurafenib is
associated with phototoxicity that is thought to be related to
its chemical structure [59]. On the other hand, dabrafenib has
been associated with an increased incidence of pyrexia poten-
tially related to off-target effects of a dabrafenib metabolite
[60]. Notably, the combination of dabrafenib plus trametinib

was not associated with any new safety signals, but it may
increase or decrease the incidence and severity of a number of
notable BRAFi- or MEKi-related AEs. The rate and severity of
pyrexia and some gastrointestinal toxicities were higher with
dabrafenib plus trametinib versus dabrafenib monotherapy.
Conversely, the incidence of a number of cutaneous AEs, partic-
ularly development of SCC, was reduced with combination
therapy due to blockade of paradoxical MAPK activation in
BRAF wild-type cells through MEK inhibition (Table 3) [14].

The extensive experience with BRAFi and MEKi in mela-
noma has provided a wealth of information on how to properly
manage common toxicities associated with these regimens.
Typically, AEs can be managed through dose interruption or
reduction without the need for permanent discontinuation of
therapy. Dose reduction steps for BRAFi and MEKi derived from
experience in melanoma are outlined in Figure 2. Comprehen-
sive guidelines for management of BRAFi- and MEKi-associated
toxicities for patients with melanoma have been previously
published and should help to inform thoracic oncologists who
may not be familiar with these AEs [61, 62].

The use of targeted inhibition in the treatment of BRAF-
mutant NSCLC has garnered deserved enthusiasm. However,
ongoing research will likely focus on optimization of targeted
strategies and enhancement of the risk-benefit profile of agents
in this setting. These efforts may be served by evaluating strat-
egies with a clear rationale in other BRAF-mutant tumors. For
instance, in some BRAF-mutant melanomas, resistant cells can
become reliant on continued BRAFi treatment for their sus-
tained proliferation [63]. This has led to the evaluation of inter-
mittent dosing strategies in patients with BRAF-mutant
melanoma, with the intended goal of providing sustained
tumor regression and avoiding undue toxicity from continuous
drug exposure. There are case reports of prolonged disease
control using intermittent dosing [64], and the clinical utility of
this strategy in patients with melanoma is being evaluated in a
randomized phase Il trial comparing the efficacy of continuous
versus intermittent dabrafenib and trametinib (NCT02196181)
that should provide evidence pertaining to clinical feasibility.

Potential lessons could be learned from the treatment of
BRAF-mutant colorectal cancer as well. BRAF-mutant colorectal
cancers have demonstrated marked resistance to BRAFi that is
driven, at least in part, through EGFR-mediated reactivation of
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MAPK pathway signaling [65]. In an effort to overcome this
resistance, triple combination of BRAFi plus MEKi plus EGFR
tyrosine kinase inhibitors is currently under evaluation in
patients with BRAF-mutant colorectal cancer (NCT01750918).
Preclinical data suggest that this strategy may have utility in
patients with NSCLC, as acquired resistance to PLX8394 could
be prevented by upfront combination with EGFR or mTOR inhib-
itors [48].

Treatment Approaches in Patients with Non-V600E
Mutations

Approximately half of all patients with BRAF-mutant NSCLC
present with non-V600E mutations [8-11]. However, efforts
targeting BRAF-mutant NSCLC to date have almost exclusively
focused on patients with V600E-mutant disease. In the study
by Gautschi et al., a total of six patients with non-V600E muta-
tions were enrolled (G466V, G469A, G469L, G596V, V600K,
K601E) [41]. One patient with a G596V mutation experienced a
PR with vemurafenib therapy.

Although clinical data are limited among patients with non-
V600E mutations in NSCLC, combination of dabrafenib plus tra-
metinib has demonstrated antiproliferative and proapoptotic
effects in cell lines harboring both activating and inactivating
BRAF non-V600 mutations [66]. Additionally, PLX8394 has dem-
onstrated preclinical activity in both V600E and non-V600E lung
adenocarcinoma models [48].

Similarly, clinical activity of targeted therapy in patients with
non-V600E mutations has been observed in patients with MIM.
For example, trials in melanoma evaluating combination tar-
geted therapy have routinely included patients with BRAF V600E
or V600K mutations. These trials have demonstrated similar
response to combination therapy between genotypes [67, 68]
and a similar survival benefit compared with BRAFi monother-
apy in patients with V600E and V600K mutations [14, 39]. Muta-
tions other than V600E/K are rare in patients with melanoma;
however, clinical activity (five of six patients with a clinical
response with BRAFi monotherapy) has been observed in a lim-
ited sample of patients with BRAF V600R mutations as well [69].

Due to the large proportion of non-V600E mutations in
patients with NSCLC and the as yet unknown clinical activity of
targeted BRAF and MEK inhibition in these patients, additional
clinical investigation of BRAFi alone or in combination with
MEKi and other therapeutic strategies in this setting is war-
ranted. Several trials are currently ongoing to evaluate novel
strategies in patients with BRAF-mutant NSCLC, including
patients with non-V600E mutations. These trials include evalua-
tion of combined pan-RAF inhibitor (LXH254) + ERK inhibitor
(LTT462; NCT02974725), heat shock protein 90 inhibitor
(AUY922; NCT01922583), MEKi (AZD6244; NCT01306045), and
multikinase inhibitor (regorafenib; NCT02795156).
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Implications for Practice:

The identification of oncogene-addicted cancers and specific inhibitors has revolutionized non-small cell lung cancer (NSCLC) treat-
ment and outcomes. One of the most commonly mutated genes in adenocarcinoma is KRAS, found in approximately 30% of lung
adenocarcinomas, and thus it is an appealing target for new therapies. This review provides an overview of the KRAS pathway and
related targeted therapies under investigation in NSCLC. Some of these agents may play a key role in KRAS-mutant NSCLC treatment

in the future.
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