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Abstract

Identifying the presence or absence of a BRA mutation is paramount for the management of patients with meta-
static colorectal cancer (mCRC) as there are distinct predictive and prognostic implications, as well as unique therapeutic
approaches for this molecular subtype. Traditional cytotoxic doublet chemotherapy has historically been ineffective for
this poor prognostic group, thereby highlighting the critical need for novel targeted therapies to drive management. Unlike
the early success achieved with BRAF-inhibitor monotherapy for patients with BRAF"5%E_mutated metastatic melanoma,
response rates were found to only be 5% in early-phase clinical trials for patients with BRAF'9%E mCRC. A deeper under-
standing of predominant resistance mechanisms in BRAF"5"’E mCRC after exposure to BRAF inhibition has resulted in inno-
vative combinatorial approaches targeting the mitogen-activated protein kinase (MAPK) pathway, revitalizing the treatment
portfolio for these patients. Of note, in recent years non-V600 BRAF mutations have been appreciated as a distinct molecular
subset in mCRC, representing 2—4% of patients with a unique clinical presentation and complex signaling biology. These
mutations, referred to as “atypical” BRAF mutations, warrant individual clinical investigation and demand innovative drug
development that leverages known signaling class biology. Here, we summarize the current molecular and clinicopatho-
logic understanding of BRAF"5%F mCRC, as well as the landmark clinical trials that have led to successful targeted therapy
for this historically aggressive subtype of colorectal cancer. Additionally, we briefly describe the current understanding of
patients with atypical BRAF mutations, highlighting the importance of continued research efforts to appropriately treat this
evolving subset of BRAF mutations.
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1 Unique Clinical, Pathologic, and Molecular
Features of the BRAF Mutation

Colorectal cancer (CRC) remains the fourth most com-
mon cancer diagnosis and the second most common cause
of cancer-related deaths in the USA [1] Due to the limita-
tions of early detection, variability of clinical presentation
and an increased incidence of young-onset disease, many
patients present with metastatic disease not amenable to
curative resection. Underlying innate chemotherapy resist-
ance and rate of progression are intimately related to the
unique molecular subtype of CRC, therefore a biomarker-
driven clinical (prognostic, predictive) and research (novel
targets) focus represents the best path forward to enhance
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patient outcomes [2]. CRC develops from normal colon tis-
sue after numerous epigenetic and genetic aberrations occur
[3]. In metastatic colorectal cancer (mCRC), approximately
7-10% of patients carry a BRAFV*F mutation, and this
molecular subset is associated with a poor prognosis [4-6].
Of note, recent population-based data suggests an increased
prevalence with worse outcomes than previously reported
for patients with BRAF"5"F when compared to the academic
series [7].

BRAF is a serine threonine kinase downstream of RAS
that results in RAS-independent mitogen-activated protein
kinase (MAPK) pathway activation, promoting tumor cell
proliferation, colorectal cancer metastases, and survival [8].
The most common BRAF mutation occurs at codon 600 with
a valine to glutamic acid change (c.1799T>A or p.V600E),
resulting in downstream phosphorylation of MEK and ERK
kinase with resultant constitutive activation of MAPK sign-
aling, mutually exclusive from RAS [9, 10]. Atypical, non-
V600 BRAF (aBRAF) mutations that occur outside of codon
600 are less common and represent approximately 2-4% of
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Identification of the BRAF mutation status in patients
with newly diagnosed metastatic colorectal cancer is
critical for the optimal management and appropriate
sequencing of chemotherapy and biologic treatment
options.

Doublet biologic therapy with a BRAF inhibitor in com-
bination with an EGFR antibody is now standard of care
for patients with previously treated BRAF"°*’E-mutant
metastatic colorectal cancer based on results of the phase
IIT BEACON CRC study.

Patients with atypical BRAF (non-V600) mutations have
a distinct subset of metastatic colorectal cancer reflecting
an unmet need that warrants continued research efforts to
discover novel therapies.

mCRCs [11]. These aBRAF mutations can be further char-
acterized into class II or class III designations based on their
underlying signaling biology [12] (Fig. 1). Class Il aBRAF
mutants signal via constitutive dimers and are RAS-inde-
pendent, suggesting resistance to traditional BRAF mono-
mer inhibitors such as vemurafenib with possible sensitiv-
ity to novel RAF dimer or MEK inhibitors [12]. Class III
aBRAF mutants are kinase-dead and associated with RAS
activation via receptor tyrosine kinase signaling, suggest-
ing potential sensitivity to epidermal growth factor receptor

inhibition (EGFR) in some cases, although recent data have
suggested limitations to this approach [12-14].

