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Abstract

Word count: 346

Tyrosine kinase inhibitors (TKIs) are promising agents for specific inhibition of
malignant cell growth and metastasis formation. They directly interfere with TK
enzymes that are activated in tumor cells and are critical to tumor growth. The success
of the first generation TKI, imatinib, in the treatment of CML has led to the broader
examination of its application in the treatment of other tumors, such as glioma.
However, early studies showed imatinib has difficulty penetrating blood-brain barrier
(BBB). One component of the BBB that may limit the delivery of imatinib into the CNS
is the drug efflux transporters, such as ABCB1 (p-glycoprotein) and ABCG2 (breast
cancer resistance protein). Dasatinib is a second-generation TKI developed to overcome
the molecular resistance to imatinib and may be very promising in the treatment of brain
tumor. Thus far little information is known about the CNS delivery of dasatinib,
including the action of relevant BBB transporters in modulating this delivery. The
objectives of this work were to assess the influence of various drug efflux transporters,
such as ABCBI1 and ABCG2, on the specific delivery of imatinib and dasatinib to CNS
and the possibility of improving CNS delivery of imatinib and dasatinib by effective
pharmacological inhibition. In in vitro studies, we demonstrated that imatinib is a
substrate of Abcg2 by using cellular accumulation and permeability methods. In in vivo
studies, we further explored that ABCB1land ABCG2 together play an important role in
limiting the CNS delivery of imatinib. Saturation or inhibition of ABCB1 and ABCG2

could effectively improve CNS delivery of imatinib.
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In vitro evidence pointed that dasatinib is a substrate of ABCB1 and Abcg?2. In vivo
results revealed that the CNS delivery of dasatinib was low. ABCB1 and ABCG2 could
be a factor limiting the CNS delivery of dasatinib. ABCBI1 plays a more important role
than ABCQG?2 in effecting the CNS delivery of dasatinib. The use of potent inhibitors
for both ABCB1 and ABCG2 can improve dasatinib CNS delivery. These findings
provide significant insight into current and new clinical strategies to more effectively

use the TKIs for CNS disease treatment and prevention.
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CHAPTER 1

INTRODUCTION



1.1 Introduction

The objective of this thesis is to assess the influence of various drug efflux transporters,
such as ABCBI1 (p-glycoprotein, p-gp) and ABCG?2 (breast cancer resistant protein,
berp), on the specific delivery of tyrosine kinase inhibitors (TKIs) to central nervous
system (CNS). Over the past decade, many efforts have been done in the development
of more targeted and specific new treatment modalities that exploit information gained
from the molecular biological studies of cancer. Molecularly targeted cancer therapies
use drugs that block the growth and spread of cancer by interfering with specific key
molecules involved in carcinogenesis and tumor growth. They are designed to be more
effective and have fewer side effects. (National Cancer Institute, 2006) The TKIs are
designed to directly interfere with TK enzymes that are aberrantly activated in tumor
cells and are critical to the growth of the tumor. (Vlahovic and Crawford, 2003)
However, the delivery of these inhibitors to the CNS is questionable, and the specific
mechanisms that regulate that delivery are unknown. There are several issues of the
CNS delivery of chemotherapy agents such as the barriers of the CNS, drug efflux
transporters in the CNS, and the relative resistance of many of these tumors to
chemotherapy. The efflux transport systems are increasingly recognized as important
determinants of drug distribution to the CNS. The phenomenon of “multidrug
resistance” is a major hurdle when it comes to the delivery of therapeutics to the
brain.(Begley, 2004a) Therefore, this thesis focuses on the role of important drug efflux

transporters on the active transport and CNS delivery of the novel TKIs.



1.1.1 Tyrosine kinase inhibitors

1.1.1.1 Tyrosine kinases

TKs are enzymes that transfer y-phosphate groups from ATP to the hydroxyl group of
tyrosine residues on signal transduction molecules (Schlessinger, 2000). They are
important regulators of intracellular signal-transduction pathways that mediate cellular
development and multicellular communications (Alvarez et al., 2006). Phosphorylation
of signal transduction molecules is a major activating event that leads to dramatic
changes in tumor growth. Approximately 90 TKs have been identified, 58 of which are
the transmemberane receptor type and 32 are the cytoplasmic nonreceptor type.
However, clinical agents to inhibit the activity of these TKs have been developed for
only a few. (Blume-Jensen and Hunter, 2001) These include the transmembrane
receptor TKs, epidermal growth factor receptor (EGFR) TK, platelet-derived growth
factor receptor (PDGFR) TK and c-kit, and the cytoplasmic nonreceptor TKs, Ber-Abl

and Src family kinases (SFKs) (Blume-Jensen and Hunter, 2001; Baselga, 2006).

PDGFER

PDGF is a family of dimeric isoforms that stimulates cell functions such as growth,
chemotaxis and cell shape changes of various connective tissue cell types and certain
other cells. The cellular effects of PDGF isoforms are exerted through binding of two
structurally related tyrosine kinase receptors denoted the a-receptor and the B-receptor.
(Heldin and Westermark, 1999) Ligand binding induces receptor dimerization and
autophosphorylation. This enables a number of Src homology 2 (SH2) domain

containing signal transduction molecules to bind to the receptors, thereby initiating
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various signaling pathways leading to different cellular responses (Ostman and Heldin,
2001). Overactivity of PDGFR has been implicated in certain disorders, including
fibrotic conditions, atherosclerosis, and malignancies. In progression of glioblastoma
and sarcomas, PDGFR often causes autocrine stimulation of tumor cell growth. In
addition, paracrine stimulation of stroma cells by PDGFR made by tumor cells is also
important for the balanced growth of different cell types in tumors (Heldin and

Westermark, 1999).

Ber-4bl

Ber-Abl is a fusion protein product of the distinctive Philadelphia (Ph) chromosome,
which is created by the t (9;22) chromosomal translocation that fuses BCR sequences
from chromosome 22 upstream of the ABL gene on chromosome 9 (Deininger and
Druker, 2003). Ph chromosome has been found in some forms of leukemia, including
almost all cases (i.e., 95%) of chronic myelogenous leukemia (CML) and many cases of
adult acute lymphoblastic leukemia (ALL) (Blume-Jensen and Hunter, 2001). Ber-Abl
is a constitutively active TK that activates a great number of signal transduction
pathways. They appear to target three major cellular functions: increased proliferation,
reduced apoptosis and disturbed interaction with the extracellular matrix. These cellular
functions drive uncontrolled growth of the Ph” cells (Deininger and Druker, 2003). The
constitutive tyrosine kinase activity of the chimerical Bcr-Abl protein expressed by

leukemia cells is essential for the pathogenesis of the disease.



c-Kit

c-Kit receptor is a transmembrane glycoprotein with a tyrosine kinase activity in the
intracellular domain (Yarden et al., 1987). Stem cell factor (SCF), a hematopoetic
growth factor, is the natural ligand of c-Kit. Ligand binding activates the receptor
dimerization and autophosphorylation at specific tyrosine residues. c-Kit is involved in
the signal transduction of several major cellular functions, such as cell survival,
proliferation, differentiation, adhesion, and other vital functions in early hematopoietic
cells. It also induces apoptosis and enhances the invasive potential activating multiple
signal transduction pathways (Edling and Hallberg, 2007; Roussidis et al., 2007). A
range of different types of gain-of—function mutations of c-Kit including point
mutations, deletions and duplications have been observed. The activating mutations of
c-Kit confer constitutive tyrosine kinase activity and downstream activation
independent of ligand binding. These c-Kit mutations expose a strong oncogenic
potential. Abnormal c-Kit expression has been reported in different types of mast cell
neoplasms, gastrointestinal stromal tumors (GISTS), germ cell tumors, malignant
melonomas, neuroblastoma and some leukemia. Additionally, aberrant expression of c-
Kit has been found in tumors such as small cell lung carcinomas, ovarian carcinomas

and breast carcinoma (Miettinen et al., 2005; Ali, 2007).

Src Family Kinases

Src family is the largest family of nonreceptor tyrosine kinases. SFK members include
Src, Fyn, Lyn, Hek, Fgr, Blk, Yrk, Lck and Yes (Fizazi, 2007; Finn, 2008). The SFKs
have similar structural features. They comprise at least 9 proteins (all approximately 60
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kD in molecular weight) and their domain structures have considerable homology
(Alvarez et al., 2006). SFKs are responsible for signal transduction during many cellular
activities, including differentiation, adhesion, migration, division, motility, angiogenesis
and survival (Summy and Gallick, 2003; Fizazi, 2007). Recent studies revealed that
SFKs are involved in signal transduction from many receptor tyrosine kinases (RTK),
such as PDGFR, EGFR and stem cell factor receptor. SFKs are able to promote
signaling from growth factor receptors in a number of ways including: 1) initiating the
signaling pathways required for DNA synthesis, 2) modulating RTKs, and 3)
controlling receptor turnover and actin cytoskeleton rearrangements (Alvarez et al.,
2006). A number of studies have shown that SFKs are upregulated in multiple types of
human tumors and are typically associated with advanced malignancies and/or
metastatic spread, with Src activity increasing proportionally to the progressive stages
of the disease (Playford et al., 2004; Park et al., 2008). Among all family members, Src
is implicated most often in cancer. Several studies suggest that Src is involved closely
in the genesis and progression of multiple human cancer types, including carcinomas of
the breast, gastrointestinal tract, pancreas, lung, ovary and brain, and myeloproliferative
disorders (Irby and Yeatman, 2000; Lombardo et al., 2004). Aberrantly activation of
SFKs is very common in colorectal and breast cancers. Further, the extent of increased
SFK activity often correlates with malignant potential and patient survival. The
activation of SFKs is frequently a critical event in tumor progression (Summy and

Gallick, 2003).



1.1.1.2 Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors (TKIs) are developed based on the understanding of the
molecular events driving tumor growth and development. TKIs are drugs that work by
targeting one or more specific tyrosine kinases that are involved in malignant
transformation and tumor progression. This thesis focuses on two TKIs: imatinib and
dasatinib (for structures, see fig. 1.1). They are low molecular —weight compounds that
inhibit TK phosphorylation by interacting with ATP and/or competing for binding with

the enzyme-binding site (Baselga and Hammond, 2002).

Imatinib

Imatinib (Gleevec®, STI-571), a 2-phenylaminopyrimidine compound, is a small
molecule TKI used primarily for the treatment of CML (Mauro and Druker, 2001). It
was the milestone of molecularly-targeted therapy. Imatinib was discovered by Druker
and colleagues in 1996 (Lydon et al., 2004). It blocks the binding of ATP to the Ber-
Abl tyrosine kinase (fig. 1.2), thus inhibiting kinase activity, inducing apoptosis and
blocking the growth of Ber-Abl transformed leukemic cells (Druker, 2003). The Ki for
inhibiting Ber-Abl is 85 nM (Deininger and Druker, 2003). Pharmacokinetic studies
demonstrate that imatinib is rapidly absorbed and it has a high systemic bioavailability
(98%) (Nikolova et al., 2004; Peng et al., 2004). Imatinib is also a potent inhibitor of c-
Kit and PDGFR. Activating mutations of c-Kit are found in the majority of patients
with gastrointestinal stromal tumors (GISTs), a neoplasm that is practically
unresponsive to conventional cytotoxic drugs (Blanke et al., 2001). GIST patients with

c-Kit mutations respond dramatically to imatinib (Joensuu et al., 2001). PDGF was
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reported to be involved in the phenotype of malignant gliomas (Rich and Bigner, 2004).
Imatinib is undergoing phase I/II investigation for the treatment of glioma(Rich and

Bigner, 2004; Raymond et al., 2008).

Netzer et al reported in 2003 that imatinib potently reduced Amyloid-beta (Abeta)
production in the N2a cell-free system and in intact N2a cells. It also reduced Abeta
production in rat primary neuronal cultures and in vivo in guinea pig brain. Abeta
peptides are believed to be major pathological determinants of Alzheimer's disease
(Netzer et al., 2003). In 2005, another group showed that imatinib inhibits y-secretase
cleavage of Abeta-protein precursor (APP) without affecting Notch processing
(Fraering et al., 2005). The efficacy of imatinib in reducing Abeta production without
affecting Notch-1 cleavage may prove useful as a basis for developing novel therapies

for Alzheimer's disease.

A very recently published study from Su et al. reported that imatinib treatment reduced
cerebrovascular permeability and stroke lesion volume as well as hemorrhagic
complications associated with late thrombolysis (Su et al., 2008). These data suggest the

potential new strategy of using imatinib with thrombolytic tPA for stroke treatment.

Dasatinib
It has been observed that resistance mutations occur in the kinase domains of BCR-

ABL, Kit and PDGFR in the tumor cells of patients treated with imatinib (Baselga,



2006). To overcome this new challenge, the second-generation TKIs are rapidly being

developed.

Dasatinib (Sprycel ™, BMS-354825), a second-generation TKI, has already been
approved for patients with CML with resistance or intolerance to imatinib by the U.S.
Food and Drug Administration (Shah, 2007). Dasatinib is a ATP-competitive inhibitor
of Src and ABL tyrosine kinase, with measured Ki values of 16 + 1.0 pM and 30 + 22
pM, respectively, approximately 300-fold more potent than imatinib (Lombardo et al.,
2004). It differs from imatinib in that it can bind to both the active and inactive
conformations of the ABL kinase domain. In addition, it binds ABL with less stringent
conformational requirement than imatinib (Baselga, 2006; Schittenhelm et al., 2006;
Talpaz et al., 2006). It effectively inhibits the proliferation of cells that express nearly
all imatinib-resistant isoforms(Kantarjian et al., 2006). Dasatinib was also found to
potently inhibit other Src-family members, such as Lck and Yes. And this compound
demonstrated significant activity against c-kit and PDGFRf (Lombardo et al., 2004). A
recent study shows dasatinib also potently inhibits the kinase activity of wild-type,
juxtamembrane, and activation loop mutant KIT isoforms associated with human
malignancies (Schittenhelm et al., 2006). Clinical studies have reported that dasatinib is
active in Philadelphia chromosome—positive CML after failure of imatinib and nilotinib

(AMN107) therapy (Quintas-Cardama et al., 2007).



1.1.2 Brain tumor

Brain tumors represent a heterogeneous group of central nervous system (CNS)
neoplasms. The World Health Organization (WHO) recognizes approximately 100
different types of brain tumors classified according to pathological diagnosis (Lesniak
and Brem, 2004). In general, however, these tumors can be classified into either
primary or secondary tumors, depending on whether they originate in the brain or
simply spread to the central nervous system from elsewhere (Lesniak and Brem, 2004).
Abnormalities in receptor tyrosine kinase pathways and loss of tumor suppressor genes
are critical in the transformation and growth of malignant gliomas(Tremont-Lukats and

Gilbert, 2003).

1.1.2.1 Primary Brain Tumor

The term ‘glioma’ encompasses a group of cancers that includes astrocytomas,
oligodendrogliomas, oligoastrocytomas, ependymomas and choroid plexus tumors
(Rich and Bigner, 2004). Approximately half of all primary brain tumors are glial-cell
neoplasms, and more than three quarters of all glial tumors are astrocytomas.
Astrocytomas differ in their pathological and clinical behaviors: some astrocytomas are
classified as low-grade tumors, meaning they are slow growing, whereas others, such as
glioblastoma multiforme (GBM), represent the most aggressive type of tumor known to
occur within the CNS (Fig. 1.3) (Lesniak and Brem, 2004). GBM is also the most
frequent glioma. Its aggressive and infiltrative growth renders it extremely difficult to
treat. Currently, median survival after diagnosis is only 12—14 months (Johansson

Swartling and Johansson Swartling, 2008). In standard glioma treatment protocols,
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tumor resection and radiation therapy are followed by chemotherapy with drugs causing
DNA alkylation, such as nitrosoureas. Standard chemotherapy treatment is a
combination of procarbazine, lomustine and vincristine or carmustine or temozolomide

alone (Gaya et al., 2002).

Autocrine and paracrine growth-factor loops are frequently present in malignant
gliomas; that is, the presence of both growth-factor ligands and their cognate receptors
in target tissues. Several growth-factor pathways are involved in the phenotype of
malignant gliomas, such as EGF and PDGF (Rich and Bigner, 2004). Overexpression in
the EGFR is common in GBM (up to 70% of specimens) and is a hallmark of primary

glioblastomas (Tremont-Lukats and Gilbert, 2003).

Imatinib inhibited the growth of U343 and U87 GBM (which contains a PDGF/PDGFR
autocrine loop) cell lines both in vitro and in vivo when implanted into the brains of
nude mice (Kilic et al., 2000). Recently, more studies have showed the TKIs such as

erlotinib and gefitinib are promising in the treatment of brain tumors (Heimberger et al.,

2002; Efferth et al., 2004).

1.1.2.2 Secondary brain tumors

As systemic therapy of cancer improves, CNS involvement is becoming a more
widespread problem. CNS metastases account for the majority of malignant brain
tumors, and may appear either within the brain parenchyma or along the leptomeninges
(Lin et al., 2004). The American Cancer Society estimates that 170,000 cancer patients
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develop cerebral metastases each year in the United States (Biswas et al., 2006).
Patients with lung cancer and breast cancer have greater risk to develop brain

metastases compared to other cancer patients.

Patients with locally advanced lung cancer (non-small cell lung cancer or small cell
lung cancer) are threatened by concurrent risks of local, regional, and distant treatment
failure. By improving locoregional and systemic control within multimodality
protocols, brain emerges as one of the major relapse sites. Importantly, the incidence of
brain metastases secondary to small cell lung cancer (SCLC) is about 35% (Bach et al.,

1996; Pottgen et al., 2004).

Breast cancer is the second most common cause of CNS metastases, and 10-15% of
patients develop clinically overt central nervous system disease. Progressive neurologic
disability often results and the prognosis is generally poor (Fenner and Possinger, 2002;

Lin et al., 2004).

The CNS is also a sanctuary for leukemic cells. CNS relapses have been observed in
both animal and CML patients even though they have shown a systemic complete
hematological response to imatinib (Takayama et al., 2002; Abruzzese et al., 2003;
Pfeifer et al., 2003; Wolff et al., 2003). The fact that adequate treatment of systemic
disease with subsequent failure in the CNS may indicate that the CNS delivery of the
TKIs is inadequate. Therefore, prevention of brain relapse has become a primary focus

of attention.
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1.1.3 Issues in Delivery of Anti-tumor drugs to the CNS

The role of drug delivery in the treatment of CNS neoplasms is a crucial consideration
in the development of any agent designed to be used in treating brain tumor. Several
mechanisms may limit the delivery of antitumor agents to the brain. Many of these

delivery problems are related to blood-brain barrier and blood-CSF barriers.

1.1.4 Barriers of the CNS

The CNS contains important cellular barriers that maintain homeostasis by regulating
the passage of nutrients and protecting the brain from circulating toxins (Sun et al.,
2003). The barriers that limit the concentration of toxins and xenobiotics in the
interstitial fluids of the CNS are the blood—brain barrier (BBB) and the blood—

cerebrospinal fluid barrier (BCSFB).

The BBB is composed of a system of tissue sites, including the brain capillary
endothelium, choroids plexus epithelium, and arachnoid membrane. An important
component of the BBB is the brain microvessel endothelial cell. These cells are
characterized by the presence of tight junctions between the cells and the absence of
fenestration and reduced pinocytotic activity. These tissue sites work together to restrict
and regulate the flux of hydrophilic ions, proteins, and nonelectrolytes from blood to
brain extracellular fluid and cerebrospinal fluid (Pardridge et al., 1986; Smith, 1996).
The BCSFB is formed by a single continuous layer of epithelial cells that line the
endothelial cells of the choroid plexus. BCSFB differs from BBB in that it is the tight
junctions between the epithelial cells, not the endothelial cells, that are involved in the
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functional role of the barrier (Motl et al., 2006). The important functional characteristic
of both the BBB and BCSFB is that compounds in the blood have to be transported
transcellularly across the brain endothelial cells and choroid plexus epithelial cells.
Because of the physical nature of the BBB and BCSFB, molecules can cross the barrier
only if they are transported by the selective transport proteins or if they are small
enough and lipiphylic enough to pass through the lipid bilayer. (Miller, 2002; Sun et al.,
2003). Given the nature of these barriers, it is likely that a molecule with high molecular
weight and/or is hydrophilic, will have limited permeability across the BBB due to
limited passive diffusion. On the other hand, if a molecule has moderate passive
diffusion but is a substrate for an efflux transport system (carrier-mediated transport
from the brain to the blood), the distribution to the brain would also be limited by the

functional activity of the CNS barriers.

1.1.5 Drug Efflux Transporters

Molecular identification and functional analysis of drug efflux transport proteins at the
BBB and BCSFB have been undertaken recently, and several transport protein families
have been recognized, such as the product of the multidrug resistance gene, MDR1 (p-
glycoprotein, ABCB1), breast cancer resistance protein (BCRP, ABCG2), the multidrug
resistance-associated protein family (MRPs, ABCCs), the organic anion transport
proteins (Oatps), and the organic anion transporter (OATs) (Sun et al., 2003; Fricker
and Miller, 2004).These efflux transporters efflux toxic metabolites and xenobiotics out

of the brain and also keep out many therapeutic agents. The importance of drug efflux
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transporters in disease processes and treatment has become increasingly recognized in

recent years (Schinkel et al., 2003).

