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Abstract

Melanoma has a high propensity to metastasize to the brain, and patients with melanoma brain
metastases (MBM) have an extremely poor prognosis. The recent approval of several molecularly-
targeted agents (e.g., BRAF, MEK inhibitors) and biologics (anti-CTLA-4, anti-PD-1 and anti-PD-
L1 antibodies) has brought new hope to patients suffering from this formerly untreatable and lethal
disease. Importantly, there have been recent reports of success in some clinical studies examining
the efficacy of both targeted agents and immunotherapies that show similar response rates in both
brain metastases and extracranial disease. While these studies are encouraging, there remains
significant room for improvement in the treatment of MBM, given the lack of durable response
and the development of resistance to current therapies. Critical questions remain regarding
mechanisms that lead to this lack of durable response and development of resistance, and how
those mechanisms may differ in systemic sites versus brain metastases. One issue that may not be
fully appreciated is that the delivery of several small molecule molecularly-targeted therapies to
the brain is often restricted due to active efflux at the blood-brain barrier (BBB) interface.
Inadequate local drug concentrations may be partially responsible for the development of unique
patterns of resistance at metastatic sites in the brain. It is clear that there can be local,
heterogeneous BBB breakdown in MBM, as exemplified by contrast-enhancement on T1-
weighted MR imaging. However, it is possible that the successful treatment of MBM with small
molecule targeted therapies will depend, in part, on the ability of these therapies to penetrate an
intact BBB and reach the protected micro-metastases (so called “sub-clinical” disease) that escape
early detection by contrast-enhanced MR, as well as regions of tumor within MRI-detectable
metastases that may have a less compromised BBB. The emergence of resistance in MBM may be
related to several diverse, yet interrelated, factors including the distinct microenvironment of the
brain and inadequate brain penetration of targeted therapies to specific regions of tumor. The
tumor microenvironment has been ascribed to play a key role in steering the course of disease
progression, by dictating changes in expression of tumor drivers and resistance-related signaling
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mechanisms. Therefore, a key issue to consider is how changes in drug delivery, and hence local
drug concentrations within a metastatic microenvironment, will influence the development of
resistance. Herein we discuss our perspective on several critical questions that focus on many
aspects relevant to the treatment of melanoma brain metastases; the answers to which may lead to
important advances in the treatment of this devastating disease.
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1) Introduction

The metastatic spread of melanoma to the brain is a major cause of morbidity and mortality
in patients suffering from this disease. Metastatic melanoma, a debilitating and lethal form
of skin cancer, is projected to have 87,110 new cases in 2017 in the US, with 9,730 deaths
(Siegel et al. 2017). This malignancy has a high proclivity to spread to the brain, and patients
with multiple brain metastases have an extremely poor prognosis, with a median overall
survival (OS) of less than 6 months (Damsky et al. 2014; Sloan et al. 2009; Raizer et al.
2008; Gupta et al. 1997). The presence of brain metastases in a significant proportion
(~70%) of melanoma patients at autopsy is a clear indication of an important unmet medical
need (Gorantla et al. 2013; McWilliams et al. 2003).

Despite the remarkable progress seen in the overall treatment of melanoma patients (Bates
2013), it is still difficult to treat advanced metastatic disease that has spread to the brain.
Melanoma patients with multiple brain metastases can have a particularly poor survival, as
short as 1-2 months. The standard of care for the management of patients with multiple brain
metastases has been whole brain radiation therapy. Patients with one to three brain
metastases are often candidates for surgical resection or stereotactic radiosurgery, depending
on the location and size of the lesion(s) (Fife et al. 2004). Even with the advent of relatively
successful targeted therapies and immunotherapies, treatments that can reliably provide
major survival benefits for patients suffering from this devastating condition have still not
been realized.

The small molecule targeted therapies inhibiting MAP kinase signaling (e.g., BRAF
inhibitors such as vemurafenib and dabrafenib, MEK inhibitors such as trametinib and
cobimetinib) and the large molecule immune checkpoint inhibitors (e.g., cytotoxic T-
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lymphocyte-associated antigen 4 (CTLA-4) inhibitors such as ipilimumab and programmed
cell death receptor (PD-1) inhibitors such as nivolumab) have shown some improvements in
overall survival (OS) and progression-free survival (PFS) by a few months in patients with
melanoma brain metastases (MBM) (Dummer et al. 2014; Rochet et al. 2012; Long et al.
2012; Falchook et al. 2012; Spagnolo et al. 2016; Davies et al. 2017). While encouraging,
such modest improvements in OS are far from satisfactory, and do not represent a high
probability of cure for patients suffering from this lethal condition. The results of some
clinical studies suggest that the observed intracranial responses are poor compared to
extracranial responses (Rochet et al. 2012; Larkin et al. 2014; Harding et al. 2015; McArthur
et al. 2016; Spagnolo et al. 2016). However, there are important observations from other
trials that indicate the intracranial responses are comparable to the extracranial responses
(Gibney et al. 2015; Margolin et al. 2012; Di Giacomo, Margolin 2015; Cohen et al. 2016;
Spagnolo et al. 2016; Davies et al. 2017), creating a broad spectrum of reported efficacy of
these therapies in MBM. Lack of durable efficacy may be due to many factors, and in MBM
it may be related to resistance mechanisms that include both inadequate delivery and specific
brain microenvironment characteristics that each could lead to changes in expression of
genetic drivers. While small molecule molecularly-targeted therapies target key oncogenic
proteins in deregulated signaling cascades, immunotherapies act by enriching prevailing
immune responses to melanoma antigens. It is well appreciated that small molecule
therapies must distribute to the target site to exert their action. However, it is crucial to
recognize that immune checkpoint inhibitors such as anti-CTLA-4 and anti-PD-1 therapies
can cause activation and proliferation of cytotoxic T-lymphocytes in systemic sites, which
are then able to gain access to the brain metastatic locations and attack the tumor cells
(Engelhardt, Ransohoff 2012; Margolin 2016) thereby offering an important rationale for
activity in MBM.

It is important to note that the patients with symptomatic MBM have frequently been
excluded from pivotal clinical trials testing novel therapeutic agents (Davies et al. 2011;
Cohen et al. 2016). This is due to the poor prognosis seen in this subset of patients and, at
least in part, can be ascribed to the fact that several small molecule molecularly-targeted
agents are substrates for active efflux at the blood-brain barrier (BBB), and so the delivery of
these agents to brain metastases can be severely restricted (Durmus et al. 2015; Agarwal et
al. 2011b; Parrish et al. 2015b; Gampa et al. 2016). Such exclusionary practices have limited
progress with regard to testing the efficacy of these agents in the treatment of MBM. While
few trials have been specifically tailored for testing therapies in this subset of patients, some
clinical trials are currently underway and will be important in understanding the therapeutic
outcomes with the use of the recently developed therapies in patients with MBM.

It is critical to realize that the successful treatment of MBM, or any brain metastases, with
molecularly-targeted agents will depend on the development of novel therapeutic agents that
are not only potent at the target site, but are also capable of penetrating an intact BBB and
reaching the protected metastatic tumor cells that are not clinically detectable upon contrast-
enhanced MR imaging (Murrell et al. 2016). Several critical questions surrounding the
clinical diagnoses and treatment of MBM are addressed in this perspective, and adequate
drug delivery is a component of each of these critical clinical questions. Figure 1 depicts the
complexity involved in the discovery and development of new treatment paradigms for
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MBM. This “puzzle” will only be truly solved when all the key aspects influencing effective
therapy are taken into consideration. For instance, it is clear that a potent drug that does not
reach its intended target will be ineffective. Moreover, at least in a subset of non-responsive
patients, a therapy that is initially effective in systemic (i.e, non-brain) metastases may not
have efficacy in the brain due to microenvironment driven changes in tumor-growth driving
targets. A broad understanding of these issues, all somewhat tied to the problem of adequate
drug delivery to brain metastases, will help the scientific and medical community make
appropriate decisions with respect to the discovery, development, and patient-specific
selection of therapeutic agents for the treatment of MBM. Although a multi-factorial
approach is needed to deal with this important problem of MBM treatment, the goal of this
perspective is to focus on aspects related to drug delivery, bearing in mind other crucial
factors such as microenvironment and resistance that will also need to be addressed in a
comprehensive approach to this problem. In this perspective, we put forth our views on some
of the critical clinical questions (Box 1) regarding the current and future treatment of MBM.
However, before tackling these questions, that are largely related to drug delivery across the
BBB, a brief review of the structure and function of the BBB is offered.

