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ABSTRACT

Tumors in the brain are challenging to diagnose and are associated with poor survival
outcomes. Brain tumors are difficult to treat, in part, due to restricted drug delivery across
the blood-brain barrier (BBB). Although the BBB is compromised in some regions of
brain tumors, the degree of disruption is not uniform and certain tumor locations have a
functionally intact BBB. A critical component of BBB that restricts entry of therapeutics
into brain is active efflux. The objective of this work is to examine brain distribution of
novel molecularly-targeted therapies, including evaluation of influence of P-gp and Bcrp-
mediated efflux at the BBB, assessment of spatial heterogeneity in drug distribution to
brain tumors, and comparison of unbound (active) drug exposures with in vitro efficacy.
Ispinesib is a KIF11 inhibitor that inhibits both tumor proliferation and invasion in
glioblastoma (GBM). We demonstrate that ispinesib has a limited brain delivery due to
efflux by P-gp and Bcrp, and ispinesib delivery is heterogeneous to areas within a tumor
in a GBM model. Furthermore, predicted unbound-concentrations in brain were less than
in vitro cytotoxic concentrations, suggesting that delivery may limit in vivo efficacy.
Also, pharmacological inhibition of efflux transport (elacridar co-administration)
improves brain delivery of ispinesib, and future studies will evaluate if enhanced delivery
will improve efficacy. CCT196969, LY3009120 and MLN2480 are panRAF inhibitors
with minimal paradoxical activation of MAPK pathway and may overcome resistance
observed with BRAF inhibitor therapy in melanoma. MEK inhibition is used in

combination with BRAF inhibitors to delay resistance. E6201 is a potent MEK inhibitor



with a unique macrocyclic structure. While brain distribution of panRAF inhibitors is
limited by efflux, E6201 has a favorable brain distribution profile and interacts minimally
with P-gp and Berp. The delivery of E6201 is variable to regions of tumor in an
intracranial melanoma model. However, predicted unbound-concentrations in brain
achieve levels higher than in vitro cytotoxic concentrations for LY3009120 and E6201,
suggesting possible efficacy in melanoma brain metastases. Future studies evaluating in
vivo efficacy in preclinical models will reveal the utility of selected compounds in brain

tumor treatment, and if improved delivery translates to superior efficacy.
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Figure 6. 8 Spatial brain distribution of E6201 in an intracranial melanoma mouse
model. (A) Representative fluorescence microscopy image of M12 tumor-bearing thick
brain slice marked with tumor core (solid red line) and tumor rim (solid black line)
regions, (B) representative image showing dissected tumor core and tumor rim tissues,
marked with dashed white lines, (C) E6201 concentrations, and (D) E6201 brain (tumor
tissue)-to-plasma ratios. #, concentrations in plasma significantly different from tumor
core (P< 0.05), tumor rim (P< 0.01) and normal brain (P< 0.0001). *P< 0.05, ***P<
0.001 and ****P<0.0001 for statistical comparison by one-way ANOVA. Data represent
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E6201 investigator brochure). The dashed orange line represents the free E6201 ICs
determined using the plasma free fraction of E6201 (fupiasma = 0.026, free ICso=
1.14nmol/L). Here, the assumption is that the non-specific binding of E6201 in the assay
media is similar to the free fraction determined in plasma experimentally. (B) The dashed
green line represents the in vitro ICsg (free) of E6201 in BRAF-mutant M 12 melanoma
cell line. The experimentally determined ICsy and free fraction in cell culture media from
rapid equilibrium dialysis studies was used to determine the free ICsy estimate in M12.
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CHAPTER I. IMPROVING DRUG DELIVERY TO

TUMORS IN THE BRAIN



1.1 INTRODUCTION

The estimated new cases of cancers of the brain and other nervous system is over 23,000
in the United States in 2018, accounting for 1.4% of all cancer patients, and a similar
trend is expected globally (Siegel et al., 2018, Bray et al., 2018). The incidence of brain
metastases is markedly higher than primary brain tumors, and is observed in nearly 10 %
of cancer patients (Barnholtz-Sloan et al., 2004, Nayak et al., 2012, Gallego Perez-
Larraya and Hildebrand, 2014). Collectively, lung cancer, breast cancer and melanoma
account for up to 75% of adult brain metastases (Nayak et al., 2012, Gallego Perez-
Larraya and Hildebrand, 2014). While lung cancer accounts for the highest occurrence of
brain metastases, melanoma has the highest predisposition to spread to the brain (Nayak
et al., 2012). Moreover, the incidence of brain metastases continues to rise as the
treatment of peripheral disease improves with newer targeted therapies (Kromer et al.,
2017, Gampa et al., 2017).

Diagnosis of tumors in the brain is devastating to patients, and is associated with poor
survival outcomes and a dismal quality of life (Ostrom et al., 2017, Nayak et al., 2012).
Time and again, promising experimental therapies continue to show disappointing results
in clinical trials and there is a severe need to develop efficacious treatments for tumors in
the brain. Among the numerous challenges that exist in the development of effective
treatments, drug delivery across an intact blood-brain barrier (BBB) is one important
challenge that calls for attention. The BBB presents a major obstacle to the delivery of
targeted agents to the brain, which in turn can limit the response to therapy and thereby

contribute to the abysmal prognosis observed in patients with tumors in the brain
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(Agarwal; Sane; et al., 2011, Gampa et al., 2017). Therefore, future drug discovery and
development endeavors should lay emphasis on specifically designing brain penetrant
drugs that can reach the protected tumor cells residing behind an intact BBB for

improved target engagement and efficacy.

1.1.1 Glioblastoma and KIF11 inhibition

Glioblastoma (GBM) is the most common primary brain tumor in adults, accounting for
about 47% of primary malignant brain tumors (Ostrom et al., 2017). The standard therapy
for patients with newly diagnosed GBM is surgical resection followed by radiation
therapy and treatment with temozolomide (TMZ), an alkylating agent (Stupp et al.,
2005). Despite decades of intensive research, the prognosis for patients diagnosed with
GBM remains dire, with 5-year survival estimates being as low as 5.5% (Ostrom et al.,
2017). The clinical success for targeted therapies tested in GBM has been extremely
limited with only 4 FDA approved systemic therapies: lomustine, carmustine,
temozolomide and bevacizumab. Several factors contribute to such limited progress
including molecular and genetic heterogeneity of malignant gliomas, diffuse infiltrative
nature of GBMs, acquired resistance due to microenvironment driven changes in genetic
drivers, spatial heterogeneity in the permeability of the BBB and inadequate drug
delivery to the brain (Agarwal; Sane; et al., 2011, Gampa et al., 2017, Sarkaria et al.,
2018). An important mechanism responsible for restricting the brain delivery of several
molecularly-targeted therapies is active efflux at the BBB, mainly by P-gp and Bcerp
(Table 1). Resolving the drug delivery problem will undoubtedly help us move closer to

finding more efficacious treatments for GBM.
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GBMs are often characterized as aggressive brain tumors with high proliferative
capacities and wide spread diffuse infiltration within the brain (Chiesa-Vottero et al.,
2003, Cuddapah et al., 2014, Demuth and Berens, 2004, Mastronardi et al., 1999,
Stoyanov et al., 2017). Although surgical resection and radiation therapy can provide
initial local disease control, systemic therapies are often necessary for long-term benefits.
The rapid proliferation and extensive dissemination of glioma cells present major
challenges in developing effective therapies for the management of this devastating
disease. Given this, treatments inhibiting a target that is involved in both tumor cell
proliferation and invasion, may improve the responses in malignant GBM (Venere et al.,
2015).

Several anti-cancer agents targeting microtubules have been used in the treatment of
systemic solid tumors (Wood et al., 2001). The microtubule-based cytoskeleton is
essential for both mitosis and cell motility. However, dose-limiting neurotoxicity is
frequently observed with anti-mitotic drugs as microtubules are vital for CNS function
(Canta et al., 2009, Wood et al., 2001). A group of microtubule associated proteins that
are involved in mitotic cell division are the kinesins (Cross and McAinsh, 2014, Rath and
Kozielski, 2012). KIF11 is a kinesin that is involved in the separation of centrosomes in
prophase, and the formation of bipolar spindle in metaphase of mitosis (Wojcik et al.,
2013). Also, KIF11 has some non-mitotic functions, and has been shown to be involved
in cell motility (Falnikar et al., 2011). Ispinesib (Table 2) is a potent small-molecule
allosteric inhibitor of KIF11, and acts by affecting the ability of KIF11 to bind to

microtubules by blocking ADP release (Lad et al., 2008). KIF11 inhibition with ispinesib
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suppresses glioma cell proliferation as well as cell motility (Venere et al., 2015) (Figure
1). Also, clinical studies indicate absence of significant neurotoxicity on treatment with
ispinesib (Blagden et al., 2008, Burris et al., 2011). These observations suggest that
KIF11 inhibition with molecularly-targeted agents such as ispinesib may have a place in

the treatment of GBM.

1.1.2 Melanoma brain metastases and MAPK inhibition

Metastatic melanoma is an aggressive form of skin cancer responsible for the majority of
skin cancer related mortality. Approximately, 91,000 new cases of melanoma with more
than 9000 deaths are projected for 2018 in the United States (Siegel et al., 2018). The
MAPK signaling is deregulated in up to 80% of melanomas (Davies et al., 2002).
Typically, signal transduction via the MAPK pathway is initiated by the binding of a
growth factor, hormone or cytokine to receptor tyrosine kinase that causes the activation
of RAS. Upon activation, RAS recruits RAF to the cell membrane and activates RAF,
which activates MEK. MEK further phosphorylates and activates ERK kinases leading to
activation of downstream pathways responsible for pro-survival and proliferation signals
(Samatar and Poulikakos, 2014) (Figure 2). Oncogenic driver mutations in MAPK
pathway, frequently in BRAF (~50%) and NRAS (~20%), cause an elevation of kinase
activities that trigger the constitutive activation of RAS-RAF-MEK-ERK signaling and
results in uncontrolled proliferation (Davies et al., 2002, Hodis et al., 2012).

Melanoma has a high propensity to metastasize to the brain and about ~70% of patients
with advanced disease will show metastatic spread to the brain (Gupta et al., 1997,

Damsky et al., 2014). The approved therapies have shown improvements in survival by a
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few months in patients with melanoma brain metastases (MBM) (Long et al., 2012,
Dummer et al., 2014, Margolin et al., 2012, Spagnolo et al., 2016, Tawbi et al., 2018).
While encouraging, the management of patients with MBM still poses a significant
challenge (Gampa et al., 2017). The modest efficacy in patients with MBM is related to
factors including inadequate drug delivery to protected tumor cells residing behind an
intact BBB and brain microenvironment driven alterations in gene expression. The FDA
approved inhibitors of MAPK pathway have a restricted ability to distribute to the brain
due to P-gp and/or Berp mediated drug efflux at the BBB, and this can impact their
efficacy (Choo et al., 2014, de Gooijer et al., 2018, Mittapalli et al., 2013, Mittapalli et
al., 2012, Vaidhyanathan et al., 2014, Wang et al., 2018). There is a critical need to
design novel inhibitors of the MAPK pathway that are brain penetrant and can tackle
issues related to resistance for improved outcomes in the treatment of MBM.

Targeted inhibition of MAPK pathway with RAF and MEK inhibitors is an important
treatment strategy in BRAF-mutant melanomas (Samatar and Poulikakos, 2014) (Figure
2). Vemurafenib, dabrafenib and encorafenib are FDA approved mutant-BRAF inhibitors
while cobimetinib, trametinib and binimetinib are FDA approved MEK inhibitors for
melanoma. An important clinical challenge in melanoma is acquired resistance to
treatment with BRAF inhibitors (Samatar and Poulikakos, 2014). Although
vemurafenib/cobimetinib, dabrafenib/trametinib and encorafenib/binimetinib
combinations have been approved due to improved clinical responses with BRAF/MEK
inhibitor combinations over single agent treatment, patients still progress due to

emergence of therapeutic resistance often due to hyperactivated downstream MEK
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signaling (Wagle et al., 2014, Welsh et al., 2016). Also, treatment with some BRAF
inhibitors is associated with a paradoxical activation of MAPK signaling, primarily in
RAS-mutant melanomas (Hatzivassiliou et al., 2010, Poulikakos et al., 2010).

panRAF inhibition

The first generation BRAF inhibitors show efficacy in BRAF-mutant melanomas but are
less effective in wild-type BRAF and RAS-mutant melanomas. Also, in RAS-mutant
melanomas, treatment with some BRAF inhibitors is associated with a paradoxical
activation of the MAPK pathway, which can stimulate secondary malignancies
(Hatzivassiliou et al., 2010, Poulikakos et al., 2010). The BRAF-mutant melanomas
function in a RAS independent manner, and can signal via mutant BRAF monomers
(Freeman et al., 2013). Therefore, BRAF inhibitors should be effective in blocking RAS-
RAF-MEK-ERK signaling in BRAF-mutant melanomas. However, wild-type BRAF and
RAS-mutant tumors function via RAF dimers, with CRAF playing a vital role in MAPK
signal transduction (Freeman et al., 2013). By occupying one partner in homo- and
hetero-dimers of RAF, the BRAF inhibitors promote transactivation of drug free partner
leading to a paradoxical activation of the MAPK pathway (Poulikakos et al., 2010,
Samatar and Poulikakos, 2014). Hence, BRAF inhibitor therapy is commonly employed
in BRAF-mutant melanomas, but contraindicated in wild-type BRAF melanomas
(Hatzivassiliou et al., 2010).

The newer panRAF inhibitors may overcome issues of paradoxical activation and
resistance by effective inhibition of homo and hetero dimers of BRAF and CRAF (Girotti

et al., 2015, Peng et al., 2015, Rasco, 2013) (Figure 2). They may be active as first-line
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treatment options for both BRAF and NRAS mutant melanomas, and also as second-line
therapy for relapsed patients treated with BRAF and BRAF/MEK inhibitors (Girotti et
al., 2015). CCT196969, LY3009120 and MLLN2480 are three recently developed panRAF
inhibitors (Table 2), that have been shown to be capable of inhibiting MAPK pathway in
BRAF-mutant, wild-type BRAF and NRAS-mutant melanomas with minimal paradoxical
activation (Girotti et al., 2015, Henry et al., 2015, Rasco, 2013). All the three inhibitors
have low nanomolar ICsy against BRAF and CRAF, and show activity in preclinical
models of melanoma (Elenbaas B, 2010, Girotti et al., 2015, Peng et al., 2015).
LY3009120 and MLN2480 are being evaluated in phase I/II clinical trials
(clinicaltrials.gov).

MEK inhibition

Another key target in the MAPK pathway is MEK, and cancers with elevated MEK
activity including those with activating mutations in upstream BRAF may be responsive
to MEK inhibition (Wang et al., 2007). Also, given that MEK is downstream of RAF,
targeted inhibition of MEK can delay acquired resistance observed with BRAF inhibitor
therapy (Flaherty; Infante; et al., 2012, Flaherty; Robert; et al., 2012). Combination
therapy with BRAF and MEK inhibitors has resulted in improved efficacy over treatment
with single agent BRAF or MEK inhibitors (Flaherty; Infante; et al., 2012). E6201 (Table
2) is an ATP-competitive inhibitor of MEK1 with a unique macrocyclic structure, and has
low nanomolar potency in multiple melanoma cell lines, particularly BRAF-mutant
melanoma lines (Babiker et al., 2018, Byron et al., 2012, Narita et al., 2014). Preclinical

studies have demonstrated activity of E6201 in BRAF-mutated cancer xenografts,
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including melanoma (Wu J, 2009). Also, a phase 1 trial (NCT00794781) testing E6201 in
patients with advanced solid tumors shows evidence of clinical efficacy in metastatic
melanoma patients, including patients with metastatic spread to the brain (Babiker et al.,
2018, Tibes et al., 2018). Moreover, panRAF/MEK inhibitor combination may be a
rational treatment strategy in melanoma, especially in patients with resistance to single

agent MAPK inhibitors (Whittaker et al., 2015).



1.2 STATEMENT OF THE PROBLEM

Brain tumors, both primary and metastatic, are devastating and are associated with poor
survival outcomes (Ostrom et al., 2017, Siegel et al., 2018). Even after diagnosis, the
treatment options for brain tumors are limited and provide only modest benefits
(Spagnolo et al., 2016, Stupp et al., 2005). Such a lack of success in developing effective
therapies after decades of meticulous basic and translational research offers a major
challenge to the scientific community. There is a critical unmet need to develop
efficacious treatments that can improve the quality of life of patients with brain tumors.
The chapters 2 and 3 describe various challenges that exist in the treatment of tumors in
the brain, with drug delivery to the site of action being one major concern. Many of the
enumerated challenges are relevant to both primary brain cancers such as glioblastoma
and brain metastases in general. The treatment of tumors in the brain is impeded by at
least three critical challenges: (a) early and accurate diagnosis of CNS malignancies, (b)
overcoming therapeutic resistance due to brain microenvironment driven changes in
genetic drivers and their expression, (c) drug delivery to achieve adequate concentrations
of potent inhibitors at the site of action in the brain. The research work described in this
dissertation is mainly focused on the drug delivery challenge.

Inadequate drug delivery across an intact BBB can limit efficacy in the treatment of brain
tumors. T1-weighted magnetic resonance imaging (MRI) visualizes tumor regions with a
disrupted BBB, represented by contrast enhancement. However, tumor cells in certain
regions, particularly in infiltrative tumor sites and early low volume lesions, may be

residing behind a functionally intact BBB, and thereby not only do they escape detection
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by contrast-enhanced MRI but also are protected from therapies with poor permeability
across the BBB (Sarkaria et al., 2018). The successful treatment of tumors in the brain
with molecularly-targeted agents will depend on the ability of these therapies to permeate
an intact BBB and reach the protected tumor cells, as any tumor cells that are left behind
can lead to treatment failure and tumor relapse. A key mechanism that has been shown to
limit the brain distribution of several anti-cancer agents is active efflux, particularly by P-
glycoprotein (P-gp/Abcbl) and breast cancer resistance protein (Bcrp/Abcg2), at the
BBB. Given this, examining the brain delivery of potent anti-cancer therapies and
evaluating the role of active transporters expressed at the BBB in affecting drug delivery
to target tumor cells in the brain is crucial to develop effective treatments for tumors in

the brain.
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1.3 STRUCTURE OF THE DISSERTATION
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1.4 RESEARCH OBJECTIVES

The overall goal of this dissertation is to investigate the drug delivery challenges in the
treatment of tumors in the brain, both primary and metastatic. The long term goal is to
improve the quality of life of patients affected with brain tumors by contributing to the
advancement of effective treatments through overcoming drug delivery limitations. The
following research objectives were examined in this dissertation.

1) To evaluate the distribution of the KIF11 inhibitor ispinesib to the brain, and to regions
in and around the tumor in a preclinical GBM model, and assess improvement in brain
delivery by pharmacological inhibition of active efflux transporters (Chapter 4).

2) To compare the brain distribution profiles and in vitro efficacy of three panRAF
inhibitors i.e., CCT196969, LY3009120 and MLN2480, and evaluate their potential
utility in the treatment of brain metastases from melanoma (Chapter 5).

3) To examine the brain delivery of the MEK inhibitor E6201, assess distribution to
intracranial tumors in a preclinical model, and understand the utility of E6201 in brain
tumor treatment (Chapter 6).

These objectives are driven by the hypothesis that improving drug delivery to the
protected tumor regions in the brain will enhance target engagement at the site of action

and thereby efficacy.
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1.5 RESEARCH PLAN

Chapter 4 is focused on examining the brain delivery of ispinesib and the mechanisms
involved in limiting the brain distribution. Transgenic knockout mice that lack P-
glycoprotein (P-gp/Abcbl) and/or breast cancer resistance protein (Bcrp/Abcg2) were
used to investigate the role of active efflux transporters in affecting the brain delivery of
ispinesib. In addition, distribution of ispinesib to regions of tumor core, tumor rim (brain
adjacent to tumor, BAT) and normal (non-tumor) brain were determined in a preclinical
rodent model of GBM. The effect of co-administration of elacridar, a pharmacological
inhibitor of P-gp and Becrp, as a strategy to enhance the brain delivery of ispinesib was
also investigated. The predicted unbound concentrations of ispinesib in brain and plasma
were compared with in vitro cytotoxic concentrations (ICsp) in GBM cell lines to
understand the potential of ispinesib in the treatment of GBM.

Chapter 5 compares the brain delivery of three newly developed panRAF inhibitors,
CCT1996969, LY3009120 and MLN2480. The role of active efflux transport at the BBB
in influencing the brain distribution of these three compounds was examined using
transgenic mice lacking P-gp and Bcrp. In vitro rapid equilibrium dialysis experiments
were conducted to determine the unbound fractions in brain, plasma and serum-
containing cell culture media, and the Kp,uu were determined for the three compounds.
In vitro potency assays to determine the sensitivity of three patient derived melanoma cell
lines (BRAF-mutant M12 and M27, NRAS-mutant M15) to treatment with the three

panRAF inhibitors were performed and the most sensitive cell line (BRAF-mutant M12)
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was selected for further correlations of in vivo unbound concentrations with the in vitro
free ICs, estimates.

In Chapter 6, the brain distribution and influence of P-gp and/or Berp-mediated active
efflux on affecting the delivery of E6201 across the BBB was investigated using mouse
models. Moreover, spatial distribution of E6201 to tumor core, tumor rim and normal
brain was evaluated in an intracranial patient-derived xenograft model (M12). A
comparison of brain distribution of E6201 with the approved MEK inhibitors suggests
that E6201 has a relatively favorable brain distribution profile. In vitro cytotoxicity
assays indicate that BRAF-mutant M12 is most sensitive to E6201 treatment. A
correlation of the unbound concentration-time profiles with in vitro free ICsy in BRAF-
mutant M12 patient-derived melanoma cell line suggests possible activity in melanoma

brain metastases.
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TABLES

Table 1. 1 Some targeted agents implicated in the treatment of melanoma and GBM.

Substrate status .
Brain-to-
Targeted Primary . Ref
- asma eference
agent Target P-gp BCRP p. .
(ABCB1) | (ABCG2) | ratio, mice
Durmus et al., 2012,
Vemurafenib? | mutant BRAF Yes Yes 0.01 (
Mittapalli et al., 2012)
Dabrafenib " mutant BRAF Yes Yes 0.04 (Mittapalli et al., 2013)
Encorafenib © | mutant BRAF Yes Yes 0.004 (Wang et al., 2018)
(Vaidhyanathan et al.,
Trametinib MEK Yes No 0.15 Y
2014)
Cobimetinib ¢ MEK Yes No 0.08 (Choo et al., 2014)
(Vaidhyanathan et al.,
Omipalisib® PI3k/mTOR Yes Yes 0.06
2016)
(Salphati; Pang; et al.,
GDC-0980 ¢ PI3k/mTOR Yes Yes 0.08 g
2012)
(de Gooijer et al., 2015,
Palbociclib? CDK4/6 Yes Yes 0.2 Parrish; Pokorny; et al.,
2015)
Abemaciclib * CDK4/6 Yes Yes 0.21 (Raub et al., 2015)
J BCR-AbI,
Dasatinib EGER Yes Yes 0.12 (Agarwal et al., 2013)
Lapatinib * EGFR Yes Yes 0.03 (Polli et al., 2009)

# Steady state brain to plasma concentration ratios

® Brain to plasma ratio of AUC,_4 post oral dose

¢ Brain to plasma ratio of concentrations one hour post oral dose
4 Brain to plasma ratio of AUC_,¢ post intravenous dose

¢ Brain to plasma ratio of concentrations one hour post oral dose
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Table 1. 2 Physico-chemical properties of ispinesib, panRAF inhibitors and E6201.

Ispinesib CCT196969 LY3009120 MLN2480 E6201
Structure o/©/ To( [N ﬂ\ﬁuku -~ \)N\ e

sRad e

(NINLO o i FF
H s P _
@ )\NﬁjﬁN&Cl
Molecular |~ 1 ~n.0 C H FNO C H FNO CHLEN, C Ha-NO
formula 3013342 27 24 7 3 23 29 6 0S 21H27NUg
2

Molecular
weight 517.07 513.53 424.52 506.29 389.45
(g/mol)
Solubility < 1mg/mL < 1mg/mL < 1mg/mL < 1mg/mL < 1mg/mL
logP 5.5 5.5 42 3 2.92
logD
(pH 7.4) 3.2 5.5 42 3 2.92
pKa1 na 10.36 11.61 10.29 9.86
TPSA
(Az) 79 123 92 136 116
HBD 1 3 3 3 4
count
Rotatable
bond 9 6 6 6 2
count

The reported properties were calculated using ChemAxon (http://www.chemicalize.com).

" The values represent strongest acidic pKa reported by ChemAxon

na, Not available

TPSA, Topological polar surface area

HBD, Hydrogen

bond donor
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FIGURES

Figure 1. 1 A schematic showing that inhibition of KIF11 hits both tumor cell proliferation and invasion,
the characteristic hallmarks of GBM. GBMs are brain tumors with high proliferation index, and targeted

inhibition of KIF11 using potent inhibitors such as ispinesib may be a suitable treatment strategy.
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Figure 1. 2 A schematic representing the MAPK signaling cascade, and targets of approved BRAF

inhibitors, approved MEK inhibitors, panRAF inhibitors and E6201.
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CHAPTER II. INFLUENCE OF TRANSPORTERS IN

TREATING CANCERS IN THE CNS
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ABSTRACT

Brain tumors are difficult to treat, in part, due to lack of adequate drug delivery across the
blood-brain barrier (BBB). Although the BBB is compromised to some degree in brain
tumors, it is not uniformly disrupted and some tumor locations have a relatively intact
BBB. The presence of transporters (efflux) at the BBB limits the brain distribution of
therapeutics intended for treatment of CNS disorders. The differences in clearance
processes, arising due to differences in transporter expression and orientation in BBB vs
BCSFB (blood-CSF barrier), make it complex to understand the specific influence of
transporters on CNS drug delivery, and also limit the use of CSF as a surrogate for
unbound brain concentrations. Several opportunities to overcome the transporter-based
barrier exist and it is important to recognize that solving the drug delivery problem will
open many new doors for targeted therapies to be efficacious in treatment of brain

tumors.
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2.1 INTRODUCTION

Over 23,000 new cases of cancers of the brain and other nervous system are expected in
the year 2017 in the United States, accounting for 1.4% of all cancer patients (Siegel et
al., 2017). Glioblastoma (GBM) is the third most common primary CNS tumor (14.9% of
primary brain and other CNS tumors), and the most common primary malignant tumor
(47.1% of primary malignant brain tumors) (Ostrom et al., 2017). The incidence of brain
metastases is much higher than primary brain tumors, and is observed in 8.5-9.6% of
cancer patients (Barnholtz-Sloan et al., 2004, Nayak et al., 2012, Kromer et al., 2017).
Patients with lung cancer, breast cancer and melanoma exhibit the highest occurrence of
brain metastases, and combined together they account for up to 75% of adult brain
metastases (Nayak et al., 2012, Gallego Perez-Larraya and Hildebrand, 2014). While lung
cancer accounts for the highest incidence proportion of brain metastases, melanoma has
the highest propensity to metastasize to the brain (Nayak et al., 2012).

Tumors in the brain can lead to poor quality of life in affected patients (Stupp et al., 2005,
Fokas et al., 2013, Bohn et al., 2016). Brain tumors are often difficult to diagnose,
especially early in the disease progression (Bruzzone et al., 2012), and even after
diagnosis, it is challenging to effectively treat them. The removal of tumors by surgical
resection can be limited by its location, and even when the site allows for such a
procedure, low-volume lesions can make resection less feasible (Patchell et al., 1990, Fife
et al., 2004). Also, finding effective systemic therapies that adequately penetrate an intact
blood-brain barrier (BBB), and reach the target tumor cells residing in the brain to elicit

meaningful responses has proven to be extremely challenging (Agarwal; Sane; et al.,
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2011, Gampa et al., 2017). As new systemic therapies continue to improve the
management of extracerebral tumors, and if these therapies do not penetrate the BBB
effectively, the incidence of brain tumors will continue to increase (Gallego Perez-
Larraya and Hildebrand, 2014).

While the BBB/brain-tumor barrier (BTB) may be compromised in some regions of the
tumors, it is critical to recognize that the BBB can be intact and fully functional in some
regions of brain that contain tumor cells, especially in early non-contrast enhancing
tumors, leading to restricted BBB penetration of anti-cancer agents (Essig et al., 2006,
Jain et al., 2007, Lockman et al., 2010, Osswald et al., 2016, Sarkaria et al., 2018). Many
small molecule anti-cancer targeted agents are substrates of active efflux transporters at
the BBB, and so their brain penetration can be severely limited (Agarwal; Sane; et al.,
2011, Gampa; Vaidhyanathan; Resman; et al., 2016, Gampa et al., 2017). Thus, it is
crucial that future drug discovery endeavors focus on specifically designing anti-cancer
agents capable of penetrating an intact BBB, to achieve effective treatment of brain
tumors. Also, there have been reports indicating the expression of efflux transporters on
the tumor cells that form a secondary barrier to drug delivery (Agarwal; Sane; et al.,
2011). Given such dynamic complexities, understanding the role of transporters in
affecting drug distribution to target tumor cells in the brain is critical to develop
efficacious therapies. This chapter will discuss different aspects related to the influence

of transport systems at the BBB on the treatment of cancers in the CNS.
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2.2 TRANSPORTERS IN THE BRAIN BARRIERS AND CANCER CELLS
Multiple barriers, both physical and physiological, restrict the distribution of various
substances into the CNS, and help maintain the precise homeostasis required for normal,
healthy brain functions (Davson and Segal, 1995, Abbott, 2013). The capillaries in the
brain are composed of endothelial cells held together in close proximity by tight
junctions, and are surrounded by extracellular matrix components, pericytes, and
astrocyte foot processes that collectively form the BBB or the neurovascular unit (NVU)
(Abbott, 2013) (Figure 1). This dynamic structure restricts the paracellular movement of
molecules in to the brain, and is also associated with multiple transport systems, both
influx and efflux, that regulate the trafficking of molecules via transcellular route at the
BBB, thereby limiting the passage of ionized, hydrophilic solutes, and large molecules
(Taylor, 2002, Begley, 2004, Loscher and Potschka, 2005).

