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Abstract

11

Brain metastases are the most common brain malignancy. This review discusses the studies
presented at the third annual meeting of the Melanoma Research Foundation in the context of
other recent reports on the biology and treatment of melanoma brain metastases (MBM). Although
symptomatic MBM patients were historically excluded from immunotherapy trials, efforts from
clinicians and patient advocates have resulted in more inclusive and even dedicated clinical trials
for MBM patients. The results of checkpoint inhibitor trials were discussed in conversation with
current standards of care for MBM patients, including steroids, radiotherapy, and targeted therapy.
Advances in the basic scientific understanding of MBM, including the role of astrocytes and
metabolic adaptations to the brain microenvironment, are exposing new vulnerabilities which
could be exploited for therapeutic purposes. Technical advances including single-cell omics and
multiplex imaging are expanding our understanding of the MBM ecosystem and its response to
therapy. This unprecedented level of spatial and temporal resolution is expected to dramatically
advance the field in the coming years and render novel treatment approaches that might improve
MBM patient outcomes.

INTRODUCTION

Brain metastases from solid tumors can be a deadly step in cancer progression. Melanoma
is the third most common source of brain metastases, exceeded only by lung and breast
cancer (Berghoff et al., 2016; Schouten et al., 2002), and is the solid tumor with the highest
propensity for homing to the brain (Lamba et al., 2021). The incidence of clinically detected
brain metastases in patients with advanced melanoma is approximately 40%, with a higher
percentage identified at autopsy (Davies et al., 2011; Amer et al., 1978). Historically, life
expectancy for patients with melanoma involving the central nervous system (CNS) is short,
with a median survival of less than 6 months (Davies et al., 2011; Zhang et al., 2019).

This has changed in the era of checkpoint inhibitors, targeted therapy, and targeted radiation
techniques. More recent studies report improved survival up to 21 months in some subsets
of patients; however, much work remains to prolong survival, improve quality of life, and
meet the challenges of caring for this complex patient population (Knisely et al., 2012;
Rauschenberg et al., 2019; Vosoughi et al., 2018; Tio et al., 2018; Bander et al., 2021).

The Melanoma Research Foundation convened the first summit specifically focused on the
biology and treatment of melanoma brain metastases (MBM) in 2015. A second meeting
was held in 2019. The third meeting was delayed due to the ongoing COVID-19 pandemic
but was held in November 2021 in a hybrid fashion. Herein, we outline the current state

of research and management for MBM based on discussions at and after that meeting. This
includes the status of MBM treatments, clinical and basic research, clinical trial design, and
current challenges and future opportunities. A separate publication will focus on these issues
as they relate to leptomeningeal disease (LMD) from melanoma, to focus on the unique
characteristics and distinct biology of this clinical presentation.

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2023 May 10.
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RADIATION THERAPY

In (Chu & Hilaris, 1961) demonstrated the palliative effect of radiation therapy in over

200 patients with brain metastases from multiple solid malignancies. Since that time,
national guidelines have been developed and are regularly updated to standardize the use

of radiation for brain metastases (Mogelbaum et al., 2022). Dr. Jonathan Knisely from

Weill Cornell Medicine reviewed several proposed mechanisms as to how radiation triggers
this therapeutic benefit based on its effects on DNA, tissue microvasculature, and immune
stimulation. One elucidated mechanism is via the generation of chromosome fragments that
escape into the cytoplasm and trigger type-1 interferon secretion via cyclic GMP-AMP
synthase (CGAS), which in turn mediates an immune response (Chen et al., 2016; Cai

et al., 2014; Fuertes et al., 2011). The presence of DNA fragments can also induce the
production of DNA exonuclease Trex1, which degrades the accumulated DNA and abrogates
the activation of interferon and the subsequent immune cell repertoire (Vanpouille-Box et
al., 2017). lonizing radiation can also create oxygen free radicals which in turn damage
DNA either leading to cell repair or cell death (Ward, 1988; Goldstein & Kastan, 2015).

Dr. Knisely also discussed that radiation therapy can be delivered either in the form of
fractionated daily doses, which exploit the differing proliferation and DNA damage repair
rates between normal and tumor tissue (Santivasi & Xia, 2014); or as radiosurgery utilizing
less frequent but larger daily doses that overwhelm the DNA damage repair machinery

and may stimulate the immune system by liberating dSDNA fragments into the tumor
microenvironment (Lugade et al., 2005, Lee et al., 2009). Stereotactic radiosurgery (SRS)
allows for the sparing of unaffected brain tissue with good local control of metastatic
lesions, but still provides only modest improvement in median overall survival (OS) from
about 4-7 months (Christ et al., 2015). Whole brain radiation (WBRT) on the other hand is a
palliative measure that does not improve OS and is associated with impairment in cognitive
performance and function following treatment (McDuff et al., 2013; Brown et al., 2016).

In patients with MBM, WBRT over observation reduced the local failure rate but not the
distant intracranial failure rate (DICF) or time to DICF, with no improvement in OS (Hong
et al., 2019). Based on the limited benefit that WBRT provides patients with MBM and

its recognized toxicity profile, its use should be discouraged whenever focal stereotactic
radiosurgical treatments can be employed, even when multiple metastases may be present.

It was not until the combination of radiation therapy with active systemic therapy that
patients with MBM started to experience more significant improvements in survival (Tazi
et al., 2015; Samlowski et al., 2007). Preclinical models have demonstrated that RT
combined with immunotherapy can overcome treatment resistance in poorly immunogenic
tumor models (Demaria et al., 2005; Pilones et al., 2020). This synergism has been
thought to leverage the potential abscopal response in which radiation induces exposure
of immunogenic mutations to the immune system. No prospective studies to date have
demonstrated synergistic activity, but a large body of retrospective evidence seems
consistent with the benefit of combining modalities. In clinical practice, the addition of
the immune checkpoint inhibitor ipilimumab to SRS led to an unprecedented median OS of
up to 21 months (Knisely et al., 2012; Silk et al., 2013) in patients with MBM. Combining
targeted therapy and radiosurgery has also been demonstrated to elicit intracranial disease

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2023 May 10.
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control and improve survival (Narayana et al., 2013; Wolf et al., 2016; Long et al., 2012;
Ahmed et al., 2015). There are challenges to the use of radiation therapy and systemic
therapies, such as increased toxicity or confounding effects of one treatment on the other.
Retrospective evidence suggests that immunotherapy combined with SRS may increase the
likelihood of symptomatic radiation necrosis which can significantly impact the quality
of life (Martin et al., 2018). As the use of WBRT in treating MBM has been supplanted
by targeted techniques, the panel focused on several remaining open questions, including
how to improve the safe delivery of SRS, whether to administer several fractions versus
one, whether de-escalating the doses may improve the immune response and decrease
inflammation as is currently being investigated by the ABC-X trial (NCT03340129), and
what kind of in vivo immune response is truly induced by SRS over and above that of the
immunotherapy itself.