2) Blood-brain barrier: An obstacle for drug delivery to brain metastases

The BBB is comprised of several cell types, leading to various mechanisms that limit the
penetration of many small and large molecule compounds into the brain. The endothelial
cells in the brain microvasculature are held in close proximity by tight junctions, and are
enclosed by extracellular matrix elements, pericytes and astrocyte foot processes, which
collectively form the neurovascular unit (NVVU), i.e., the BBB (Abbott 2013). Such a
complex architecture restricts the passive entry of many xenobiotics, including drug
molecules, into the brain. Moreover, as shown in Figure 2, the entry of therapeutic agents
into the brain is also strictly regulated by the presence of diverse transport systems
belonging to the ATP-Binding Cassette (ABC) and Solute Carrier (SLC) families of proteins
at the BBB (Taylor 2002; Abbott et al. 2010). Of special interest are two important efflux
transporters, P-glycoprotein (P-gp, MDR1, ABCB1) and breast cancer resistance protein
(BCRP, ABCG2), known to limit the CNS delivery of several small molecule therapeutics
that may be used for the treatment of CNS diseases (Agarwal et al. 2011a; Wu, S 2014;
Gampa et al. 2016; Durmus et al. 2015). As examples of drugs relevant to the treatment of
melanoma, there is evidence from preclinical studies that indicates an interaction of several
molecularly-targeted therapies, including vemurafenib, dabrafenib, trametinib, palbociclib,
cobimetinib and omipalisib, with P-gp and BCRP, resulting in poor drug distribution to the
brain (Choo et al. 2014; Durmus et al. 2012; Mittapalli et al. 2013; Mittapalli et al. 2012;
Parrish et al. 2015a; Vaidhyanathan et al. 2014; Vaidhyanathan et al. 2016; de Gooijer et al.
2015).

The BBB in a brain tumor core has been widely considered to be compromised, allowing
unrestricted drug delivery to tumor cells (Stewart 1994; Gerstner, Fine 2007). This belief has
been supported by evidence from contrast-enhanced magnetic resonance imaging (CE-MRI)
that can detect tumor locations with a permeable BBB (Fortin 2012; Essig et al. 2006).
However, the BBB disruption in brain neoplasms, both primary and metastatic, have a
marked heterogeneity (Essig et al. 2006) and a review of the clinical data from 24 studies
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shows highly variable drug levels in brain tumor specimens for different antineoplastic
agents (Pitz et al. 2011). The extent of BBB compromise in brain metastases and its impact
on CNS delivery of therapeutic agents is an active area of investigation. Osswald and
colleagues have measured permeability of brain metastases in a preclinical melanoma mouse
model by injecting sodium fluorescein dye and determining the ratio of dye in metastases
versus vessels. The results indicate that ~71% of brain metastases were non-permeable and
only ~29% were permeable (Osswald et al. 2016) Lockman et al., have reported that the
analysis of brain metastases from animal models of breast cancer show only partial BBB
compromise in more than 89% of lesions. The magnitude of BBB compromise was observed
to vary within and between metastases, and even in the leakiest brain metastases the
permeability was much lower than in systemic tumors. Moreover, the BBB permeability of
the tumor correlated with degree of drug uptake and effect. As seen in Figure 3, the
distribution of paclitaxel into the breast cancer brain metastases is highly variable, even
within a single metastatic lesion (Lockman et al. 2010). Along these same lines, Adkins et
al. observed in animal models of breast cancer brain metastases that the changes in
permeability were independent of tumor size and morphology. These studies also report that
less than 10% of the studied metastases exhibited a leaky enough BBB (up to ~50-fold
higher permeability) to allow therapeutic agents to reach efficacious levels in the brain
(Lockman et al. 2010; Adkins et al. 2016). Similarly, another preclinical study in a breast
cancer brain metastases model revealed a variability of greater than 30-fold in vinorelbine
concentrations between brain metastases. Vinorelbine distribution also varied widely within
a single brain metastatic site due to heterogeneous permeability of the BBB (Samala et al.
2016). These examples in breast tumor brain metastases could be applicable in the context of
MBM, as exemplified by Osswald et al., (Osswald et al. 2016) and are critical in guiding
future research efforts in MBM.

In a commentary about the Osswald publication, Steeg and colleagues discuss important
ideas related to misconceptions about the permeability of brain metastases. They highlight
the confusion with respect to permeability, i.e., the belief that brain metastases are
permeable to drugs since many are contrast-enhancing with gadolinium. As Steeg points out,
a critical question related to this is, if permeability is uniformly increased, why does
chemotherapy with activity in systematic metastases not work in the brain? (Steeg et al.
2016). This commentary emphasizes the crucial observation that various independent groups
have shown, using different techniques, that brain metastases exhibit a heterogeneous
permeability, and a significant fraction are poorly permeable (Steeg et al. 2016). While the
laboratories of Drs. Smith and Lockman used quantitative imaging following injection of
dyes and radiolabeled drugs (Lockman et al. 2010), the laboratories of Drs. Foster and
Chambers used gadolinium CE-MRI and high-resolution anatomic MRI to understand
permeability of brain metastases in breast cancer models, and observed it to be
heterogeneous (Murrell et al. 2016; Murrell et al. 2015). The laboratory of Dr. Winkler,
confirms such findings of heterogeneity in permeability of brain metastases in a melanoma
mouse model. They also went on to test a brain-permeable and brain-impermeable PI13K
inhibitor alongside each other, observing that the brain-permeable inhibitor alone inhibited
the growth of impermeable metastases. As suggested by Steeg, although a “brain-
permeable” drug would often be defined differently, a useful definition in translational
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research is a drug that demonstrates an uptake sufficient to elicit a drug response (Steeg et al.
2016). The findings reported herein with regard to heterogeneity in brain permeability
should also be tested in other brain metastasis model systems, such as spontaneous
metastasis models. While responses and survival advantages have been observed with
approved therapies, disease progression is frequent and development of brain-permeable
drugs will possibly enhance drug efficacy. A first step in this direction will be to incorporate
aspects favorable for increasing drug brain permeability (e.g., hydrogen bonding,
lipophilicity, evading drug efflux) into early drug development programs (Heffron 2016).

The current gold standard technique for the clinical detection of brain tumors is CE-MRI.
Brain regions with a leaky BBB allow a large hydrophilic contrast agent such as gadolinium-
diethylenetriamine pentaacetic acid (GAD-DTPA, molecular weight of 938 daltons) to
passively diffuse into the brain parenchyma, indicating the “tumor” regions (Essig et al.
2006). A major limitation of CE-MRI is that it can only reveal tumor locations that have a
leaky BBB, while missing the detection of tumor cells in areas with an unbroken BBB, such
as the micro-metastases and regions within larger tumors that have an intact BBB (Essig et
al. 2006). As a consequence, this diagnostic modality can detect leaky tumors in advanced
disease but not the early “sub-clinical” micro-metastases. Fidler et al., have reported that the
brain metastases become leaky only after they attain a size of 0.25 mm (Fidler 2011). An
outcome is that the contrast-enhancing larger metastases with a leaky BBB may have
relatively unrestricted drug delivery while the “sub-clinical” micro-metastases with an intact
BBB have limited drug delivery leading to sub-therapeutic drug exposure. These ideas
advocate the need for the development of brain-penetrant drugs capable of reaching not only
the leaky metastases but also the “sub-clinical” micro-metastases and regions within MRI-
detectable larger metastases that have an intact BBB, to achieve tumor regression and
prevent tumor relapse.

3) Critical questions in the treatment of melanoma brain metastases

The following discusses certain critical questions that, when successfully addressed, will
almost certainly generate many hypotheses that will stimulate targeted research in MBM
(see Box 1). This research, specific for the issues presented by brain metastases, will
undoubtedly lead to therapeutic breakthroughs and improved clinical outcomes in the
treatment of MBM.

3.1 Can targeted agents with limited distribution across an intact BBB be used to reliably

treat MBM?