Transport proteins at the BBB play an important role in the uptake and efflux of many
therapeutic agents (Agarwal; Sane; et al., 2011, Gampa et al., 2017). Influx transporters
like amino acid transporters, hexose transport system and organic anion transporting
polypeptides (OATPs) are primarily involved in transport of nutrients, peptides and large
molecules, but fewer small-molecule targeted agents are substrates of influx transporters
(Sun et al., 2003, Tamai and Tsuji, 2000, Stieger and Hagenbuch, 2014). However, a
majority of small-molecule targeted agents are substrates for active efflux transporters,
belonging to the ATP binding cassette (ABC) family of proteins, expressed at the BBB
(Begley, 2004). P-glycoprotein (P-gp, also known as ABCBI/MDRI), multi-drug

resistance associated proteins (MRPs/ABCC) and breast cancer resistant protein
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(BCRP/ABCGQG?2) are key efflux transport proteins responsible for extruding many toxins
and xenobiotics, including drugs intended for the treatment of CNS disorders, out of the
brain (Agarwal; Sane; et al., 2011). Multiple studies have shown that the brain
distribution of various anti-cancer targeted therapies is limited by active efflux at the
BBB (Agarwal; Sane; et al., 2011, Gampa et al., 2017).

There exist certain differences in the localization and expression of efflux transporters in
different regions of the CNS. One important difference is the localization of P-gp. P-gp is
expressed on the luminal side of the BBB to perform the function of moving substrates
into the blood, while it is located on the CSF facing side of the BCSFB (blood-
cerebrospinal fluid barrier), and thereby pumps substrates into the CSF (Rao et al., 1999,
Ronaldson et al., 2004, Gazzin et al., 2008). No such variability in localization of MRP1
has been reported at the BBB compared to BCSFB, with MRP1 facing the blood in both
the barriers (Ronaldson et al., 2004, Gazzin et al., 2008). Also, the expression of P-gp is
higher in the microvasculature i.e., the BBB, whereas that of MRP1 is more pronounced
in the choroid plexus representing the BCSFB, suggesting a more prominent
neuroprotective role of P-gp in the brain (Gazzin et al., 2008). Understanding such
intricacies in transporter expression and localization is critical in evaluating the CNS
distribution of drugs, and also determining the influence of transport proteins on the CNS
drug exposure.

The expression of efflux transporters has also been observed at the tumor cell level, a
secondary barrier to drug delivery, which can confer multi-drug resistance to cancer cells

(Loscher and Potschka, 2005, Szakacs et al., 2006, Dean et al., 2005). Efflux pumps at
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the tumor cell level act as a sequential barrier along with BBB, and further protect the
tumor cells in the brain (Loscher and Potschka, 2005, Lin et al., 2014, Luo et al., 2012).
Drug efflux transporters including P-gp, BCRP, and some MRPs have been observed to
be expressed at the tumor cell level, in both primary and metastatic brain tumors (Szakacs
et al., 2006, Lin et al., 2014, Fattori et al., 2007, Demeule et al., 2001, Zhou et al., 2001,
Bleau et al., 2009, Calatozzolo et al., 2005, Luo et al., 2012, Pajic et al., 2009). Even low
levels of P-gp and MRP1 expression has been reported to considerably affect tumor
sensitivity to drugs that are substrates of efflux proteins (Regina et al., 2001). A review of
the literature suggests a differential expression of these transporters in different types of
brain tumors. Reports suggest that the expression of P-gp in most primary brain tumors
was similar to that of normal brain, whereas P-gp expression was much lower in
metastatic brain tumors from lung adenocarcinomas and melanomas (Regina et al., 2001).
Also, expression of P-gp in brain metastases from lung adenocarcinomas was similar to
that in primary tumors, suggesting the expression to be somewhat a reflection of the
tissue of tumor origin (Regina et al., 2001).

Matsumoto et al, studied P-gp expression in 5 glioma cell lines (GB-1, U-373 MG, T98G,
A-172, U-87 MG), of which one human glioblastoma-derived cell line (GB-1) showed
high expression of P-gp and was resistant to vincristine, doxorubicin and etoposide,
whereas, P-gp was not observed in the other four glioma lines that were sensitive to these
drugs, indicating the important role of P-gp in multi-drug resistance and efficacy
(Matsumoto et al., 1991). Similarly, expression of MRP1 and BCRP in glioma cells has

also been reported to play a role in therapeutic resistance (Emery et al., 2017, Zhou et al.,
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2001). Multi-drug resistance due to expression of efflux transporters has also been
reported in metastatic tumor cells, with primary origin outside the brain. For instance,
preclinical studies have reported the expression of P-gp in brain metastases of breast
cancer (Pajic et al., 2009). Human melanoma cells have also been observed to express P-
gp in multiple studies (Frank et al., 2005, Chen et al., 2009, Luo et al., 2012).

While efflux transporters are inherently expressed in some cancers, they can also be
upregulated upon exposure of tumor cells to anti-cancer agents, thereby leading to
acquired resistance to treatment (Loscher and Potschka, 2005). For instance, a study
observed that the exposure of U87 and T98G glioblastoma cells to temozolomide
promoted the production of epidermal growth factor (EGF), which in turn induced the
intracellular trafficking of P-gp to the cell membrane, as well as a conformational change
in the inactive form of the transmembrane transporter into the active form, ultimately
leading to the development of acquired resistance to therapy (Munoz et al., 2014). This
shows the essential role transporters can play, in conferring multi-drug resistance to
tumors. The existence of essentially two transport barriers, the BBB and tumor cell
barrier, can severely restrict the delivery of anti-cancer agents to target tumor cells
residing in the brain. Therefore, it is crucial to devise approaches that help in overcoming

these barriers for achieving improved treatment outcomes.
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2.3 DRUG PHARMACOKINETICS IN THE CNS

The complex architecture of CNS necessitates a careful application of pharmacokinetic
principles in the determination of drug distribution to the CNS. The purpose of this
section is to guide the reader in gaining an understanding of certain important concepts
related to the neuro-pharmacokinetics of a drug intended for use in the management of

CNS diseases.

2.3.1 Targeted bioavailability

The drug concentrations in blood or plasma are routinely measured as surrogates for
concentrations at the site of action, due to ease of accessibility. While drug concentration
in systemic circulation may somewhat reflect the concentration at the site of action when
the target is in a peripheral, more accessible, tissue, their use as a surrogate for brain drug
concentrations can be misleading. This is important particularly in the context of brain
compared to other organs due to presence of the BBB that can severely restrict drug
distribution to the brain (Agarwal; Sane; et al., 2011, Gampa et al., 2017). To
differentiate the bioavailability estimated using drug concentrations at the site of action,
brain in this discussion, from the traditional bioavailability determined using the systemic
concentrations, we would like to use the term ‘targeted bioavailability’ (Elmquist, 2005)
(Figure 2). Various factors can influence a compound’s targeted bioavailability in the
brain such as BBB permeability, drug transport by transport proteins, drug metabolism,
protein binding, protein expression, receptor affinity, gene regulation and dosage regimen
(Elmquist, 2005). The findings from various studies testing different anti-cancer agents

indicate that the concentrations of a drug in the brain can be remarkably different from
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systemic concentrations (Agarwal; Sane; et al., 2011, Pitz et al., 2011, Gampa et al.,
2017). The relevance of concentration-effect relationship should be judiciously assessed
when using systemic concentrations, as the variability in pharmacodynamic
measurements (i.e., drug response, and toxicity) may not be reflected by the variability
observed in the pharmacokinetic measurements (Elmquist, 2005). Therefore, the
measurement of target site concentrations, when possible, is more appropriate to evaluate

a pharmacokinetic-pharmacodynamic (PK-PD) relationship.

2.3.2 Route of drug administration

Various drugs administered via systemic routes fail to achieve efficacious concentrations
at the target site in the brain due to restricted penetration cross the BBB. In an effort to
overcome such delivery issues, local drug administration directly in to the CNS has been
employed. The advantage of local drug delivery is precise targeting to the site of action in
the brain, which in turn can reduce the dose of drug needed and thus lessen untoward off-
target side effects. However, they are often invasive, expensive and have potential for ill
effects such as infection and surgical complications. Local delivery methods include
intracranial delivery via intrathecal, epidural, intraventricular, intraparenchymal routes,
and spinal drug delivery. Intrathecal and epidural routes are more commonly employed in
clinic (mainly for chronic pain management), while the other intracranial routes are used
less frequently (Xing et al., 2018). In the recent years, many efforts have been directed
towards nasal drug delivery for CNS targeting. While the nasal route has the advantage of
being a non-invasive method capable of bypassing the BBB, it has the disadvantages of

variable drug exposure and dosing volume limitation (Khan et al., 2017). Some other
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local delivery methods include convection-enhanced delivery (CED), polymeric bio-
degradable wafers, and intrathecal implantable pumps (Bregy et al., 2013, Bottros and

Christo, 2014).

2.3.3 Drug distribution

A prerequisite for efficacy is the exposure of target to adequate drug concentrations that
are necessary for target engagement, and thereby achieve the desired responses. Early
drug discovery programs should incorporate this important idea and optimize drug
pharmacokinetics with emphasis on improving unbound rather than total drug
concentrations in the CNS (Heffron, 2018). The CNS distribution of a compound relates
to both the rate and extent of drug penetration into the CNS, and it is essential to
delineate the rate from the extent of drug distribution (Hammarlund-Udenaes et al.,
2008).

The rate of transport describes the speed of movement of a drug across the BBB, and is
estimated using the permeability-surface area product (PS) or the influx clearance (Kin,
CLin) (Hammarlund-Udenaes et al., 2008). The permeability depends on both membrane
properties and physicochemical characteristics of a molecule. The mechanisms of drug
transfer across the BBB include passive diffusion, carrier-mediated uptake in to the brain,
adsorptive or receptor-mediated transcytosis, and active efflux by transporters out of the
brain (Reichel, 2015). The techniques commonly employed for measuring influx include
the brain uptake index (BUI), in-situ brain perfusion technique, intravenous injection
method and microdialysis (Bickel, 2005). Typically, the rate of CNS penetration

approaches the cerebral blood flow for compounds with high BBB permeability, and is
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limited by the net influx clearance for compounds with low BBB permeability (Reichel,
2015). Although the time to equilibrium between blood and brain is delayed for
compounds with low permeability, the equilibrium itself remains unaffected.

The extent of drug delivery is more relevant to drug activity within the CNS, as most
drugs are administered on a continuous (multiple dosing) basis. Traditionally, the extent
of CNS penetration has been expressed as brain-to-plasma ratio (Kp) that is defined as
the total AUC in brain normalized by the total AUC in plasma. Though Kp provides
useful information, one has to recognize the composite nature of this metric i.e., it
depends on non-specific binding of drug in brain, non-specific drug binding to plasma
components, and the more specific drug transport across the BBB (Hammarlund-Udenaes
et al., 2008) (Figure 3). Given that many CNS drugs are lipophilic, non-specific binding
in brain can have a major contribution to Kp, thereby masking the true drug transport
attributes. Attempts to improve brain penetration by increasing Kp may not result in
better efficacy, since it is often accomplished by making drugs more lipophilic which
leads to higher binding in the brain, but not necessarily to an increase in unbound drug
concentrations required to improve target engagement (Reichel, 2015).

The unbound partition coefficient, referred to as Kp,uu, is an unbiased measure of the
extent of brain penetration of free drug. It reflects the true transport equilibrium across
the BBB, and is not confounded by non-specific binding (Hammarlund-Udenaes et al.,
2008) (Figure 3). The estimation of Kp,uu uses the unbound fraction in plasma

(fu,plasma), and the unbound fraction in brain (fu,brain), along with the Kp.
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AUCbrain

Kp= ————
p AUCplasma

AUCbrain fu,brain
AUCplasma x fu,plasma

Kp,uu =

According to the free drug hypothesis, it is the unbound drug that is available to interact
with the target and elicit pharmacological activity (Smith et al., 2010, Rankovic, 2015).
While the Kp of drugs can be in a 2000-fold range, the range of Kp,uu is typically much
smaller, between 0.02 and 3, i.e., a 150 fold difference, which demonstrates the influence
of non-specific drug binding on Kp (Hammarlund-Udenaes et al., 2008, Loryan et al.,
2014). Therefore, replacing Kp with Kp,uu as a measure of the extent of CNS penetration
is more appropriate (Hammarlund-Udenaes et al., 2008, Liu et al., 2008, Di et al., 2013,
Rankovic, 2015, Heffron, 2018). Table 1 shows the brain distribution of some
molecularly-targeted agents that have been examined for the treatment of brain tumors.
Also, thinking about Kp,uu with respect to the actual clearance mechanisms provides a
mechanistic understanding of the meaning of Kp,uu (Hammarlund-Udenaes et al., 2008,
Liu et al., 2008).

CLin CLps + CLuptake
CLout  CLps + CLef flux + CLelim

Kp,uu =

In the equation above, CL in represents the summation of all clearances into the brain,
CLout denotes the summation of all clearances out of the brain, CLps refers to the
passive diffusional clearance across the BBB, CLuptake relates to active uptake in to the
brain, CLefflux relates to transport mediated efflux out of the brain, and CLelim relates to

drug elimination from the brain, both by metabolism and bulk flow into CSF. A Kp,uu
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around unity suggests passive diffusion to be the main driving force with no uptake and
efflux processes in place or uptake balancing efflux, while a Kp,uu less than unity
suggests active efflux process to be dominant, and a Kp,uu significantly greater than
unity suggests active uptake process to be dominant (Hammarlund-Udenaes et al., 2008,
Di et al., 2013). The proportion of CNS drugs with a Kp,uu of unity or higher has been
relatively small. Many drugs have been shown to have low Kp,uu values as they are
liable to efflux at the BBB, and the limited delivery of such drugs to target sites in the
brain can severely impact the responses achieved.

Also, a combination of influx and efflux processes may play a crucial role in dictating the
pharmacokinetic profile of a drug. Fexofenadine, an anti-histamine agent, is a substrate of
P-gp. The expectation is that upon co-administration with grapefruit juice (GFJ), there
will be an increase in oral bioavailability of fexofenadine due to P-gp inhibition by GFJ
in gut. However, studies show that upon co-administration with GFJ the oral
bioavailability of fexofenadine decreased. GFJ is an inhibitor of both OATPs and P-gp.
Therefore, the eventual extent of absorption of fexofenadine depends on the relative
degree of inhibition of OATPs and P-gp, as fexofenadine is liable to both influx by
OATPs and efflux by P-gp. It is likely that the effect of GFJ on OATPs is more
pronounced than on enteric P-gp, causing reduced bioavailability of oral fexofenadine
(Hanley et al., 2011, Pasko et al., 2017). Talinolol and celiprolol also exhibit similar
drug-food interaction with GFJ (Hanley et al., 2011). A similar interplay of influx and
efflux transporters is possible at the BBB, which may ultimately determine the brain

exposure of drugs that are substrates of both influx and efflux transporters.
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2.3.4 CSF vs brain exposures

Cerebrospinal fluid (CSF) is considered to be essentially free of drug protein binding, as
the protein concentrations are very low in CSF compared to plasma. Given this, the
concentrations measured in CSF are often considered to serve as unbound drug
concentrations (Bonati et al., 1982). The use of CSF concentration as a surrogate for
unbound drug concentration in the brain is not always appropriate, and can be misleading
because of differences in BBB and BCSFB properties (Shen et al., 2004, Westerhout et
al., 2011, de Lange, 2013, Di et al., 2013, Pardridge, 2016, Jacus et al., 2016). Figure 4
depicts the blood, brain and CSF compartments, and the drug distribution processes
occurring between them. CSF may be a good surrogate for unbound brain concentrations
with compounds that freely diffuse across these barriers to achieve a rapid distributional
equilibrium (Kpuu ~ 1) between brain or CSF, and plasma (Lin, 2008, Di et al., 2013).
However, unbound plasma concentration can be used as a surrogate for unbound brain
concentration with compounds that achieve such a distributional equilibrium, thereby
providing no additional value with CSF measurement (Di et al., 2013). Also, CSF is not a
well-stirred compartment and depending on the site/time of sampling, body posture or
route of drug administration, the drug concentrations in CSF are expected to vary
significantly (Rong, 2012, Di et al., 2013). It is thus advisable to use CSF drug
concentrations in combination with corresponding plasma unbound concentrations to
better estimate the unbound brain concentration even for drugs that are not substrates of

transport proteins (Di et al., 2013).
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For compounds that are transporter substrates, CSF concentration is not an accurate
substitute for unbound brain concentration. The BCSFB and the BBB differ both
anatomically and physiologically, including the localization and function of transporters
(Gazzin et al., 2008, Westerhout et al., 2011, Rong, 2012). For instance, P-gp substrates
are pumped into CSF from blood at the BCSFB, as opposed to efflux into blood at the
BBB, and consequently the CSF concentration of a drug that is a P-gp substrate tends to
overestimate unbound concentration in the brain, misinforming the drug development
process (Rao et al., 1999, Gazzin et al., 2008, Lin, 2008, Keep and Smith, 2011) (Figure
4). Preclinical and clinical studies have shown the unbound drug concentrations in CSF to
be higher than in brain ECF under steady-state conditions (Rambeck et al., 2006, Kodaira
et al., 2011, de Lange, 2013, Huang et al., 2015). Consequently, it is difficult to reliably
predict brain unbound concentrations even with access to CSF concentration data for
many compounds.

A limitation in the clinical phase of drug development process for CNS drugs is the lack
of access to direct measurement of brain ECF concentrations. Techniques such as
intracerebral microdialysis and PET imaging can provide useful information; however,
ethical considerations of employing an invasive technique in healthy volunteers often
limits direct measurement of brain ECF unbound drug concentrations (Lin, 2008). Also,
such procedures are laborious and are low-throughput. On the other hand, sampling CSF
from the lumbar region is relatively simple, and thus use of CSF concentrations as

surrogate for unbound drug concentration in the brain is appealing in early drug
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development endeavors (Lin, 2008, de Lange, 2013). Nonetheless, the utility of CSF
concentrations to predict target site concentrations in the brain is often questionable.
Intracerebral microdialysis has been proposed as a tool for assessing drug disposition to
brain, as it can allow measurement of unbound drug concentrations near the site of action
in the brain. Microdialysis probes may also be used to deliver drugs, and simultaneous
monitor pharmacodynamic response to therapy (Elmquist and Sawchuk, 1997, Benjamin
et al., 2004, Goodman, 2011). Also, the measurement of drug concentrations at multiple
locations in the brain can be accomplished by placement of more than one catheter at a
given time. The results of a microdialysis study in four GBM patients to assess the
distribution of p-boronophenylalanine (BPA) into normal brain, tumor and brain around
tumor showed lower BPA distribution to normal brain compared to tumor and brain
around tumor regions, within the same patient (Bergenheim et al., 2005). Another clinical
study was performed in patients with recurrent high-grade gliomas, where catheters were
placed during surgery to measure methotrexate concentrations in either contrast
enhancing or non-enhancing tumor tissue (Blakeley et al., 2009). The results show
variable distribution of methotrexate, with high concentrations in contrast enhancing and
lowest concentrations in non-contrast enhancing tumor regions. These results provide
clinical evidence of variability in drug distribution to different regions of brain tumors,
suggesting heterogeneity in BBB permeability in brain tumors.

Although intracerebral microdialysis can provide useful information on the tissue
pharmacokinetics, it has several limitations. It is a laborious and invasive technique

requiring hospitalization of patients. The placement of catheter cannot only lead to
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complications like infection or hemorrhage, but can also disrupt the BBB due to trauma,
thereby overestimating drug distributional kinetics to the brain (Groothuis et al., 1998,
Blakeley and Portnow, 2010). Another disadvantage is the adsorption of macromolecules
from the surrounding interstitium to the probe membrane and gliosis, which can decrease
permeability and reduce recovery (Benjamin et al., 2004). The catheter placement into
regions of interest is often challenging, and a skilled team is needed to execute the study
with minimal errors (Blakeley and Portnow, 2010, Liu et al., 2014). The technique
requires careful catheter calibration and sensitive analytical methods to detect drug
concentrations. Also, this technique is not amenable to many drugs including those with
high lipophilicity or high molecular weight or high protein binding (Blakeley and
Portnow, 2010). Given these shortcomings, the use of intracerebral microdialysis as a

routine technique for screening the neuro-pharmacokinetics of drugs is less appealing.
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2.4 STRATEGIES TO OVERCOME TRANSPORT BARRIERS

The delivery of adequate concentrations of anti-cancer targeted therapies to tumor cells
residing in the brain has proven to be a significant challenge. Various approaches to
overcome the delivery barrier have been considered, some of which are briefly described

in this section (Figure 5).

2.4.1 Structural modification for CNS delivery

Designing drug molecules that are capable of crossing the BBB to attain optimal
concentrations in the brain should be a priority for CNS drug discovery programs. This
can be achieved by identification of key physicochemical properties that aid in BBB
penetration, followed by rational structural modifications to impart such properties in the
molecules intended for use as CNS therapeutics. In this direction, critical
physicochemical properties have been studied, and computational models developed to
optimize key attributes necessary for successful brain delivery (Rankovic, 2015, Heffron,
2016). Wager et. al., have developed a multi-parameter optimization (MPO) approach to
screen molecules for optimal neuro-pharmacokinetic and safety profiles. The key
physicochemical properties used/desired were: (a) lipophilicity, partition coefficient
(ClogP) < 3 being desirable; (b) distribution coefficient (ClogD) with a desirable value <
2; (c) molecular weight (MW) with a desirable value < 360; (d) topological polar surface
area (tPSA) with a desirable value between 40-90; (¢) number of hydrogen bond donors
(HBD) with a desirable value < 0.5; (f) most basic center of the molecule (pKa) with a
desirable value < 8 (Wager et al., 2010). Each of the six properties were equally weighted

with a desirability score between 0-1, with final CNS MPO score ranging from 0-6,
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allowing multiple ways to achieve a particular score depending on the property
optimized. Application to 119 marketed CNS drugs validated the utility of the algorithm
with 74% drugs showing high CNS MPO scores. These drugs also displayed desirable
ADME properties like high permeability, low P-gp efflux liability, and higher stability
(Wager et al., 2010).

The use of CNS MPO score approach on a set of thienopyrimidine molecules and
screening for a score greater than 4.5 has led to the identification of brain penetrant PI3K
inhibitors, GNE-317 and GDC-0084, that showed significantly greater tumor growth
inhibition in GBM mouse models as compared to BBB impenetrant PI3K inhibitors
(Sutherlin et al., 2010, Salphati; Heffron; et al., 2012, Osswald et al., 2016) (Figure 6).
Another example is AZD3759, a potent brain penetrant EGFR inhibitor, which was
developed using gefitinib as the initial lead. Techniques like repositioning of fluoro
moiety and reduction of rotatable side chain were employed for overcoming P-gp and
BCRP efflux to improve brain penetration, while maintaining the quinazoline scaffold
necessary for activity (Zeng et al., 2015). One more example is the structural
modification of crizotinib, an ALK inhibitor, leading to the development of BBB
penetrant lorlatinib (PF-06463922). Cyclization of crizotinib to form the macrocyclic
lorlatinib led to a reduction in the effective HBDs and rotatable bond count, thereby
decreasing its interaction with efflux transporters and improving CNS distribution
(Johnson et al., 2014, Basit et al., 2017). These examples demonstrate that utilization of
structure-guided drug design early in CNS drug discovery programs, can aid in the

development of brain penetrant drugs.
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2.4.2 Transporter modulation

As a strategy to overcome transporter-mediated drug delivery limitations, inhibition of
transporters, particularly P-gp and BCRP, has been investigated (Baumert and Hilgeroth,
2009). The first generation inhibitors comprised of marketed drugs known to inhibit
efflux transporters include drugs such as verapamil, cyclosporine-A, and quinidine
(Tsuruo et al., 1981, Slater et al., 1986). However, these inhibitors have low potency and
selectivity, and require high doses (Benson et al., 1985, Verweij et al., 1991). An analog
of cyclosporine-A, valspodar (PSC-833), was developed as a second generation inhibitor
with more potent inhibition of P-gp, but it interfered with cytochrome P450 function
(Twentyman and Bleehen, 1991). As a consequence, third generation inhibitors including
tariquidar, elacridar, and zosuquidar, were developed (Roe et al., 1999, Hyafil et al.,
1993, Dantzig et al., 1996). Although co-administration of tariquidar improved the brain
exposure of targeted agents and corresponding efficacy without any toxicity concerns in
preclinical studies, two phase III clinical trials in non-small cell lung cancer (NSCLC)
patients have been terminated early due to toxicity when used in combination with
paclitaxel/carboplatin or vinorelbine (Fox and Bates, 2007). Similarly, toxicity concerns
were reported in clinical studies investigating the use of zosuquidar and elacridar (Rubin
et al., 2002, Sandler et al., 2004, Kuppens et al., 2007). Co-administration of probenecid,
an inhibitor of organic anion transporter (OAT), was shown to increase the brain
concentration of bumetanide in mice, but its clinical use to improve brain penetration of a

drug was found to be limited (Tollner et al., 2015, Kenneth, 1969).
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To date, there is no specifically designed inhibitor of efflux transporters that is approved
by either the FDA or European regulatory agencies. The lack of success in achieving
clinically relevant drug-drug interactions at the BBB to improve brain delivery of CNS
therapeutics has been attributed to the following reasons: (a) the increase in drug
exposure due to drug-drug interactions is much lower than expected (Zamek-
Gliszczynski et al., 2009) (b) achieving systemic concentrations of inhibitor required to
saturate efflux transporters at the BBB is often challenging (Kalvass et al., 2013) (c) the
toxicity potential due to drug-drug interactions at the BBB is another important concern
for clinical implementation of this strategy (Kalvass et al., 2013, Kuppens et al., 2007,
Fox and Bates, 2007, Rubin et al., 2002, Sandler et al., 2004).

Another means of transporter modulation is to alter transporter expression, which has
been observed in situations like pathological conditions, xenobiotic exposures, stress, and
inflammation (Miller, 2010). The approaches considered are mainly based on RNA
interference technology that trigger gene silencing by using small interfering RNA
(siRNA), short hairpin RNA (shRNA), or microRNA (Widmer et al., 2007, Gu et al.,
2015, Zhu et al., 2008). An increase in intracellular drug concentrations in drug-resistant
tumor cells has been observed by using such approaches (Widmer et al., 2007). Also,
some compounds such as cantharidin and metformin have been shown to inhibit the
expression of P-gp, but their clinical application as transporter modulators has not been
investigated (Zheng et al., 2008, Kim et al., 2011). Given that modulation of transporter
expression occurs in a non-specific manner and is more complex than transient

transporter inhibition, it is crucial to develop precise techniques for site-targeted down-
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regulation of specific efflux transporters, so that the drug concentrations and related

efficacy can be better predicted.

2.4.3 Tight Junction Modification

A selective disruption of the BBB followed by administration of anti-cancer agents
provides for a promising approach to enhance drug delivery to the brain in the treatment
of brain tumors (Madsen et al., 2010). Various techniques have been employed to cause
transient BBB disruption as briefly discussed below.

Osmotic disruption of the BBB:

The administration of hypertonic solutions causes disruption of the BBB due to shrinkage
of endothelial cells and opening up of tight junctions between them, thereby allowing
paracellular movement of drugs (Kemper et al., 2004). The transient BBB disruption
followed by administration of anti-cancer agents has been employed as a strategy to
overcome brain drug delivery limitations (Neuwelt et al., 1980, Kroll et al., 1998).
However, this approach is invasive, complex to perform and is associated with toxic side
effects (Madsen et al., 2010).

Focused Ultrasound:

Focused Ultrasound (FUS) is based on the concentration of acoustic energy onto a focal
spot that results in BBB disruption. However, reliable BBB opening without damage to
normal brain has not yet been confirmed (Madsen et al., 2010, Poon et al., 2017).
Microbubble (MB) enhanced FUS involves oscillation of MBs in the presence of FUS to
cause BBB disruption (Hynynen et al., 2006). This approach has demonstrated

improvements in delivery and efficacy of anti-cancer agents in glioma models (Oberoi et
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al., 2016). Also, significant downregulation of localized P-gp expression with no
apparent damage to brain endothelial cells was observed, suggesting the potential use of
MB-FUS for targeted brain delivery of drugs that are liable to efflux by P-gp (Cho et al.,
2016, Mcmahon et al., 2017). However, the long-term effects of FUS on the brain
microvasculature have not been extensively investigated.

Photosensitizer based techniques:

Photodynamic therapy (PDT) involves the administration of a photo-sensitizing agent
that localizes in the tumor followed by photo-activation, which can result in a direct
inhibitory effect on tumor cells and also a localized disruption of BBB that can aid in the
delivery of other anti-cancer agents to the brain tumor. Hirschberg et. al evaluated the
ability of 5-aminolevulinic acid (ALA)-mediated PDT to open the BBB in rats and
observed that the BBB was reversibly disrupted 2 hours following PDT and recovered
80-100% after 72 hours, with no signs of tissue damage (Hirschberg et al., 2008,
Semyachkina-Glushkovskaya et al., 2017). Photochemical internalization (PCI) is
another similar novel technique, wherein photosensitizers capable of preferentially
localizing in the membrane of endocytotic vesicles are used, followed by light assisted
activation to cause localized disruption of the BBB (Madsen et al., 2010).

Chemical agents:

Adenosine, a product of ATP catabolism, has been shown to increase the BBB
permeability by signaling through Al and A2A adenosine receptors (AR), expressed on
BBB cells. Administration of regadenoson (Lexiscan®), A2A agonist, and NECA, a

broad spectrum AR agonist, also enhanced the permeability of BBB in a transient manner
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(Carman et al., 2011, Bynoe et al., 2015). In another study, the same group also observed
that the administration of regadenoson and NECA caused the downregulation of P-gp and
BCRP at the BBB, in a reversible and time dependent manner (Kim and Bynoe, 2016).
These studies suggest that modulation of AR signaling can be utilized as a strategy to
increase BBB permeability and improve delivery of drugs to the brain. However, further
studies to investigate and validate the relationship between the time of dosing and
increase in BBB permeability using these compounds must be carried out (Carman et al.,
2011).