1.1.5.1 ABCBI1

ABCBI1 (P-gp), the product of the multidrug resistance gene (MDR), is the most
extensively studied membrane-bound ATP binding cassette (ABC) transporter. It was
first recognized in 1970s as a prototypic transporter involved in the multidrug resistance
(MDR) during the treatment of tumors with anticancer regimens containing several
drugs (Juliano and Ling, 1976; Begley, 2004a). ABCBI is a 170 k Da phosphorylated
glycoprotein that is produced by the ABCB1 (MDR1) gene (Loscher and Potschka,
2005). It is believed to be one of the most important ABC transporters for drug
disposition in humans, which functions to exclude substrates from cells in the brain and
a number of other normal tissues (Golden and Pollack, 2003b). It has been found at the
luminal surface of the brain microvascular endothelium (Cordon-Cardo et al., 1989) and
in isolated brain capillary endothelial cells (Tsuji et al., 1992; Beaulieu et al., 1997).
Furthermore, the finding of ABCB1 on isolated human astrocyte foot processes and
cultured rat astrocytes and at the choroid plexus indicates that the function of ABCB1 as
the ‘‘brain gatekeeper’” may extend past the BBB to multiple sites in the CNS (Golden
and Pollack, 2003b). ABCBI has a broad range of substrates. It is able to recognize and
transport a plethora of diverse substrates that differ considerably in chemical structure
and pharmacological action, including many clinically important agents (Hennessy and
Spiers, 2007). Studies using recently developed gene knockout animal models have

provided compelling evidence that supports a role for ABCB1 at the BBB. For instance,
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it has been observed that a wide range of drugs have enhanced BBB penetration in
mdrla knockout mice. These include cyclosporine, morphine, vinblastine, digoxin,

quinolone antibacterial agents, indinavir, saquinavir and nelfinavir (Taylor, 2002).

1.1.5.2 ABCG2

ABCG2 (BCRP) is a recently discovered half-molecule ABC transporter (Young et al.,
2003). ABCG2 was first discovered in a chemotherapy resistant breast cancer cell line,
but there is no indication that its expression is specific for breast cancer cells (Schinkel
and Jonker, 2003). It has been reported to confer resistance to a variety of
chemotherapeutic agents such as mitoxantrone, the camptothecins topotecan and SN-38,
doxorubicin, and flavopiridol (Robey et al., 2003). ABCB1 was found to be
physiologically expressed in the canalicular membrane of the liver, in the epithelia of
small intestine, placental trophoblasts, colon, lung, kidney, adrenal and sweat glands, as
well as in the endothelia of veins and capillaries (Allen et al., 2002a; Sarkadi et al.,
2004). Its expression in brain microvessels is high compare to other tissues (Doyle and
Ross, 2003). The presence of BCRP in the luminal surface of the endothelium of human
brain microvessels was recently demonstrated by immunofluorescence confocal
microscopy (Cooray et al., 2002a). It appears to be expressed in the luminal membrane
of the cerebral endothelial cells in a manner that is similar to ABCB1. Therefore, it is
also considered to be an important component of the efflux activity of the BBB.(Begley,

2004b)
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1.1.5.3 Pharmacologic modulators

Efflux mediated multidrug resistance is believed to play a major role in the clinical
resistance of numerous human tumors against chemotheapeutic agents, which has
stimulated an intense search for inhibitors of drug efflux transporters. LY335979,
Ko143 and GF120918 are three commonly used pharmacologic modulators of drug

efflux transporters (structures see fig. 1.4).

LY335979 (zosuquidar)

LY335979 (zosuquidar, (R)-4-((1aR, 6R, 10bS)-1,2-difluoro-1, 1a, 6,10b-
tetrahydrodibenzo-(a, e) cyclopropa(c) cycloheptan-6-yl)-a- ((5-quinoloyloxy) methyl)-
1-piperazineethanol, trihydrochloride) is a second-generation modulator of ABCBI. It
is an excellent pharmacologic modulator of ABCB1 that possesses features of an “ideal
modulateor” (Starling et al., 1997). LY335979 is a selective ABCBI inhibitor that does
not interact with ABCC1, ABCC2 or ABCG2 and has a significantly lower affinity for
CYP3A than for ABCBI1 (Dantzig et al., 1999; Dantzig et al., 2001; Shepard et al.,
2003). LY335979 is very potent. It was able to fully restore sensitivity to vinblastine,
doxorubicin, etoposide, and taxol in CEM/VLB( cells at the concentration of 0.1uM
(Dantzig et al., 1996). Both cytotoxicity data and cellular uptake data showed that
LY335979 is not a substrate for ABCB1-mediated efflux. Another characteristic of
LY335979 is that it lacks pharmacokinetic interactions with coadministered agents. It
increased the brain penetration of taxol, doxorubicin or etoposide in mice without
altering their pharmacokinetics (Starling et al., 1997). In several phase I/II clinical trials,

when LY335979 was administered p.o. or i.v. alone or in combination with
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doxorubicin, it did not significantly affect the pharmacokinetics of doxorubicin (Rubin
et al., 2002; Sandler et al., 2004; Morschhauser et al., 2007). More clinical trials are

undergoing to investigate the safety and tolerability of LY335979.

Kol43

Ko143 (3-(6-isobutyl-9-methoxy-1, 4-dioxo-1, 2, 3, 4, 6, 7, 12,12a-octahydropyrazino [
1, 2’: 1, 6] pyrido [3, 4-b] indol-3-yl)-propionic acid tert-butyl ester) is a recently
designed ABCG?2 inhibitor. It was first described by John Allen and colleagues (Allen
et al., 2002a). Ko143 is an analogue of fungal toxin fumitremorgin C (FTC). Ko143 is a
selective ABCQG2 inhibitor. It was at least 200-fold less active against ABCB1 than
ABCG?2, and it had little effect on the activity of ABCCs 1-5. Ko143 is the most potent
ABCQG?2 inhibitor known thus far. The ECo of Ko143 for reversal of ABCG2-mediated
resistance to mitoxantrone and topotecan was ~25nM. No noticeable toxicity of Ko143
was observed in vitro or in mice at doses effective for inhibition of ABCG2 activity

(Allen et al., 2002a).

GF120918 (elacridar)

GF120918 (elacridar, N- [4-[2-(6, 7-Dimethoxy-3, 4-dihydro-1H-isoquinolin-2-yl)
ethyl]-5-methoxy-9-oxo-10H-acridine-4-carboxamide) originally was selected from a
chemical program aimed at identifying an optimized inhibitor of ABCBI. It fully
reversed the ABCB1-mediated resistance of doxorubicin and vincristine in CHXC35,
OV1/DXR and MCF7/ADR cells at 0.05 to 0.1uM (Hyafil et al., 1993). In 1999, de
Bruin and coworkers reported that GF120918 was able to sensitize S1-B1-20, a subline
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expressing ABCBI1, and S1-M1-80, a subline expressing ABCG2 at a concentration of 1
UM in cytotoxicity assays. GF120918 (250 nM) completely inhibited rhodamine 123
efflux in S1-B1-20 cells while complete inhibition of rhodamine efflux in ABCG2-
resistant S1-M1-80 cells required 10 pM (de Bruin et al., 1999). GF120918 had no
significant effect on ABCC1 (Germann et al., 1997; de Bruin et al., 1999; Evers et al.,
2000). So GF120918 is potent dual pharmacologic modulator that inhibits both ABCB1
and ABCG?2. Preclinical and clinical studies showed that GF120918 is well tolerated in
animals (Malingre et al., 2001) and human (Planting et al., 2005). In mice, GF120918
increased the oral bioavailability of paclitaxel from 8.5 to 40.2% at 25 mg/kg p.o.
(Bardelmeijer et al., 2000). Another study reported that GF120918 increased the
distribution of unbound amprenavir to CNS in rats (Edwards et al., 2002). In a phase I
clinical trial, coadministration of 100 mg GF120918 with oral topotecan results in
complete apparent bioavailability of topotecan (Kuppens et al., 2007). Since the
substrate spectrum of ABCB1 and ABCG2 overlaps (Xia et al., 2007c), GF120918
could be very beneficial for chemotherapy agents that are substrates of ABCB1 and
ABCG?2 and have poor oral bioavailability or brain penetration due to the efflux

function of ABCB1 and ABCQG2.

1.2 Statement of the problem

CNS delivery has always been an issue for chemotherapy, even for the recently
designed molecular-targeted tyrosine kinase inhibitors. The inadequate concentrations

of therapeutic agents in CNS caused by poor CNS delivery make it a sanctuary for
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tumor cells. CNS relapses or CNS metastases have been observed in patients who had
systemic response to therapeutic agents. Efflux transporter systems in the BBB is an
important factor, other than the tight junctions, that restricts the entry of xenobiotics and
toxic metabolites from systemic blood to CNS. However, many desirable therapeutic
agents are also kept out of CNS because of efflux transporters. Efflux transporters may
play a role in limiting the CNS delivery of TKIs, and the inhibition of efflux

transporters could possibly result in enhanced TKI- CNS delivery.

1.3 Objective of thesis project

The objective of this research was to assess the influence of various drug efflux
transporters, such as ABCB1 and ABCG2, on the specific delivery of TKIs to CNS. Our
hypothesis was that various drug efflux transporters, such as ABCB1 and ABCG2, can
influence the targeted bioavailability (i.e., specific delivery) of TKIs (imatinib and
dasatinib), to the CNS and therefore, effective pharmacological inhibition of these

transporters will lead to improved CNS delivery.

1.4 Specific aims

1. The first aim was to identify and characterize the interaction of TKIs with various
active transport systems by using an in vitro cell culture model. The kinetics of cellular
accumulation and permeability of TKIs was tested in drug efflux transporter protein

(ABCBI1 and ABCG2) transfected epithelial cell monolayers. The effects of various
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pharmacological modulators (LY335979, KO143 and GF120918) on the interaction of

TKIs and transporters were examined.

2. The second aim was to examine the influence of selected transporters (ABCB1 and
ABCG2) on the targeted delivery of TKIs to CNS by using in vivo mouse models. First,
we measured the total brain to blood area-under-the-curve (AUC) ratios of TKIs
following intravenous or oral administration of TKIs alone and with an inhibitor,
LY335979, Ko143 or GF-120918, in the Abcbla/b-Abcg?2 intact (wild type) in vivo
mouse model. Then we compared the results to the Abcbl gene deficient (Mdria/b (-/-)
knockout) mice, Abcg2 gene deficient (Bcrpl knockout) mice and Abcbla/b-Abcg2

gene deficient (Mdrla/b-Berpl knockout) mice.

The completion of these aims provides information on the affinity of these efflux
transporters for TKIs and the potential influence of these selected transporters on

targeted delivery of TKIs to CNS.
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Figure 1.1. Chemical structures of imatinib and dastinib.
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Figure 1.2. Schematic figure of the mechanism of action of imatinib.

Imatinib blocks the binding of ATP to the Bcr-Abl tyrosine kinase, thus inhibiting
kinase activity, blocking the downstream signal transduction pathway leading to the

growth of leukemia cells and inducing apoptosis (Hernandez-Boluda et al., 2002)

23



EGFR
amplification

Primary
glioblastoma

Mstrocyte/ Astrocytoma Araplastic astrocytorma Glioblastoma multifcrme
astrocytic progenitor WWHO Grade 1I) {WHO Grade Il WMHO Grade V)

[ EGFR
ph3 mutation R rmutation Sﬁg&';ﬁgﬂ a [ WEGF
LOH 17 LOH 12 g LOH 10
[ PDGF, PDGFR LOH 159, Sp | DCC

Figure 1.3. Development and progression of astrocytic brain tumours.

Malignant brain tumors can arise in one of two ways. On the one hand, astrocytes
undergo genetic changes accompanied by upregulation of certain receptors, such as the
platelet-derived growth factor (PDGF), endothelial growth factor receptor (EGFR) or
vascular endothelial growth factor (VEGF). These progressive changes culminate in the
formation of a glioblastoma. On the other hand, most primary glioblastomas arise de
novo, without the need for gradual progression from an astrocytoma to a high-grade

astrocytoma to a glioblastoma multiforme (Lesniak and Brem, 2004).
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Figure 1.4. chemical structures of LY335979, Ko143 and GF120918

25



CHAPTER 2

IN VITRO INTERACTION BETWEEN IMATINIB AND Abcg2

26



2.1 Abstract and introduction

2.1.1 Abstract

The objective of this study was to identify the interaction between imatinib and the
ABC drug transporter Abcg2 (Bcrpl). The kinetics of cellular accumulation and
permeability of imatinib were studied in MDCKII epithelial cell monolayers, both
parental and Abcg2-transfected. The intracellular accumulation after 3 hours incubation
and the apical-to-basolateral (A-to-B) and basolateral-to-apical (B-to-A) permeability at
various time points up to 3 hours were measured using radiolabeled imatinib. The
effect of Abcg2 inhibiters (GF120918 and Ko143) on the accumulation and
permeability was also determined using MDCKII-Abcg2 cell monolayers. The
intracellular accumulation of imatinib in the parental monolayers was 8-fold greater
than that in the transfected cells. Abcg2 inhibiter GF120918 abolished this difference in
the intracellular accumulation. The B-to-A flux permeability of imatinib was 63-fold
greater than the A-to-B flux permeability in the transfected cells. This difference in
directional flux permeability was decreased by Abcg?2 inhibiter GF120918 and
abolished by a specific Abcg2 inhibiter Ko143. The estimated Km value for the
interaction between imatinib and ABCG2 was 3.89 + 0.44 uM. These data show that

imatinib is an Abcg2 substrate.

The effect of inhibitors LY335979 and GF120918 on the cellular accumulation of
imatinib in mouse glioma cells was examined. The cross reactivity of PSC833 and CSA
on imatinib accumulation in Abcg2-transfected MDCKII cells was also assessed.

LY335979 and GF120918 significantly increased imatinib accumulation in mouse
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glioma cells. Both PSC833 and CsA showed mild inhibitory effect on Abcg2-mediated

cell efflux of imatinib.

2.1.2 Introduction

The success of imatinib in treating CML has led to broader examination of its
application in the treatment of other tumors, such as glioma. A study has shown that
imatinib inhibited the growth of U343 and U87 GBM (which contains a PDGF/PDGFR
autocrine loop) cell lines in vitro and when implanted into the brains of nude mice
(Kilic et al., 2000). However, early studies showed imatinib has difficulty in penetrating
the blood-brain-barrier (BBB). The CSF concentration of imatinib was only a small
fraction of its plasma concentration, thus the CSF imatinib levels are below the
threshold that is necessary for the Ber-Abl inhibition and cell death in vitro. CNS
relapses have been observed in CML patients even though they have shown a complete
hematological response to imatinib (Takayama et al., 2002; Abruzzese et al., 2003;
Pfeifer et al., 2003; Bornhauser et al., 2004; Bujassoum et al., 2004; Leis et al., 2004;

Neville et al., 2004; Rajappa et al., 2004).

Several mechanisms may limit the delivery of antitumor agents to the brain. Many of
these CNS delivery problems are related to BBB and blood-CSF barriers. Besides the
tight junctions, various efflux transporters expressed at the BBB, such as ABCB1 and
ABCG2. (Sun et al., 2003). Both ABCB1 and ABCB2 are ABC transporters. They are
expressed in brain and a number of other tissues including gut wall, liver canaliculi and
kidney proximal tubule (Schinkel et al., 2003) In brain, they are located at the luminal
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surface of the brain microvascular endothelium and function to keep their diverse rang
of substrates out the brain (Cordon-Cardo et al., 1989; Cooray et al., 2002a). Therefore,
an emerging question is the possible interaction of imatinib with the drug efflux
transporters. The understanding of the interaction of imatinib with the drug efflux
transporters will provide useful information for new approaches to enhance the targeted
bioavailability of imatinib in the CNS, thus prevent the CNS relapse of CML, and might
make it possible to treat PDGFR-related primary and secondary brain cancer with

imatinib.

Lately, several studies showed that imatinib is a substrate of ABCB1. Early study in our
lab reported the basolateral-to-apical flux of imatinib was 39-fold greater than the
apical-to-basolateral flux in the MDR I-transfected cells and 8-fold greater in the
parental cell monolayers. This difference in directional flux was significantly reduced
by the specific P-glycoprotein inhibitor LY335979 (Dai et al., 2003). Chen et al. also
reported K562-n/VCR cell line expressing ber-abl and mdr1 positive was resistant to
imatinib, and could be reversed by 5.18, 1.82 and 1.67-fold respectively when treated
with CsA, TAM, and IFN-alpha (Chen et al., 2003). These data indicate that imatinib is
a substrate of ABCB1, and that the inhibition of ABCB1 affects the transport of
imatinib. /n Vivo studies strongly supported that imatinib is a substrate of ABCBI. In
the wild-type mice, the brain-to-plasma imatinib concentration ratio at all time points
was low (1-3%); however, there was an 11-fold greater brain partitioning of STI-571 at
1 h postdose in the mdrla/b (-/-) mice compared with the wild-type mice. When 12.5
mg/kg STI-571 was given intravenously, the brain-to-plasma ratio of STI-571 in the
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mdrla/b (-/-) mice was approximately 7-fold greater than that of wild-type mice up to

120 min postdose (Dai et al., 2003).

In addition, some new studies have shown that imatinib might interact with the ABCG2
transporter. However, the information regarding the substrate statue of imatinib to
ABCG?2 has been the subject of controversy (Burger et al., 2004; Houghton et al.,
2004a; Ozvegy-Laczka et al., 2004). In this study, we conducted cellular accumulation
and cellular permeability studies in parental and Abcg2-transfected MDCKII cells to

identify and characterize the interaction between imatinib and Abcg2.

The ability to clone specific transporters has led to the possibility of studying
characteristics of transporter function in transfected cells. Transporters that have been
transfected include isoforms of MRP, isoforms of P-gp and isoforms of BCRP
(Rabindran et al., 2000; Golden and Pollack, 2003a; Breedveld et al., 2004; Pavek et al.,
2005). With the expression of the cloned transporter, experiments can now be
conducted to address a variety of relevant questions, such as substrate specificity,
structure—transport relationships, and drug—drug interaction. The most significant
advantage of this technique is that transfected cells allow unambiguous determination of
the interaction between a substrate and a specific transporter. However, this system has
a weakness that the regulation and activity of cloned transporters in transfected cells are
unlikely to be quantitatively equivalent to in vivo BBB transporters (Golden and

Pollack, 2003a).
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The transporter-transfected cell line used in this study is the Madin Darby canine
kidney (MDCKII) cell line. It is a dog renal epithelia derived cell line. MDCKII cells
differentiate into columnar epithelium and form tight junctions in a short period of time
(~3 days) when grown onto Transwell® inserts (Agarwal et al., 2007). In 1989, Pastan
et al. first transfected human ABCBI into polarized MDCKII cells. Since then,
MDCKII-ABCBI cell line has been extensively selected as a model to study ABCBI1-
mediated drug efflux, such as identify and characterize the substrate and inhibitors of
ABCBI and predict the permeability of ABCB1 substrates across BBB (Wang et al.,
2005; Xia et al., 2007¢). In 2000, Jonker and coworkers transfected murine Abcg?2 into
MDCKII cells to study the role of Abcg2 in the bioavailability and fetal penetration of
topotecan (Jonker et al., 2000). Now this useful cell model has been widely used to

study Abcg2-mediated drug efflux (Marchetti et al., 2007; Pan et al., 2007).

The objective of this study was to identify and characterize the interaction between
imatinib and the ABC drug transporter Abcg2 (Bcrpl) by using cellular accumulation

and directional flux methods.

2.2 Material and methods

2.2.1 Chemicals and cell lines
2.2.1.1 Chemicals
Imatinib and '*C-imatinib were kindly provided by Novartis Pharma (East Hanover,

NJ). GF120918 (N-[4-[2-(6, 7-Dimethoxy-3, 4-dihydro-1H-isoquinolin-2-yl) ethyl]-5-
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methoxy-9-oxo0-10H-acridine-4-carboxamide) was generously given by
GlaxoSmithKline (Research Triangle, NC). Ko143 was kindly provided by Dr. Alfred
Schinkel (Netherlands Cancer Institute, Amsterdam, Netherlands). LY335979 ((R)-4-
((1aR, 6R, 10bS)-1,2-difluoro-1, 1a, 6,10b-tetrahydrodibenzo-
(a,e)cyclopropa(c)cycloheptan-6-yl)-a-((5-quinoloyloxy)methyl)-1-piperazineethanol,
trihydrochloride) was a gift from Eli Lilly and Co. (Indianapolis, IN). PSC833 and
cyclosporine A (CsA) were generously given by Novartis Pharma, (East Hanover, NJ).

All other chemicals used were HPLC or reagent grade.

2.2.1.2 Cell lines

Wild-type (WT) and Abcg2-transfected epithelial Madin-Darby canine kidney
(MDCKII) cells were a gift from Dr. Schinkle (Netherlands Cancer Institute,
Amsterdam, Netherlands). Cells were cultured in Dulbecco’s modified Eagle’s medium
(Mediatech, Inc., Herndon, VA) fortified with 10% heat-deactivated fetal bovine serum
(SeraCare Life Sciences, Inc., Oceanside, CA), 100 U/ml penicillin G, 100 pg/ml
streptomycin and 250 ng/mL amphotericin B (Sigma-Aldrich, St. Louis, MO) at 37°C
under humidity and 5% CO, tension. Cells used in all experiments were between

passages 5 and 15.