Limited drug delivery to tumor cells behind an intact BBB is undoubtedly an impediment to
efficacy. Effective concentrations are not likely achieved for many of the small molecule
molecularly-targeted agents in areas of micro-metastases and in regions of clinically
detectable metastases that have an intact BBB. This is especially true where the drug BBB
permeability is limited by efflux transport systems.

Given the discussion above regarding the heterogeneity of the BBB breakdown in many
types of brain tumors, both metastatic and primary, instructive examples from breast cancer
brain metastases illustrate how drug penetration through an intact BBB may strongly
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influence efficacy in brain metastases. A marked heterogeneity in the integrity of BBB in
preclinical models of breast cancer corresponded with drug distribution, both within and
between brain metastatic lesions (Adkins et al. 2016; Lockman et al. 2010; Samala et al.
2016). Lockman et al., and Adkins et al., report that less than 10% of brain metastatic
lesions had a “leaky” enough BBB to allow the distribution of conventional
chemotherapeutics, such as paclitaxel and doxorubicin, to achieve effective concentrations
(Lockman et al. 2010; Adkins et al. 2016). Both of these compounds are substrates for efflux
pumps at the BBB. While these drugs are not used for MBM, such studies show that there
can be marked differences in drug penetration, and hence efficacy, when compounds are
subject to efflux at the BBB.

Targeted therapies such as BRAF and MEK inhibitors, and immune checkpoint inhibitors
such as anti-CTLA4 and anti-PD1 therapies have shown significant efficacy in patients with
MBM, with some studies reporting that the intracranial responses were comparable to the
extracranial responses (Gibney et al. 2015; Margolin et al. 2012; Di Giacomo, Margolin
2015; Cohen et al. 2016; Davies et al. 2017). While encouraging, the improvements in OS
were limited, and certainly do not represent a possible cure for MBM patients. The absence
of durable efficacy with molecularly-targeted agents, to some extent, may be related to the
insufficient delivery of innovative treatments to the target sites in the brain that are behind an
intact BBB. Moreover, most small molecule targeted agents have been shown to be effluxed
by BBB transporters, particularly P-gp and BCRP. There is ample evidence that most of the
small molecule therapies used for treatment of MBM are liable to active efflux at the BBB,
which could be an important cause for the modest responses observed with these therapies.
Vemurafenib has been shown to be a substrate for both P-gp and BCRP in animal models
(Mittapalli et al. 2012; Durmus et al. 2012), and has very limited distribution into the CSF of
melanoma patients (CSF:plasma ratio <1%) (Sakji-Dupre et al. 2015). Dabrafenib has a
slightly higher permeability across an intact BBB than does vemurafenib in animal models
(Mittapalli et al. 2013), and it has a slightly better efficacy in clinical trials (Long et al.
2012). Both of the approved MEK inhibitors, trametinib and cobimetinib, have also been
shown to be substrates of BBB efflux transporters (Vaidhyanathan et al. 2014; Choo et al.
2014). These reports strongly suggest that future targeted agents with an enhanced BBB
permeability may result in greater and more durable efficacy in MBM treatment. As such,
drug design and development goals should include creation of compounds that are not
substrates of efflux proteins at the BBB (Heffron 2016).

3.2 Will enhancing the brain distribution of systemically active agents improve the
treatment of micro-metastatic disease in the brain?

The problem of limited drug delivery to brain tumors may be overcome by developing
targeted therapies that can penetrate an intact BBB. However, important to the final result of
improving delivery is the remaining question: will “therapeutic” drug levels in the brain, i.e.,
levels similar to those seen in systemic metastases, lead to regression of “sub-clinical”
MBM? Further understanding of the brain microenvironment, and how it may be different
than in the systemic metastatic sites with respect to tumor growth and development of
resistance will be necessary to properly evaluate the impact of differences in systemic versus
brain drug delivery.
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The design and use of more BBB-penetrant drugs, in comparison to currently approved
compounds, will help determine the effectiveness of such drugs and understand the
emergence of different patterns of resistance. While there are a few brain-penetrant targeted
drugs, a detailed evaluation of their efficacy in treating brain metastases has not yet been
completed. Limited data about such brain-penetrant inhibitors exists and so it is not clear at
this point if such inhibitors will be more efficacious in brain metastases. Conduct of studies
testing the efficacy of such inhibitors would help us better understand enhancements in
treatment outcomes, and if development of therapeutic resistance can be delayed or avoided
altogether.

Rational drug design to improve brain penetration of a drug that is effective against systemic
targets is exemplified by Salphati et al., who have optimized the physiochemical properties
of PI3K inhibitors using in-silico tools to develop GNE-317 and GDC-0084, both capable of
penetrating the BBB. In orthotopic GBM mouse models, they observed that GNE-317 (U87,
GS2, and GBM10 models) and GDC-0084 (U87 and GS2 models) achieved significant
tumor growth inhibition compared to pictilisib, a brain impenetrant PI3K inhibitor. Further,
it was reported that GNE-317 and GDC-0084 were homogenously distributed throughout the
brain using matrix-assisted-laser-desorption-ionization mass spectrometry imaging
(MALDI-MSI), and also well-distributed to both contrast-enhancing and non-enhancing
brain tumors in corresponding U87 and GS2 models. In the same models, pictilisib was not
detected in the normal brain and non-enhancing tumors. Even in the contrast-enhancing
tumors, the detected pictilisib levels were spatially heterogeneous and varied by 6-fold
within the contrast-enhancing U87 tumors (Salphati et al. 2016; Salphati et al. 2012;
Salphati et al. 2014).

Another enlightening example is shown by the ALK inhibitors, such as alectinib, ceritinib,
AP26113 and lorlatinib (PF-06463922). While these compounds have not been employed
for MBM, they have demonstrated efficacy against brain metastases from lung tumors. The
intracranial efficacies in NSCLC patients of alectinib (not liable to efflux by P-gp) and
ceritinib (brain-to-blood exposure ratio of ~15 % in preclinical rat model) have been
attributed to the brain penetration of these compounds (Toyokawa et al. 2015). Lorlatinib, a
macrocyclic ALK inhibitor, has also been specifically developed to cross the BBB (Johnson
2014). Moreover, AZD3759, an EGFR inhibitor, also induces profound regression of brain
metastases in a preclinical mouse models of NSCLC (Zeng et al. 2015; Yang et al. 2016).
AZD3759 has a high brain penetration with the unbound partition coefficient, Kpuu,brain
(Figure 4) of 0.86 and is not a substrate of P-gp or BCRP efflux transporters (Tan et al.
2016). These are instructive examples because it can be expected that many of the same
BBB-mediated issues in drug delivery are present in lung metastases as are in intracranial
melanoma metastases.

3.3 Are therapies that can target currently “undetectable” brain micro-metastases more
effective in extending progression-free or overall survival than treating larger brain
metastases that are detectable by MRI?

A critical clinical question in treatment of MBM relates to, when do melanoma metastases
first seed the brain during the progression of metastatic melanoma? Brain impenetrant drugs
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will not necessarily deter the initial seeding of metastatic tumor cells in the brain
microenvironment and given this, would earlier initial diagnosis of brain metastases help
influence therapeutic outcomes? An important corollary to this overriding question is
determining if targeted therapies that can penetrate an intact BBB and achieve therapeutic
levels early in disease progression will result in tumor growth inhibition or regression in
brain sites.

Osswald et al. have observed in an important preclinical study, using a cranial window and
multi-photon laser scanning microscopy, that targeting melanoma micro-metastases led to
shrinkage of tumors in the brain. In this melanoma mouse model, the permeability of the
brain metastases was determined by injecting sodium fluorescein dye and measuring the
ratio of dye in metastases versus vessels. GNE-317, as indicated above, a PI3K inhibitor
optimized to penetrate an intact BBB, showed responses in all brain metastases independent
of the integrity of the BBB while therapy with non-brain permeable GDC-0980 (a related
PI3K inhibitor with comparable effects on signaling inhibition in in-vitro experiments) led to
responses only in permeable brain metastases (Figure 5). Also, GNE-317 showed significant
benefits in the treatment of both non-permeable micro and macro-metastases. However, a
reduction in the size of the tumor with GNE-317 therapy was observed only with micro-
metastases, whereas the macro-metastases still grew (Figure 6A). Moreover, they also
visualized and tracked dormant, single tumor cells in the brain. These single cells were in a
BBB “impermeable” microenvironment and stable through a duration of 30 days post
injection. The dormant cells, even though the surrounding BBB was intact, were observed to
regress upon treatment with the BBB permeable GNE-317 (Figure 6B-E). These
observations indicate that drugs engineered to have enhanced BBB permeability, thereby
able to target the early micro-metastases, may prove to be more effective than less permeable
drugs used to treat larger clinically detectable metastases at later stages of disease
progression. While these results may seem obvious with respect to delivery across an intact
BBB, it is critical that this concept be incorporated into future drug design and use for
therapies in melanoma brain metastases (Osswald et al. 2016).

