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ABSTRACT

CHANGING THE DRUG EXPOSURE OF SMALL MOLECULE TYROSINE KINASE INHIBITORS

MARC ANTHONY R. YAGO

Tyrosine kinase inhibitors (TKIs) are a class of targeted oncologic therapies designed to inhibit
the phosphorylation of tyrosine residues on cellular proteins typically involved in various cell
signaling pathways. Particularly for small molecule TKIs, these drugs compete with ATP for
binding in the intracellular catalytic domains of tyrosine kinases that possess specific mutations
or that are overexpressed in cancer cells, which results in a constitutively active kinase. As the
efficacy of TKIs is largely dependent on sufficient drug exposure in the body, pharmacokinetic
interactions that alter systemic concentrations of TKIs can either reduce drug exposures to

subtherapeutic levels, or raise drug exposures past toxicity limits.

Many of the small molecule TKIs are weakly basic drugs whose solubility decreases at an
elevated pH. It is for this reason that TKIs are often advised in their labeling not to be co-
administered with acid-reducing agents, such as proton pump inhibitors or H,-receptor
antagonists, as prolonged usage of acid-reducing agents can result in an elevated fasting gastric
pH, also known as hypochlorhydria. Additionally, many TKIs are extensively metabolized in the
liver by cytochrome P450 enzymes. Therefore drug-drug interactions that impact mechanisms of
hepatic uptake (i.e. uptake transporters) will result in a reduced hepatic clearance and an

increased risk of drug toxicity.
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Therefore we hypothesize that the drug disposition of small molecule TKIs can be affected by
gastric pH and hepatic uptake transporters, which are viable targets for drug-drug interactions
that may cause significant changes in drug exposure. The research presented herein evaluates
the impact of gastric pH on the pharmacokinetics of dasatinib, a TKI with pH-dependent
solubility, in healthy volunteers with rabeprazole (a proton-pump inhibitor)-induced
hypochlorhydria, and proposes the use of betaine hydrochloride as a potential mitigation
strategy. The research presented also utilizes the Biopharmaceutics Drug Disposition
Classification System to predict mechanisms of hepatic uptake and the potential effects of
hepatic uptake transporters on liver disposition of three selected TKIs: dasatinib, bosutinib, and
vandetanib. Collectively, these studies aim to highlight potential areas of drug development for

TKIs that may translate to more effective treatment of oncology patients.
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CHAPTER 1. CHALLENGES IN THE DEVELOPMENT AND USE OF TYROSINE KINASE

INHIBITORS

TYROSINE KINASES

Over 500 protein kinases have been identified in the human kinome, of which 90 belong
to the tyrosine- or tyrosine-like kinase families (1). These kinases are responsible for the
phosphorylation of various cellular proteins via the transfer of the gamma phosphate group of
adenosine-triphosphate (ATP) to a hydroxyl group (—OH) located on free tyrosine, serine, or
threonine residues (Figure 1.1). These phosphorylation events then cause conformational
changes in the protein, leading to activation or inactivation of signal transduction cascades (2).

The kinases in the tyrosine- and tyrosine-like families (henceforth collectively referred to
as the tyrosine kinase family) are categorized into two groups: receptor tyrosine kinases and
nonreceptor tyrosine kinases (Figure 1.2). Receptor tyrosine kinases (RTKSs) have three general
domains that span extra- and intracellular environments: an extracellular ligand-binding domain,
a transmembrane domain, and an intracellular catalytic domain. The extracellular domain is
responsible for the binding of soluble ligands and acts as a receptor in response to the
extracellular environment (3), thus giving RTKSs their name. The transmembrane domain of
RTKSs usually consists of a-helices that act to facilitate and stabilize dimerization upon kinase
activation (4). Last, the intracellular catalytic domain protrudes into the cytoplasm of cells and

contains sites for auto-phosphorylation and the phosphorylation of substrates (3).
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Figure 1.1  Phosphorylation of proteins via tyrosine- or tyrosine-like kinases. Tyrosine
kinases catalyze the transfer of gamma phosphate groups of ATP specifically to free tyrosine
residues, whereas tyrosine-like kinases will phosphorylate free serine or threonine residues on

proteins.

Activation of RTKs is dependent on ligand-binding events that occur at the extracellular
ligand-binding domain. For example, the epidermal growth factor receptor (EGFR) requires
binding the ligands EGF or transforming growth factor-o. (TGF-a) to initiate kinase activation
(5). Upon binding of the ligand, EGFR then dimerizes, forming homo- or heterodimers with
other EGFRs, which fosters intermolecular interactions and transphosphorylation in the
intracellular catalytic domains between monomers. The transphosphorylation events then
reposition the activation loop of the catalytic domain, exposing the active site for subsequent

phosphorylation of other substrates (5).
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Figure 1.2  Cartoon depicting receptor and non-receptor tyrosine kinases. (A) Receptor
tyrosine kinases (RTKSs) are transmembrane proteins that require ligand binding and dimerization
for activation. However, non-receptor tyrosine kinases (B) are cytosolic proteins that may or
may not have membrane-associated components and rely on other kinases or phosphatases for

activation.



Unlike RTKSs, nonreceptor tyrosine kinases (nRTKSs) do not contain extracellular ligand-
binding domains and are mainly localized to the cytoplasm of cells (6). Nonreceptor tyrosine
kinases are regulated by multiple intramolecular interactions that require a combination of
phosphorylation and dephosphorylation events in order to assume the active conformation. In
the Src-kinases for example, intramolecular interactions with the regulatory SH2 and SH3
domains force the kinase into a “compact,” inactive form governed by the phosphorylation of a
tyrosine residue at the 527 position (Tyr527). Upon dephosphorylation of Tyr527, the kinase
unfolds and exposes yet another tyrosine residue at the 416 position, whose phosphorylation is
necessary to stabilize the kinase in its active conformation (7, 8).

Many of the tyrosine kinases mediate signal transduction pathways that regulate a variety
of different cellular processes including cell cycle progression, differentiation, and motility (9).
Receptor tyrosine kinases of the EGFR family for example, have been found to regulate the
transformation of cells from quiescence into the S-phase of the cell cycle, resulting in cell growth
and differentiation (10, 11). Likewise the ABL1 kinase, an nRTK, was also shown to be
involved in cell cycle regulation in response to DNA-damaging agents, through which it
regulates DNA damage-repair events (12). Contrary to ABL1 however, the ABL2 kinase was
shown to bind to actin and microtubules to aid in cytoskeletal functions, despite being in the
same family as ABL1 (13). Although these kinases are subject to strict regulatory interactions,
mutations in these regulatory elements can cause aberrant cell signaling and lead to uncontrolled

cell growth and differentiation, which is a hallmark of many cancers.



DEREGULATION OF TYROSINE KINASES IN CANCER

In 2000, Hanahan and Weinberg noted that despite the complexity of cancer as a disease,
many of the physiologic changes that occur during the transformation of normal cells to
malignant cells aim to prolong survival and favor growth. They surmised that most, if not all
cancers, displayed six general characteristics denoted as the “hallmarks of cancer.” These
hallmarks were defined as: evasion of apoptosis, self-sufficiency in growth signals, insensitivity
to anti-growth signals, sustained angiogenesis, tissue invasion and metastasis, and limitless
replicative potential (14). Hanahan and Weinberg then revisited these hallmarks in 2011 and
proposed that in addition to these characteristics, a “tumor microenvironment” was also required
for cancer progression. As such, they included the following as “emerging hallmarks and
characteristics” that underlay the original six hallmarks and aid in tumoriogenesis: deregulation
of cellular energetics, avoidance of immune destruction, genome instability and mutation, and
tumor-promoting inflammation (15).

Although each of these processes are regulated by various kinases in a number of
different pathways, the activation of these pathways is highly regulated by intramolecular
interactions. Thus mutations in these regulatory elements would result in a constitutively active
kinase such that proliferation and growth signals are propagated (16). One important structural
regulatory element of tyrosine kinases is the juxtamembrane domain. In most tyrosine kinases,
the juxtamembrane domain has been characterized as an auto-inhibitory regulatory domain
whose phosphorylation is required to stabilize the kinase in an active state (17). Mutations that
occur in the juxtamembrane domain can result in an activated kinase, without need for prior

phosphorylation or ligand binding. In gastrointestinal stromal tumors for example, deletions and



substitutions in the juxtamembrane domain of KIT (a RTK) abolish its intramolecular auto-
inhibitory mechanisms, allowing KIT to activate independent of ligand binding (18, 19).

The activation loop in tyrosine kinases also serves as an auto-regulatory mechanism by
stabilizing the kinase in an inactive, “closed” form until key tyrosine residues within the loop are
phosphorylated. Upon activation one or more tyrosine residues within the activation loop are
trans-phosphorylated, which causes the loop to reposition and switch to an “open” conformation
that increases access to ATP and substrate (20, 21). Mutations in the activation loop of the Fms-
like tyrosine kinase 3 (FLT3), for example, have been shown in vitro to allow FLT3 to activate
without ligand binding as measured by auto-phosphorylated FLT3 and activated downstream
effectors (22). Interestingly, although most tyrosine kinases require phosphorylation of
activation loop tyrosine residues for catalytic activity, mutations affecting conserved tyrosine
residues in the activation loop of EGFR do not impact its activation and signaling, suggesting
that the loop does not play a critical role in EGFR autoinhibition (23).

Although not considered to be an auto-inhibitory mechanism, the transmembrane domain
of RTKs has been shown to impact catalytic activity due to their ability to stabilize the kinase
upon ligand-dependent dimerization. In one proposed mechanism, the transmembrane domains
of monomeric RTKSs rotate their respective catalytic domains to an “open” form, which promotes
phosphorylation between the two monomers upon dimerization (24). Pathogenic mutations in
the transmembrane domains of RTKSs can lead to aberrant signaling by overstabilizing the dimer,
changing the membrane-embedded segment, or altering contact between extra- or intracellular
domains of the dimers (4). However unlike the mutations in the extra- or intracellular domains,
oncogenic mutations in transmembrane domains are relatively rare. The fibroblast growth factor

receptor 3 (FGFR3) is known for having the highest number of pathogenic mutations in the



transmembrane domain (25) and it, along with other FGFRs (FGFR-1, -2, -4), are primarily
important for skeletal system development (4). Although transmembrane domain mutations in
FGFRs result in skeletal and cranial deformities, transmembrane and activating mutations
specific to FGFR3 have been associated with bladder cancers (26) and multiple myeloma (27).
In addition to gain-of-function mutations in tyrosine kinases that can transform normal
cells to malignant cells, chromosomal translocation events can result in the expression of a
fusion protein that is constitutively active. Chromosomal translocations occur when a segment
of one chromosome is transferred to either another chromosome or a different site on the same
chromosome. Translocations do not often result in beneficial outcomes, have been shown to be
associated with the disruption and misregulation of normal gene function, and have been linked
to various cancers (28). The most notable example is the expression of the BCR-ABL fusion
protein, which is the result of a reciprocal translocation between the breakpoint cluster region
(BCR) gene on chromosome 22 and the ABL tyrosine kinase gene on chromosome 9 (29). This
produces a truncated chromosome called the Philadelphia chromosome (Ph), named for its
discovery by Nowell and Hungerford in the city of Philadelphia in 1960 (30). The BCR-ABL
fusion protein is a deregulated nRTK whose activity promotes rapid proliferation, and is detected
in patients with chronic myeloid leukemia (30) and some cases of acute lymphoblastic leukemia
(31). Inaddition to BCR-ABL, fusion genes with other tyrosine kinases have been identified in
other cancers including chronic myelomonocytic leukemia (Platelet Derived Growth Factor
Receptor (PDGFR)-B, (32)) and more recently, non-small cell lung cancer (RET receptor, (33)).
Our increasing understanding of the underlying molecular mechanisms of cancer and the
roles of tyrosine kinases further our ability to identify potential targets of therapy. The role of

tyrosine kinases in cancer revolves around the propagation of intracellular signals to promote cell



growth and proliferation. Thus, uncovering kinases necessary for cancer initiation or
progression, in addition to the mechanisms responsible for their deregulation, provides crucial
data for the development of novel and selective inhibitors with which we can hope to better treat

oncology patients.