RMP-7, a novel bradykinin analog, was shown to have selective bradykinin B2 agonizing
activity that led to a dose- and time-dependent enhancement in the permeability of BBB
and BTB (Bartus et al., 1996, Sanovich et al., 1995). However, the results of a phase 2
study in glioma patients showed that RMP-7 did not improve the efficacy of carboplatin

(Prados et al., 2003).

2.4.4 Local drug delivery approaches

Local drug administration directly in to the CNS has been employed as a strategy to
precisely deliver drug to the target site in the brain. Some methods employed include
convection-enhanced delivery (CED), bio-degradable wafers placed in the tumor cavity
post resection, and intrathecal implantable pumps. CED is a bulk-flow (hydrostatic
pressure differential) driven invasive technique that allows continuous delivery of small-
and large-molecular-weight compounds into the brain tissue through infusion catheters
implanted during surgery (Lonser et al., 2015). The brain tissue in close proximity to the

catheter may receive effective drug delivery, but the concentrations decrease steeply as
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the distance from the catheter tip increases, due to competing forces of convective flow
through brain parenchyma and drug diffusion into capillaries (Morrison et al., 1994). The
use of bio-degradable wafers such a Gliadel® (carmustine) that are placed in the tumor
cavity post resection for sustained drug release over a few days has also been considered
for improving drug delivery to brain tumors post resection (Bregy et al., 2013).
Intrathecal implantable pumps have also been employed for local delivery of analgesics
to the CNS over prolonged periods, particularly for the management of chronic pain
(Bottros and Christo, 2014). One problem with any local drug delivery technique is that
molecules with high permeability or active efflux liability essentially leak out from the
brain tissue into blood capillaries following local brain delivery. This phenomenon,
namely the “sink effect”, can influence the volume of brain tissue captured (Lonser et al.,
2015, Parrish; Sarkaria; et al., 2015). The brain, a highly perfused organ, has capillaries
in close proximity to each other with an average distance of 40 microns between them,
and so the diffusion distance is 20 microns; thereby the probability of drug diffusion into
capillary bed is high (Zlokovic and Apuzzo, 1998, Pardridge, 2016). Thus the selection of
(1) a suitable drug candidate that has minimal liability to sink effect, and (ii) optimization
of delivery parameters (such as infusion parameters for CED) to capture the required
brain tissue volume (e.g., brain tumor), are critical to achieve beneficial responses with

local delivery methods.

2.4.5 Other drug delivery based approaches
Various delivery strategies and formulation-based approaches have been considered for

improving drug delivery to the CNS (Blasi et al., 2007, Pardridge, 2012, Kreuter, 2014).
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The utilization of receptor-mediated uptake is one such strategy of interest that has been
investigated by attaching a drug/antibody/nanocarrier to a factor that targets an uptake
receptor at the BBB (van Tellingen et al., 2015). An example of this is GRN1005, an
angiopep-2 peptide conjugated to paclitaxel, which gets across the BBB via transcytosis
using the lipoprotein receptor related protein 1 (LRP1) (Drappatz et al., 2013). Another
example is 2B3-101 which is a pegylated liposome conjugated with glutathione, and
actively transported across the BBB. This formulation showed enhancement in the uptake
and delivery when compared to the conventional doxorubicin liposomal formulation
(Gaillard et al., 2014). The reader is directed to a review by Pardridge that discusses these
“Trojan Horse” mechanisms and prodrug strategies with multiple examples in greater
detail (Pardridge, 2012). Other formulation based approaches including nanoparticulate
and liposomal drug delivery systems have also been widely studied and the reader is
directed to comprehensive reviews that discuss these ideas (Blasi et al., 2007, Kreuter,

2014).
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2.5 CONCLUSIONS

The diagnosis and treatment of brain tumors has been challenging, leading to a poor
quality of life in the affected patients. While surgical resection and radiation therapy can
provide initial local disease control, treatment with systemic therapies is often necessary
for long-term benefits. Though systemic therapies have shown improvements in the
management of extracerebral tumors, the responses in the brain have not been as
effective, and also variable. This is attributed to the brain microenvironment that plays a
key role in the emergence of resistance to therapy as well as in limiting the delivery of
therapies to target sites in the brain. Although the BBB is relatively compromised in brain
tumors, the degree of disruption and permeability to targeted therapies is heterogeneous
at different sites within the same tumor, and between tumors in the same brain. Given
this, drug penetration across sites with an intact BBB poses a significant hurdle, and the
exposure of all tumor cells to efficacious drug concentrations is critical for efficacy, as
any tumor cells that are left behind can lead to treatment failure and tumor relapse.

The interaction of anti-cancer agents with efflux transporters expressed at the BBB is a
critical reason for inadequate drug delivery to brain tumors. P-gp and BCRP have been
recognized as two major transporters at the BBB that efflux a majority of targeted
therapies intended for use in the treatment of brain disorders. The expression of efflux
transporters at the tumor cell level forms a secondary barrier, and further complicates the
issue of drug delivery to brain tumors. Also, the differences in orientation and expression
of transporters in the BBB vs the BCSFB influences the clearance processes that govern

the movement of drug into the CNS, making it complex to understand the impact of
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transporters on CNS drug delivery. This also limits the use of CSF as a surrogate for
brain unbound concentrations, especially for drugs that are substrates for active efflux at
the BBB. When determining the CNS pharmacokinetics of a drug, it is important to
consider the bioavailability at the target site, and use unbound partition coefficient as a
measure of the extent of drug distribution to account for drug binding to off-target sites.

Given the importance of drug delivery in the treatment of brain tumors, drug discovery
and development programs should direct efforts to devise strategies to by-pass this key
challenge. Many strategies are being developed to improve drug delivery to the CNS that
include structure guided drug design to reduce transporter affinity and develop brain
penetrant drugs, inhibition or downregulation of transporters, invasive and non-invasive
means of transient BBB disruption, and local drug delivery directly into the brain
parenchyma. However, the clinical success of such techniques has been limited, and
needs further development. The problem of drug delivery is a key obstacle that needs to

be tackled to achieve clinical success in the treatment of brain tumors.
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TABLES
Table 2. 1 Brain distribution of some drugs investigated for treatment of brain tumors. Atenolol and
diazepam are examples of a hydrophilic drug with low brain distribution, and a lipophilic drug that freely

diffuses across the BBB, respectively.

Primary Kp | fu,blood/ Kp,uu
CNS drug fu,brain Reference
Target brain | plasma brain
(Summerfield et al.,
Atenolol B1 receptor 0.04 NR NR 0.01 2016, de Lange et al.,
1994)
Diazepam GABAx 1.96 0.098 0.058 1.16 (Uchida et al., 2011)
DNA
Temozolomide 0.35 NR NR NR (Goldwirt et al., 2014)
alkylation ”
Paclitaxel Microtubule | 0.50 0.021 0.005 0.12 (Uchida et al., 2011)
AZD3759 EGFR 2.90 0.047 0.020 1.30 (Zeng et al., 2015)
Erlotinib EGFR 0.17 0.045 0.029 0.11 (Zeng et al., 2015)
Gefitinib EGFR 0.16 0.033 0.004 0.02 (Zeng et al., 2015)
Afatinib EGFR 0.05 0.041 0.005 0.01 (Zeng et al., 2015)
GDC-0084 PI3K 1.39 0.29 0.067 0.41 (Salphati et al., 2016)
GNE-317 PI3K 1.32 NR NR 0.48 (Salphati et al., 2014)
Pictilisiba PI3K 0.02 NR NR 0.001 (Salphati et al., 2014)
E6201 MEK 2.66 0.034 0.001 0.14 (Gampa et al., 2018)
Ribociclib CDK4/6 NR NR NR 0.12 (Patel, 2016)
Abemaciclib CDK4/6 0.21 0.054 0.008 0.03 (Raub et al., 2015)
(Raub et al., 2015,
Palbociclib CDK4/6 0.06 0.2 0.02 0.01 Parrish; Sarkaria; et al.,
2015)
. PDGFR-a,
Ponatinib RET 0.82 0.23 0.029 0.11 (Laramy et al., 2017)
Lorlatinib ALK, ROS1 0.64 0.36 0.12 0.21 (Johnson et al., 2014)

NR, not reported
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FIGURES

Figure 2. 1 A schematic representation of the blood-brain barrier (BBB) and blood-tumor barrier (BTB).
The expression of efflux transporters at the BBB/BTB (barrier 1) and tumor cell level (barrier 2) is shown,
and together they form a sequential transport barrier for the movement of anti-cancer therapeutics in to the

brain.
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Figure 2. 2 A schematic representation of some of the barriers that an orally administered compound must
pass before reaching the site of action. The barriers that a compound must pass to reach the systemic
circulation are traditionally thought to contribute to the final bioavailability of a compound, whereas the
barriers that must be overcome after the drug leaves the bloodstream to reach the site of action are related
to drug targeting. The overall consideration of barriers from the site of administration to the site of action,
which is usually extravascular, can be thought of as related to targeted bioavailability (adapted from

(Elmquist, 2005), with permission).
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Figure 2. 3 The multiple equilibrium processes that determine the extent of drug distribution to the brain,
i.e., the Kp and Kp,uu. The non-specific binding of a drug in brain and plasma can have a major influence
on Kp. The Kp,uu represents the true transport equilibrium across the BBB and is not confounded by non-
specific drug binding. BBB, blood—brain barrier; Kp, brain-to-plasma ratio; Kp,uu, unbound partition
coefficient; CLin, summation of all clearances in to the brain; CLout, summation of all clearances out of
the brain; CLps, passive diffusional clearance across the BBB; CLuptake, active uptake in to the brain;
CLefflux, transport mediated efflux out of the brain; CLelim, drug elimination from the brain due to

metabolism and bulk flow into CSF.
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Figure 2. 4 A simplistic depiction showing unbound drug distribution equilibrium between four
compartments commonly used to describe CNS pharmacokinetics, the brain ECF, the brain ICF, CSF and
blood. Single broad red arrows indicate the expression of efflux transporters at the BBB and BCSFB, and
the direction of drug movement due to efflux by transporters. P-gp, BCRP and MRPs are efflux
transporters expressed at the BBB and BCSFB. BBB, blood—brain barrier; BCSFB, blood-cerebrospinal
fluid barrier; Cp, plasma drug concentration; Cp,u, plasma unbound drug concentration; Cb,u(ECF), brain
unbound drug concentration in extracellular fluid compartment; Cb(ECF), brain drug concentration in
extracellular fluid compartment; Cb,u(ICF), brain unbound drug concentration in intracellular fluid
compartment; Cb(ICF), brain drug concentration in intracellular fluid compartment; Ccsf, CSF drug

concentration.
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Figure 2. 5 The illustration shows various strategies that have been

delivery limitations due to the existence of the BBB.
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Figure 2. 6 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 melanoma brain metastases. 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 PI3 K 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 (adapted from (Gampa et al., 2017), with permission).
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CHAPTER III. DRUG DELIVERY TO MELANOMA BRAIN
METASTASES: CAN CURRENT CHALLENGES LEAD TO

NEW OPPORTUNITIES?

The contents of this chapter have been published in:

Gampa G et al. (2017) Drug delivery to melanoma brain metastases: can current challenges lead to new
opportunities? Pharmacological research. 123:10-25.

Reprinted with permission of Elsevier Limited. All rights reserved.

Copyright © 2017 by Elsevier.
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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
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early detection by contrast-enhanced MRI, 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 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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3.1 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
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cobimetinib) and the large molecule immune checkpoint inhibitors (e.g., cytotoxic T-
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 and 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
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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 and 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; Sane; et al., 2011, Parrish; Sarkaria; et al., 2015, Gampa; Vaidhyanathan;
Wilken-Resman; 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
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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 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.
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3.2 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 (NVU), 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, ABCBI1) 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;
Hartz; et al., 2011, Wu and S, 2014, Gampa; Vaidhyanathan; Wilken-Resman; 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,
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Mittapalli et al., 2012, Parrish; Pokorny; et al., 2015, 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 and 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 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
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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
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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 PI3K 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 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-MRIL
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
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(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.
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3.3 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.

3.3.1 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 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
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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 and
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
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(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).

3.3.2 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.

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
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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; Heffron; 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
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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.

3.3.3 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 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.
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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
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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 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
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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.

3.3.4 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 and 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.
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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 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.
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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.,
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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 qMSI (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 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
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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.

3.3.5 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 sub-therapeutic 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
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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 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.,
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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 PI3K/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?
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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.

3.3.6 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, 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 PLEKHAS has been found
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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, Bl 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 and 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
(Izraely 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) .
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3.3.7 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.

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
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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
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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 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
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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
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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, the current PDX and spontaneous metastases
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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.

3.3.8 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
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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 PI3K 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.
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3.4 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.

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;
Sane; et al., 2011, Gampa; Vaidhyanathan; Wilken-Resman; et al., 2016, Parrish;
Sarkaria; et al., 2015). Also, it has been reported that melanoma cells previously treated
with targeted agents are capable of expressing the ATP-dependent efflux transporter
ABCBS, while a side-population of melanoma stem cells have been identified to express
ABCBS intracellularly and ABCBI 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
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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.
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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 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,
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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
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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
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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Box 1: Critical questions in the treatment of MBM

1. Can targeted agents with limited distribution across an intact BBB be used to

reliably treat MBM?

2. Will enhancing the brain distribution of systemically active agents improve the

treatment of micro-metastatic disease in the brain?

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?

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?

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?

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, will the integrity of the BBB at a metastatic site influence the rate of

tumor growth in individual brain metastases?

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?

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?
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FIGURES

Figure 3. 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.
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Figure 3. 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).
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Figure 3. 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-HER2 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 pug 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).
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Figure 3. 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 (Ciy,) 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)).
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Figure 3. 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 MBMs. 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)).
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Figure 3. 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).
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Figure 3. 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 pm spatial resolution or microscope. 3D models were reconstructed

using 3D Doctor (adapted from (Liu et al., 2013), with permission).
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Figure 3. 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 qMSI 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).
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Figure 3. 9 Validation of the quantitative distribution of alectinib with qMSI 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 qMSI image (80 pum resolution) in FVB and
MDRI1*" 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
13

complementary R1-R8 regions of qMSI images was examined. FVB: blue, R1-R4; MDR1"” knockout: red,

R5-R8. (adapted from (Aikawa et al., 2016), with permission).
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Figure 3. 10 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 MBMs. The ultimate goal is to find a

suitable targeted therapy that is not just palliative but can provide a cure to the debilitating MBM.
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CHAPTER 1V. QUANTITATIVE ASSESSMENT OF BRAIN
DISTRIBUTION OF A KIF11 INHIBITOR AND SPATIAL
HETEROGENEITY IN DELIVERY TO A MODEL OF

GLIOBLASTOMA
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ABSTRACT

Glioblastoma multiforme (GBM) is a malignant brain tumor characterized by rapid
proliferation and extensive local invasion. KIF11 is a kinesin protein involved in both
proliferation and invasion. Inhibition of KIF11 with potent molecularly-targeted agents,
such as ispinesib, may be a suitable strategy for GBM treatment. However, many anti-
cancer agents have a restricted brain delivery, mainly due to active efflux by P-gp and
Berp at the BBB, and this can result in inadequate drug exposure at the site of action and
poor response to therapy. The purpose of the current study was to examine aspects related
to the brain delivery of ispinesib and understand how this may possibly impact efficacy.
Brain distribution studies in non-tumor bearing FVB mice show that P-gp and Berp play
a co-operative role in restricting the brain delivery of ispinesib. In vitro binding assays
indicate that ispinesib is highly bound in both plasma and brain, and the Kp,uu in wild-
type and Mdrla/b” Berpl™ mice were 0.02 and 1.01, respectively. The in vitro efficacy
studies show that MGPP3 GBM cell line has low nanomolar sensitivity to ispinesib. A
comparison of unbound concentrations with in vitro ICsy suggests that the unbound
concentrations in brain do not reach the vitro ICsy. Furthermore, a regional heterogeneity
in delivery was observed in a rat model of GBM, with a high Kp in the necrotic tumor
core and a low Kp in the normal (non-tumor) brain. The Kp in the tumor rim was in-
between that in tumor core and normal brain, suggesting a restricted delivery of ispinesib
to the invasive edge of the tumor. Pharmacological inhibition of efflux transport by
elacridar co-administration significantly enhanced the delivery of ispinesib to the brain,

and the unbound concentrations in brain will likely achieve the in vitro cytotoxic
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concentrations. Hence, devising approaches to overcome the drug delivery limitations is
important to improve target engagement and responses. We intend to conduct subsequent
studies in preclinical models of GBM to evaluate the in vivo efficacy of ispinesib and
also test if enhancements in drug delivery will translate to improved efficacy in the

treatment of GBM.
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4.1 INTRODUCTION

Glioblastoma multiforme (GBM) is a type of brain cancer that accounts for nearly 47% of
primary malignant brain tumors, and is associated with a dismal prognosis (Ostrom et al.,
2017). GBMs are aggressive and lethal with high proliferative capacities (Mastronardi et
al., 1999, Chiesa-Vottero et al., 2003, Stoyanov et al., 2017). Moreover, though GBM
rarely spreads outside the CNS, the highly infiltrative nature and wide spread
dissemination within the brain suggest that GBM is a disease of the whole-brain
(Matsukado et al., 1961, Demuth and Berens, 2004, Cuddapah et al., 2014). To improve
efficacy in GBM, an important consideration is to develop therapies that inhibit both (a)
mitotic cell division necessary for tumor proliferation, as well as (b) cell motility needed
for tumor cell dispersion (Venere et al., 2015). Consequently, treatments for GBM should
ideally target both tumor cell proliferation and invasion, the characteristic hallmarks of
GBM, and also have adequate brain penetration for target engagement at the site of action
in the brain.

The microtubule-based cytoskeleton is involved in mitosis and cell motility, and several
anti-mitotic agents targeting microtubules, including taxanes and vinca alkaloids, have
been used in the treatment of non-CNS solid tumors (Wood et al., 2001). However,
microtubules are vital for normal CNS function and dose-limiting neurotoxicity concerns
are observed with the traditional anti-mitotic drugs (Wood et al., 2001, Canta et al.,
2009). This has led to efforts directed at identifying cellular targets that are associated
with microtubule function and have an essential role in mitosis, but lack neurotoxicity

upon inhibition. One such group of microtubule-associated molecular motor proteins are
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kinesins, which are involved in various stages of the mitotic cell division (Rath and
Kozielski, 2012, Cross and McAinsh, 2014). KIF11 (kinesin-5, Eg5, HsEg5, KSP) is
plus-end directed kinesin required for the separation of centrosomes in prophase and
formation of bipolar spindle in metaphase of mitosis (Sarli and Giannis, 2008, Wojcik et
al., 2013). KIF11 has been shown to be involved in cell motility (Falnikar et al., 2011,
Wang and Lin, 2014). Venere et al., have shown that KIF11 is a driver of glioma cell
division and motility, and targeting KIF11 with molecularly-targeted therapies inhibits
both proliferation and invasion (Venere et al., 2015). Also, the expression of KIF11 is
substantially low in non-proliferating cells relative to proliferating cells, and in normal
cells compared to tumor cells (Hegde PS, 2003). Hence, KIF11 is an appealing target in
GBM treatment.

Ispinesib (SB-715992) (Fig. 1) is the first KIF11 inhibitor to be tested clinically.
Ispinesib alters the ability of KIF11 to bind to microtubules by locking the KIF11 motor
in the ADP state due to inhibition of ADP release (Lad et al., 2008). Inhibition of KIF11
with potent targeted agents such as ispinesib suppresses proliferation of both tumor-
initiating cell (TIC) and non-TIC populations. KIF11 inhibition by ispinesib also
decreases glioma cell motility possibly due to altered microtubule lengthening in
migrating tumor cells (Venere et al., 2015). The results of clinical studies testing
ispinesib show no significant neurotoxicity concerns with ispinesib treatment (Blagden et
al., 2008, Souid et al., 2010, Burris et al., 2011, Gomez et al., 2012). These observations
suggest that targeted inhibition of KIF11 with ispinesib may be a viable strategy for the

treatment of GBM.
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The development of targeted therapies that can penetrate an intact blood-brain barrier
(BBB) to reach the target tumor cells and elicit clinically meaningful responses has
proven to be an exceedingly difficult task (Agarwal; Sane; et al., 2011, Gampa et al.,
2017). Many small-molecule anti-cancer therapies are prone to active efflux at the BBB,
particularly by p-glycoprotein (P-gp/Abcbl) and breast cancer resistance protein
(Berp/Abcg2), and this can result in a severely limited drug distribution to the brain
(Agarwal; Sane; et al., 2011, Gampa; Vaidhyanathan; Resman; et al., 2016). Although the
BBB may be relatively compromised in certain regions of tumors, early non-contrast
enhancing low-volume lesions and infiltrative tumor cells may be residing behind a
functionally intact BBB, which can lead to inadequate drug delivery to these tumor cells
and establishment of a pharmacological sanctuary (Jain et al., 2007, Osswald et al., 2016,
Sarkaria et al., 2018). Thus, addressing the drug delivery challenge is crucial to improve
clinical outcomes in patients with brain tumors such as GBM.

Ispinesib has a unique mechanism of action in that it hits both glioma cell proliferation
and invasion. Also, GBM is a malignant brain tumor with a high proliferation index and
so the fraction of cells undergoing mitotic cell division at any particular time is expected
to be relatively high, which is important for KIF11 inhibitors to be effective. Given this,
targeted inhibition of KIF11 with ispinesib may find a place in the treatment of GBM.
However, an important consideration for efficacy in brain tumors is adequate brain drug
exposure to elicit target engagement, especially at sites with a functionally intact BBB.
Hence, we sought out to test this critical aspect. The objective of the current study is to

evaluate the brain distribution of ispinesib and examine active efflux mechanisms that
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may influence the delivery of ispinesib across the BBB, assess differences in drug
delivery to regions of tumor and normal (non-tumor) brain in a rodent model of GBM, as

well as compare that drug delivery with in vitro efficacy.
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4.2 MATERIALS AND METHODS

4.2.1 Chemicals

Ispinesib, N-(3-aminopropyl)-N-[(1R)-1-(3-benzyl-7-chloro-4-oxoquinazolin-2-yl)-2-
methylpropyl]-4-methylbenzamide, was purchased from Selleck Chemicals (Houston,
TX). Elacridar [GF-120918, N-[4-[2-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-
yl)ethyl]phenyl]-5-methoxy-9-oxo0-10H-acridine-4-carboxamide] was purchased from
Toronto Research Chemicals Inc. (Ontario, Canada). Cell culture reagents were
purchased from Invitrogen (Carlsbad, CA), and all other chemicals used were of high-
performance-liquid-chromatography or reagent grade and were obtained from Sigma-

Aldrich (St. Louis, MO).

4.2.2 In vitro assay for determination of unbound (free) fractions

The unbound fractions of ispinesib in plasma and brain were determined by performing
rapid equilibrium dialysis (RED) experiments as per the protocol described by the
manufacturer (Thermo Fisher Scientific), with some modifications suggested in the
literature (Kalvass and Maurer, 2002, Friden et al., 2007). RED experiments for ispinesib
were conducted at four concentrations (1, 2, 5 and 10 uM) and two time points (4 and 6
hr), and the results suggest that the unbound fractions were linear up to 2 uM
concentration and equilibrium was achieved by 4 hours. Consequently, unbound fractions
determined at 1 pM concentration and 4 hr time point were utilized for estimation of
Kp,uu and free concentrations of ispinesib. A RED base plate (Thermo Fisher Scientific),

and single-use RED inserts (Thermo Fisher Scientific) with a dialysis membrane having a
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molecular weight cut off (MWCO) of 8 kDa were used in these experiments. In brief, the
matrices used in these experiments comprised of fresh plasma and brain homogenates
(prepared in 3 volumes of PBS, w/v) from FVB mice. Plasma and brain homogenate
aliquots were spiked with 0.1 mg/mL ispinesib (in DMSO) to obtain final concentrations
of I uM. 300 uL of 1 uM ispinesib spiked matrix was placed in sample chamber (donor),
and 500 pL of phosphate buffered saline (1x PBS at pH 7.4; 100 mM sodium phosphate
and 150 mM sodium chloride) was placed in buffer chamber (receiver) of RED inserts in
triplicates. The inserts were placed in a base plate, assembly was covered with a sealing
tape and incubated on a Bioshaker (MBR-022UP, Taitec Corporation) maintained at 37°C
and 1000 rpm for 4 hours. The samples collected from both the donor and receiver

chambers after dialysis were stored at -80°C until subsequent LC-MS/MS analysis.

4.2.3 In vitro cytotoxicity assay

In vitro cytotoxicity testing of ispinesib was performed in two murine GBM cell lines,
MGPP3 (PDGF overexpression, p53'/ “and PTEN™" double knockout, murine primary cell
line) and GL261. Briefly, GBM cells were seeded into 96-well plates (pre-coated with
fibronectin) at a density of 5,000 cells per well in DMEM media with 1% nitrogen
supplement, 10 ng/ml of FGF and 10 ng/ml of PDGFAA. At 24 hours following plating
(~70% confluency), the cells were exposed to different concentrations of ispinesib (n =
10 wells per concentration) ranging from 0.025 - 600 nM. The plates were incubated for
72 hours after treatment, and the cell viability was measured using a CellTiter-Glo ATP-

based assay (Promega) read on a luminometer (Perkin-Elmer).
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4.2.4 In vivo studies

Animals:

Friend leukemia virus strain B (FVB) wild-type (WT), P-gp knockout (Mdria/b”, PKO,
P-gp deficient), Berp knockout (Bcerpl ., BKO, Berp deficient) and triple knockout
(Mdrla/b” Berpl™, TKO, P-gp and Berp deficient) mice of either sex (balanced), were
used in the in vivo pharmacokinetic studies using non-tumor-bearing animals (Taconic
Farms, Germantown, NY). All mice used were 8-16 week-old adults, and approximately
15 - 35 g at the time of experiments. Mice were housed in a 12-hour light/dark cycle with
unlimited access to food and water. All studies conducted were in agreement with the
guidelines for the Care and Use of Laboratory Animals (National Institutes of Health,
Bethesda, MD), and approved by Institutional Animal Care and Use Committee (IACUC)
at University of Minnesota.

Sprague-Dawley rats, balanced for sex, were used for the in vivo pharmacokinetic studies
that followed tumor implantation. All studies described were approved by the
Institutional Animal Care and Use Committee at the Mayo Clinic, and conducted in
accordance with the guidelines for the Care and Use of Laboratory Animals (National
Institutes of Health, Bethesda, MD). Rats were housed in a standard 12-hour dark/light
cycle with unlimited access to food and water.

Pharmacokinetics following intravenous and intraperitoneal administration of
ispinesib:

All dosing solutions were prepared on the day of the study. In the intravenous study, a

single intravenous dose of 5 mg/kg ispinesib (vehicle: ethanol, Tween 80 and distilled
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water in the volume ratio of 20:2.5:77.5) was administered to FVB wild-type and
Mdrla/b™” Bcrp]‘/ " mice. Blood and brain samples were collected at 0.17, 0.5, 1, 2, 4, 8
and 15 hours post-dose (n = 4 at each time point).

The brain distribution studies were also conducted in FVB wild-type, Mdrla/b”", Berpl™”,
and Mdrla/b” Berpl” mice following administration of a single dose of 10 mg/kg
ispinesib via intraperitoneal (ip) route (microemulsion vehicle: Cremophor EL, Carbitol,
Captex 355 and distilled water in a volume ratio of 20:10:3:67). Blood and brain samples
were collected at 2 and 6 hours post dose (n = 4 per time point).

A serial sacrifice (destructive sampling) design was employed for sample collection in
the pharmacokinetic studies. At the pre-determined sampling time points, mice were
euthanized using a carbon dioxide chamber. Blood was collected by cardiac puncture and
transferred to sample tubes coated with heparin. The whole brain was isolated from the
skull and rinsed with ice-cold distilled water, and superficial meninges were removed by
blotting with tissue paper. Plasma was separated by centrifugation of blood samples at
3500 rpm and 4°C for 15 minutes. The plasma and brain samples were stored at -80°C,
until analysis for ispinesib concentrations by LC-MS/MS. Assuming a vascular volume
of 1.4% in mouse brain (Dai et al., 2003), the concentrations in brain were corrected for
residual drug in brain vasculature.

Brain distribution of ispinesib with and without co-administration of a
pharmacological inhibitor of efflux transporters:

In another intraperitoneal dosing study, FVB wild-type mice received a single dose of 10

mg/kg ip ispinesib with or without simultaneous co-administration of 10 mg/kg ip
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elacridar, a pharmacological inhibitor of P-gp and Bcerp (microemulsion vehicle). Blood
and brain specimens were harvested at 2 and 6 hours post dose (n = 4 per time point).
Plasma was obtained by centrifugation of whole blood samples at 3500 rpm and 4°C for
15 minutes. The samples were stored at -80°C until analysis by LC-MS/MS.

Spatial distribution of ispinesib in a rat model of GBM:

A rat model of GBM was utilized for the spatial drug distribution studies. The GBM
tumors were induced by PDGF-IRES-tdTomato retroviral intracranial stereotactic
injections in rat pups. The PDGF-IRES-tdTomato retrovirus was produced as described
previously (Assanah et al., 2009). For intracranial injections, P4 (postnatal day 4)
neonatal Sprague-Dawley rats were anesthetized by hypothermia. Briefly, each pup was
carefully wrapped in several layers of gauze and placed in ice. Approximately after 12
minutes, the head was placed in a DKI 963 Stereotaxic Alignment Instrument (David
Kopf Instruments). The bregma was identified, and a small hole was made in the skull
with a sterile 18 gauge needle, 1 mm rostral and 2 mm to the right of the bregma. A 27-
gauge Hamilton microsyringe was then inserted to a depth of 1.5 mm, and 1.5 pL of virus
(titre: 1 x 10"6/mL) was injected slowly at a rate of 0.2 uL/min. The rats with GBM
tumors were randomized to receive a single dose of 10 mg/kg ip ispinesib
(microemulsion vehicle) with or without simultaneous co-administration of 10 mg/kg ip
elacridar (microemulsion vehicle), on day 24 following intracranial injections. The blood
and brain (tumor-bearing) samples were collected at 2 hours post dose (n = 9). The

harvested whole brains were immediately flash frozen. Plasma was obtained by
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centrifugation of blood samples at 3500 rpm and 4°C for 15 minutes. The brain and
plasma samples were stored at -80°C until further processing.