Given that the current imaging methods cannot detect micro-metastatic disease in the brain,
future gains in early diagnosis will be obtained through newer cutting-edge imaging
methods. Are there any such methods on the horizon? A related and equally important
question is how reliably does current CE-MRI predict the condition of the BBB in larger
metastatic brain tumors? Are there distinct regions within a larger metastatic site that have
an intact BBB; i.e., a BBB that has heterogeneous integrity leading to regions that will have
inadequate drug delivery? This is clearly an area that deserves more attention in future
research.

The major diagnostic tool for primary and metastatic brain tumors is CE-MRI. While MRI
has advantages over computed tomography (CT) and positron emission tomography
(PET)/CT in terms of higher sensitivity, it is only moderately specific such as in
differentiating between actual response and pseudoprogression. Use of newer MR and PET
imaging techniques based on the detection of pathological changes like alterations in
function, metabolism, etc. by assessing tissue metabolites (proton MR spectroscopy), water
mobility/infiltration (diffusion weighted MRI), vascularity (DSC perfusion weighted
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imaging), metabolism (FDG PET) and proliferation (18F-FET PET, 18F-DOPA PET), may
be valuable in providing an earlier and more clear diagnosis. Combining some of these
techniques (e.g., pre Gad T1 with DSC perfusion weighted imaging) may provide additional
value and minimize issues of misdiagnosis and lack of early detection (Bruzzone et al.
2012). An emerging imaging technique that has been shown to be useful in providing
physiological details of a tumor such as vascularity and hemodynamic attributes is dynamic
contrast-enhanced (DCE) MRI. Such information is beneficial in differentiating the
aggressive hypervascular tumors from hypovascular tumors, which is not possible with
conventional CE-MRI (Jung et al. 2016). Nevertheless, even with these currently existing
imaging methods, future progress in early detection, and corresponding BBB integrity, will
require further refinement of existing methods, or the development of new imaging methods
that have greater sensitivity to detect tumor. It is important that such methods do not rely on
the breakdown of the BBB to identify tumors.

3.4 In a related question (to #3), does the analysis of drug levels in a resected brain tumor
specimen reflect drug levels in other regions of the brain that require treatment, especially
in and around the micro-metastases?

Using total drug levels determined in a homogenized resected brain tumor as a measure of
the drug delivery to that tumor is misleading. Regions of the resected tumor core may have a
relatively leaky BBB allowing enhanced distribution of drug and may show higher drug
levels than other regions of metastatic tumors in the brain (Gerstner, Fine 2007). However, in
tumor regions that have an intact BBB, like the micro-metastases or even specific volumes
within a larger tumor mass, there will be restricted delivery of those compounds that have
limited BBB permeability. Therefore, drug concentrations measured by examining a
homogenate of a portion, or the entire excised lesion may mask the regions of inadequate
drug delivery and as such will not be a good representation of regio-specific drug delivery to
areas of growing tumor behind an intact BBB.

Studies on BBB integrity conducted in animal models of metastatic breast cancer have
revealed some important findings that can be instructive for brain metastases in general
(Lockman et al. 2010; Mittapalli et al. 2017). More than 89% of the metastatic lesions in the
brain showed only partial BBB compromise, and the magnitude of compromise was
observed to vary within and between metastases. The permeability of the heterogeneous
BBB in the tumor correlated with degree of drug distribution and the response (Lockman et
al. 2010). Moreover, less than 10% of the brain metastases had a BBB that was adequately
permeable to allow therapeutic agents to reach the desired efficacious levels (Adkins et al.
2016). Mittapalli et al. have used a novel quantitative fluorescent microscopy imaging
technique to determine the permeability of brain metastases in a preclinical breast cancer
metastatic model (Mittapalli et al. 2017). They observed that the average within tumor BBB
permeability varied broadly among individual metastases in contrast to the relatively
homogenous average tumor-to-tumor permeability in RG2 gliomas. Also, the vascular pore
size in the metastatic lesions was about 10-fold smaller than that observed in the glioma
model, suggesting a less leaky vasculature in metastases compared to this primary brain
tumor model (Mittapalli et al. 2017). Such observations highlight the heterogeneity of drug
delivery to the brain metastatic lesions. Given the intricacies of a heterogeneously leaky
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BBB among different metastatic lesions, methods that simultaneously measure drug
concentrations and the BBB integrity in a regio-specific manner will be necessary to
determine correlations between delivery and efficacy.

Any technique that can enable the measurement of drug concentrations in distinct regions of
the brain, with sufficient spatial resolution to correlate local concentrations with
measurements of efficacy, will be extremely valuable. The use of the MALDI-MSI
technique has been an important step forward in this direction. MALDI-MSI is a continually
improving methodology that can be used to visualize relative drug levels in distinct regions
of a brain section, allowing one to gain a spatial and temporal understanding of brain drug
distribution. Liu et al. have used MALDI-MSI to describe the regional brain distribution of
three model drugs with differential BBB permeability in mice and show that the correlation
of drug and heme images can be used to understand drug permeability across BBB (Liu et
al. 2013). Heme was validated as a robust marker for vasculature in the brain and measured
in conjunction with the model compounds. The MALDI signal for RAF265, a RAF inhibitor
with poor brain penetration, was observed to co-localize with the signal for heme,
suggesting the confinement of drug to the vasculature and the inability to permeate an intact
BBB, however, the RAF inhibitor was able to penetrate an intracranial tumor core (Figure
7). In contrast, the signal for BKM120, a PI3K inhibitor with good brain penetration, was
observed to be well dispersed throughout the brain tissue, even the “normal” brain tissue,
indicating the ability of this drug to permeate an intact BBB and distribute to various regions
of the brain parenchyma. Also, for the case of erlotinib, an EGFR inhibitor, studied in U87
glioma xenograft tumors, the signal intensity for heme was high around the tumor margin
(indicative of disruption of the BBB) and erlotinib was able to escape the tumor vasculature
to evenly distribute within the tumor tissue of the U87 model (Liu et al. 2013). However,
there are significant questions about the lack of invasiveness of the U87 model, and whether
it is a good model to explore spatial differences in BBB permeability to erlotinib or other
targeted agents.

Recently, Aikawa et al. have studied penetration of alectinib (ALK inhibitor) to regions of
non-tumor-bearing brain in preclinical mouse models using a combination of MALDI-MSI
and LC-MS/MS techniques, referred to as quantitative MSI (qMSI) by the authors. The
technique involved the use of serial brain sections in which the first and third sections were
used for the measurement of alectinib using LC-MS/MS and the second (middle) section
was used for drug analysis by MALDI-MSI (Figure 8). The integrated MSI response was
then correlated to the LC-MS/MS determined drug concentrations in a homogenized slice to
add a quantitative capability to the conventional MSI.

However, it is important to note in this situation that any spatial differences in drug
concentrations within a slice will be lost by this technique, as will the power of the MALDI-
MSI to determine relative concentrations with a high spatial specificity. To address that
caveat, laser microdissection (LMD) of specific regions of additional serial sections
followed by LC-MS/MS drug concentration measurements in the LMD specimens was
performed in an attempt to confirm the quantitative distributions of alectinib obtained by
gMSI (Figure 9) (Aikawa et al. 2016). The use of such advanced techniques to understand
not only the drug permeability across the BBB, but also the differential distribution to
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distinct regions of the “normal” brain and within brain tumors is essential to better
understand and correlate drug delivery to observed response. While the development of
MALDI-MSI as a tool to better understand brain drug delivery is exciting, the technique has
limitations in terms of quantitative measurements of drug levels. Therefore, there is still a
pressing need for the development of novel highly-sensitive quantitative modalities to
clearly understand how drug delivery to distinct regions of the brain and/or tumor may
influence efficacy. Progress in finding effective therapies for the treatment of MBM and
other brain tumors will rely on these new methods of analysis.