Mouse glioma cells M7 were kindly provided by Dr. John Olhfest (University of
Minnesota, Minneapolis, MN). The brain tumor specimen was delivered on ice in a tube
containing Neurobasal (NB) media (Invitrogen, Carlsbad, CA). Upon arrival to the lab
tumor tissue was transferred to NB supplemented with 50 ng/mL bFGF, 50 ng/mL EGF,
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5 pg/mL gentamicin, and 0.9 pg/mL Fungizone under serum free conditions. The tissue
was transferred to a petri dish and minced using scalpels until the tissue particles were
of a size that can be drawn in and out of a 10 ml pipette. The cell suspension was
strained to remove any connective tissue. The cells were washed in PBS and once in
Red Blood Cell Lysis solution. Cultures were grown in a cell culture incubator at 37°
C, 5% CO,, and 90% relative humidity in culture media consisting of: DMEM/F12 w/
L-glutamine and sodium bicarbonate (Invitrogen, Carlsbad, CA), B27 supplement
(0.5X) (Invitrogen, Carlsbad, CA), N2 supplement (0.5X) (Invitrogen, Carlsbad, CA),
20 ng/ml human EGF (Peppro Tech, Princeton, NJ), 20 ng/ml human FGF (Peppro
Tech, Princeton, NJ), 1X non-essential amino acids (Gibco), 1% penn/strep (Gibco) and
10 mM Hepes (Gibco). Fresh EGF and FGF were added to the cells every 2-3 days

regardless of whether the cells were passaged (20 ng/nl final concentration for both).

2.2.2 Cellular accumulation studies in MDCKII cell

For the accumulation experiments, cells were seeded in clear polystyrene 12-well plates
(TPP cell culture plate; Sigma-Aldrich, St. Louis, MO) at a seeding density of 2 x 10’
cells/well. The medium was changed every other day and the cells formed confluent
monolayers in 3-4 days. On the day of the experiment, the medium was aspirated and
the confluent monolayer was washed twice with 1 mL prewarmed (37°C) assay buffer
(122 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 10 mM HEPES, 3 mM KCIl, 1.2 mM
MgSO4-7H,0, 1.4 mM CaCl,-H,0, 0.4 mM K,;HPOy, pH 7.4). The cells were
preincubated with 1 ml of assay buffer for 30 min, after which the buffer was aspirated

and the experiment was initiated by adding 1 ml tracer solution of radiolabeled drug
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(0.22 pg C-imatinib) in assay buffer into each well. The plates were continuously
agitated at 60 rpm in an orbital shaker at 37°C. After a 3-h accumulation period, the
supernatant was aspirated and the cells were first washed three times with 2 ml of ice-
cold phosphate-buffered saline and then solubilized using 1 ml of mammalian protein
extraction reagent (M-PER®, Pierce Biotechnology, Inc., Rockford, IL). A 200ul
sample of solubilized cell fractions was drawn from each well in triplicate, and 4 ml of
scintillation fluid (ScintiSafe Econo cocktail; Fisher Scientific Co., Pittsburgh, PA) was
added to each sample and counted using liquid scintillation counting (LS-6500;
Beckman Coulter, Inc., Fullerton, CA) to determine the radioactivity associated with the
cell fractions. The protein concentration was determined using the BCA protein assay
(Pierce Biotechnology, Inc., Rockford, IL) to normalize the radioactivity in each well.
For inhibition studies, the cells were treated with the inhibitor (5 uM GF120918) during
both the preincubation and the accumulation periods. Drug accumulation in cells was
expressed as a percentage of the accumulated radioactivity measured in the wild-type
control cells (dpm) per microgram of protein. The stock solutions for all the inhibitors
used were prepared in dimethyl sulfoxide (DMSO) and diluted using assay buffer to

obtain working solutions, so that the final concentration of DMSO was less than 0.1%.

2.2.3 Cellular permeability studies in MDCKII cell

The methods used for directional flux were similar to that previously described by Dai
et al. (Dai et al., 2003). In brief, cells were seeded at a density of 2 x 10° cells/well on
polyester semipermeable membrane supports of the inserts in six-well Transwells

(Corning Inc., Corning, NY). The medium was changed every day and the cells formed
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confluent polarized epithelial monolayers in 3-4 days. The representative transepithelial
electrical resistance was 300 + 8 ohm-cm? (n=6) in the WT MDCKII monolayers and
248+ 27 ohm-cm” (n=6) in the Abcg2-transfected MDCKII monolayers. Mannitol flux
across the monolayer was also measured to confirm the existence of tight junctions with
approximately 1% per hour flux (Per=9 x 10™ cm/s). The monolayers were washed
with 2 mL prewarmed (37°C) assay buffer, and after a 30-min preincubation, the
experiment was initiated by adding a tracer solution of radiolabeled drug in assay buffer
to the donor side (apical side, 1.5 ml; basolateral side, 2.6 ml). Fresh assay buffer was
added to the receiver side and 200 pl was sampled from the receiver compartment at 0,
15, 30, 60, 90, 120 and 180 min. The volume sampled was immediately replaced with
fresh assay buffer. Additional samples were drawn at 0 and 180 min from the donor
compartment. The amount of radioactivity in the samples was determined using liquid
scintillation counting as described previously. The apical-to-basolateral (A-to-B) flux
was determined by addition of radiolabeled drug solution to the apical compartment and
sampling the basolateral compartment, whereas for basolateral-to-apical (B-to-A) flux,
the donor was the basolateral compartment and the apical compartment was the receiver
compartment. When an inhibitor was used in the flux study, the cell monolayers were
preincubated with the inhibitor (5 uM GF120918 and 200 nM Ko143) for 30 min,
followed by the inhibitor being present in both compartments throughout the course of

the experiment.

Permeability Calculation

The effective permeability (Peff) was calculated by the following equation,
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Par = (1)
where Q is the amount of radiolabled drug transported though the cell monolayer, t is
the time, dQ/dt is the mass transport rate, A is the effective area of the cell monolayer
(4.67cm2) and Cy is the initial concentration of radiolabled drug in the donor
compartment. To make sure the two assumptions, 1) sink condition and2) linear
condition are satisfied, only data generated between 0 and 90 min was used to calculate
P.sr. Efflux ratio is defined as the ratio of Peff of the B-to-A flux over the Peff of the A-

to-B flux.

2.2.4 Estimation of apparent Km

WT and Abcg? transfected MDCKII cells were seeded at a density of 2 x 10° cells/well
on polyester semipermeable membrane supports of the inserts in six-well Transwells.
The medium was changed every day and the cells formed confluent polarized epithelial
monolayers in 3-4 days. The monolayers were washed twice with 2 mL prewarmed
(37°C) assay buffer, and then incubated with assay buffer with or without various
concentrations of non-radiolabled imatinib (2, 5, 10, 20 and 50 uM imatinib) for 30
min, and the preincubation media was then aspirated. Assay buffer with or without
various concentrations of non-radiolabled imatinib was added into the receiver
compartment (apical side, 1.5 ml; basolateral side, 2.6 ml). Assay buffer with or without
various concentrations of non-radiolabled imatinib added with tracer "*C-imatinib was
applied into the donor compartment to start the experiment. 200 pl was sampled from
the receiver compartment at 0, 15, 30, 60, 90, 120 and 180 min and the volume sampled
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was immediately replaced with assay buffer with or without various concentrations of
non-radiolabled imatinib. Additional samples were drawn at 0 and 180 min from the
donor compartment. The amount of radioactivity in the samples was determined using
liquid scintillation counting as described previously. The apical-to-basolateral (A-to-B)
flux and basolateral-to-apical (B-to-A) flux were determined as previously described in
section 2.2.3.. The effective permeabilities of the B-to-A flux and the A-to-B flux of
"C-imatinib with and without the presence of different concentrations of non-
radiolabled imatinib were calculated based on equation (1). Then the efflux ratio
corresponding to the presence of each concentration of non-radiolabled imatinib was
determined. Apparent Km (EC50) was estimated by fitting the inhibitory effect Emax
model to the efflux ratio data. The equation of the inhibitory effect Emax model is listed
below:

E=Emax- (Emax-E0)*(C/(C+EC50)) (2)

Where E is effect (efflux ratio), Emax is the maximum effect at C=0, EO is the effect at
C=0, C is the concentration of non-radiolabled imatinib and EC50 is the concentration
of non-radiolabled imatinib when the inhibitory effect reaches the 50% of the maximum

inhibitory effect (Emax-EQ).

2.2.5 Cellular accumulation studies in mice glioma cells

M7 cells (mouse glioma cells) were spun down and lysed by HyQtase and counted.
Lysed cells were diluted with assay buffer to reach a final density of 2x10° cells/mL.
Cell suspension was added to 12-well plates (TPP cell culture plate; Sigma-Aldrich, St.
Louis, MO), 500 pL per well. Plates were preincubated in an orbital shaker at 37°C for
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30 min. Experiment was initiated by adding 500 pL tracer solution of "*C-imatinib into
each well. Plates were continuously agitated at 60 rpm in an orbital shaker at 37°C for 3
hr, and all the material in each well was removed to a corresponding 15 mL conical
tube. Reaction was stopped by adding 9mL ice-cold PBS into each tube. Cell
suspension was centrifuged at 2500 rpm for 5 min. The supernatant was aspirated. The
cell pellet was washed one more time with 5 mL ice-cold PBS and centrifuged at 2500
rpm for 5 min. The remained cell pellet was solubilized using 600 pl of M-PER®
(Pierce Biotechnology, Inc., Rockford, IL). A 100 pl sample of solubilized cell fractions
was drawn from each tube in triplicate, and 4 ml of scintillation fluid (ScintiSafe Econo
cocktail; Fisher Scientific Co., Pittsburgh, PA) was added to each sample and counted
using liquid scintillation counting (LS-6500; Beckman Coulter, Inc., Fullerton, CA) to
determine the radioactivity associated with the cell fractions. The protein concentration
was determined using the BCA protein assay (Pierce Biotechnology, Inc., Rockford, IL)
to normalize the radioactivity in each well. For inhibition studies, the cells were treated
with the inhibitor (1 pM LY335979 or 5 uM GF120918) during both the preincubation
and the accumulation periods. Drug accumulation in cells was expressed as dpm per
microgram of protein. The stock solutions for all the inhibitors used were prepared in
dimethyl sulfoxide (DMSO) and diluted using assay buffer to obtain working solutions,

so that the final concentration of DMSO was less than 0.1%.

2.2.6 Inhibitors cross reactivity
Cellular accumulation method was used to study inhibitor cross reactivity. WT and

Abcg2-trasfected cells were seeded in clear polystyrene 24-well plates (SARSTEDT,
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Newton, NC) at a seeding density of 1 x 10° cells/well. The medium was changed every
other day and the cells formed confluent monolayers in 3-4 days. On the day of the
experiment, the medium was aspirated and the confluent monolayer was washed twice
with 1mL prewarmed (37°C) assay buffer. The cells were preincubated with 1 ml of
assay buffer with and without different concentrations of inhibitors (5, 10, 15 and 30
uM PSC833; 5, 10,15 and 30 uM CsA) for 30 min, after which the buffer was aspirated
and the experiment was initiated by adding 1 ml tracer solution of radiolabeled drug
(0.22 pg "*C-imatinib) in assay buffer with and without different concentrations of
inhibitors into each well. The plates were continuously agitated at 60 rpm in an orbital
shaker at 37°C. After a 3-h accumulation period, the supernatant was aspirated and the
cells were first washed three times with 2 ml of ice-cold phosphate-buffered saline and
then solubilized using 1 ml of mammalian protein extraction reagent M-PER. The
amount of radioactivity in the samples and the protein concentration of each sample was

determined as previously described in section 2.2.2.

2.2.7 Statistical and data analysis

Statistical analysis was conducted using SigmaStat, version 3.1(Systat Software, Inc.,
Point Richmond, CA). Statistical comparisons between two groups were made by using
two-sample t-test at p < 0.01 significance level. If groups failed the normality test, then
the nonparametric alternative of two-sample ¢ test, the Mann-Whitney rank sum test,
was used. Groups were compared by one-way analysis of variance with the Holm-Sidak

post-hoc test for multiple comparisons at a significance level of p <0.01. When groups
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failed the normality or equal variance test, analysis of variance on ranks with the Tukey

post-hoc test was used for multiple comparisons.

2.3 Results

2.3.1 Imatinib accumulation in WT and Abcg2-transfected MDCKIIcells
*H-mitoxantrone was used as a positive control (Doyle et al., 1998) to verify the Abcg2
protein function in the Abcg2-transfected MDCKII cell. The cellular accumulation of
*H-mitoxantrone was significantly lower (p < 0.01) in the Abcg2-transfected cells than
that in the wild-type cells. Mitoxantrone accumulation in the Abcg?2 cells was only 19%
of that in WT MDCKII cells (figure 2.1). ). *C-imatinib had a significant lower
accumulation (~5% of WT control, p <0.01) in the Abcg2-transfected cells than the
wild-type cells. When the Abcg2 inhibitor GF120918 was applied, it was able to
increase the imatinib net accumulation in Abcg2-transfected cell to a similar level as

wild-type cells (figure 2.2)

2.3.2 Imatinib flux in WT and Abcg2-transfected MDCKII cells

The B-to-A flux of imatinib in Abcg2-transfected MDCKII cells was greater than that
in WT cells, while the A-to-B flux was lower in Abcg2-transgected cells compared to
that in WT cells (figure 2.3). The B-to-A flux effective permeability of imatinib in the
transfected cells was (1.81E-05£8.76E-07 cm/s), which was 63-fold greater (p<0.01)
than the A-to-B flux apparent permeability (2.87E-07+4.86E-08 cm/s) (figure 2.4).

When Abcg?2 inhibitor GF120918 was applied, it was able to decrease the difference
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between the B-to-A flux and A-to-B flux of imatinib in Abcg2-transfected cells (figure
2.5). The efflux ratio of imatinib in Abcg2-transfected cells was decreased to 8.55 by
GF120918 (figure 2.6). In the case when the potent Abcg2 selective inhibitor Ko143
was used, Ko143 eliminated the difference between the B-to-A flux and A-to-B flux of
imatinib in Abcg2-transfected cells (figure 2.7). Ko143 minimized the efflux ratio of

imatinib in Abcg2-transfected cells to 2.22 (figure 2.8).

2.3.3 Estimated apparent Km for interaction between imatinib and Abcg2

The efflux ratio of imatinib in Abcg2-transfected cells without the presence of non-
radiolabeled imatinib, i.e., the maximum observed efflux ratio (Emax) was 63. The
observed efflux ratio of imatinib at the highest presented concentration of non-
radiolabeled imatinib was 2.75. The estimated apparent Km (EC50) value of imatinib

for Abcg2 was 3.89 + 0.44 uM (figure 2.9).

2.3.4 Imatinib accumulation in mouse glioma cells

Imatinib accumulation in M7 cells was 102.50 + 21.52 DPM/ug protein. ABCB1
selective inhibitor LY335979 significantly increased the cellular accumulation of
imatinib in M7 cells (p<0.01). GF120918, the ABCB1 and Abcg2 dual inhibitor, also
increased imatinib accumulation in M7 cells significantly (p<0.01). There was no
significant difference between the effect of LY335979 and GF120918 on the cellular

accumulation of imatinib in M7 cells (figure 2.10).
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2.3.5 Inhibitors cross reactivity

ABCBI inhibitor PSC833 did not show an inhibitory effect on Abcg2 mediated
transport of imatinib at concentrations lower than 15 uM. At concentrations higher than
15 uM, PSC833 showed mild inhibitory effect that significantly increased imatinib
accumulation in Abcg2-transfected MDCKII cells (figure 2.11). Another ABCB1
inhibitor, CsA, showed significant inhibitory effect on Abcg2 mediated transport of
imatinib at concentration as low as 5 uM. However, this effect did not increase

significantly as the concentration of CsA increased to 30 uM (figure 2.12).

24 Discussion

Imatinib was the milestone of molecularly-targeted therapy for cancer treatment.
However, it has difficulty to penetrate CNS. Previous study showed imatinib is an
ABCBI substrate and its CNS distribution is limited by ABCB1. ABCG2 is another
important efflux transporter that attracts increasing interest. Recent studies reported that
imatinib might also be a substrate of ABCG2/Abcg2 (Burger et al., 2004; Ozvegy-
Laczka et al., 2004). We carried out cellular accumulation and permeability studies to

identify and characterize the interaction between imatinib and Abcg?2.

The cellular accumulation studies showed that '*C-imatinib accumulation in Abcg2-
transfected MDCKII cells was just 5% of that in wild-type control cells (figure 2.2).
This difference was statistically significant. It was even greater than the difference of

mitoxantrone accumulation between Abcg2-transfected and WT MDCKII cells, while

42



mitoxantrone is a well-known excellent Abcg2 substrate (Doyle et al., 2003). Abcg2
inhibitor GF120918 abolished the difference of '*C-imatinib accumulation between
Abcg2-transfected and WT MDCKII cells. In cellular permeability studies, the efflux
ratio of imatinib in Abcg2-transfected MDCKII cells was 63 while the efflux ratio in
WT cells was 1.77. Ko143, the selective Abcg?2 inhibitor (Allen et al., 2002b),
decreased the efflux ratio of imatinib in Abcg2-transfected MDCKII cells to 2.22.
GF120918 was also able to reduce the efflux ratio of imatinib in Abcg2-transfected
MDCKII cell, from 63.03 to 8.55. It is quite interesting that the inhibitory effect of
GF120918 in the cellular permeability study was not as great as that in the cellular
accumulation studies. In accumulation study, 5 uM GF120918 completely inhibited
Abcg2-mediate efflux of imatinib. However, in permeability study, the efflux ratio of
imatinib in Abcg2-transfected cell with the presence of 5 uM GF120918 was still
different from that in WT cells. Further studies are needed to reveal the underlying

mechnism.

Houghton et al. reported that imatinib increased topotecan and SN-38 accumulation in
ABCG?2 expressing Saos2 cells. In the same study, the parental and ABCG2 expressing
Saos2 cells had similar sensitivity to imatinib. So they concluded that imatinib is a
inhibitor of ABCG2 but is not a substrate for it (Houghton et al., 2004b). Almost at the
same time, Ozvegy-Laczka and colleagues discovered that imatinib interacts with
ABCG2 with high affinity in ATPase assays and fluorescent dye uptake experiments
(Ozvegy-Laczka et al., 2004). Later on, Burger et al. showed in their study that '*C-

imatinib accumulation in ABCG2 expressing MCF7 cells was significantly lower than
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that in the parental MCF7 cell after 2-hr incubation and declared that imatinib is a
substrate of ABCG2 (Burger et al., 2004). Our results of cellular accumulation studies

and cellular permeability studies strongly indicated that imatinib is an Abcg2 substrate.

To further study the interaction between imatinib and Abcg2, the apparent Km of
Abcg? for its interaction with imatinib was estimated by dose dependence study. As the
concentration of non-radiolabeled imatinib increased, the effective permeability (Peff)
of "*C-imatinib in A-to-B direction increased and the Peff in B-to-A direction
decreased. The efflux ratio, which is defined as the raio of Peff of the B-to-A flux over
the Peff of the A-to-B flux, decreased with the increase of non-radiolabeled imatinib.
Since efflux ratio takes both Peff in A-to-B direction and Peff in B-to-A direction into
account, it was taken as effect (Muenster et al., 2008). The inhibitory effect Emax
model was used to fit the data because ideally the efflux ratio will be approaching 1.
The estimated EC50 value of imatinib, the same as the apparent Km value of imatinib,
was 3.89 + 0.44 uM. Apparent Km is important information that tells the affinity
between imatinib and Abcg2. This result suggested again imatinib is a significant
Abcg? substrate that interacts with Abcg2 at low micro molar range. One thing should
be pointed out is that the efflux ratio did not reach plateau at the highest concentration
we examined. However, cellular permeability study with higher concentration of non-
radiolabeled imatinib was failed due to cell death at the end of the experiments. It is

very likely caused by the cytotoxicity effect of imatinib at high concentration (eg. 100

uM).
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With the conclusion that imatinib is a substrate of both ABCB1 and Abcg?2, the cellular
accumulation of imatinib in mouse glioma cells was studied. The multidrug resistance
in tumor cells also plays an important role in the brain tumor treatment besides the
resistance in BBB (Nies and Nies, 2007). Both ABCBI selective inhibitor LY335979
and ABCB1, ABCG2 dual inhibitor GF120918 significantly increased imatinib
accumulation in mouse glioma cells. Nevertheless, there was no significant difference
between the effect of LY335979 and GF120918. So the inhibition of Abcgl increased
imatinib uptake in mice giloma cells. The reason that no dual effect of GF120918 was
seen in this study could be that Abcg? is present in the brain tumor capillaries, but not
in these brain tumor cells (Cooray et al., 2002b). This experiment provided information
that the inhibition of efflux transporter(s) in glioma cells could result in increased

cellular accumulation and might further lead to improved treatment.

ABCBI1 and ABCG?2 are two major ATP-binding cassette (ABC) membrane efflux
transporters that confer drug resistance in cancer (Merino et al., 2004). The two have a
partly overlapped substrate spectrum (Xia et al., 2007¢). So it is possible for some
ABCB1 modulators to interact with ABCG2, such as GF120918. Recently, Xia et al.
revealed that CsA, one of the first-generation ABCB1 modulators, is an inhibitor but
not a substrate of ABCG2 (Xia et al., 2007a). Since PSC833 is the
nonimmunosuppressive analog of CsA (Friche et al., 1992), we highly suspect that it
might also have inhibitory effect on ABCG2. The cellular accumulation of '*C-imatinib
in Abcg2-transfected MDCKII cells with the presence of PSC833 in different
concentrations indicated that PSC833 inhibits the Abcg2-mediated imatinib transport at
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concentrations above 15 uM (figure 2.11). On the other hand, CsA showed inhibitory
effect on Abcg?2 at the lowest concentration (SuM) we tested, though the effect
remained the same as CsA concentration increased from 5 uM to 30 uM (figure 2.12).

These are important transporter modulator cross activity information that can be useful

in choosing modulators and data interpretation.