Patients with BRAF"*°E mCRC have a characteristic clin-
icopathologic profile of female preponderance; elderly age at
diagnosis; right-sided primary tumors; high-grade mucinous
histology; T4 tumors; increased incidence of peritoneal,
brain, lymph node, and bone metastases; and an estimated
20-30% of patients with an associated sporadic microsatel-
lite instability high (MSI-H) phenotype [15-19]. Of note, the
latter is distinct from Lynch syndrome and reflects somatic
hypermethylation of the MLH1 promoter yielding a non-
hereditary MSI-H [16]. Additionally, BRAF"5?F mutations
are associated with high mutation burden and a CpG island
methylator phenotype (CIMP) [20]. CRC has been more
recently described by gene expression profiles as consen-
sus molecular subtypes [21]. BRAF"5%E mCRC are asso-
ciated with consensus molecular subtype 1 (CMS1), with
noted overlay between characteristics of this subtype and
BRAF"5%F mutations [21]. Similar to MSI-H tumors, CMS1
CRC are associated with significant immune-cell infiltra-
tion and activated immune-response pathways manifested
by increased cytotoxic T-cells, natural killer cells, and type
1 helper T cells [21, 22]. Furthermore, BRAF*%E tumors
arise from a distinct biologic pathway known as the sessile
serrated adenomatous pathway, characterized by the BRAF
mutation, MLH1 hypermethylation, MAPK pathway muta-
tions, and MSI-H features [23, 24].

In contrast to BRAF wild-type and aBRAF mCRC,
patients with BRAF"9°E mCRC have an extremely poor
prognosis and innate resistance to standard chemotherapy.

| class1(BRAFVS) Class Il (aBRAF ""v609) | Class 11l (aBRAF nonV600)

Structure BRAF monomer
RTK (EGFR) Dependency No
Kinase activity High
EGFRi sensitivity No

BRAFi, EGFRi, +/- MEKi
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Fig. 1 Distinct signaling mechanisms of BRAF mutants
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While acknowledging ascertainment bias, our MDACC
experience has been in line with previously published
trends with the median overall survival (OS) for patients
with BRAFV®%E mCRC being significantly shorter com-
pared to patients with aBRAF and BRAF wild-type mCRC
(21 months vs. 36.1 and 42.3 months, respectively) [14, 19,
25, 26]. Although BRAF"5%E is associated with wild-type
RAS, numerous studies have suggested BRAF"5%F muta-
tions likely represent a negative predictive biomarker to
EGFR inhibition alone or in combination with chemotherapy
[6, 27]. Additionally, quality-of-life metrics for BRAF"6%0F
patients have been shown to be worse when compared to
those with BRAF wild-type disease, highlighting the need
for uniquely tailored therapeutic approaches for this subset
of mCRC [28]. Considering the prognostic, predictive, and
clinical implications of BRAF"?F mutations in CRC, the
National Comprehensive Cancer Network (NCCN) recom-
mends screening be performed for all patients with mCRC
upon initial diagnosis [29, 30].

2 Treatment Challenges in the Management
of Patients with BRAFV5°° mCRC

Due to the inherent chemotherapy-refractory nature of
BRAFY®*"E mCRC, patients are unable to benefit from
exposure to subsequent lines of doublet chemotherapy as
routinely offered to those with less aggressive disease, such
as RAS/BRAF wild-type mCRC patients. In fact, the 5-year
OS for all patients with stages I-IV BRAF"*?F is noted to
be 47.5% compared to 60.7% for patients with BRAF wild-
type cancers [31]. In the stage III adjuvant arena, patients
with BRAFV0%E CRC experience a truncated progression-
free survival (PFS) and worse overall survival after recur-
rence [32, 33]. Such short treatment-free intervals after
recent exposure to oxaliplatin-based adjuvant therapy may
further impact the efficacy of first-line metastatic treatment.
Additionally, historical data has revealed that the median
PFS is approximately 2.5 months among patients receiving
second- and third-line therapy [6]. Therefore, initial treat-
ment decision-making remains critical for patients with
metastatic disease. Considering the limitations of traditional
doublet chemotherapy, it is rational to explore an intensi-
fied approach utilizing up-front triplet chemotherapy with
fluorouracil, oxaliplatin, and irinotecan (FOLFOXIRI) in
combination with bevacizumab for BRAF"5%E mCRC. The
TRIBE study evaluated FOLFOXIRI + bevacizumab versus
FOLFIRI + bevacizumab for treatment-naive mCRC [34].
The study met its primary endpoint of PFS with a reported
2.4-month benefit for all patients who were exposed to the
triplet regimen compared to the doublet. In a subgroup anal-
ysis of the 28 enrolled BRAF"5%F patients, there was a trend
towards survival benefit for the 16 patients randomized to the

FOLFOXIRI + bevacizumab (19 months vs. 10.7 months,
hazard ratio [HR], 0.55) arm [34]. Although the data did not
reach statistical significance due to the small sample size, it
is supportive of the use of FOLFOXIRI plus bevacizumab as
first-line therapy for BRAF"*’E mCRC. As such, for patients
with adequate performance status, triplet chemotherapy in
combination with bevacizumab is a viable up-front choice
of treatment.