SURGICAL THERAPY

Surgical resection has historically been performed in the minority of melanoma patients,
typically for solitary brain metastases or with palliative intent of a dominant symptomatic
lesion (Wronski & Arbit, 2000). With modern practice improvements, surgical resection

of brain metastasis can play an increasingly important role in the integrated management

of melanoma patients. Dr. Daniel Cahill from Massachusetts General Hospital and Dana
Farber/Harvard Cancer Center presented a treatment algorithm for the surgical management
of MBM. Based on studies in melanoma and other tumor histologies, surgery is supported
by level I evidence when there is a solitary lesion and the patient has a good functional
status, controlled extracranial disease, or if the tumor is large and located in the posterior
fossa. If there are multiple lesions, surgery may still be indicated if there is a dominant
lesion that is causing symptoms; enlarging hemorrhagic or cystic metastases (less amenable
to SRS); or if there is a need for tissue for diagnosis. Surgical intervention can be preferable
over the less invasive SRS if there is a need for rapid resolution of mass effect, which allows
for the more rapid tapering of high-dose steroids and permits more effective antitumor action
of immune checkpoint inhibitors. Indeed, surgery before checkpoint therapy appears to
result in longer OS compared to the reverse, possibly by allowing for faster systemic disease
control and more expeditious discontinuation of steroids prior to immunotherapy (Alvarez-
Breckenridge et al., 2019). On the other hand, SRS has the advantage of being able to treat
small, deep lesions with an outpatient procedure that does not require general anesthesia
and has a short recovery time that can allow for the rapid initiation of cytotoxic systemic
therapies (Suh, 2010). In general, surgical management of MBM requires a multidisciplinary
approach that incorporates systemic therapy and/or radiation options.

IMMUNE THERAPY

Since 2011 there have been 12 agents approved for the treatment of stage IV melanoma.
Starting with ipilimumab in 2011, the OS of patients with metastatic melanoma has
increased from less than 5% at 5 years to 50% with the combination of ipilimumab

and nivolumab (Larkin et al., 2019). To date, close to 8000 patients have been included
in phase 111 trials for advanced melanoma, whereas trials that include patients with
MBM have amassed only ~800 participants. Historically, patients with MBM have been

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2023 May 10.
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excluded from clinical trials for multiple reasons, including concerns about the brain
penetrance of drugs, and/or the worse prognosis of these patients; belief that the brain is

an “immune sanctuary” that would render immune therapies ineffective; and the possibility
that surgery and radiation may be better approaches for intracranial diseases over systemic
treatments. Evidence has refuted some of these hypotheses; in particular, T cells can
infiltrate the brain and improve therapeutic outcomes. Histopathologic analysis of MBM
with concurrently performed whole genome expression profiling and immunohistochemistry
have demonstrated that MBM are more similar to other extracranial metastases compared
to primary melanomas, and that the presence of immune infiltrates is a favorable prognostic
factor associated with improved survival (Hamilton et al., 2013). Global interrogation of
these tumors by RNA-seq, including MBM patients with paired extracranial metastases,
confirmed the prognostic significance of immune infiltrates in MBMs. The study also
showed that MBMs harbored significant immunosuppression and enrichment of oxidative
phosphorylation compared to the patient-matched non-CNS metastases (Fischer et al.,
2019). Whole exome sequencing on different tumor types has demonstrated that brain
metastases and primary tumors follow a branched evolution pattern such that each lesion
continues to evolve separately and develop its own distinct mutational profile, underscoring
the need to study MBM as a distinct disease process in terms of pathophysiology and
response to treatment (Brastianos et al., 2015).

Patients with CNS disease often require steroids to control edema and inflammation. This
portends a more aggressive disease course and has been used as justification to exclude
such patients from clinical trials. In a phase 11 trial of ipilimumab in patients with MBMs
the median OS in asymptomatic patients not on steroids (Cohort A) was 7 months while
patients with symptomatic brain metastases and on steroids at study initiation (Cohort B)
had a median survival of 3.7 months (Margolin et al., 2012). In a cohort of patients with
asymptomatic MBM treated with pembrolizumab, the overall response rate was 22% with a
median OS of 17 months (Kluger et al., 2019). A very similar intracranial response rate of
20% was observed for nivolumab in patients with asymptomatic MBMs (Cohort B) in the
ABC trial, whereas the response rate was only 6% in patients with neurological symptoms,
LMD, or previous CNS-directed treatment (Cohort C) (Long et al., 2018). Dr. Hussein
Tawbi from MD Anderson Cancer Center presented the final results of the CheckMate 204
trial which was a phase Il study that looked at the long-term outcomes of patients with
MBM treated with combination nivolumab plus ipilimumab at standard doses (Tawbi et al.,
2021) and included cohorts of both asymptomatic (A) and symptomatic (B) intracranial
disease, with patients in cohort B allowed to receive 4 mg or less dexamethasone or

an equivalently dosed steroid per day. Both cohorts were treated with up to four cycles

of combination checkpoint inhibitor therapy before proceeding to nivolumab maintenance
until progression or toxicity. At a longer follow-up of 36 months, the OS in cohort A

(101 patients) was 72% and for cohort B (18 patients) was 36%. The partial or complete
intracranial clinical benefit rate was 54% in cohort A but only 22% in cohort B. Similar
results were obtained for progression-free survival, with rates of response at 36 months for
extracranial and global disease (62% and 48% for cohort A, respectively and 36% and 26%
for cohort B). The median duration of response had not been reached for either cohort at
the time of publication. These results suggest that patients who achieve a response in their

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2023 May 10.
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MBM tend to have a durable response, and have revolutionized the treatment of patients
with MBM to nearly always include this “full dose” ipilimumab (3 m/kg)/nivolumab (1
mg/kg) regimen as a component of therapy.