ADVENT OF TARGETED THERAPIES

Prior to the implementation of targeted anticancer agents, cancers were often treated
using cytotoxic chemotherapeutic drugs that aimed to kill rapidly dividing cells through a variety
of mechanisms, depending on the class of drug used. Alkylating agents such as
cyclophosphamide and chlorambucil, and platinum analogs including cisplatin and carboplatin,
form adducts with DNA to prevent DNA synthesis and induce apoptosis. Antimetabolites (e.g.
methotrexate, 5-fluorouracil, 6-mercaptopurine) were designed to mimic key endogenous
molecules, such as folic acid, purines, and pyrimidines, which are necessary for nucleic acid and
protein synthesis. Traditional chemotherapies also include hormonal analogs, such as anti-
estrogens or anti-androgens, which block the activation of estrogen or androgen receptors in
breast and prostate cancers, respectively (34).

Despite the efficaciousness of traditional chemotherapies, their use in clinical settings is
often accompanied by a number of shortcomings. The most noticeable of these is the mechanism
of action of these drugs, which does not distinguish normal from malignant cells.
Consequentially, this results in the destruction of normal, rapidly dividing cells such as those
found in bone marrow, hair, and the gastrointestinal lining, resulting in the most common
adverse effects of traditional chemotherapy: immunosuppression, alopecia, and gastrointestinal

distress (34). Additionally, traditional chemotherapies are often narrow therapeutic index drugs,



requiring careful monitoring of systemic concentrations and considerable dose adjustments to
prevent added hepatic and renal toxicities.

Unlike traditional chemotherapies, the goal of targeted therapies is to selectively treat
malignant cells apart from normal cells, giving them an added benefit in the treatment of various
cancers. While traditional chemotherapies treat cancer by attacking rapidly dividing cells
through the inhibition of cell division, targeted therapies block cell proliferation by interfering
with specific cellular molecules required for growth that are often mutated or overexpressed in
malignant cells (35). However, this can only be accomplished with sufficient knowledge about
the molecular mechanisms behind cancer initiation and progression.

The identification of the Philadelphia chromosome and its role in chronic myeloid
leukemia (CML) is a prime example of how targeting a molecular driver of a cancer can be an
effective therapy. BCR-ABL, the gene product of the Philadelphia chromosome, is found in
about 95% percent of patients diagnosed with CML, and numerous preclinical studies have
shown that BCR-ABL inhibition via small molecule ATP-competitive inhibitors can induce
apoptosis in leukemic cells expressing the protein (36-38). STI1571, a 2-phenylaminopyrimidine
derivative, was the product of rational drug design to develop selective inhibitors against BCR-
ABL. In a phase I study conducted in Ph+ CML patients who have failed prior treatment with
interferon-a (standard therapy), 98% of patients achieved a complete cytogenic response after
four weeks of 300 mg or more STI571 given orally, once daily (39). Furthermore, another pilot
study showed that STI571 can also induce cytogenic responses in patients with Ph+ CML in
blast crisis (advanced form) or Ph+ acute lymphoblasic leukemia (40), providing further
evidence for the potential usefulness of molecularly targeted therapies. Following these

successes, STI571 was approved by the US Food and Drug Administration (FDA) in 2001 under



the name Gleevec (imatinib mesylate), for the treatment of Ph+ CML in blast crisis, accelerated
phase, or chronic phase after interferon-o failure (41, 42).

Since the approval of imatinib in 2001, an increasing number of targeted therapies, both
large and small molecules, have been approved by the FDA for a vast number of cancers. A list
of approved and currently available targeted therapies for neoplastic diseases can be found in
Tables 1.1 and 1.2.

Large molecule targeted therapies (Table 1.1) employ the use of monoclonal antibodies
to selectively target cancer cells. These antibodies exert their pharmacologic action in various
mechanisms, depending on the drug’s target and must be given intravenously due to instability in
the gastrointestinal tract. A major mechanism by which antibodies exert their pharmacologic
effect is via antibody-dependent cell-mediated cytotoxicity (ADCC). In ADCC, antibodies first
bind to extracellular molecules on the surface of cancer cells, effectively marking them for
destruction. “Marked” cells are then attacked by various effector cells of the host immune
system, including natural killer (NK) cells, macrophages, and eosinophils, leading to tumor cell
apoptosis (43). Early examples of antibody therapy in cancer (e.g. rituximab, alemtuzumab)
targeted various cell surface markers of differentiation, such as CD20 or CD52, to treat certain
leukemias and lymphomas (44, 45). In addition to cell surface markers, RTKSs can also be
targeted in this fashion, as is the case for the anti-HER2 antibody, trastuzumab, which binds to

overexpressed HER2 receptors in HER2+ breast cancers (46).
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As an extension of this mechanism, antibody-drug conjugates (ADCs) are another form
of targeted therapy that utilizes the preferential binding of an antibody to directly deliver
cytotoxic agents (or payloads) to tumor cells. Cytotoxic agents are conjugated to antibodies with
a linker that dissociates once the conjugate is internalized into tumor cells, thereby reducing the
exposure of cytotoxic drugs to normal cells. However the development of ADCs still possesses a
unique challenge as the correct antibody, linker, and cytotoxic agent must be selected to provide
both selectivity and stability when given in vivo to avoid dissociation of payloads prior to
reaching tumor cells (47, 48).

Monoclonal antibodies can also act as tyrosine kinase inhibitors (TKIs) either by binding
to extracellular domains of RTKSs or antagonizing their ligands. In doing so, these antibodies
inhibit the ability of RTKSs to dimerize, preventing the auto- or trans-phosphorylation events
necessary for activation, thus inhibiting signals of proliferation (43). Pertuzumab for example,
approved for the treatment of HER2+ metastatic breast cancer, binds to the extracellular domain
of HERZ receptors expressed on tumor cells and prevents ligand-dependent dimerization of
HER2 with other HER-type receptors necessary for catalytic activity (49).

Contrary to large molecule targeted therapies, small molecule TKIs target the
intracellular catalytic domains of tyrosine kinases and compete with ATP to inhibit
phosphorylation upon kinase activation (50). By targeting intracellular domains of mutated or
overexpressed tyrosine kinases in malignant cells, small molecule TKIs have the capability to
target both RTKSs and nRTKs, although in each case the drug must first diffuse across the plasma
membrane to do so. This nuance of small molecule TKIs is evident by the sheer number of
drugs in this class that have been approved since imatinib’s approval in 2001 (Table 1.2), as

drug targets are not restricted to extracellular domains.
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Small molecule TKIs also have the capability to simultaneously target multiple tyrosine
kinases expressed for a particular cancer. Although this may initially appear as a lack of
sensitivity, many have argued that this approach favors targeted therapies due the heterogeneity
of cancer (51-53). The aim of TKI therapy is to inhibit the propagation of growth and
proliferation signals in malignant cells and due to the complexity of these signaling pathways,
attacking multiple targets may provide added coverage for potential compensatory or escape
mechanisms by which a malignant cell can override the effects of inhibition (53). However, this
strategy is not simply limited to TKIs, as it also applies to combinations of other targeted
therapies with traditional chemotherapeutics. A number of targeted therapies have been
approved by the FDA in recent years for use in combinations with traditional chemotherapeutics,
including the ramicirumab/docetaxel combination for non-small cell lung cancer and the
bevacizumab/paclitaxel combination for metastatic cervical cancer, both of which were approved
in 2014 (54).

Our increasing understanding of the molecular mechanisms of cancer has led to the
advent of targeted therapies and a shift in the paradigm of how oncology patients are treated.
Despite the successes of these targeted therapies however, traditional chemotherapies are still
valuable particularly for their use in combination with targeted agents or for those cancers that

lack suitable or druggable targets.

CHALLENGES IN THE DEVELOPMENT OF TARGETED THERAPIES
The drug development process is by no means an easy one. According to a 2014 report
from the Pharmaceutical Research and Manufacturers of America (PhRMA), the estimated time

to develop a drug ranges between 10-15 years and costs an average of $1.2 billion, including the
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cost of failures (55). Furthermore, attrition rates in oncology drug development are reportedly
much higher than other therapeutic areas, with approximately only 5% of new molecular entities
with anticancer activity receiving approval after phase Il clinical trials (56). Among the
multitude of factors that influence the development of targeted therapies, the most impactful are
target identification and drug resistance (56-58).

The identification of appropriate targets during the development of targeted anticancer
agents requires an advanced understanding of the molecular drivers of the cancer. In the case of
the Philadelphia chromosome and its role in CML described above, much of the success of
imatinib therapy comes from the discovery that almost all CML patients possess the Philadelphia
chromosome and inhibition of its gene product, BCR-ABL, resulted in the induction of apoptosis
in leukemic cells (36, 59). However, most other cancers often possess multiple factors that
influence cancer progression and in these circumstances, what becomes equally as important as
the identity of these factors is the significance of their activity to disease (52).

In conjunction with the characterization of potential targets, the validity of these targets
and the ability to test them in the appropriate preclinical models was also common among reports
of attrition rates in oncology drug development, due to the inability of preclinical models to
accurately predict efficacy and toxicity in humans. Many of the arguments have ranged from the
inherent limitations of preclinical (i.e. animal) models to accurately represent the tumor micro-
environments and human disease progression, to the lack of reproducibility of reported data in
the scientific literature, which serves as the basis for the design of many preclinical studies (58,
60, 61). The use of phase 0 studies in humans has also been proposed as a means to evaluate the
ability of an anticancer agent to modulate the correct molecular target (i.e. mechanism of action)

and accelerate oncology drug development (61). However, as these studies are done in a small
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subset of patients and have no intent to provide any therapeutic benefit, caution must be taken to
avoid potential exclusion of these patients from participating in other clinical studies where a
therapeutic benefit may occur (62).