2.5 Conclusion

In summary, this study used both cellular accumulation and cellular permeability
methods to identify the substrate status of imatinib to efflux transporter Abcg2. In
cellular accumulation studies, the accumulation of 4C-imatinb in WT MDCKII cells
was significantly greater than that in Abcg2-transfected cells. This difference was
abolished by GF120918. The efflux ratio of imatinib in Abcg2-transfected MDCKII
cells was about 36 fold greater than the imatinib efflux ratio in WT cells. GF120918
decreased and Ko143 abolished the difference of imatinib efflux ratios between Abcg2-
transfected and WT MDCKII cells. The estimated Km for the interaction between
imatinib and Abcg2 was 3.89 £ 0.44 uM. LY 335979 and GF120918 significantly
increased imatinib accumulation in mouse glioma cells. Both PSC833 and CsA showed
mild inhibitory effect on Abcg2-mediated cell efflux of imatinib. In conclusion,
imatinib is an Abcg2 substrate, and that the inhibition of Abcg2 will dramatically affect
the in vitro intracellular accumulation of imatinib in MDCKII monolayers and the

transport of imatinib across MDCKII monolayers.
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Figure 2.1. Accumulation of 3H-mitoxantrone in WT (black bar) and Abcg2-
transfected (gray bar) MDCKII cells.

Results are presented as mean £S.D., (as percentage of wild-type control), n = 12.
Mitoxantrone accumulation in Abcg2-transfected cells was significantly lower than in

the wild-type cells, p <0.01.
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Figure 2.2. Accumulation of "C-imatinib in WT (black bar) and Abcg2-
transfected (gray bar) MDCKII cells with and without GF120918 (5 pM).
Results are presented as mean £S.D., (as percentage of wild-type control), n = 12.
Imatinib accumulation in Abcg2-transfected cells was significantly lower than in the
wild-type cells, p <0.01. Abcg?2 inhibitor GF120918 abolished the difference between

the imatinib accumulation in Abcg2-transfected and WT cells.
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Figure 2.3. Directional flux of "C-imatinib across the MDCKII monolayers in
wild-type (®, A-to-B direction; O, B-to-A direction) and Abcg2-transfected cells
(¥, A-to-B direction; A, B-to-A direction).

Results are expressed as mean +S.D., n=9. The difference between the B-to-A flux and
A-to-B flux of imatinib in Abcg2-transfected cells was greater than that in wild-type

cells.
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Figure 2.4. The A-to-B direction effective permeability (black bar) and B-to-A
direction effective permeability (gray bar) of imatinib (cm/s) across the WT and
Abcg2-transfected MDCKII cell monolayers.

Results are expressed as mean +S.D., n=9 (*, p < 0.01). The efflux ratio of imatinib in

Abcg2-transfected cells was 63 while that in WT cells was 1.8.
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Figure 2.5. Directional flux of 14C-imatinib across the Abcg2-transfected MDCKII
cells monolayers with (¥, A-to-B direction; A, B-to-A direction) and without
inhibitor GF120918 (5 uM) (®, A-to-B direction; O, B-to-A direction).

Results are expressed as mean £S.D., n=9. The difference between the B-to-A flux and

A-to-B flux of imatinib in Abcg2-transfected cells was decreased by GF120918.
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Figure 2.6. The A-to-B direction effective permeability (black bar) and B-to-A

direction effective permeability (gray bar) of imatinib (cm/s) across the Abcg2-
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transfected MDCKII cell monolayers with and without GF120918 (5 pM).

Results are expressed as mean =£S.D., n=9 (*, p < 0.01). The efflux ratio of imatinib in

Abcg2-transfected cells was decreased by GF120918 from 63 to 8.55.
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Figure 2.7. Directional flux of 14C-imatinib across the Abcg2-transfected MDCKII
cells monolayers with (¥, A-to-B direction; A, B-to-A direction) and without
potent and selective Abcg2 inhibitor Ko143 (200 nM) (®, A-to-B direction; O, B-
to-A direction).

Results are expressed as mean £S.D., n=9. K0143 eliminated the difference between the

B-to-A flux and A-to-B flux of imatinib in Abcg2-transfected cells.

54



e 2.5e-5
5]
&~ HE AtoB
% CIBtoA
E} 2.0e-5 +
%}
: [
=
=
T 15e5 A
£
[Se=i
2
z 5
= — 1.0e-5 -
=
g o
£
o
5]
A 5.0e-6
z "
N
g
b
= 0.0 ——
Abcg2 w/o Ko143 Abcg2 with Ko143

Figure 2.8. The A-to-B direction effective permeability (black bar) and B-to-A
direction effective permeability (gray bar) of imatinib (cm/s) across the Abcg2-
transfected MDCKII cell monolayers with and without Ko143 (200 nM).
Results are expressed as mean +S.D., n=9 (*, p < 0.01). Ko143 decreased the efflux

ratio of imatinib in Abcg2-transfected cells to the same level as that in WT cells.
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Table 2-1. Effective permeability of 14C-imatinib in Abcg2-transfected and WT

MDCKII cells with and without the presence of inhibitors (GF120918 5 uM, Ko143

200 nM).

Results are expressed as mean £S.D., n=9.

WT cells w/o Abcg? cells Abcg? cells Abcg? cells
inhibitor (cm/s) | w/o inhibitor | with GF120918 with Ko143
(cm/s) (cm/s) (cm/s)
A-to-B (n=9) 2.94E-06 + 2.87E-07 + 1.45E-06 + 2.62E-06 +
8.04E-07 4.86E-08 6.00E-07 2.56E-07
B-to-A (n=9) 5.21E-06 + 1.81E-05 + 1.24E-05 + 5.81E-06 +
3.35E-07 8.76E-07 1.54E-06 1.26E-06
Efflux ratio 1.77 63.03 8.55 222
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Figure 2.9. Plot of efflux ratios of 14C-imatinib in Abcg2-transfected MDCKII
cells with increasing concentrations of non-radiolabeled imatinib (0, 2, 5, 10, 20
and 50 pM).
The inhibitory effect Emax model was fitted to data to obtain estimate of Km (EC50).

Error bars are not avalible since each point represents a ratio of two average values.
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Figure 2.10. Accumulation of "*C-imatinib in mouse glioma M7 cells with and
without inhibitors (LY335979 1 uM, GF120918 5 uM).

Results are presented as mean +S.D., n = 4. Imatinib accumulation in M7 cells was
significantly increased with the presence of inhibitors LY335979 and GF120918, p

<0.05.
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Figure 2.11. Accumulation of "C-imatinib in WT and Abcg2-transfected MDCKII
cells with increasing concentrations of PSC833 (0, 5, 10, 15 and 30 pM).

Results are presented as mean +S.D. (as percentage of wild-type control), n = 6.
PSC833 was able to increase imatinib accumulation in Abcg2-transfected cells at the

concentration of 30 uM significantly, p <0.01.
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Figure 2.12. Accumulation of 14C-imatinib in WT and Abcg2-transfected
MDCKII cells with increasing concentrations of CsA (0, 5, 10, 15 and 30 pM).
Results are presented as mean +S.D. (as percentage of wild-type control), n = 6. CsA
has inhibitory effect on the Abcg2-mediated transport of imatinib at concentrations

higher than 30 uM, p <0.01.
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CHAPTER 3

IN VIVO EFFECT OF EFFLUX TRANSPORTERS ON THE CNS DELIVERY

OF IMATINIB
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3.1 Abstract and introduction

3.1.1 Abstract

The objective of this study was to examine the influence of selected transporters (Abcbl
and Abcg?) on targeted delivery of imatinib to CNS. Wild type FVB mice received
12.5mg/kg or 50mg/kg imatinib as a single bolus with and without coadministration of
10mg/kg GF120918. Plasma and brain were sampled at different times postdose (10,

30, 60, 90, and 120 min). The concentration of imatinib in plasma and brain were
determined by LC_MS. The average area-under-the curves (AUCs) from zero to infinity
were calculated for plasma and brain for each group. The Drug Targeting Index (DTI=
[(AUCprain / AUCplasma) groupal/ [(AUChrain / AUCplasma) groups) Was determined. The
plasma protein binding of imatinib was examined at different concentrations (100
ng/mL, 1000 ng/mL, and 7500 ng/mL). The DTI value between the high dose group and
the low dose group was 2.74. The DTI value between the low dose with
coadministration of GF120918 group and the control low dose group was 7.05. There
was no difference among the free fractions of imatinib in plasma at three different
concentrations. The results indicated that Abcbl and Abcg?2 play a role in limiting the

CNS delivery of imatinib.

3.1.2 Introduction

Active transporters play important roles in drug absorption, distribution, metabolism
and elimination (ADME) by governing drug substance in and out of different tissue and
cells. Over time, more evidence has been accumulated indicating that active transporters

are critical factors in the distribution of anticancer agents to the CNS. One example is
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doxorubicin. Doxorubicin is a substrate of ABCB1 (Toffoli et al., 1996). In vitro
evidence has showed that it has anti-tumor effects in glioblastoma cell lines. However,
no clinical benefit has been observed from the use of doxorubicin in the treatment of
primary CNS malignancies. The lack of in vivo effect might be due to the efflux by
ABCBI in the CNS (Motl et al., 2006). Vinblastine is another example. Vinblastine
was originally thought to be effective in CNS tumors based on its lipophilicity.
Nevertheless, preclinical studies showed that vinblastine has limited CNS penetration.
Schinkel and group reported that ABCB1 knockout (mdrla (-/-)) mice displayed an
increased sensitivity to vinblastine (3-fold) compared to the wild type mice. So the poor
CNS penetration of vinblastine might also be caused by the efflux by ABCB1 in the

CNS (Schinkel et al., 1994; Motl et al., 2006).

Imatinib (Gleevec, STI571) is a first generation tyrosine kinase inhibitor (TKI). It has
shown remarkable results in the treatment of chronic myelogenous leukemia (CML) and
gastrointestinal stromal tumors (GISTS) (Druker, 2003). However, CNS relapses have
been observed in CML patients even though they have shown a complete hematological
response to imatinib mesylate (Takayama et al., 2002; Abruzzese et al., 2003; Pfeifer et
al., 2003; Bornhauser et al., 2004; Bujassoum et al., 2004; Leis et al., 2004; Neville et
al., 2004; Rajappa et al., 2004). Preclinical studies have shown that imatinib inhibited
the growth of U343 and U87 glioblastoma multiforme (GBM) cell lines in vitro and
when implanted into the brains of nude mice (Kilic et al., 2000). But in clinical studies,
imatinib had limited antitumor activity in patients with recurrent gliomas in the dose
range of 600 to 1,000 mg/d (Raymond et al., 2008). When imatinib CSF concentrations
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were measured in patients treated with imatinib, they were less than 3 percent of plasma
concentration. The lower than effective threshold concentration of imatinib in CNS led
to CNS relapse in CML patients even though they had good systemic response to

imatinib and limited the effect of imatinib in the treatment of brain tumor.

Recently, studies from other groups and our group showed that imatinib is a substrate of
efflux transporters ABCB1 and ABCG2 (Dai et al., 2003; Mahon et al., 2003; Burger et
al., 2004; Ozvegy-Laczka et al., 2004). In addition, a previous study in our lab showed
that ABCBI1 plays an important role in the CNS delivery of imatinib (Dai et al.,
2003).However, the effect of ABCB1 and ABCG2 on the CNS delivery of imatinib
needs to be further addressed. In this study the effect of Abcbl and Abcg?2 on the CNS
delivery of imatinib was studied by the direct sampling method in an in vivo mouse

model.

Direct sampling of brain tissue is the most straightforward technique for examining
CNS uptake. In this approach, the study compound is administered systemically
[typically by intravenous (iv) or oral (po) routes] to the animal. Later the animal is
sacrificed at a specified time postdose in order to collect brain tissue and blood. One
way to identify the presence of efflux transport at the BBB is to compare the brain:
blood distribution ratio in animals with and without the presence of a specific transport
inhibitor. An increase in brain: blood partitioning in the presence of the inhibitor
indicates the effect of efflux transport. The strength of this approach is the capability of

retaining the physical integrity of the BBB and the dynamic nature of the barrier
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(normal blood flow and protein concentration). However, the brain tissue samples are
contaminated by residual blood, which is a limitation shared by all techniques based on
direct tissue sampling. Corrections can be made for estimates of residual blood volume
either by using the data from literature or by performing capillary depletion of the

sample prior to quantitating tissue concentration (Golden and Pollack, 2003a).

The objective of this chapter was to examine the influence of Abcbl and Abccg? on the

targeted delivery of imatinib to the CNS by using an in vivo mouse model.

3.2 Material and methods

3.2.1 Chemicals and Animals

3.2.1.1 Chemicals

Imatinib was generously given by Novartis Pharma (East Hanover, N J). GF120918 (N-
[4-[2-(6, 7-Dimethoxy-3, 4-dihydro-1H-isoquinolin-2-yl) ethyl]-5-methoxy-9-oxo-10H-
acridine-4-carboxamide) was kindly provided by GlaxoSmithKline (Research Triangle,
NC). Heparin was purchased from Baxter Healthcare Corporation (Deerfield, IL). All

other chemicals used were HPLC or reagent grade.

3.2.1.2 Animals
Wild-type FVB mice were purchased from Taconic Farms. Inc. (Germantown, NY) All
mice were male and between 8 to 10 weeks old. Animals were maintained under

temperature-controlled conditions with a 12-h light/dark cycle and unlimited access to
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food and water. All studies were approved by the Institutional Animal Care and Use

Committee of the University of Minnesota

3.2.2 CNS distribution of imatinib in wild-type FVB mice

Due to the inability to obtain concentrations at multiple time points from a single
mouse, destructive sampling was used. 80 wild-type (WT) FVB mice were randomly
separated into 4 groups. Group 1 received 12.5-mg/kg imatinib via tail vein injection as
the control group. Group 2 received 50 mg/kg imatinib via tail vein injection. Group 3
received 10 mg/kg GF120918 (DMSO: TWEENSO: propylene glycol: saline = 6.6:
3.95:24.67:64.67) via tail vain injection 30 min before the injection of 12.5 mg/kg
imatinib. Group 4 had an injection of 10mg/kg GF120918 (DMSO: TWEENG&O:
propylene glycol: saline = 6.6: 3.95:24.67:64.67) via tail vein and another injection of
50mg/kg imatinib 30 min later. For each group, mice (n=4) were euthanized at various
time points (5, 20, 60, 120, 180 min postdose). Blood was immediately harvested via
cardiac puncture and collected in tubes preloaded with heparin. Then whole brain was
harvested within 2 min and rinsed with ice-cold saline to remove extraneous blood. At
the end of the experiment, plasma was separated from blood by centrifugation at 3000
rpm for 10 min at 4°C. All plasma and whole brain samples were stored at -80°C until

analysis by LC-MS.

3.2.3 Plasma protein binding of imatinib
Glass culture tubes were spiked with non-radiolabeled imatinib and tracer '*C-imatinib

in methanol (in triplicate) to gain desired concentrations (100 ng/mL, 1000 ng/mL and
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7500 ng/mL) in 600 uL plasma. Methanol was removed by drying under nitrogen. Then
600 uL FVB mouse plasma was added into each of the tubes and vortexed on high for 1
min. Tubes were incubated in orbital shaker at 37°C and continuously agitated at 120
rpm. Tubes were taken out and vortexed on high for 1 min during the incubation at 10,
20 and 30 minutes. After 45 min incubation, 150 uL plasma sample (triplicate for each
tube) was transferred into individual Microcon® centrifugal filter Device (microcon
YM-30, 30kDa MWCO, Millipore Corporation, Bedford, MA) for each concentration.
The centrifugal filter devices then were centrifuged in an eppendorf 5417-R centrifuge
at 14000 rpm for 15 min. A 100 pl sample of spiked plasma or filtered plasma was
drawn, and 4 ml of scintillation fluid (ScintiSafe Econo cocktail; Fisher Scientific Co.,
Pittsburgh, PA) was added to each sample and counted using liquid scintillation
counting (LS-6500; Beckman Coulter, Inc., Fullerton, CA) to determine the

radioactivity associated with the plasma sample.

3.2.4 Pharmacokinetic analysis

The areas under the concentration-time curves for plasma (AUCplasma) and brain
(AUCbrain) from time 0 to infinity were calculated by using noncompartmental
analysis (WinNonlin 5.0.1; Pharsight, Mountain View, CA). The enhancement in brain
exposure of imatinib in the treatment group compared with control group was
represented by the drug targeting index (DTTI), calculated as

DTI = (AUCbrain/AUCplasma) treatment group/ (AUCbrain/AUCplasma)control

group.
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3.2.5 Statistical analysis

Statistical analysis was conducted using SigmaStat, version 3.1(Systat Software, Inc.,
Point Richmond, CA). Statistical comparisons between two groups were made by using
two-sample t-test at p < 0.05 significance level. If groups failed the normality test, then
the nonparametric alternative of two-sample ¢ test, the Mann-Whitney rank sum test was
used. Groups were compared by one-way analysis of variance with the Holm-Sidak

post-hoc test for multiple comparisons at a significance level of p < 0.05.

3.3 Results

3.3.1 CNS distribution of imatinib in wild-type FVB mice in low dose group

The disadvantage of direct sampling of brain tissue is that the brain tissue samples are
contaminated by residual blood. To accurately determine the penetration of drug across
the blood-brain barrier, the drug remaining in the brain vascular space needs to be
excluded. This is especially important when the drug of interest has a relatively low
CNS distribution. Previous study in our lab determined that the volume of brain
vascular space in FVB mice accounts for 1.4% of the whole brain volume by using [*H]
inulin (Dai et al., 2003). All the brain concentration data in this thesis were corrected by

excluding the drug in the 1.4% remaining blood from the drug in the whole brain tissue.

The brain and plasma concentration-time profiles of imatinib in FVB WT mice that
received an intravenous dose of 12.5 mg/kg imatinib were determined (Figure 3.1). The

brain distribution of imatinib reached equilibrium rapidly within Smin. The imatinib
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brain concentrations were significantly lower than those in the plasma at all the
measured time points (5, 20, 60, 120, 180 min postdose). The brain-to-plasma
concentration ratios (B/P) were less than 0.12 (0.02-0.12). The AUC from time 0 to
infinity in plasma and brain was 96885 min'-ng/mL and 9561 min-ng/mL, respectively.

The ratio of AUCs (AUChyrain/ AUCplasma) Was 0.099 (table 3.1).

3.3.2 NS distribution of imatinib in wild-type FVB mice in high dose group

The brain and plasma concentrations of imatinib at various time points (5, 20, 60, 120,
180 min postdose) in FVB WT mice following the tail vein injection of 50 mg/kg were
measured (Figure 3.2). Both the brain concentrations and the plasma concentrations
were increased compared to those in mice received low dose imatinib. When the B/P
ratios were determined, they were greater (0.08-0.32) than those in the low dose group
(Figure 3.6). The AUC value from time 0 to infinity in plasma and brain was
231792min-ng/mL and 56750 min-ng/mL, respectively. The ratio of AUCs

(AUChprain/ AUCplasma) Was 0.245. The DTI value calculated as [(AUChyrain / AUCpiasma) high

dose)/ [(AUChprain / AUCplasma) low dose] Was 2.47 (table 3.1).

3.3.3 CNS distribution of imatinib in wild-type FVB mice in low dose with
coadministration of dual inhibitor group

The brain and plasma concentration-time profiles of imatinib in FVB WT mice that
received an intravenous dose of 12.5 mg/kg imatinib with the coadministration of 10
mg/kg GF120918 are shown in Figure 3.3. The brain concentrations and the plasma

concentrations both increased compared to those in mice received low dose imatinib,

69



especially the brain concentrations. The B/P ratios in this group were greater (0.26-1.5)
than those in the low dose group at the five time points measured (Figure 3.6). The
AUC value from time 0 to infinity in plasma and brain was 342872 min-ng/mL and
239289 min-ng/mL, respectively. The ratio of AUCS (AUChpyin/ AUCplasma) Was 0.698.
The DTI value calculated as [(AUChprain / AUCplasma) tow dose with GF]/ [(AUChprain /

AUCplasma) low dose] Was 7.05 (table 3.2).

3.3.4 CNS distribution of imatinib in wild-type FVB mice in high dose with
coadministration of dual inhibitor group

The brain and plasma concentration-time profiles of imatinib in FVB WT mice that
received an intravenous dose of 50 mg/kg imatinib following the coadministration of 10
mg/kg GF120918 were determined (Figure 3.4). Both the brain concentrations and the
plasma concentrations increased compared to the concentrations in the high dose group.
The brain concentrations reached the similar level as the plasma concentrations. The
B/P ratios in this group were the greatest (0.61-2.14) among the 4 groups (Figure 3.6).
However, due to the fluctuation in the brain concentration-time profile, a reliable
terminal rate constant could not be estimated. Therefore, the DTI between the high dose
groups with and without the coadministration of GF120918 could not be calculated.
When the B/P ratios were compared between these two groups, those in group 4 were

significantly higher than those in group 3 at 60, 120, 180 min postdose.
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3.3.5 Plasma protein binding of imatinib

The free fractions of imatinib in plasma at three different concentrations (100 ng/mL,
1000 ng/mL and 7500 ng/mL) are listed in table 3.1. There was no difference among the
three free fractions. The plasma protein binding of imatinib did not change as the
plasma concentration of imatinib increased from 100 ng/mL to 7500 ng/mL. There was

no sign of plasma protein binding saturation at the highest concentration we tested.

34 Discussion

In this chapter we examined the influence of Abcbl and Abcg2 on the CNS distribution
of imatinib by comparing imatinib CNS distribution among 4 wild-type FVB mice

groups that received different treatments.