A fluorescent microscopy based method was employed for the isolation of tumor core,
tumor rim (brain adjacent to tumor, BAT) and normal (non-tumor) brain regions from the
flash frozen brain samples. Briefly, an acrylic adult rat brain matrix (WPI) was used to
obtain thick coronal brain sections that were 1-2 mm thick. A fluorescent microscope
(Nikon AZ100M) was used to visualize the tdTomato labelled tumors in the brain slices.
The borders of the core of the tumors were identified by relative fluorescence signal, and
biospy punches (Harris Uni-Core, Miltex) with varying diameters were utilized to isolate
the tumor core and tumor rim tissues. The tumor core was defined as the tumor region
with a fluorescence signal that was 5-fold or higher relative to the background
fluorescence signal observed in the normal brain. The tumor rim was identified as the
region adjacent to the tumor core with a fluorescence signal 3 to 5-fold higher relative to
the background fluorescence signal. The brain tissue away from the tumor with a similar
or lower signal than the background fluorescence was collected as the normal brain
specimen. The samples were stored at -80°C, and the concentrations of ispinesib in the

tumor regions, brain and plasma samples were determined using LC-MS/MS.

4.2.5 LC-MS/MS analysis

The concentrations of ispinesib in samples from in vitro and in vivo experiments were
determined using a sensitive LC-MS/MS assay. Uniform brain homogenate samples were
obtained by addition of three volumes of 5% bovine serum albumin (BSA) to the brain

specimens followed by homogenizing using a mechanical tissue homogenizer (PowerGen
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125; Thermo Fisher Scientific, Waltham, MA). For analysis of unknowns, an aliquot of
sample was spiked with 25 ng of dasatinib as the internal standard and liquid-liquid
extraction was performed by addition of 1-2 volumes of pH 11 buffer and 5-10 volumes
of ethyl acetate, followed by vigorous shaking for 5 minutes and centrifugation at 7500
rpm and 4°C for 5 minutes. The organic layer was collected in to microcentrifuge tubes
and dried under nitrogen. The dried residue was reconstituted in 100 pL of mobile phase
and transferred to high-performance liquid chromatography vials with disposable glass
microinserts. The chromatographic analysis was performed on a AQUITY ultra
performance liquid chromatography system (Waters, Milford, MA) with a Phenomenex
Synergi 4 p Polar-RP 80A column (75 x 2 mm; Torrance, CA). An isocratic method
(55% A and 45% B) was used and the mobile phase (1 mM ammonium formate with
0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B)) was delivered at a
constant flow rate of 0.5 mL/min.

The column effluent was monitored using a Micromass Quattro Ultima mass
spectrometer (Waters, Milford, MA). The instrument was equipped with an electrospray
interface, and was controlled by the MassLynx (Version 4.1; Waters) data system. An
electrospray probe in positive-ionization mode operating at a spray voltage of 4.62 kV
was utilized. Samples were introduced into the interface through a heated probe with the
source and desolvation temperatures set at 100°C and 350°C, respectively. The m/z
transitions were 517.20 - 246.96 for ispinesib and 488.21 - 400.99 for dasatinib. The
retention time was 2.48 minutes for ispinesib and 0.61 minutes for dasatinib. The runtime

was 4 minutes.
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4.2.6 Calculations
The unbound fractions (fu) in plasma and brain homogenate were calculated as the ratio
of concentration of ispinesib in buffer to matrix (Kalvass and Maurer, 2002).

_ Drug concentration in buffer (receiver) )
fu, diluted = — _ (Equation 1)
Drug concentration in matrix (donor)

The unbound fraction in brain was estimated from the measured unbound fraction in
diluted brain homogenate (fu,diluted), using the following equation (Kalvass and Maurer,
2002).

. 1/D .
fu, brain = (1/fu, diluted — 1) + 1/D (Equation 2)

where D (equal to 4) represents a dilution factor, accounting for the diluted brain
homogenate.
The brain-to-plasma ratio (Kp) was calculated using the area under the concentration-

time curve (AUC) or the concentrations (C), in plasma and brain.

Ko — AUCbrain Eauation 4
b= AUCplasma (Equation 4)
Ko — Cbrain Eouation S

P= Cplasma (Equation 5)

A comparison of relative drug exposure in the brains of wild-type and knockout
(Mdrla/b”, Berpl™, Mdrla/b” Berpl”) mice were made using the distribution
advantage (DA), which was expressed as the Kp in the strain under consideration
normalized by the Kp in wild-type mice.

DA = Kp, knockout £ Liom 6
~ Kp,wild type (Equation 6)
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The unbound partition coefficient (Kp,uu) was determined using the following equation.

AUCbrain x fu, brain
AUCplasma x fu, plasma

Kp,uu = (Equation 7)

The data from in vitro cytotoxicity experiments was fitted to “log(inhibitor) vs.
normalized response - variable slope” equation using GraphPad Prism version 6.04
(GraphPad, La Jolla, CA) software to determine the half maximal inhibitory

concentration (ICs).

4.2.7 Pharmacokinetic data analysis

The pharmacokinetic parameters from the concentration-time profiles in plasma and brain
were determined by non-compartmental analysis (NCA) using Phoenix WinNonlin
version 6.4 (Certara USA, Inc., Princeton, NJ). The areas under the concentration-time
curve (AUC) for plasma (AUC,jasma) and brain (AUChpin) were calculated using the linear
trapezoidal method. The standard errors around the means of AUC and Cmax were

estimated by the sparse sampling module in WinNonlin (Nedelman and Jia, 1998).

4.2.8 Statistical analysis

GraphPad Prism version 6.04 (GraphPad, La Jolla, CA) software was employed for
statistical analysis. The sample sizes used were based on previous work and were
determined based on approximately 80% power to detect 50% difference between groups.
Data from all experiments are represented as mean + standard deviation (S.D.) or mean +
standard error of the mean (S.E.M), unless otherwise indicated. Comparisons between
two groups were made using an unpaired t-test. Comparisons between multiple groups

were made using one-way analysis of variance (ANOVA), followed by Bonferroni’s
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multiple comparison test. A significance level of P < 0.05 was used for all statistical

testing.
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4.3 RESULTS

4.3.1 Unbound (free) fractions of ispinesib in matrices of interest

In vitro rapid equilibrium dialysis experiments indicate that ispinesib exhibits high
binding in both plasma and brain. The percent unbound fractions (equations 1 and 2) in
plasma and brain are 0.6 = 0.1 % and 0.05 £ 0.02 %, respectively. The unbound fractions
in plasma and brain were used in the determination of unbound concentrations and

unbound partition coefficients, Kp,uu, of ispinesib.

4.3.2 In vitro efficacy in GBM cell lines

The in vitro efficacy studies were performed in MGPP3 and GL261 murine GBM cell
lines. GL261 cell line was not sensitive to ispinesib treatment even at high nanomolar
concentrations. The ICsy for ispinesib was estimated from the observed dose-response
curves in MGPP3 cell line. The dose-response curve for ispinesib in MGPP3 cells is
shown in Fig. 2, and the estimated ICsy is 1.9 nM. The cells were cultured in serum-free
media and as such minimal binding can be expected. The results suggest that MGPP3 cell

line is highly sensitive to ispinesib treatment.

4.3.3 Brain distribution in FVB wild-type and transgenic mice

The pharmacokinetic profiles of ispinesib were determined in FVB wild-type and
transporter deficient mice following intravenous and intraperitoneal drug administration.
The plasma and brain concentration time profiles and brain-to-plasma ratios in FVB wild-
type and Mdrl alb” Berpl " mice following a single intravenous bolus dose of 5 mg/kg

ispinesib are as shown in Fig. 3. The total brain concentrations at the indicated time

130



points are significantly lower than the total plasma concentrations in wild-type mice, and
the resulting brain-to-plasma concentration ratios are less than one at all time points. In
Mdrla/b” Berpl” mice, the total brain concentrations at all the time points are
significantly higher than that in wild-type mice, and the brain-to-plasma concentration
ratios are higher than one at all time points. Table 1 summarizes the estimated
pharmacokinetic parameters following intravenous drug administration in wild-type and
Mdrla/b” Berpl " mice. The brain-to-plasma AUC ratios (Kp, equation 4) for ispinesib
in wild-type and Mdrla/b” Berpl”™ mice are 0.23 and 12.12, respectively. The unbound
partition coefficients (Kp,uu, equation 7) in wild-type and Mdrla/b” Bcrp]‘/ " mice are
0.02 and 1.01, respectively.

The plasma and brain concentrations, and brain-to-plasma ratios in FVB wild-type,
Mdrla/b”, Berpl” and Mdrla/b” Berpl™ mice at 2 and 6 hours post intraperitoneal
administration of 10 mg/kg ispinesib are as shown in Fig. 4. The plasma concentrations
were similar in the four genotypes of mice at both the time points. The brain
concentrations are significantly higher in the TKO mice compared to wild-type mice. The
brain-to-plasma concentration ratios at 2 hour time point in wild-type, Berpl™, Mdrla/b”
and Mdrla/b”" Berpl " mice are 0.11, 0.08, 0.35 and 3.07, respectively (Table 2). The
brain-to-plasma concentration ratios at 6 hour time point in wild-type, Mdrla/b”, Berpl™”

and Mdrla/b™” Berpl " mice are 0. 16, 0.15, 1.52 and 5.20, respectively (Table 2).

4.3.4 Brain distribution of ispinesib with and without elacridar co-administration
The plasma concentrations, brain concentrations and brain-to-plasma ratios in FVB wild-

type mice at 2 and 6 hours post intraperitoneal administration of 10 mg/kg ispinesib with
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and without elacridar co-administration are as shown in Fig. 5. The plasma
concentrations were similar in the 2 groups of mice at both the time points, while the
brain concentrations are significantly higher in the group with elacridar co-
administration. The corresponding brain-to-plasma concentration ratios of ispinesib at 2
and 6 hour time points are approximately 10-fold higher when elacridar was co-
administered, suggesting that pharmacological inhibition of P-gp and Bcrp-mediated

efflux by elacridar improves the brain distribution of ispinesib (Table 3).

4.3.5 Spatial distribution of ispinesib in a preclinical GBM model

The representative images of a brain slice and the isolated regions of interest, as well as
the concentrations in plasma, tumor core, tumor rim and normal brain at 2 hours
following a single intraperitoneal dose of 10 mg/kg ispinesib with or without elacridar
co-administration are as shown in Fig. 6. The brain (tumor tissue)-to-plasma
concentration ratios in tumor core, tumor rim and normal brain are also shown in Fig. 6.
The observations indicate a heterogeneous distribution of ispinesib across the BBB in the
rat model of GBM, with a higher drug accumulation in the tumor core and lower drug
accumulation in the normal brain. The tumor rim had a Kp lower than that in the tumor
core and higher than that in the normal brain (Table 4). These results suggest that the
uptake of ispinesib is relatively restricted to the growing edge of the intracranial GBM
tumor (tumor rim) when compared with the drug accumulation in the necrotic tumor core.
The trend was similar in both the treatment groups. However, there was an approximately
10-fold increase in Kp in the tumor rim and normal brain regions and a 4-fold increase in

Kp in the tumor core region when elacridar was co-administered with ispinesib (Table 4).
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4.4 DISCUSSION

Proliferation and invasion are characteristic hallmarks of GBM. Targeted inhibition of
both these processes is essential for treatments to be efficacious in GBM. KIF11 is a
molecular motor protein that is involved in both these processes, and is a well-suited
target for the treatment of GBM (Venere et al., 2015). Also, actively dividing tumors
such as GBM are expected to have a high proportion of tumor cells undergoing mitotic
cell division at any given time, and so inhibition of KIF11 will likely result in a high
fractional cell kill that is important for efficacy. Ispinesib is a potent inhibitor of KIF11
and has been shown to impede both tumor cell proliferation and GBM cell motility.
However, a prerequisite for efficacy is the exposure of an appropriate target to adequate
concentrations of a potent inhibitor. Previous studies have shown that anti-cancer agents
with a restricted brain delivery can have poor activity in brain tumors (Agarwal;
Mittapalli; et al., 2012, Parrish; Pokorny; et al., 2015, Kim; Ma; et al., 2018). A key
mechanism responsible for limiting the brain delivery of several targeted agents is P-gp
and Bcerp-mediated active efflux at the BBB. In the current study, we have examined the
brain distribution and active efflux liability of ispinesib, as well as differences in site-
specific distribution in a rodent model of GBM.

In vivo pharmacokinetic studies following intravenous dosing in FVB mice show that the
brain distribution of ispinesib is limited by active efflux at the BBB. The brain-to-plasma
AUC ratio in FVB mice deficient in P-gp and Berp was about 50-fold higher than that
observed in the wild-type mice (Table 1). Another set of studies examined the brain

distribution of ispinesib at 2 and 6 hour post 10 mg/kg intraperitoneal administration of
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ispinesib in wild-type or transporter knockout FVB mice. The brain partitioning was
about 30-fold higher in Mdrla/b”" Berpl”™ mice when compared to wild-type mice at
both the time points. There was an increase in Kp by 3 and 10-fold in Mdrla/b”" mice
and the Kp was similar in Berpl”” mice when compared to the wild-type mice, at 2 and 6
hour time points, respectively (Fig. 4, Table 2). These results indicate a co-operative role
of P-gp and Berp in limiting the brain distribution of ispinesib.

In another intraperitoneal dosing study, the influence of simultaneous administration of
elacridar, a pharmacological inhibitor of P-gp and Berp, on the brain delivery of ispinesib
was assessed at 2 and 6 hour time points. The brain concentrations of ispinesib were
significantly higher in the co-administered group compared to the ispinesb only group,
and there was a corresponding increase in Kp by about 10-fold at both the time points in
the co-dosed group (Fig. 5, Table 3). These observations demonstrate that co-
administration of elacridar significantly improves the delivery of ispinesib to the brain.
The in vitro cytotoxicity studies show that the MGPP3 (PDGF overexpression, p53” and
PTEN™ double knockout) GBM cell line is sensitive to ispinesib, with a low nanomolar
ICso of 1.9 nM (Fig. 2). On the other hand, GL261 was not sensitivity to ispinesib
treatment even at high nanomolar concentrations. Hence, we have used the ICsy in
MGPP3 cells for comparisons with in vivo concentrations of ispinesib. The rapid
equilibrium dialysis experiments show that ispinesib has a high binding in both plasma
and brain. The unbound (free) fractions and the Kp from the in vivo studies following 5
mg/kg intravenous dosing of ispinesib were used to estimate the unbound partition

coefficient i.e., the Kp,uu. The Kp,uu in wild-type and Mdri a/b” Berpl " mice was 0.02
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and 1.01, respectively (Table 1). Furthermore, the unbound concentration-time profile for
ispinesib in plasma and brain was predicted using the total concentrations in wild-type
mice and the unbound fractions from rapid equilibrium dialysis experiments, and was
compared with the ICso in MGPP3 GBM cells (Fig. 7). The results suggest that the
unbound concentrations of ispinesib in brain in wild-type mice will be lower than the in
vitro cytotoxic concentrations (ICsp). However, the unbound concentrations of ispinesib
in the brain will reach levels just about the ICsy if there is a 10-fold increase in
concentrations as seen with elacridar co-administration, suggesting that improved brain
delivery due to pharmacological inhibition of efflux transport can result in possibly
enhanced in vivo efficacy.

In the clinic, contrast enhanced-MRI (CE-MRI) is typically used for the diagnosis of
brain tumors. Such a technique relies on the accumulation of a hydrophilic (gadolinium
based) contrast agent within tumor locations that have a relatively leaky BBB (Sarkaria et
al., 2018). As a consequence, the bulk of the tumor i.e., the necrotic tumor core is
identified as the tumor region and removed by surgical debulking. However, the regions
surrounding the resection area (tumor rim) and certain infiltrative tumor sites can have
invasive tumor cells residing behind an intact BBB, and escape detection by CE-MRI
(Sarkaria et al., 2018). Therefore, it is important that therapeutic agents intended for the
treatment of GBM penetrate an intact BBB to reach these protected sites, as any tumor
cells that are left behind can cause treatment failure. Given this, we sought to perform a
quantitative assessment of site-differential distribution of ispinesib to tumor core, tumor

rim (brain adjacent to tumor, BAT) and normal (non-tumor) brain regions in a rat model
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of GBM (Fig. 6, Table 4). The results demonstrate that the Kp in normal brain (Kp = 0.11
+ 0.09 for ispinesib group, Kp = 1.21 £ 0.71 for ispinesib and elacridar group) was
consistent with the Kp observed in pharmacokinetic studies performed in non-tumor
bearing FVB mice at the 2 hour time point (Kp = 0.10 + 0.08 for ispinesib group, Kp =
0.80 £ 0.37 for ispinesib and elacridar group). Of translational implications is the
observation that the delivery of ispinesib was variable across the 3 regions, with the Kp
being highest in the tumor core and lowest in the normal brain. The Kp in the tumor rim
was in-between that in tumor core and normal brain, suggesting a restricted delivery of
ispinesib to the growing edge of the tumor compared to the necrotic tumor core. Such a
limited drug exposure to the invasive tumor cells remaining after surgical resection can
result in lack of efficacy, and so devising strategies to enhance the delivery of ispinesib
may be necessary. While the trend in the regional distribution of ispinesib was similar,
the delivery of ispinesib was significantly improved when elacridar was co-administered
with ispinesib in tumor regions as well as the normal brain (Table 3, Table 4). Such
improved delivery will likely result in higher exposure not only in the necrotic tumor core
but also more importantly in the invasive edge of the tumor, and may translate to superior
treatment outcomes. Consequently, we are planning to conduct preclinical efficacy
studies with ispinesib and also evaluate if the improved delivery with elacridar co-
administration will result in enhanced efficacy in GBM.

In summary, the delivery of ispinesib is limited by active efflux at the BBB. The delivery
of drugs with a poor BBB penetration, such as ispinesib, can be particularly restricted at

the growing edge of the tumor that can contain invasive tumor cells protected by an intact
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BBB, and this can result in lack of activity. Devising strategies to overcome the drug
delivery challenge is important for enhanced target engagement at the site of action in the
brain. Modulation of efflux transport function by elacridar co-administration resulted in
improved brain delivery of ispinesib, and the unbound concentrations in the brain will
likely reach levels around the cytotoxic concentrations. Future preclinical efficacy testing
in animal models of GBM will reveal if the improved exposure will translate to superior
efficacy. The ideal approach to overcome the drug delivery challenges is to use structure-
guided drug design to develop compounds that are brain permeable and have minimal or
no interaction with efflux transporters expressed at the BBB. The greater exposures in the
brain achieved with brain penetrant inhibitors, similar to brain exposure of ispinesib in
mice lacking efflux transporters, will likely lead to improved treatment responses.
Therefore, future drug development endeavors should focus on designing targeted agents
that are capable of penetrating an intact BBB to achieve superior treatment outcomes in

CNS diseases.
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TABLES

Table 4. 1 The pharmacokinetic parameters of ispinesib in FVB wild-type and Mdrla/b” Berpl” mice

following administration of single intravenous dose of 5 mg/kg. Data are presented as mean or mean =+

S.EM (n=4).
Wild-type Mdrla/b” Berpl™

Plasma Brain Plasma Brain
Half-life (h) 4.80 4.38 6.80 9.01
AUC . (ug*h/mL) 7.47 +0.44 1.79+0.19 4.66+0.26 47.57+3.70
AUC ) (ng*h/mL) 8.40 1.96 5.83 70.69
CL (mL/min/kg) 9.91 - 14.28 -
vd (L/kg) 4.12 - 8.38 -
Kp (AUC g, ratio) - 0.23 - 12.12
Kp,uu (AUC 4., ratio) - 0.02 - 1.01
DA - 1 - 53

AUC(0 , area under the curve from zero to the time of last measured concentration
CL, clearance

Vd, volume of distribution
Kp (AUC ratio), the ratio of AUC _ to AUC using total drug concentrations
(0-t,brain) (0-t,plasma)

Kp,uu (AUC ratio), the ratio of AUC(O to AUC

-t,brain) (0-t,plasma)
DA (Distribution advantage), the ratio of ka to Kp

nockout

using free drug concentrations

wild-type
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Table 4. 2 Brain distribution in FVB wild-type, Berpl”", Mdrla/b” and Mdrla/b” Berpl™ mice following

a single dose of 10 mg/kg i.p. ispinesib. Data are presented as mean or mean + S.D.

. . Chiasma Chrain . Distribution
Time Strain (ng/mL) (ug/mL) Kp brain advantage
Wild-type | 1.61£0.72 | 0.1820.09 | 0.11+0.005 1
Berplab” | 1744042 | 014002 | 0.08+0.02 1
2h
OUS 1 Mdrlam” | 1.75+073 | 058+0.14 | 035=008 3
-
gﬂ;ﬁ:l//‘;_/_ 15941.07 | 3774067 | 3.07+1.69 28
Wild-type | 0.87+£0.54 | 0.14+0.08 | 0.16+0.03 |
Berpla/b™ 1.06+0.40 | 0.15+0.03 0.15 +0.05 1
6h
U Mdrlab” | 087054 | 1.10+0.10 | 1.52+0.56 10
-
yci;lz//z_/_ 1034021 | 5594285 | 520+1.94 33

Kp brain, the ratio of Cyyin to Cplasma Using total drug concentrations
Distribution advantage, the ratio of Kp to Kpyiid_type
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Table 4. 3 Brain distribution of ispinesib in FVB wild-type mice following administration of 10 mg/kg i.p.

ispinesib with or without 10 mg/kg i.p. elacridar co-administration. Data are presented as mean or mean +

S.D.
Time Treatment Coptasma Corain Kp brain | Fold increase in Kp
(ng/mL) (ng/mL)
Ispinesib 1.11£0.57 | 0.08+£0.02 | 0.10£0.08 1
2 hours
Ispinesib + elacridar 0.72+039 | 0.51+0.36 | 0.80+0.37 8
Ispinesib 0.73+£0.11 | 0.27+0.09 | 0.38+0.14 1
6 hours
Ispinesib + elacridar | 0.79+0.43 | 2.27+0.77 | 3.66+£2.64 10

Kp brain, the ratio of Cyyin to Cplasma Using total drug concentrations
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Table 4. 4 Spatial distribution of ispinesib in a preclinical model of GBM at 2 hours following
administration of 10 mg/kg ispinesib i.p. with or without 10 mg/kg i.p. elacridar co-administration. Data are

presented as mean or mean + S.D.

Treatment Region Chrain (ng/mL) Kp brain Fold increase in Kp'
Normal brain 0.06 +0.04 0.11+0.09 1
Ispinesib Tumor rim 0.15+0.11 0.27+0.18 2.5
Tumor core 0.38 £0.24 0.77 £0.55 7
Normal brain 0.52+0.46 1.21+£0.71 11
Ispinesib
+ Tumor rim 0.76 £0.48 231+£1.25 21
elacridar
Tumor core 1.03+0.42 3.08+1.15 28

Kp brain, the ratio of Cyyin to Cpjasma Using total drug concentrations
! compared to Kp in normal brain of ispinesib treatment group
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FIGURES

Figure 4. 1 Chemical structure of ispinesib.

LY
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Figure 4. 2 In vitro efficacy of ispinesib in MGPP3 GBM cell line with ICs, estimate. Data represent the

mean £ S.D.; n = 10 for all data points.

- | MGPP3,IC;,=1.98 nM

N

® 100"&

»

c |

o

[-%

"

o

14

- 507

o

N

©

£

o

=z 0
_|' : T T !
0 2 4 6

Log [Ispinesib] (pM)

145



Figure 4. 3 Pharmacokinetic profiles of ispinesib in FVB wild-type and Mdrla/b” Berpl” mice following
intravenous (i.v.) dosing. Plasma concentrations (A), brain concentrations (B), and brain-to-plasma
concentration ratios (C) of ispinesib following administration of single i.v. bolus dose of 5 mg/kg. Data

represent mean = S.D., n=4.
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Figure 4. 4 Brain distribution of ispinesib following intraperitoneal (i.p.) administration in FVB wild-type,
Berpl™, Mdrla/b” and Mdrla/b” Berpl” mice. Plasma concentrations (A), brain concentrations (B), and
brain-to-plasma concentration ratios (C) at 2 and 6 hours following administration of single i.p. dose of 10
mg/kg ispinesib. **P< 0.01, ***P< 0.001 and ****P< 0.0001 when compared to the wild-type (WT)

groups, for statistical testing by one-way ANOVA. Data represent mean + S.D., n = 4.
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Figure 4. 5 Brain distribution of ispinesib (isp) in FVB wild-type mice with elacridar (elac) co-
administration. Plasma concentrations (A), brain concentrations (B), and brain-to-plasma concentration
ratios (C) of ispinesib at 2 and 6 hours following administration of ispinesib 10 mg/kg i.p. with or without
simultaneous co-administration of 10 mg/kg i.p elacridar. *P< 0.05 and **P< 0.01 for statistical

comparison by unpaired t-test. Data represent mean + S.D., n = 4.
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Figure 4. 6 Spatial brain distribution of ispinesib in a rat model of GBM. The figure shows representative
images of a brain slice marked with the tumor core and tumor rim regions (A), and the dissected tissues
(B). Also shown in the figure are bar graphs representing the concentrations (C) and brain(tumor)-to-
plasma concentration ratios (D) in plasma, regions of tumor and normal brain at 2 hours following
administration of ispinesib 10 mg/kg i.p. with or without simultaneous co-administration of 10 mg/kg i.p
elacridar. The concentrations are significantly different in ispinesib and elacridar co-dosed group compared
to ispinesib group for normal brain (P<0.05), tumor rim (P<0.01), and tumor core (P<0.01), statistical
comparison by unpaired t-test. The brain(tumor)-to-plasma ratios are significantly different in ispinesib and
elacridar co-dosed group compared to ispinesib group for normal brain (P<0.001), tumor rim (P<0.01), and

tumor core (P<0.01), statistical comparison by unpaired t-test. *P< 0.05, **P< 0.01 and ***P< 0.001 for

statistical comparison by one-way ANOVA. Data represent mean + S.D., n=9.
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Figure 4. 7 Plasma and brain unbound concentration-time profiles of ispinesib in FVB wild-type mice
following 5 mg/kg intravenous drug administration. The predicted unbound concentration profiles in brain
in wild-type mice (A), with a 10-fold increase in brain concentrations as with elacridar co-administration
(B), and with a 50-fold increase in brain concentrations as in P-gp and Bcerp deficient mice (C). The
unbound concentrations were determined using the in vivo concentrations and the unbound fraction (fu)
estimates from in vitro rapid equilibrium dialysis studies. The dashed lines represent the experimentally

determined in vitro ICs, against MGPP3 GBM cell line. Data represent mean + S.D., n = 4.
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ABSTRACT

Targeted inhibition of RAF and MEK by molecularly-targeted agents has been employed
as a strategy to block aberrant MAPK signaling in melanoma. While the use of BRAF
and MEK inhibitors, either as a single agent or in combination, improved efficacy in
BRAF-mutant melanoma, initial responses are often followed by relapse due to acquired
resistance. Moreover, some BRAF inhibitors are associated with a paradoxical activation
of the MAPK pathway, causing the development of secondary malignancies. The use of
panRAF inhibitors, i.e., those that target all isoforms of RAF, may overcome paradoxical
activation and resistance. The purpose of this study was to perform a quantitative
assessment and evaluation of the influence of efflux mechanisms at the BBB in
particular, Abcbl/P-gp and Abcg2/Bcerp, on the brain distribution of three panRAF
inhibitors: CCT196969, LY3009120 and MLN2480. In vitro studies using transfected
MDCKII cells indicate that only LY3009120 and MLN2480 are substrates of Berp, and
none of the three inhibitors are substrates of P-gp. The three panRAF inhibitors show
high non-specific binding in brain and plasma. In vivo studies in mice show that the brain
distribution of CCT196969, LY3009120 and MLN2480 is limited, and is enhanced in
transgenic mice lacking P-gp and Berp. While MLN2480 has a higher brain distribution,
LY3009120 exhibits superior in vitro efficacy in patient-derived melanoma cell lines.
The delivery of a drug to the site of action residing behind a functionally intact BBB
along with drug potency against the target, collectively play a critical role in determining

in vivo efficacy outcomes.
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5.1 INTRODUCTION

Deregulated signaling of the mitogen-activated protein kinase (MAPK) pathway is
commonly associated with melanomas, and often occurs due to activating mutations in
BRAF (~50%) and NRAS (~20%) (Davies et al., 2002, Hocker and Tsao, 2007, Hodis et
al., 2012). Inhibition of MAPK signaling by targeting RAF and MEK has been
recognized as an important treatment strategy in BRAF-mutant melanomas (Samatar and
Poulikakos, 2014). The improved clinical outcomes with BRAF and MEK inhibitors,
either as single agents or in combination, has led to the FDA approval of BRAF
inhibitors, vemurafenib, dabrafenib, encorafenib, and MEK inhibitors, cobimetinib,
trametinib, binimetinib (Chapman et al., 2011, Flaherty; Infante; et al., 2012, Flaherty;
Robert; et al., 2012, Long et al., 2014, Larkin et al., 2014, Ascierto et al., 2013, Delord et
al., 2017, Dummer et al., 2018, Dummer et al., 2017).