Next to target identification and validation however, the biggest adversary to the
development of targeted therapies is drug resistance. Drug resistance is classified as either
intrinsic, in which cancer cells inherently possess traits that would confer resistance without
exposure to drug, or acquired, which is sometimes described as an adaptive ability by the cancer
cell to develop resistance mechanisms post-exposure to drug (63). Drug resistance is conferred
through a variety of different mechanisms and can develop when a subpopulation of resistant
cells overpopulate nonresistant cells in the tumor by therapy-induced selection.

One particular mechanism of resistance impacts the pharmacokinetics and
pharmacodynamics of anticancer agents at the site of action. The overexpression of efflux
transporters, such as P-glycoprotein (P-gp) or Breast Cancer Resistant Protein (BCRP), limit the
exposure of tumor cells to cytotoxic drugs by pumping them out of the cell upon entry, as is the
case for many traditional chemotherapies including docetaxel, cisplatin, and irenotecan (64).
Drug resistance can also develop through the reduction of cellular uptake mechanisms mediated
by uptake transporters or via endocytosis (65). These mechanisms, especially common to
traditional chemotherapies, reduce intracellular concentrations of drug in tumor cells and prevent
cytotoxicity.

Drug resistance can also occur through compensatory mechanisms, such as the
overexpression of targets (receptors or ligands) or the activation of downstream signaling
pathways. The antimetabolite 5-fluorouracil (5-FU), which is used to treat various cancers

including colorectal, head and neck cancers, is metabolized to several active metabolites that
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inhibit thymidylate synthase. Thymidylate synthase is responsible for the production of
thymidine, which is necessary for DNA synthesis and repair and was found to be overexpressed
in resistant colorectal cancers (66). In another case, resistance to trastuzumab therapy can
develop in HER2+ breast cancers via a number of proposed mechanisms, including the presence
of activating mutations in the PI3BK/mTOR signaling pathways, both of which are downstream of
the HER2 receptor and are implicated in the pathogenesis of a number of other cancers as well
(67).

A major mechanism of drug resistance, particularly for small molecule TKIs, is the
development of gatekeeper residue mutations in tyrosine kinases. Gatekeeper residues are single
residues that regulate the interactions of inhibitors with a hydrophobic pocket located deep in the
ATP-binding site, and mutations in these residues reduce the affinity of the TKI for the ATP-
binding site and decrease efficacy. Gatekeeper mutations were first identified in patients with
Ph+ CML, which conferred resistance to imatinib therapy. The T315I] mutation occurs in the
ABL sequence of the BCR-ABL gene and prevents imatinib binding via steric hindrance and the
removal of a critical hydrogen binding interaction, while still maintaining the kinase’s catalytic
activity (68). However, this particular mutation also confers resistance against other BCR-ABL
inhibitors, including dasatinib, nilotinib, bosutinib, all of which are more potent inhibitors of
BCR-ABL relative to imatinib (69). In spite of these mutations, new BCR-ABL inhibitors have
shown promise against Ph+ CML and Ph+ ALL with the T3151 mutation, most notably
ponatinib, which was approved by the FDA in 2012.

Gatekeeper mutations have also been identified in patients with non-small cell lung
cancer. A previous study reported that 55% of patients with EGFR mutations responded to

gefitinib therapy, with a median progression-free survival of 9.2 months (70). However,
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resistance to EGFR inhibitors (e.g. gefitinib, erlotinib) often develops due to the T790M
gatekeeper mutation, which is found in over 50% of EGFR mutants with acquired drug
resistance (71). In this case, a beneficial strategy for treatment would be to either challenge the

tumor with other TKIs or consider the use of monoclonal antibodies (72).

OTHER CONSIDERATIONS

Other points of consideration regarding the use and development of targeted therapies
include personalized medicine, appropriate clinical trial design and endpoints, and the influence
of variability on therapeutic efficacy.

The idea of personalized medicine in the oncology setting certainly seems achievable
given our increasing understanding of cancer initiation and progression. Furthermore, with the
ability to identify a specific subtype of cancer at a molecular level, this knowledge can provide
crucial insights to selecting the appropriate drug or drug combination for a specific patient. This
is particularly beneficial for breast cancers for example, which have a number of different
subtypes (endocrine receptor positive, HER2 positive, triple positive, and triple negative) each
requiring different anticancer agents and forms of treatment.

Proper clinical trial design and endpoint selection is also another point of consideration in
the development of targeted therapies. In the 2007 guidance for industry on clinical trial
endpoints, overall survival is defined as the time from randomization until death from any cause
and is measured in the intent-to-treat population (73). Overall survival is viewed as the gold
standard of oncology clinical trial endpoints as it is the least ambiguous to measure and least
impacted by investigator bias. However, this may not necessarily be the ideal endpoint in all

cases, as a complete assessment of overall survival would often require larger sample sizes and
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longer periods of follow-up. The use of surrogate endpoints in early clinical trials may be
beneficial in providing information regarding the pharmacologic activity of a drug, but the usage
of surrogate endpoints for drug approval requires rigorous validation of the surrogate used
(analogous to target identification).

Last, patient variability in both pharmacokinetics and pharmacodynamics can directly
impact the use of targeted therapies in the clinical setting. Although the variability in response to
targeted therapies may be attributed in part to the heterogeneity of cancer, variability in the
pharmacokinetics of these drugs can be attributed to ADME (absorption, distribution,
metabolism, excretion) processes that dictate systemic exposure of drugs. Concomitant
medications in oncology can represent a large portion of pharmacokinetic variability for
example, because of potential drug-drug interactions that may induce or inhibit drug

metabolizing enzymes and/or transporters (74).

CONCLUSIONS

Our understanding of the molecular mechanisms of cancer and the roles that tyrosine
kinases have in cancer initiation and progression have led to the emergence and success of
targeted anticancer therapies, greatly improving the prognoses of numerous cancers. Although
the development of future targeted therapies is challenged by identifying druggable targets and
overcoming drug resistance, the combination of targeted therapies and traditional
chemotherapeutics may provide potentially beneficial treatment strategies for patients whose
cancers have already acquired drug resistance. Thus the continued evolution of cancer therapies
and use in clinical settings will aid in shifting the view of cancer from a deadly, debilitating

disease, to a chronic, more manageable health condition.
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GOALS AND AIMS OF THESIS WORK

As the therapeutic efficacy of a drug is driven by its pharmacokinetics, the goal of this
work was to evaluate potential mechanisms by which TKI drug exposure can be altered. Many
TKIs are weakly basic drugs with pH-dependent solubility and exhibit a significantly reduced
solubility at elevated pH. Furthermore, TKIs are extensively metabolized in the liver by phase |
and phase Il metabolic processes and are dependent on metabolism for elimination from the
body. In addition, previous studies from our laboratory have shown that mechanisms of hepatic
uptake (i.e. via uptake transporters) can greatly influence hepatic clearance mechanisms, which
may have consequences on drug exposure. We hypothesize therefore, that the drug disposition
of small molecule TKIs can be affected by gastric pH and hepatic uptake transporters, which are
viable targets for potential drug-drug interactions that may result in significant changes in TKI
drug exposure.

Because of their pH-dependent solubility, many acid-reducing agents (ARAS), such as
proton pump inhibitors (PPIs) and H,-receptor antagonists (H2RAs), are not recommended to be
taken concomitantly with small molecule TKIs due to the elevation of fasting gastric pH upon
chronic ARA administration (hypochlorhydria). Dasatinib (Sprycel) is an example of such a
drug and has been previously shown to exhibit significantly reduced drug exposures when
coadministered with the H2RA, famotidine. In a two-part clinical study, we first evaluate the
ability of betaine hydrochloride, a nutraceutical used as a digestive aid, to artificially reacidify
gastric pH in healthy volunteers with rabeprazole (a PPI)-induced hypochlorhydria. In a follow-
up study, we then evaluate the effects of gastric pH on dasatinib pharmacokinetics, proposing the
use of betaine hydrochloride as a potential mitigation strategy for small molecule anticancer

agents hindered by pH-dependent solubility and frequently coadministered with ARAs.
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We then evaluate the roles of hepatic uptake transporters on drug disposition of three
selected TKIs due to their dependence on hepatic metabolism for drug elimination. We employ
the use of the Biopharmaceutics Drug Disposition Classification System (BDDCS), which
categorizes drugs into four classes based on their solubility, extent of metabolism, and intestinal
permeability rate, and can be used to predict the effects of drug-drug interactions mediated by
uptake or efflux transporters. In vitro permeability methods are used to experimentally define
BDDCS class followed by the use of transfected cellular models and cryopreserved human
hepatocytes to evaluate the effects of the inhibition of four human hepatic uptake transporters:
Organic Cation Transporter 1 (OCT1), Organic Anion Transporting Polypeptide-1B1, -1B3, and
-2B1 (OATP1B1, -1B3, -2B1).

Collectively, this work aims to highlight potentially significant areas of focus in the drug
development of TKIs, focusing mainly on gastric pH and hepatic uptake transporters due to their
importance in ADME processes. The results of the research presented herein hopes to aid in the
production of more beneficial targeted therapies that may translate to more effective treatments

for oncology patients.
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CHAPTER 2. GASTRIC RE-ACIDIFICATION WITH BETAINE HCL IN HEALTHY

VOLUNTEERS WITH RABPERAZOLE-INDUCED HYPOCHLORHYDRIA"

ABSTRACT

Previous studies have demonstrated that increased gastric pH from the use of acid-reducing
agents, such as proton-pump inhibitors or H,-receptor antagonists, can significantly impact the
absorption of weakly basic drugs that exhibit pH-dependent solubility. Clinically practical
strategies to mitigate this interaction have not been developed. This pilot study evaluated the
extent and time course of gastric re-acidification after a solid oral dosage form of anhydrous
betaine HCI in healthy volunteers with pharmacologically-induced hypochlorhydria. Six healthy
volunteers with baseline normochlorhydria (fasting gastric pH < 4) were enrolled in this single
period study. Hypochlorhydria was induced via 20 mg oral rabeprazole twice daily for four
days. On the fifth day, an additional 20 mg dose of oral rabeprazole was given and gastric pH
was monitored continuously using the Heidelberg pH capsule. After gastric pH > 4 was
confirmed for 15 minutes, 1500 mg of betaine HCI was given orally with 90 mL of water and
gastric pH was continuously monitored for 2 hours. Betaine HCI significantly lowered gastric
pH by 4.5 (£0.5) units from 5.2 (£0.5) to 0.6 (£0.2) (P <0.001) during the 30 minute interval
after administration. The onset of effect of betaine HCI was rapid, with a mean time to pH < 3 of
6.3 (x4.3) minutes. The re-acidification period was temporary with a gastric pH <3 and <4
lasting 73 (x33) and 77 (x30) minutes, respectively. Betaine HCI was well tolerated by all

subjects. In healthy volunteers with pharmacologically-induced hypochlorhydria, betaine HCI

“Modified from publication: Yago MR, Frymoyer AR, Smelick GS, Frassetto LA, Budha NR, Dresser MJ, et al.
Gastric reacidification with betaine HCI in healthy volunteers with rabeprazole-induced hypochlorhydria. Mol
Pharm. 2013; 10:4032-7.
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was effective at temporarily lowering gastric pH. The rapid onset and relatively short duration of
gastric pH reduction gives betaine HCI the potential to aid the absorption of orally administered
weakly basic drugs that exhibit pH-dependent solubility when administered under

hypochlorhydric conditions.
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INTRODUCTION

Previous studies have investigated the effects of gastric pH on the absorption of orally
administered drugs (1-3), emphasizing the importance of gastric acid to the dissolution and
solubilization processes. These pH effects on absorption are also dependent on the
physicochemical properties of each individual compound, such as native ionic state, acid
dissociation constants (pKj,), and partition coefficient (logP). Moreover, the magnitude of these
effects can be amplified for compounds that exhibit pH-dependent solubility, where exponential
changes in solubility are observed as the pH rises or falls.