The first treatment group was served as the control group. In this group, mice received a
low dose of imatinib only via tail vein injection. The distribution phase of imatinib from
plasma to brain was shorter than 5 min. Previous study in our lab observed similar
phenomenon. One possible explanation for this is that the concentration-time profile in
the brain will quickly reflect changes in the concentration-time profile in the plasma for
a drug with a small volume of distribution in the CNS, and a rapid efflux, because the
small volume will quickly respond to a change in driving force as long as the drug can
exit easily (Dai et al., 2003). The brain AUC over plasma AUC ratio in this control

group was just 0.099. The CNS delivery of imatinib is limited.
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In the second treatment group, an imatinib dose that was 4 fold greater than the low
dose was given to mice via tail vein injection. Both plasma and brain concentrations
increased with the administration of the high dose. The brain AUC over plasma AUC
ratio in this control group was 0.245. To find out if the increase of imatinb brain
concentration was due to enhanced CNS delivery or simply increase of plasma
concentration, the DTI value was calculated. An open two-compartment model as
shown in figure 3.7 was used to help understanding the meaning of DTI. In the model,
plasma and brain were taken as two separate compartments. Cli, stands for the clearance
into brain from plasma and Cl,, stands for the clearance out brain to plasma. The
equations following the model showed that the ratio of AUC from time 0 to infinity in
brain to AUC from 0 to infinity in plasma actually represents the ratio of the clearance
into brain to the clearance out of brain. Therefore, in this case, a DTI value of 2.45,
which is greater than 1, means the ratio of CL;,/CL, in brain of the high dose group
increased. The clearance into brain from plasma consists of one or two components:
passive diffusion and influx (if there is any). Meanwhile, the clearance get out from
brain to plasma consists of two components: passive diffusion and efflux. As the
plasma concentration increases, CLi, either keeps the same or decreases when the influx
transporter is saturated. Under both circumstances, CL,,; must decrease to result in the
decrease of CLin/CL,y. Therefore, the saturation of the efflux transporters in the BBB

by the increased plasma concentration resulted inthe increased CNS delivery of imatinb.

Imatinib is highly plasma protein bound. One study showed that approximately 99% of

imatinib was found to be protein bound. It binds a1 acid glycoprotein (AGP) with an
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affinity of 4.9 x 10° liters/mol and binds albumin with an affinity of 2.3 x 10’ liters/mol
(Gambacorti-Passerini et al., 2003). Another study reported the unbound fraction of
imatinib in human plasma was 3.1% at 1 g/L (Kretz et al., 2004). We suspected that
saturation of protein binding and a greater free fraction may be caused by a higher
concentration of imatinib, which would lead to a greater driving force for drug in the
plasma to enter the brain. The free fractions of imatinib in plasma at three different
concentrations (100 ng/mL, 1000 ng/mL and 7500 ng/mL) were measured (table 3.1).
Even at 7500 ng/mL, the highest plasma concentration of imatinib in the high dose
group, there was no sign of plasma protein binding saturation. These results further
indicated that the increased CNS delivery of imatinib in the high dose treatment group

was due to the saturation of the efflux transporters in the BBB.

In group 3, an Abcbl and Abcg2 dual inhibitor GF120918 was given to mice 30 min
prior the dosing of low dose imatinib to inhibit the two efflux transporters in different
tissues including the brain. With the pharmacological inhibition of Abcbl and Abcg?2,
both plasma and brain concentration of imatinib increased. The inhibition of efflux
transporters in elimination organs such as liver and kidney decreased the systemic
clearance, thus plasma concentration increased. The inhibition of efflux transporters in
BBB resulted in a decreased clearance from brain to plasma (CL,y), therefore brain
concentration increased. The DTI value for the comparison between group 3 and the
control group was 7.05. This indicates that the enhanced CNS delivery in group 3 was

due to pharmacological inhibition of Abcbl and Abcg?2 in the BBB. It also suggests
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that the increased plasma concentration in group 2 was not able to fully saturate the

efflux transporters in the BBB.

The B/P ratios in group 3 were also compared to the ratios in control group (figure 3.6).
There was an about 10-fold (8.4-12.8) difference between these two groups. In previous
studies in our lab, we observed a 6-to-7 fold difference between the B/P ratios of Abcbl
knockout (mdrla/b (-/-)) FVB mice and wild-type FVB mice (Dai et al., 2003). With
the inhibition of both Abcbl and Abcg2 by GF120918, the increase of imatinib brain
penetration was greater than that by the inhibition of only Abcbl. Given all the results,
it could be concluded that both Abcbl and Abcg?2 influence the CNS delivery of

imatinib.

The brain concentration of imatinib reached the similar level as the plasma
concentration in group 4. In this group, mice received GF120918 and high dose
imatinib 30 min apart. Because of the fluctuation in the brain concentration-time profile,
a reliable terminal rate constant could not be estimated. The B/P ratios in this group
were the highest among the four groups at all 5 time points. It would be valuable if we
could get the DTI value for the comparison between group 4 and the control group. If it
is greater than 7.05, which is the DTI value for the comparison between group 3 and the
control group, then it will indicate the GF120918 concentration we use in this study (10
mg/kg) was not high enough to completely inhibit the efflux transporters (Abcbl and
Abcg?) in the BBB. Otherwise, 10 mg/kg GF120918 could fully inhibit Abcbl and
Abcg?2 in the BBB in this FVB wild-type mouse model.
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Breedveld and colleagues studied the effect of Abcg2 on the in vivo brain penetration of
imatinib through a different approach. In their studies, the brain penetration of i.v.
imatinib was determined by comparing the total radioactivity concentration of '*C-
imatinib in brain at 2 hr postdose to plasma AUC (0-2hrs). Their results showed the
brain penetration of imatinib increased 2.5-fold, 3.6-fold and 4.2-fold in Abcg2
knockout mice, Abcbl knockout mice and WT mice treated with GF120918
respectively, compared to WT control mice(Breedveld et al., 2005). Since metabolites
accounted for about 60-65% of the total radioactivity in brain and plasma samples (Dai
et al., 2003), the use of total radioactivity as measurement can lead to erroneous
interpretations. Another study done by Bihorel and coworkers investigated the brain
concentration over blood concentration ratio (BB ratio) of imatinib in mice with
different treatment at 1 hr postdose (Bihorel et al., 2007b). They reported that
GF120918 significantly increased the BB ratio of imatinib in WT mice. The effect of
GF120918 was not dose-dependent (3, 10, 30 mg/kg) at this one time point and the
average increase was 9.3-fold, which is similar as the effect of 10 mg/kg GF120918 we
observed on the CNS delivery of imatinib. However the effect of different doses of

GF120918 could be better characterized by the approach we used.

3.5 Conclusion

In summary, this study examined the influence of Abcbl and Abcg2 on targeted

delivery of imatinib to CNS by using an in vivo mouse model. The DTI value for the
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comparison between the high dose group and the low dose group was 2.74. This
indicates that increased imatinib concentration that resulted from increased dose can
saturate the efflux transporters (Abcb and Abcg?) in the BBB and lead to increased
CNS delivery of imatinib. The DTI value for the comparison between the GF120918
treated low dose group and the low dose group was 7.05, which indicates the inhibition
of both Abcb1 and Abcg2 can enhance the CNS delivery of imatinib. The treatment of
high dose and coadministration of GF120918 resulted in highest B/P ratios among the 4
groups. There was no change of plasma protein binding of imatinib at the
concentrations we tested. In conclusion, Abcbl and Abcg2 together play an important

role in limiting the CNS delivery of imatinib.
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Figure 3.1. Plasma and brain concentration of imatinib versus time in wild-type

FVB mice.

Mice received 12.5 mg/kg imatinib via tail vein injection. Plasma and whole brain
tissue were collected at different time points (5, 20, 60, 120, 180 min postdose, n=4 at
each time point) and analyzed for imatinib using LC-MS. Results are presented as mean

+S.D.
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Figure 3.2. Plasma and brain concentration of imatinib versus time in wild-type

FVB mice.

Mice received 50 mg/kg imatinib via tail vein injection. Plasma and whole brain tissue
were collected at different time points (5, 20, 60, 120, 180 min postdose, n=4 at each
time point) and analyzed for imatinib using LC-MS. Results are presented as mean +

S.D.
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Table 3-1. Brain and plasma AUCs of imatinib in wild-type FVB mice (low dose

group and high dose group).

AUCINF obs (minxng/mL)
Low dose group High dose group
Plasma 96885 231792
Brain 9561 56750
Brain/Plasma 0.099 0.245
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Figure 3.3. Plasma and brain concentration of imatinib versus time in wild-type

FVB mice with coadministration of GF120918.

Mice received 10 mg/kg GF120918 via tail vein injection 30 min before the injection of
12.5 mg/kg imatinib. Plasma and whole brain tissue were collected at different time
points (5, 20, 60, 120, 180 min postdose, n=4 at each time point) and analyzed for

imatinib using LC-MS. Results are presented as mean + S.D.
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Table 3-2. Brain and plasma AUCs of imatinib in wild-type FVB mice (low dose

without GF120918 group and low dose with GF120918 group).

AUCINF obs (minxng/mL)

Low dose without GF120918 Low dose with GF120918
Plasma 96885 342872
Brain 9561 239289
Brain/Plasma 0.099 0.698
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Figure 3.4. Plasma and brain concentration of imatinib versus time in wild-type

FVB mice with coadministration of GF120918.

Mice had an injection of 10 mg/kg GF120918 via tail vein and another injection of 50
mg/kg imatinib 30 min later. Plasma and whole brain tissue were collected at different
time points (5, 20, 60, 120, 180 min postdose, n=4 at each time point) and analyzed for

imatinib using LC-MS. Results are presented as mean + S.D.
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Mice received 50 mg/kg imatinib via tail vein injection with or without

coadministration of 10 mg/kg GF120918. Plasma and whole brain tissue were collected
at different time points (5, 20, 60, 120, 180 min postdose, n=4 at each time point) and

analyzed for imatinib using LC-MS. (* p <0.05, n=4). Results are presented as mean +

S.D.
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Figure 3.6. The brain-to-plasma ratio of imatinib in 4 wild-type FVB mice groups.

Group 1 received 12.50 mg/kg imatinib via tail vein injection. Group 2 received 50
mg/kg imatinib via tail vein injection. Group 3 received 10 mg/kg GF120918 via tail
vein injection 30 min before the injection of 12.5 mg/kg imatinib. Group 4 had an
injection of 10 mg/kg GF120918 via tail vein and another injection of 50 mg/kg
imatinib 30 min later. Plasma and whole brain tissue were collected at different time
points (5, 20, 60, 120, 180 min postdose, n=4 at each time point for each group) and
analyzed for imatinib using LC-MS. (* p <0.05, n=4). Results are presented as mean +

S.D.

84



Table 3-3. Free fraction of imatinib in plasma at different concentrations. Results

are presented as mean £ S.D. (n=6)

Concentration 7500ng/mL 1000ng/mL 100ng/mL

Free fraction (fu) 0.062+0.005 0.064-+0.005 0.064-+0.005
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Figure 3.7. Schematic of an open two-compartment model.

Clin stands for the clearance into brain from plasma and Clout stands for the clearance

out brain to plasma.
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CHAPTER 4

IN VITRO INTERACTION BETWEEN DASATINIB AND EFFLUX

TRANSPORTERS
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4.1 Abstract and introduction

4.1.1 Abstract

The objective of this study was to characterize the interaction between the novel
tyrosine kinase inhibitor dasatinib and the active efflux transporters, ABCBI (p-
glycoprotein) and ABCG2 (BCRP). The kinetics of cellular accumulation and
permeability of dasatinib was studied in wild-type and ABCBI1 or Abcg?2 transfected
MDCKII epithelial cell monolayers, in the presence and absence of selective inhibitors
(LY335979 or Ko143). The cellular accumulation of dasatinib in the wild-type
MDCKII cells was significantly greater than that in ABCB 1-transfected (6-fold) or
Abcg? transfected (30- fold) MDCKII cells (p<0.01). The ABCBI specific inhibitor LY
335979 abolished the difference between wild-type and ABCB1-transfected cells and
ABCG?2 specific inhibitor Ko143 abolished the difference in Abcg?2 cells. The effective
permeability of dasatinib in the basolateral-to-apical (B-to-A) direction (1.19E-
05+7.46E-07 cm/s, n=9) was 16-fold greater than that in the apical-to-basolateral (A-to-
B) direction (7.61E-07+2.83E-07cm/s, n=9) in ABCB1-transfected cells and this
difference was significantly decreased by LY335979. In Abcg2-transfected cells, the
effective permeability of dasatinib in the B-to-A direction (1.70E-05+1.15E-06 cm/s,
n=18) was 45-fold greater than that in the A-to-B direction (3.74E-07+1.08E-07cm/s,
n=18) and the difference was decreased by Ko143. OCT-1 inhibitor TEA did not
significantly reduce the cellular accumulation of dasatinib in wild-type and Abcg2-
trasfected MDCKII cells. Imatinib significantly increased dasatinib accumulation in
wild-type and Abcg2-transfected cells and reduced efflux ratio of dasatinib from 45.45
t0 9.67.
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4.1.2 Introduction

The recently designed molecularly targeted tyrosine kinase inhibitors (TKIs) have been
shown to clinically inhibit the action of pathogenic tyrosine kinases (TK), which was
one of the most exciting developments in cancer research in the past decade (Baselga,
2006). Imatinib (Gleevec, STI571) is a successful example as the first-generation TKI.
It is the first line treatment of chronic myelogenous leukemia (CML) and
gastrointestinal stromal tumor (GIST) (Druker, 2003). However, resistance to imatinib
has been increasingly encountered (Baccarani et al., 2006; Druker et al., 2006).
Mutation could be one of the causes of imatinib resistance. It has been observed that
resistance mutations occur in the kinase domains of BCR-ABL, Kit and PDGFR in the
tumor cells of patients treated with imatinib (Baselga, 2006). To overcome this new

challenge, the second-generation TKIs are rapidly being developed.

Dasatinib (BMS-354825), a second-generation TKI, has already been approved for
patients with CML with resistance or intolerance to imatinib by the U.S. Food and Drug
Administration (Shah, 2007). Dasatinib is an ATP-competitive inhibitor of SRC and
ABL tyrosine kinase. It is another small-molecule that has potency in the low
nanomolar range. It binds ABL with a less stringent conformational requirement than
imatinib (Schittenhelm et al., 2006). It effectively inhibits the proliferation of cells that

express nearly all imatinib-resistant isoforms (Kantarjian et al., 2006).
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Another problem associated with imatinib is central nervous system (CNS) relapse.
CNS relapses have been observed in CML patients even though they have shown a
complete hematological response to imatinib. An inadequate concentration of imatinib
in the CNS makes it a sanctuary of chronic myelogenous leukemia (Takayama et al.,
2002; Abruzzese et al., 2003; Pfeifer et al., 2003; Bornhauser et al., 2004; Bujassoum et
al., 2004; Leis et al., 2004; Neville et al., 2004; Rajappa et al., 2004). Previous studies
in our lab and others showed that efflux transporters such as ABCB1 and ABCG2 play
a role in limiting the targeted delivery of imatinib to the CNS(Dai et al., 2003;

Breedveld et al., 2005; Bihorel et al., 2007b).

Given that dasatinib is designed to overcome molecular resistance, the question arises;
can dasatinib also overcome the CNS delivery problem? So far little information is
known about the CNS delivery of dasatinib, including the action of relevant BBB
transporters. As a promising multiple targeting TKI, dasatinib CNS delivery is
important in terms of the treatment of CNS malignancies and the prevention of CNS

metastases.

The objective of this study was to identify and characterize the interaction between

dasatinib and efflux transporters ABCB1 and ABCG2.
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4.2 Materials and Methods

4.2.1 Chemicals and Cell lines

4.2.1.1 Chemicals

Dasatinib and '*C-dasatinib were kindly provided by Bristol-Myers Squibb Company
(Princeton, NJ). LY335979 ((R)-4-((1aR, 6R, 10bS)-1,2-difluoro-1, 1a, 6,10b-
tetrahydrodibenzo-(a,e)cyclopropa(c)cycloheptan-6-yl)-o-((5-quinoloyloxy)methyl)-1-
piperazineethanol, trihydrochloride) was a gift from Eli Lilly and Co. (Indianapolis,
IN). GF120918 (N-[4-[2-(6, 7-Dimethoxy-3, 4-dihydro-1H-isoquinolin-2-yl) ethyl]-5-
methoxy-9-oxo0-10H-acridine-4-carboxamide) was generously given by
GlaxoSmithKline (Research Triangle, NC). Ko143 was kindly provided by Dr. Alfred
Schinkel (Netherlands Cancer Institute, Amsterdam, The Netherlands). All other

chemicals used were HPLC or reagent grade.

4.2.1.2 Cell lines

Wild-type (WT) and ABCB1-transfected epithelial Madin-Darby canine kidney
(MDCKII) cells were a gift from Dr. Piet Borst (Netherlands Cancer Institute). WT and
Abcg2-transfected MDCKII cells were kindly provided by Dr. Schinkle (Netherlands
Cancer Institute, Amsterdam, The Netherlands). All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (Mediatech, Inc., Herndon, VA) fortified with
10% heat-deactivated fetal bovine serum (SeraCare Life Sciences, Inc., Oceanside,
CA), 100 U/ml penicillin G, 100 pg/ml streptomycin and 250 ng/mL amphotericin B
(Sigma-Aldrich, St. Louis, MO) at 37°C under humidity and 5% CO, tension. The
ABCBI-transfected cell growth medium contained 80 ng/ml colchicine in addition to
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maintain positive selection pressure for ABCB1 expression. Cells used in all

experiments were between passages 5 and 15.

4.2.2 Cellular accumulation studies in MDCKII cells

For the accumulation experiments, cells were seeded in clear polystyrene 12-well plates
(TPP cell culture plate; Sigma-Aldrich, St. Louis, MO) at a seeding density of 2 x 10
cells/well. The medium was changed every other day and the cells formed confluent
monolayers in 3-4 days. On the day of the experiment, the medium was aspirated and
the confluent monolayer was washed twice with 1 mL prewarmed (37°C) assay buffer
(122 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 10 mM HEPES, 3 mM KClI, 1.2
mM MgS04-7H20, 1.4 mM CaCI2-H20, 0.4 mM K2HPO4, pH 7.4). The cells were
preincubated with 1 ml of assay buffer for 30 min, after which the buffer was aspirated
and the experiment was initiated by adding 1 ml tracer solution (1 pg '*C-dasatinib) of
radiolabeled drug in assay buffer into each well. The plates were continuously agitated
at 60 rpm in an orbital shaker at 37°C. After a 3-h accumulation period, the supernatant
was aspirated and the cells were first washed three times with 2 ml of ice-cold
phosphate-buffered saline and then solubilized using 1 ml of mammalian protein
extraction reagent (M-PER", Pierce Biotechnology, Inc., Rockford, IL). A 200 ul
sample of solubilized cell fractions was drawn from each well in triplicate, and 4 ml of
scintillation fluid (ScintiSafe Econo cocktail; Fisher Scientific Co., Pittsburgh, PA) was
added to each sample and counted using liquid scintillation counting (LS-6500;
Beckman Coulter, Inc., Fullerton, CA) to determine the radioactivity associated with the

cell fractions. The protein concentration was determined using the BCA protein assay
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(Pierce Biotechnology, Inc., Rockford, IL) to normalize the radioactivity in each well.
For inhibition studies, the cells were treated with the inhibitor (1 uM LY335979 for
ABCBI; 200 nM Ko0143 for Abcg?2) during both the preincubation and the
accumulation periods. Drug accumulation in cells was expressed as a percentage of the
accumulated radioactivity measured in the wild-type control cells (dpm) per microgram
of protein. The stock solutions for all the inhibitors used were prepared in dimethyl
sulfoxide (DMSO) and diluted using assay buffer to obtain working solutions, so that

the final concentration of DMSO was less than 0.1%.

4.2.3 Cellular permeability studies in MDCKII cells

The methods used for directional flux were similar to that previously described by Dai
et al. (Dai et al., 2003) In brief, cells were seeded at a density of 2 x 10 cells/well on
polyester semipermeable membrane supports of the inserts in six-well Transwells
(Corning Inc.,Corning, NY). The medium was changed every day and the cells formed
confluent polarized epithelial monolayers in 3-4 days. The representative transepithelial
electrical resistance was 300 + 8 ohm-cm’ (n=6) in the WT MDCKII monolayers, 275 +
26 ohm-cm’ (n=6) in the ABCB1-transfected MDCKII monolayers and 248+ 27
ohm-cm® (n=6) in the Abcg2-transfected MDCKII monolayers. Mannitol flux across the
monolayer was also measured to confirm the existence of tight junctions with
approximately 1% per hour flux (Pesr= 9 x 10™ cm/s). The monolayers were washed
with 2 mL prewarmed (37°C) assay buffer, and after a 30-min preincubation, the
experiment was initiated by adding a tracer solution of radiolabeled drug in assay buffer

to the donor side (apical side, 1.5 ml; basolateral side, 2.6 ml). Fresh assay buffer was
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added to the receiver side and 200 pl was sampled from the receiver compartment at 0,
10, 20, 30, 45, 60, and 90 min. The volume sampled was immediately replaced with
fresh assay buffer. Additional samples were drawn at 0 and 90 min from the donor
compartment. The amount of radioactivity in the samples was determined using liquid
scintillation counting as described previously. The apical-to-basolateral (A-to-B) flux
was determined by addition of radiolabeled drug solution to the apical compartment and
sampling the basolateral compartment, whereas for basolateral-to-apical (B-to-A) flux,
the donor was the basolateral compartment and the apical compartment was the receiver
compartment. When an inhibitor was used in the flux study, the cell monolayers were
preincubated with the inhibitor (1 uM LY335979 for ABCB1 and 200 nM Ko143 for
Abcg?) for 30 min, followed by the inhibitor being present in both compartments

throughout the course of the experiment.