A persistent clinical challenge in the management of BRAF-mutant melanomas is
resistance to BRAF inhibitor therapy, both intrinsic and acquired (Shi et al., 2014,
Samatar and Poulikakos, 2014). One approach to overcome resistance is combination
therapy with BRAF and MEK inhibitors, causing a vertical blockade of the MAPK
pathway at two central nodes. Though such combinations have improved clinical
responses, patients still progress due to therapeutic resistance (Wagle et al., 2014, Welsh
et al.,, 2016). Multiple mechanisms of acquired resistance have been identified, and
reactivation of the MAPK pathway by acquisition of secondary mutations, such as
mutations in RAS, is a common resistance mechanism (Shi et al., 2014, Welsh et al.,

2016, Johnson et al., 2015).
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In addition, BRAF inhibitors have been attributed to cause a paradoxical activation of the
MAPK signaling in RAS-mutant melanomas, triggering the development of secondary
malignancies (Hatzivassiliou et al., 2010, Heidorn et al., 2010, Poulikakos et al., 2010).
By occupying one partner in homo- and hetero-dimers of RAF, particularly in wild-type
BRAF and RAS-mutant melanomas, many BRAF inhibitors promote transactivation of
the drug free partner leading to a paradoxical activation of the MAPK pathway
(Poulikakos et al., 2010, Samatar and Poulikakos, 2014). Consequently, BRAF inhibitors
are contraindicated in wild-type BRAF melanomas (Hatzivassiliou et al., 2010).
Inhibitors targeting all isoforms of RAF, i.e., panRAF inhibitors, may show benefits by
occupying and inhibiting both partners in RAF dimers, and causing a more effective
blockade of the MAPK signaling. Given this multiple isoform blockade, panRAF
inhibitors may be useful for first-line treatment of BRAF- and NRAS-mutant melanomas,
and also as second-line treatment options in drug-resistant melanomas (Girotti et al.,
2015). Furthermore, panRAF/MEK inhibitor combination may be a rational treatment
strategy, especially in patients with acquired or intrinsic resistance to MAPK inhibitors
(Atefi et al., 2015, Whittaker et al., 2015).

Another challenge is the effective management of melanoma patients with brain
metastases. Approximately 70% of patients with metastatic melanoma will develop brain
metastases, and after diagnosis of brain metastases, the median overall survival (OS) is
less than 8 months (Gupta et al., 1997, Barnholtz-Sloan et al., 2004, Spagnolo et al.,
2016). Several anti-cancer therapies have a restricted ability to penetrate an intact blood-

brain barrier (BBB), leading to the establishment of a pharmacological sanctuary for
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tumor cells, thereby limiting their efficacy in the treatment of tumors in the brain
(Gampa; Vaidhyanathan; Resman; et al., 2016, Gampa et al., 2017, Kim; Kizilbash; et al.,
2018). A key mechanism responsible for restricting drug delivery to the brain is active
efflux at the BBB, often mediated by p-glycoprotein (Abcbl/P-gp) and breast cancer
resistance protein (Abcg2/Berp) (Kim; Kizilbash; et al., 2018, Gampa; Vaidhyanathan;
Resman; et al., 2016, Gampa et al., 2017). Previous studies have indicated that
vemurafenib, dabrafenib, encorafenib, trametinib, cobimetinib and binimetinib will have
limited brain distribution due to efflux by P-gp and/or Berp (Mittapalli et al., 2013,
Mittapalli et al., 2012, Choo et al., 2014, Vaidhyanathan et al., 2014, Wang et al., 2018,
de Gooijer et al., 2018). The drug delivery to brain tumors with heterogeneous disruption
of the BBB can be highly variable for compounds that show a limited BBB penetration.
While the BBB in the core of larger tumors may be relatively compromised, there can be
regions within larger tumors, micrometastases and infiltrative tumor sites with a
functionally intact BBB and thus have restricted drug distribution (Lockman et al., 2010,
Osswald et al., 2016). Given this, development of potent targeted therapies capable of
permeating an intact BBB is critical to improve clinical outcomes in patients with
melanoma brain metastases (MBM).

CCT196969, LY3009120 and MLN2480 (Fig. 1, Table 1) are panRAF inhibitors that
inhibit MAPK signaling with minimal paradoxical activation (Girotti et al., 2015, Henry
et al., 2015, Rasco et al., 2013). CCT196969 has low nanomolar ICs, against BRAF and
CRAF, and also is a potent inhibitor of SRC (Fig. 2). CCT196969 shows efficacy in

melanoma cells and patient-derived xenografts that are resistant to BRAF inhibitors and
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BRAF/MEK inhibitor combinations (Girotti et al., 2015). LY3009120 exhibits low
nanomolar potency against ARAF, BRAF and CRAF, and shows activity in preclinical
melanoma models (Fig. 2) (Henry et al., 2015, Peng et al., 2015, Chen et al., 2016).
MLN2480 has a low nanomolar ICsy against BRAF and CRAF, and shows activity in
BRAF-mutant tumors, including melanoma, in preclinical models (Sun et al., 2017,
Elenbaas B, 2010). LY3009120 and MLN2480 are currently in phase I/II clinical testing
(clinicaltrials.gov).

The objective of this study is to evaluate the brain distribution of CCT196969,
LY3009120 and MLN2480, and examine the role of P-gp and/or Berp in limiting their
brain delivery. Anti-RAF therapy is routinely used in combination with MEK inhibitors
for the management of melanoma patients. The newer panRAF inhibitors have
advantages over the traditional BRAF inhibitors, and as such panRAF/MEK inhibitor
combinations may result in potential benefits in melanoma patients. However, to be
effective in brain metastases, drug delivery to target sites in the brain is a key
consideration. Given this, evaluation of the distribution of panRAF inhibitors to the brain

is important to understand their utility in the treatment of MBM.
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5.2 MATERIALS AND METHODS

5.2.1 Chemicals

CCT196969, 1-(3-(tert-butyl)-1-phenyl-1H-pyrazol-5-yl)-3-(2-fluoro-4-((3-ox0-3,4-
dihydropyrido[2,3-b]pyrazin-8-yl)oxy)phenyl)urea, vemurafenib and dabrafenib were
purchased from ChemieTek (Indianapolis, IN). LY3009120, 1-(3,3-Dimethylbutyl)-3-(2-
fluoro-4-methyl-5-(7-methyl-2-(methylamino)pyrido(2,3-d)pyrimidin-6-yl)phenyl)urea,
was purchased from Selleck Chemicals (Houston, TX). MLN2480, 4-
Pyrimidinecarboxamide, 6-amino-5-chloro-N-[(1R)-1-[5-[[[5-chloro-4-(trifluoromethyl)-
2-pyridinyl]Jamino]carbonyl]-2-thiazolyl]ethyl]-, was purchased from Medchem Express
(Monmouth Junction, NJ). [’H]-Vinblastine was purchased from Moravek Biochemicals
(La Brea, CA). [’H]-Prazosin was purchased from PerkinElmer Life and Analytical
Sciences (Waltham, MA). Kol43 [(3S,6S,12aS)-1,2,3,4,6,7,12,12a-octahydro-9-
methoxy-6-(2-methylpropyl)-1,4-dioxopyrazino(1°,2’:1,6) pyrido(3,4-b)indole-3-
propanoic acid 1,1-dimethylethyl ester] was purchased from Tocris Bioscience (Ellisville,
MO). Zosuquidar [LY335979, (R)-4-(J[1aR, 6R,10bS]-1,2-difluoro-1,1a,6,10b-
tetrahydrodibenzo-[a,e] cyclopropa [c]cycloheptan-6-yl)-([5-quinoloyloxy] methyl)-1-
piperazine ethanol, trihydrochloride] was provided by Eli Lilly and Co. (Indianapolis,
IN). Cell culture reagents were purchased from Invitrogen (Carlsbad, CA), and all other
chemicals used were of high-performance-liquid-chromatography or reagent grade and

were obtained from Sigma-Aldrich (St. Louis, MO).
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5.2.2 In vitro accumulation studies

Polarized Madin-Darby canine kidney II (MDCKII) cells were used for in vitro cell
accumulation studies. MDCKII-wild-type (vector control) and Berpl-transfected
(MDCKII-Berpl) cell lines were a kind gift from Dr. Alfred Schinkel (The Netherlands
Cancer Institute). MDCKII-wild type (vector control) and human P-glycoprotein
(MDR1)-transfected (MDCKII-MDR1) cell lines were kindly provided by Dr. Piet Borst
(The Netherlands Cancer Institute). Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal bovine serum, and antibiotics (penicillin, 100
U/ml and streptomycin, 100 pg/ml). Cells were grown in 25 mL tissue culture-treated
flasks before seeding for the intracellular accumulation experiments, and were
maintained at 37°C in a humidified incubator with 5% carbon dioxide.

The intracellular accumulation assays were performed in 12-well polystyrene plates
(Corning Glassworks, Corning, NY). In brief, cells were seeded at a density of 2 x 10
cells and grown until ~80% confluent. On the day of experiment, culture media was
aspirated and cells were washed two times with warm cell assay buffer (122 mM NacCl,
25 mM NaHCOs;, 10 mM glucose, 10 mM HEPES, 3 mM KCI, 2.5 mM MgSOg, 1.8 mM
CaCl,, and 0.4 mM K,HPO,). The cells were then pre-incubated with cell assay buffer
for 30 min, after which the buffer was aspirated and the experiment was initiated by
adding 1 mL assay buffer containing 2 uM drug into each well, with further incubation
for 60 minutes in an orbital shaker (ShelLab, Cornelius, OR) maintained at 37°C and 60
rpm. The drug solution was aspirated after a 60-minute incubation, followed by washing

twice with ice-cold phosphate-buffered saline (PBS), and addition of 500 pL of 1%
158



Triton-X100 to each well for cell lysis. When an inhibitor was used, it was included in
both pre-incubation and accumulation steps. The concentration of the drug of interest in
solubilized cell fractions was analyzed using liquid chromatography—tandem mass
spectrometry (LC-MS/ MS) as described below, and was normalized to protein content

that was analyzed using a BCA protein assay (Thermo Scientific Pierce).

5.2.3 In vitro binding assays for determination of unbound (free) fractions

The unbound fractions of the panRAF inhibitors in plasma, brain and serum-containing
cell culture media (10% fetal bovine serum, v/v) were determined by performing rapid
equilibrium dialysis (RED) experiments as per the protocol described by the
manufacturer, with some modifications suggested in the literature (Kalvass and Maurer,
2002, Friden et al., 2007). Preliminary experiments conducted at two concentrations (5
uM and 10 pM) and two time points (4 hr and 6 hr) suggest that the unbound fractions
were linear across these concentrations and equilibrium was achieved by 4 hr, for each of
the three inhibitors. Consequently, unbound fractions determined at 5 uM concentrations
and 4 hr time point were utilized for estimation of Kp,uu and free concentrations. A RED
base plate (Thermo Fisher Scientific), and single use RED inserts (Thermo Fisher
Scientific) with 8 kDa molecular weight cut off (MWCO) were used for these
experiments. Briefly, fresh plasma and brain homogenates (prepared in 3 volumes of
PBS, w/v) isolated from wild-type FVB mice, and cell culture media were used. The drug
stock in DMSO (1 mg/mL) was spiked in each matrix to obtain final concentrations of 5
uM. 300 pL of 5 uM drug spiked matrix was placed in sample chamber (donor), and 500

uL of phosphate buffered saline (1x PBS at pH 7.4; 100 mM sodium phosphate and 150
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mM sodium chloride) was placed in buffer chamber (receiver) of the RED inserts in
triplicates. The inserts were placed in a base plate, the assembly covered with sealing tape
and incubated on an orbital shaker (ShelLab, Cornelius, OR) at 37°C and 300 rpm for 4
hours. The samples collected after dialysis were stored at -80°C until subsequent LC-

MS/MS analysis.

5.2.4 In vitro cytotoxicity assays in patient-derived melanoma cell lines

Short-term cultured human primary melanoma cells (BRAF-mutant M12 or BRAF-
mutant M27 or NRAS-mutant M15) were maintained through serial passages in mice via
subcutaneous flank implantation in immune-deficient mice (Carlson et al., 2011).
Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum
and antibiotics (penicillin, 100 U/ml and streptomycin, 100 pg/ml) was used for growing
the explant cultures that were maintained at 37°C in a humidified incubator with 5%
carbon dioxide.

For the determination of in vitro drug potency, melanoma cells (M12 or M27 or M15)
were seeded into 96-well black clear bottom plates (Corning Incorporated, Corning, NY)
at a density of 3500 cells per well in 100 pL of culture media. At 24 hours following
plating (~80% confluency), the cells were treated with 9 concentrations of drug in media
(n = 6 per concentration). The plates were incubated for 5 days after treatment. The cell
viability in each well was determined using a CyQuant cell proliferation assay
(Invitrogen) and fluorescence measurement using a BioTek Synergy HT plate reader. The
relative survival of cells in the presence of drugs was normalized to the untreated

controls.
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5.2.5 In vivo studies

Animals:

Friend leukemia virus strain B (FVB) wild-type (WT) and triple knockout (Mdrla/b™
Berpl™, TKO, P-gp and Berp deficient) mice, balanced for sex, were used in the in vivo
studies (Taconic Farms, Germantown, NY). All mice used were 8-16 week-old adults,
approximately 15 - 35 g at the time of experiments. Mice were maintained in a 12-hour
light/dark cycle with unlimited access to food and water. All studies carried out were in
agreement with the guidelines set by Principles of Laboratory Animal Care (National
Institutes of Health, Bethesda, MD), and approved by Institutional Animal Care and Use
Committee (IACUC) at University of Minnesota.

Plasma and brain pharmacokinetics following intravenous and oral administration
of panRAF inhibitors:

All dosing solutions were prepared on the day of the experiment. A single intravenous
dose of 5 mg/kg CCT196969 (vehicle: dimethyl sulfoxide, Tween 80 and distilled water
in a volume ratio of 10:2.5:87.5) was administered to FVB wild-type mice. Blood and
brain samples were harvested at 0.17, 0.5, 1, 2, 4, 8 and 14 hours post-dose (n = 4 at each
time point). In another oral dosing study, FVB wild-type mice received a single dose of
10 mg/kg CCT196969 via oral gavage (vehicle: 5% dimethyl sulfoxide; percentage
grams per volume). Brain and blood samples were collected at 0.17, 0.5, 1, 2, 4, 6, 8§, 11
and 14 hours post dose (n = 4 per time point).

Brain distribution studies following single intravenous and oral doses of LY3009120

were also conducted. A single intravenous dose of 5 mg/kg LY3009120 (vehicle:
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dimethyl sulfoxide, propylene glycol, Cremophor EL and distilled water in a volume ratio
of 30:20:10:40) was administered to FVB wild-type mice. Blood and brain samples were
harvested at 0.17, 0.5, 1, 2, 4, 7 and 11 hours post-dose (n = 4 at each time point). In the
oral dosing study, FVB wild-type mice received a single dose of 25 mg/kg LY3009120
via oral gavage (vehicle: 20% hydroxyl propyl B cyclodextrin; percentage grams per
volume). Brain and blood samples were collected at 0.17, 0.5, 1, 2, 4, 8 and 15 hours post
dose (n = 4 per time point).

The brain distribution of MLN2480 was determined following administration of a single
intravenous dose of 5 mg/kg MLN2480 (vehicle: dimethyl sulfoxide, tween 80 and
distilled water in a volume ratio of 10:2.5:87.5) to FVB wild-type mice. Blood and brain
samples were harvested at 0.17, 0.5, 1, 2, 4, 8 and 14 hours post-dose (n = 4 at each time
point).

In another vivo brain distribution study, FVB wild-type and Mdrl a/b” Berpl " mice
were administered a single oral dose of CCT196969 (5 mg/kg) or LY3009120 (10 mg/kg)
or MLN2480 (10 mg/kg). Blood and brain samples were harvested 1-hour post-dose (n =
4).

A serial sacrifice (destructive sampling) design was employed for sampling in the
pharmacokinetic studies. At the desired sampling time point, mice were euthanized using
a carbon dioxide chamber. Blood was collected by cardiac puncture and transferred to
heparinized tubes. The whole brain was removed from the skull and rinsed with ice-cold
distilled water, and superficial meninges were removed by blotting with tissue paper.

Plasma was separated by centrifugation of whole blood samples at 3500 rpm and 4°C for
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15 minutes. Both plasma and brain samples were stored at -80°C, until analysis for drug
concentrations by LC-MS/MS. The concentrations in brain were corrected for residual
drug in brain vasculature, assuming a vascular volume of 1.4% in mouse brain (Dai et al.,
2003).

Steady-state brain distribution of panRAF inhibitors:

The determination of steady-state plasma and brain concentrations of panRAF inhibitors
was accomplished by implanting Alzet osmotic mini pumps (model 1003D; Durect
Corporation, Cupertino, CA) loaded with CCT196969 (5 mg/mL in dimethyl sulfoxide)
or LY3009120 (3 mg/mL in dimethyl sulfoxide) or MLN2480 (5 mg/mL in dimethyl
sulfoxide) in the peritoneal cavity of wild-type and Mdrla/b” Berpl” mice to deliver 1
pL/h drug solution as a constant infusion. The minipumps were loaded with drug solution
on the day before the experiment and primed overnight in sterile PBS at 37°C. The
pumps were implanted into the peritoneal cavity as described previously (Agarwal et al.,
2013). Briefly, mice were anaesthetized using isoflurane, and the hair on the abdominal
cavity was removed. A small incision was made in the skin on the lower right abdomen,
followed by an incision in the exposed peritoneal membrane under the cutaneous
opening, and the primed pump was inserted into the peritoneal cavity. The peritoneal
membrane was sutured with absorbable sutures, and the opening in the skin was sealed
with surgical clips. The whole procedure was performed on a heating pad until the
animals fully recovered from the anesthesia. Forty-eight hours following pump

implantation, the mice were sacrificed, and blood and brain samples were collected.
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Plasma was obtained by centrifugation of whole blood samples at 3500 rpm and 4°C for

15 minutes. Samples were stored at -80°C until analysis by LC-MS/MS.

5.2.6 LC-MS/MS analysis

The concentrations of drugs in all samples from in vitro and in vivo studies were
determined using specific and sensitive LC-MS/MS assays. Brain samples were
homogenized using a mechanical homogenizer (PowerGen 125; Thermo Fisher
Scientific, Waltham, MA) following the addition of three volumes of 5% bovine serum
albumin (BSA) to obtain uniform homogenates. For analysis of unknowns, an aliquot of
sample was spiked with 250 ng of MLN2480 or 50 ng of dabrafenib or 10 ng of
CCT196969 as internal standards for analysis of CCT196969, LY3009120 and
MLN2480, respectively. Liquid-liquid extraction was performed by addition of 5-10
volumes of ethyl acetate, followed by vigorous shaking for 5 minutes and centrifugation
at 7500 rpm and 4°C for 5 minutes. The organic layer was separated and transferred to
microcentrifuge tubes, and dried under nitrogen gas. The dried residue was reconstituted
in 100 pL of mobile phase and transferred into high-performance-liquid-chromatography
glass vials with disposable microinserts. The chromatographic analysis was performed on
an AQUITY UPLC system (Waters, Milford, MA) using a Phenomenex Gemini 3 p NX-
C18 110A° column (50 mm length x 4.6 mm ID; Torrance, CA). The mobile phase (0.1%
formic acid in water (A) and 0.1% formic acid in methanol (B)) was delivered at a
constant flow rate of 0.35 mL/min. An isocratic method (43% A and 57% B) was

employed for CCT19696 and MLN2480, and a gradient method was employed for
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LY3009120 analysis. The gradient for LY3009120 was as follows: started with 50% B at
0 minutes, held at 50% B for 2 minutes, increased to 90% B over 1 minute, maintained at
90% B for 1 minute, decreased to 50% B over 0.25 minutes and maintained at 50% B for
the remainder of 7 minutes.

The column effluent was monitored using a Micromass Quattro Ultima mass
spectrometer (Waters, Milford, MA). The instrument was equipped with an electrospray
interface, and controlled by the MassLynx (Version 4.1; Waters) data system. The
samples were analyzed using an electrospray probe in negative-ionization mode operating
at a spray voltage of 4.5 kV for CCT196969 and MLN2480, and positive-ionization
mode operating at a spray voltage of 5 kV for LY3009120 and dabrafenib. Samples were
introduced into the interface through a heated probe, in which the source temperature and
desolvation temperature were set at 100°C and 350°C, respectively. The m/z transitions
were 511.98 - 270.85, 425.08 - 324.00, 505.90 - 284.23 and 519.88 - 30691 for
CCT196969, LY3009120, MLN2480 and dabrafenib, respectively. The retention times
for CCT19696, LY3009120, MLLN2480 and dabrafenib were 3.23, 3.59, 3.10 and 4.65
minutes, respectively. The runtime was 5.5 minutes for CCT196969 and MLN2480, and
7 minutes for LY3009120. Three quality controls, representing low, medium and high
concentration ranges in the calibration curve, were used to determine the between-run
(interday) precision and accuracy for each of the three compounds. Precision has been
expressed as percent coefficient of variation (CV%), while accuracy is expressed as

percent bias. For the LC-MS/MS assays of CCT196969, LY3009120 and MLN2480, the
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percent biases were less than 7%, 11% and 6%, and the percent CVs were less than 12%,

15% and 7%, respectively.

5.2.7 Calculations

The unbound (free) fractions (fu) in plasma, brain homogenate, and serum-containing cell
culture media were calculated as the ratio of concentrations of the compound under
investigation in buffer to matrix (Kalvass and Maurer, 2002).

_ Drug concentration in buffer (receiver) )
fu, diluted = — _ (Equation 1)
Drug concentration in matrix (donor)

The unbound fraction in brain was determined from the measured unbound fraction in
diluted brain homogenate (fu,diluted), using the following equation (Kalvass and Maurer,
2002).

1/D
fu, brain = Equation 2
U brain = e ted — 1) +1/p  (Lduation2)

where D (equal to 4) represents a dilution factor, accounting for the diluted brain
homogenate.
The brain-to-plasma ratio (Kp) was calculated as the ratio of AUCin t0 AUClasma-

AUCbrain

= AUColasma Cplasma (Equation 4)

Kp

A comparison of relative drug exposure in the brains of wild-type and knockout
(Mdrla/b” Berpl”") mice was made using the distribution advantage (DA), which was
calculated as the Kp in the strain under consideration normalized by the Kp in wild-type

mice.
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_ Kp, knockout

DA (Equation 5)

~ Kp,wild type
The unbound partition coefficient, referred to as Kp,uu, was determined using the

following equation.

AUCbrain x fu, brain
AUCplasma x fu, plasma

Kp,uu = (Equation 6)

The data from in vitro cytotoxicity experiments was fitted to “log(inhibitor) vs.
normalized response - variable slope” equation using GraphPad Prism version 6.04
(GraphPad, La Jolla, CA) software to determine the ICs, of the compounds of interest in

the cell lines tested.

5.2.8 Pharmacokinetic data analysis

Pharmacokinetic parameters from the concentration-time profiles in plasma and brain
were obtained by non-compartmental analysis (NCA) performed using Phoenix
WinNonlin version 6.4 (Certara USA, Inc., Princeton, NJ). The areas under the
concentration-time curve (AUC) for plasma (AUCplasma) and brain (AUCyin) were
calculated using the linear trapezoidal method. The standard errors around the means of
AUC and Cmax were estimated using the sparse sampling module in WinNonlin

(Nedelman and Jia, 1998).

5.2.9 Statistical analysis

GraphPad Prism version 6.04 (GraphPad, La Jolla, CA) software was used for statistical
analysis. The sample sizes used were based on previous work and were determined based
on approximately 80% power to detect 50% difference between groups. Data from all
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experiments are represented as mean + standard deviation (S.D.) or mean + standard error
of the mean (S.E.M), unless otherwise indicated. Comparisons between two groups were
made using an unpaired t-test. Comparisons between multiple groups were made using
one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple comparison

test. A significance level of P <0.05 was used for all statistical analysis.
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5.3 RESULTS

5.3.1 In vitro accumulation of panRAF inhibitors in MDCKII-Berpl and MDCKII-
MDR1 cells

The intracellular accumulation of CCT196969, L. Y3009120 and MLN2480 in MDCKII
wild-type (vector control), Bcrpl-transfected (MDCKII-Berpl), and P-gp-transfected
(MDCKII-MDR1) cell lines is summarized in Fig. 3. [*H]-Prazosin and [*H]-vinblastine
were used as positive controls for Berpl and MDR1 function, respectively. The cellular
accumulation of [*H]-prazosin is significantly lower in Berpl-transfected cells compared
to wild-type controls (WT: 100+£8%; Berpl: 244+2%; P<0.0001), and such an effect is
abolished in the presence 0.2 uM Kol43, a specific Berpl inhibitor. The cellular
accumulation of [*H]-vinblastine is also significantly lower in MDR I-transfected cells
than in wild-type controls (WT: 100+£1%; MDR1: 9+4%; P<0.0001), and such an effect is
abolished in the presence of 1 uM LY335979, a specific P-gp inhibitor. The results
confirm a significant elevation in functional activity of efflux transporters in the pertinent
transfected cell lines.

In the same experiment, incubation with 2 uM solution of each of the three panRAF
inhibitors showed that the accumulation is significantly different in Berpl cells when
compared with corresponding wild-type controls for LY3009120 (WT: 100+12%; Berpl:
30+7%; P<0.001), and MLN2480 (WT: 100+£10%; Berpl: 49+10%; P<0.01). The
addition of 0.2 uM Ko143 to the Berpl cells caused a reversal of Berpl mediated efflux
of LY3009120 and MLN2480. For CCT196969, the cellular accumulation is not

significantly different in Bcrpl cells when compared with corresponding wild-type
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controls (WT: 100£35%; Berpl: 60+20%; ns, P=0.16), and the addition of 0.2 uM Ko143
to Berpl cells did not lead to significant differences in intracellular accumulation.
Incubation with 2 pM drug solution shows no significant difference in cellular
accumulation in MDRI1 cells when compared with corresponding wild-type controls for
CCT196969 (WT: 100+32%; MDR1: 83+15%; ns, P=0.56), LY3009120 (WT: 100+27%;
MDRI1: 724+40%; ns, P=0.46), and MLN2480 (WT: 100+3%; MDRI1: 48+25%; ns,
P=0.07). Also, the addition of 1 uM LY335979 to MDR1 cells did not lead to significant
differences in intracellular accumulation when compared to transfected cells without
inhibitor. These in vitro results indicate that only LY3009120 and MLN2480 are

substrates of Berpl, and none of the three panRAF inhibitors are substrates of P-gp.

5.3.2 Unbound (free) fractions of panRAF inhibitors in matrices of interest

In vitro rapid equilibrium dialysis technique was employed for the determination of
unbound fraction (fu) (equations 1 and 2) of panRAF inhibitors in plasma, brain and
serum-containing cell culture media. The percent unbound fractions for CCT196969,
LY3009120 and MLN2480 in plasma, brain and cell culture media are as reported in
Table 2. The three panRAF inhibitors exhibit high binding in plasma and brain. The
estimated unbound fractions in plasma and brain were used for the determination of
unbound partition coefficient, Kp,uu, and the unbound fraction in cell culture media was
utilized in the estimation of free ICsy of the three panRAF inhibitors in each of the cell

lines tested.

170



5.3.3 In vitro efficacy in patient-derived melanoma cell lines

The in vitro efficacy studies were performed in BRAF-mutant M12, BRAF-mutant M27,
and NRAS-mutant M15 patient-derived melanoma cell lines. The total ICsy for
vemurafenib (control), CCT196969, LY3009120 and MLN2480 were estimated using the
total drug concentration-response curves determined in the three patient-derived
melanoma cell lines. The free fractions in cell culture media for CCT196969, LY3009120
and MLN2480 were used together with the total ICs, estimates to determine the free 1Csg
values. The dose-response curves for vemurafenib, CCT196969, LY3009120 and
MLN2480 in the 3 cells lines tested are shown in Fig. 4, and the ICs, values are listed in
Table 3., respectively. The results suggest that M 12 is the most sensitive line to treatment
with the four inhibitors, and LY3009120 exhibits higher potency in each of the three cell

lines tested.

5.3.4 Plasma and brain pharmacokinetics in FVB mice

The pharmacokinetic profiles of panRAF inhibitors were determined in FVB wild-type
and transporter deficient (knockout) mice following intravenous and oral drug
administration. The brain and plasma concentration time profiles and brain-to-plasma
ratios in FVB wild-type mice following a single intravenous bolus dose of 5 mg/kg
CCT196969, LY3009120 and MLN2480 are as shown in Fig. 5, Fig. 6 and Fig. 7. The
total brain concentrations at the indicated time points are significantly lower than the total
plasma concentrations for all the three compounds. Table 4 summarizes the estimated
pharmacokinetic parameters following intravenous drug administration. The brain-to-

plasma AUC ratios (Kp, equation 4) for CCT196969, LY3009120 and MLN2480 are
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0.006, 0.05 and 0.20, respectively, and the corresponding Kp,uu (equation 6) are 0.03,
0.02 and 0.05, respectively.

The concentration time profiles and brain-to-plasma ratios in FVB wild-type mice
following a single oral dose of 10 mg/kg CCT196969 and 25 mg/kg LY3009120 are
shown in Fig. 5 and Fig. 6. The estimated pharmacokinetic parameters are summarized in
Table 5. The brain-to-plasma AUC ratios (Kp, equation 4) for CCT196969 and
LY3009120 are 0.01 and 0.04, respectively, and are similar to that observed in the
intravenous dosing studies. The corresponding Kp,uu for CCT196969 and LY3009120
(equation 6) are 0.05 and 0.02, respectively. The bioavailability (F) following oral
administration is 0.77 for CCT196969 and 0.04 for LY3009120.

The brain and plasma concentrations and brain-to-plasma ratios in FVB wild-type and
Mdrla/b” Berpl™ mice one-hour post oral administration of panRAF inhibitors (5 mg/kg
CCT196969, 10 mg/kg LY3009120 and 10 mg/kg MLN2480) are as shown in Fig. 8. The
brain concentrations are significantly lower than the plasma concentrations in wild-type
mice for all three panRAF inhibitors, and the brain-to-plasma concentration ratios for
CCT196969, LY3009120 and MLN2480 are 0.01, 0.05 and 0.24, respectively. The brain-
to-plasma concentration ratios in Mdrla/b”" Berpl™ mice are significantly higher than in
wild-type mice for CCT196969, LY3009120 and MLN2480, and are 0.02, 0.32 and 2.66,

respectively.