However, there are obvious clinical limitations to the
widespread application of FOLFOXIRI plus bevacizumab
for all patients with BRAF "5’ mCRC. Most notably, inten-
sified chemotherapy would be difficult for elderly patients,
those with residual peripheral neuropathy, those with poor
performance status, those with recent progression on adju-
vant chemotherapy, and patients with inherent intolerability
to traditional chemotherapy. A previously published meta-
analysis of BRAF"5%E mCRC patients enrolled in three
randomized clinical trials (STEAM, TRIBE, CHARTA)
revealed no significant difference in terms of PFS between
triplet versus doublet chemotherapy in combination with
bevacizumab [35]. Furthermore, recently presented meta-
analysis data that included the previously mentioned stud-
ies as well as the OLIVIA and TRIBE2 studies evaluated
the benefit on OS depending on which first-line option was
utilized—triplet chemotherapy plus bevacizumab versus
doublet chemotherapy plus bevacizumab [36]. While sur-
vival benefit with intensified chemotherapy was noted for all
patients with unresectable mCRC, subgroup analysis of the
115 BRAF"5%E mCRC patients revealed no additional ben-
efit was achieved from intensification of the chemotherapy
backbone, thereby not confirming the previously reported
signal noted in the TRIBE study [36]. A population-based
study revealed that only 60% of patients with BRAF"5%F
mCRC receive systemic therapy, with only 26% moving on
to second-line treatment [7]. Considering the current treat-
ment sequence in the management of BRAF'*"’F mCRC,
this highlights the need for exposure to more effective
regimens early on and the unmet need for a personalized
approach to be deployed in the first- line setting. To that
effect, ANCHOR-CRC, is an ongoing phase II study investi-
gating the efficacy of a triplet-targeted therapeutic approach
utilizing encorafenib (BRAF inhibitor), binimetinib (MEK
inhibitor), and cetuximab (EGFR inhibitor) for treatment-
naive BRAFVE mCRC patients (NCT03693170). This
study has a two-stage design with a plan to enroll 95 total
patients. Initial data from 40 patients in stage 1 have been
presented in abstract form [37]. The primary endpoint of
this study is overall response rate (ORR) with secondary
endpoints of PFS, OS, safety, and quality of life. Response
rates (RRs) were reported at 50% with a median PFS (mPFS)
of 4.9 months [37]. These data are encouraging considering
use of targeted therapy alone; however, in light of historical
outcomes with doublet and triplet chemotherapy reported
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from BRAFV"’E_subgroup analysis in the TRIBE first-line
mCRC study (mPFS of 5.5 and 7.5 months, RR 42 and 56%,
respectively), a subsequent head-to-head trial is necessary to
establish a new standard of care [34]. BREAKWATER is a
planned phase III frontline BRAF"*°’E MSS/pMMR mCRC
study (n=2870 patients) that will compare two arms of
encorafenib in combination with cetuximab with or without
chemotherapy (FOLFOX, FOLFIRI) to a physician’s choice
control arm of FOLFOX, FOLFIRI, FOLFOXIRI, CAPOX,
+ anti-VEGF antibody with primary endpoints of PFS and
secondary endpoints of OS.

Along with intrinsic resistance to standard 5-FU based
chemotherapy, the use of anti-EGFR therapy for BRAF"%E
mCRC also has significant limitations. Previous data have
revealed that both OS and PFS are poor with second-line
and greater anti-EGFR-based therapy for BRAFV"E mCRC
when compared to BRAF wild-type mCRC patients [26].
While it is established that BRAF'9%F mutation status has
key prognostic implications, whether or not it could be
considered predictive for treatment outcomes proved to be
more difficult to determine. Although multiple single-arm
analyses had previously suggested diminished efficacy with
the use of EGFR monoclonal antibodies, due to their ret-
rospective nature and small sample sizes, firm conclusions
could not be made [38, 39]. However, even subgroup analy-
sis of randomized clinical trials revealed conflicting results.
The PRIME study reported that BRAF'5%F mutations were
not reflective of being a predictive biomarker of response
for EGFR inhibition when added to chemotherapy [40]. In
contrast, both the COIN and PICCOLO studies revealed no
benefit with EGFR inhibition in combination with chemo-
therapy, with suggestion of harm when utilized in later lines
of therapy [41, 42]. Additionally, one study revealed patients
with BRAFV®%E had decreased response rates compared to
BRAF wild-type patients when treated with cetuximab and
chemotherapy (8.3% vs. 38%, respectively; P=0.0012)
[43]. It is important to highlight a large meta-analysis that
included ten clinical trials (nine phase III and one phase
IT) has been conducted to investigate the clinical impact
of EGFR inhibition with a total of 463 BRAF""’F mCRC
patients evaluated. These data revealed that the addition of
anti-EGFR did not result in improvement in PFS, OS, or
response rate when compared to the respective chemother-
apy-alone control regimens [44].

