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Abstract

Melanoma is the most aggressive of the common forms of skin cancer. Metastasis to the central nervous system
is one of the most common and deadly complications of this disease. Historically, melanoma patients with brain
metastases had a median survival of less than 6 months. However, outcomes of melanoma patients have mark-
edly improved over the last decade due to new therapeutic approaches, including immune and targeted therapies.
Targeted therapies leverage the high rate of driver mutations in this disease, which result in the activation of
multiple key signaling pathways. The RAS-RAF-MEK-ERK pathway is activated in the majority of cutaneous melan-
omas, most commonly by point mutations in the Braf serine-threonine kinase. While most early targeted therapy
studies excluded melanoma patients with brain metastases, subsequent studies have shown that BRAF inhibitors,
now generally given concurrently with MEK inhibitors, achieve high rates of tumor response and disease control
in Braf-mutant melanoma brain metastases (MBMs). Unfortunately, the duration of these responses is generally
relatively short- and shorter than is observed in extracranial metastases. This review will summarize current data
regarding the safety and efficacy of targeted therapies for MBMs and discuss rational combinatorial strategies that

may improve outcomes further.
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Melanoma is the most aggressive of the common forms of
skin cancer. One of the most common and devastating com-
plications of this disease is the development of metastasis to
the central nervous system (CNS), including the brain and the
leptomeninges (LMD)." Previous studies have reported that inci-
dence of CNS metastasis among stage IV melanoma patients is
as high as 50%, and CNS involvement was identified in approx-
imately 80% of patients in an autopsy series.? CNS involvement
is detected in up to 20% of metastatic melanoma patients at the
diagnosis of stage IV disease, and the CNS is a frequent initial
site of disease progression for systemic therapies. Historically,
patients with melanoma brain metastases (MBMs) had a
dismal prognosis (median overall survival [OS] approximately
4 months).2 Fortunately, outcomes and our ability to estimate
survival have improved.®* Nonetheless, the development of

more effective strategies to predict, prevent and treat CNS me-
tastases are critical to further improving survival in melanoma
patients.

The majority of melanomas arise from the skin, and both ep-
idemiological and molecular data strongly implicate ultraviolet
radiation-induced DNA damage in the pathogenesis of this
disease.’ Indeed, melanomas have more somatic mutations
on average than any other common solid tumor type. While
the majority of these mutations appear to be nonfunctional,
most cutaneous melanomas harbor mutations that activate
key oncogenic signaling pathways.® This high prevalence of
potentially targetable oncogenes and/or oncogenic signaling
pathways has led to the testing and approval of many targeted
therapies for this disease. While initial clinical trials excluded
melanoma patients with active CNS disease, multiple studies
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subsequently demonstrated both the promise and the lim-
itations of targeted therapies for these tumors. Notably,
the high mutation burden that characterizes melanoma
may also contribute to the high efficacy that has been seen
with checkpoint inhibitor immunotherapies in this disease.
However, concurrent treatment with steroids, which is fre-
quently needed to control cerebral edema and/or symp-
toms from CNS metastases, has been shown to markedly
diminish the efficacy of both single-agent and combination
immunotherapy regimens, including in melanoma pa-
tients with brain metastases.”® Thus, the development of
highly effective targeted therapy strategies remains an im-
portant goal in this disease, particularly for use in patients
with CNS involvement.

Molecular Biology of Melanoma

The Cancer Genome Atlas (TCGA) of cutaneous melanoma
provides a robust picture of the molecular drivers of this
disease (Table 1).6 Consistent with previous studies, the
TCGA confirmed that activation of the RAS-RAF-MEK-ERK
pathway is ubiquitous in this cancer. The RAS-RAF-MEK-
ERK kinase signaling pathway was affected by mutations
in more than 90% of the tumors in the TCGA, most com-
monly by point mutations in the Braf gene that encodes
the serine-threonine protein kinase B-RAF Braf mutations
are detected in approximately 50% of cutaneous melan-
omas. More than 90% of these mutations result in sub-
stitutions for the valine at codon 600, most commonly to
glutamic acid (approximately 70%; BRAFV60%F) or lysine
(approximately 20%; 90% BRAFV600K) 9 These mutations
increase the catalytic activity of BRAF by 100-200X and
result in constitutive activation of the RAS-RAF-MEK-ERK
pathway. A small (approximately 5%) subset of melan-
omas harbor mutations that affect other sites in the BRAF
protein.® These mutations have variable effects on the
catalytic activity of BRAF, but virtually all seem to cause
hyperactivation of downstream components in the RAS-
RAF-MEK-ERK pathway.'? The pathway is also frequently
activated by mutations in Nras, which were detected in
28% of the TCGA tumors.® Mutations in Nras are mutually
exclusive with hotspot (V600) mutations in Braf but they
are detected in some tumors with mutations that affect
sites in BRAF other than V600. Further, approximately 15%
of cutaneous melanomas have loss of function mutations
of Nf1, most (but not all) of which are nonoverlapping with
the presence of hotspot mutations in Braf or Nras.® As NF1
is a negative regulator of RAS proteins, these mutations
again result in activation of RAS-RAF-MEK-ERK signaling.
Finally, approximately 10% of the TCGA tumors harbored
no mutations in Braf, Nras, or Nf1, and are termed “Triple
Wild-Type” due to their lack of recurrent mutations in the
RAF-RAF-MEK-ERK pathway." Interestingly, the Triple Wild-
Type (WT) tumors had a low burden of point mutations
overall, in contrast to most of the tumors with mutations in
any of the other three genes. Additional analyses showed
that the Triple WT cutaneous melanoma frequently harbor
amplifications of oncogenes, perhaps providing additional
therapeutic opportunities.®