This gastric pH interaction is highlighted for weakly-basic drugs that exhibit decreasing
solubility over the pH range 1 to 4, as elevations in gastric pH reduce the solubility of these
drugs and can lead to reduced drug absorption and systemic exposure. An example of such a
compound is atazanavir, which is a protease inhibitor that is weakly basic with a pK, of 4.25 (4).
When administered in the presence of a low dose of omeprazole (20 mg orally), atazanavir area
under the plasma concentration-time curve (AUCy.24) and trough levels (Cmin) were reduced by
42% (90% CI of geometric mean ratio: 0.44-0.75) and 46% (90% CI of geometric mean ratio:
0.41-0.71), respectively (5). Many synthetic triazole antifungal agents are also weak bases with
pH-dependent solubility and are affected by elevations in gastric pH. Itraconazole for example,
which has a pK, of 3.7 (6), showed significant reductions in plasma AUCy.24 and maximum
plasma concentration (Cnax) 0f 64% and 66% (P <0.05), respectively, when administered to
healthy volunteers pre-treated with oral omeprazole (40 mg daily) for 14 days (7). In a similar
fashion, ketoconazole, when co-administered with cimetidine, suffered reductions in AUC and

Cmax Of greater than 90% in healthy volunteers (8).
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In an attempt to mitigate the impact of acid-reducing agents on drug absorption for
weakly-basic drugs with pH-dependent solubility, Chin et al. (1) conducted a prospective clinical
study investigating the effects of an acidic beverage (Coca-Cola®) on the pharmacokinetics of
ketoconazole. When ketoconazole was dosed with Coca-Cola® (pH = 2.5) under the effects of
omeprazole, ketoconazole AUCy., and Cpnax Were both increased by greater than 10-fold when
compared to the omeprazole treatment without Coca-Cola® (1), though Coca-Cola® did not
completely restore the omeprazole decrease in ketoconazole exposure. Nonetheless, re-
acidification strategies to increase drug absorption in hypochlorhydric conditions seem to be a
viable strategy. However, in a study with atazanavir, Coca-Cola® did not markedly reverse the
decreased absorption due to omeprazole dosing (9). In order to sufficiently influence gastric pH
in such a way as to mitigate reduced drug absorption, a large quantity of an acidic beverage
would need to be given over a short period of time to facilitate dissolution of an oral drug.

Though it may seem viable, this method is flawed by the lack of consistency in the ability
to provide ample gastric re-acidification under hypochlorhydric conditions. Additionally, the
impact on the absorption of these weakly basic drugs may be limited as the pH of Coca-Cola® is
only 2.5, which, for some drugs, may not contain enough acid to effectively mitigate this
interaction. Moreover, repeated oral ingestion of a large volume of an acidic beverage is
potentially harmful to oral and dental health (i.e. dental caries), and is likely not clinically
acceptable in patients with symptoms of gastroesophageal reflux disease (GERD) due to the
associated esophageal pain and discomfort of an acidic beverage. Therefore, we sought to
develop a more reproducible and reliable strategy of gastric re-acidification under

hypochlorhydric conditions that also has the potential to be more clinically acceptable.
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Using a hydrochloric acid (HCI) supplement given in a solid oral dosage form such as a
tablet or capsule would be more beneficial for this purpose, as the HCI would not directly come
into contact with the mouth or esophagus. Additionally, the acidifying effect of the supplement
would only activate once it reaches the stomach, where the salt can dissociate and produce free
HCI. A paper published in 1991 characterized the effects of a solid oral dose of glutamic acid
hydrochloride on gastric pH in healthy male volunteers receiving ranitidine. Glutamic acid
hydrochloride lowered gastric pH to less than pH 2 within 15 minutes and remained under pH 3
for 45 minutes (10). While glutamic acid hydrochloride is no longer commercially available, a
comparable salt, betaine hydrochloride (BHCI), has been more recently used as a gastric acid
supplement and is available over the counter as a nutraceutical. Betaine is a naturally occurring
substance that can be found in a variety of foods including beets, spinach, and whole wheat
foods. Although BHCI has been used to supplement gastric acid, the time course and potency of
this effect has not been thoroughly investigated in humans. Therefore, this pilot study aimed to
characterize the ability of BHCI to reduce gastric pH under the influence of a proton-pump

inhibitor (PP1), rabeprazole (Aciphex®) in healthy volunteers.

METHODS
Subject Enrollment and Study Design

Six healthy volunteers (4 male, 2 female) with ages between 25 and 57 years were
enrolled in this single period, single treatment study (National Clinical Trials ID:
#NCT01237353). Volunteers were non-smokers and had a mean (£SD) body mass index (BMI)
of 25.2 (+3.8) kg/m®. After providing written informed consent, all subjects underwent a

screening visit to determine eligibility to participate in the study. The screening visit consisted
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of a physical examination, medical history review, and measurement of baseline gastric pH using
the Heidelberg pH Diagnostic System (Heidelberg Medical, Inc., Mineral Bluff, GA). This
radio-telemetry system utilizes a small Heidelberg capsule that is tethered to a thin, pre-measured
surgical string and given to subjects to swallow. Gastric pH measurements are then wirelessly
transmitted from the capsule to a designated computer, which records pH data at 1-second
intervals. Enrolled subjects did not have hypo- or achlorhydria (i.e. fasting pH was < 2), nor did
they possess any history of gastrointestinal diseases. This study was approved by the Committee
on Human Research of the University of California, San Francisco and registered on the US
National Institutes of Health Clinical Trials Database (NCT01237353;

https://clinicaltrials.gov/ct2/show/NCT01237353)

Data Analysis

Gastric pH data was recorded by the Heidelberg pH Diagnostic System over 1-second
intervals. From this, pH data at 1-minute intervals were then reported and used for subsequent
analyses, as it had been previously shown that pH data sampled at 1-minute intervals can
accurately depict the pH-time profile (10). To evaluate the potency of BHCI, the lowest pH
during a 15- and 30-minute interval after BHCI administration was subtracted from the median
pH value over a 15- and 30-minute interval before BHCI administration, respectively.

The onset of effect of BHCI was determined by the time necessary for gastric pH to fall
to less than pH 3, while the duration of effect of BHCI was measured by calculating the rebound
time necessary for gastric pH to rise above pH 3 and pH 4, relative to BHCI administration. As a
secondary method to evaluate BHCI efficacy, area under the pH versus time curves (AUCp)

were calculated using a modification of the Trapezoidal Rule, beginning with BHCI
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administration until the end of the study. To calculate the AUC, below pH 3 or pH 4, the
difference between the observed pH and pH 3 or pH 4 was multiplied by the time interval (1
minute) for each time point. At any given time, if the observed pH exceeded the pH 3 or pH 4,

those AUCs were reported as zero.

Statistical Analyses

The sample size was calculated based on a previously reported change in gastric pH of -
4.6 + 1.0 pH units after 1360 mg (7.6 mmol H") of glutamic acid HCI was administered to
healthy volunteers treated with ranitidine (10). With a two-sided a=0.05 and 90% power, 5
subjects would be necessary to detect a 2 unit difference in gastric pH before and after the
administration of 1500 mg (9.7 mmol H") of betaine HCI. Thus, a sample size of 6 was chosen
to account for patient compliance and improve the estimations of our study endpoints.
All statistical tests were performed using GraphPad Prism 5 for Windows Version 5.02 (La Jolla,
CA). Differences in gastric pH values before and after BHCI administration were tested for
statistical significance using a Student’s Paired, Two-tailed t-test, whereas AUCpy correlations
were tested for statistical significance using a non-parametric Spearman Rank Correlation test.

Statistical significance was achieved with P <0.05.

RESULTS
Gastric pH Monitoring
Representative gastric pH plots from two subjects during the fifth study day can be found

in Figure 2.1.
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Figure 2.1  Sample gastric pH data of two subjects captured by the Heidelberg pH
Capsule. Gastric pH measurements at 1-minute intervals were plotted versus time to produce
the following curves. Vertical dashed lines (- - -) mark the following study events: (i)
administration of 20 mg oral rabeprazole with 90 mL of water, (ii) administration of 1500 mg
oral BHCI with 250 mL of water, and (iii) study end. The left curve represents a “best-case
scenario,” where a subject began the study day with a gastric pH > 4 after pre-treatment with
rabeprazole for 4 days. In contrast, the right curve represents a “worst-case scenario,” where a
subject began the study with pH < 4. In these instances, BHCI was not administered until gastric

pH remained above 4 for at least 15 minutes.

Though all subjects were pre-treated with multiple doses of rabeprazole, fasting gastric
pH at the beginning of the fifth study day was not always above 4. This may most likely be due
to the nocturnal gastric acid breakthrough that occurs overnight, even after twice-daily dosing of
a PPI (11). Itis interesting to note that those subjects who had a fasting gastric pH > 4 at the
beginning of the study day took their doses with a meal, which supports the hypothesis that PPIs

only inhibit active proton pumps in the stomach (11).
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Potency of Betaine HCI Re-acidification

The average (xSD) gastric pH during the 15- and 30-minute interval just before BHCI
administration was found to be 5.1 (+0.5) and 5.2 (£0.5), respectively, confirming that the
rabeprazole dosing regimen chosen for the study was sufficient to induce hypochlorhydria in

each subject.