Taken together, this conglomerate of data supports the
proposal that BRAFY%°F mutation is in fact a negative pre-
dictive biomarker for anti-EGFR therapy. This finding is in
line with signaling biology of the BRAF"%°E mutation and
its ability to activate the MAPK pathway downstream of
EGFR blockade, analogous to RAS mutations [10]. Consid-
ering this, NCCN, ESMO, and ESMO Asia all recommend
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the use of anti-EGFR therapy exclusively for patients who
are RAS/BRAF wild-type [45, 46].

3 One Size Does Not Fit All: Limited Efficacy
with BRAF Inhibition in BRAF°% mCRC

Considering the previously summarized limitations of both
traditional chemotherapy and EGFR monoclonal antibodies
for patients with BRAF"%E mCRC, there was a pressing
need to identify effective targeted therapeutic options. In
the era of precision medicine, capitalizing on the potential
therapeutic vulnerability of a specific mutation was a favora-
ble approach. Prior success achieved for BRAF'%°E_mutant
melanoma, non-small-cell lung cancer, and thyroid cancer
has resulted in US Food and Drug Administration (FDA)
approval with multiple oral BRAF inhibitors including
vemurafenib, encorafenib, and dabrafenib [47-52]. Unfor-
tunately, similar success was not realized for BRAF V600E
mCRC with single-agent BRAF inhibition [53-55]. In a
phase II study of 21 patients with BRAF'5%F mCRC, vemu-
rafenib monotherapy resulted in zero complete responses,
one patient with a partial response, and seven patients with
stable disease for an overall reported response rate of 5%
[53]. In this study, median PFS and OS were noted to be
2.1 and 7.7 months, respectively. A phase 1 trial investigat-
ing the use of dabrafenib for patients with advanced solid
tumors reported only one partial response out of 11 patients
treated with BRAF?E mCRC [54]. Additionally, a separate
phase 1 study evaluated the efficacy of encorafenib mono-
therapy, and no partial responses were reported in 18 treated
BRAF"%E mCRC patients with a 4-month median PFS [55].

Taken together, these studies highlight the stark contrast
in efficacy with BRAF monotherapy between BRAF"50E.
mutant melanoma and BRAFY600E mCRC, mainly due to
the distinct biologic context of these two tumors. Unlike
BRAF"5%E_mutant melanoma, single-agent BRAF inhibi-
tion in BRAF"5%E mCRC results in prompt feedback re-
activation of EGFR signaling, producing persistent MAPK
activation and ongoing tumor cell proliferation [56, 57].
Furthermore, incomplete inhibition of MAPK signaling
has been noted in CRC cell lines, with translational studies
revealing resistance post-single-agent RAF inhibition is due
to acquired mutations in KRAS, NRAS, MAPK1, and copy
number amplifications in BRAF [53, 56]. Therefore, consid-
ering the limitations of monotherapy with both EGFR and
BRAF blockade, a combinatorial approach that simultane-
ously inhibits multiple effector nodes of the MAPK pathway
emerged as a viable next step in the treatment evolution of
BRAF""E mCRC.
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4 Overcoming Inherent Resistance
to Monotherapy with Novel Combination
Approaches in BRAFV59%F mCRC

Experience with single-agent EGFR or BRAF biologic
therapy has proven to be ineffective for BRAF"*’E mCRC.
However, a combinatorial approach warranted further
investigation, as dual inhibition of EGFR and BRAF may
overcome the MAPK feedback loop that results in activa-
tion of the EGFR receptor in response to BRAF blockade
alone [56, 57]. Considering known resistance mechanisms
that develop in response to BRAF-inhibitor monotherapy,
pursuing additional novel targets against effectors of the
MAPK pathway in combination to facilitate a deeper and
more durable response is rational [56]. Several clinical tri-
als exploring the concept of a biologic doublet revealed
response rates in the range of 10-22% [58-61]. Of these,
one phase 1 study evaluated the use of dabrafenib in com-
bination with panitumumab with a reported response rate
of 10%, median PFS of 3.5 months, and OS of 13.2 months
[59]. Nearly half of the patients enrolled experienced a grade
3 or 4 adverse event (AE), with dermatitis acneiform (60%)
being the most common AE of all grades. Another study
investigated vemurafenib and panitumumab in 15 patients
and revealed a response rate of 13% with median PFS of
3.2 months and median OS of 7.6 months [58]. There was
a similar AE profile with dermatitis acneiform (53%) being
the most common AE of all grades. A phase 1 dose-esca-
lation study utilizing the combination of encorafenib and
cetuximab revealed an ORR of 19.2% and disease control
rate 76.9% with median PFS of 3.7 months [60]. The subse-
quent phase II study enrolled 50 patients with this biologic
doublet and achieved a median PFS of 4.2 months with an
ORR of 22% [61]. Nearly 60% of patients had a grade 3 or 4
AE, with the most common AEs of any grade being nausea
(56%), diarrhea (54%), and vomiting (52%). Of note, rash
was not one of the more common AEs of any grade with
this doublet.