The cutaneous melanoma TCGA also identified recur-
rent mutations in other clinically actionable pathways,
including cell cycle regulators (affected in approximately
70%), the PI3K-AKT pathway (approximately 20%), and
receptor tyrosine kinases (RTKs; approximately 1%; Table
1).'2 Mutations in cell cycle genes most frequently included
events (mutations, deletions, hyper-methylation) that result
in loss of Cdkn2a, which encodes the cell cycle regulators
P16 and P14, and which had previously been identified as
a frequent germline event in cases of familial melanoma.'®
Rare point mutations in Cdk4, and amplifications of Cdk4
or Ccnd1, have also been detected in cutaneous melan-
omas. The PI3K-AKT pathway is activated rarely by hotpot
mutations in the Pik3ca, which encodes the catalytic sub-
unit of the lipid phosphatase PI3K, or in genes encoding
the serine-threonine kinases Akt71 or Akt3. The PI3K-AKT
pathway can also be activated in melanoma by loss of ex-
pression or function of the tumor suppressor PTEN, which
is a lipid phosphatase that counteracts PI3K and regulates
this pathway. Loss of PTEN is detected in up to 20% of cu-
taneous melanomas, most commonly in tumors with a
concurrent BRAFV6%0 mutation, thus resulting in concur-
rent activation of the RAS-RAF-MEK-ERK and PI3K-AKT
signaling pathways.™ In addition to mutations in pathway
components, the PI3BK-AKT pathway can also be activated
by alterations in growth factor receptors, particularly RTKs.
Amplification of the genes encoding RTKs, including Kit
and Pdgfra, are rare overall in cutaneous melanomas, but
they are detected in up to 20% of the Triple WT subtype.®
Point mutations that activate the KIT RTK have also been
detected as rare events in cutaneous melanomas, but they
are detected in > 20% of mucosal melanomas, which are
rare but aggressive tumors that arise from mucosal sur-
faces throughout the body. Mucosal melanomas also have
the same activating mutations in Brafand Nras that are de-
tected in cutaneous melanomas, but at a lower prevalence
(approximately 5% and 10%, respectively).'®

Unexpectedly, molecular analyses of nevi (moles), be-
nign lesions which very rarely give rise to invasive melan-
omas, showed that they also had a high rate of Braf and
Nras mutations.® This finding suggested that oncogenic
mutations in the RAS-RAF-MEK-ERK pathway are very
early events in the development and pathogenesis of cuta-
neous melanomas. This timing for these molecular events
is consistent with the very high concordance that has been
observed for activating mutations in the RAS-RAF-MEK-
ERK signaling pathway between MBMs, extracranial me-
tastases, and primary tumors.'®'% Indeed, this result is also
consistent with the clinical activity that has been observed
with FDA-approved BRAF inhibitors in metastatic mela-
noma patients with a BRAF6%0 mutation and brain metas-
tases, as will be described below. One study showed that
brain metastases from multiple cancer types can feature
mutations in key oncogenic signaling pathways, including
in cell cycle regulators and the PI3K-AKT pathway, that are
not easily detected in primary tumors."”” Another recent
study revealed unique genetic variants that are exclusive
in the MBMs but are absent in the corresponding extracra-
nial metastases.'® However, currently available data has
failed to find significant enrichment of private mutations in
a specific gene or genes in MBMs."61°
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Table 1. Targetable Recurrent Gene Alterations in Melanoma