Difference in Median pH During a 15-min Interval Difference in Median pH During a 30-min Interval
Before BHCI and Lowest pH 15-min After BHCI Before BHCI and Lowest pH 30-min After BHCI
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Figure 2.2  Potency of BHCI administration in healthy volunteers with rabeprazole-
induced hypochlorhydria. Gastric pH was compared at equal time intervals (15 and 30
minutes) before and after BHCI administration. In both time intervals, gastric pH ranged from
4.5-5.9 before BHCI, with a mean pH of 5.1 (£0.5) and 5.2 (x0.5) for the 15- and 30-minute
intervals, respectively. After BHCI administration, the mean gastric pH dropped to 0. 9 (x0.4)
and 0.6 (£0.2), ranging between 0.5-1.6 and 0.5-1.1, for the 15- and 30-minute intervals,
respectively. Means of 6 subjects are represented by horizontal bars.

(***P <0.001)
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As seen in Figure 2.2, gastric pH was significantly reduced (P <0.001) after the
administration of BHCI, with the lowest pH values over a 15- and 30-minute interval of 0.9
(£0.4) and 0.6 (£0.2), respectively. This corresponds to a mean change in pH (ApH) of 4.2

(x0.3) and 4.6 (x0.5) units for the 15- and 30-minute intervals, respectively.

Time Course of Betaine HCI

Table 2.1 summarizes the time course of BHCI for each subject. The onset of effect of
BHCI was rapid, taking only 6.27 (x4.29) minutes to reach a pH < 3 when 1500 mg BHCI was
given orally with 250 mL of water. The duration of BHCI re-acidification was also temporary,

with rebound times to pH 3 and pH 4 averaging 73 (x33) and 77 (x30) minutes, respectively.

Table 2.1 Onset and duration measures of gastric re-acidification using BHCI after

rabeprazole-induced hypochlorhydria.

Time topH <3 Rebound Time Rebound Time

Subject (Post-BHCI,  topH >3 (min) topH >4 (min)
min)
P-001 2.13 29 42
P-002 12.6 83 83
P-003 4.05 46 53
P-004 1.83 90 90
P-005 8.83 121 127
P-006 8.23 66 66
Mean (£SD) 6.27 (£4.29) 73 (£33) 77 (£30)

Onset of effect is characterized by the time to pH < 3, while the duration of effect is
characterized by the rebound times to pH > 3 and pH > 4.

AUC,4 Below pH 3 and pH 4
The individual AUC,y values for each patient can be found below in Table 2.2. When

comparing AUC,y below pH 3 or AUC,y below pH 4 with the ApH after BHCI administration,
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no correlations were found (P=0.66 and P=0.42, respectively). However, as expected,

correlations were found between the AUC, below pH 3 and rebound time to pH > 3 (r=0.9;

P=0.03) and AUC below pH 4 and rebound time to pH > 4 (r=1.0; P=0.003).

Table 2.2 Individual AUC, values calculated below thresholds of pH 3 and pH 4.

AUC Below AUC Below
Subject pH <3 pH <4
(ApH*min) (ApH*min)
P-001 70.1 108
P-002 178 259
P-003 104 156
P-004 169 261
P-005 281 409
P-006 91.0 157
Mean (xSD) 149 (£78) 225 (£109)
Spearman-r 0.89 10

Coefficient®
Spearman-r coefficients are reported for correlations between AUC,, measures and their
respective rebound times to pH > 3 and pH > 4.

Serum Gastrin Measurements
Serum gastrin levels measured during the study day are depicted in Figure 2.3. No

significant relationships were found between gastrin levels and gastric pH measures.
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Gastrin vs. pH
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Figure 2.3  Serum gastrin levels at major study events and the corresponding observed
gastric pH. Serum gastrin levels (pg/mL) were measured three-times on each study day: before
rabeprazole dosing, before BHCI dosing, and at the end of the study day. No significant
relationships were observed between serum gastrin and gastric pH with respect to the artificial

changes in pH due to rabeprazole and BHCI.

Safety

All 6 subjects who were enrolled completed the study. No significant adverse events were
observed. Moreover, no gastrointestinal side effects as a result of BHCI administration were

observed.

DISCUSSION

In this pilot study, we demonstrated that 1500 mg of BHCI significantly (P <0.001) and
safely reduced gastric pH in healthy subjects with pharmacologically-induced hypochlorhydria
by over 4 pH units (Figure 2.2), lowering gastric pH from above pH 5 to below pH 1 for more

than an hour. These findings support the further investigation of BHCI as a solid oral dosage
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form of HCI that can potentially aid in the absorption of orally administered weakly basic drugs
with pH-dependent solubility given under hypochlorhydric conditions.

Hypochlorhydria (or achlorhydria) is defined as a lack (or absence) of acid in the gastric
fluid, and can be caused by medical conditions such as Helicobacter pylori infection (12) or
autoimmune metaplastic atrophic gastritis (13). Hypochlorhydria can also be induced through
the repeated administration of acid-reducing agents, such as proton-pump inhibitors (PPIs) or H,-
receptor antagonists (H2RAs), commonly used to manage symptoms of gastroesophageal reflux
disesase or peptic ulcer disease. Individuals on daily drug regimens of acid-reducing agents
therefore will have high gastric pH. From a pharmacologic perspective, gastric acid is important
for the dissolution and solubilization of many solid oral dosage form medications and therefore is
critical in oral drug absorption. Thus, conditions in which gastric acid levels are lowered or
suppressed can lead to drug-drug interactions (DDIs) resulting in altered systemic concentrations
and drug exposures. For example, for weakly basic drugs that exhibit pH-dependent solubility
over a pH range of 1 to 4, the fraction of the dose available to the body for absorption will be
severely reduced when gastric pH is > 4, limiting drug absorption and systemic exposure during
acid-reducing agent therapy. In this scenario, temporary gastric re-acidification during drug
administration may be helpful.

A gastric pH < 2 was thought to be sufficiently acidic to improve the solubility of weakly
basic drugs with pH-dependent solubility. Therefore, a 1500 mg dose of BHCI (2-750 mg
tablets) was chosen as it provides the equivalent of 9.7 mmol of hydrogen ions (H"), which
equates to pH 1.41 in 250 mL of water. Though 1-750 mg tablet will produce over 4.8 mmol of
H* and a pH of 1.71, two tablets were used to guarantee a more consistent gastric re-acidification

across patients. An acidic beverage, such as Coca-Cola® for example, was reported to have a pH
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of 2.5 (1). If a drug was administered with 250 mL of the beverage, this would only provide
0.79 mmol of H*, which is much less than a single 750 mg tablet of BHCI that could provide
over 4.8 mmol of H*. BHCI provides an additional benefit over acidic beverages as the solid
oral dosage form supplies acid directly to the stomach with no contact to the esophageal walls,
minimizing potential patient discomfort and poor oral hygiene associated with repeated dosing.
Furthermore, betaine is a safe and important human nutrient obtained from the diet from a
variety of foods. Intake of betaine from foods is estimated to be 200-400 mg/day (14), and
betaine doses of 6 to 20 grams per day are used safely to therapeutically treat homocystinuria
(15).

Drug absorption can only be improved for weakly basic compounds if there is adequate
exposure to a more acidic environment. If a drug was administered following BHCI dosing and
the duration of re-acidification was not adequate, gastric pH would recover too quickly and there
would be a minimal effect on the drug’s dissolution and solubility. However, BHCI should
provide ample time for gastric re-acidification (time of gastric pH < 4 ranged from 42 to 127
minutes), considering that for “rapidly dissolving” drugs, 85% of the labeled amount of drug is
dissolved within 30 minutes (16).

The onset of the re-acidification was also favorable, with a mean onset of 6.3 minutes,
ranging between 1.8 and 12 minutes (Table 2.1). This rapid onset of gastric re-acidification is
important from a practical standpoint, as this minimizes the time between the dosing of BHCI
and a theoretical victim drug. Having a short activation time also allows this strategy to be more
applicable in a real-life patient scenario, where co-administration of BHCI and a victim drug
would be more commonplace. Nonetheless, while this may help improve overall drug

absorption, we do recognize the potential risks of having exposure to high gastric acidity in
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actual patients who are on an acid-reducing agent for gastrointestinal disorders. As a proof-of-
concept study, only one dose of BHCI was chosen and only healthy volunteers were enrolled.
Thus, further studies are warranted to investigate the dose-response of BHCI on the potency and
duration of gastric re-acidification and the tolerability of BHCI in patients on acid-reducing
agents for GERD or other gastrointestinal disorders.

While ApH and rebound times to pH > 3 and > 4 were used as the primary markers of
BHCI activity, the AUC,y’s below pH 3 and pH 4 have also shown to have some value.
Significant correlations were found between the AUCyH below pH 3 and pH 4 and their
respective rebound times, making it a secondary measure of the duration of gastric re-
acidification as opposed to the potency. As each subject received the same dose of BHCI, the
observed ApHs did not vary significantly, with coefficients of variation less than 10%. Although
the pH-time data can directly provide an estimate of the length of the re-acidification period, the
method can be flawed if the data are significantly affected by fluctuations in the pH above and
below a given threshold. Using the AUC4 can account for these fluctuations because only the
parts of pH-time curves that are actually spent below pH 3 and pH 4 are integrated into the
AUC,y calculations, thereby limiting the effect that the variability in pH measurements may
have.

In addition to the potency and duration parameters, serum gastrin was examined for its
ability to be a predictor of gastric re-acidification following BHCI administration. Gastrin is a
hormone produced by antral G cells that is a potent inducer of gastric acid secretion (17) and can
be affected via negative feedback in the presence of gastric acid, where its release is inhibited

(18). We found no significant relationships between serum gastrin levels and gastric pH (Figure
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2.3), indicating that while the hormone is actively involved in the regulation of gastric acid, it is

not predictive of the presence of gastric acid from BHCI administration.

CONCLUSIONS

The results of this pilot study have shown that BHCI can be used as an effective method
to rapidly and temporarily lower gastric pH in healthy volunteers with drug-induced
hypochlorhydria. This strategy has several advantages over previous methods of gastric re-
acidification. It utilizes a commercially available, oral, natural supplement that can be purchased
over the counter, making it easy for potential patients to obtain and use, thereby avoiding the
harm and discomfort that can arise as a result of the ingestion of a large quantity of acidic fluid.
BHCI has a rapid onset of effect, which allows convenient co-administration with a potential
victim drug a possible outcome. Additionally, the duration of gastric re-acidification is
temporary, yet sufficient, giving ample time for the dissolution of victim drugs that may be
formulated as an immediate release dosage form. Lastly, it is possible that the degree of gastric
re-acidification may be tailored to specific patients by altering the administered dose of BHCI,
though the dose-dependencies of these effects still require further evaluation.