3.5 Will the use of drugs that have initial efficacy in systemic (i.e., non-brain) metastases,
but have poor brain penetration, lead to resistant brain metastases? If so, will this be
through mechanisms different than those leading to the eventual resistance at systemic

sites?

It is evident that targeted therapies such as vemurafenib, dabrafenib, and their respective
combinations with MEK inhibitors, cobimetinib and trametinib have improved the treatment
of metastatic melanoma (Bates 2013). However, these targeted agents have poor
permeability (Choo et al. 2014; Mittapalli et al. 2013; Mittapalli et al. 2012; Vaidhyanathan
et al. 2014) across the BBB likely leading to subtherapeutic drug concentrations in areas of
the brain where the BBB is intact. Current clinical data indicate that a significant proportion
of patients stop responding to these targeted agents due to the development of resistance in
systemic tumors (Welsh et al. 2016). It is certainly possible that the limited distribution of
these drugs to the brain will lead to sub-therapeutic concentrations that may select for
resistant tumor cells. The existence of locations within the metastatic lesions having an
intact BBB can lead to sub-therapeutic drug exposures and the establishment of a sanctuary
site. Such sub-therapeutic drug exposures, especially over prolonged periods, may induce
the development of resistance to therapy by tumor cells. The development of resistant clones
of metastatic cells at non-brain sites and dissemination of the resistant cells from such sites
to further seed the brain with drug resistant tumor cells can also possibly result in the growth
of resistant MBMs. Furthermore, it is possible that with the development and use of agents
that are BBB-penetrant, the mechanisms that drive resistance in systemic tumors and brain
may become more similar. These perspectives on site-specific resistance mechanisms need
further study, and future results may more clearly inform clinicians on drug choice to
combat resistance.

Also, it is important to recognize that the expression of tumor targets could be different in
tumors in the brain versus systemic tumor locations, possibly driven by differences in the
tumor microenvironment. The hyperactivation of PI3K-AKT pathway and loss of PTEN
have been implicated in the brain but not in extracerebral melanoma metastases (Bucheit et
al. 2014). It was observed in preclinical mouse xenograft studies that a number of genes
were reprogrammed, i.e., multiple gene expression changes occurred when tumors cells
were implanted in the brain, irrespective of the type of tumor cell (Park et al. 2011). A
discordance in gene expression patterns between different metastatic sites of the same tumor
type was observed, while the brain metastases from diverse tumor types were more similar
to each other (Park et al. 2011) which may be reflective of the similar microenvironment (a
common soil). In a retrospective study involving whole-exome sequencing of 86 matched
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brain metastases, primary tumors, and normal tissue samples, Brastianos et al. have observed
that 53% of the patients had clinically instructive alterations in brain metastases that were
not detected in primary tumors (Brastianos et al. 2015). Also interesting was that though
genetically different from the primary tumors, distinct brain metastases were genetically
homogenous and were associated with alterations sensitive to PI3BK/AKT/mTOR, CDK, and
HER2/EGFR inhibitors. Such alterations may be required for the establishment of metastatic
disease in the brain, and may also influence the development of therapeutic resistance. Given
these observations, characterization of the brain metastases post tissue collection from
craniotomies may provide vital information not obtained from the genomic analysis of
primary tumors, and would guide the selection of therapies directed towards key targets
expressed in brain metastases. It is possible that diverse metastatic entities converge in
common soil providing repeated, targetable features for appropriate molecularly-targeted
agents (Brastianos et al. 2015; Saunus et al. 2015). The development of brain-penetrant
inhibitors targeting such alterations expressed in brain metastases, and the conduct of
clinical trials testing them, would delineate the clinical viability of such targets for the
treatment of brain metastases, including MBM.

Given such differences in gene expression patterns between the systemic sites and the brain,
it is possible that the mechanisms of resistance may be different in the brain compared to
other systemic sites. However, additional research is needed in this area to clearly demarcate
any such differences in resistance mechanisms. One question with respect to this: is the
difference in tumor response and/or resistance between systemic sites and those in the brain
related to only differences in drug delivery (i.e., achievable concentration), or are there
specific influences of the different microenvironments, beyond drug delivery, that could lead
to differences in efficacy and/or resistance?

We do not yet have a comprehensive understanding of other roles of the tumor
microenvironment in the brain compared to the periphery (i.e., outside the brain) that may
influence therapeutic outcomes. The microenvironment could be dictating the changes in
gene expression profiles that, along with limited drug exposure, may lead to emergence of
unique patterns of resistance and ultimately determine the choice of targets and subsequent
drugs considered for the treatment of metastatic disease in the brain.

An important question related to the influence of the microenvironment is: will brain-only
failure during targeted therapy portend the emergence of peripheral (i.e., non-brain)
resistance? Given that the lack of adequate drug delivery and different gene expression
patterns distinguishes the MBM from systemic metastases, systemic metastases could be
responsive to targeted therapy and show initial tumor regression, during which time there
may be “brain-only” failure to therapy. The question then becomes: will tumor cells from
such resistant brain metastases reseed regions outside the brain, leading to the development
of resistant systemic metastases? This is clearly an important clinical question that needs
further study; in spite of its multi-factorial complexity.

3.6 What are the mechanisms responsible for the homing of tumor cells to the brain and
how does the integrity of the BBB at the metastatic site affect the homing process? Also,
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will the integrity of the BBB at a metastatic site influence the rate of tumor growth in
individual brain metastases?

Specific interactions that lead to the homing of melanoma tumor cells to the brain are not
well understood. However, a few recent findings indicate some possible mechanisms
implicated in the establishment of MBMs. The expression of PLEKHADS has been found to
be linked to the increased transmigration of melanoma cells across the BBB and is
associated with a higher risk of MBM formation (Jilaveanu et al. 2015; Eisele et al. 2015).
Also, B1 integrins have been implicated to play a vital role in furthering the metastatic
process by regulating the shift of cells to active and migratory mode, likely an important step
in the formation of MBM (Barkan, Chambers 2011) Another study suggests that matrix
metalloproteinase proteins (MMPs) may be playing a role in the process of invasion of
melanoma cells to the brain. Overexpression of MMPs such as MMP2 and MMP9 was
suggested to aid the melanoma cells in permeating the BBB (Rizzo et al. 2015).
Furthermore, it has been reported that claudinl, a tight junction protein, was responsible for
the suppression of the malignant phenotype in melanoma (lzraely et al. 2015). It is known
that claudins are important transmembrane proteins of the tight junctions between
endothelial cells in the BBB. Given this, the integrity of the BBB may be playing an
essential role in the process of homing of the metastatic tumor cells to the brain. A further
elucidation of the key driving mechanisms responsible for homing of the metastatic
melanoma cells to the brain will be useful in devising strategies for the prevention and
treatment of MBM.

Osswald et.al, has examined the relationship between the integrity of BBB at the tumor site
and the speed of tumor growth in preclinical animal models with MBMs. They report that
the MBMs with a leaky BBB had a higher growth rate compared to that of MBMs with an
intact BBB. Such an observation was attributed to a possibly more robust supply of growth
factors and nutrients to the “BBB-permeable” metastases. Clearly more studies in this area
are needed to further clarify the mechanisms involved (Osswald et al. 2016).

3.7 In drug discovery, design and development, how can we find drugs that are active
against the relevant targets, have adequate BBB permeability, and limit the development of
resistance; the critical issues currently limiting the treatment of MBM?