Possible
Therapy
Strategies

Pathway

Type of Alteration

Frequency of Mutation Agents

RAS-RAF- BRAF Point mutation ~50% (CM) BRAFi + Dabrafenib + trametinib
MEK-ERK 90% BrafV600 Mutation ~10-20% (AM) MEKi Vemurafenib + cobimetinib
pathway 10% Mutation/loss of ~3-5% (MM) MEKi Encorafenib + binimetinib
Brafron-v600 expression ~15-20% (CM) MEKi Trametinib, cobimetinib, binimetinib
NRAS ~8-22% (AM) Trametinib, cobimetinib, binimetinib
NF1 ~5-25% (MM)
~10-15%
Cell cycle CDKN2A Mutation/deletion ~20-40% CDKi Palbociclib (PD-0332991)
regulators  (p16/NKéA Amplification ~1% CDKi Abemaciclib (LY2835210)
and P14AFRF) Amplification/mu-  ~15% Ribociclib (LEE011)
CCND1 tation
CDK4
PI3K-AKT PIK3CA Mutation ~2.5% Pan-PI3Ki Buparlisib (BKM120)
pathway PTEN Loss of function ~20-30% Isoform- Pictilisib (GDC-0941)
point mutations/ specific Oncothyreon (PX-866)
deletions PI3Ki Alpelisib (BYL-719)
Receptor KIT Point mutation/ <56% (without sun KITi Sunitinib, nilotinib, imatinib, sorafenib
tyrosine amplification damage CM)
kinases 28% (chronically sun
damaged CM)
3-36% (AM)
7-39% (MM)

AM, acral melanoma; CDKi, cyclin dependent kinases inhibitors; CM, cutaneous melanoma; MEK, mitogen-activated protein kinase inhibitors; MM,
mucosal melanoma; PI3Ki, phosphoinositide 3-kinase inhibitors; UM, uveal melanoma.

Systemic Targeted Therapy in
Melanoma

Historically, metastatic melanoma has been highly re-
sistant to cytotoxic chemotherapies. Temozolomide, an
alkylating chemotherapy agent, was frequently used his-
torically in melanoma patients with brain metastases
because it efficiently crosses the blood-brain-barrier
(BBB). However, prospective clinical trials showed that
temozolomide achieved clinical responses in <5% of mela-
noma patients with brain metastases.2Thus, the discovery
of recurrent mutations in Braf in approximately 50% of
cutaneous melanoma patients presented the new oppor-
tunity to test targeted therapy strategies in this disease.
Initial clinical trials with the nonselective BRAF inhibitor
sorafenib produced dismal results, with clinical response
rates of <5%.° However, the treatment and outcomes of
metastatic melanoma patients improved dramatically with
the development of second-generation, mutation-specific
BRAF inhibitors. In contrast to sorafenib, these drugs se-
lectively inhibit the BRAF protein better than all other kin-
ases and have increased affinity for BRAF proteins with a
V600 mutation compared to the WT protein.®This preferen-
tial recognition and inhibition resulted in improved activity
and safety, leading to the modern era of targeted therapy
for this disease.??

The first two mutant-selective BRAF inhibitors to be
approved in patients with metastatic melanoma were
vemurafenib (FDA approval in 2011) and dabrafenib (FDA
approval in 2013).2° Both of these agents achieved rapid

clinical responses and symptomatic improvement in pa-
tients with a BRAFV6%® mutation in early-phase clinical
trials. In these early trials, a small number of patients
without a BRAFV8%0 mutation were included, none of whom
responded. Unexpectedly, preclinical testing showed that
both vemurafenib and dabrafenib caused hyperactivation
of the RAS-RAF-MEK-ERK signaling pathway and increased
tumor growth in melanomas without a BRAFV6°° mutation,
a phenomenon termed paradoxical pathway activation
by BRAFi.° Thus, subsequent clinical testing, and FDA ap-
provals, of BRAFi were limited to melanoma patients with
a BRAFY6%0 mutation. While vemurafenib and dabrafenib
were developed independently, they demonstrated very
similar clinical activity in phase Il clinical trials. Both
agents achieved RECIST-criteria clinical responses in ap-
proximately 50% of metastatic melanoma patients with a
BRAFV690 mutation, and disease control in approximately
90% of patients. Both vemurafenib and dabrafenib dem-
onstrated significant improvement in patient outcomes
in phase lll clinical trials versus standard of care chemo-
therapy, resulting in their regulatory approval.®2°