Although immunotherapy now is recognized to have considerable efficacy, especially in
asymptomatic MBM patients, Dr. Tawbi emphasized that there are still significant numbers
of patients (those receiving steroids and those with symptomatic MBM) that are not
benefiting from our available treatments and research, and who continue to be excluded
from trials that are changing the standard of care. There is a need to look further into novel
combinations of drugs with CTLA-4/PD-1/PD-L1 inhibitors that may lead to increased
efficacy and decreased toxicity and to examine the potentially increased effectiveness

of incorporating SRS with active systemic agents as is being done in the ABC-X trial
(NCT02374242). This is a phase I, open label, randomized trial of combination ipilimumab/
nivolumab with concurrent SRS vs. dual checkpoint inhibitor alone in patients with
asymptomatic untreated MBM. Currently, there are clinical trials underway investigating
other checkpoint inhibitors such as antagonists to VISTA (NCT02812875) and TIM-3
(NCT04370704) and their efficacy in advanced tumors including melanoma. Recently,
blocking LAG-3 has demonstrated efficacy in combination with nivolumab in the treatment
of metastatic melanoma patients without CNS disease, and future trials will look to decipher
whether there is a role of LAG-3 antagonists in the treatment of brain metastases (Tawbi et
al., 2022). Table 1 summarizes the approaches discussed for future clinical trials design, and
Table 2 lists the currently recruiting clinical trials enrolling patients with MBM receiving
either systemic therapy or in combination with radiation. Combining immunotherapy with
VEGF inhibition is being investigated in several studies, as it is a strategy that may improve
the intracranial activity of immunotherapy and reduce the need for steroids (NCT02681549,
NCT03175432, and NCT04955743) (Banks et al., 2019).

TARGETED THERAPY

BRAF mutations are present in a multitude of tumor histologies and can be found in
approximately 50% of patients with cutaneous melanoma (Davies et al., 2002). Further
genetic classification of non-acral cutaneous melanomas identified NRAS, NF-1, and triple
wild-type clusters; a high prevalence of c-KIT mutations in acral and mucosal melanomas;
and the high occurrence of GNAQ/GNA11 and BAP1 mutations in uveal melanoma (Cancer
Genome Atlas Network 2015; Harbour et al., 2010). Dr. Michael Davies from MD Anderson
Cancer Center highlighted opportunities for other molecular targets in MBM. In particular,
loss of PTEN, which results in the activation of the PI3K-AKT pathway, has been identified
as an important factor associated with the emergence of brain metastases and decreased OS
in BRAF mutant melanoma (Bucheit et al., 2014; Cho et al., 2015; Nguyen et al., 2022).
Further, increased activation of the PI3K/AKT pathway in MBM (described in more detail
below) may serve as a way of overcoming therapy resistance to BRAF inhibitors (Chen et
al., 2014; Niessner et al., 2013). The identification of these targets and pathways drives the
development of precision drugs and more effective combinations.

Dr. Davies reviewed the results of the COMBI-MB trial which was a phase 11 trial of
dabrafenib and trametinib in patients with BRAF-V600 mutant metastatic melanoma with
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new or progressive brain metastases (Davies et al., 2017). There were cohorts for untreated
and previously treated patients, and steroid use was allowed. The intracranial objective
response rate was 44%-58% in the different cohorts, although this was accompanied by a
short duration of response of 6.5 months and a median PFS of only 5.6 months. Half of

the patients progressed in the brain while their extracranial disease was still controlled. One
hypothesis for this observation is that there is less penetrance of small molecule inhibitors
into the brain parenchyma (Bollag et al., 2012; Flaherty et al., 2012; Dummer et al.,

2018). Results from lung cancer trials have demonstrated that higher doses of osimertinib

in patients with EGFR mutant CNS disease can result in meaningful improvements in
efficacy even in pretreated patients or those with LMD (Yang et al., 2017, Park et al.,

2020). Thus, trials have been designed to explore the activity of higher doses of BRAF/MEK
inhibitors (POLARIS trial; NCT03911869). Alternatively, studies in both lung cancer and
breast cancer have demonstrated that inhibitors designed to penetrate the blood-brain barrier
(BBB) more efficiently may both effectively treat established brain metastases and prevent
the development of new brain metastases (Murthy et al., 2020; Lin et al., 2020; Felip et al.,
2021; Shaw et al., 2020). This strategy is now being tested in patients with melanoma with
new agents with improved penetration of the BBB, such as the ABM-1310 (NCT04190628),
PF-07284890 (NCT04543188), or E6201 (NCT03332589).

Another strategy under investigation is to combine clinically available BRAF/MEK
inhibitors with checkpoint inhibitors in an attempt to increase the intracranial response
(NCT04511013, NCT03625141, and NCT02910700). The TRIDeNT study was presented
at ASCO 2021 (NCT02910700) which combined dabrafenib, trametinib, and nivolumab in
patients with BRAF mutant metastatic melanoma, including patients previously treated with
anti-PD1 and/or with active brain metastases. The objective response rate for the entire
population was 92%. For patients with MBMs, the intracranial response rate was 63%, and
they had a similar median PFS (8.0 months) compared to patients without CNS involvement
(median 8.5 months) (Burton et al., 2021).

Ongoing research in MBM is identifying molecular pathways that could serve as targets for
novel inhibitors (see section “Molecular Determinants of Melanoma Brain Metastasis”).

As mentioned previously, increased activity of the PI3K-AKT pathway and increased
expression of and dependence upon oxidative phosphorylation, have been identified in
MBMs and may both be susceptible to targeted inhibition (Chen et al., 2014; Fischer et al.,
2019; Fukumura et al., 2021). 3-phosphoglycerate dehydrogenase (PHGDH) is upregulated
in aggressive brain metastasis models and clinical samples, including in melanoma and
breast cancer. PHGDH is the rate-limiting enzyme of serine synthesis from glucose and
PHGDH inhibition results in potent and selective inhibition of breast and melanoma

brain metastasis (Ngo et al., 2020). Targeting these novel pathways in combination

with other already effective therapies may improve the responses and outcomes of this
patient population. Indeed, given the increased effectiveness of PHGDH (and oxidative
phosphorylation) inhibition against intracranial tumors compared to extracranial metastases,
patients with brain metastases are the ideal patient population in which to study drugs
against these pathways. The activity of such inhibitors was demonstrated in melanoma and
breast cancer brain metastasis models suggesting that there may be a potential role for future
histology agnostic clinical trials targeting common pathways.
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TRIAL DESIGN AND RESPONSE CRITERIA

The frequent exclusion of melanoma patients with brain metastasis from the trials that

later inform the standard of care leads to results that do not fully represent the needs

of patients with this disease. Dr. Patrick Wen from Dana Farber/Harvard Cancer Center
reviewed the current state of clinical trial design as it pertains to brain metastases and the
consensus guidelines on the response criteria to be used in trials when assessing the activity
of regimens in the CNS.