5.3.5 Steady-state brain distribution of panRAF inhibitors
The steady-state brain-to-plasma ratios for CCT196969, LY3009120 and MLN2480 are

0.01 + 0.002, 0.01 + 0.01, and 0.34 £+ 0.10 in wild-type mice, 0.05 + 0.02, 0.27 = 0.12,
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and 2.88 + 0.31 in Mdrla/b” Berpl” mice, respectively (Fig. 9, Table 6). The brain-to-
plasma ratios are about 5, 27 and 9-fold higher for CCT196969, LY3009120 and
MLN2480 in Mdrla/b” Berpl”” mice when compared to wild-type mice. These results
are similar to the observations from the brain distribution studies in FVB wild-type and
Mdrla/b” Berpl” mice that evaluated the brain-to-plasma ratios one-hour post oral drug
administration. Collectively, the in vivo studies show that the delivery of the three
panRAF inhibitors to the brain is restricted, and active efflux by P-gp and/or Berp plays a

role in limiting their brain distribution.
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5.4 DISCUSSION

The small molecule molecularly-targeted therapies and immunotherapies approved for
the treatment of melanoma have shown improvements in survival by a few months in
patients with MBM (Long et al., 2012, Dummer et al., 2014, Spagnolo et al., 2016,
Margolin et al., 2012, Goldberg et al., 2016, Ahmed et al., 2016, Tawbi et al., 2018).
While such improvements in survival bring new optimism, the management of metastatic
disease that has spread to the brain is still challenging (Gampa et al., 2017). The modest
efficacy in patients with MBM may be related to factors that include inadequate drug
delivery to tumor cells in the brain and specific brain microenvironment driven
alterations in gene expression. As a consequence, both drug delivery and resistance
concerns should be addressed to improve treatment outcomes in patients with MBM. A
novel class of compounds, the panRAF inhibitors, may address both of these issues.

The panRAF inhibitors may show benefits over mutant-BRAF inhibitors in the treatment
of melanoma either as single agents or in combination with a MEK inhibitor, due to their
ability to overcome paradoxical activation of the MAPK pathway (Girotti et al., 2015,
Peng et al., 2015). Several anti-cancer drugs have restricted brain delivery due to active
efflux at the BBB, mainly by P-gp and Berp (Gampa et al., 2017, Kim; Kizilbash; et al.,
2018). The transport of substrate compounds back into systemic circulation by efflux
transporters can prevent drugs with a potential to be efficacious from reaching the target
tumor cells residing behind an intact BBB. Given this, an evaluation of the brain
distribution and efflux liability of therapies intended for use in CNS disorders is

important. Herein we report the findings of the brain distribution, binding and in vitro
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efficacy studies for three panRAF inhibitors ie., CCT196969, LY3009120 and
MLN2480. The results provide important information on the ability of these compounds
to distribute across the BBB, and also allow a correlation of the in vivo concentrations
with in vitro efficacy in patient-derived melanoma cell lines that will help inform in vivo
efficacy studies.

In vitro intracellular accumulation studies in transfected MDCKII cells overexpressing
either murine Berp or human P-gp, both important BBB efflux transporters, suggest that
only LY3009120 and MLN2480 are substrates of Bcrp, however, none of the three
inhibitors were substrates of P-gp (Fig. 3). In vitro rapid equilibrium dialysis experiments
indicate that the three panRAF inhibitors exhibit high non-specific binding in brain and
plasma (Table 2). The results of the in vitro efficacy testing reveal that M12, a BRAF-
mutant melanoma brain metastasis patient-derived model, is the most sensitive line to
treatment with CCT196969, LY3009120, MLN2480 and vemurafenib (Fig. 4, Table 3).
LY3009120 has a low nanomolar ICsp, and is the most potent inhibitor in each of the
three cell lines tested.

Subsequently, experiments were conducted in mice to test the influence of P-gp and/or
Berp on brain distribution of CCT196969, LY3009120 and MLN2480 in vivo.
Pharmacokinetic studies in mice following a single intravenous or oral dose indicate that
CCT196969, LY3009120 and MLN2480 all have restricted brain delivery (Fig. 5, Fig. 6
and Fig. 7). The bioavailability following oral administration of CCT196969 was
promising (~77%) using the current formulation. On the other hand, the oral

bioavailability of LY3009120 was poor (<5%) (Table 5). Reports indicate that
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formulating LY3009120 as an amorphous solid dispersion improves the bioavailability
by overcoming solubility limitations (Henry et al., 2015, Peng et al., 2015). The results of
steady-state studies show that the brain distribution of CCT196969, LY3009120 and
MLN2480 is enhanced in mice lacking P-gp and Berp (Fig. 9, Table 6). Also, studies
evaluating the brain distribution one-hour post oral administration of the three panRAF
inhibitors in wild-type and triple knockout mice (Mdrla/b” Berpl”) show similar results
(Fig. 8). Together, the in vivo brain distribution studies in wild-type and transgenic
knockout mice suggest that the delivery of CCT196969, LY3009120 and MLN2480 to
brain is limited due to active efflux by P-gp and/or Berp at the BBB, with MLN2480
showing greater brain distribution. Furthermore, MLN2480 exhibits higher brain
distribution than vemurafenib and dabrafenib (Table 7). However, MLN2480 shows a
relatively modest in vitro efficacy, and LY3009120 exhibits superior in vitro efficacy
when compared to CCT196969 and MLN2480 in patient-derived melanoma cell lines.
These studies highlight the fact that the combination of drug delivery to target site in the
brain and drug potency against the target will eventually influence the in vivo efficacy
outcomes.

Given the importance of both drug delivery as well as drug potency in dictating treatment
outcomes, a correlation of the observed in vivo concentrations of panRAF inhibitors with
in vitro potencies is valuable. The average total drug concentrations post intravenous
dosing at the measured time points were used together with the unbound fractions in
brain and plasma to obtain unbound concentration-time profiles for CCT196969,

LY3009120 and MLN2480 in wild-type mice. The unbound concentration-time profiles

176



were then compared to in vitro potency estimates (free ICsp) in M12, to evaluate the
potential of CCT196969, LY3009120 and MLLN2480 in the treatment of MBM (Fig. 10).
The selection of cell line was guided by the results of in vitro efficacy experiments,
which indicate M12 to be the most sensitive line to treatment with CCT196969,
LY3009120 and MLLN2480 (Fig. 4, Table 3). The unbound concentration-time profiles in
brain and plasma for MLN2480 show that the unbound concentrations are substantially
below the free ICso in M12, when administered at a dose of 5 mg/kg intravenously.
Assuming that the administration of MLN2480 at the maximum reported dose of 30
mg/kg po in mice (Sun et al., 2017) will result in a 6-fold increase in concentrations (this
assumes linear kinetics and oral bioavailability of 100%), the resulting unbound plasma
concentrations will just reach the free ICsy, and the brain concentrations will still be
substantially below the free ICsy in M12. For CCT196969, the unbound concentrations in
brain are lower and that in plasma are higher (for about 1 hour) than the free ICs
following 5 mg/kg iv dose. Considering that the maximum reported dose in mice for
CCT196969 is 25 mg/kg po (Girotti et al., 2015) and the oral bioavailability is 77%, the
concentrations will be 4-fold higher (again assuming linear kinetics) following an
intravenous dose (20 mg/kg) that will result in similar exposure to 25 mg/kg po dose. The
4-fold increase in concentrations will lead to unbound plasma concentrations higher than
the free ICsy for about 7 hours; however, the unbound brain concentrations will still be
substantially below the free ICso. In case of LY3009120, the unbound concentrations in
plasma reach levels higher than the free ICs, for approximately 7 hours, and the unbound

concentrations in brain are higher than the free ICsy in M12 for about 2 hours post-dose
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after 5 mg/kg iv dosing. An intravenous dose of 10 mg/kg LY3009120 was not tolerable
in FVB mice. These findings suggest that CCT196969 and LY3009120 will possibly
show superior in vivo efficacy in the treatment of systemic melanoma, as the unbound
plasma concentrations reach levels higher than the free ICs, estimates in M12 for both the
compounds. However, the unbound concentrations in brain achieve levels higher than the
free ICsp in M12 for LY3009120 alone, suggesting possible efficacy benefits with
LY3009120 in the treatment of MBM. Given such insights, testing the efficacy of
LY3009120 in preclinical models of MBM will be important to evaluate in vivo efficacy.
The responses to treatment with molecularly-targeted therapies have been sub-optimal
and variable in patients with MBM. Such outcomes may be related to inadequate drug
delivery to tumor cells in the brain and specific brain microenvironment driven changes
in gene expression, both critical challenges that need to be addressed for improving the
quality of life of MBM patients. The panRAF inhibitors have advantages over mutant-
BRAF inhibitors in overcoming resistance and preventing the paradoxical activation of
the MAPK pathway. However, the delivery of panRAF inhibitors to the site of action in
the brain and their potency against the target tumor cells are key determinants of in vivo
efficacy in the treatment of tumors in the brain. A correlation of unbound plasma and
brain drug concentrations with in vitro potency estimates in patient-derived melanoma
cell lines for CCT196969, LY3009120 and MLN2480 suggests that LY3009120 is a
novel panRAF inhibitor with low nanomolar in vitro potency against mutant-BRAF
(M12, M27) and NRAS (M15) patient-derived melanoma cell lines, and has adequate

brain delivery to achieve therapeutically active concentrations in the brain. The novel
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mechanism involving inhibition of all isoforms of RAF, as well as an appropriate balance
of potency and brain delivery make LY3009120 a promising candidate for efficacy
testing in preclinical models of MBM. Also, evaluating the use of a rational combination
of panRAF/MEK inhibitors for achieving a better vertical blockade of MAPK signaling
and in vivo efficacy in the treatment of MBM will be of interest. When using
combinations, all inhibitors in a combination regimen must have adequate brain delivery
to achieve therapeutic concentrations at the sites of action in the brain to elicit the desired
therapeutic response, and minimize the emergence of resistance. Remarkable progress
has been made in the treatment of melanoma, however, there still remains a need to
develop better therapies for MBM, and drug delivery across a functionally intact BBB is

an important challenge that needs to be addressed to fulfill this goal.
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TABLES

Table 5. 1 Physico-chemical properties of panRAF inhibitors.

CCT196969 LY3009120 MLN2480
Molecular formula C27H24F N7O3 C23H29F NGO C17H12C12F3N7OZS
Molecular weight (g/mol) 513.53 424.52 506.29
Solubility < Img/mL < Img/mL < Img/mL
logP 5.5 4.2 3
logD (pH 7.4) 5.5 4.2 3
pKa' 10.36 11.61 10.29
Topological polar surface area (A%) 123 92 136
Hydrogen bond donor count 3 3 3
Rotatable bond count 6 6 6

The reported properties were calculated using ChemAxon (http://www.chemicalize.com).
! The values represent strongest acidic pKa reported by ChemAxon
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Table 5. 2 Unbound fractions (fu) for CCT196969, LY3009120 and MLN2480 in plasma, brain and serum-
containing cell culture media, determined by in vitro rapid equilibrium dialysis (RED) experiments. Data

represent the mean + S.D. (n = 3).

Inhibitor Matrix fu (%)
Plasma 0.1 +0.01
CCT196969 Brain 0.50 £0.10

Cell culture media 21.51 £1.58

Plasma 1.82+0.18

LY3009120 Brain 0.93+0.04

Cell culture media 2790+2.13

Plasma 4.21+0.16

MILN2480 Brain 0.98 £0.09

Cell culture media 3420+ 1.52

fu, unbound (free) fraction
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Table 5. 3 Total and free (unbound) ICsy, for vemurafenib (control) and panRAF inhibitors in patient
derived melanoma cell lines (M12 and M27, BRAF-mutant; M15, NRAS-mutant). The free ICs5, were

estimated for the panRAF inhibitors using the total ICs, values and the unbound fractions (fu) in cell

culture media.

IC50 (uM)
(95% confidence intervals) Free ICs, (uM)
M12 M27 M15 M12 M27 Mi15
Vemurafenib 0.14 0.38 6.16 ) i )
(0.10-0.19) (0.28-0.52) (4.94-7.68)
0.19 0.53 1.58
CCT196969 (0.13-0.27) (0.41-0.70) (1.21-2.07) 0.04 0.1 0.33
0.002 0.001 0.003
LY3009120 (0.001-0.003) | (0.07-0.002) | (0.001-0.008) 0.0006 1 0.0003 0.0008
3.59 3.83 7.71
MLN2480 (3.00-4.29) (3.11-4.71) (6.32-9.41) 122 130 2.62
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Table 5. 4 The pharmacokinetic/metric parameters of panRAF inhibitors in FVB wild-type mice following

administration of single intravenous dose of 5 mg/kg. Data are presented as mean or mean £ S.E.M (n = 4).

CCT196969 LY3009120 MLN2480
Plasma Brain Plasma Brain Plasma Brain
gf)‘lf'“fe 2.79 337 | 235 | 174 | 654 7.25
AUC(s, 15023+ | 092+ | 1086+ | 051+ | 1756 | 345+
(ug*h/mL) 6.08 002 | 059 | 003 | 047 0.09
algjflmm 15507 | 097 | 1088 | 051 | 2271 | 449
(CnfL min/ke) 0.54 - 7.66 - 37 -
?’L‘akg) 0.13 ; 1.56 ; 2.08 ;
ng Co ratio) - 0.006 ; 0.05 ] 0.20
g"l’]“c“m_w) ratio) ; 0.03 ; 0.02 ; 0.05

AUC(0 o area under the curve from zero to the time of last measured concentration
AUC(0 . area under the curve from zero to time infinity
CL, clearance

Vd, volume of distribution
Kp (AUC ratio), the ratio of AUC _to AUC using total drug concentrations
(0-o0,brain) (0-o0,plasma)

Kp,uu (AUC ratio), the ratio of AUC _ to AUC using free drug concentrations
(0-00,brain) (0-00,plasma)
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Table 5. 5 The pharmacokinetic/metric parameters of CCT196969 and LY3009120 in FVB wild-type mice

following administration of single oral dose. Data are presented as mean or mean + S.E.M (n = 4).

CCT196969 (10 mg/kg) LY3009120 (25 mg/kg)
Plasma Brain Plasma Brain
Half-life (h) 3.64 3.97 291 2.87
Tmax (h) 4 6 0.5 1
Cmax (ng/mL) 31.09+7.15 0.40 +0.04 1.48 +£1.01 0.04 £ 0.009
AUC gy (ng*h/mL) 222.01+18.94 | 2.18+0.17 | 2.06+0.44 0.09 £ 0.02
AUC g0) (ng*h/mL) 241.17 2.38 2.09 0.09
CL (mL/min/kg) 0.53 - 7.98 -
Vd (L/kg) 0.16 - 2.01 -
F (%) 77 - 4 i
Kp (AUC ., ratio) - 0.01 - 0.04
Kp,uu (AUC o ratio) - 0.05 - 0.02

Tmax, time to reach the maximum concentration

Cmax, observed maximum concentration

AUC(O_O, area under the curve from zero to the time of last measured concentration

AUC(o.w)’ area under the curve from zero to time infinity

CL, clearance

Vd, volume of distribution

F (Absolute bioavailability), ratio of the dose corrected AUC(O_OO) o to dose corrected AUC

Kp (AUC ratio), the ratio of AUC _ to AUC using total drug concentrations
(0-o0,brain) (0-00,plasma)

Kp,uu (AUC ratio), the ratio of AUC _ to AUC using free drug concentrations
(0-00,brain) (0-00,plasma)

(0-0),iv
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Table 5. 6 Steady-state brain distribution of panRAF inhibitors in wild-type and Mdrla/b” Berpl™ mice.

Data are presented as mean or mean + S.D.

Inhibitor Strain Kp brain Kp,uu brain | Distribution advantage
Wild-type 0.01 +0.002 0.05 1
CCT196969
Mdrla/b”Berpla/b” | 0.05+0.02 0.25 5
Wild-type 0.01+0.01 0.005 1
LY3009120
Mdrla/b”Berpla/b” | 0.27+0.12 0.14 27
Wild-type 0.34+£0.10 0.08 1
MLN2480
Mdrla/b” Berpla/b™ 2.88+0.31 0.66 8.5

Kp brain, the ratio of Cg prain t0 Cys prasma USing total drug concentrations
Kp,uu brain, the ratio of Cg prain t0 Cgs plasma Using free drug concentrations
Distribution advantage, the ratio of Kp to Kpyiid_type
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Table 5. 7 Comparison of brain distribution of RAF inhibitors in wild-type mice. Data are presented as

means.

Inhibitor Intravenous dose Kp brain Kp,uu brain

(mg/kg)

Vemurafenib® 2.5 0.004 NR

Dabrafenib” 2.5 0.02 NR

CCT196969 5 0.006 0.03

LY3009120 5 0.05 0.02

MLN2480 5 0.20 0.05
Kp (AUC ratio), the ratio of AUC(O_w’bmm) to AUC(O_w’plasma) using total drug concentrations
Kp,uu (AUC ratio), the ratio of AUC(O_w‘bmm) to AUC(O_m’plasma) using free drug concentrations

NR, not reported
a

As reported by Mittapalli et al. 2012
b

As reported by Mittapalli et al. 2013
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FIGURES

Figure 5. 1 Chemical structure of (A) CCT196969, (B) LY3009120, and (C) MLN2480.
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Figure 5. 2 Schematic representing the MAPK pathway, and targets of panRAF inhibitors, approved BRAF

inhibitors and approved MEK inhibitors.
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Figure 5. 3 In vitro intracellular accumulation of panRAF inhibitors. (A) The accumulation of prazosin
(Bcerp probe substrate; positive control), CCT196969, LY3009120, and MLN2480 in MDCKII wild-type
and Berpl-transfected cells with and without Berp inhibitor Ko143 (0.2 uM). (B) The accumulation of
vinblastine (probe substrate for P-gp/MDR1; positive control), CCT196969, LY3009120, and MLN2480 in
wild-type and MDR1-transfected cells with and without P-gp inhibitor LY335979 (1 uM). Data represent
the mean + S.D.; n = 3 for all data points. $P< 0.05 compared with the untreated transfected cell line; "P<
0.001 compared with the untreated transfected cell line; #P< 0.0001 compared with the untreated
transfected cell line; **P< 0.01 compared with respective wild-type controls; ***P< 0.001 compared with

respective wild-type controls; ****P< (0.0001 compared with respective wild-type controls.
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Cellular Accumulation in MDCKII-MDR1 Cells
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Figure 5. 4 In vitro efficacy of panRAF inhibitors in patient-derived xenograft melanoma cell lines. (A)
Dose-response curves showing the effect of various concentrations of vemurafenib, CCT196969,
LY3009120 and MLN2480 on BRAF-mutant M12 melanoma cell line. (B) Growth profiles showing the
effect of various concentrations of vemurafenib, CCT196969, LY3009120 and MLN2480 on BRAF-mutant
M27 melanoma cell line. (C) Dose-response curves showing the effect of multiple concentrations of
vemurafenib, CCT196969, LY3009120 and MLN2480 on NRAS-mutant M15 melanoma cell line. Data

represent the mean = S.E.M.; n = 6 for all data points.
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Figure 5. 5 Pharmacokinetic profiles of CCT196969 in FVB wild-type mice following intravenous (i.v.)
and oral (p.o.) administration. Plasma and brain concentrations (A), and brain-to-plasma concentration
ratios (B) of CCT196969 following administration of single i.v. bolus dose of 5 mg/kg. Plasma and brain
concentrations (C), and brain-to-plasma concentration ratios (D) of CCT196969 post single oral dose of 10

mg/kg. Data represent mean = S.D., n = 4.
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Figure 5. 6 Pharmacokinetic profiles of LY3009120 in FVB wild-type mice following intravenous (i.v.)
and oral (p.o.) dosing. Plasma and brain concentrations (A), and brain-to-plasma concentration ratios (B) of
LY3009120 following administration of single i.v. bolus dose of 5 mg/kg. Plasma and brain concentrations
(C), and brain-to-plasma concentration ratios (D) of LY3009120 post single oral dose of 25 mg/kg. Data

represent mean = S.D., n=4.
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Figure 5. 7 Pharmacokinetic profiles of MLN2480 in FVB wild-type mice following intravenous (i.v.)
dosing. Plasma and brain concentrations (A), and brain-to-plasma concentration ratios (B) of MLN2480

following administration of single i.v. bolus dose of 5 mg/kg. Data represent mean + S.D., n = 4.
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Figure 5. 8 Brain distribution one-hour following oral administration of panRAF inhibitors in FVB wild-
type and Mdrla/b”" Berpl™ mice. *P< 0.05, **P< 0.01 and ****P< 0.0001, for statistical comparison by

unpaired t-test. Data represent mean + S.D., n = 4.
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Figure 5. 9 Steady-state brain distribution of panRAF inhibitors in FVB wild-type and Mdrla/b” Berpl™
mice. (A) Steady-state plasma and brain concentrations of CCT196969, and (B) brain-to-plasma ratios; (C)
Steady-state plasma and brain concentrations of LY3009120, and (D) brain-to-plasma ratios; (E) Steady-
state plasma and brain concentrations of MLN2480, and (F) brain-to-plasma ratios. **P< 0.01 compared to
wild-type brain concentration, ***P< 0.001 compared to wild-type brain concentration, ##P< 0.01
compared to wild-type brain-to-plasma ratio and ###P< 0.001 compared to wild-type brain-to-plasma ratio,

for statistical comparison by unpaired t-test. Data represent mean = S.D., n = 4.
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Figure 5. 10 Plasma and brain unbound concentration-time profiles of (A) CCT196969, (B) LY3009120
and (C) MLN2480 in FVB wild-type mice following 5 mg/kg intravenous drug administration. The
unbound concentrations were determined using the in vivo concentrations and the unbound fraction (fu)
estimates from in vitro rapid equilibrium dialysis studies. The dashed lines represent the experimentally
determined in vitro ICs, (free) of the three panRAF inhibitors against BRAF-mutant M12 melanoma cell

line. Data represent mean + S.D., n =4.
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CHAPTER VI. BRAIN DISTRIBUTION OF A NOVEL MEK

INHIBITOR E6201: IMPLICATIONS IN THE TREATMENT

OF MELANOMA BRAIN METASTASES

Parts of this chapter have been published in:

Gampa G et al. (2018) Brain Distribution of a Novel MEK Inhibitor E6201: Implications in the Treatment
of Melanoma Brain Metastases. Drug Metabolism and Disposition 46(5):658-666.
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ABSTRACT

Clinically meaningful efficacy in the treatment of brain tumors, including melanoma
brain metastases (MBM), requires selection of a potent inhibitor against a suitable target,
and adequate drug distribution to target sites in the brain. Deregulated constitutive
signaling of mitogen-activated protein kinase (MAPK) pathway has been frequently
observed in melanoma, and MEK has been identified to be an important target. E6201 is
a potent synthetic small molecule MEK inhibitor. The purpose of this study was to
evaluate brain distribution of E6201, and examine the impact of active efflux transport at
the BBB on the CNS exposure of E6201. In vitro studies utilizing transfected MDCKII
cells indicate that E6201 is not a substrate of P-gp and Berp. In vitro efficacy studies in
patient-derived cell lines suggest that BRAF-mutant M12 cells are highly sensitive to
E6201. In vivo studies also suggest a minimal involvement of P-gp and Berp in E6201°s
brain distribution. The total concentrations in brain were higher than in plasma, resulting
in a brain-to-plasma AUC ratio (Kp) of 2.66 in wild-type mice. The brain distribution
was modestly enhanced in Mdrla/b”, Bcrp]'/ " and Mdrla/b” 'Bcrp]'/ " knockout mice.
Drug distribution in an intracranial M12 model was different between tumor and normal
brain, with higher drug accumulation in the normal brain compared to the tumor regions.
The non-specific binding of E6201 was higher in brain compared to plasma. However,
free drug concentrations in brain following 40 mg/kg intravenous dose reach levels that
exceed in vitro free ICs values, suggesting that E6201 may be efficacious in inhibiting

MEK-driven brain tumors. The brain distribution characteristics of E6201 makes it an
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attractive targeted agent for clinical testing in MBM, glioblastoma (GBM) and other CNS

tumors that may be effectively targeted with inhibition of MEK signaling.
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6.1 INTRODUCTION

Aberrant signaling of the mitogen-activated protein kinase (MAPK) pathway has been
observed in about 80% of melanomas and various other types of cancers (Davies et al.,
2002). The discovery of activating mutations in the BRAF oncogene, observed in about
50% of melanoma patients, has led to significant advances in therapeutic options for
metastatic melanoma (Hocker and Tsao, 2007, Samatar and Poulikakos, 2014).
Melanoma patients treated with the newly developed molecularly targeted therapies, e.g.,
mutant BRAF inhibitors such as vemurafenib and dabrafenib, MEK inhibitors such as
trametinib and cobimetinib, have shown improvements in overall survival (OS) (Cohen et
al., 2016, Falchook et al., 2012, Long et al., 2012, Margolin et al., 2012, Spagnolo et al.,
2016). However, initial responses are often followed by eventual relapse associated with
resistance, occurring via mechanisms that cause subsequent hyperactivated downstream
MEK signaling (Lito et al., 2013, Samatar and Poulikakos, 2014). In patients with
activating BRAF mutations, treatment with BRAF and MEK inhibitor combination
showed improved responses compared to single-agent therapy and is an important
treatment strategy (Flaherty; Infante; et al., 2012, Larkin et al., 2014, Ribas et al., 2014).
The burden of metastatic melanoma is projected to exceed 87000 new cases and 9700
deaths in the US in 2017 (Siegel et al., 2017). Approximately 70% of patients with
metastatic melanoma will develop brain metastases in their lifetime, and after a diagnosis
of metastatic spread to the brain, the median overall survival (OS) is less than 6 months
(Damsky et al., 2014, Gupta et al., 1997, Raizer et al., 2008, Sloan et al., 2009). Focal

therapies with surgical resection and/or radiosurgery can effectively control an individual
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metastasis but the risk of developing subsequent brain metastases elsewhere in the brain
exceeds 50%, which suggests that integrating these procedures with effective targeted
therapies may provide significant clinical benefit (Fife et al., 2004). The successful
treatment of brain tumors will need targeted therapies that are: (i) potent against its target,
(i) capable of penetrating an intact blood-brain barrier (BBB) replete with efflux
transporters (Osswald et al., 2016), and (iii) capable of reaching the protected tumor cells
that are not clinically detectable upon contrast-enhancing MR imaging (Murrell et al.,
2015). Many small molecule molecularly-targeted therapies have limited ability to
permeate an intact BBB, which in turn can limit their efficacy against brain tumors
(Agarwal; Sane; et al., 2011, Gampa; Vaidhyanathan; Resman; et al., 2016, Gampa et al.,
2017). While the BBB at the core of larger brain tumors has been observed to be
compromised, certain regions of such tumors and micrometastases can have a relatively
intact BBB (Essig et al., 2006, Murrell et al., 2015, Osswald et al., 2016). Active drug
efflux, mainly by p-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp), is a
key mechanism responsible for limiting the entry of various xenobiotics into the brain
especially at sites with an intact BBB, including molecularly-targeted therapies approved
for melanoma, such as vemurafenib, dabrafenib, trametinib and cobimetinib (Choo et al.,
2014, Mittapalli et al., 2013, Mittapalli et al., 2012, Vaidhyanathan et al., 2014). As a
consequence, drug delivery to tumor cells residing behind an intact BBB can be severely
restricted, causing the establishment of a pharmacological sanctuary. There is a critical

need to overcome issues related to brain drug delivery, and develop effective targeted
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therapies that can penetrate an intact BBB and reach the target sites on the tumor cells in
the brain (Heffron, 2016).

E6201 (Figure 1) is a natural product-inspired synthetic non-allosteric kinase inhibitor
that inhibits both MEK1 and FLT3 (Ikemori-Kawada et al., 2012). E6201 is an ATP-
competitive MEK inhibitor, in contrast to clinically approved drugs like trametinib and
cobimetinib that are allosteric MEK inhibitors (Narita et al., 2014). The binding affinity
of E6201 has been shown to be identical for both the active and inactive forms of MEK1
(Goto et al., 2009). The reported in vitro ICsy for E6201 against multiple melanoma cell
lines (particularly BRAF mutant lines) was less than 100 nmol/L, indicating that E6201
exhibits potent activity against melanoma cells (Byron et al., 2012, Narita et al., 2014).
Given that melanoma has a high propensity to metastasize to the CNS, and inhibition of
MEK has been recognized to be an important strategy in treating metastatic melanoma,
testing the ability of E6201 to permeate an intact BBB would be essential. The purpose of
this study was to determine the brain distribution of E6201 and evaluate the role of major
BBB efflux proteins, P-gp and/or Berp in limiting the brain delivery of E6201, using
mouse models. Such information can be valuable in evaluating the utility of this agent as
an effective therapy for patients with melanoma brain metastases (MBM), and can inform
future clinical trials. A brain penetrant MEK inhibitor would be particularly useful in
patients with MBM, and as such would hold great promise for the treatment of metastatic

melanoma.
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6.2 MATERIALS AND METHODS

6.2.1 Chemicals

E6201 ((3S,4R,5Z,85,9S,11E)-14-(ethylamino)-8,9,16-trihydroxy-3,4-dimethyl-3,4,9,10-
tetrahydro-1H-2-benzoxacyclotetradecine-1,7(8H)-dione)) and ER807551 were kindly
provided by Strategia Therapeutics Inc. (Houston, TX). [°H]-Vinblastine was purchased
from Moravek Biochemicals (La Brea, CA). [’H]-Prazosin was purchased from
PerkinElmer Life and Analytical Sciences (Waltham, MA). Kol43 [(3S,6S,12aS)-
1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,4-
dioxopyrazino(1°,2°:1,6) pyrido(3,4-b)indole-3-propanoic acid 1,1-dimethylethyl ester]
was purchased from Tocris Bioscience (Ellisville, MO). Zosuquidar [LY335979, (R)-4-
([1aR, 6R,10bS]-1,2-difluoro-1,1a,6,10b-tetrahydrodibenzo-[a,e] cyclopropa
[c]cycloheptan-6-yl)-([S-quinoloyloxy] methyl)-1-piperazine ethanol, trihydrochloride]
was provided by Eli Lilly and Co. (Indianapolis, IN). All other chemicals used were of
high-performance-liquid-chromatography or reagent grade and were obtained from

Sigma-Aldrich (St. Louis, MO).