While both vemurafenib and dabrafenib significantly
improved both response rates and progression-free sur-
vival (PFS) compared to standard chemotherapy, the du-
ration of response (DOR) for single-agent BRAF inhibitor
(BRAFi) therapy was relatively short. Both vemurafenib
and dabrafenib achieved a median PFS of approximately
6 months, and approximately 90% of patients developed
resistance and disease progression within a year of starting
treatment. Investigations of both clinical specimens and
preclinical models showed that the most common feature
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of tumors with acquired resistance was reactivation of the
RAS-RAF-MEK-ERK signaling pathway.?" Interestingly, loss
of the BRAFV8%0 mutation was not observed as a mech-
anism of resistance, nor were mutations in the coding
region of the Braf gene. However, molecular analyses and
functional studies showed that melanomas could become
resistant to single-agent BRAFi treatment though the de-
velopment of amplification of Braf and through muta-
tions that produced splice variants of the BRAF protein.
Activation of the RAS-RAF-MEK-ERK signaling pathway
in resistant tumors can also be caused by activating mu-
tations in Nras, Mek1, or Mek2. Notably, the finding of
activating Nras mutations with concurrent Braf mutations
in these post-BRAFi tumors contrasts with the mutual ex-
clusivity seen between these mutations in treatment-naive
melanomas,® and thus reflects the profound effect this tar-
geted therapy has on disease biology. While these mechan-
isms were quite diverse, preclinical studies demonstrated
that combining BRAFi targeted therapies with agents that
blocked targets downstream in the RAS-RAF-MEK-ERK
pathway could overcome the resistant phenotype that they
caused.?' Unexpectedly, preclinical studies also suggested
that combining BRAFi with MEK inhibitors (MEKi) could
reduce the cutaneous toxicity frequently seen with single-
agent BRAFi.° These studies showed that the cutaneous
toxicity of BRAFi was caused by paradoxical pathway acti-
vation of the RAS-RAF-MEK-ERK pathway in keratinocytes,
which did not have BRAFY6°° mutations. This activation was
blocked by concurrent treatment with MEKi and suggested
that combining BRAFi and MEKi could be beneficial not
only for efficacy but also for tolerability.

Fortunately, these hypothesized benefits were borne
out in multiple clinical trials. To date, three different
BRAFi plus MEKi combination targeted therapy regimens
have been approved for patients with a BRAFY6°° muta-
tion: dabrafenib and trametinib (DT, FDA approval, 2014),
vemurafenib and cobimetinib (2015), and encorafenib and
binimetinib (2018).222* Each of these combinations was
approved based on phase lll clinical trials that demon-
strated improved clinical outcomes compared to treatment
with single-agent BRAFi. All three regimens are highly ac-
tive, with overall response rates (ORRs) of 70%-80%, dis-
ease control rates (DCRs) of 90%-95%, and median PFS of
11-15 months. To date, no clinical trials have compared the
efficacy of these combination regimens against each other.
In addition, all phase lll trials of single-agent BRAFi, and
of BRAFi and MEKi combination therapy, excluded mela-
noma patients that had active, untreated brain metastases.

To date, no other targeted therapies have been ap-
proved specifically for patients with metastatic melanoma.
Clinical trials have assessed MEKi in patients with Nras
mutations, including the phase lll NEMO trial that com-
pared binimetinib versus dacarbazine chemotherapy in pa-
tients.?® Binimetinib produced a better ORR (15% vs. 7%)
and a small but statistically significant improvement in PFS
(median 2.8 vs. 1.5 months, one-sided P<.001), but had no
impact on OS (hazard ratio 1.00, P=.50). Thus, binimetinib
was not approved for the treatment of metastatic mel-
anoma patients with Nras mutations but it is included in
National Comprehensive Cancer Network (NCCN) guide-
lines as an option for patients that have failed immuno-
therapy.?6 A number of KIT inhibitors that are approved in

other diseases with Kit mutations have also been evalu-
ated in melanoma. Non-randomized trials of KIT inhibitors
(ie, imatinib) in metastatic melanoma patients with a Kit
mutation have reported response rates of approximately
10%-30%, with higher rates (up to 50%) reported for pa-
tients specifically with recurrent mutations seen in this
disease (ie, L576P, K642E)."® Treatment with KIT inhibitors
is recommended for metastatic melanoma patients with a
Kit mutation who have progressed on or cannot tolerate
immunotherapy.?®

No clinical trials have been reported to date with single-
agent MEK or KIT inhibitors in melanoma patients with
brain metastases. However, both prospective and ret-
rospective studies have evaluated both BRAFi with and
without MEKi targeted therapy in melanoma patients with
a BRAFV690 mutation with MBMs (Table 2).

Single Agent BRAF Inhibitor Therapy for MBMs

The initial trials described above with both vemurafenib
and dabrafenib excluded patients with active or untreated
brain metastases at least in part due to concerns that
these agents would not cross the intact BBB. In fact, this is
sometimes thought to provide a safety advantage for new
agents by reducing the risk of neurotoxicity. However, the
BBB is frequently disrupted by the brain metastases, al-
lowing intracranial penetration and activity even for agents
that have suboptimal BBB penetration.!