In 2020, the FDA published new guidelines to encourage the inclusion of patients with brain
metastases in clinical trials (FDA 2020). Such efforts had already been supported by ASCO
and Friends of Cancer Research, who advocated for clinical trials to be less restrictive in

the type of patients excluded from enrollment (Gore et al., 2017). Recommendations were
made for the inclusion of patients with stable, treated, or active/progressing brain metastases
as well as for patients with leptomeningeal involvement. Certain high-risk groups of patients
and therapeutic agents continue to be excluded due to safety concerns, including those

with risk of hemorrhage or seizures, as well as patients receiving corticosteroids that might
affect the efficacy of the investigational treatment. As these are the patients with the worst
outcomes and lowest responses to current therapies, they are in greatest need of access to
potentially active investigational therapies. The FDA released companion guidance on the
evaluation of cancer drugs in patients with CNS metastases in which they recommended
that CNS disease should not be evaluated in isolation from the systemic response. Based on
this, they will be evaluating the effect of systemic drugs on CNS metastases in the context
of the entire burden of metastatic disease regardless of whether the trial was conducted
exclusively in patients with CNS disease or if they were only a subset of the studied
population. There were also recommendations for imaging assessment and time-to-event
endpoints. The overall objective of the efforts is to encourage industry and investigators to
limit the exclusion of BM (and MBM) patients from therapeutic trials.

As the inclusion of patients with MBM in trials increases, providers are met with unique
challenges in the on-protocol treatment of MBM. Although RECIST criteria exist for
assessing responses to extracranial solid tumors until recently there was a lack of consensus
criteria for assessing intracranial responses. In addition, there is a need for standardization
of the eligibility criteria that are used for enrollment. Both of these issues have begun to be
addressed.

In 2015, the Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM)
working group collaborated to propose a standardized response and progression criteria

for the assessment of brain metastases in clinical trials (Lin et al., 2015). This guideline
proposed definitions for assessing response in CNS disease based on the complete response,
partial response, stable disease, and progressive disease. It included clinical status and
steroid use within these parameters and proposed that the CNS be considered as a separate
compartment when assessing overall response, allowing for more granular reporting of
outcomes. Based on this, studies can now report CNS response rate, non-CNS response rate,
“bi-compartments PFS,” and separate reporting for CNS-PFS and non-CNS PFS. This can
improve the accuracy and applicability of specific trials as those studying local therapies can
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report on intracranial PFS as a primary endpoint, whereas systemic therapies trials should
report on bi-specific PFS since intracranial PFS alone is not an acceptable primary endpoint.

There continues to be debate about the most accurate and appropriate definition of
“measurable disease.” Based on RECIST 1.1 criteria, the measurable disease is defined

as a contrast-enhancing lesion that can be accurately measured in at least one dimension
with a minimum size of 10 mm; however, some trialists have recommended using 5 mm

as a size cutoff when the thickness of MRI slices is 2 mm or less (Schwartz, Litiére, et

al., 2016a; Schwartz, Blacher, et al., 2016b; Qian et al., 2017) given the propensity for

brain lesions to recur frequently as multiple lesions less than 10 mm in size. This change
would allow for more patients to be included in trials. However, there are concerns about the
reproducibility and accuracy of measuring changes in lesions that are <10 mm which will
need to be addressed, perhaps using pooled data from ongoing trials.

To maximize reproducibility and consistency across treatment centers, a consensus is
needed regarding the standardization of brain tumor imaging protocols, which has also been
addressed in new guidelines (Kaufmann et al., 2020). All of these efforts seek to increase
inclusion, standardize care delivery and improve the validity of results from trials that treat
patients with brain metastases.

MOLECULAR DETERMINANTS OF MELANOMA BRAIN METASTASIS

At the second MRF Brain Metastasis Summit in 2019, the study of the tumor
microenvironment (TME) was coming into focus as an avenue for the discovery of

novel mechanisms and therapeutic targets for MBM. The authors of that summit's report
noted Paget's “seed and soil” hypothesis, postulating that both the melanoma cell “seeds”
and the brain “soil” contribute to the success of metastasis and cooperate to this end
(Eroglu et al., 2019). As predicted, this topic has come to dominate the field (Srinivasan

et al., 2021). New insights have increased the granularity in our understanding of the
“soil,” as cellular and acellular components of the TME are increasingly recognized for
the challenges and support they can present to invading melanoma cells. The BBB is

a highly selective filter that isolates the brain from peripheral circulation (Arvanitis et

al., 2020). The cerebrospinal fluid, which bathes the brain and spinal cord, is uniquely
depleted of growth factors, proteins, and amino acids (Spector et al., 2015; Dolgodilina

et al., 2016; Ngo et al. 2020a, 2020b). The cellular components of the brain parenchyma
“soil” include neurons and supporting cells, such as astrocytes, microglia, pericytes,

and oligodendrocytes. Additionally, immune populations such as T cells, B cells, bone
marrow-derived macrophages, and neutrophils are known to patrol the tumor-bearing brain
(Klemm et al. 2020; Friebel et al., 2020). Interactions between brain metastases and the
microenvironment across cancers are thoroughly explored in Srinivasan et al. 2021; with this
review, we will discuss melanoma-specific findings including those presented at the third
MRF Brain Metastasis Summit and summarized in Figure 1.

Metabolic adaptations

In many ways, melanoma cells navigate the brain TME not just by surviving the challenges
it presents, but by manipulating the TME to their advantage. In particular, the metabolic
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give-and-take between melanoma and its microenvironment has proven critical for MBM
progression. For instance, Dr. Michael Pacold of the NYU Grossman School of Medicine
presented work showing that cells from multiple cancer types upregulate PHGDH, the
rate-limiting enzyme in glucose-derived serine synthesis, to spread in this nutrient-depleted
milieu (Ngo et al. 2020). PHGDH was increased in aggressive brain-tropic cell lines as

well as patient samples of brain metastasis compared to other sites of metastasis. Inhibition
of PHGDH by genetic means impaired brain metastasis development in murine models of
triple-negative breast cancer and non-small cell lung cancer. PHGDH-targeting shRNAs also
impaired the ability of MBM patient-derived short-term cultures to proliferate in CSF-like
nutrient-depleted media. Importantly, prophylactic treatment with a pharmacologic inhibitor
of PHGDH decreased brain metastatic burden in a murine model of breast cancer. PHGDH
inhibitors may therefore serve as another tool against MBM, perhaps in combination with
existing therapies, pending clinical trials.