For weakly basic drugs that are administered orally under drug-induced hypochlorhydria,
co-administration of BHCI may have a positive impact on the pharmacokinetics of the
compound. Small-molecule, molecularly targeted anti-cancer agents are a class of drugs that
have pH-dependent solubility and can be negatively affected by the effects of acid-reducing
agents (19). Moreover, many cancer patients on a drug regimen consisting of these anti-cancer
medications are also on some type of acid-reducing agent to mitigate adverse gastrointestinal

side effects as a result of their disease or treatment (20). Furthermore, the potential for DDIs is
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heightened given the high availability of acid-reducing agents over the counter, combined with
the frequency of the practice of poly-pharmacy in any given patient population. Therefore, we
hypothesize that the use of BHCI can be a viable strategy to improve the reduced drug absorption

of these anti-cancer agents when given under drug-induced hypochlorhydria.
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CHAPTER 3. THE USE OF BETAINE HCL TO ENHANCE DASATINIB ABSORPTION IN

HEALTHY VOLUNTEERS WITH RABEPRAZOLE-INDUCED HYPOCHLORHYDRIA?!

ABSTRACT

Many orally administered, small-molecule, targeted anti-cancer drugs, such as dasatinib, exhibit
pH-dependent solubility and reduced drug exposure when given with acid-reducing agents. We
previously demonstrated that betaine hydrochloride (BHCI) can transiently re-acidify gastric pH
in healthy volunteers with drug-induced hypochlorhydria. In this randomized, single-dose, three-
way crossover study, healthy volunteers received dasatinib (100mg) alone, after pretreatment
with rabeprazole, and with 1500mg BHCI after rabeprazole pretreatment, to determine if BHCI
can enhance dasatinib absorption in hypochlorhydric conditions. Rabeprazole (20mg b.i.d.)
significantly reduced dasatinib Cp.x and AUC,.,, by 94% and 83%, respectively. However, co-
administration of BHCI significantly increased dasatinib Cpax and AUC.,, by 15- and 6.7-fold,
restoring them to 90% and 116%, respectively, of the control (dasatinib alone). Therefore, BHCI
reversed the impact of hypochlorhydria on dasatinib drug exposure and may be an effective
strategy to mitigate potential drug-drug interactions for drugs that exhibit pH-dependent

solubility and are administered orally under hypochlorhydric conditions.

"Modified from publication: Yago MR, Frymoyer A, Benet LZ, Smelick GS, Frassetto LA, Ding X, et al. The use of
betaine HCI to enhance dasatinib absorption in healthy volunteers with rabeprazole-induced hypochlorhydria. AAPS
J. 2014; 16:1358-65.
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INTRODUCTION

Drug-drug interactions due to changes in gastric pH typically result in alterations of drug
solubility, which can subsequently impact drug absorption and exposure. These interactions can
have clinically significant consequences, as increased or reduced systemic concentrations can
result in drug toxicity or decreased therapeutic efficacy. For orally administered drugs that
exhibit a pH-dependent solubility over the range of pH 1-4, the likelihood for an interaction of
this nature to occur is higher, as normal fasting gastric pH ranges between pH 1-3 (1) while
gastric pH becomes elevated to > 4 during administration of acid-reducing agents (ARAS) such
as proton-pump inhibitors (PPIs) or H,-receptor antagonists (H2RAs). ARAs are commonly used
to manage symptoms of gastroesophageal reflux disease (GERD) or peptic ulcer disease. In the
United States, it was estimated that PPIs were prescribed for greater than 50% of digestive
diseases, which resulted in an estimated health-care cost of more than $11 billion (2), and does
not include ARAs purchased over-the-counter (OTC). Therefore, the wide usage of ARAs
together with the increasing frequency of polypharmacy (3) increases the likelihood that drug-
drug interactions associated with a drug-induced increase in gastric pH may occur.

For many orally administered, weakly basic compounds with pH-dependent solubility,
co-administration with ARAS has been shown to lower drug solubility at the time of their
administration, thereby reducing systemic concentrations and drug exposure (4-6). Although the
severity of this interaction can depend on the therapeutic window of the drug and on the degree
to which drug solubility is pH-dependent, small molecule anti-cancer agents are at risk for
having much lower oral bioavailability and subtherapeutic concentrations when co-administered
with ARAs (7). The significance of the interaction between these anti-cancer agents and gastric

pH is further emphasized by the finding that approximately 33% of patients receiving an anti-
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cancer agent are also prescribed an ARA (8). As such, for a number of orally administered anti-
cancer agents, it is advised to avoid concomitant administration with ARAs, due to potentially
clinically significant reductions in drug exposure and therapeutic effect (9-13).

One such compound affected by this gastric pH interaction is dasatinib (Sprycel®), which
is a tyrosine kinase inhibitor used in the treatment of chronic phase, Philadelphia Chromosome
(Ph+)-positive chronic myeloid leukemia (CML) and imatinib-resistant/intolerant CML (9).
Dasatinib is weakly basic in nature and exhibits a pH-dependent solubility, becoming practically
insoluble in water above pH 6 (solubility <0.008 mg/mL) (9). In a study published in 2009,
dasatinib area under the concentration versus time curve (AUC) and maximum plasma
concentration (Cnax) Were reduced by approximately 60% when given following a single oral
dose of famotidine (40 mg), an H2RA, administered 10 hours prior (5). Although it has been
proposed to further separate the time the two drugs are administered as a way to possibly prevent
this interaction, a dose timing strategy might not always be clinically feasible. In addition for
more potent ARAS such as PPIs, where gastric acid inhibition is more potent and prolonged, a
dose timing strategy would not work. Therefore, a transient gastric re-acidification at the time of
drug dosing may aid in mitigating this gastric pH-drug-drug interaction.

Previously, oral acidic solutions (i.e. cola beverages) have been used in an attempt to
raise the extent of drug absorption following administration of a weakly basic drug with an ARA
(4, 14, 15). However, data from these studies suggest that this strategy may be inconsistent for
various weakly basic drugs, as cola was unable to consistently reverse the reduced absorption
caused by the ARA. Furthermore, the use of colas to improve drug absorption can be hampered
by the harm that may result from a large volume of acidic fluid that may come into contact with

the esophagus, as well as an increased risk of dental damage due to the formation of caries. For
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this purpose, gastric re-acidification in the form of a solid oral dosage form may prove to have a

higher utility.

Betaine hydrochloride (BHCI) is an OTC natural supplement that can be commonly

found in digestive aids. As a solid oral dosage form, BHCI acidifies gastric fluid by dissociating

into free betaine and hydrochloric acid, thus lowering gastric pH. We recently characterized the

ability of BHCI to re-acidify gastric pH in healthy volunteers pre-treated with rabeprazole, a PPI,

reporting that BHCI was able to safely, significantly, and transiently lower gastric pH under

rabeprazole-induced hypochlorhydria. A 1500mg dose of BHCI resulted in a decrease in gastric

pH on average from pH 5 to pH 1, with a gastric pH <3 achieved on average for 73 minutes (16).

Therefore, BHCI co-administration may be a potential strategy to mitigate drug-drug interactions

with gastric pH. The goal of this randomized, single-dose, three-treatment cross-over study
reported here was to investigate whether BHCI can mitigate the reduced dasatinib absorption

observed in healthy volunteers with rabeprazole-induced hypochlorhydria.

METHODS
Subjects

Ten self-declared nonsmoking subjects (9 male, 1 female) between 23-59 years of age,
with body mass indexes ranging from 21.6-29.1, and taking no concomitant medications were
enrolled in this three-treatment crossover study. After providing written informed consent,
subjects underwent a screening visit, which occurred at least 1 week prior to the start of the
study, consisting of a medical history review, physical examination, electrocardiogram, and
standard clinical blood and urine laboratory tests, to determine eligibility to participate in the

study. Screening visits also included baseline gastric pH measurements through the use of the
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Heidelberg pH Diagnostic System (Heidelberg Medical Inc., Mineral Bluff, GA), to confirm

normochlorhydria (fasting gastric pH < 4), as previously described (16). All subjects enrolled in

this study did not have hypo- or achlorhydria, nor did they have any prior reported history of
gastrointestinal diseases. A summary of patient enrolled patient demographics can be found in
Table 3.1.

This study was approved by the Committee on Human Research of the University of
California, San Francisco and registered on the US National Institutes of Health Clinical Trials

Database (NCT01398046; http://clinicaltrials.gov/ct2/show/NCT01398046).

Table 3.1 Summary of enrolled subject demographics.

Total N 10
Male 9
Female 1

Race/Ethnicity
Caucasian 6
Asian 3
African-American 1

Age (years)

Mean + SD 38+11
Range 23—59

Baseline Gastric pH
Median (Range) 0.6
Range 0.5—1.8

Subjects had no prior history of gastrointestinal diseases as determined by a medical history
review. Baseline gastric pH measurements were taken during the initial screening visit, and
represents the median gastric pH observed in a 15-minute interval after placement of the
Heidelberg Capsule.
Study Design

This open-label, three-treatment, randomized clinical pharmacokinetic crossover study

was conducted at the Clinical & Translational Science Institute’s Clinical Research Center

(CCRC) located at the University of California, San Francisco. All enrolled subjects received
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the first treatment (Treatment A), which was a single 100 mg dose of dasatinib (Bristol-Myers
Squibb, New York City, NY) given orally with 250 mL of water. Subjects were then block-
randomized using a random number generator (N = 6 subjects per block) for the order in which
they would receive treatments B and C. Both treatments began with a pretreatment phase during
which subjects self-administered 20 mg of rabeprazole (Eisai Co., Ltd., Woodcliff Lake, NJ)
with food, twice daily for three days. An additional 20 mg dose was given on the morning of the
fourth study day, and once gastric pH remained above pH >4 for at least 15 minutes, subjects
then received either a single 100 mg dose of dasatinib with 250 mL of water (Treatment B), or
1500 mg of betaine HCI, followed by 100 mg dose of dasatinib five minutes later with a total of
250 mL of water (Treatment C). Heidelberg pH capsules were administered to subjects on the
morning of each study day, and gastric pH measurements were taken until three hours post
dasatinib dosing. All subjects were fasted from midnight the night prior and remained fasted
until gastric pH measurements were completed. Subjects were also required to record dates and
times of all self-administered rabeprazole doses in addition to any adverse events experienced, in
a verified medication diary. All dasatinib doses were separated by at least a seven-day washout
period, and subjects completed all three treatments by the end of study.

Venous blood samples were drawn at the following times with respect to dasatinib
dosing: pre-AM rabeprazole dose (Treatments B and C only), 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and
22 hours. Blood samples were centrifuged within 30 minutes at 4°C. Plasma was then separated
and stored in aliquots at -80°C until bioanalysis. Plasma concentrations of dasatinib and
rabeprazole were measured using a validated LC-MS/MS method (Covance, Inc., Madison, WI),

as described below.
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Outcome Measures
The primary outcome measures for this study included plasma dasatinib Cn.x and AUCs
(AUC.22, AUC,.,) for each treatment period. Dasatinib Tpmax, t1/2, and oral clearance (CL/F) for

all treatment arms were included as secondary outcomes for this study.