Dabrafenib was evaluated early in its development in
10 metastatic melanoma patients with a BRAFY6%° muta-
tion and asymptomatic brain metastasis, and nine patients
showed evidence of intracranial response.?’” Subsequently,
the BREAK-MB phase Il trial investigated the safety and ef-
ficacy of dabrafenib as monotherapy in 172 patients with
metastatic melanoma with a BRAFV8% mutation and un-
treated or progressing brain metastasis(es).?®6 While the
trial was not randomized, the patients were categorized as
Cohort A (n =89; no previous local treatments to the brain)
and Cohort B (n = 83; previous brain-directed treatments,
including surgery and/or radiation) for separate ana-
lyses. Separate analyses were also performed to evaluate
outcomes in patients with a BRAFV6%%E mutation (n = 74
in Cohort A; n = 65 in Cohort B) or a BRAFV69%K mutation
(n=15in Cohort A; n =18 in Cohort B). BREAK-MB showed
that dabrafenib was safe in patients with brain metastases,
with no new or unexpected toxicities observed. Consistent
with the earlier preliminary results, BREAK-MB showed
that dabrafenib has significant activity in MBMs. For pa-
tients with a BRAFV600E mutation, the intracranial ORR
(iORR) was 39% and the intracranial DCR (iDCR) was 81%
for Cohort A, and 31% and 89.2%, respectively, for Cohort
B. Interestingly, lower activity was observed in patients
with a BRAFV800K mutation (ie, iDCR 33% in Cohort A, 50% in
Cohort B). The median intracranial DOR (iDOR) and OS for
patients with a BRAFV69E mutation were 5 and 8.25 months
in Cohort A, and 7 and 7.75 months in Cohort B.

A phase |l study investigated the safety and efficacy of
single-agent vemurafenib in 146 patients with a Braf'6%°
mutation and active brain metastases.?® The outcomes
were again analyzed separately for patients with untreated
(Cohort 1, n = 90) and previously treated (Cohort 2, n = 56)
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CR, complete response; DCR, disease control rate; MBM, melanoma brain metastases; ORR, overall response rate; PFS, progression-free survival; PR, partial response; SD, stable disease

brain metastases. The outcomes were relatively similar in
both cohorts. In Cohort 1, the OIRR was 29%, the median
PFS was 3.7 months, and the median OS was 8.9 months.
In Cohort 2, the iORR was 23%, the median PFS was
4 months, and the median OS was 9.6 months. Similar to
patients with extracranial disease, no randomized trials
compared dabrafenib and vemurafenib, but preclinical
studies suggest that dabrafenib may achieve better intra-
cranial delivery.303

BRAF + MEK Inhibitor Combination Therapy
in MBMs

The first trial to investigate the safety and efficacy of the
combined BRAF and MEK inhibition in patients with
BRAFY6%0-mutant melanoma patients with MBMs was
COMBI-MB. All patients in the trial (n = 125) were treated
with the FDA-approved dosing regimen of DT.32 The trial
again included multiple cohorts that all received the same
treatment. The largest group, Cohort A (n = 76), included
patients with a BRAFV6%F mutation and no previous brain-
directed treatments. Brain metastases had to be asymp-
tomatic, but patients could be on a stable or decreasing
dose of steroids to achieve this. The other cohorts in the
trial were all small and thus exploratory. Cohort B (n = 16)
included patients with a BRAFV60% mutation, asympto-
matic brain metastasis, and prior brain-directed therapy.
Cohort C included patients with a BRAFV600KDR mytation
and asymptomatic brain metastasis, with or without pre-
vious brain-directed therapy. Cohort D (n = 17) included
patients with symptomatic brain metastases (any BRAFV600
mutation, with or without prior treatment to the brain).The
trial excluded patients with leptomeningeal disease (LMD)
or MBMs > 4 cm in diameter. In Cohort A, the iORR was
58% and the iDCR was 78%, similar to the response rates
observed in extracranial melanoma metastases (extracra-
nial ORR 55%, extracranial DCR 79%). Despite their clinical
differences, the outcomes in the other three cohorts were
similar, and no new or unexpected toxicities with DT treat-
ment were reported. While the safety and initial response
rates were promising the DORs were relatively short. The
median intracranial PFS in Cohort A was 5.6 months, which
was shorter than the duration of control of extracranial
metastases in this cohort (10.2 months), and less that had
been observed in pooled analyses of DT in trials in patients
without CNS involvement (approximately 11 months).33
There is currently limited data regarding the efficacy
of the other two approved BRAFi + MEKi combinations
in MBM patients. A retrospective study of MBM patients
(n = 24) treated with encorafenib and binimetinib reported
an iORR of 33%.3* While this appears to be lower than the
response rate for DT, most (n = 21) of the patients had previ-
ously been treated with BRAFi with or without MEKi. While
the fact that patients did respond is consistent with prior
studies showing that resistance to inhibitors of the RAS-
RAF-MEK-ERK pathway is not necessarily permanent, and
supports the rationale for re-challenge in patients, it makes
comparison to the results of COMBI-MB challenging.®®
Encorafenib and binimetinib are currently being evalu-
ated in a phase Il study in MBM patients with a BRAFV600
mutation (NCT03911869; Table 3). To date, no prospective
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data has been reported for vemurafenib and cobimetinib
in MBM patients.