Other metabolic vulnerabilities of MBM cells are also being explored. For instance, genes
involved in oxidative phosphorylation have been found to be upregulated at both the RNA
and protein level in MBM patient samples compared to extracranial metastases (Fischer et
al. 2019, Fischer et al. 2021, Kleffman et al. 2022). Patients with an increased oxidative
phosphorylation signature in their MBMs were found to exhibit decreased survival. In
intracranial models, melanoma cells were found to depend upon oxidative phosphorylation
for metastatic outgrowth (Fischer et al. 2019). Additionally, oxidative phosphorylation is
demonstrated to mediate resistance to MAPK pathway inhibitors in non-CNS melanomas
and cell lines, making it an attractive therapeutic target for patients with MBM with
mutation status meriting targeted therapy (Gopal et al. 2019). Oxidative phosphorylation
has also been implicated in resistance to immune checkpoint inhibitors, both in patients
and in preclinical models (Najjar et al. 2019). In both intracranial xenografts into
immunocompromised mice and in an autochthonous immune-competent model, treatment
with the mitochondrial complex I inhibitor IACS-10759 resulted in decreased MBM
burden (Fischer et al. 2019). While clinical development of IACS-10759 has stopped,
other inhibitors of oxidative phosphorylation exist that show clinical safety; these agents,
including metformin, may represent a promising treatment option for MBM.

Astrocyte contributions

Astrocytes are critical players in the brain microenvironment, supporting neuronal activity
and coordinating recovery from both acute injury and neurodegeneration (Liddelow et al.
2017). Fatty acid synthesis in astrocytes maintains lipid homeostasis and synapse function
in CNS (van Deijk et al. 2017, Garcia Corrales et al. 2021). In the context of inflammation
and trauma, astrocytes use fatty acid secretion to respond to neuronal injury (Aizawa 2016,
Garcia Corrales et al. 2021). Recent work shows that melanoma cells can co-opt this
pathway to further MBM progression: Dr. Qing Chen of the Wistar Institute presented data
showing that co-culture with astrocytes enhances melanoma cell proliferation via astrocyte-
secreted unsaturated fatty acids triggering the transcription factor-regulating nuclear receptor
protein peroxisome proliferator-activated receptor y (PPARY) signaling in melanoma cells
(Zou et al. 2019). Moreover, a PPARy antagonist shows promise by inhibiting brain
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metastasis progression in murine models in which melanoma and breast cancer cells were
injected into the left ventricle to generate hematogenously disseminated brain metastases.

Another study illustrates that in both murine models and human patient data, MBM-
associated astrocytes upregulate the chemokine ligand CXCL10, and that its receptor
CXCR3is in turn expressed by melanoma cells in the brain (Doron et al. 2019). CXCL10

is a chemokine expressed in response to IFN-y by various cell types, used by astrocytes in
gliosis to coordinate the immune response. One such role for CXCL10 was demonstrated
when astrocyte-conditioned media treated with a CXCL10 antibody failed to stimulate T-cell
migration in an in vitro invasion assay. Importantly, melanoma cells expressing CXCR3-
targeting sShRNA's yielded decreased brain metastasis burden in a syngeneic model of MBM.

In these ways, melanoma cells can survive the harsh brain microenvironment, co-opting
mechanisms usually involved in injury recovery and immune surveillance to utilize

as pro-tumor signals. Melanoma cells can also re-organize their surroundings outright

to make them more permissive. MBM cells have been shown to reprogram reactive
astrocytes into a tumor-supportive phenotype via various mechanisms (Priego et al. 2018,
Klein et al. 2015, Schwartz et al. 2016a, 2016b, Doron et al. 2019). For instance, brain-
metastatic cells of several primary tumor origins—including melanoma—nhave been shown
to induce and maintain a subpopulation of STAT3-expressing astrocytes which, in turn,
orchestrate a tumor-supportive microenvironment (Priego et al. 2018). This bidirectional
communication between astrocytes and cancer cells has clinical importance, as patients with
lung adenocarcinoma brain metastases treated with the STAT3 inhibitor silbinin showed
increased OS in a small clinical trial.

Despite the evidence for tumor-supportive activity of astrocytes in MBM, antagonistic
interactions with the brain microenvironment must also be overcome. One of the first studies
to describe a mechanism by which astrocytes block brain metastasis showed that astrocytes
can induce apoptosis of brain metastatic cells by secretion of plasminogen activator and Fas
ligand, which tumor cells combat by secreting serpins (Valiente et al. 2014). Other recent
work shows that melanoma cells secrete amyloidp (AB) to suppress inflammatory activation
of astrocytes and protect against phagocytosis by microglia (Kleffman et al. 2022). The
authors subjected culture-adapted patient-derived surgical melanoma samples from either
MBM or non-brain metastases to mass-spectrometry-based proteomics. These data showed
that proteins involved in the processing of amyloid precursor protein (APP) into its product
AP were more highly expressed in MBM than in extracranial metastasis, suggesting a

role for AB in MBM. In intracardiac injection models, targeting A by blocking APP
expression using ShRNAs or CRISP/Cas9 suppressed both the establishment of MBM and
the further growth of seeded melanoma cells in the mouse brain without significantly
affecting the extracranial metastasis. Multiplex immunofluorescence revealed that astrocytes
and microglia surrounding melanoma cells unable to produce A have increased expression
of inflammatory markers. Treatment of mice with established brain metastases with a 8-
secretase inhibitor (which prevents processing of APP into AB) resulted in decreased brain
metastasis burden.
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Work in glial biology sheds light on the apparent contradiction of pro- and anti-metastasis
functions of astrocytes: reactive astrocytosis is spatiotemporally heterogeneous, and
incompletely described by markers like GFAP (Liddelow et al. 2017). Similarly, the binary
model of microglia and macrophage activation is increasingly outmoded and replaced by
one of multi-dimensionality and plasticity (Guldner et al. 2020, Xue et al. 2014). These
data highlight a continued need for collaboration between the fields of neuroscience and
melanoma biology (Monje et al. 2020). In particular, the intriguing finding of a role for A
in MBM as a modulator of the brain microenvironment suggests that there may be related
mechanisms underlying neurodegenerative pathologies and MBM. Further investigation
into the relationship between brain metastasis and neurodegenerative disorders may reveal
additional important insights into the complexities of astrocyte and microglia function. A
better understanding of glial plasticity and heterogeneity in response to insults can help
reveal the mechanisms by which these cell types respond to tumor cell invasion, and how
cancer cells can co-opt those responses to survive and adapt to the CNS.

Together, these data point to multiple novel molecular targets with available pharmacologic
agents—including but not limited to PHGDH, CXCR3, oxidative phosphorylation, STAT3,
PPAR<y, PI3K-AKT, and Ap—as promising tools for the treatment of MBM. Such exciting
innovations must be considered against, and perhaps in combination with, the current
standards of care including SRS, BRAF and MEK inhibition, and ICB.