Pharmacokinetic Analyses

Dasatinib and rabeprazole pharmacokinetic parameters for each treatment period were
estimated from measured plasma concentrations using noncompartmental analyses in Phoenix
Winnonlin 5 (Pharsight®, Sunnvale, CA). Cuaxand Tmax Were estimated from the observed data.
The terminal rate constant (A;) was calculated using a linear regression of the terminal phase of
the log-linear concentration curve, and the terminal half-life was calculated using In 2/A,.
Dasatinib and rabeprazole AUCs were calculated using the logarithmic-linear trapezoidal
method, and extrapolated to infinity by dividing the last measured concentration by A,. Oral

dasatinib and rabeprazole clearances (CL/F) were obtained by dividing the dose by AUC....

Statistical Analyses

Based on a 60% reduction in dasatinib AUC when administered in healthy volunteers
pretreated with famotidine (5), it was determined that 18 subjects would be necessary to show a
50% increase in dasatinib AUC when co-administered with betaine HCI in healthy volunteers
pre-treated with rabeprazole, with greater than 80% power and a two-sided o of 0.05, but subject
number was decresased based on an interim analysis described below.

A repeated measures analysis of variance (ANOVA) with the Tukey’s test for multiple

comparisons was used to determine statistical significance across all treatments for all dasatinib
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pharmacokinetic parameters except Tmax (Cmax, AUCo.22, AUCy..,, CL/F, and ty,). Differences in
dasatinib Tax Values were tested for statistical significance using the Friedman test for multiple
comparisons with a = 0.05, and a Dunn’s post-test for all-by-all comparisons. With the
exception of Tnax, results of all pharmacokinetic parameters are reported as means + SD. Results
for Trax are reported as medians, with ranges in parentheses. A two-tailed, paired t-test with o =
0.05 was used to test for statistically significant differences in rabeprazole pharmacokinetic

parameters.

Interim Analyses

An interim analysis was performed after the first block of subjects completed all
treatments of the study to assess if the study should be terminated due to a lack of effect and
further risk of administering an anti-cancer agent to healthy volunteers. Surprisingly, results of
this interim analysis showed statistically significant differences in all primary outcome measures
between treatments B and C, with P <0.05. As such, it was determined that a modified sample
size of 10 subjects would be sufficient to complete the study, without unnecessary exposure to

dasatinib in other healthy volunteers.

Quantitative Determination of Dasatinib and Rabeprazole

Qualified high performance liquid chromatography tandem mass spectrometry (LC-
MS/MS) methods were used for the analysis of dasatinib and rabeprazole in human plasma.
Dasatinib plasma samples were cleaned using supported liquid extraction before analysis. Fifty
ML of dasatinib plasma samples, calibration standards or quality control (QC) samples were

added to a 96-well plate followed by the addition of 50 pL of internal standard (dg-dasatinib, 200
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ng/mL) and 100 pL of water. Following vortexing and centrifugation at 1640 x g for a minute,
200 pL of each sample mixture was loaded onto an Isolute SLE+ plate (Biotage, Charlotte, NC).
After equilibrating for 5 minutes, samples were eluted with 800 pL of tert-butyl methyl ether,
dried under nitrogen and reconstituted in a methanol:water mixture (1:2, v/v) with 0.1% formic
acid. For rabeprazole, 25 pL of plasma samples, calibration standards or quality control (QC)
samples were added to a 96-well plate followed by the addition of 25 uL of internal standard (ds-
rabeprazole, 200 ng/mL). Proteins were precipitated with the addition of 200 pL of methanol.
Following vortexing and centrifugation at 1640 x g for 5 minutes, 150 pL of each supernatant
was mixed with 150 pL of water. Processed samples were then injected into the LC-MS/MS for
analysis.

The LC-MS/MS system consisted of an LC-20AD and SIL-20AC Prominence HPLC
system (Shimadzu, Columbia, MD) and an AB Sciex API 4000 mass spectrometer (AB Sciex,
Foster City, CA) equipped with a turbo-ionspray source operating in the positive ionization
mode. Separation was achieved using reverse-phase liquid chromatography with a 3 um 50 x 2.1
mm Pursuit PFP Column (Varian, Palo Alto, CA) for dasatinib and 3 um 50 x 2.1 mm BetaBasic
C18 Column (Thermo, Waltham, MA) for rabeprazole. Gradient elution was used at a flow rate
of 0.7 mL/min for dasatinib and 0.6 mL/min for rabeprazole, with a retention time of 1.3 minutes
for both dasatinib and rabeprazole. Mobile phases consisted of (A) water and (B) methanol, each
containing 0.1% formic acid. Quantitation was performed using multiple reaction monitoring
(MRM) for the following mass transitions: m/z 488 to 401 for dasatinib, m/z 496 to 406 for dg-
dasatinib, m/z 360 to 242 for rabeprazole and m/z 363 to 245 for ds-rabeprazole. Accuracy and

precision (relative standard deviation) were within 75 % to 125 % (70% to 130% for LLOQ).
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RESULTS
Gastric Re-acidification Using Betaine HCI
The time course and potency of BHCI on gastric pH in rabeprazole pre-treated subjects

are summarized in Table 3.2.

Table 3.2 Time course and potency of gastric re-acidification using BHCI in healthy

subjects with rabeprazole-induced hypochlorhydria.

Time Course of BHCI Mean + SD (min)
Onset (Time to pH <3) 12+21
Rebound Time to pH >3 69 + 77
Potency of BHCI

pH before BHCI pH after BHCI ApH
Mean + SD 41+09 0.74+£0.54 3.4+09
Range 2.8—5.2 0.50—3.6 0.61—4.7

Gastric pH data at 1-minute intervals from Treatment C were used to calculate the time course
and potency of BHCI. The time course is described by the onset of effect (time to pH <3) and
rebound time to pH >3, relative to BHCI administration, while the potency is described by the
ApH calculated before and after BHCI administration.

The onset of effect of BHCI, measured as the time necessary to achieve gastric pH <3, was
quick, averaging 12 minutes. Gastric pH was significantly lower after BHCI (ApH -3.4 £ 0.9; P
<0.001). In addition, a return to a gastric pH >3 required an average of 69 minutes after BHCI

administration, indicating that the gastric re-acidification period was temporary. All subjects

achieved a gastric pH <3 for at least 26 minutes.

Dasatinib Pharmacokinetics
The mean plasma concentration-time curves of dasatinib for ten subjects following a 100

mg oral dose of dasatinib on each of the three treatment days are shown in Figure 3.1.
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Figure 3.1  Effects of gastric pH modulators on plasma concentrations of dasatinib in
healthy volunteers. A single-oral dose of 100 mg dasatinib was given on each study day either
alone (Treatment A), after pretreatment with rabeprazole (Treatment B), or after pretreatment
with rabeprazole followed by betaine HCL given 5 min prior to dasatinib (Treatment B). Points
represent the mean of ten subjects (error bars indicating the SD) plotted on a logarithmic scale,

with the inset graphs plotted on a linear scale.

Dasatinib pharmacokinetics in Treatment A were comparable to those previously
reported in healthy volunteers receiving the same dose (9). When subjects were pre-treated with
rabeprazole prior to dasatinib dosing (Treatment B), significant reductions (P <0.001) in
dasatinib Cpax, AUCq.22, and AUC,.,, of 94%, 85%, and 83%, respectively, were observed

relative to dasatinib alone (Treatment A; Table 3.3).
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However, with the addition of BHCI in rabeprazole pre-treated subjects (Treatment C), dasatinib
Cmax,» AUCy.22, and AUC,.., were significantly increased relative to rabeprazole pretreatment
alone by 15-, 6.5-, and 6.7-fold, respectively (P <0.001 for all comparisons). Co-administration
of BHCI with dasatinib under hypochlorhydric conditions was able to restore dasatinib Cpax,
AUC.2,, and AUCy.,, to 90%, 96%, and 116% of their respective values on dasatinib alone
“control” treatment days (Treatment A).

In addition to the changes observed in dasatinib Cpax, AUCq.22, and AUC., oral
clearance (CL/F) and half-life (t,,) of dasatinib were also sensitive to changes in gastric pH. In
subjects with rabeprazole-induced hypochlorhydria, CL/F and ty, were increased by over 3.5-
and 2.5-fold, respectively (P <0.001), when compared to dasatinib given alone. However, the
co-administration of BHCI lowered dasatinib CL/F and ty» by 82% and 53%, respectively,
thereby reversing the effects of the elevated gastric pH caused by rabeprazole. Furthermore, no
significant differences in dasatinib CL/F and ty, were observed between subjects in Treatment C
versus Treatment A.

No significant differences were observed in dasatinib Tmax across all treatments.

Correlation of Dasatinib Cnax and AUC Ratios with Gastric Acid Exposure

Gastric acid exposure (AUC,<3) Was calculated as previously described (16) for
Treatment C, as a secondary measure of BHCI efficacy. As shown in Figure 3.2, significant,
positive correlations (P <0.05; Spearman r >0.70) were observed between AUCpn<3 and the
increases in dasatinib C.xand AUC when given with BHCI under rabeprazole-induced

hypochlorhydria (Treatment C).
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Figure 3.2  Relationship between gastric acid exposure (AUCp<3) during betaine HCI
treatment and change in dasatinib Cy,,x and AUC during rabeprazole-induced
hypochlorhydria. The changes in dasatinib Cpax, AUCq.22, and AUC,..were calculated by
taking the ratio of each parameter during Treatment C (Dasatinib + Rabeprazole + Betaine HCI)
relative to Treatment B (Dasatinib + Rabeprazole). AUC,<3, a measure of overall gastric acid

exposure, was calculated as previously described (16).

Rabeprazole Pharmacokinetics
Noncompartmental analyses of rabeprazole plasma concentrations for treatments B and C
demonstrated that no difference in rabeprazole pharmacokinetics was observed with the addition

of BHCI (Table 3.4).
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Table 3.4 Rabeprazole pharmacokinetics in 10 healthy volunteers during rabeprazole

pre-treatment study days.

Geometric Mean

Parameter Treatment B Treatment C Ratio (90% CI)
Chax (ng/mL) 538 +210 413 +150 0.755 (0.507—1.12)
g‘;%f*hr) 968 + 319 825 + 312 0.843 (0.694—1.03)
AUC,.., (ng/mL*hr) 970 + 320 830 + 311 0.847 (0.699—1.03)
Tmax (hr) N/A N/A N/A

CL/F (mL/min/kg) 5.33+1.88 6.34 +2.28 1.19 (0.978—1.44)
ty, (hr) 2.57+1.63 2.39+1.75 0.863 (0.646—1.15)

Cmax, maximum plasma concentration; Tnax, time to maximum plasma concentration; tys,
terminal half-life; AUC, area under the plasma concentration-time curve; CL/F, oral clearance.
No significant differences were observed in rabeprazole pharmacokinetics with the addition of
BHCI. Tmax values were unable to be estimated as plasma concentrations were measured at time
points relative to dasatinib administration.
Safety

All 10 subjects enrolled received and completed all treatments. No adverse effects were
reported due to dasatinib, rabeprazole or BHCI dosing. Additionally, no gastrointestinal side

effects were reported due to rabeprazole or BHCI administration. Furthermore, subjects

experienced no adverse events using the Heidelberg pH capsule during all phases of the study.