To achieve significant improvements in treatment outcomes in patients with MBM, it is
necessary to design and develop drugs that are potent in inhibiting key oncogenic targets,
limit the emergence of therapeutic resistance and are capable of penetrating an intact BBB.
All of these aspects should be considered early in the drug development process to guide the
design of novel drugs. When using potent combination therapies to overcome resistance, it is
required that all the individual drugs in the combinations penetrate the BBB to achieve
therapeutically active drug levels in the brain. Until all of these necessary elements of drug
design are met, we will likely be frustrated in our quest to find effective treatments for
MBM. Also important, is the use of appropriate animal models for testing new
investigational drugs. Preclinical studies with high predictive and clinical relevance are
invaluable in the drug development process, and can greatly expedite the search for
efficacious treatments.
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A few examples of such medicinal chemistry tailored approaches have been described by
Heffron in a recent perspective. The physicochemical properties of kinase inhibitors
recognized as CNS penetrating (n = 20; molecules with meaningful free brain concentrations
or are not substrates of P-gp/BCRP) to those that have limited CNS penetration (n = 48;
molecules with low brain concentrations or are substrates of P-gp/BCRP), as well as 119
marketed CNS drugs, were compared. The median and mean values of cLogP, cLogD7.4,
total polar surface area (TPSA), hydrogen bond donor (HBD) count, and molecular weight
between the two categories of kinase inhibitors were notably similar, and the only significant
disparity was the calculated pKa (which can affect HBD count for those compounds that are
sufficiently basic). The CNS penetrating inhibitors had a lower median pKa than both kinase
inhibitors and CNS drugs incapable of crossing the BBB. Such examples illustrate the
importance of subtle differences in the fundamental properties of the therapeutic
compounds, and how they critically impact the brain delivery of these compounds. These
ideas should be incorporated into future drug development efforts in the pursuit of brain-
penetrant inhibitors for the treatment of CNS disorders (Heffron 2016).

In particular, Heffron's article describes the discovery of three molecules; AZD3759,
lorlatinib, and TAK-960, from five compounds that were initially designed with the intent of
improving brain penetration, where intramolecular hydrogen bonds were exploited to mask
at least 1 HBD (this masking would not be accounted for in calculated physicochemical
properties of those molecules) and would also affect the effective polar surface area. As
Heffron points out, it is possible that other CNS penetrant kinase inhibitors, whether
intentionally or not, also employ a similar design strategy to avoid efflux (Heffron 2016).
Regardless, this is an approach that is worth consideration in the development of brain-
penetrant inhibitors for treatment of CNS disorders, including brain metastases. If the
lessons learned from the development of currently employed compounds are applied in a
positive way, early in the development of future therapeutic compounds intended for
treatments related to CNS, we will likely see more targeted therapies that are capable of
penetrating the BBB and overcoming this key hurdle. Achieving this would be a major leap
in the struggle to find more efficacious treatments, even cures, for CNS disorders,
specifically for MBM that are protected by an uncompromised BBB.

Optimal drug design and development efforts should be complimented by appropriate
subsequent preclinical testing, pertinent to the research objectives. Preclinical animal models
are indispensable tools that aid in gaining mechanistic insights of the disease biology, and in
screening activity of drugs in the developmental pipeline. A useful animal model should be
reproducible and closely recapitulate the human disease. Such models developed to study
MBM would be most beneficial if they generate spontaneous tumors and form metastatic
lesions with high propensity to seed the brain, as seen clinically (Kerbel 2015). Patient-
derived xenograft (PDX) models are biologically stable across passages and preserve the
primary histopathological, genetic and molecular characteristics of patient tumor. Due to
their value as predictive tools of clinical outcomes, PDXs are being used for various
applications including preclinical drug activity testing, biomarker identification, and
developing personalized medicine approaches (Tentler et al. 2012; Hidalgo et al. 2014).
Establishment of PDXs is achieved by implanting tumor cells isolated from patients into
immunodeficient mice (subcutaneous or orthotopic), and such an approach is suitable for
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melanoma (Hidalgo et al. 2014; Quintana et al. 2008). PDXs are useful as “avatars” for
testing anti-cancer therapies, with a high predictive value of potential clinical outcomes
(Quintana et al. 2012; Einarsdottir et al. 2014). For example, Krepler and colleagues have
used mouse PDXs in combination with targeted sequencing and phosphoproteomics for the
conduct of personalized “preclinical trials”, that led to successful identification of second-
line targeted therapies for treating drug resistant tumors (Krepler et al. 2016). Another useful
preclinical model is the genetically engineered mouse model (GEMM) that harbors
mutations common to MBM, and has growth patterns resembling human disease. One
advantage of GEMMs over PDX models is that the lesions develop in an immunocompetent
host, allowing testing of both targeted and immunotherapies with appreciable predictive and
clinical relevance (Ruggeri et al. 2014). Another valuable model is the spontaneous
metastasis model that is capable of recapitulating all the events involved in the multi-step
process of metastatic spread. The technique involves an in-vivo serial selection process for
isolation of enriched aggressive metastatic cells, which are then orthotopically implanted in
mice to allow the formation of distant visceral metastases (Kerbel 2015). The observed
metastatic patterns are variable between animals, providing a realistic representation of the
clinical situation (Francia et al. 2011). These models have been used in a few translational
studies, and an example is a study showing the growth of relapsed spontaneous brain
metastases in mice with advanced systemic metastatic melanoma but without brain disease,
after systemic disease control upon drug treatment (Cruz-Munoz et al. 2008).

A major challenge with preclinical models, given the important role of tumor
microenvironment in cancer biology, is the change of stromal components from
predominantly human to predominantly mice. PDX and spontaneous metastases models
employ immunocompromised hosts, which prevents their use for testing immunotherapies.
Also, generation of models from a patient tumor isolated at a single time point cannot
capture the broad diversity of the dynamic course of disease progression (Francia et al.
2011; Hidalgo et al. 2014; Tentler et al. 2012). In spontaneous metastases models, a problem
is the regrowth of primary tumors at the location of surgical resection, and also resection of
primary tumors itself can cause complications. Also, the selection of aggressive
subpopulations of metastatic tumor cells can need multiple cycles of in-vivo selection
(Francia et al. 2011; Kerbel 2015). The major challenges with the development of GEMMs
are asynchronous development of tumors in the transgenic host, and lack of availability of
tissue-specific promoters for developing certain cancers (Ruggeri et al. 2014). Despite the
unique advantages offered, establishment of GEMMs and spontaneous metastases models is
complex, expensive and time consuming, which may limit their practical utilization in
testing therapeutics for MBM (Kerbel 2015; Ruggeri et al. 2014).

Given that each of the described models have certain advantages and disadvantages, the
selection of an appropriate model for studying a given research question is critical, and it is
beneficial to perform evaluations in more than one kind of model when feasible. A multi-
model approach with spontaneous metastatic models as secondary screens in conjunction
with GEMMs or PDX models can provide a broader picture of the likely outcomes of an
investigational therapy in clinic (Kerbel 2015). While the development of strategies such as
“humanized mice” with reconstituted human immune system (Krepler et al. 2016;
Kalscheuer et al. 2012) to overcome the use of an immunocompromised host are underway,
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the current PDX and spontaneous metastases models are nevertheless valuable tools.
Preclinical testing in the right animal model can guide the conduct of clinical studies and
help make informed decisions, all of which play a pivotal role in improving the success rate
of finding better therapies.

3.8 Are potential advances in the treatment of melanoma patients negatively impacted by
the exclusion of patients with brain metastases from pivotal clinical trials testing novel
targeted therapies?

It is important to include patients with symptomatic MBM in clinical trials to fully test the
effectiveness of the novel targeted therapies. Achieving systemic disease control in a trial
testing patients with detectable systemic metastases, but no brain metastases, might not be
enough, as most of the patients ultimately die with brain metastases. Autopsy results show
the presence of brain metastases in 70% of the studied melanoma patient population,
suggesting a grave need to treat MBMs to improve therapeutic outcomes in patients with
advanced melanoma or else the progress achieved with systemic disease control will remain
incremental (Gorantla et al. 2013; McWilliams et al. 2003). One traditional drug
development model has been to conduct clinical trials designed to test the safety and
therapeutic efficacy of novel therapeutics in patients with systemic disease burden, while
excluding patients with detectable brain disease. The reason for such exclusionary practices
has been the dismal prognosis associated with this patient population.