Immune infiltrates.—In addition to the role of astrocytes, recent studies have exposed an
integral role for myeloid cells, particularly bone marrow-derived macrophages and microglia
(collectively known as tumor-associated macrophages, or TAMS) in breast cancer brain
metastases. Microglia are the coordinators of the innate immune response in the brain and
therefore potentially represent an existential threat to cancer cells taking root in the brain
parenchyma. However, recent work highlights that microglia may serve pro-tumor functions
as well. An inhibitor of colony-stimulating factor 1 receptor (CSF1R) showed efficacy in
murine models of breast-to-brain metastasis by attenuating tumor-associated macrophage
activation. Microglia promoted resistance to this treatment by activating CSF2Rb-STAT5
signaling, which was in turn combated with STATS5 inhibition (Klemm et al. 2021). In
another study using a syngeneic murine model of breast-to-brain metastasis, myeloid cells
were observed to downregulate CX3CR1 in response to brain metastasis. This loss of
CX3CR1 was found to trigger a CXCL10-mediated “vicious cycle” resulting in a pro-tumor,
immune-suppressed niche (Guldner et al. 2020). In an intracerebral injection model of breast
cancer brain metastasis, selective depletion of anti-inflammatory microglia with clodronate
resulted in decreased brain metastatic burden (Andreou et al. 2017).

Though a dearth of syngeneic models has somewhat hindered the study of myeloid cells in
MBM specifically, the data that have been published points to a pivotal role for microglia

in melanoma cells' success in the brain microenvironment, not unlike in breast cancer. For
example, prophylactic treatment with a TLR9 agonist has shown efficacy in an intracarotid
injection model of MBM by inducing microglial activation (Benbenishty et al. 2019). Other
work shows that culture with melanoma cell conditioned media alters the cytokine profile of
microglia (Izraely et al. 2019). The roles of this and other cell types in the diverse ecosystem
of the brain—including bone marrow-derived macrophages, neutrophils, B and T cells, and
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neurons—in MBM are less clear at this point as compared to astrocytes. Whereas astrocytes
are the most abundant cell type in the brain, others are rarer and therefore represent a
technical challenge (Miller 2018).

Moving forward, the study of these constituents of the brain-tumor interface in pairs—

for instance, the astrocyte-melanoma relationship, separate from the neuron-melanoma
relationship—is important. But cancer and non-cancer constituents of the TME surely
communicate among one another contemporaneously and bidirectionally, just as microglia,
astrocytes, and immune cells cooperate to address brain injury. High-resolution omics
technologies are starting to reveal a dense web of interactions between cell types in MBM
at unprecedented spatial and molecular detail (Lawson et al. 2018, Smalley et al. 2021,
Gonzalez et al. 2022).

The relative geographic orientation of the cells of the TME has biological import in other
malignancies and may therefore represent a dimension of information worth exploring

in MBM. For example, glioblastoma cells exhibit distinct phenotypes across the tumor's
“heterogeneous landscape of cell populations” (Comba et al. 2021); proximity to synapses
allows breast cancer brain metastatic cells to engage with neurons where astrocytes usually
do (Zeng et al. 2019); glia and neurons are known to vary their phenotypes across

the highly spatially organized brain (Tan et al. 2020, Batiuk et al. 2020). Cutting-edge
tools will help the field grapple with phenotypic and spatiotemporal heterogeneity in the
dynamic MBM TME. These include scRNA-seq and CITE-seq, spatial transcriptomics,
multiplex immunofluorescence imaging technologies (e.g., CODEX and GeoMx), and
machine learning-based intercellular communication network inference (Armingol et al.
2021, Goltsev et al. 2018, Khan et al. 2021, Turei et al. 2021). Such studies are already
published on brain metastases from other primary tumor origins (Laughney et al. 2020,
Guldner et al. 2020). For instance, using CITE-seq to assess tumor-associated macrophage
transcriptional heterogeneity, followed by RNA-ISH and IF to interrogate the spatial
distribution of those subpopulations, Guldner and colleagues found a subtype of macrophage
that exists at the brain-tumor interface specifically (Guldner et al. 2020).

Single-cell RNA-sequencing (sScRNA-seq) is also already being applied to MBM samples
(Lawson et al. 2018, Smalley et al. 2021, Alvarez-Breckenridge et al. 2022). The untangling
of intercellular networks enabled by this technique is especially critical in the context

of immunotherapy. Prospective clinical trials of immune checkpoint blockade (ICB) for
melanoma brain metastasis are ongoing and promising, but molecular mechanisms of
response and resistance are still unclear (see section “Immune Therapy™). Work presented
by Dr. Christopher Alvarez-Breckenridge of MD Anderson Cancer Center characterized
the response of melanoma in the brain to ICB through scRNA-seq of 27 human MBM
samples (Alvarez-Breckenridge et al. 2022). This cohort included 8 patient samples
preimmunotherapy and 19 post-immunotherapy, with only some responsive to therapy.

This analysis revealed a subpopulation of neutrophils associated with pro-tumoral features.
Indeed, tumor-associated neutrophils (TANS) are recognized as critical players in the
response to ICB of various cancers, as they can partake in both the anti-tumor immune
response and pro-tumor inflammation (Jaillon et al. 2020, Faget et al. 2021). These findings
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indicate that MBM is no exception, and the role of TANs merits further mechanistic
investigation.

In addition to single-cell transcriptomic analyses, this study also included sequencing of
T-cell receptors from both patients' blood and MBM tumors. In accordance with previous
findings, T cell clonal expansion in the blood was found to correlate with response to
checkpoint blockade. Clonally expanded T cells in MBMs, however, were found to adopt

a transcriptional signature associated with exhaustion. Further, a significant association was
found between a given intracranial T cell having an “effector” transcriptional profile and its
clonotype being found in both the MBM and the blood (Alvarez-Breckenridge et al. 2022).
Such findings, made possible only by the dual sampling of blood and tumor, underscore

the importance of economically designed sample procurement in a field with limited patient
numbers, and support peripheral blood sampling for predicting ICB response in MBM
patients, as has been proposed with extracranial metastases (Lucca et al. 2021, Pauken et al.
2021).

These single-cell data also provide important context for another study, which described
whole-exome sequencing of patient-matched MBMs and extracranial metastases. While T
cell clonality—the distribution of receptor sequences across cells—did not differ between
pairs, observed richness—the number of unique TCR sequences in a T-cell population—
was significantly lower in MBMs (Fischer et al. 2019). Further, the authors observed
minimal overlap in T cell repertoires between MBMs and patient-matched extracranial
metastases. The sScCRNA-seq data from Alvarez-Breckenridge et al nonetheless point to
concordant phenotypic diversity between MBM and extracranial metastases. Together these
data highlight the need for a multi-pronged assessment of the T-cell compartment (e.g., T
cell fraction, phenotype, and clonotype) in future studies dissecting molecular mechanisms
of intracranial response to ICB in melanoma.