Permeability Calculation

The effective permeability (Peff) was calculated based on the following equation,

Poy = At 4.1

Q is the amount of radiolabled drug transported though the cell monolayer and t is the
corresponding time period. dQ/dt is the amount transport rate. A is the effective area of
the cell monolayer (4.67 cm?). Cy is the initiated concentration of radiolabled drug in
the donor compartment. Efflux ratio is defined as the ratio of Peff of the B-to-A flux

over the Peff of the A-to-B flux.
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4.2.4 Characterization of the interaction between dasatinib and ABCB1, Abcg2
A cellular accumulation method was used to characterize the interaction between
dasatinib and ABCB1land Abcg2. Cells were seeded in clear polystyrene 24-well plates
(SARSTEDT Newton, NC) at a seeding density of 2 x 10° cells/well. The medium was
changed every other day and the cells formed confluent monolayers in 3-4 days. On the
day of the experiment, the medium was aspirated and the confluent monolayer was
washed twice with 1mL prewarmed (37°C) assay buffer. The cells were preincubated
with 1 ml of assay buffer with or without non-radiolabeled dasatinib (10, 25, 50, 75,
100 uM) for 30 min, after which the buffer was aspirated and the experiment was
initiated by adding 1 ml tracer solution (1 pg '*C-dasatinib) of radiolabeled drug in
assay buffer with or without non-radiolabeled dasatinib (10, 25, 50, 75, 100 uM) into
each well. The plates were continuously agitated at 60 rpm in an orbital shaker at 37°C.
After a 3-h accumulation period, the supernatant was aspirated and the cells were first
washed three times with 2 ml of ice-cold phosphate-buffered saline and then solubilized
using 1 ml of M-PER®™. A 200pl sample of solubilized cell fractions was drawn from
each well in triplicate. The radioactivity associated with the cell fractions and the
protein concentration was determined as previously described in section 4.2.2. Drug
accumulation in cells was expressed as a percentage of the accumulated radioactivity
measured in the wild-type control cells (dpm per microgram of protein). The stock
solution for non-radiolabeled dasatinib was prepared in dimethyl sulfoxide (DMSO) and
diluted using assay buffer to obtain working solutions, so that the final concentration of

DMSO was less than 0.1%.
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4.2.5 Interaction between dasatinib and OCT-1

4.2.5.1 Effect of TEA on dasatinib accumulation

WT and Abcg? transfected MDCKII cells were seeded in clear polystyrene 12-well
plates at a seeding density of 2 x 10° cells/well. The medium was changed every other
day and the cells formed confluent monolayers in 3-4 days. On the day of the
experiment, the medium was aspirated and the confluent monolayer was washed twice
with 1 mL prewarmed (37°C) assay buffer. The cells were preincubated with 1 ml of
assay buffer with or without 2 mM tetraethylammonium (TEA) for 30 min, after which
the buffer was aspirated and the experiment was initiated by adding 1 ml tracer solution
(1 pg '*C-dasatinib) of radiolabeled drug in assay buffer with or without 2 mM TEA
into each well. The plates were continuously agitated at 60 rpm in an orbital shaker at
37°C. After a 3-h accumulation period, the supernatant was aspirated and the cells were
first washed three times with 2 ml of ice-cold phosphate-buffered saline and then
solubilized using 1 ml of M-PER®™. A 200ul sample of solubilized cell fractions was
drawn from each well in triplicate. The radioactivity associated with the cell fractions
and the protein concentration was determined as previously described in section 4.2.2.
Drug accumulation in cells was expressed as a percentage of the accumulated
radioactivity measured in the wild-type control cells (dpm per microgram of protein).
The stock solution for TEA was prepared in dimethyl sulfoxide (DMSO) and diluted
using assay buffer to obtain working solutions, so that the final concentration of DMSO

was less than 0.1%.
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4.2.5.2 Effect of TEA on dose dependence study of dasatinib

WT MDCKII cells were seeded in clear polystyrene 24-well plates at a seeding density
of 2 x 10° cells/well. The medium was changed every other day and the cells formed
confluent monolayers in 3-4 days. On the day of the experiment, the medium was
aspirated and the confluent monolayer was washed twice with 1mL prewarmed (37°C)
assay buffer. The cells were preincubated with 1 ml of assay buffer with or without 2
mM Tetraecthylammonium (TEA) at the presence of various concentrations of non-
radiolabeled dasatinb (10, 25, 50, 75, 100 uM) for 30 min, then the buffer was aspirated
and the experiment was initiated by adding 1 ml tracer solution (1 pg '*C-dasatinib) of
radiolabeled drug in assay buffer with or without 2 mM TEA into each well at the
presence of various concentrations of non-radiolabeled dasatinb (10, 25, 50, 75, 100
uM). The plates were continuously agitated at 60 rpm in an orbital shaker at 37°C. After
a 3-h accumulation period, the supernatant was aspirated and the cells were first washed
three times with 2 ml of ice-cold phosphate-buffered saline and then solubilized using 1
ml of M-PER®. A 200 pl sample of solubilized cell fractions was drawn from each well
in triplicate. The radioactivity associated with the cell fractions and the protein
concentration was determined as previously described in section 4.2.2. Drug
accumulation in cells was expressed as a percentage of the accumulated radioactivity
measured in the wild-type control cells (dpm per microgram of protein). The stock
solution for TEA and non-radiolabeled dasatinb was prepared in dimethyl sulfoxide
(DMSO) and diluted using assay buffer to obtain working solutions, so that the final

concentration of DMSO was less than 0.1%.
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4.2.6 Interaction between imatinib and dasatinib

4.2.6.1 Effect of imatinib on the cellular accumulation of dasatinib

WT and Abcg? transfected MDCKII cells were seeded in clear polystyrene 24-well
plates at a seeding density of 2 x 10° cells/well. The medium was changed every other
day and the cells formed confluent monolayers in 3-4 days. On the day of the
experiment, the medium was aspirated and the confluent monolayer was washed twice
with 1 mL prewarmed (37°C) assay buffer. The cells were preincubated with 1 ml of
assay buffer with or without imatinib (5, 10, 20, 30, 50, 100 uM) for 30 min, after
which the buffer was aspirated and the experiment was initiated by adding 1 ml tracer
solution (1pg '*C-dasatinib) of radiolabeled drug in assay buffer with or without
imatinib (5, 10, 20, 30, 50, 100 uM) into each well. The plates were continuously
agitated at 60 rpm in an orbital shaker at 37°C. After a 3-h accumulation period, the
supernatant was aspirated and the cells were first washed three times with 2 ml of ice-
cold phosphate-buffered saline and then solubilized using 1 ml of M-PER®. A 200pl
sample of solubilized cell fractions was drawn from each well in triplicate. The
radioactivity associated with the cell fractions and the protein concentration was
determined as previously described in section 4.2.2. Drug accumulation in cells was
expressed as a percentage of the accumulated radioactivity measured in the wild-type

control cells (dpm per microgram of protein).

4.2.6.2 Effect of imatinib on the cellular permeability of dasatinib
WT and Abcg2-transfected MDCKII cells were seeded at a density of 2 x 10° cells/well

on polyester semipermeable membrane supports of the inserts in six-well Transwells.
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The medium was changed every day and the cells formed confluent polarized epithelial
monolayers in 3-4 days. The monolayers were washed with 2 mL prewarmed (37°C)
assay buffer. After a 30-min preincubation in assay buffer with or without 20 uM
imatinib, the experiment was initiated by adding a tracer solution of radiolabeled drug
in assay buffer to the donor side (apical side, 1.5 ml; basolateral side, 2.6 ml). Fresh
assay buffer with or without 20 uM imatinib was added to the receiver side and 200 pl
was sampled from the receiver compartment at 0, 10, 20, 30, 45, 60, and 90 min. The
volume sampled was immediately replaced with fresh assay buffer with or without 20
UM imatinib. Additional samples were drawn at 0 and 90 min from the donor
compartment. The amount of radioactivity in the samples was determined using liquid
scintillation counting as described previously. The apical-to-basolateral (A-to-B) flux
was determined by addition of radiolabeled drug solution to the apical compartment and
sampling the basolateral compartment, whereas for basolateral-to-apical (B-to-A) flux,
the donor was the basolateral compartment and the apical compartment was the receiver
compartment. The effective permeabilities of dasatinib in A-to-B direction and B-to-A

direction with or without 20 uM imatinib were determined by using equation 4.1.

4.2.7 Statistical and data analysis

Statistical analysis was conducted using SigmaStat, version 3.1(Systat Software, Inc.,
Point Richmond, CA). Statistical comparisons between two groups were made by using
two-sample t-test at p < 0.01 significance level. If groups failed the normality test, then
the nonparametric alternative of two-sample ¢ test, the Mann-Whitney rank sum test,

was used. Groups were compared by one-way analysis of variance with the Holm-Sidak
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post-hoc test for multiple comparisons at a significance level of p < 0.01. When groups
failed the normality or equal variance test, analysis of variance on ranks with the Tukey

post-hoc test was used for multiple comparisons.

4.3 Results

4.3.1 Dasatinib accumulation in WT and ABCBI1 or Abcg2 transfected MDCKII
cells

*H-Vinblastine was used as a positive control to verify the ABCB1 protein function in
the ABCBI-transfected MDCKII cell. *H-Vinblastine had a significantly lower
accumulation (~13% of WT control, p < 0.01) in the ABCB1-transfected cells
compared with wild-type cells (figure 4.1). To verify the Abcg2 protein function in the
Abcg2-transfected MDCKII cells, *H-mitoxantrone was used as a prototypical substrate
of Abcg2. The cellular accumulation of *H-mitoxantrone was significantly lower (~19%
of WT control, p <0.01) in the Abcg2-transfected cells than that in the wild-type cells
(figure 4.2). C-Dasatinib had a significant lower accumulation (~ 15% of WT control,
p <0.01) in the ABCBI1-transfected cells than the wild-type cells. When the ABCB1
selective inhibitor LY335979 was applied, it was able to increase the dasatinib
accumulation in ABCB1-transfected cells to a similar level as wild-type cells (figure
4.1). The significant increase in the wild-type cells was due to the inhibition of the
endogenous expressed ABCB1 (Goh et al., 2002; Dai et al., 2003). The cellular
accumulation of dasatinib in Abcg2-transfected cells was significantly lower (~3.5% of
WT control, p <0.01) than that in the wild-type cells. ABCG2 selective inhibitor Ko143

abolished the difference between the dasatinib accumulations in Abcg2-transfected and
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WT cells (figure 4.2). These in vitro cellular accumulation results indicate that dasatinib

is a substrate of active efflux transporters ABCB1 and Abcg2

4.3.2 Dasatinib flux in WT and ABCBI1 or Abcg2 transfected MDCKII cells

The directional flux study measured the A-to-B flux and B-to-A flux of "C-dasatinib in
wild-type and transfected cells. Effective permeability, which represents the overall
intrinsic permeability of the cell monolayer for dasatinib, was determined. The
directional flux of '*C dasatinib across the WT and ABCBI1-transfected MDCKII
monolayers is shown in figure 4.3. The B-to-A flux of dasatinib in ABCB1-transfected
MDCKII cells was greater than that in WT cells, while the A-to-B flux was lower in
ABCBI-transfected cells compared to that in WT cells. ABCB1 selective inhibitor
LY335979 was able to decrease the difference between B-to-A and A-to-B flux of
dasatinib in ABCBI1-transfected cells (figure 4.4). Table 4.1 lists the effective
permeabilities of dasatinib in B-to-A direction and A-to-B direction in WT and
ABCB/1-transfected cells with and without the presence of LY335979 (table 4.1). The
efflux ratio was 15.61 in ABCBI-transfected cells and 6.37 in wild-type cells,
respectively. LY335979 reduced the efflux ratio to 1.2 in ABCB1-transfected cells,
which is lower than the efflux ratio in wild-type cells due to the inhibition of
endogenous ABCBI. Figure 4.5 showed the directional flux of ['*C] dasatinib across
the wild-type and Abcg2-transfected MDCKII monolayers. The B-to-A flux of
dasatinib in Abcg2-transfected MDCKII cells was greater than that in WT cells. The A-
to-B flux of dasatinib was lower in Abcg2-transgected cells compared to that in WT
cells. The difference between B-to-A and A-to-B flux of dasatinib in Abcg2-transfected
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cells decreased when Abcg?2 selective inhibitor Ko143 was applied (figure 4.6). The
effective permeabilities of dasatinib in B-to-A direction and A-to-B direction in wild-
type and Abcg2-transfected cells are listed in table 4.2. The efflux ratio was 45.45 in
Abcg2-transfected cells, which was about 10 fold greater than the efflux ratio in wild-
type cells. Ko143 reduced the efflux ratio in the Abcg2-transfected cells to 9.17. These
results from in vitro directional flux studies again lead to the conclusion that dasatinib is

substrate of both ABCB1 and Abcg2.

4.3.3 Dose dependence study of dasatinib in WT and ABCB1 or Abcg2
transfected MDCKII cells

The effect of increasing concentration of non-radiolabeled dasatinib (0, 10, 25, 50, 75,
100 uM) on '4C-dasatinib cellular accumulations in WT and ABCBI transfected
MDCKII cells were studied to characterize the interaction between dasatinib and
ABCBI (Figure 4.7). "*C-dasatinib accumulations in WT cells increased at the
beginning as dasatinib concentration increased. Then the accumulations plateaued out
after dasatinib concentration reached 25 uM. However, '*C-dasatinib accumulation in
WT cells dropped back to the original level when dasatinib concentrations were higher
than 50 uM. '*C-dasatinib accumulations in ABCBI transfected cells started to increase
slowly as dasatinib concentration increased to 50 uM. It did not reach plateau over the

dasatinib concentration range we studied.

The dose dependence of '*C-dasatinib on non-radiolabeled dasatinib was studied in WT

and Abcg2 transfected MDCKII cells to characterize the interaction between dasatinib
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and Abcg2 (Figure 4.8). The results were similar as that in WT and ABCBI1 transfected
MDCKII cells. *C-dasatinib accumulations in WT cells increased first, then reached
plateau and declined after dasatinib concentration went higher than 25 pM. It reached
another plateau with the presence of 75 pM dasatinib. '*C-dasatinib accumulations in
Abcg? transfected cells did not increase until dasatinib concentration increased to 50

puM. It did not reach plateau either over the dasatinib concentration range we studied.

4.3.4 Cellular accumulation study of dasatinib in MDCKII cells with and without
OCT-1 inhibitor

Figure 4.9 showed the effect of an OCT-1 inhibitor TEA (2 mM) on the cellular
accumulation of *C-dasatinib in WT and Abcg? transfected MDCKII cells. 2 mM TEA
significantly increased dasatinib accumulation in WT cells but not in the Abcg2
transfected cells. The effect of 2 mM TEA on dose dependence of '*C-dasatinib on
increasing non-radiolabeled dasatinib concentration (0, 5, 10, 20, 30, 50, 100 uM) in
wild type MDCKII cells was also examined (Figure 4.10). TEA did not change the
accumulation-concentration profile of dasatinib in WT cells. '*C-Dasatinib
accumulation increased first and then decreased as non-radiolabeled dasatinib
concentration increased from 0 to 100 uM in WT cells with and without the presence of

TEA.

4.3.5 Interaction between imatinib and dasatinib
The interaction between imatinib and dasatinib was studied by using both cellular

accumulation and permeability methods. In wild-type MDCKII cells, *C-dasatinib
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accumulation increased significantly as imatinib concentrations increased from 0 to 10
puM. Then dasatinib accumulation remained steady when imatinib concentration
increased from 10 uM to 30 uM. After imatinib concentration went beyond 30 uM,
dasatinib accumulation started to fall (Figure 4.11). WT cells peeled off from plates
after 3-hr incubation with 100 uM imatinib. '*C-dasatinib accumulation kept increasing
in Abcg? transfected MDCKII cells and then reached the same level as the steady level

of dasatinib accumulation in WT cells while imatinib concentration increased from 0
uM to 30 uM. Dasatinib accumulation also dropped when imatinib concentration was

higher than 30 uM and kept steady after imatinib concentration reached 50 pM.

The directional flux of '*C-dasatinib across the Abcg2-transfected MDCKII cell
monolayers with and without imatinib (20 uM) was determined (Figure 4.12). Imatinib
(20 uM) was able to reduce the difference between B-to-A and A-to-B flux of dasatinib
in Abcg2-transfected cells. The efflux ration of dasatinib in Abcg2 transfected cells

decreased from 45.45 to 9.67 by 20 uM imatinib.

4.4 Discussion

In vitro cellular accumulation experiments revealed that the cellular accumulation of
dasatinib in ABCBI1 or Abcg2-transfected MDCKII cells was significantly lower than
that in wild-type MDCKII cells. ABCB1 selective inhibitor LY335979 brought up
dasatinib accumulation in ABCBI1 transfected cells to the same level as that in WT cells

(figure 4.1). Abcg?2 specific inhibitor Ko143 significantly increased dasatinib
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accumulation in Abcg2-transfected cell to a level that is even higher than that in WT
cells (figure 4.2). A possible explanation for this is that one or more influx transporters,
which transport dasatinib, might be upregulated in Abcg2-transfected MDCKII cells

due to the overexpression of Abcg2.

The results from cellular permeability studies showed that the efflux ratios of dasatinib
in ABCBI1 or Abcg2-transfected MDCKII cells were higher than that in wild-type
MDCKII cells. LY335979 decreased the efflux ratio of dasatinib in ABCB1-transfected
cells. Ko143 decreased efflux ratio of dasatinib in Abcg2-transfected cells. (Table 4.1,
4.2) Interestingly, the effect of Ko143 on the efflux ratio of dasatinib was not as great as
on the cellular accumulation of dasatinib. Further studies are needed to reveal the cause

of this phenomenon.

Hiwase and group recently found that the cellular accumulation of dasatinib was
significantly lower in K562-DOX and VBL-100 (both ABCB1-overexpressing cell
lines) than in the respective parental cell lines. Dasatinib cellular accumulation was also
significantly lower in Mef-BCRP1 (ABCG2-overexpressing cell line) cell lines
compared with parental cell lines (Hiwase et al., 2008). Giannoudis et al. recently
reported that dasatinib is transported by ABCB1 by using confluent ABCB1-transfected
MDCKII cell monolayers (Giannoudis et al., 2008). In our study, both cellular
accumulation and permeability methods to were used to identify that dasatinib is a

substrate of both ABCB1 and Abcg2 and characterize the interaction between dasatinib
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and ABCBI or Abcg2. The results were consistent with the previous findings in the

literature.

Dose dependence studies were carried out to characterize the interaction between
dasatinib and ABCB1 and Abcg2. However, the results were quiet surprising. In both
cases, the cellular accumulation of 14C-dasatinib in WT MDCKII cells increased first,
then reached plateau and declined as the concentration of non-radiolabeled dasatinib
increased from 0 uM to 100 uM (figure 4.7, 4.8). The increase of '*C-dasatinib
accumulation at the early stage was very likely due to the saturation of the endogenous
expressed ABCB1 in WT MDCKII cells by non-radiolabeled dasatinib (Goh et al.,
2002; Dai et al., 2003). As for the decrease of '*C-dasatinib accumulation with the
presence of high concentrations of non-radiolabeled dasatinib, we suspected that it
could be caused by the saturation of one or more influx transporters by non-radiolabeled
dasatinib in high concentrations. The plateau could be explained as that the endogenous
ABCBI transporters were already fully saturated within that concentration range of
non-radiolabeled dasatinib, while the influx transporter(s) were not saturated at all. '*C-
dasatinib accumulations tended to plateau out again at the end of the dose dependence
profiles in WT cells. At this stage, both the efflux transporter and influx transporter(s)
were saturated and a steady-state had been reached. In ABCB1 or Abcg2-transfected
cells, dasatinib accumulation increased slowly as the concentration of non-radiolabeled
dasatinib increased. We were not able get an estimation of the apparent Km (IC50)

since the steady-state was not reached.
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The organic cation transporters (OCTs) could be the influx transporter(s) that mediate
the cell transport of dasatinib. OCTs are in the class of plasma membrane transporters
belonging to the SLC22A family. They mediate intracellular uptake of a broad range of
structurally diverse organic cations with molecular masses generally lower than 400 Da
(Jonker et al., 2004; Wright and Wright, 2005). OCTs are expressed in different tissues
including brain (Koepsell et al., 2007). Recent studies discovered that OCT-1 is an
important mediator of active imatinib influx (Thomas et al., 2004; White et al., 2006).
Primary studies were conducted to identify the interaction between dasatinib and OCT-

1.

The cellular accumulation study of dasatinib in WT and Abcg2-tansfected MDCKII
cells with the presence of 2 mM TEA, a OCT]1 inhibitor (Koepsell et al., 2007) showed
that TEA significantly decreased dasatinib accumulation in WT cells but not in Abcg?2-
transfected cells (figure 4.9). Nevertheless, when the effect of 2 mM TEA on dose
dependence of '*C-dasatinib on increasing non-radiolabeled dasatinib concentration in
wild type MDCKII cells was studied, the results were controversial. In this experiment,
'*C-dasatinib accumulation in WT cells were similar with and without the application of
TEA (figure 4.10). If dasatinib were a substrate of OCT1 and TEA can inhibit its OCT1
mediated influx, then 1C-dasatinib accumulation should have increased to certain level
and stay constant with the presence of TEA as non-radiolabeled dasatinib concentration
increase. This obviously was not the case in this experiment. A recent study reported
that OCT-1 inhibitors including prazosin did not significantly reduce dasatinib cellular

accumulation in peripheral blood mononuclear cells from newly diagnosed CML
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patients (Hiwase et al., 2008). To further explore the interaction between dasatinib and
influx transporters, transporter (OCT-1, 2, 3 et al.) transfected cells could be used as a

useful in vitro model.