The pivotal clinical trials testing novel therapeutics associated with the treatment of
melanoma comprised of more than 6000 metastatic melanoma patients but excluded patients
with active MBMs (Cohen et al. 2016). Smaller trials testing these agents in MBM
populations were opened later and included 234 patients, representing only 4.1% of the
patients enrolled; clearly insufficient (Cohen et al. 2016). Given the growing evidence that
suggests differences in the microenvironment of the brain versus systemic sites, in terms of
both the expression of genomic drivers and restricted drug delivery to the brain, it is critical
to include patients with brain involvement early in clinical trials to gain insight into the
mechanisms that may lead to therapeutic failure (Brastianos et al. 2015). For instance, the
P13K inhibitors would historically have been tested in patients with systemic disease while
this target may actually be more important in brain metastases (Chen et al. 2014; Bucheit et
al. 2014; Niessner et al. 2016; Peng et al. 2016). The exclusionary practices in clinical trial
testing of novel therapeutic agents could result in an incomplete understanding of key
concepts. Thus, inclusion of patients with active MBMs early in clinical trials testing novel
therapies, along with trials specifically tailored to this population, would help accelerate the
development of therapies to treat the debilitating MBMs.

4) Opportunities for the future

The eight major questions that have been posed in this perspective emphasize significant
gaps in our knowledge that, if answered, will directly address several critical unmet needs in
the treatment of MBM. Research that can answer these questions, both preclinical and
clinical, will undoubtedly move the field toward more efficacious treatments.
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One aspect of many of the questions is how we can ensure adequate drug delivery to
melanoma metastases that are protected by an uncompromised BBB. The small molecule
molecularly-targeted agents are restricted by their ability to permeate an intact BBB, mainly
due to active efflux by BBB transporters, particularly P-gp and BCRP (Agarwal et al. 2011b;
Gampa et al. 2016; Parrish et al. 2015b). Also, it has been reported that melanoma cells
previously treated with targeted agents are capable of expressing the ATP-dependent efflux
transporter ABCBS5, while a side-population of melanoma stem cells have been identified to
express ABCB?5 intracellularly and ABCBL1 on the plasma membrane (Chartrain et al. 2012;
Luo et al. 2012). Existence of such efflux mechanisms at the level of tumor cells forms a
secondary barrier, which can further limit the delivery of small molecule molecularly-
targeted therapies to the tumor cells. The exposure of metastatic tumor cells to sub-
therapeutic drug levels will lead to poor treatment outcomes in patients with MBM due to
the establishment of the brain as a pharmacological sanctuary site, possibly leading to the
development of resistance. It was observed in preclinical models of metastatic melanoma
that effective control of systemic metastatic burden for a period of time can result in an
increased rate of relapse of brain metastases. The efficacy benefit in controlling systemic
metastatic disease is possibly allowing the seeded micro-metastases in the brain to have
more time to expand into detectable macroscopic metastases (Cruz-Munoz et al. 2008).
Thus, it is important to enhance the drug delivery of targeted therapies to the brain. The
development of brain-penetrant inhibitors, and their evaluation in preclinical and clinical
studies, will help us understand the target-engagement related improvements in efficacy by
improving drug delivery to MBM, thus eliminating one variable that could affect efficacy.
Also important and related to this line of questioning is the development of techniques that
can facilitate reliable measurements of drug concentrations at distinct locations of the brain,
with adequate spatial resolution to correlate local drug concentrations with biomarkers of
target engagement and overall efficacy.

A key area that needs attention in future research is the development of imaging modalities
that can detect micro-metastatic disease early in the disease progression. This would help
clinicians to develop a fundamental understanding of the timing of the first appearance of
the brain metastases compared to the systemic melanoma tumors, and evaluate if any
improvements in treatment outcomes can be achieved by using brain-penetrant targeted
therapies early in the disease progression. A deeper elucidation of the driving mechanisms
responsible for homing of the metastatic melanoma cells to the brain will be extremely
useful in identifying potential new targets, and devising novel strategies for both the
prevention and treatment of MBM. Such advances will definitely help us better understand
the disease progression, and move forward in the quest for a cure to treat MBM.

Additional research is also required to clearly demarcate any differences in resistance
mechanisms in the brain versus the systemic sites. While differences in drug delivery to the
target sites is an important reason for differences in tumor response and/or resistance
between systemic and brain metastatic sites, it is crucial to understand if there are any other
specific influences of the different microenvironments that could lead to alterations in target
expression, efficacy and/or resistance. As discussed above, the microenvironment of a
metastatic site could be dictating the changes in gene expression profiles that, along with
limited drug exposure, may lead to emergence of unique patterns of resistance and
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ultimately determine the choice of targets and subsequent drugs, possibly as combination
therapies, that will be considered for the treatment of metastatic disease in the brain. Given
the differences in gene expression patterns between the systemic sites and the brain, it is also
possible that the mechanisms of resistance may be different in the brain compared to the
systemic sites, leading to a “brain-only” pattern of failure. These viewpoints on site-specific
resistance mechanisms need additional evaluation, and future results may clearly inform
clinicians on the apt choice of drug(s) to combat resistance.

To achieve meaningful enhancements in treatment outcomes in patients with MBM, it is
vital to design and develop drugs that are potent in inhibiting key oncogenic targets, limit the
emergence of therapeutic resistance and are capable of penetrating an intact BBB. All of
these aspects should be considered early in the drug development process to guide the design
of novel drugs (Figure 10). Drugs specifically designed with the intent of treating brain
metastases, all the while recognizing the source of primary tumor (e.g., melanoma, breast,
lung cancer), might be more important than screening and developing agents for the
treatment of a particular systemic tumor. Testing candidates from such a screening for use in
the treatment of brain metastases growing from that specific cancer type may not include
important “brain-specific” development parameters, such as blood-brain barrier penetration
or efficacy against unique drivers that are preferentially expressed in the brain tumor. This is
essential considering the critical idea that the brain, a common soil for the systemic tumor
“seeds”, may be fostering the growth of specific clones of tumor cells and also causing
changes in the tumor gene expression patterns, an adaptation that may be necessary for the
tumor cells to grow in the privileged microenvironment of the brain. Such observations
imply that brain metastases growing from different primary tumors may be more similar in
terms of gene expression patterns, compared to the primary tumors from which they
originate. Thus, developing brain-penetrant inhibitors specifically designed to be effective
against brain metastases emerging from various primary tumors, might be a viable strategy
to test in future drug development endeavors for the treatment of brain metastases. It is
important to note the fact that drug delivery to the target sites and potency of the developed
therapeutic agents in inhibiting the metastatic tumor cells in the brain, both dictate the
ultimate outcome seen in the treatment of the brain metastatic disease.

Achieving a modest improvement in the overall survival by the use of targeted therapies
(e.g., vemurafenib and dabrafenib, combined with MEK inhibitors) in metastatic melanoma
may be significant, but is still far from being sufficient to improve the MBM patient's dire
situation. We need therapies that can treat the metastatic disease in the brain and prolong the
survival to such an extent that it makes an impact on quality of life, beyond a meagre
increase in survival of the patient by few months. It is therefore critical to include patients
with active MBMs early in future clinical trials testing targeted agents, along with design of
trials specifically tailored to test the MBM population, to help accelerate the development of
therapies to treat the debilitating MBMs.

This perspective reviewed many of the critical issues that remain in developing effective
treatments for MBM. The task of adequate delivery of potent agents to protected sites in the
brain must be solved to avoid the possibility of brain-only failure and emergence of unique
patterns of resistance. A better understanding of how the tumor microenvironment
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influences tumor growth is also required to help match effective drugs to appropriate patient.
Great progress has been made, and future research, guided by the right questions, will
undoubtedly improve the outlook for patients with MBM.
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central nervous system
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cytotoxic T-lymphocyte-associated antigen 4

GAD-DTPA gadolinium-diethylenetriamine pentaacetic acid

GBM
GEMM
HBD
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Glioblastoma
genetically engineered mouse model
hydrogen-bond donor

unbound partition coefficient

LC-MS/MS liquid chromatography tandem mass spectroscopy

LMD

MALDI

MAPK

MBM

MMP

MSI

NSCLC
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PD-1

PD-L1

PDX
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matrix assisted laser desorption ionization
mitogen activated protein kinase
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matrix metallo-protease

mass spectroscopy imaging
non-small cell lung cancer
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Box 1

Critical questions in the treatment of MBM

Can targeted agents with limited distribution across an intact BBB be used to
reliably treat MBM?

Will enhancing the brain distribution of systemically active agents improve
the treatment of micro-metastatic disease in the brain?