Biologic doublet chemotherapy has been shown to be
safe and effective when combined with traditional chemo-
therapy. An early-phase trial investigating the regimen of
vemurafenib in combination with irinotecan and cetuxi-
mab (VIC) revealed 6 out of 17 patients with BRAF V600E
mCRC achieved a radiographic response with a median
PFES of 7.7 months [62]. These encouraging data led to a
follow-up randomized phase II trial, the Southwest Oncol-
ogy Group 1406 (SWOG) study, which compared irinotecan
plus cetuximab with or without vemurafenib in patients with
BRAF"%E ;;CRC®. This trial revealed an improved median
PFS (4.4 months vs. 2.0 months, [HR, 0.42; 95% confi-
dence interval (CI), 0.26-0.66; P <0.001]) and ORR (16%
vs. 4%) among patients treated with the novel three-drug

combination arm compared to those who received irinote-
can and cetuximab alone [63]. As expected, grade 3 and 4
AEs of neutropenia, diarrhea, anemia and nausea occurred
at a higher rate in the 3-drug combination arm. Based on
these results, the VIC regimen was initially inserted into
the NCCN guidelines as a treatment option for patients with
refractory BRAF"5%F mCRC.

Previous translational work has also identified the PI3K/
AKT signaling pathway as a potential resistance mechanism
to BRAF inhibition [64]. To that effect, a biologic triplet
against BRAF, EGFR, and PI3K (encorafenib, cetuxi-
mab, and alpelisib) did reveal improved PFS in previously
treated patients with BRAF"5? mCRC when compared to
encorafenib and cetuximab alone based on interim analysis
of a randomized phase II study [61]. However, the difference
did not reach statistical significance and the biologic triplet
regimen was noted to increase AEs with 79% of patients
experiencing grade 3 and 4 AEs compared to 58% with the
doublet.

MEK is a downstream effector of BRAF and the addi-
tion of a MEK inhibitor to a BRAF inhibitor in BRAF"0%E.
mutated melanoma revealed significant improvement in
response rates when compared to monotherapy [65]. Initial
efforts exploring dual inhibition with BRAF and MEK in
BRAFY%E_mutated mCRC revealed only limited efficacy,
with a 12% response rate and only one patient developing a
complete response out of 43 treated patients [66]. Although
not mirroring the level of improvement appreciated in cor-
responding melanoma trials [65], an open-label phase 1
trial investigating the biologic triplet of dabrafenib, pani-
tumumab, and trametinib (a MEK inhibitor) for first-line
BRAF"5%E mCRC revealed response rates of 21% compared
to 10% in those treated with a biologic doublet of dabrafenib
plus panitumumab with median PFS of 4.2 and 3.5 months,
respectively [59]. Of note, it is important to highlight the
combination arm of panitumumab and trametinib in this
study revealed a response rate of 0% with the highest rate of
(18%) grade 3/4 acneiform dermatitis.

Recently, the BEACON CRC study, the first randomized
phase III study and largest clinical trial for previously treated
(one or two prior therapies) BRAFV*°E mCRC, has been
completed [67]. This landmark trial was a global, multi-
center, open-label study evaluating the activity of a BRAF
inhibitor encorafenib plus cetuximab, with or without the
MEK inhibitor binimetinib, in comparison to investigator’s
choice control arm of irinotecan combined with cetuxi-
mab or FOLFIRI and cetuximab. The primary endpoints
for BEACON CRC were OS and independently reviewed
confirmed ORRs for the biologic triplet compared to con-
trol. Secondary endpoints included OS for the biologic dou-
blet arm compared to the control, as well as PFS, duration
of response, and safety signals. With a median follow-up
of 18.2 months, initial safety lead in data were published
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and revealed an ORR of 48% (three complete responses,
11 partial responses), median PFS of 8 months and median
OS of 15.3 months, with manageable tolerability among 29
patients who received the triplet regimen, allowing for initia-
tion of the randomized portion of BEACON [68, 69].