Combinatorial Approaches for MBMS
Targeted therapy and Radiotherapy

There is a strong rationale to combine targeted therapies
and radiation in MBMs. First, as local control with stereo-
tactic radiosurgery (SRS) is better for smaller than larger
tumors, the ability of combined BRAF and MEK inhibition
to reduce tumor size in most patients may augment the ef-
ficacy of SRS. In addition, Braf and Nras mutations were
associated with worse outcomes with SRS in retrospective
studies, thus inhibiting the RAS-RAF-MEK-ERK pathway
may be beneficial.®® In turn, radiation can disrupt the BBB
and thereby allow better penetration of targeted therapies
into MBMs. In addition to these theoretical advantages, pre-
clinical studies support the potential for synergy when radi-
ation is combined with BRAF inhibition, and retrospective
reports suggest improved outcomes in patients treated with
both modalities compared to historical controls.®’-3° A phase
Il study (NCT01721603) was designed to evaluate the combi-
nation of dabrafenib with SRS for safety and 6-month dis-
tant brain metastasis—free survival rate in MBM patients,
but it was closed due to low accrual. RadioCoBRIM, an on-
going phase Il open label study (NCT03430947), is testing
the safety and activity of vemurafenib plus cobimetinib after
radiosurgery in MBM patients (Table 3).

Although several retrospective studies have examined
outcomes with SRS used in combination with targeted
therapies,*42 clinical recommendations remain limited in
the absence of robust prospective data. More prospective
trials are needed to address strategies to optimize timing
and sequencing of combination therapy to maximize syn-
ergy with minimal or acceptable toxicity. Potential toxicities
for combinations of radiation and targeted therapy include
rash, hemorrhage, headache, cerebral edema, and radia-
tion necrosis.**** Consensus guidelines from the Eastern
Cooperative Oncology Group have recommended holding
BRAF inhibitors for at least one day before and after SRS
and for at least three days before and after fractionated ra-
diation therapy.*® However, there are currently no guide-
lines for BRAF + MEK inhibitor combination regimens,
which have much less cutaneous toxicity than single-agent
BRAF inhibitor treatment.

Targeted Therapy and Immunotherapy

Multiple studies have shown that BRAF + MEK inhibi-
tion can reverse the immunosuppressive effects of the
BRAFV6%0 mutation, supporting the rationale to combine
these targeted therapies with checkpoint inhibitor im-
munotherapy.*’ In 2020, the FDA approved the first such
regimen, vemurafenib + cobimetinib + atezolizumab (ant-
PD-L1 antibody), based on the results of the IMspire150
phase Il trial.*® The addition of atezolizumab did not im-
prove the response rate achieved with targeted therapy
alone, but it increased the duration of the responses. Thus,
perhaps the addition of immunotherapy could address the

short duration of intracranial responses observed with DT
in the COMBI-MB trial.3?

Currently, several combinations of immunotherapy and
targeted therapy are being tested in MBM. The activity and
safety of nivolumab combined with DT is being evaluated
in a phase Il study in BRAF-mutant patients, including pa-
tients with MBMs (NCT02910700).The activity and safety of
atezolizumab combined with vemurafenib and cobimetinib
in MBMs is being evaluated in another phase Il study
(NCT03625141).