6.2.2 In Vitro Accumulation Studies

Polarized Madin-Darby canine kidney II (MDCKII) cells were used for performing in
vitro accumulation studies. MDCKII-wild type and Berpl-transfected (MDCKII-Berpl)
cell lines were a kind gift from Dr. Alfred Schinkel (The Netherlands Cancer Institute).
MDCKII-wild type and gene encoding the human P-glycoprotein (MDR1)- transfected
(MDCKII-MDR1) cell lines were kindly provided by Dr. Piet Borst (The Netherlands

Cancer Institute). Cells were cultured in Dulbecco’s modified Eagle’s medium
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supplemented with 10% (v/v) fetal bovine serum and antibiotics (penicillin, 100 U/ml;
streptomycin, 100 mg/ml; and amphotericin B, 250 ng/ml). Cells were grown in 25 mL
tissue culture-treated flasks before seeding for the intracellular accumulation experiments
and were maintained at 37°C in a humidified incubator with 5% carbon dioxide.

The intracellular accumulation of E6201 was performed in 12-well polystyrene plates
(Corning Glassworks, Corning, NY). In brief, cells were seeded at a density of 2 x 10°
cells and grown until ~80% confluent. On the day of experiment, the culture media was
aspirated and the cells were washed two times with warm cell assay buffer (122 mM
NaCl, 25 mM NaHCO3, 10 mM glucose, 10 mM HEPES, 3 mM KCI, 2.5 mM MgSO,,
1.8 mM CaCl,, and 0.4 mM K,HPOy). The cells were then pre-incubated with cell assay
buffer for 30 min, after which the buffer was aspirated and the experiment was initiated
by adding 1 mL assay buffer containing 5 uM E6201 into each well with further
incubation for 60 minutes in an orbital shaker (ShelLab, Cornelius, OR) maintained at
37°C and 60 rpm. At the end of a 60-minute incubation, the experiment was ended by
aspirating the E6201 solution followed by washing twice with ice-cold phosphate-
buffered saline (PBS). The cell lysis was accomplished by adding 500 pL of 1% Triton-
X100 to each well. When the inhibitor was used, it was included in both pre-incubation
and accumulation steps. The concentration of E6201 in solubilized cell fractions was
analyzed using liquid chromatography—tandem mass spectrometry (LC-MS/ MS) as

described later, and was normalized to the protein content (BCA assay).
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6.2.3 In vitro binding assay for determination of free (unbound) fractions

The free fraction of E6201 in plasma, brain and serum-containing cell culture media were
determined by performing rapid equilibrium dialysis (RED) experiments as per the
protocol described by the manufacturer, with some modifications suggested in the
literature (Friden et al., 2007, Kalvass and Maurer, 2002). RED base plate (Thermo
Fisher Scientific), and single use RED inserts (Thermo Fisher Scientific) with 8 kDa
molecular weight cut off (MWCO) were used for these experiments. Briefly, fresh
plasma and brain homogenates (prepared in 3 volumes of PBS, w/v) isolated from wild-
type FVB mice were used. E6201 stock in DMSO (1 mg/mL) was spiked in plasma and
brain homogenate to obtain final concentrations of 10 uM (DMSO <1% of final volume),
and in cell culture media to obtain final concentrations of 1 uM. 300 pL of E6201 spiked
plasma/brain homogenate/media was placed in the sample chamber (donor), and 500 pL
of phosphate buffered saline (1x PBS at pH 7.4; 100 mM sodium phosphate and 150 mM
sodium chloride) was placed in buffer chamber (receiver) of the RED inserts in
triplicates. The inserts were placed in a base plate, the assembly covered with sealing tape
and incubated on an orbital shaker (ShelLab, Cornelius, OR) at 37°C and 300 rpm for 4
hours (preliminary studies show that equilibrium is achieved by 4 hours). After dialysis,
150 pL of both plasma/brain homogenate/media and buffer were collected and the
concentrations of E6201 were determined by LC-MS/MS. The Kp for trametinib has
been previously reported in literature, but the fu was not available. So, RED experiments

were performed to determine the free fractions of trametinib in plasma and brain, as
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described for E6201. The experiments were performed with a concentration of 2 uM

trametinib in both plasma and brain matrices.

6.2.4 In vitro cytotoxicity in patient-derived cell lines

The in vitro cytotoxicity of E6201 was tested in short-term cultured human primary
melanoma cells (BRAF-mutant M12 or BRAF-mutant M27 or NRAS-mutant M15) and
glioblastoma (GBM43, loss of NF1 and wild-type PTEN) cells that were maintained by
serial passages through subcutaneous implantation in immune-deficient mice (Carlson et
al., 2011). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) and antibiotics (penicillin, 100
U/ml and streptomycin, 100 pg/ml), and were maintained in a humidified incubator with
5% carbon dioxide at 37°C.

Briefly, the cells (M12 or M27 or M15 or GBM43) were seeded in 96-well black clear
bottom plates (Corning Incorporated, Corning, NY) at a density of 3500 cells per well,
and were treated with 9 concentrations of E6201 or trametinib (n = 6 per concentration)
24 hours after plating (about 80% confluency). The plates were incubated for 5 days, and
the cell viability was determined using a CyQuant cell proliferation assay (Invitrogen)
and fluorescence measurement with a BioTek Synergy HT plate reader. The relative

survival of cells was normalized to the untreated controls.

6.2.5 In vivo studies
Animals:
Friend leukemia virus strain B (FVB) wild-type (WT), Mdria/b” (P-gp knockout),

Berpl™ (Berp knockout), and Mdrla/b”" Berpl” (triple knockout) mice of either sex
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(balanced) were used for all the in vivo studies (Taconic Farms, Germantown, NY). All
mice used were 8-16 week-old adults, approximately 18 - 35 g, at the time of the
experiments. Mice were maintained in a 12-hour light/dark cycle with unlimited access to
food and water. All studies carried out were in agreement with the guidelines set by
Principles of Laboratory Animal Care (National Institutes of Health, Bethesda, MD), and
approved by Institutional Animal Care and Use Committee (IACUC) at University of
Minnesota.

Spatial brain distribution studies followed intracranial tumor implantation in female
athymic nude mice (Harlan Sprague-Dawley athymic nude-Foxnlnu; Envigo,
Indianapolis, IN) that were 6-7 weeks old. These studies were approved by Institutional
Animal Care and Use Committee (IACUC) at the Mayo Clinic and were carried out in
agreement with the guidelines set by the Principles of Laboratory Animal Care (National
Institutes of Health, Bethesda, MD). Animals were housed in a 12-hour light/dark cycle
with unrestricted access to water and food.

Plasma and brain pharmacokinetics of E6201 after intravenous, intraperitoneal and
oral administration:

All dosing solutions were freshly prepared on the day of the experiment. E6201 dosing
formulation was prepared by reconstituting lyophilized powder in single-use vials
(received from Strategia Therapeutics Inc.), containing 60 mg E6201 and 3 g Captisol,
with 8.5 mL sterile water for injection.

In the first set of studies, an intravenous (i.v.) bolus dose of 40 mg/kg E6201 (a dose

previously used in efficacy studies, E6201 investigators brochure) was administered to
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FVB wild-type, Mdrla/b’~, Berpl™, and Mdrla/b”" Berpl” knockout mice via tail vein.
Blood and brain samples were harvested at 0.083, 0.25, 0.5, 1, 2, 4 and 6 hours post-dose
in a serial sacrifice (destructive sampling) design (n = 5 at each time point). At the
desired sample collection time point, the animals were euthanized using a carbon dioxide
chamber. Blood was collected by cardiac puncture in heparinized tubes. The whole brain
was removed from the skull and washed with ice-cold distilled water, and superficial
meninges were removed by blotting with tissue paper. Plasma was separated by
centrifugation of whole blood at 3500 rpm and 4°C for 15 min. Both plasma and brain
samples were stored at -80°C until further analysis for E6201 concentrations by LC-
MS/MS. Brain concentrations were corrected for residual drug in brain vasculature
assuming a vascular volume of 1.4% in mouse brain (Dai et al., 2003).

In the second set of in vivo studies, 40 mg/kg E6201 was administered to FVB wild-type
and Mdrla/b” Bcrp]‘/ " knockout mice via intraperitoneal (i.p.) route. Blood and brain
samples were harvested at 0.25, 0.5, 1, 2, 4 and 6 hours post-dose in a serial sacrifice
design (n = 4 at each time point) as described for i.v. studies.

In the third study, 40 mg/kg E6201 was administered to FVB wild-type mice via oral
gavage (p.o.). Blood and brain samples were harvested at 0.25, 0.5, 1, 2, 4 and 6 hours
post-dose in a serial sacrifice design (n = 4 at each time point) as described for i.v.
studies.

Steady-state brain distribution of E6201 in FVB mice:

The determination of steady-state plasma and brain concentrations of E6201 was

accomplished by implanting Alzet osmotic mini pumps (model 1003D; Durect
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Corporation, Cupertino, CA) loaded with 6 mg/mL E6201 in the peritoneal cavity of
wild-type and Mdrla/b”" Berpl”” mice to deliver the drug at a constant rate of 6 pg/hr.
The E6201 formulation was prepared by reconstituting lyophilized powder in single-use
vials (received from Strategia Therapeutics Inc.), containing 60 mg E6201 and 3 g
Captisol, with 8.5 mL sterile water for injection, which yielded a final concentration of 6
mg/mL E6201. The drug formulation was loaded into minipumps and primed overnight
in sterile PBS at 37°C on the day before the experiment. The pumps were implanted into
the peritoneal cavity as described previously (Agarwal et al., 2013). Briefly, mice were
anaesthetized using isoflurane, and the hair over the skin on the abdominal cavity was
removed. A small incision was made in the skin on the lower right abdomen, followed by
an incision in the exposed peritoneal membrane under the cutaneous opening, and the
primed pump was inserted into the peritoneal cavity. The peritoneal membrane was
sutured with absorbable sutures, and the opening in the skin was sealed with surgical
clips. The whole procedure was performed on a heating pad until the animals fully
recovered. The half-life for E6201 in mice is approximately 45 minutes and so an
infusion lasting for 7 hours was considered sufficient to attain steady-state E6201 levels
in both plasma and brain. The mice were sacrificed, and blood and brain samples were
isolated 7 hours (steady state) following the implantation of osmotic minipumps. Plasma
was obtained by centrifugation of blood samples at 3500 rpm for 15 minutes. The plasma
and brain samples were stored at -80°C until analysis by LC-MS/MS.

Spatial brain distribution of E6201 in an intracranial tumor model:
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The spatial brain distribution of E6201 was examined in an intracranial mouse model.
M12 patient-derived melanoma cells, that were transduced with green fluorescent protein
and luciferase (M12-GFPLUC), were implanted via stereotaxic intracranial injections as
described previously (Carlson et al., 2011). Briefly, mice were anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg), and intracranial stereotaxic injections of
cell suspension (100,000 cells per mouse, 3 puL volume) were performed at 1 mm anterior
and 2 mm lateral from the bregma. After 2-3 weeks, mice with intracranial M12 tumors
received a single intraperitoneal dose of 40 mg/kg E6201. The blood and brain (tumor-
bearing) samples were collected 30 minutes post dose (n = 9). The harvested whole
brains were flash frozen immediately. Plasma was obtained by centrifugation of blood
samples at 3500 rpm and 4°C for 15 minutes. The samples were stored at -80°C until
further processing.

A fluorescence microscopy based technique was utilized for the dissection of tumor core,
tumor rim (brain adjacent to tumor, BAT) and normal (non-tumor) brain tissues from the
whole brain specimens. Briefly, thick coronal sections of tumor-bearing brains that were
1-2 mm in thickness were obtained using an acrylic mouse brain matrix (WPI). A
fluorescence microscope (Nikon AZ100M) was employed to visualize GFP labelled M12
tumors in the brain slices. The boundaries of tumor core were identified by relative
fluorescence, and biospy punches (Harris Uni-Core, Miltex) of varying diameters were
used to carefully dissect the tumor core from the rim regions. The tumor core was
identified as the region of the tumor with a fluorescence signal that was about 10-fold or

higher than the background fluorescence signal observed in the normal brain. The tumor
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rim was identified as the region surrounding the tumor core that has a fluorescence signal
about 5 to 10-fold higher than the background fluorescence signal. The brain tissue with
similar or lower signal than the background signal was isolated as the normal brain (i.e,
without tumor) regions. The tissues from the regions of interest were isolated from one or
more slices from an individual brain, and pooled together. All the collected samples were
stored at -80°C, and the concentrations of E6201 in the tumor core, tumor rim, normal

brain and plasma samples were determined using LC-MS/MS.

6.2.6 LC-MS/MS analysis

The concentrations of E6201 in all samples from in vitro and in vivo studies were
determined wusing a specific and sensitive LC-MS/MS assay. E6201 and
samples/solutions containing E6201 were protected from light in all experiments to avoid
drug degradation. Brain samples were homogenized using a mechanical homogenizer
(PowerGen 125; Thermo Fisher Scientific, Waltham, MA) following the addition of three
volumes of 5% bovine serum albumin (BSA) to obtain uniform homogenates. For
analysis of unknowns, an aliquot of sample (cell lysate, cell assay buffer, PBS, plasma, or
brain homogenate) was spiked with 50 ng of ER807551 as an internal standard and
liquid-liquid extraction was performed by addition of 5-10 volumes of ethyl acetate,
followed by vigorous shaking for 5 minutes and centrifugation at 7500 rpm and 4°C for 5
minutes. The organic layer was separated and transferred to microcentrifuge tubes, and
dried under nitrogen gas. The dried powder was reconstituted in 100 uL. of mobile phase
and transferred into high-performance-liquid-chromatography glass vials with

microinserts. Chromatographic analysis was performed using an AQUITY UPLC system
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(Waters, Milford, MA). The chromatographic separation was achieved by injection of 7.5
puL sample onto a C18 YMC-ODS-AM (3 p particle size, 2.0 mm ID x 23 mm length;
YMC America, USA) column. A gradient method was employed with mobile phase
consisting of 0.1% formic acid in water as the aqueous component (A) and 0.1% formic
acid in methanol as the organic component (B). The gradient was as follows: started with
35% B at 0 minutes, increased to 100% B by 0.5 minutes and maintained at 100% B up to
3.2 minutes, decreased to 35% B by 3.5 minutes and maintained at 35% B up to 7
minutes. The mobile phase was delivered at a constant flow rate of 0.3 mL/min.

The column effluent was monitored using a Micromass Quattro Ultima mass
spectrometer (Waters, Milford, MA). The instrument was equipped with an electrospray
interface, and controlled by the MassLynx (Version 4.1; Waters) data system. The
samples were analyzed using an electrospray probe in the positive-ionization mode
operating at a spray voltage of 2.5 kV for both E6201 and ER807551. Samples were
introduced into the interface through a heated nebulized probe, in which the source
temperature and desolvation temperature were set at 100°C and 400°C, respectively. The
mass spectrometer was programmed to allow the [MH]" ions of E6201 and ER807551 at
m/z ratios of 390.08 and 450.08, respectively, to pass through the first quadrupole (Q1)
and into the collision cell (Q2). The collision energy was set at 20 V and 25 V for E6201
and ER807551, respectively. The daughter ions for E6201 (m/z 232) and ER807551 (m/z
273.96) were monitored through the third quadrupole (Q3). The retention times for
E6201 and ER807551 were 1.11 and 1.12 minutes, respectively. The runtime was 7

minutes.
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6.2.7 Pharmacokinetic analysis and calculations

Pharmacokinetic parameters from the concentration-time profiles in plasma and brain
were obtained by non-compartmental analysis (NCA) performed using Phoenix
WinNonlin version 6.4 (Certara USA, Inc., Princeton, NJ). The area under the
concentration-time curves (AUC) for plasma (AUCppsma) and brain (AUCyin) were
calculated using the linear trapezoidal method. The standard errors around the means of
AUC and Cmax were estimated using the sparse sampling module in WinNonlin
(Nedelman and Jia, 1998).

Free (unbound) fraction (fu) in plasma and brain homogenate were calculated as the ratio
of buffer to matrix concentrations of E6201 (Kalvass and Maurer, 2002).

f0. diluted = E6201 concentration in buffer (receiver) Eauation 1
A = "E6201 concentration in matrix (donor) (Equation 1)

The fraction unbound for brain was determined from the measured fraction unbound in
diluted brain homogenate (fu,diluted), using the following equation (Kalvass and Maurer,
2002).

. 1/D .
fu, brain = (1/fu, diluted — 1) + 1/D (Equation 2)

where D (equal to 4) represents the dilution factor, accounting for the diluted brain
homogenate.
The recovery was estimated using the equation,

(donor mass + receiver mass)after dialysis

Recovery (%) = x 100 (Equation 3)

donor mass, before dialysis

The brain-to-plasma ratio (Kp) was calculated as the ratio of AUCpin to AUCjasma.
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Ko — AUCbrain
P= AUCplasma

(Equation 4)

A comparison of relative drug exposure in the brain between wild-type and knockout
(Mdrla/b’, Berpl™”, and Mdrla/b” Berpl””) mice was made using the distribution
advantage (DA).

_ Kp, knockout

DA (Equation 5)

~ Kp,wild type
The unbound partition coefficient (Kp,uu) was calculated for the four genotypes using the
equation,

AUCbrain x fu, brain
AUCplasma x fu, plasma

Kp,uu = (Equation 6)

6.2.8 Statistical Analysis

GraphPad Prism version 6.04 (GraphPad, L Jolla, CA) software was used for the
statistical analysis. The sample sizes used were based on previous work and were
determined based on approximately 80% power to detect 50% difference between groups.
Data from all experiments are represented as mean + standard deviation (S.D.) or mean +
standard error of the mean (S.E.M) unless otherwise indicated. Comparisons between two
groups were made using an unpaired t-test. Comparisons between multiple groups were
made using one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple

comparison test. A significance level of P < 0.05 was used for all statistical analysis.
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6.3 RESULTS

6.3.1 In vitro accumulation of E6201 in MDCKII-Berpl and MDCKII-MDR1 cells

The intracellular accumulation of E6201 in MDCKII wild-type, Berpl-transfected, and
MDR I-transfected cell lines is summarized in Figure 2. [*H]-Prazosin and [*H]-
vinblastine were used as positive controls for Bcrpl and MDRI, respectively. As
expected, the cellular accumulation of [*H]-prazosin was significantly lower as compared
with wild-type controls (WT: 100+£29%; Berpl: 25+5%; P<0.05). Similarly, the cellular
accumulation of [*H]-vinblastine was also significantly lower when compared with wild-
type controls (WT: 100+31%; MDRI1: 7+1%; P<0.01). These results validate the
significant elevation of efflux transporter activity in the relevant transfected cell lines. In
the same experiment, incubation with 5 uM E6201 showed that the accumulation of
E6201 was not significantly different in Berpl cells (Berp: 107+29%; WT: 100+29%),
and in MDRI1 cells (MDR1: 89+16%; WT: 100+9%) when compared with corresponding
wild-type controls. The addition of 0.2 uM Ko143, a specific Berpl inhibitor, to the
Berpl cells and 1 uM LY 335979, a specific MDR1 inhibitor, to MDR1 cells did not lead
to significant differences in intracellular accumulation when compared to transfected
cells without inhibitor. These data indicate that E6201 is not a substrate for either P-gp or

Berpl.

6.3.2 Determination of free (unbound) fraction of E6201 and trametinib
In vitro rapid equilibrium dialysis was used for the determination of free fraction
(equations 1 and 2) in plasma, brain and cell culture media. The free fraction (fu) for

E6201 in plasma was determined to be 2.63 + 0.18% and the mass balance recovery of
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the experiment was 94.04 + 3.32% (Table 1). The fu for E6201 in brain was found to be
0.14 £ 0.02% and the mass balance recovery was 113.20 = 9.50% (Table 1). The fu for
E6201 in cell culture media was found to be 0.39 + 0.04% and the recovery was 79.96 +
1.80% (Table 1). The fu for trametinib in plasma was found to be 0.21 £+ 0.03% and the
mass balance recovery of the experiment was 99.9% + 8.42% (Table 1). The fu for
trametinib in brain was determined to be 0.21 £+ 0.02% and the mass balance recovery
was 106.56 + 2.35% (Table 1). The estimated fu values were used for the determination

of unbound partition coefficient, Kp,uu.

6.3.3 In vitro efficacy in patient-derived cell lines

The in vitro efficacy studies were performed in 4 patient-derived cell lines. The total ICs
for trametinib (control) and E6201 were estimated using the total drug concentration-
response curves determined in BRAF-mutant M12, BRAF-mutant M27, and NRAS-
mutant M15 melanoma cell lines, and GBM43 cell line. The free ICsy, values were
estimated using the total ICsy estimates and the free fraction of E6201 in cell culture
media. The dose-response curves are shown in Figure 3, and the ICsg values are listed in
Table 2, respectively. The results indicate that M12 is the most sensitive and GBM43 is

the least sensitive cell line to treatment with E6201, among the cell lines tested.

6.3.4 Plasma and brain pharmacokinetics following intravenous, intraperitoneal and
oral E6201 administration

The pharmacokinetic parameters for E6201 were determined in FVB wild-type and
transporter deficient (knockout) mice following various routes of E6201 administration.

The brain and plasma concentration time profiles and brain-to-plasma ratio profiles in
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FVB wild-type, Mdrla/b’;, Berpl™”, and Mdrla/b” Berpl” mice following a single
intravenous bolus dose of 40 mg/kg E6201 are as shown in Figure 4. The total plasma
E6201 concentrations (Figure 4A) were similar between the four genotypes at any given
time point. The total brain E6201 concentrations (Figure 4B) at the indicated time points
were higher than the total plasma concentrations in all the four genotypes. Table 3
summarizes the estimated pharmacokinetic parameters in the four genotypes of mice
studied. There were no statistically significant differences between the wild-type plasma
AUC and any of the transporter knockout plasma AUCs. The estimated AUCs in the
brain for Mdrla/b”, Berpl . and Mdrla/b” Berpl " mice were significantly higher when
compared with the AUC in wild-type mice (P<0.05). The observed systemic clearance
and volume of distribution were similar in the wild-type and knockout mice. The brain-
to-plasma AUC ratios (Kp, equation 4) in the wild-type, Mdrla/b’- Berpl”, and
Mdrla/b” Bcrp]'/ " mice were 2.66, 4.37, 3.72 and 5.40, respectively. A comparison of
relative drug exposure in the brain between wild-type and knockout (Mdr1 a/b’, Berpl ”
and Mdrla/b”" Berpl™) mice was made using the distribution advantage (DA), which is
defined as the Kp in knockout mice normalized by the Kp in wild-type mice (equation 5).
The DA in Mdrla/b’, Berpl™, and Mdrla/b” Berpl” mice were 1.64, 1.39 and 2.03,
suggesting minimal involvement of P-gp and Bcrp in limiting the brain distribution of
E6201. The extent of distribution of free drug is represented by term “Kpuu” and can be
defined as the ratio of the unbound drug exposure in the brain over the unbound drug
exposure in plasma (equation 6). The Kp,uu in the wild-type, Mdrla/b’, Bcrp]'/ ", and

Mdrla/b” BerpI”™ mice were 0.14, 0.24, 0.20 and 0.29, respectively.
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The concentration time profiles and brain-to-plasma ratio profiles in FVB wild-type and
Mdrla/b” Berpl”™ mice following a single intraperitoneal dose of 40 mg/kg E6201 are
shown in Figure 5. The estimated pharmacokinetic parameters are summarized in Table
4. There was no statistically significant difference between the wild-type plasma AUC
and Mdrla/b” Berpl™ plasma AUC. The AUC in the brain for Mdria/b”” Berpl”™ mice
was significantly higher when compared to the AUC in wild-type mice (P<0.05). The Kp
in wild-type and Mdrla/b”" Berpl” mice were 2.2 and 3.83, respectively. The Kp,uu
values in wild-type and Mdrla/b”" Berpl”™ mice were 0.12 and 0.21, respectively. The
absolute bioavailability (F) following i.p. administration was found to be 0.95.

The concentration time profiles and brain-to-plasma ratio profile in FVB wild-type mice
following single oral dose of 40 mg/kg E6201 are shown in Figure 6. The estimated
pharmacokinetic parameters are summarized in Table 5. The Kp and Kp,uu were found to
be 2.35 and 0.13, respectively. The absolute bioavailability following p.o. administration

was 0.39.

6.3.5 Steady-state brain distribution of E6201 in FVB mice

The steady-state concentrations of E6201 in brain (48.22 + 20.99 ng/g in wild-type mice;
82.32 £ 21.59 ng/g in Mdrla/b” 'Bcrp]'/ " mice) were higher than that in plasma (26.54 +
4.60 ng/mL in wild-type mice; 18.57 = 2.46 ng/mL in Mdrla/b” 'Bcrp]'/ " mice), for both
wild-type and Mdrla/b” 'Bcrp]'/ " mice (Figure 7A). The corresponding brain-to-plasma
ratios (Kp) in wild-type and Mdrl a/b” ‘Berpl " mice were 1.8 and 4.38, respectively

(Figure 7B).
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6.3.6 Spatial distribution of E6201 in an intracranial tumor model

The representative microscopy images of a brain slice and dissected regions of interest, as
well as the concentrations of E6201 in plasma, tumor core, tumor rim and normal brain at
30 minutes following administration of a single intraperitoneal dose of 40 mg/kg E6201
are shown in Figure 8. Also shown are the brain (tumor tissue)-to-plasma concentration
ratios (Kp) in tumor core, tumor rim and normal brain. The results indicate a
heterogeneous distribution of E6201 across the BBB (assuming similar binding in the
different regions) in the M12 intracranial mouse model, with the relative distribution of
E6201 being lowest to the tumor core and highest to the normal brain region. The average
Kp in the normal brain was higher than that in the tumor rim, and the Kp in tumor rim

was higher than that in the tumor core.
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6.4 DISCUSSION

The approved small molecule targeted therapies for melanoma; inhibitors of MAP kinase
signaling (BRAF inhibitors, vemurafenib and dabrafenib; MEK inhibitors, trametinib and
cobimetinib) and large molecule immune checkpoint inhibitors (CTLA-4 inhibitors such
as ipilimumab, and PD-1 inhibitors such as nivolumab) have shown improvements in
overall survival (OS) and progression-free survival (PFS) by a few months in patients
with MBM (Cohen et al., 2016, Dummer et al., 2014, Falchook et al., 2012, Long et al.,
2012, Margolin et al., 2012, Spagnolo et al., 2016). While encouraging (Bates, 2013), it is
still difficult to treat advanced metastatic disease that has spread to the brain. The modest
efficacy in patients with MBM may be related to both inadequate drug delivery and
specific brain microenvironment driven changes in gene expression. Previous studies
have shown that vemurafenib, dabrafenib, trametinib and cobimetinib have limited brain
distribution due to active efflux by Berp and/or P-gp (Choo et al., 2014, Mittapalli et al.,
2013, Mittapalli et al., 2012, Vaidhyanathan et al., 2014).

E6201, a novel MEK inhibitor, may be beneficial in treatment of melanoma either in
combination with a BRAF inhibitor or as a single agent. In the current study, we
investigated brain distribution of E6201 in mice, examined the role of efflux transport on
brain distribution, and determined its free fraction in plasma and brain. The results help
us understand if E6201 can distribute across the BBB to achieve therapeutically active
levels, and also allow us to compare E6201’s brain distribution profile with currently
available MEK inhibitors. To our knowledge, this is the first report of the brain

distribution and active efflux of E6201.
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In vitro intracellular accumulation studies in transfected MDCKII cells overexpressing
either murine Berp or human P-gp, strongly suggest that E6201 is not a substrate of Berp
or P-gp. The intracellular E6201 concentrations were not different between wild-type and
Berpl-/MDR 1 -transfected cells, and also in Berpl- and MDR I-transfected cells treated
with and without specific inhibitor of transporter (Figure 2). Moreover, directional flux
studies showed that E6201 was unlikely to be a substrate of P-gp (E6201 investigators
brochure). Subsequent experiments tested the influence of Bcrp and/or P-gp on brain
distribution of E6201 in vivo.

The in vitro efficacy experiments were conducted in 3 patient derived melanoma cell
lines (BRAF-mutant M12, BRAF-mutant M27, NRAS-mutant M15). MEK inhibition is
an important treatment strategy in melanoma tumors that exhibit mutations in RAF or
RAS, and so efficacy testing was performed in these cell lines. The results indicate that
BRAF-mutant M 12 is the most sensitive to E6201 among the 3 patient derived melanoma
cell lines tested, with a low nanomolar ICsy (Figure 3, Table 2). Moreover, reports
suggest that NF1-driven tumors (loss of NF1) are sensitive to MEK inhibition
(Ameratunga et al., 2016), and wild-type PTEN status is important for sensitivity to
E6201 (Byron et al., 2012). GBM43 exhibits both these features, and so in vitro efficacy
testing was also performed in this GBM cell line. However, the results show that the
sensitivity of GBM43 to E6201 is much lower compared to the tested melanoma cell
lines (Figure 3, Table 2).

In vivo pharmacokinetic experiments following 40 mg/kg single intravenous bolus dose

of E6201 indicate that total concentrations in brain were higher than that in plasma at all
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measured time points in the four genotypes, while plasma concentrations were similar
(Figure 4). Consequently, observed AUCs in brain were higher than AUCs in plasma, as
can be recognized from the brain-to-plasma AUC ratios (Kp) of 2.66, 4.37, 3.72 and 5.40
in wild-type, Mdrla/b”-, Berpl™”, and Mdrla/b” Berpl™” mice, respectively (Table 3).
While plasma AUCs are not significantly different, brain AUCs are significantly higher
in knockouts compared to wild-type mice. This indicates that P-gp and Bcrp may play a
role in limiting E6201°s brain delivery; however, the increase in exposure is minimal (2-
fold in Mdrla/b™ Berpl “ mice) when compared to many substrates reported in literature,
for instance cobimetinib (30-fold in Mdrl a/b” Bcrpl‘/ " mice (Choo et al., 2014)) and
trametinib (5-fold in Mdrla/b”" Berpl™” mice (Vaidhyanathan et al., 2014)). A possibility
for the modest increase in Kp (<2-fold), given the in vitro results, could be related to
changes in transporter expression in knockout mice. Though a change in expression could
be possible for some unknown transporter, it is unlikely here, given the results of
transporter, receptor, and tight junction proteomic analysis in wild-type compared to
Mdrla/b” and/or Bcrp]‘/‘ mice (Agarwal; Uchida; et al., 2012) indicated no change in
expression of BBB proteins. Nevertheless, these results show that E6201, for a
molecularly-targeted agent, has brain distribution characteristics that are minimally
influenced by Berp and P-gp efflux at the BBB.