Data from the randomized portion of the BEACON
CRC study have been previously published with updated
survival data presented at the ASCO 2020 Virtual Meet-
ing [67, 70]. Initially published data revealed that the triplet
regimen resulted in an improved OS of 9.0 months (95%
CI 8.0-11.4 months) compared to 5.4 months (95% CI
4.8-6.6 months) for the control group (hazard ratio=0.52,
95% CI 0.39-0.70; P <0.0001) [67]. The ORR for the bio-
logic triplet was 26% compared to 2% for the control regi-
men (P <0.0001) [67]. Of note, the response rate for patients
with only one prior line of therapy was 34% for the triplet
compared to only 2% for the control. Therefore, improved
efficacy may be achieved for patients if exposed in earlier
lines of treatment. Median PFS was also markedly improved
with the triplet regimen at 4.3 months (95% CI 4.1-5.2)
compared to 1.5 months (95% CI 1.5-1.7) for the control
arm. Overall, the biologic triplet was well tolerated. The
biologic doublet of encorafenib plus cetuximab also resulted
in improved efficacy compared to control. The tolerability of
the doublet and triplet regimens was consistent with known
toxicity profiles of the individual agents. Of note, grade 3
AEs were noted in 58% of patients exposed to the triplet
regimen, compared to 50% of those exposed to the doublet
versus 61% of patients who received the control regimens.

An updated analysis of the BEACON CRC study was
presented at the 2020 ASCO Virtual Meeting [70]. The
results confirmed encorafenib plus cetuximab with or
without binimetinib improved OS, PFS, and ORR in pre-
viously treated BRAF"*°’ mCRC compared to traditional
chemotherapy, with a median OS of 9.3 months for both the
triplet and doublet regimens [70]. Updated ORR revealed
27% for the triplet, 20% for the doublet, and 2% for the con-
trol regimens [70]. Updated median PFS was 4.5 months
for the triplet (95% CI 4.2-5.5) compared to 1.5 months
(95% CI 1.5-1.9) for the control with HR (95% CI) of
0.42 (0.33-0.53) [70]. Updated median PFS for the bio-
logic doublet was 4.3 months (95% CI 4.1-5.5) compared
to 1.5 months for the control (95% CI 1.5-1.9) with a HR
(95% CI) of 0.44 (0.35-0.55) [70]. As mentioned, updated
median OS for the biologic doublet was 9.3 months (95%
CI 8.0-11.3) compared to 5.9 months (95% CI 5.1-7.1) for
the control with a HR (95% CI) of 0.61 (0.48-0.77), with no
difference in median OS with the utilization of the biologic
triplet (9.3 months, 95% CI: 8.2—-10.8) [70]. These data con-
firm that with further follow-up after the primary analysis,
the biologic doublet regimen of encorafenib + cetuximab
was well tolerated and had similar overall efficacy to the
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biologic triplet regimen of encorafenib plus cetuximab with
binimetinib.

Based on these landmark practice-changing data, FDA
approval was granted for the doublet regimen on 8 April
2020. Furthermore, the NCCN has recommended the BEA-
CON regimen of encorafenib in combination with cetuxi-
mab as the primary treatment option for previously treated
BRAF""E mCRC. This biologic doublet represents a clear
improvement over current standard-of-care options as well
as a notable improvement over previously reported BRAF
inhibitor combination studies [58—60] (Fig. 2). These data
represent the first time a completely targeted therapeutic
approach has demonstrated survival benefit over standard-
of-care treatment for the management of patients with previ-
ously treated BRAFV"’E mCRC. In summary, encorafenib
in combination with cetuximab is FDA-approved for use in
patients with previously treated BRAF"5"F mutant mCRC
and should be the new standard of care.

5 Utilization of Immunotherapy
for BRAF/5%F mCRC

The use of immune checkpoint blockade for the 5% of
patients who are MSI-H in mCRC has dramatically shifted
the treatment paradigm for these patients. Agents targeting
programmed death-1 (PD-1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) revealed durable activity for
patients with MSI-H mCRC with 12-month survival rates
noted in more than 70% of patients [71, 72]. As previously
summarized, a sporadic MSI-H phenotype is isolated in
20-30% of patients with BRAF"5’E mCRC and is associated
with a response to immune checkpoint blockade agents [71,
72]. The KEYNOTE-164 trial utilized the anti-PD-1 anti-
body pembrolizumab as monotherapy, with 14/124 (11%)
MSI-H mCRC patients having a concomitant BRAF"00%F
mutation [71]. In the CHECKMATE-142 trial, MSI-H
mCRC patients were treated with anti-PD-1 nivolumab with
(29% BRAF""E) or without the anti-CTLA-4 antibody ipili-
mumab (16% BRAF®?’E) [72]. Sustainable responses were
seen among patients with BRAFY5%E MSI-H mCRC in all
respective cohorts. These data support I/O therapy as an
additional option for patients with previously treated spo-
radic MSI-H BRAF"*’E mCRC.