While single-cell data are of a relatively high resolution, its application is still expensive

and technically demanding. Dr. Don Nguyen of Yale School of Medicine described a
recently developed innovative approach to bulk RNA-sequencing, termed “BMX-Seq,”
which deconvolutes tumor and microenvironment gene expression of human models injected
into mice more efficiently than existing computational approaches (Wingrove et al. 2019).
Importantly, the results are rendered into a user-friendly web interface for exploration by
members of the field (http://bmxexplorer.gotdns.org/). As shown by the examples listed in
this manuscript, parallel studies on the brain metastasis microenvironment in breast and lung
adenocarcinoma often reveal shared mechanisms with MBM. Indeed, BMX-Seq shows 252
genes commonly upregulated when lung, breast, or melanoma were intracranially injected
into mouse brains as compared to their expression in 2D culture. Just as important as these
similarities, however, are the molecular distinctions between brain metastases of melanoma
and other primary tumor origins. For instance, Wingrove et al made the important distinction
between forebrain and hindbrain metastases. Unlike breast and lung cancers which show
tropism for the cerebellum, melanoma is known to metastasize to the frontal and temporal
lobes of the brain more frequently (Cardinal et al. 2021).
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BRAIN METASTASIS PRECLINICAL MODELS

Brain metastasis is a complex process, of which only isolated steps can be modeled in

vitro. As such, reproducible, clinically relevant in vivo models are paramount for progress

in this area. Most studies use cells derived from human patients and employ intracardiac
injection into the left ventricle of immunocompromised mice. To facilitate loss-of-function
studies, a model must have sufficient penetrance of brain metastasis in this context; such
models are rare but increasing in number as the field grows. These intracardiac injection
models are highly penetrant but do not reflect early events in the metastatic cascade. While
human xenograft models are intrinsically closer to the tumor biology of patients, the use of
immunocompromised mice necessitated by injection of human melanoma cells limits insight
into the immune microenvironment in MBMs.

Syngeneic murine models—which can be injected into immunocompetent mice to
reproducibly yield MBM—nhave proven especially difficult to generate. This is an urgent
problem in the field, as the concept of the brain as an “immune privileged” site quickly
wanes and immune checkpoint inhibitors have become the standard of care for patients with
metastatic melanoma. As described above (see “Molecular Determinants of Melanoma Brain
Metastasis™), molecular associations with response and resistance to ICB are just being
uncovered from the analysis of human samples. Functional interrogation of these findings,
however, depends upon suitable immunocompetent murine models. Currently, a handful is in
use, including B16-F10, YUMML1.7-BrM213, D4M3, and RMS (Nakamura et al. 2002, Zou
et al. 2019, Jenkins et al. 2014, Schwartz et al. 2016a 2016b).

Even with the employment of syngeneic cell lines, however, come immune system-related
concerns. Recent work shows that the xenobiotic marker GFP (Green Fluorescent Protein)
induces T-cell-mediated tumor rejection in a manner proportionate to its expression
(Grzelak et al. 2021). GFP and luciferase are widely used tools to facilitate the tracking
and measuring of tumors during in vivo experiments. These tools are especially critical

in MBM studies because models can be lowly penetrant, and so abandoning them
altogether is potentially fraught. This issue is well summarized by Day et al. 2022,

which suggest solutions including antigen-specific tolerization techniques like delivery of
non-immunogenic mRNA for prolonged expression of luciferase (Krienke et al. 2021).
Alternatively, the use of imaging modalities that do not require such markers on the
cancer cells (i.e., MRI), may also reduce the impact of such issues. Such strategies may
prove invaluable if the field is to model the MBM microenvironment and responses to
immunotherapy in mice reproducibly.

In her presentation, Dr. Eva Perez-Guijarro of the National Cancer Institute described a set
of four distinct murine models developed in the C57BI/6J background (M1-M4), each with
a unigue combination of genetic alterations and carcinogenic insults. This panel promises
to provide insights into the biology and ICB responsiveness of various melanoma patient
subpopulations (Pérez-Guijarro et al. 2020). Tumors were excised and adapted to culture
conditions, after which each “cell line” was injected into the left ventricle to assess its
brain metastatic potential. The “M4” line, stemming from tumors with KrasG12D that are
sensitive to immune checkpoint blockade, yielded the most brain metastases. This line's
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brain tropism was increased through several rounds of in vivo selection. The responsiveness
of this M4 model to ICB was compared to a triple-negative breast cancer model, 4 T1.
Interestingly, the response of mice injected with M4 to ICB mimicked that of human
metastatic melanoma patients in two ways: firstly, a combination of anti-CTLA4 and anti-
PD-L1 treatment was more effective than either alone, with anti-PD-L1 being superior to
anti-CTLA4; secondly, M4 was much more responsive to immunotherapy than the breast
model 4 T1. Immunophenotyping analysis of untreated brains showed altered microglia
as a prominent component of the altered brain microenvironment in brains bearing M4
melanoma metastases, compared to PBS-injected mice; 4 T1 cells did not induce such a
dramatic change in microglia. These findings avail the field of multiple new syngeneic
models of MBM, and further underscore the need to dissect the role of microglia in MBM
progression.

Activation of the PI3K/Akt pathway has previously been implicated as a driver of melanoma
brain metastasis (Cho et al. 2015, Chen et al. 20144, 2014b, Niessner et al. 2013). Dr.

Sheri Holmen of the Huntsman Cancer Institute at the University of Utah elaborated

on these findings by describing how activating mutations of AKT promoted spontaneous
brain metastasis in an autochthonous murine model of melanoma. Braf\V600E, Cdkn2a—/

-, Pten—/— mice in which melanocytes were induced to express the mutant Akt1E17K
developed significantly more brain metastasis than those with wild-type Aktl or other Aktl
mutants (Kircher et al. 2019). Further studies revealed that Akt1E17K promotes Focal
Adhesion Kinase (FAK) signaling in these tumors, and pharmacological inhibition of FAK
significantly reduced brain and lung metastases in the autochthonous Braf\VV600E, Cdkn2a—/
-, Pten—/— model with activated Akt1. Spontaneous models like this, which can be further
studied in conjunction with lineage-tracing reporters, represent a considerable advance as
they allow tracking all the steps of disease progression since inception in an intact host.