Other Targets in MBMs

Loss of the PTEN tumor suppressor, which activates
the PI3K-AKT pathway, was initially discovered as a
highly recurrent event in primary brain tumors (GBMs)."*
Interestingly, there is now growing data implicating acti-
vation of the PIBK-AKT pathway in brain metastases from
melanoma and other tumor types.*® Multiple studies have
identified increased activation of the PI3K-AKT pathway in
MBMs, including in comparison to extracranial metastases
from the same patients.'®50 |t appears that this molec-
ular phenotype could be caused by multiple mechanisms.
Loss of PTEN in is associated with increased risk of de-
veloping brain metastases in stage lll melanoma patients
and increases the rate of brain metastasis formation in a
mouse model of BRAF-mutant melanoma.5'%2 Although
less common than PTEN loss, the PI3BK/AKT pathway can
be hyperactivated by mutation of E17K in AKT isoforms.
One study showed that mice harboring melanoma tumors
expressing AKT1E"7K had the highest risk for brain metas-
tasis, an effect mediated by FAK, and thus supporting the
rationale for the therapeutic targeting of AKT and/or FAK.53
The pathway may also be activated as a late of selective
event in the brain. Two independent proteomic analyses
of resected MBMs and extracranial metastases from indi-
vidual patients and identified increased activation of the
PI3K-AKT pathway, but not the RAS-RAF- MAPK pathway, in
each of the brain metastases.'®* While these results could
be explained by clonal selection as cells with pathway ac-
tivation to form brain metastases, there is also evidence
that the PISK-AKT pathway can be activated by the brain
microenvironment. One study showed that astrocyte se-
crete exosomes containing miRNAs that target PTEN,
resulting in decreased PTEN expression and increased
PI3K-AKT pathway activation in both melanoma and breast
cancer brain metastases.’ Another study showed that ce-
rebrospinal fluid activates the PI3K-AKT pathway in human
melanoma cells.3! Importantly, activation of the PI3BK-AKT
pathway, and/or loss of PTEN, has been implicated in re-
sistance in to both targeted therapy and immunotherapy
in melanoma patients and preclinical models.'4® Further,
preclinical studies have shown that PI3K-AKT inhibitors
can have activity against MBMs, including in combina-
tion with BRAF inhibitors.'®%® Interestingly, a recent study
using in vivo molecular imaging by intravital multiphoton
microscopy further investigated the temporo-spatial dy-
namics of PIBK-AKT pathway activation during brain me-
tastasis formation. The study implicated the PI3K-AKT
pathway as a critical requirement early in colonization of
brain tissue by cancer cells. Further, there studies showed
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that inhibition of the PISK-AKT pathway effectively pre-
vented MBM formation.5®

While these studies strongly implicate the PI3K-AKT
pathway in MBMs, the clinical development of PI3K-AKT
inhibitors has been challenging due to the toxicities in-
curred by these agents, and currently there are no ongoing
studies evaluating inhibitors of this pathway in MBMs
patients. Notably, recent studies suggest that increased
activation of the PI3K-AKT pathway in brain metastases
compared to patient-matched primary tumors and extra-
cranial metastases is observed in many different tumor
types, further supporting the rationale for therapeutic de-
velopment and clinical trials in this area.'”%’

Whole genomic profiling studies have recently impli-
cated metabolic pathways as a novel feature and ther-
apeutic target in brain metastases. RNA sequencing of
patient-matched brain and extracranial metastases from
melanoma patients unexpectedly identified increased ex-
pression of genes involved in oxidative phosphorylation
(OXPHOS) in MBMs."™ This finding was recapitulated in a
murine model in which melanoma primary tumors give
rise to both lung and brain metastases. Increased OXPHOS
was also confirmed by direct metabolite analysis and in
vivo metabolic tracing of MBMs established in mice by di-
rect intracranial injection. Interestingly, while each of these
melanoma models harbored a BRAF mutation, single-
agent treatment with an experimental direct OXPHOS in-
hibitor, IACS-010759, significantly improved the survival
of mice- and had greater effects on brain metastases than
on lung metastases or primary tumors. A follow-up study
showed that the increased expression of OXPHOS genes,
and increased sensitivity to OXPHOS inhibition, was
also seen in brain metastases from lung cancer, breast
cancer, and renal cell carcinoma.’” Recently, investiga-
tors characterizing cancer cells with increased metastatic
potential to the brain implicated an additional metabolic
dependency of brain metastases, glucose-derived serine
biosynthesis. These studies showed that the brain micro-
environment has very low levels of serine and glycine,
which thus must be synthesized by cancer cells to survive
in the CNS.8Thus, the brain-metastatic cancer cells mark-
edly upregulated 3-phosphoglyerate dehydrogenase, the
rate-limiting enzyme in glucose-derived serine synthesis,
to achieve this. In addition to confirming this adaptation
in brain metastases from patients with melanoma, breast
cancer, and lung cancer, they showed that inhibitors of this
pathway inhibited the growth of brain metastases in mice
but not tumors growing at other sites, similar to the brain-
preferential activity observed with OXPHOS inhibition.

Conclusion

Targeted therapies can achieve tremendous clinical ben-
efit in MBM patients with activating mutations in the Braf
gene. Indeed, the clinical activity and safety seen with
BRAF + MEK inhibitors in post-approval trials in MBM pa-
tients raises questions about why patients with MBMs con-
tinue to frequently be excluded from clinical trials. In fact,
there is now widespread support for widening eligibility
for clinical trials to include selected patients with brain

metastases, including guidance from the FDA' and recom-
mendations from ASCO.%%° Excluding such patients is not
only discrimination but slows trial accrual clinical prog-
ress. Removing such barriers will almost certainly result in
improved outcomes for MBM patients by providing access
to more treatment options. Addressing several key ques-
tions from existing studies will further improve the impact
of targeted therapy for MBMs.