Recently, data from the randomized open-label phase
IIT KEYNOTE-177 trial comparing the anti-PD-1 antibody
pembrolizumab with investigator’s choice standard-of-care
chemotherapy and biologic therapy (+bevacizumab or
cetuximab) for treatment-naive MSI-H mCRC have been
presented [73]. This study met one of its primary endpoints
of PFS with improvement to 16.5 months with pembroli-
zumab versus 8.2 months with chemotherapy (HR =0.60;
P=0.0002) [73]. ORR were noted to be increased in the
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Fig.2 The pathway to precision therapy for BRAF"*°°-mutant mCRC

immunotherapy arm at 43.8% versus 33.1% for chemother-
apy (P=0.0275) [73]. Final OS analysis is pending. Of note,
PFS subgroup analysis revealed there were 77 patients with
BRAFY0%E mCRC treated on trial favoring the pembroli-
zumab arm (HR 0.48, 95% CI 0.27-0.86) [73]. These posi-
tive data support the proposal that pembrolizumab should
be the new standard of care for first-line MSI-H mCRC.
Considering the sporadic MSI-H BRAF'%E mCRC patients
included in this study sustained durable response and benefit,
these data support early exposure to I/O therapy for patients
with treatment-naive BRAF"?F is beneficial. The data are
interesting in light of recent population-based assessments
reporting MSI-H BRAF"*’E mCRC patients have a worse
median OS when compared to microsatellite stable (MSS)
BRAFY®E mCRC (8.9 vs. 17.2 months, HR 1.46, 95% CI
0.96-2.27, P=0.043), highlighting that early biomarker-
based therapeutic interventions remain critical to improve
outcomes [7]. Additional work is needed to elucidate the
best therapeutic sequential approach for this unique subset
of MSI-H BRAF"*"E mCRC.

For the majority of BRAF'%E mCRC patients who are
MSS, there are numerous ongoing trials investigating agents
targeting the MAPK pathway in combination with immuno-
therapy. To highlight a few key studies: encorafenib in com-
bination with cetuximab and nivolumab (NCT04017650);
encorafenib in combination with binimetinib and nivolumab
(NCT04044430); and dabrafenib in combination with
trametinib and spartalizamab (NCT03668431). Of note, this
novel combination approach of BRAF/MEK inhibition with
anti-PD-1 (NCT03668431) proved to be well tolerated with
a recently reported impressive median duration of response
of 5.6 months [74]. We anxiously await the final read-out
on these critical studies as we move forward to expand our
treatment armamentarium for BRAF "5 mCRC.

6 Rare, but Distinct: Atypical, Non-V600
BRAF-Mutant mCRC

Due to the increasing use of expanded molecular profiling
and circulating tumor DNA (ctDNA) in the management
of mCRC, awareness has emerged of atypical, non-V600
BRAF (aBRAF) mutations as a unique molecular subset.
Previous experience has reported that these aBRAF mCRC
patients reflect approximately 2.2% of patients with mCRC
with an improved median OS of 60.7 months compared to
11.7 months for patients with BRAF V60OE mutations [11].
However, considering the chronicity of aBRAF mCRC, novel
treatments are still needed for personalization and in order
to maintain quality of life for these patients. Furthermore,
aBRAF mCRC has a distinct antithetical clinical profile
from BRAF"%"E mCRC, with most patients having MSS
disease, left-sided primary tumors, lower grade histology,
often co-mutated with RAS, and clinical presentations of
non-peritoneal spread [11, 75]. As previously summarized,
preclinical data have characterized aBRAF into distinct
classes that drive ERK activation via unique signaling biol-
ogy that may guide future trial development and therapeutic
vulnerabilities [12] (Fig. 1). Understanding the nuances of
these signaling mechanisms will be critical for the develop-
ment of novel precision-based therapies and highlight why
application of the BEACON regimen may not be efficacious
in aBRAF mCRC, although efforts are ongoing to that effect
(EPOC1703-UMINO000031857; NCT03843775) [76].