The current strategy for the treatment of CML is sequential treatment. Newly diagnosed
patients receive imatinib first, followed by dasatinib at time of resistance or intolerance.
However, now patients are beginning to experience clinical relapses on dasatinib. Some
relapsed are due to mutations that confer resistance to dasatinib but not imatinib (Shah
et al., 2007). There are potential hazards of sequential kinase inhibitor therapy and
combination therapy might be the future treatment for CML (Giles et al., 2008; Gora-
Tybor et al., 2008; Jabbour et al., 2008; Lee et al., 2008). Since imatinib and dasatinib
both are substrates of efflux transporters ABCB1 and ABCG2. It is important to

understand possible drug-drug interaction between these two TKIs.

In vitro studies revealed that imatinib does interact with dasatinib. In cellular
accumulation studies, '*C-dasatinib accumulations in both wild-type and Abcg2-
transfedted MDCKII cells increased as the concentration of non-radiolabeled imatinib
increased from 0 to 30 uM (figure 4.11). "*C-dasatinib accumulation was maximized
out with the presence of 10 uM imatinib and remained maximized until imatinib
concentration reached 30 uM. At this imatinib concentration level, '*C-dasatinib
accumulation in Abcg2-transfected cells also reached maximum to the same level as
that in WT cells. Therefore, 30 uM imatinib was able to completely inhibit the

endogenous ABCB1 and overexpressed Abcg2. If figure 4.11was compared with figure
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4.8, the "*C-dasatinib accumulation profiles in WT cells were similar in these two
experiments. However the '*C-dasatinib accumulation profiles in Abcg2-transfected
cells were quite different. The relatively rapid increase of '*C-dasatinib accumulation in
Abcg2-transfected cells with the presence of imatinib suggests that imatinib might have
a higher affinity to Abcg2 when compared to dasatinib. The decrease in '*C-dasatinib
accumulation in both cell types at the presence of high concentration imatinib might due
to the inhibition of influx transporters as previously discussed or the cytotoxicity of
imatinib, since the WT cells peeled off from plates at the end of 3-hr incubation with
the presence of 100 uM imatinib. The effect of imatinib on the directional flux of
dasatinib across Abcg2-transfected cells was also examined. 20 uM imatinib decreased
the efflux ratio of dasatinib in Abcg2-transfected cells from 45.45 to 9.67. All these data
strongly indicated that imatinib and dasatinb interact with each other. Further studies
should be focused on the interaction between imatinib and dasatinib in the clinical

relevant concentration range.

4.5  Conclusion

In summary, the cellular accumulation of dasatinib in the wild-type MDCKII cells was
significantly lower than that in ABCB1-transfected or Abcg?2 transfected MDCKII cells
(p<0.01). The ABCBI1 specific inhibitor LY 335979 abolished the difference between
wild-type and ABCBI1-transfected cells and ABCG2 specific inhibitor Ko143 abolished
the difference in Abcg2 cells. The efflux ratio of dasatinib in ABCB1-transfected cells
was 15.61 and was decreased by LY335979. In Abcg2-transfected cells, the efflux ratio

of dasatinib was 45.45 and was decreased by Ko143. OCT-1 inhibitor TEA did not
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significantly reduce the cellular accumulation of dasatinib in wild-type and Abcg?2-
trasfected MDCKII cells. Imatinib significantly increased dasatinib accumulation in
wild-type and Abcg2-transfected cells and reduced efflux ratio of dasatinib from 45.45
to 9.67. In conclusion, dasatinib is a substrate of ABCB1 and Abcg2. OCT-1 does not
play a role in the influx of dasatinib, and imatinib and dasatinib can interact with each

other.
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Figure 4.1. Accumulation of [*H] vinblastine (VBL), ['*C] dasatinib and ["*C]
dasatinib with LY335979 (1 nM) in wild-type (black bar) and ABCBI1-transfected

(gray bar) MDCKII cells.

Results are presented as mean +S.D. (as percentage of wild-type control), n =4 to 12.
VBL and Dasatinib accumulation in ABCB 1-transfected cells were significantly lower

than in the wild-type cells (*, p <0.01).
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Figure 4.2. Accumulation of [*’H] mitoxantrone (MXR), ['*C] dasatinib and [**C]
dasatinib with Ko143 (200 nM) in wild-type (black bar) and Abcg2-transfected
(gray bar) MDCKII cells.

Results are expressed as mean +S.D. (as percentage of wild-type control), n =6 to 12.
MXR and Dasatinib had significantly lower accumulation in Abcg2-transfected cells

compared with wild-type control group (*, p <0.01).
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Figure 4.3. Directional flux of ['*C] dasatinib across the MDCKII monolayers in
wild-type (®, A-to-B direction; O, B-to-A direction) and ABCB1-transfected cells
(v, A-to-B direction; A, B-to-A direction).

Results are expressed as mean £S.D., n=9. The difference between the B-to-A flux and
A-to-B flux of dasatinib in ABCBI transfected cells was greater than that in wild-type

cells.
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Figure 4.4. Directional flux of [14C] dasatinib across the ABCB1-transfected
MDCKII cell monolayers with (v, A-to-B direction; A, B-to-A direction) and
without LY335979 (1 uM) (@, A-to-B direction; O, B-to-A direction).

Results are expressed as mean £S.D., n=9. The difference between the B-to-A flux and
A-to-B flux of dasatinib in ABCBI1 transfected cells was decreased by ABCBI selective

inhibitor L'Y335979.

114



Table 4-1. Effective permeability of 4C-dasatinib in WT and ABCBI1-transfected

MDCKII cells with and without the presence of LY335979 (1 uM) (n=9).

WT cells w/o inhibitor ABCBIIs w/o ABCBI1s with
(cm/s) inhibitor (cm/s) LY335979(cm/s)
A-to-B 1.85E-06+4.35E-07 7.61E-07+2.83E-07 3.79E-06+3.72E-07
B-to-A 1.18E-05+7.91E-07 1.19E-05+7.46E-07 4.53E-06+1.02E-07
Efflux ratio 6.37 15.61 1.20
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Figure 4.5. Directional flux of ['*C] dasatinib across the MDCKII monolayers in
wild-type (®, A-to-B direction; O B-to-A direction) and Abcg2-transfected cells (v,
A-to-B direction; A\, B-to-A direction).

Results are expressed as mean +S.D., n=9. The difference between the B-to-A flux and
A-to-B flux of dasatinib in Abcg?2 transfected cells was greater than that in wild-type

cells.
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Figure 4.6. Directional flux of [14C] dasatinib across the Abcg2-transfected
MDCKII cell monolayers with (v, A-to-B direction; A, B-to-A direction) and
without Ko143 (200 nM) (®, A-to-B direction; O B-to-A direction).

Results are expressed as mean £S.D., n=9. The difference between the B-to-A flux and
A-to-B flux of dasatinib in Abcg?2 transfected cells was decreased by Abcg2 specific

inhibitor Ko143.
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Table 4-2. Effective permeability of 4C-dasatinib in Abcg2-transfected and WT

MDCKII cells with and without the presence of Ko143 (200nM) (n=9).

WT cells w/o inhibitor Abcg? cells w/o Abcg? cells with
(cm/s) inhibitor (cm/s) Kol143(cm/s)
A-to-B 2.47E-06+5.61E-07 3.74E-07+1.08E-07 1.66E-06+9.50E-08
B-to-A 1.13E-05+1.44E-06 1.70E-05+1.15E-06 1.52E-05+5.61E-07
Efflux ratio 4.55 45.45 9.17
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Figure 4.7. Plot of effect of increasing concentration of non-radiolabeled dasatinib
0, 10, 25, 50, 75, 100 M) on 14C-dasatinib cellular accumulation in WT and

ABCBI1 transfected MDCKII cells.

Results are expressed as mean +S.D. (as percentage of wild-type control), n =4.
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Figure 4.8. Plot of effect of increasing non-radiolabeled dasatinib concentration (0,
20, 30, 50, 75, 100 uM) on 14C-dasatinib cellular accumulation in WT and Abcg2

transfected MDCKII cells.

Results are expressed as mean £S.D. (as percentage of wild-type control), n =4.
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Figure 4.9. Accumulation of 4C-dasatinib in WT and Abcg2 transfected MDCKII
cells with (gray bars) and without (black bars) 2 mM TEA.
Results are expressed as mean +S.D. (as percentage of wild-type control), n =6 (*, p

<0.01).
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Figure 4.10. Plot of effect of 2 mM TEA on dose dependence of 4C-dasatinib on
increasing non-radiolabeled dasatinib concentration (0, 20, 30, 50, 75, 100 uM) in
wild type MDCKII cells.

Results are expressed as mean £S.D. (as percentage of wild-type control), n =4.
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Figure 4.11. Plot of effect of increasing non-radiolabeled imatinib concentration (0,
5, 10, 20, 30, 50, 100 pM) on 14C-dasatinib cellular accumulations in WT and
Abcg2 transfected MDCKII cells.

Results are expressed as mean +S.D. (as percentage of wild-type control), n =4.
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Figure 4.12. Directional flux of ['*C] dasatinib across the Abcg2-transfected
MDCKII cell monolayers with (v, A-to-B direction; A, B-to-A direction) and
without imatinib (20 uM) (®, A-to-B direction; O B-to-A direction).

Results are expressed as mean £S.D., n=9. The difference between the B-to-A flux and

A-to-B flux of dasatinib in Abcg?2 transfected cells was decreased by imatinib.
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Figure 4.13. The A-to-B direction effective permeability (black bar) and B-to-A
direction effective permeability (gray bar) of dasatinib (cm/s) across the Abcg2-
transfected MDCKII cell monolayers with and without imatinib (20 pM).

Results are expressed as mean +S.D., n=6.
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CHAPTER 5

IN VIVO EFFECT OF EFFLUX TRANSPORTERS ON THE CNS DELIVERY

OF DASATINIB
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5.1 Abstract and introduction

5.1.1 Abstract

The objective of this study was to examine the effects of the active efflux transporters,
ABCBI and Abcg2 on the CNS delivery of dasatinib. Wild type and knock-out (Abcbl
knokout, Abcg2 knockout or triple knockout) FVB mice received 5 mg/kg dasatinib as a
single bolus via tail vein injection or 10 mg/kg dasatinib via oral gavage with and
without the coadministration of inhibitors (25 mg/kg LY335979, 10 mg/kg Ko143 or 10
mg/kg GF120918). Plasma and brain were sampled at various times postdose. The
concentration of dasatinib in plasma and brain was determined by LC/MS/MS. The
genetic deletion or pharmacological inhibition of Abcb1 or Abcbl and Abcg2 but not
Abcg2 alone was able to increase dasatinib brain penetration. These results indicated
that ABCB1 and ABCQG2 play a role in the CNS delivery of dasatinib, limiting dasatinib
CNS penetration. The use of potent inhibitors for both ABCB1 and ABCG2 should be

able to improve dasatinib CNS delivery.

5.1.2 Introduction

Malignant brain tumors are one of the most lethal forms of cancer and are extremely
difficult to treat. They remain refractory to conventional treatment approaches,
including radiotherapy and cytotoxic chemotherapy (Newton, 2003). Dasatinib is a
second generation tyrosine kinase inhibitor that has high potency against Ber-Abl and is
active against various imatinib-resistant Bcr-Abl mutant cell lines, and, as such, can
overcome the imatinib-resistance in CML patients (Shah, 2007). In addition to Bcr-Abl,
dasatinib also inhibits SRC tyrosine kinase. It is a SRC/BCR-ABL kinase inhibitor

127



(Nam et al., 2005). Src family is the largest family of nonreceptor tyrosine kinases
(Fizazi, 2007; Finn, 2008). Src family kinases (SFKs) are responsible for signal
transduction during many cellular activities, including differentiation, adhesion,
migration, division, motility, angiogenesis and survival (Summy and Gallick, 2003;
Fizazi, 2007). Recent studies revealed that SFKs are involved in signal transduction
from many receptor tyrosine kinases, such as PDGFR, EGFR and stem cell factor
receptor (Alvarez et al., 2006). A number of studies have shown that SFKs are up
regulated in multiple types of human tumors and are typically associated with advanced
malignancies and/or metastatic spread (Playford et al., 2004; Park et al., 2008). Recent
studies reported that SFKs participate in induction of glioblastoma multiforme (GBM)
invasion and glioma migration (Park et al., 2006; Dey et al., 2008; Kleber et al., 2008).
Taking all these into account, dasatinib may be very promising in the treatment of brain

tumors, both primary and secondary.

However, there are several issues regarding the CNS delivery of chemotherapy agents,
such as the anatomical barriers in the CNS, drug efflux transporters in these barriers,
and the relative resistance of tumors to chemotherapy. The efflux transport systems are
increasingly recognized as important determinants of drug distribution to, and
elimination from, different compartments of the CNS. Recently, studies from another
group and our group (this thesis) showed that dasatinib is a substrate of efflux
transporters ABCB1 and ABCG2 (Hiwase et al., 2008). However, thus far little
information is known about the CNS delivery of dasatinib, including the action of
relevant BBB transporters in modulating this delivery. In this study the effect of Abcbl

128



and Abcg2 on the CNS delivery of dasatinib was studied by direct sampling method in

an in vivo mouse model.

Researchers have frequently utilized genetic knockout mouse or natural mutant mouse
models in understanding the physiological functions of transporters and in evaluating
the effect of transporter on pharmacokinetics and pharmacodynamics of drugs
nowadays (Xia et al., 2007c¢). Genetic knockout mice are generated by disruption the
endogenous transporter(s) gene in order to investigate the specific targeted
transporter(s). These animals have been used to study the functions of Abcbl, Abcg2

and Abcc2 (Xia et al., 2007¢).

The objective of this chapter was to examine the influence of Abcbl and Abccg2 on the
targeted delivery of dasatinib to the CNS by using an in vivo WT and knockout mouse

models.

5.2 Material and methods

5.2.1 Chemicals and animals

5.2.1.1 Chemicals

Dasatinib was kindly provided by Bristol-Myers Squibb Company (Princeton, NJ).
LY335979 ((R)-4-((1aR, 6R, 10bS)-1,2-difluoro-1, 1a, 6,10b-tetrahydrodibenzo-
(a,e)cyclopropa(c)cycloheptan-6-yl)-a-((5-quinoloyloxy)methyl)-1-piperazineethanol,
trihydrochloride) was a gift from Eli Lilly and Co. (Indianapolis, IN). GF120918 (N-[4-
[2-(6, 7-Dimethoxy-3, 4-dihydro-1H-isoquinolin-2-yl) ethyl]-5-methoxy-9-oxo0-10H-
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acridine-4-carboxamide) was generously given by GlaxoSmithKline (Research
Triangle, NC). Ko143 was kindly provided by Dr. Alfred Schinkel (Netherlands Cancer
Institute, Amsterdam, The Netherlands). All other chemicals used were HPLC or

reagent grade.

5.2.1.2 Animals

Wild-type FVB mice, Abcb1 knockout [Mdrla/b (-/-)] FVB mice, Abcg2 knockout
FVB mice and triple knockout [Bcrp-Mdrla/b (-/-)] FVB mice were purchased from
Taconic Farms, Inc. (Germantown, NY). All mice were male and between 8 to 10
weeks old. Animals were maintained under temperature-controlled conditions with a
12-h light/dark cycle and unlimited access to food and water. All studies were approved

by the Institutional Animal Care and Use Committee of the University of Minnesota

5.2.2 CNS distribution of i.v. administered dasatinib in WT and knockout FVB
mice

Wild-type and triple knockout [Berp-Mdrla/b (-/-)] FVB mice received a dasatinib
solution (propylene glycol: water = 1:1, pH 4.6) at a 5 mg/kg dose via tail vein
injection. At various time points (5, 20, 60, 120, 180 min postdose), mice (n=4) were
euthanized. Blood was immediately harvested via cardiac puncture and collected in
tubes preloaded with KoEDTA (BD, Franklin Lakes, NJ). Then whole brain was
harvested within 2 min and rinsed with ice-cold saline to remove extraneous blood. At

the end of the experiment, plasma was separated from blood by centrifugation at 3000
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rpm for 10 min at 4°C. All plasma and whole brain samples were stored at -80°C until

analysis by LC-MS/MS.

Wild-type, Abcbla/b knockout [Mdrla/b (-/-)] and Abcg2 Knockout [Berpl (-/-)] FVB
mice received a dasatinib solution (propylene glycol: water = 1:1, pH 4.6) at a 5 mg/kg
dose via tail vein injection. At two different time points (20, 120min) postdose, mice

(n=4) were euthanized. Blood and whole brain were immediately harvested and treated

as described previously.

5.2.3 CNS distribution of i.v. administered dasatinib in WT mice with and
without coadministration of inhibitors

32 wild-type FVB mice were randomly assigned to 4 groups. Group 1 received 5 mg/kg
dasatinib via tail vein injection. Group 2 received 25 mg/kg LY 335979 (20% ethanol)
via tail vein injection 30 min before the injection of 5 mg/kg dasatinib. Group 3 had a
tail vein injection of 10 mg/kg Ko143 (DMSO: TWEENSO: propylene glycol: saline =
5.75:3.94: 24.675: 65.645) 30 min before the injection of 5 mg/kg dasatinib. Group 4
had an injection of 10 mg/kg GF120918 (DMSO: TWEENSO: propylene glycol: saline
=6.6:3.95:24.67:64.67) via tail vein and another injection of Smg/kg dasatinib 30min
later. For each group, 4 mice were euthanized at 20 min after dosing of dasatinib and
the remaining 4 were euthanized at 120 min postdose. Plasma and whole brain were

harvested and treated as described previously in section 5.2.2.
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5.2.4 CNS distribution of oral administered dasatinib in WT FVB mice
Wild-type FVB mice received 10 mg/kg dasatinib (propylene glycol: water = 1:1, pH
4.6) via oral gavage. At various time points (15, 60, 120, 240, 480 min postdose), mice
(n=4) were euthanized. Blood and whole brain were immediately harvested and treated

as described previously in section 5.2.2.

5.2.5 CNS distribution of oral administered dasatinib in WT and knockout FVB
mice

24 wild-type FVB mice were randomly assigned to 6 groups. Group 1 received 10
mg/kg dasatinib (propylene glycol: water = 1:1, pH 4.6) via oral gavage. Group 2
received 25 mg/kg LY335979 (20% ethanol) via tail vein injection 30 min before
receiving 10 mg/kg dasatinib via oral gavage. Group 3 had a tail vein injection of 10
mg/kg Ko143 (DMSO: TWEENSO: propylene glycol: saline = 5.75: 3.94: 24.675:
65.645) 30 min before the oral dosing of 10 mg/kg dasatinib. Group 4 had an injection
of 10mg/kg GF120918 (DMSO: TWEENSO: propylene glycol: saline = 6.6:
3.95:24.67:64.67) via tail vein and then an oral dosing of 10 mg/kg dasatinib 30 min
later. Group 5 received a blank vehicle for LY335979 (20% ethanol) via tail vein
injection 30 min before receiving 10 mg/kg dasatinib via oral gavage. Group 6 had a tail
vein injection of another vehicle control (DMSO: TWEENSO: propylene glycol: saline
=6.6:3.95:24.67:64.67) 30 min before the oral dosing of 10 mg/kg dasatinib. For each
group, mice were euthanized at 120 min after dosing of dasatinib. Plasma and whole

brain were harvested and treated as described previously.
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Abcbla/b knockout [Mdrla/b (-/-)], Abcg2 knockout [Berpl (-/-)] FVB mice and triple
knockout [Berp-Mdrla/b (-/-)] FVB mice received a dasatinib solution (propylene
glycol: water = 1:1, pH 4.6) at a 10 mg/kg dose via oral gavage. At 120 min postdose,
mice (n=4) were euthanized. Blood and whole brain were immediately harvested and

treated as described previously.

5.2.6 Determination of Dasatinib Concentrations in Plasma and Brain using LC-

MS/MS

Mouse plasma and brain samples were analyzed by LC-MS/MS. Sample preparation
included addition of 3 volumes of acetonitrile containing internal standard (IS) d6-
dasatinib to the plasma samples. Whole brain samples were first homogenized in water
with a volume ratio of 1:3 followed by the addition of acetonitrile containing IS. After
centrifugation to remove precipitated proteins, 10 puL of the clear supernatant was
analyzed by LC/MS/MS. Chromatographic separation was obtained using an Atlantis®
dC18 column (2.1 mm x 50 mm) packed with a 3uM stationary phase (Waters
Corporation, Milford, MA). The mobile phase was composed of 10 mM ammonium
acetate with 0.1% formic acid (A) and acetonitrile (B). A gradient elution method was
used with the initial mobile phase consisting of 90% A and 10% B. After sample
injection, the mobile phase was held at the initial condition for 1 min and then changed
to 10% solvent A and 90% solvent B over 1 min and held at that composition for an
additional 0.8 minutes. The mobile phase was then returned to initial conditions and the

column was re-equilibrated for one minute. The total analysis time was 4 minutes. The
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HPLC was interfaced to a Micromass Quattro LC triple quadrupole mass spectrometer
(Waters, Milford, MA, USA) equipped with electrospray ionization interface. The
desolvation temperature was 350°C and the source temperature was 120°C. Data
acquisition employed selected reaction monitoring (SRM). Positively charged ion

representing the [MH]" for dasatinib and the internal standard (IS) were selected in MS1
and dissociated with argon at a pressure of 2.5 x 10 Torr to form specific product ions

which were subsequently monitored by MS2. All dwell times were 100 ms. The SRM
transitions monitored were m/z 488 — 401 for dasatinib, m/z 496 — 409 for the
internal standard. The cone voltage was optimized at 35 V for both dasatinib and IS,
while the collision energy was 35 eV. The retention time for dasatinib and IS was 2.05

and 2.04 min, respectively. The lower limit of quantification was 1 ng/mL.