The brain partitioning following i.p. and p.o. administration of E6201 at the same dose
was similar to that observed in i.v. studies. The absolute bioavailability (F) of E6201 was
higher following i.p dosing compared to p.o. dosing (F=0.95, i.p., F=0.39, p.o.; Table 4,

Table 5). The total E6201 steady-state concentrations in the brain were higher than those
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in plasma, in both wild-type and Mdrla/b” Berpl” mice. This is reflected in the brain-
to-plasma ratio being greater than unity in wild-type mice (Kp = 1.8), again suggesting
that E6201 favors distribution to the brain compared to plasma. The increase in Kp by
about ~2.5 fold in mice lacking P-gp and Berp (Kp = 4.38), indicates that the brain
distribution of E6201 is minimally influenced by efflux transport at the blood-brain
barrier. Consistent with in vitro results, in vivo studies characterizing the brain exposure
of E6201 demonstrate that neither Berp nor P-gp show a marked involvement in limiting
the brain delivery of E6201.

Furthermore, we have examined the distribution of E6201 across the BBB in an
intracranial M12 melanoma model, and the distribution was found to be variable to
regions of tumor and normal brain (Figure 8). The average Kp in normal brain (Kp =2.91
+ 0.39) was similar to the Kp observed at the 30 minute time point in pharmacokinetic
studies following intraperitoneal dosing of E6201 in non-tumor bearing FVB mice (Kp =
2.39 £ 0.58). The rank order of the average Kp was normal brain higher than tumor rim
and tumor rim higher than tumor core. These results indicate that the accumulation of
E6201 in the normal brain and the growing edge of the intracranial M12 tumor (tumor
rim) is relatively higher than in the necrotic tumor core. A possible reason for such an
observation is perfusion limited drug distribution to the necrotic tumor core. The tumor
perfusion can be variable depending on the location within the tumor, and necrotic tumor
regions, though leakier, can have a relatively poor perfusion (Jain et al., 2007). For a
compound like E6201 that has a high BBB permeability, a perfusion limited distribution

to the necrotic tumor core may lead to a relatively lower drug accumulation in the tumor

227



core compared to the normal brain regions. Another possibility for this finding may be
related to differences in drug binding in the tumor regions compared to the normal brain.
Previous studies in our lab have shown that the unbound (free) fraction of ponatinib was
higher in the core of GBM6 intracranial tumor compared to that in the normal brain
(Laramy et al., 2017). A similar behavior for E6201 can result in a lower binding (higher
free fraction) in the tumor core compared to normal brain, and that may lead to a lower
drug accumulation in the tumor core relative to normal brain. While there exists
heterogeneity in regional drug distribution, E6201 has a favorable brain distribution
profile and achieves exposures in regions of tumor, including the actively growing edge,
as well as in the normal brain that may result in beneficial outcomes.

In vitro rapid equilibrium dialysis experiments indicate that E6201 exhibits higher non-
specific binding in brain compared to plasma, possibly related to lipophilic brain
environment, with free fractions (fu) of 0.14% and 3.4%, respectively (Table 1). The fu
values were used to estimate the unbound partition coefficients (Kp,uu) in wild-type,
Mdrla/b’~, Berpl™, and Mdrla/b” Berpl”™ mice, 0.14, 0.24, 0.2 and 0.29, respectively,
following i.v. dosing (Table 3). The Kp,uu values in all four genotypes of mice were less
than one indicating a distribution disequilibrium (Di et al., 2013, Summerfield et al.,
2016). It is likely that E6201 has a high passive permeability in the absence of active
efflux, since it is a relatively small molecule (389.45 g/mol), highly lipophilic (xlogP3 =
3.3 (Pubchem), logP = 3.63 (E6201 investigators brochure)), and not significantly
charged at physiological pH (pKa of basic nitrogen = 8.8 (E6201 investigators

brochure)). Also, it can be seen from the brain-to-plasma ratio plot for the four genotypes

228



(Figure 4C) that an equilibrium between brain and plasma concentrations is achieved
rapidly (~0.5 hr) suggesting a high rate into brain. Given these observations, it is possible
that Kp,uu less than unity is related to efflux transporter(s) other than Berp and P-gp are
influencing E6201’s brain delivery, especially given that Kp,uu in Mdrla/b” Berpl™
mice is also less than unity.

The average free drug concentrations in wild-type mice were determined at measured
time points to obtain the free concentration-time profile. The free concentrations were
then compared to in vitro potency estimates in melanoma cell lines to evaluate the
potential of E6201 for treatment of MBM. The free concentrations in brain reached levels
higher than the reported ICsy value (ICso = 43.7 nmol/L, SK-MEL-28 melanoma cell line;
E6201 investigators brochure), suggesting that E6201 may show efficacy in treatment of
MEK-driven brain tumors (Figure 9A). Also, since the ICsy measurements employed total
and not free concentrations in media, the free ICsy can be expected to be even lower,
giving further credence to the idea that adequate delivery may be achieved in vivo. Also,
the unbound concentrations were compared with the free ICsyp in BRAF-mutant M12
melanoma cell line. The concentrations in the brain were higher than the free ICs,
estimated using the total ICsy and the free fraction in cell culture media, for about 2 hours
in M12 cell line (Figure 9B). Given such insights, it would be valuable to conduct
efficacy studies with E6201 in preclinical models of MBM as a next step to better
understand in vivo efficacy, and lead to clinical trials. Hence, we are currently evaluating
the in vivo efficacy of E6201, in flank (subcutaneous) and intracranial patient-derived

xenograft (PDX) mouse models implanted with BRAF-mutant M12 tumors.
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The unique macrocyclic structure of E6201 may enhance its brain penetration by
avoiding active efflux via Berp and P-gp. A macrocyclic structure facilitates a reduction
in rotatable bonds, reported to positively correlate with improved brain penetration by
lessening active efflux (Heffron, 2016). Also, of at least equal, and probably greater,
significance is the opportunity for formation of intramolecular hydrogen bonds that can
effectively mask hydrogen-bond donors (HBD), which have a profound correlation with
likelihood of transporter mediated efflux (Heffron, 2016). The 3-dimensional x-ray
crystal structure of E6201 bound to MEK (see

http://www.rcsb.org/pdb/explore.do?structureld=5HZE) shows that each of the

alcohol/phenol "OH" groups are capable of intramolecular hydrogen bonding, thereby
allowing effective masking of 3 of the 4 available HBDs, essentially leaving only 1
effective HBD. Such observations have been reported for other targeted agents such as
lorlatinib (ALK inhibitor) and AZD3759 (EGFR inhibitor) (Johnson et al., 2014, Zeng et
al., 2015). Recent literature highlights the fact that an optimal balance of
physicochemical properties is necessary to achieve adequate distribution to brain, and
drugs having low molecular weight, fewer rotatable bonds, low total polar surface area
(TPSA), and fewer HBDs are expected to have better CNS penetration (Heffron, 2016,
Rankovic, 2015, Wager et al., 2016). The combination of few rotatable bonds and few
effective HBDs readily explains how E6201 achieves significant brain distribution.

In the context of brain tumors, it is important to note that the approved MEK inhibitors,
trametinib and cobimetinib, show limited brain distribution due to active efflux. The Kp

for trametinib and cobimetinib in wild-type mice were 0.15 and 0.32, respectively (Table
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6). As evident from the Kp of 2.66 in wild-type mice, the total concentrations for E6201
are higher in brain compared to plasma, unlike for trametinib and cobimetinib. Given that
the three MEK inhibitors are highly protein bound, Kp,uu for E6201 is much higher than
that of cobimetinib and similar to that of trametinib (Table 6). The brain distribution
profile of E6201 makes it an attractive MEK inhibitor for the treatment of MBM, with
potential for achieving improved treatment responses.

The development of targeted agents inhibiting the MAPK pathway and immunotherapies
has led to major advances in the treatment of patients with metastatic melanoma.
However, it is crucial to realize the challenges that still remain in delivering the
molecularly-targeted agents to tumor cells in the brain that may be growing behind an
intact BBB. Both the brain microenvironment-driven changes in genetic expression
leading to resistance and CNS drug delivery issues need to be addressed to achieve a
clinically meaningful response in MBM and other brain tumors. Though single agent
treatment may show responses, there is a need to test rational combinations (e.g., a BRAF
inhibitor and MEK inhibitor to better inhibit MAPK pathway; a BRAF/MEK inhibitor
and a PI3K/mTOR inhibitor to inhibit both MAPK and PI3K pathways) to tackle issues
of resistance to therapy. When using combinations, it is important to examine CNS
distribution of all agents in the combination regimen since all administered drugs should
adequately reach the target site in brain to achieve desired responses and minimize
emergence of resistance. Despite the remarkable progress, there remains a need to
develop better therapies for MBMs, and drug delivery across the BBB is one crucial

factor that requires attention to fulfill this goal.
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TABLES

Table 6. 1 Free fraction (fu) for E6201 and trametinib in matrices of interest, determined by in vitro rapid

equilibrium dialysis (RED) experiments. Data represent the mean + S.D. (n = 3).

Inhibitor Matrix fu fu (%) Recovery (%) | fu /fu
brain plasma
E6201 Plasma 0.026 + 0.002 2.63+0.18 94.04 +3.32 0.054
Brain 0.0014 £ 0.0002 0.14+0.02 113.20 £9.49 -
Media 0.39+£0.04 39.16 £ 3.99 79.96 + 1.80 -
Trametinib | Plasma 0.0021 + 0.0003 0.21+0.03 99.90 + 8.42 1
Brain 0.0021 £ 0.0002 0.21£0.02 106.56 £2.35 -

fu, free (unbound) fraction
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Table 6. 2 Total and free (unbound) ICs, values for trametinib (control) and E6201 in patient derived
melanoma (BRAF-mutant M12, BRAF-mutant M27, NRAS-mutant M15) and GBM (GBM43) cell lines.
The free ICs, for E6201 were determined using the total ICsy estimates and the unbound fraction (fu) in cell

culture media.

IC5y (nM)

(95% confidence intervals) Free ICs) (nM)

M12 M27 M15 |[GBM43| M12 M27 M15 |GBM43

10.04
Trametinib <1 <1 <1 (6.37- - - - -
15.84)

1506 | 151.7 | 2109 | 1629
E6201 (11.64- | (108.7- | (165.9- | (1125- | 587 | 59.15 | 8226 | 635.3
19.51) | 211.9) | 268.2) | 2358)
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Table 6. 3 The pharmacokinetic/metric parameters of E6201 in FVB wild-type, Mdrla/b’~, Berpl™”, and
Mdrla/b” Berpl” knockout mice following administration of single intravenous bolus dose of 40 mg/kg.

Data are presented as mean or mean + S.E.M (n=5).

Plasma Brain

Wild- | prgrg a/b_/_ Berpl ” Mdrl a/b_/_ Wild- | prgrg a/b_/_ Berpl ” Mdrl a/b_/_

type Berpl ” e Berpl ”
Half-life 0.65 0.78 0.76 0.83 0.62 0.69 0.60 0.66
(hr)
AUC(O_O 10.20 + 10.69 + 9.89 + 9.36 2717+ 46.68 £ 36.78 + 50.59 =
(ng*hr/mL) 0.29 0.75 0.70 0.45 0.95 2.51 2.04 3.09
AUC(o.w) 10.21 10.73 9.92 9.40 27.19 46.75 36.81 50.66
(ng*hr/mL)
CL 65.27 62.17 67.17 70.92 - - - -
(mL/min/kg)
vd 3.7 4.2 4.4 5.1 - - - -
(L/kg)
Kp - - - - 2.7 4.4 3.7 5.4
(AUC(O_t) ratio)
Kp,uu - - - - 0.14 0.24 0.2 0.29
(AUC(O-t) ratio)
DA - - - - 1 1.6 1.4 2

AUC(O_t), area under the curve from zero to the time of last measured concentration

AUC(o.w)’ area under the curve from zero to time infinity
CL, clearance

Vd, volume of distribution
Kp (AUC ratio), the ratio of AUC _ to AUC using total drug concentrations
(0-t,brain) (0-t,plasma)

Kp,uu (AUC ratio), the ratio of AUC _ to AUC using free drug concentrations
(0-t,brain) (0-t,plasma)

DA (Distribution advantage), the ratio of ka to Kp

nockout wild-type
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Table 6. 4 The pharmacokinetic/metric parameters of E6201 in FVB wild-type and Mdrla/b” Berpl™”
knockout mice following administration of single intraperitoneal dose of 40 mg/kg. Data are presented as

mean or mean = S.E.M (n=4).

Plasma Brain

Wild-type | g1 a/b_/_ Berpl “ | Wild-type Mdrl a/b_/_ Berpl "
Half-life (hr) 0.76 0.62 0.58 0.6
Cmax (ng/mL) 11.70 £2.25 18.40 + 5.80 16.72 + 1.36 30.75+£3.93
Tmax (hr) 0.25 0.25 0.5 0.5
AUC(O_t) (ug*hr/mL) 9.69+0.73 11.73 £1.57 21.44+£1.13 4493 £3.62
AUC(O_w) (ng*hr/mkL) 9.73 11.75 21.46 44.99
CL/F (mL/min/kg) 68.5 56.75 - -
Vd/F (L/kg) 4.5 3.1 - -
Kp (AUC(o_t) ratio) - - 2.2 3.83
Kp,uu (AUC(O_t) ratio) - - 0.12 0.21
DA - - 1 1.75
F 0.95 - - -

Cmax, observed maximum concentration

Tmax, time to reach the maximum concentration

AUC(0 o area under the curve from zero to the time of last measured concentration
AUC(0 . area under the curve from zero to time infinity

CL/F, apparent clearance

Vd/F, apparent volume of distribution
Kp (AUC ratio), the ratio of AUC to AUC(O-[ olasma)

(0-t,brain)
Kp,uu (AUC ratio), the ratio of AUC _ to AUC
(0-t,brain) (0-t,plasma)

DA (Distribution advantage), the ratio of ka to Kp

nockout wild-type

F (Absolute bioavailability), ratio of the dose corrected AUC(O_

using total drug concentrations
using free drug concentrations

o to dose corrected AUC

)] (0-),iv
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Table 6. 5 E6201 pharmacokinetic/metric parameters in FVB wild-type mice following administration of

single oral dose of 40 mg/kg. Data are presented as mean or mean + S.E.M (n=4).

Plasma Brain
Half-life (hr) 1.37 0.98
Cmax (ng/mL) 2.44+0.41 6.04 +1.55
Tmax (hr) 0.5 0.5

AUC(O_t) (ng*hr/mL) 3.94+0.54 9.23+1.95

AUC(G_OO) (ng*hr/mL) 4.22 9.31
CL/F (mL/min/kg) 158 -
Vd/F (L/kg) 18.7 -
Kp (AUC(O_t) ratio) - 2.35
Kp,uu (AUC(O_O ratio) - 0.13
F 0.39 -

Cmax, observed maximum concentration
Tmax, time to reach the maximum concentration

AUC(O_t), area under the curve from zero to the time of last measured concentration

AUC(O_OO), area under the curve from zero to time infinity
CL/F, apparent clearance
Vd/F, apparent volume of distribution
Kp (AUC ratio), the ratio of AUC _to AUC using total drug concentrations
(0-t,brain) (0-t,plasma)
Kp,uu (AUC ratio), the ratio of AUC _to AUC using free drug concentrations
(0-t,brain) (0-t,plasma)

F (Absolute bioavailability), ratio of the dose corrected AUC(O_O o to dose corrected AUC(O_O N
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Table 6. 6 Comparison of brain distribution of MEK inhibitors in wild-type mice. Data are presented as

means.

MEK inhibitor | Dose Kp fu |fu | Kpuu
mg/kg P

Trametinib 5Gv) | o5 | 00021 |0.0021 | 0.15

b
Cobimetinib 10 (po) | 0.32 | 0.0012 | 0.014 | 0.027

E6201 40 (iv) | 2.66 | 0.0014 | 0.034 0.14

fu, free (unbound) fraction
Kp (AUC ratio), the ratio of AUC _to AUC using total drug concentrations
(0-t,brain) (0-t,plasma)

Kp,uu (AUC ratio), the ratio of AUC( using free drug concentrations

. to AUC
. 0-t,brain) (0-t,plasma)
Kp reported by Vaidhyanathan et al. 2014
b

Results reported by Choo et al. 2014; Kp and Kp,uu based on plasma and brain concentrations 6 hr post dose
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FIGURES

Figure 6. 1 Chemical structure of (A) E6201, (B) cobimetinib, and (C) trametinib.
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Figure 6. 2 In vitro intracellular accumulation of E6201. (A)The accumulation of prazosin (Bcrp probe
substrate; positive control) and E6201 in MDCKII wild-type and Berpl-transfected cell lines with and
without Berp inhibitor Ko143 (0.2 uM). (B) The accumulation of E6201 and vinblastine (probe substrate
for P-gp; positive control) in wild-type and MDRI1-transfected cells with and without P-gp inhibitor
LY335979 (1 uM). Data represent the mean = S.D.; n = 3 for all data points. *P< 0.05 compared with
respective wild-type controls; #P< 0.01 compared with the untreated transfected cell line; **P< 0.01

compared with respective wild-type controls; ***P< 0.001 compared with the untreated transfected cell

line.
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Figure 6. 3 In vitro cytotoxicity of E6201 and trametinib (control) in patient-derived melanoma and GBM
cell lines. Dose-response curves showing the effect of various concentrations of E6201 and trametinib on
(A) BRAF-mutant M12 melanoma cell line, (B) BRAF-mutant M27 melanoma cell line, (C) NRAS-mutant
M15 melanoma cell line, and (D) GBM43 cell line. Data represent the mean = S.E.M.; n = 6 for all data

points.
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Figure 6. 4 Pharmacokinetic profiles of E6201 in FVB wild-type, Mdrla/b’, Berpl”, and Mdrla/b”
Berpl " mice following intravenous (i.v.) administration. Plasma concentrations (A), brain concentrations
(B), and brain-to-plasma concentration ratios (C) of E6201 in wild-type, Mdrla/b”, Berpl™, and Mdrla/b”
Berpl”” mice following administration of single i.v. bolus dose of 40 mg/kg. The dashed line in (C)

represents a brain-to-plasma ratio (Kp) of unity. Data represent mean = S.D., n = 5.
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Figure 6. S Pharmacokinetic profiles of E6201 in FVB wild-type and Mdrla/b” Berpl™” mice following
intraperitoneal (i.p.) administration. Plasma concentrations (A), brain concentrations (B), and brain-to-
plasma concentration ratios (C) of E6201 in wild-type and Mdrla/b” Berpl” mice following
administration of single i.p. dose of 40 mg/kg. The dashed line in (C) represents a brain-to-plasma ratio

(Kp) of unity. Data represent mean + S.D., n = 4.

>
[o0)

- 1005 -©~ Wwild-type, i.p. 100 3 —©— Wild-type, i.p.
4 ] B wmdrtam™ Berp1™,ip. 5 1 B~ wmdriamm’ Berp1”, ip)]
©
E 10 w 10
3 -
o E ..O_ E
< E ° E
'.2.. - )
o = - ;
- o J
< S, 14 B 14
° c = E
o 2 s = E
< o
o < 4
o o
© 0.173 © 0.17
£ E £ 3
@ ©
s s
o o
0.01 T T T T T T 0.01 T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (hr) Time (hr)
- -~ Wild-type, i.p.
4 104 B~ mdr1amm Berp1™,ip.
©
w
-
o
2
5
€ 2
© a
€ E
HR
=
%
B
E
°
[
T T T T T T

Time (hr)

244



Figure 6. 6 Pharmacokinetic profiles of E6201 in FVB wild-type mice following oral (p.o.) administration.
Plasma concentrations and brain concentrations (A), and brain-to-plasma concentration ratios (B) of E6201
in wild-type mice upon single p.o. dose of 40 mg/kg. The dashed line in (B) represents a brain-to-plasma

ratio (Kp) of unity. Data represent mean = S.D., n = 4.
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Figure 6. 7 Steady-state distribution of E6201 in FVB wild-type and Mdrla/b” Berpl” mice. (A) Steady-
state plasma and brain concentrations, (B) brain-to-plasma ratios. *P< 0.05 and ***P< 0.001, for statistical

comparison by unpaired t-test. Data represent mean + S.D., n = 4.
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Figure 6. 8 Spatial brain distribution of E6201 in an intracranial melanoma mouse model. (A)
Representative fluorescence microscopy image of M12 tumor-bearing thick brain slice marked with tumor
core (solid red line) and tumor rim (solid black line) regions, (B) representative image showing dissected
tumor core and tumor rim tissues, marked with dashed white lines, (C) E6201 concentrations, and (D)
E6201 brain (tumor tissue)-to-plasma ratios. #, concentrations in plasma significantly different from tumor
core (P< 0.05), tumor rim (P< 0.01) and normal brain (P< 0.0001). *P< 0.05, ***P< 0.001 and ****P<

0.0001 for statistical comparison by one-way ANOVA. Data represent mean = S.D., n=9.

(@]
&

O
@

FhEK

E6201 Concentration
(rg/mL or ng/igm)
Brain(tumor)-to-Plasma Ratio
of E6201 (mL/g)

247



Figure 6. 9 Plasma and brain unbound concentration-time profile of E6201 in FVB wild-type mice, and
comparison with in vitro ICsq. (A) The dashed green line represents the reported in vitro E6201 ICs, against
SK-MEL-28 melanoma cell line (ICso= 43.7 nmol/L, E6201 investigator brochure). The dashed orange line
represents the free E6201 ICsy determined using the plasma free fraction of E6201 (fuysma = 0.026, free
ICsp = 1.14nmol/L). Here, the assumption is that the non-specific binding of E6201 in the assay media is
similar to the free fraction determined in plasma experimentally. (B) The dashed green line represents the
in vitro ICs (free) of E6201 in BRAF-mutant M12 melanoma cell line. The experimentally determined 1Cs,
and free fraction in cell culture media from rapid equilibrium dialysis studies was used to determine the

free ICs estimate in M12. Data represent mean + S.D., n= 5.
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CHAPTER VII. RECAPITULATION
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Brain tumors can be devastating and are associated with a poor prognosis. Glioblastoma
(GBM) is the most common primary malignant brain tumor in adults. Melanoma, breast
and lung cancer are systemic malignancies with a high propensity to metastasize to the
brain. The patients diagnosed with tumors in the brain, both primary and metastatic, have
a dismal quality of life. The treatment options for brain tumors are limited, and even with
aggressive treatment, the patient survival is typically extended only by a few months.
There is a critical need to develop more effective treatments to address this severe

condition and provide clinically meaningful benefits to the affected patients.

Chapter 1 introduces the problem, presents the structure of this dissertation, and puts
forth the research approaches that were undertaken. The challenges in the treatment of
brain tumors are manifold and include: (a) accurate and early diagnosis, (b) heterogeneity
in genetic drivers and resistance to therapies, and (c¢) drug delivery to tumor cells
protected by a functionally intact blood-brain barrier (BBB). Literature pertaining to CNS
pharmacokinetics and challenges in the treatment of tumors in the brain is explored in
detail in Chapters 2 and 3. Furthermore, some perspectives related to these issues,
particularly drug delivery, are discussed. Although a multi-factorial approach is needed to
tackle this important problem of brain tumor treatment, the work in this dissertation is

mainly centered around the drug delivery challenge.

The blood-brain barrier (BBB) serves as a physical and functional barrier to the entry of
xenobiotics into the brain. A key mechanism that limits the brain delivery of several
therapeutic agents is active efflux at the BBB, mainly by P-gp and Berp, which results in

pumping drugs intended for treating CNS diseases back in to the systemic circulation.
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Contrast-enhanced magnetic resonance imaging (CE-MRI) identifies regions of the tumor
with a disrupted BBB, and this has led to the belief that the BBB is compromised in brain
tumors. A major drawback of CE-MRI is that it fails to detect tumor cells in sites with an
intact BBB, which includes regions with infiltrative tumor cells and low volume early
micro-metastases. The delivery of targeted therapies with a poor BBB penetration can be
limited to such protected tumor locations, and result in lack of efficacy. Thus, it is critical
to recognize that drug delivery across a functionally intact BBB is crucial to improve
responses in brain tumors, and this advocates the need for efforts directed at the

development of therapeutic agents capable of penetrating the BBB.

KIF11 is a kinesin involved in both proliferation and invasion, the characteristic
hallmarks of GBM. Inhibition of KIF11 using potent targeted agents like ispinesib may
translate to beneficial outcomes in GBM. Chapter 4 examined the brain delivery of
ispinesib in normal and tumor-bearing rodent models. Ispinesib was shown to be a
substrate of active efflux by P-gp and Berp at the BBB using in vivo brain distribution
studies in FVB mice. The normalized brain exposure (Kp, AUC ratio) in mice deficient in
P-gp and Berp (Mdrla/b” Berpl™) was about 50-fold higher than in wild-type mice. In
vitro experiments indicate that ispinesib exhibits high binding in plasma and brain, and
the Kp,uu were 0.02 and 1.01 in wild-type and Mdrla/b” Berpl™ mice, respectively. In
vitro efficacy testing reveals low nanomolar sensitivity of ispinesib in MGPP3 GBM cell
line. The predicted unbound concentrations in brain were below the in vitro ICsy in
MGPP3 cells. Moreover, a variable uptake of ispinesib was observed in a rat model of

GBM, with lower accumulation in the normal (non-tumor) brain regions and highest
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accumulation in the necrotic tumor core. The drug partitioning to the tumor rim, the
growing edge of the tumor, was relatively restricted when compared to the tumor core.
We also found that elacridar, a dual inhibitor of P-gp and Berp, significantly improves the
brain delivery of ispinesib, and the unbound concentrations in brain will likely reach the
in vitro cytotoxic concentrations. Future studies will test the in vivo efficacy of ispinesib
in preclinical models of GBM and also evaluate improvements in efficacy with enhanced

drug delivery.

In chapter 5, the aim was to compare the brain delivery of three newly developed
panRAF inhibitors and understand their potential utility in the treatment of melanoma
brain metastases. CCT196969, LY3009120 and MLN2480 are potent panRAF inhibitors
that may overcome issues of paradoxical activation and resistance observed with some
BRAF inhibitors. LY3009120 and MLLN2480 were shown to be substrates of Berp using
in vitro accumulation studies in MDCKII cells. The three panRAF inhibitors exhibit high
binding in both brain and plasma. In vivo studies show that the delivery of the 3 panRAF
inhibitors is limited to the brain, and is enhanced in mice deficient in P-gp and Bcrp.
BRAF-mutant M12 cell line was most sensitive to the panRAF inhibitors among the cell
lines tested. LY3009120 exhibits a superior in vitro efficacy in patient-derived melanoma
cell lines. MLN2480 has a superior brain distribution profile. The predicted unbound
concentrations in brain achieve levels higher that the in vitro IC50 in MI2 for
LY3009120 alone. The results demonstrate that an appropriate balance between drug
delivery and potency ultimately dictates the efficacy outcomes in the treatment of tumors

in the brain.
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Targeted inhibition of MEK has been employed as an important strategy in the treatment
of melanoma, particularly in combination with BRAF inhibitors. However, the currently
approved MEK inhibitors have a restricted brain delivery and this can severely impact the
efficacy outcomes in patients with brain metastases. Chapter 6 aimed to investigate the
brain distribution of E6201, a potent inhibitor of MEK with a unique macrocyclic
structure that likely reduces its interaction with P-gp and Berp. In vitro studies utilizing
MDCKII cells and in vivo studies in FVB mice indicate that E6201 is not a substrate of
P-gp and Berp. In vitro studies in patient-derived cell lines indicate that E6201 has a low
nanomolar ICsy in BRAF-mutant M12 cell line. The results of the spatial distribution
studies reveal a heterogeneity in delivery of E6201 to regions of an intracranial M12
tumor and normal (non-tumor) brain. The drug accumulation was observed to be higher
in the normal brain compared to the necrotic tumor core and the invasive edge of the
tumor. E6201 has a favorable brain distribution profile that is superior to the approved
MEK inhibitors and the predicted unbound concentrations reach levels higher that the in
vitro cytotoxic concentrations in patient-derived M12 cell line. Hence, we intend to
perform in vivo efficacy testing of E6201 in flank (subcutaneous) and intracranial

patient-derived xenograft models of melanoma.

Future work on this project will evaluate the in vivo efficacy of promising selected
candidates in preclinical models. The efficacy of ispinesib will be examined in GBM
models with and without elacridar co-administration, as well as in mice lacking P-gp and
Bcerp. The results of such studies will provide insights on the suitability of KIF11 as a

target for GBM, and also if improved delivery of ispinesib will translate to superior
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efficacy. Additionally, testing the efficacy of E6201 alone and in combination with RAF
inhibitors in patient-derived melanoma models is of interest. Chapter 4 and 6 reveal a
regional heterogeneity in drug distribution in intracranial tumor models, and future
studies aimed at connecting differences in delivery with possible differences in
pharmacodynamics responses will be valuable. The findings of the current research work
and outcomes of the outlined future studies will guide the translation of promising
experimental therapies to the clinic. The specific ideas related to the brain tumor
treatment addressed in this dissertation will provide valuable insights and establish an
experimental paradigm for future preclinical testing that will be therapeutically relevant
to patients. Also, the current research work raises some critical questions that will
generate certain hypotheses and targeted research in the field of brain tumors, the answers

to which may lead to important progress in the treatment of this devastating disease.
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