To date there are no specific guidelines for the manage-
ment of patients with aBRAF mCRC, with early-phase clini-
cal trials recommended after failure of traditional systemic
chemotherapy. Additionally, deployment of EGFR recep-
tor antibodies remains inconclusive, with data suggesting
response may be driven by underlying aBRAF class. Some
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reports note class III aBRAF may benefit from EGFR inhi-
bition, while subsequent works highlight a lack of durable
response and the potential of class II aBRAF reflecting a
negative predictive biomarker [13, 14, 77]. Additional data
are needed to define the role EGFR inhibition should play in
the management of aBRAF mCRC. Of note, in EPOC1703,
aBRAF class III patients who are both EGFR receptor anti-
body naive and EGFR receptor antibody refractory will be
included and treated with the BEACON regimen. The dif-
ference in efficacies between these two patient populations
may further elucidate the role of EGFR inhibition.

Future trial design must incorporate rational combinato-
rial treatments that consider specific class biology in order
to move the needle forward for this unique molecular subset
of mCRC (Fig. 1). Innovative attempts to target the MAPK
pathway with novel inhibitors of MEK or ERK alone or
in combination with next-generation RAF inhibitors that
target dimerization represents one potential path forward
in aBRAF mCRC [78, 79]. The nationwide NCI-MATCH
study is utilizing a novel ERK1/2 inhibitor called ulixer-
tinib, which may reflect a viable option for patients with
previously treated aBRAF mCRC (NCT02465060). Novel
RAF dimer inhibitors such as LXH254 (NCT02607813) and
BGB-3245 (NCT04249843) are in early-phase clinical trials,
with the latter having dosing expansion cohorts that include
non-V600 BRAF mutants. PLX8394 (NCT02428712) is
another novel agent considered a BRAF-specific dimer
breaker that selectively inhibits ERK signaling in cancers
driven by dimeric BRAF mutants, such as aBRAF, includ-
ing fusions and splice variants [80]. Considering the signal-
ing biology of class II aBRAF, such novel RAF inhibitors
would represent ideal candidates for potential combination
with MEK inhibition. It is important to note that MEK/ERK
inhibition in Class III BRAF mutations is limited due to
resultant receptor tyrosine kinase (RTK) reactivation [13].
Of note, early-phase clinical trials are utilizing a novel Src
homology phosphatase 2 (SHP2) inhibitor (NCT04045496;
NCT03518554). SHP2 functions as a major scaffold protein
downstream of numerous RTKSs to promote the RAS/MAPK
signaling pathway in cancers with class 3 BRAF mutations.
Therefore, SHP2 inhibition may represent a promising thera-
peutic approach for patients with refractory class 3 aBRAF
mutations, and combinatorial approaches with other MAPK
pathway inhibitors, such as MEK or ERK inhibition, may
reflect a rational step forward for these subtypes of aBRAF.

7 Future Directions and Conclusions
The treatment landscape for BRAF'%E mCRC has made
significant strides in the last 5 years, culminating in FDA

approval of the first biologic doublet of encorafenib and
cetuximab for patients with previously treated metastatic
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disease. However, it is important to note that response rates
with BRAF inhibitors remain low in comparison to other
cancers such as melanoma and NSCLC, with a shorter
duration of response. Considering patients with BRAF"0%E
mCRC develop acquired resistance and subsequent loss of
response to BRAF-directed therapy [52, 58], utilization of
ctDNA to assess mechanisms of resistance and incorporating
RNA signatures to highlight subsets who may benefit from
a specific therapy are key areas of future research. Explora-
tory analysis of the BEACON study is ongoing to investigate
noted trends of subsets of patients who may benefit from
the addition of binimetinib to encorafenib and cetuximab,
based on markers of inflammation and performance status.
Furthermore, the favorable safety profile of encorafenib and
cetuximab will allow for this regimen to serve as a suit-
able backbone to evaluate novel chemotherapy combina-
tions, targeted agents, and immunotherapeutic approaches
moving forward (NCT04017650). Finally, considering the
poor prognosis of the BRAF"5%°E mutation and how few
patients receive second-line treatment, identifying how best
to sequence lines of therapy is relevant [7]. Due to inherent
resistance to cytotoxic chemotherapy and the urgency of an
initial response, early exposure to targeted biologic therapy
may result in enhanced patience outcomes. To that end, we
await the activation of the frontline BREAKWATER study
investigating the biologic doublet of encorafenib and cetuxi-
mab alone (Arm A) or in combination with chemotherapy
(Arm B) compared to a control arm of chemotherapy alone
for treatment naive MSS/pMMR BRAF"5%E mCRC. This
trial has a primary endpoint of PFS with secondary end-
points of OS, and will promote additional refinement of the
current treatment paradigm.

In conclusion, the treatment landscape for BRAFY®0F
mCRC has been revitalized by well-conducted preclinical
and translational science resulting in practice-changing tar-
geted therapy, establishing the foundation for continued pre-
cision moving forward. A similar bench to bedside approach
is needed to enhance the management for aBRAF mCRC,
and dedicated efforts are underway.
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