5.2.7 Statistical analysis

Statistical analysis was conducted using SigmaStat, version 3.1(Systat Software, Inc.,
Point Richmond, CA). Statistical comparisons between two groups were made by using
two-sample t-test at p < 0.05 significance level. If groups failed the normality test, then
the nonparametric alternative of two-sample 7 test, the Mann-Whitney rank sum test,
was used. Groups more than 2 were compared by one-way analysis of variance with the
Holm-Sidak post-hoc test for multiple comparisons at a significance level of p < 0.05.
When groups failed the normality test, the Kruskal-Wallis one way analysis of variance

on ranks was used.
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5.3 Results

5.3.1 CNS distribution of i.v. administered dasatinib in WT and triple-knockout

FVB mice

The concentrations of dasatinib in plasma and brain after an intravenous bolus dose in
wild-type and triple knockout FVB mice were determined by LC-MS/MS. The plasma
concentration time profiles of dasatinib in wild-type and triple knockout mice are shown
in Figure. 5. 1A. There was no significant difference in the plasma concentrations
between the wild-type mice and the triple knockout mice, while the brain concentrations
in triple-knockout mice were much greater than that in wild-type mice as shown in
Figure 5. 1B. The brain concentration was lower than 12% of the plasma concentration
in wild-type mice at all the 5 time points we measured. When the ratios of brain
concentration over plasma concentration, which represent the brain penetration of
dasatinib were compared between wild-type mice and triple knockout mice, the brain
penetration of dasatinib in triple knockout mice was significantly greater than the brain

penetration in wild-type mice at the 5 different time points (Figure 5. 1C).

5.3.2 CNS distribution of Dasatinib in Wild-type FVB Mice with and without
Coadministration of Pharmacological Inhibitors, Abcbla/b knockout and Abcg2

knockout FVB mice

The brain concentrations of dasatinib were measured in wild-type mice that received an

1.v. bolus dose with and without coadministration of LY335979, Ko143 or GF120918.
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The results are shown in Figure. 5.2. The inhibition of Abcbl by using LY335979
significantly increased brain dasatinib concentrations in wild-type mice. However the
inhibition of Abcg2 by using Ko143 was not able to increase the brain concentrations of
dasatinib in wild-type mice. When both Abcbl and Abcg2 were inhibited by a dual
inhibitor GF120918, the brain dasatinib concentrations in wild-type mice increased the
most. The similar phenomenon was observed with genetic deletion of efflux
transporters (Figure 5.3). Brain dasatinib concentrations increased significantly in
Abcbl knockout mice compare with those in wild-type mice. Brain dasatinib
concentrations in Abcg2 knockout mice did not increase at all. The highest increase of
brain dasatinib concentrations was observed in triple knockout mice that carry the

disruption of Abcbla, Abcblb and Abcg2 genes.

5.3.3 CNS distribution of oral administered dasatinib in WT, triple-knockout,

Abcb1 and Abcgl knockout FVB mice

The brain and plasma concentration-time profiles of dasatinib were determined in wild-
type FVB mice that received 10 mg/kg dasatinib orally (Figure 5.4). Both plasma and
brain concentrations reached their maximum concentration (Cmax) at 2 hr postdose.
Then the effect of pharmacological inhibition of efflux transporters on the brain-to-
plasma ratio of dasatinib in wild-type FVB mice at 2 hr postdose was examined (Figure
5.5). The effect of genetic deletion of efflux transporters on the brain distribution of

dasatinib in FVB mice at 2 hr post dose was also determined (Figure 5.6). The
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genetically deletion or pharmacologically inhibition of both Abcb1 and Abcg2 resulted

in significant increase of dasatinib CNS penetration.

The effect of blank vehicle for inhibitors on the brain-to-plasma ratio of dasatinib in
wild-type FVB mice was studied. As shown in figure 5.7, there was no significant
difference among the B/P ratios in the three groups. The coadministration of blank
vehicle for LY335979 or for Ko143 and GF120918 did not change the brain distribution

of dasatinib in WT mice.

54 Discussion

In vivo CNS distribution of dasatinib in wild-type and efflux transporter(s) knockout
mice was examined to further understand the role of efflux transporters in the CNS
distribution of dasatinib. In this study, we revealed that the CNS delivery of dasatinib in
wild-type FVB mice after i.v. injection was low. The ratios of brain concentration over
plasma concentration were less than 0.12 over the time period we studied. Porkka and
colleagues showed that on average dasatinib brain concentrations were 5.5% of
dasatinib plasma concentration in mice during the absorption phase after oral dosing. In
the same study, they also reported that the CSF concentrations of dasatinib in patients at
3 hours after oral dosing were either undetectable or very low (Porkka et al., 2008). The
results from both preclinical and clinical reseach all indicated that dasatinib brain
penetration is low. Nevertheless, antitumor effect of dasatinib in CNS CML in both
preclinical and clinical studies has been observed.(Porkka et al., 2008) In this case, it is

very likely due to the advantage of high potency of dasatinib. Dasatinib is approximate
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300 fold more potent than imatinib against Ber-Abl TK, with IC50 in low nanomolar
range (O'Hare et al., 2005). Therefore, though the brain dasatinib concentration was
low, it was still able to reach the therapeutically effective concentration. However, so
far there is no evidence that if this low concentration of dasatinib is enough for the

treatment of other diseases, such as glioma.

Transporter gene knockout mouse models are now widely used as useful tools to study
the effect of transporters on the pharmacokinetics of drugs (Xia et al., 2007b). In this
study, we used 3 transporter gene knockout mouse models: Abcbla/b knockout
[Mdrla/b (-/-)], Abcg2 knockout [Bcerpl (-/-)] and triple knockout [Berp-Mdrla/b (-/-)]
FVB mice. The difference in dasatinib brain concentrations between wild-type and
triple knockout mice was significant while there was no significant difference in
dasatinib plasma concentration-time profiles. The ratios of brain concentration over
plasma concentration in triple knockout mice were about 10 fold greater when
compared with the ratios in wild-type mice (figure 5.1 C). Hence the genetic deletion of
both Abcbl and Abcg?2 resulted in significantly enhanced CNS delivery of dasatinib in
mice. The role of a single transporter was also examined in our study. Significantly
increased dasatinib brain concentrations were observed in Abcbla/b knockout mice but

not Abcg2 knockout mice (figure 5.3).

These results were further confirmed by pharmacological inhibition experiments.
Dasatinib brain concentration increased significantly in wild-type mice when the
selective Abcbl inhibitor LY335979 was coadministered, while the selective and potent
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Abcg2 inhibitor Ko143 was not able to change dasatinib brain distribution (figure 5.2).
The biggest increase in dasatinib brain concentration was observed when mice were

treated with dual Abcb1 and Abcg2 inhibitor GF120918.

When only Abcbl was genetically deleted or pharmacologically inhibited, we observed
enhanced CNS delivery of dasatinib. However, enhanced CNS delivery of dasatinib was
not observed in our study when only Abcg2 was genetically deleted or
pharmacologically inhibited. These results strongly suggested that Abcb1 and Abcg2
play a significant role in the CNS delivery of dasatinib. When the efflux transporters

work alone, Abcbl plays a more important role than Abcg?2.

Bihorel et al. reported similar phenomenon with imatinib. In their studies, gene deletion
or pharmacological inhibition of Abcb1 did enhance imatinib brain uptake in mice and
there was no difference between wild-type and Abcg2 knockout mice. The greatest
brain penetration of imatinib was seen in mice with both Abcbl and Abcg?2 blocked
(Bihorel et al., 2007a; Bihorel et al., 2007b). Since both dasatinib and imatinib are
substrates of Abcbl and Abcg?2, it is very likely that for similar compounds, Abcb1
plays a more important role than Abcg2. When Abcg2 was genetically deleted or
pharmacologically inhibited, Abcbl is able to compensate the effect of Abcg2.
Furthermore, when the two transporters work together, there is augmenting effect (i.e.,
the genetic deletion or pharmacological inhibition of both Abcb1 and Abcg2 has
significantly greater effect on dasatinib CNS delivery compared to the genetic deletion

or pharmacological inhibition of Abcb1 only). Another compound, topotecan, which is
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also a substrate of both Abcbl and Abcg?2, exhibited similar phenomenon in a study

reported by deVries and group (DeVries et al., 2008).

Big variations were observed in dasatinib plasma concentrations in mice. Since
propylene glycol, which was used to dissolve dasatinib, can cause haemolysis after i.v.
injection (Ko et al., 2008), we suspected that haemolysis could be one cause of the
variation. Dasatinib was given orally to avoid the haemolysis effect of propylene glycol.
However, the variation of dasatinib plasma concentrations in mice that received oral
administration was still significant (data not shown). This could be due to other sources
of variation that are introduced by oral administration such as absorption and
metabolism. In oral studies, we again observed increased dasatinib brain penetration in
Abcbla/b knockout mice and triple knockout mice, but not in Abcg2 knockout mice.
Similarly, pharmacological inhibition of Abcbl or Abcbl and Abeg? increased
dasatinib brain penetration in WT FVB mice but not the inhibition of Abcg2. These
results confirmed that Abcb1 plays a more important role than Abcg2 in the CNS

delivery of dasatinib.

The blank vehicles of inhibitors had no significant effect on the brain penetration of
dasatinib (figure 5.7). Therefore the change of dasatinib brain concentrations and brain
penetration with the coadministration was purely due to the inhibition of specific efflux

transporter(s) by the inhibitors.
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5.5 Conclusion

In summary, the CNS delivery of dasatinib in mice is low. The genetic deletion or
pharmacological inhibition of Abcb1 or Abcbl and Abcg2 was able to increase
dasatinib brain penetration when dasatinib was administrated via i.v. injection or oral.
In conclusion, both ABCB1 and ABCG2 play a role in the CNS delivery of dasatinib,
limiting dasatinib CNS penetration. The use of potent inhibitors for both ABCB1 and
ABCG?2 should be able to improve dasatinib CNS delivery. This finding may have
direct implications in the treatment of primary and metastatic brain tumors and

important implications in dasatinib ADME, and in drug-drug interactions.
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Figure 5.1. Brain distribution of dasatinib in wild-type and triple knockout [Bcrp-
Mdr1a/b (-/-)] FVB mice.

The wild-type and triple knockout mice received 5 mg/kg dasatinib via tail vein
injection. Plasma and whole brain tissue were collected at different time points (5, 20,
60, 120, 180 min postdose, n=4 at each time point) and analyzed for dasatinib using LC-
MS/MS. (A) plasma concentration of dasatinib versus time in wild-type and triple
knockout FVB mice. (B) brain concentration of dasatinib versus time in wild-type and
triple knockout FVB mice. (C) The brain-to-plasma ratio of dasatinib in wild-type and

triple-knockout FVB mice (* p<0.01, n=4). Results are presented as mean = S.E.
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Figure 5.2. Effect of pharmacological inhibition of efflux transporters on the brain
distribution of dasatinib in wild-type FVB mice.

The wild-type mice received 5 mg/kg dasatinib via tail vein injection. When inhibitor
(25 mg/kg LY335979, 10 mg/kg Ko143 or 10 mg/kg GF10918) was applied, inhibitor
solution was given via tail vein injection 30 min before the injection of dasatinib.
Whole brain tissue was collected at 2 time points (20, 120 min postdose, n=4 at each
time point) and analyzed for dasatinib using LC-MS/MS. The values are presented as

mean + S.D. (*, p <0.01 as ANOVA, =|=,p < 0.05 as two sample t-test).
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Figure 5.3. Effect of genetic deletion of efflux transporters on the brain

distribution of dasatinib in FVB mice.

Wild-type mice, Abcbla/b knockout and Abcg2 Knockout FVB mice received 5 mg/kg
dasatinib via tail vein injection. Whole brain tissue was collected at 2 time points (20,

120 min postdose, n=4 at each time point) and analyzed for dasatinib using LC-MS/MS.

Time

The values are presented as mean £ S.D. (*, p <0.01).
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Figure 5.4. Plasma and brain distribution of dasatinib in wild-type FVB mice.
Mice received 10 mg/kg dasatinib orally.

Plasma and whole brain tissue were collected at different time points (15, 60, 120, 240,
480 min postdose, n=4 at each time point) and analyzed for dasatinib using LC-MS/MS.

Results are presented as mean + S.D.
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Figure 5.5. Effect of pharmacological inhibition of efflux transporters on the
brain-to-plasma ratio of dasatinib in wild-type FVB mice.

The wild-type mice received 10 mg/kg dasatinib orally. When inhibitor (25 mg/kg
LY335979, 10 mg/kg Ko143 or 10 mg/kg GF10918) was applied, inhibitor solution was
given via tail vein injection 30 min before the dosing of dasatinib. Plasma and whole
brain tissue were collected at 120min postdose (n=4) and analyzed for dasatinib using

LC-MS/MS. The values are presented as mean + S.D. (*, p <0.01).
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Figure 5.6. Effect of genetic deletion of efflux transporters on the brain-to-plasma
ratio of dasatinib in FVB mice.

Wild-type mice, Abcbla/b knockout and Abcg2 Knockout FVB mice received 10
mg/kg dasatinib via oral gavage. Plasma and whole brain tissue were collected at 120
min postdose (n=4) and analyzed for dasatinib using LC-MS/MS. The values are

presented as mean = S.D. (*, p <0.01).
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Figure 5.7. Effect of blank vehicle for inhibitors on the brain-to-plasma ratio of
dasatinib in wild-type FVB mice.

The wild-type mice received 10 mg/kg dasatinib via oral gavage. When blank vehicle
was applied, it was given via tail vein injection 30 min before the dosing of dasatinib.
Plasma and whole brain tissue were collected at 120 min postdose (n=4) and analyzed

for dasatinib using LC-MS/MS. The values are presented as mean + S.D.
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CHAPTER 6

RECAPITULATION

150



The rationally designed molecularly targeted tyrosine kinase inhibitors (TKIs) have
been shown to clinically inhibit the action of pathogenic tyrosine kinases (TKs). This
was one of the most exciting developments in cancer treatment in the past decade.
Imatinib (Gleevec, STI5S71) is a successful example as a first-generation TKI. Imatinib
is a small molecule TKI approved as the first line treatment for chronic myelogenous
leukemia (CML). However, CNS relapses have been observed in CML patients even
though they have shown a complete hematological response to imatinib. An inadequate
concentration of imatinib in the CNS makes it a sanctuary for chronic myelogenous
leukemia. Dasatinib is a second-generation TKIs that was developed to overcome the
molecular resistance to imatinib and is considered as a promising therapyin the
treatment of brain tumor. However, little information is known about the CNS delivery
of dasatinib. CNS delivery has always been an issue for chemotherapy. Efflux
transporter systems in the BBB are an important factor besides the tight junctions that
restricts the entry of xenobiotics and toxic metabolites from systemic blood to CNS.
Efflux transporters may play a role in limiting the CNS delivery of imatinib and
dasatinib, and the inhibition of efflux transporters could potentially result in enhanced
CNS delivery of imatinib and dasatinib. The overall aim of the present work was to
assess the influence of various drug efflux transporters, such as ABCB1 and ABCG2,
on the specific delivery of TKIs to CNS and the possibility of improving CNS delivery

of imatinib and dasatinib by effective pharmacological inhibition.

We first studied the interaction between imatinib and Abcg2 by using in vitro cell

models (chapter 2). The kinetics of cellular accumulation and permeability of imatinib
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were studied in MDCKII epithelial cell monolayers, both parental (wild-type) and
Abcg2-transfected. The intracellular accumulation of imatinib in the parental cells was
significantly greater than that in the Abcg-2 transfected cells. A dual inhibitor of Abcbl
and Abcg2, GF120918, abolished this difference in the intracellular accumulation. The
efflux ratio of imatinib in Abcg2-transfected MDCKII cells was 63.03 while the efflux
ratio in wild-type cells was 1.77. This difference in directional flux permeability was
reduced by Abcg? inhibiter GF120918 and abolished by a specific Abcg?2 inhibiter
Ko143. The estimated Km value for the interaction between imatinib and Abcg2 was
3.89 £ 0.44 uM. These in vitro data indicated that imatinib is an Abcg2 substrate and
the inhibition of Abcg2 will dramatically affect the in vitro intracellular accumulation of
imatinib in MDCKII cells and the transport of imatinib across MDCKII monolayers.
Previous studies from other groups and our group showed that imatinib is a substrate of
the efflux transporter Abcbl. In this study, we further demonstrated that LY335979 and
GF120918 significantly increased imatinib accumulation in mouse glioma cells by

inhibiting Abcbl.

Based on the information gathered from in vitro study that imatinib is a substrate of
ABCBI1 and Abcg?2, the effect of these two efflux transporters on the CNS delivery of
imatinib was further studied by using an in vivo mouse model (chapter 3). The brain
penetration of imatinib was low in wild-type FVB mice that received 12.5 mg/kg
imatinib as a single bolus via tail vein injection. Increased dosage of imatinib (50
mg/kg) improved its CNS delivery by partially saturating Abcb1 and Abcg2 at BBB.

Coadministration of GF120918 was able to increase imatinib CNS delivery by
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inhibiting the two efflux transporters at BBB. In summary, ABCBland ABCG2
together play an important role in limiting the CNS delivery of imatinib. Saturation or

inhibition of ABCB1 and ABCG2 could effectively improve CNS delivery of imatinib.

Dasatinib, a promising second generation TKI, was the focus of the second half of this
thesis. First, the in vitro interaction between dasatinib and ABCB1 and Abcg2 was
studied (chapter 4). The cellular accumulation of dasatinib in the wild-type MDCKII
cells was significantly lower than that in ABCB1-transfected or Abcg? transfected
MDCKII cells. The ABCB1 specific inhibitor LY 335979 abolished the difference
between wild-type and ABCB1-transfected cells and ABCG?2 specific inhibitor Ko143
abolished the difference in Abcg2 cells. The efflux ratio of dasatinib in ABCB1-
transfected cells was greater than the efflux ratio in wild-type cells and was decreased
by LY335979. In Abcg2-transfected cells, the efflux ratio of dasatinib was greater than
that in wild-type cells and was decreased by Ko143. These in vitro data strongly
suggested that dasatinib is a substrate of both ABCB1 and Abcg2. The inhibition of
ABCBI or Abcg?2 significantly influences the in vitro intracellular accumulation of
dasatinib in MDCKII cells and the transport of dasatinib across MDCKII monolayers.
We also discovered that OCT-1 might not play a role in the influx of dasatinib. Imatinib
and dasatinib interacts with each other and this transporter-mediated drug-drug

interaction is important information for the future combination treatment for CML.

Since in vitro studies showed that dasatinib is a substrate of ABCB1 and Abcg2, in vivo

studies were carried out to access the possible influence of these two efflux transporters
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on the CNS delivery of dasatinib (chapter 5). The CNS delivery of dasatinib was low in
FVB wild-type mice. When Abcb1 and Abcg2 were genetically deleted in triple
knockout mice or were pharmacologically inhibited by GF120918 in WT mice, the
CNS delivery of dasatinib increased significantly compare to the control WT mice. In
Abcbl1 knockout mice and WT mice coadministered with LY335979, an increase of
dasatinib CNS delivery was also observed. However, the genetic deletion of Abcg2 in
Abcg2 knockout mice or the pharmacological inhibition of Abcg2 in WT mice by
Ko143 was not able to increase the CNS delivery of dasatinib. Therefore, ABCB1 and
ABCG?2 play a role in the CNS delivery of dasatinib, limiting dasatinib CNS delivery.
ABCBI plays a more important role than ABCG2 in effecting the CNS delivery of
dasatinib. The use of potent inhibitors for both ABCB1 and ABCG?2 is able to improve

dasatinib CNS delivery.

In conclusion, the overall important findings of the present work are briefly outlined as
follows. (1) In vitro studies demonstrated that imatinib is a substrate of Abcg2. In vivo
studies further explored that ABCBland ABCG?2 together play an important role in
limiting the CNS delivery of imatinib. Saturation or inhibition of ABCB1 and ABCG2
could effectively improve CNS delivery of imatinib. (2) In vitro evidence indicated that
dasatinib is a substrate of both ABCB1 and Abcg2. In vivo results revealed that the CNS
delivery of dasatinib was low. ABCB1 and ABCG2 could be a factor limiting the CNS
delivery of dasatinib, with ABCB1 having more influence than ABCG2. Dasatinib
CNS delivery can be improved by the use of potent inhibitors for both ABCBI1 and
ABCG2. These findings significantly contribute to the research being conducted in this

154



field and are very useful in providing insight into current and new clinical strategies to

more effectively use the TKIs for CNS disease treatment and prevention.

Future work in this field would be in vivo study to show proof of concept of the role of
the drug efflux transporters ABCB1 and ABCG2 in the CNS delivery of imatinib and
dasatinib. The specific inhibition of ABCB1 and/or ABCG2 and the resulting changes
in the efficacy of imatinib and dasatinib will be studied in in vitro tumor models and in
the setting of intracerebral brain tumor mouse models. The completion of this study will
provide pharmacodynamic information about the contribution of ABCB1 and ABCG2

in influencing the targeted delivery of imatinib and dasatinib to CNS.
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