The COMBI-MB study demonstrated that combined
treatment with DT achieved high rates of intracranial re-
sponse and DCRs in patients with MBMs. However, the
duration of the responses in brain metastases was much
shorter than in extracranial metastases in the patients in
the trial, and compared to prior clinical trials in patients
without CNS involvement.3233 |t is currently unknown
why the DOR in MBMs was shorter- and thus what is the
best way to improve upon these results. Previous studies
with BRAF inhibitors (alone and in combination with MEK
inhibitors) have shown that deeper inhibition of the RAS-
RAF-MEK-ERK pathways correlates with better clinical
outcomes in patients with extracranial metastases.® If in-
complete pathway inhibition is being achieved in MBMs,
then outcomes could be improved with increased drug
delivery to the CNS by higher dosing of current agents
(ie, NCT03911869). Alternatively, perhaps outcomes
could be improved through the use of BRAF and MEK in-
hibitors designed to penetrate the BBB more efficiently,
a strategy currently being evaluated in several ongoing
clinical trials inhibitors with improved BBB penetration
(ie, NCT03332589). A second possibility is that the shorter
DOR in the brain metastases is due to the decreased im-
mune infiltration of these tumors,'4° which has also been
shown to correlate with inferior outcomes with BRAF
and MEK inhibitors.®® As noted above, recent trials have
shown that the addition of checkpoint inhibition to BRAF
and MEK inhibitors improved the duration of clinical re-
sponses in patients with extracranial disease only,*® so
the results of an ongoing trial of triplet therapy in MBM
patients are eagerly awaited. Alternatively, studies of
MBMs have identified that these tumors harbor increased
activation of the PI3K-AKT pathway and OXPHOS, both of
which have previously been shown to cause resistance to
BRAF and MEK inhibitors.'#6162 Preclinical studies with
PI3K-AKT pathway inhibitors, including in MBM models,
suggest that they may have positive anti-tumor effects in
combination with BRAF and MEK inhibitors,'®% but this
has yet to be evaluated in patients with brain metastases.
However, such combinations will need to have acceptable
toxicity profiles, particularly to allow for maintenance of
dosing that achieves target inhibition in the brain, which
has been quite challenging for PI3K-AKT pathway inhibi-
tors alone and in combination with other agents. Finally,
in addition to other systemic therapies, available data
suggests that combining BRAF and MEK inhibitors with
stereotactic radiation may have increased efficacy, a
strategy that is currently being evaluated in prospective
clinical trials.

There are many targetable oncogenes in melanoma be-
yond Braf.? While KIT inhibitors have been evaluated in
multiple clinical trials in melanoma patients with Kit mu-
tations, there is no data currently available regarding the
activity of these agents in MBM patients. Similarly, while
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the MEK inhibitor binimetinib is part of NCCN recom-
mendations for metastatic melanoma patients with Nras
mutations, there is also no data reported to date about
single-agent MEK inhibitors in MBM patients. Alterations
in Cdkn2a and other cell cycle regulators are almost uni-
versal in cutaneous melanomas, and they may frequently
have additional mutations detected in brain metastases.®"”
Thus, inhibitors against components of this pathway (ie,
CDK4/6 inhibitors) may also be rational to evaluate in
MBMs (ie, NCT02308020).

In addition to cell signaling pathways, recent studies
have also identified unique metabolic features and de-
pendencies of MBMs, including OXPHOS and glucose-
derived serine synthesis.'®%7%8 |ntriguingly, in each of
these studies metabolic inhibitors showed better anti-
tumor activity against brain metastases compared to
primary tumors or tumors growing at other metastatic
sites. Notably, this preferential activity against brain
metastases suggests that inhibitors of these metabolic
pathways will need to be combined with other agents, as
most patients with MBMs have concurrent extracranial
disease.” Similar to the combinations discussed above
such evaluations will need to carefully assess safety in
addition to efficacy and should include not only systemic
therapies but also radiation.®® While such studies remain
to be done to optimize translational strategies, the results
also suggest a new paradigm for clinical testing. While
generally most agents have been evaluated in brain me-
tastases only after initial demonstrating efficacy in pa-
tients without CNS involvement, this strategy has the risk
of eliminating agents that may have their greatest impact
on brain metastases. Thus, further improvements in the
efficacy of targeted therapy for MBMs will required both
laboratory and clinical investigators to challenges para-
digms and focus specifically on the unique challenges
they present.
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