Avre therapies that can target currently “undetectable” brain micro-metastases
more effective in extending progression-free or overall survival than treating
larger brain metastases that are detectable by MRI?

In a related question (to #3), does the analysis of drug levels in a resected
brain tumor specimen reflect drug levels in other regions of the brain that
require treatment, especially in and around the micro-metastases?

Will the use of drugs that have initial efficacy in systemic (i.e., non-brain)
metastases, but have poor brain penetration, lead to resistant brain metastases?
If so, will this be through mechanisms different than those leading to the
eventual resistance at systemic sites?

What are the mechanisms responsible for the homing of tumor cells to the
brain and how does the integrity of the BBB at the metastatic site affect the
homing process? Also, will the integrity of the BBB at a metastatic site
influence the rate of tumor growth in individual brain metastases?

In drug discovery, design and development, how can we find drugs that are
active against the relevant targets, have adequate BBB permeability, and limit
the development of resistance; the critical issues currently limiting the
treatment of MBM?

Are potential advances in the treatment of melanoma patients negatively
impacted by the exclusion of patients with brain metastases from pivotal
clinical trials testing novel targeted therapies?
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Figure 1.
A complex, dynamic puzzle of interrelated pieces necessary to improve the treatment of

melanoma brain metastases (MBM) includes: (a) improved imaging modalities for diagnosis
of early “sub-clinical” micro-metastases, (b) improved identification of the brain-specific
targets and selection of suitable targeted therapies, (c) improved recognition of brain-specific
resistance mechanisms, and, (d) improved drug design to overcome BBB delivery issues and
yield effective combination therapies. (2-column fitting image)
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Figure 2.
The blood-brain barrier (BBB). A) the BBB (also referred to as the neurovascular unit,

NVU) architecture, and cell associations that form the BBB. B) various routes of trafficking
across the BBB that includes transcellular passive diffusion, active efflux, carrier mediated
influx, receptor mediated transcytosis (RMT), adsorptive-mediated transcytosis (AMT),
diapedesis and modulation of tight junctions (TJ) (adapted from (Abbott 2013), with
permission). (2-column fitting image)

Pharmacol Res. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gampa et al.

Page 31

Met3 |
128 ng/g

» 2,363 ng/g
> 39nglg

Total metastasis — 640 ng/g
1,600 4
G Total n = 379 9.8% H

1,400 1328 £ 487 400,000

1,200 4
10,000

g

1,000

Paclitaxel (ng/g)
Paclitaxel (ng/g)

Metastases Time (h)

Figure 3.
Variable paclitaxel uptake in 231-BR-HER2 brain metastases that correlates with 3-kDa

Texas Red dextran accumulation. 14C-Paclitaxel distribution in 231-BR-HER2 metastases
after intravenous administration of 10 mg/kg of paclitaxel (Taxol formulation). Distribution
of eGFP (A), 3-kDa Texas Red dextran [10-minute circulation (B)], and 14C-paclitaxel [8
hours (C)], followed by a 30-second vascular washout. White scale bar represents 1 mm.
Heterogeneous distribution is shown within one representative brain metastasis (D, eGFP; E,
14C-paclitaxel; and F, 3-kDa Texas Red dextran). G, 14C-paclitaxel concentration (ng/g) in
brain and 231-BR-HER?2 brain metastases. Values represent the percentage of all metastases
in each group, and the mean + SD of 14C-paclitaxel concentration in each group. H, mean
brain metastasis drug concentration was measured at different times (30 minutes—8 hours)
and related to that in brain distant from tumor, plasma, blood, and systemic tissues (n =3
animals per point). Yellow areas show highest and lowest concentrations observed in brain
metastases at the 3 time points. Calculated area under the curve cumulative exposure (in ug
h/g) equaled 0.18 in brain, 2.9 in average brain metastasis, and 80 to 400 in systemic tissues
(adapted from (Lockman et al. 2010), with permission). (2-column fitting image)
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Figure 4.
Elucidation of the unbound partition coefficient, Kpuu. The diagram represents the protein-

bound and unbound drug molecules in the blood and brain compartments. The Kpuu, brain
to plasma unbound drug concentration ratio, is determined using the total drug
concentrations (Ciats)) and unbound fractions (f,,), in both the blood and brain compartments.
P-gp, an efflux transporter, is also shown on the luminal (blood) side of the BBB (adapted
from, (Dolgikh et al. 2016)). (1.5-column fitting image)
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Figure 5.

The role of BBB permeability in the efficacy of targeted therapies for the treatment of brain
metastases. A, injection of brain-tropic A2058 melanoma cells (orange) into the left cardiac
ventricle of mice led to the formation of MBMSs. Sodium fluorescein (green), a brain-
impermeable dye, was injected intravenously via tail vein, and its uptake into metastatic
lesions was measured and used as a marker of brain metastasis permeability. Only ~29% of
the brain metastases were permeable to the administered dye (green clouds). B, mice
harboring both permeable (green clouds) and impermeable (no clouds) brain metastases
were randomized to vehicle or two PI3K inhibitors, GDC-0980, which is brain-
impermeable, or GNE-317, which has demonstrated brain permeability. Both GDC-0980
and GNE-317 inhibited the growth of permeable metastases, while only the brain-permeable
GNE-317 inhibited the growth and caused tumor apoptosis (white tumor cells with X) of
impermeable metastases. These observations confirm a functional contribution of brain
permeability to drug efficacy for brain metastases treatment (modified and redrawn from
(Steeg et al. 2016)). (2-column fitting image)
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Figure 6.
GNE-317 targets micro-metastases and dormant tumor cells. A, Subgroup analysis of

GNE-317 treated metastases, separately for non-permeable micro- (n=10) and macro-
metastases (n=6) (***, P < 0.001 and *, P=0.033; two- sided t tests). B-E, Treatment
response of single, long-term, non-proliferating and non-regressing, thus dormant,
melanoma cells. The single cells are slowly moving during dormancy. After start of
treatment with GNE-317 at D31 (C), the dormant cells regressed within 8 days (E) (adapted
from (Osswald et al. 2016), with permission). (2-column fitting image)
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Figure 7.

3D reconstruction of (A) RAF265 (in green), (B) tumor (in purple) and ventricles (lateral
ventricles in yellow, 3rd ventricle in light green, dorsal 3rd ventricle in orange, 4th ventricle
in magenta) from optical images of H&E staining sections. Serial sections were collected
with 30-50 um intervals and imaged by mass spectrometer with 100 um spatial resolution or
microscope. 3D models were reconstructed using 3D Doctor (adapted from (Liu et al. 2013),
with permission). (2-column fitting image)
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Figure 8.
A schematic representation of the quantitative MSI (qMSI) approach. Three serial sections

isolated from non-tumor bearing normal brain specimens were used to create the gMSI
image. One brain section was used to detect the alectinib distribution by MALDI-MSI,
whereas the other two sections were used to quantify the amount of alectinib. The signal
intensity of the images detected by MALDI-MSI was converted into the absolute quantity of
alectinib found in the serial section (adapted from (Aikawa et al. 2016), with permission).
(1.5-column fitting image)
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Figure 9.
Validation of the quantitative distribution of alectinib with gMSI by using laser

microdissection technique. A, mouse brain sections isolated at 1 hour after administration of
20 mg/kg alectinib were used to confirm the quantitative alectinib distribution in the gMSI
image (80 um resolution) in FVB and MDR1#P knockout mice. Laser microdissection was
used to cut out eight separate regions (R1-R8) of additional brain sections, and alectinib in
those tissue regions was quantified by LC-MS/MS. B, correlation between the amounts of
alectinib measured from dissected R1-R8 regions and those determined from
complementary R1-R8 regions of gqMSI images was examined. FVB: blue, R1-R4; MDR1#P
knockout: red, R5-R8. (adapted from (Aikawa et al. 2016), with permission). (2-column
fitting image)
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Appropriate choice of
targeted therapies for
management of MBM
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therapeutic agent for
MBM management

Flow chart depicting the sequence of steps that need to be considered for the treatment of a
patient with MBM. Some of the key limitations in the current practice are listed in dashed
boxes, the answers to which can help in the advancement of the treatment of MBMSs. The
ultimate goal is to find a suitable targeted therapy that is not just palliative but can provide a
cure to the debilitating MBM. (2-column fitting image)
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