A classic approach to studying BM determinants consists of comparing clones derived from
a cell line model that show differing brain metastatic ability upon intracardiac injection

into mice (Cruz-Mufioz et al. 2008, Priego et al. 2018, Zou et al. 2019). This method has
been used fruitfully in the field for years as a way of identifying molecular features of

brain tropism, but the process of single-cell clone isolation and injection, and/or in vivo
selection for brain-tropic cells, requires much time and effort. Generation of genetically
engineered murine models through complex crossbreeding schemes described above is
similarly arduous. Therefore, efforts by members of the field to catalog the behavior and
molecular features of the brain metastasis models currently in use represent a major step in
the direction of sharing experiences and standardizing methods. The discussion in Cancer
Cell by Patton et al. 2021 epitomizes such efforts. The continued investment of all members
of the field in the official Brain Metastasis Cell Lines Panel is pivotal to reproducibility and
hastened progress (Valiente et al. 2020). This includes not only the addition of new models
but also the updating of existing models with observations as they are used in different

labs across the world. Day et al., 2022 express a related, powerful sentiment, regarding
xenobiotic marker expression in murine models: calling for “a public forum and/or database
where researchers can get credit for posting or depositing datasets that reveal untoward
and/or confounding effects. This would facilitate more extensive evaluation of the effects
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of experimental manipulations on outcome because negative results rarely find their way to
publication.”

In sharing information on MBM models and in publishing data that make use of

them, detailed characterization is critical. For instance, while bioluminescence imaging

is an invaluable tool, it lacks anatomic detail. At a minimum, distinguishing between
leptomeningeal tumors and those inhabiting the brain parenchyma is crucial because each
compartment implies distinct tumor biology. To this end, histopathological characterization
is a simple yet pivotal complementary approach.

Time and effort are wasted when a model is inadequately characterized and subsequently
disseminated. As such the following are critical data points to be shared from the originating
lab as well as labs that make use of the model later:

. Culture conditions.

. Age, sex, and genetic background of mice.

. Cell numbers used in injection and mode of injection.

. Time to morbidity and appreciable brain tumor burden.

. The distinction between leptomeningeal and parenchymal intracranial metastatic

burden, including histopathology.

. Enumeration of extracranial sites of metastasis.

CONCLUSIONS AND FUTURE DIRECTIONS

Metastasis is the most common CNS tumor. Molecular markers at the primary tumor level
that can predict brain metastatic potential are thus far not clinically applicable for stratifying
patients with melanoma; interventional therapies are more germane to the current landscape
than preventative ones. Intracardiac models to generate MBM allow testing of interventions
on established metastases and have yielded an impressive array of candidate targets in
recent years, including PHGDH, STAT3, CXCR3, PPARy, AB, PI3K-AKT, and oxidative
phosphorylation. Importantly, some of these targets have readily available pharmacologic
agents that are currently undergoing preclinical and clinical testing in the setting of MBM.

To predict and prevent MBM, however, models are required that capture earlier stages of the
metastatic cascade, including invasion into the dermis and intravasation into the peripheral
circulation. It is estimated that 15-20% of brain metastases present as the isolated first
visceral site of disease spread; the associated primary tumors apparently giving rise to these
early brain metastases are reportedly thinner and of lower AJCC stage compared to those
giving rise to other visceral metastatic sites (Ma et al. 2012, Rabbie et al. 2021). Genomic
studies favor a branched evolution model of brain metastasis, wherein clinically actionable
mutations are often present in brain metastases that may not be detected in the primary
tumor (Brastianos et al. 2015). These data challenge the idea of the brain as the last stop on
a long, stepwise progression from the primary site, but mechanisms of early dissemination to
the brain are thus far unclear. Lineage tracing experiments and serial sampling of circulating
tumor cells may help to answer such questions. Further, there is growing evidence that the
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unique TME of the CNS significantly impacts the biology and immunology of tumor cells
that reach the brain.

The role of the immune microenvironment in MBM is evidently the next frontier in the
field. Interestingly, pathways already identified as critical for MBM progression have been
implicated in dampening the antitumor immune response and/or promoting the resistance

to immunotherapy, including the PI3K-AKT pathway, oxidative phosphorylation, and Ap.
As combination ICB trials proceed, mechanisms of primary resistance and recurrence will
need to be more thoroughly investigated in MBM. Such studies hinge upon reproducible,
high-penetrance immunocompetent models, such as those characterized in Perez-Guijarro et
al. 2020. These and others, along with complementary studies in patient samples, promise
to render the brain TME at a higher resolution than ever before and to clarify the roles

of various cellular players therein. The severing of ties between melanoma cells and the
metastasis-supportive niche they orchestrate in the brain may prove a crucial weapon against
these devastating tumors.

The work above has illustrated that the unique molecular features of MBM and the
melanoma TME have to be investigated in this specific patient population. In light of this
collaborative and innovative work, it becomes paramount that patients with brain metastases
are prospectively enrolled in all stages of clinical trial design, and that CNS response rate is
evaluated in these patients. The discovery of pathways that may be susceptible to therapeutic
interventions across tumor histologies bolsters the idea of implementing clinical trials that
are tumor agnostic (i.e., “basket studies” such as Alliance study A071701, NCT03994796),
versus histology-specific melanoma studies, to expedite accrual; understanding that sub-
analyses of specific histologies may also commence within these studies. The results of

the Checkmate-204 trial dispel the notion that the brain is a privileged site and instead
demonstrate that patients with MBM can experience durable responses to therapy, changing
the treatment landscape and OS of patients with melanoma that is metastatic to the brain.
These patients deserve the same rigorous scientific processes that have led to the seismic
shift of the therapeutic landscape in patients with extracranial melanoma metastases. We

are ushering in a transformation in the biologic, therapeutic, and clinical characteristics of
MBM.
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FIGURE 1.
A summary of established molecular players in the interactions between melanoma brain

metastasis cells and the cells of the brain microenvironment. Inspired by a similar figure in
Srinivasan et al. 2021 and made with Biorender.com
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TABLE 1

Summary of clinical concepts and targets for future research and clinical trial design

Radiation

Targeted therapies

Clinical trial design

Number of fractions: one vs. multiple

Dose de-escalation (lower doses to stimulate cGAS-STING)

Sequencing of SRS + systemic therapy vs. concurrent

Synergism between SRS and immunotherapy

Combination of multiple checkpoint inhibitors (CTLA4, PD1/PDL1, LAG3, and TIM3)
10 + SRS

Brain penetrant formulations

Higher doses of BRAF/MEK inhibitors

Combination with inhibitors of metabolic targets such as PHGDH and oxidative phosphorylation
Treatment arms to include symptomatic disease and patients receiving steroids
Response assessment standardization

Imaging criteria guidelines and standard modalities

Tumor agnostic trial designs

Minimal lesion size (1 cm vs. 5 mm)

CNS-PFS vs. non-CNS-PFS response criteria
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