DiscussION

In this three-treatment, randomized, pharmacokinetic, crossover study, we demonstrated
that a 1500 mg oral dose of BHCI was able to safely and significantly reverse the effect of
rabeprazole-induced hypochlorhydria on the absorption of dasatinib in healthy volunteers.
Dasatinib, a BCR-ABL tyrosine kinase inhibitor, is a weak base with pH-dependent solubility,
and therefore is a prime substrate for drug-drug interactions due to changes in gastric pH. As

many small-molecule, molecular-targeted anti-cancer agents share similar physicochemical
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properties with dasatinib and display marked reductions in drug exposure when co-administered
with ARAs (7), the addition of BHCI may prove to be a clinically valuable strategy to mitigate
this significant drug-drug interaction by transiently re-acidifying gastric pH at the time of drug
dosing.

Drug-drug interactions due to ARAs, particularly the PPIs, can involve significant
reductions in drug absorption due to elevations in pH in the stomach and upper gastrointestinal
regions (17), or increased drug exposure due to inhibition of the cytochrome P450 (CYP)
metabolizing enzymes (18). Most PPIs are primarily metabolized in the liver by the CYP2C19
and CYP3A4 isoforms (19), and have the potential to cause drug-drug interactions with other
drugs metabolized by the same CYPs. However, rabeprazole is unique as a PP1 in that it is
primarily metabolized by non-P450 mediated mechanisms (20). Therefore in the current study,
metabolic interactions with dasatinib, which is primarily metabolized by CYP3A4 (21), were
minimized and our ability to focus on the effects of gastric pH was enhanced. Although
dasatinib CL/F was shown in our study to be sensitive to changes in gastric pH, these differences
can be attributed to dasatinib bioavailability (F), which decreases as gastric pH increases due to
the reduced dasatinib solubility at elevated gastric pH (pH >4). In a similar fashion, dasatinib t;/,
was also sensitive to changes in gastric pH, as dasatinib elimination appears to become rate-
limited by drug absorption during rabeprazole-pretreatment days.

The effects of elevated gastric pH on drug absorption of weakly basic drugs due to
concomitant administration of ARAs have been widely studied, and it is well known that
significant reductions in systemic concentrations and drug exposures are observed as a result (4-
6). Interestingly, in the current study when subjects were administered dasatinib after

rabeprazole pretreatment (Treatment B), the reductions in dasatinib Cnx and AUC were far
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greater than previously reported in studies using famotidine (5) or omeprazole (22), in which
reductions of approximately 60% were seen. The more pronounced impact on PK seen in our
study might be partially attributed to the use of twice daily dosing of rabeprazole as opposed to
the once daily dosing of famotidine or omeprazole used in the prior studies. In addition,
rabeprazole may provide a higher degree of acid secretion inhibition compared to other ARAs
(23), resulting in greater alterations in gastric pH and a larger impact on dasatinib solubility and
absorption. Importantly, our study design was optimized based on a previous methodology study
(16) to achieve timely and maximum gastric pH alterations and included the utilization of
continuous gastric pH measurements (i.e. Heidelberg capsules) on the study days. Therefore, we
were able to confirm an elevated gastric pH in all patients at the time of dasatinib dosing.

To mitigate gastric pH interactions for weakly basic compounds such as dasatinib,
strategies might include separating the times at which the ARAs are administered, increasing the
dose of a potential victim drug, or transient gastric re-acidification. The separation of dosing
times of a victim drug and weak ARAs, such as antacids, has been shown to mitigate the
reduction in drug exposure caused by the elevated gastric pH (5). However, for H2RAs and
PPlIs, this may not be feasible as both drugs have the potential to inhibit acid secretion for a
much longer time in a 24 hour period. Alternatively, increasing the dose of a victim drug is not
likely to overcome this interaction, particularly if drug absorption is limited by its solubility. In
this case, the maximum solubility of the drug would already have been achieved and further dose
escalations would have no benefit. Lastly, transient gastric re-acidification is a strategy that
artificially lowers gastric pH through the use of oral acidifying agents, such as acidic beverages
or hydrochloric acid salts. However, as described above, the use of acidic beverages does not

completely reverse the effects of hypochlorhydria and is limited by the pH of the solutions used,
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the large volumes necessary to sufficiently acidify gastric pH, and the potential dental and
esophageal damage that may result from chronic administration. As a solid, oral dosage form,
BHCI can improve gastric re-acidification strategies due to the ease of administration and
minimal direct exposure of acid to the mouth and esophagus.

The use of BHCI in this study proved to be a safe and successful way to mitigate the
reduction in dasatinib absorption during rabeprazole-induced hypochlorhydria, nearly raising
Cmax and AUC to levels observed during treatment with dasatininb alone (i.e. under
normochlorhydric conditions; Treatment A). This effect can be attributed to the large change in
gastric pH (mean ApH -3.4) that was of rapid onset (mean time to pH <3 was 12 minutes) after a
1500 mg dose of BHCI. In addition, the time period of re-acidification was also favorable with a
mean time of pH <3 of 69 minutes, indicating that dasatinib exposure to highly acidic gastric pH
was of sufficient duration to allow drug dissolution yet still temporary. The time course and
magnitude of gastric pH change was similar to what was found in our previous methodology
study (16). These characteristics with which BHCI lowers gastric pH make it a promising
strategy for patients to co-administer BHCI with dasatinib, as greater than 90% of a 150 mg
Sprycel tablet was reported to be dissolved within 10 minutes at pH 3 in a previous dissolution
study (24).

The increases in dasatinib Crax and AUC within an individual subject during BHCI
treatment correlated well with the subject’s AUC,<3 during BHCI treatment (Figure 3.2).
Higher values of AUC1<3 indicate a lower gastric pH over a longer period of time and represent
a greater efficacy of BHCI in rabeprazole-induced hypochlorhydria (16). Therefore, confirming
sufficient gastric acid exposure in subjects may be useful in predicting improvement in dasatinib

absorption during rabeprazole-induced hypochlorhydria. However, it is worth noting that large
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inter-individual variability (coefficient of variation > 40%) was observed in the
pharmacokinetics of dasatinib across all treatments. The variability in dasatinib
pharmacokinetics was also observed in the geometric mean ratios, reported in Table 3.3.
Although the ratios for the treatment comparisons were expected due to the significant
differences in gastric pH at the time of dasatinib dosing, the 90% confidence intervals for
dasatinib Cnaxand AUCs in the C-to-A comparison fall well outside of the FDA recommended
80-125% confidence interval of no effect. Previous reports have described that the large inter-
individual variability may be mostly attributed to drug absorption, more specifically oral
bioavailability, that can range from 32% to 118% (25).

The severity of a drug-drug interaction due to changes in gastric pH can be highly drug
dependent and governed by a drug’s physicochemical properties and the pH range over which its
solubility is sensitive. As demonstrated in this study, dasatinib absorption is highly sensitive to
gastric pH changes that occur during ARA therapy (pH 4 to 6) since its solubility is dramatically
reduced from 18.4 mg/mL at pH 2.6 to 0.008 mg/mL at pH 6.0 (9). Therefore, dasatinib may
serve as an example of what could be considered a worst-case scenario and not all small
molecule, targeted anti-cancer agents may experience this degree of an interaction, if at all. For
example, vandetanib (Calpresa®) is a tyrosine kinase inhibitor used to treat advanced medullary
thyroid cancer (26), and although vandetanib also exhibits a pH-dependent solubility (increased
solubility at low pH), its highest dose strength of 300 mg is highly soluble in agueous media until
pH 6 at 37°C (27), suggesting that a clinically significant drug-drug interaction between
vandetanib and ARAs is not likely. Therefore, we hypothesize that weakly basic drugs with a
dynamic pH-dependent solubility between pH 1-4 will be most affected by elevations in gastric

pH during concomitant ARA therapy.
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Though we demonstrate the success of BHCI to enhance dasatinib absorption under
rabeprazole-induced hypochlorhydria, further studies are warranted to investigate the impact that
BHCI co-administration will have on dasatinib efficacy in patients with CML also taking ARAs
to manage GERD symptoms. It was recently reported that dasatinib major cytogenetic response,
defined as having <35% of cells test positive for the Philadelphia chromosome (28), was
significantly associated with dasatinib steady-state concentrations and maintenance of
uninterrupted dosing (29). Thus, a clinical study comparing dasatinib major cytogenetic
responses in CML patients taking ARAs with and without gastric acid modulation would be
needed to describe the clinical significance of BHCI co-administration to improve drug

absorption.

CONCLUSION

Drug-drug interactions between gastric pH and weakly basic drugs with pH-dependent
solubility can significantly impact systemic concentrations and drug exposures. However, we
report for the first time herein that the use of BHCI, a gastric acid supplement in a solid oral
dosage form, can vastly improve dasatinib absorption in healthy volunteers with rabeprazole-
induced hypochlorhydria. While the magnitude of the effect may be drug dependent, the results
of this study suggest that co-administration of BHCI can be a viable strategy to enhance the
absorption of other small molecule, targeted anti-cancer agents that have pH-dependent solubility

in the range of pH 1-4 and are given during ARA therapy.
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CHAPTER 4. THE Use oF BDDCS ToO EVALUATE THE ROLE OF HEPATIC UPTAKE

TRANSPORTERS ON THE DISPOSITION OF TYROSINE KINASE INHIBITORS

ABSTRACT

The Biopharmaceutics Drug Disposition Classification System (BDDCS) separates drugs into
one of four classes based on their solubility, extent of metabolism and membrane permeability
rate, and can be used to predict potential transporter effects on drug disposition. For small-
molecule tyrosine kinase inhibitors (TKIs), previously published transporter studies have focused
specifically on their affinities for efflux transporters or their ability to inhibit either uptake or
efflux transporters. However, as many TKIs are metabolized in the liver, uncovering the
mechanisms of hepatic uptake will provide a greater understanding of the potential factors that
may influence hepatic clearance mechanisms and TKI exposure. The goals of this work were: 1)
to use in vitro permeability studies to define BDDCS class of dasatinib, bosutinib, and
vandetanib and 2) to determine the roles of basolaterally expressed hepatic uptake transporters
on TKI accumulation using transfected cellular systems and cryopreserved human hepatocytes.
Passive permeability rates in Parallel Artificial Membrane Permeability Assays for dasatinib,
bosutinib, and vandetanib were 6.82 + 0.20, 24.9 + 1.6, and 35.3 + 3.5 (mean + SD x10°® cm/s;
25 uM, pH 7.4), respectively, and were found to be higher than labetalol, a BDDCS Class | drug
with a known high permeability rate (4.34 + 0.13 x10® cm/s; 25 uM, pH 7.4). The TKIs were
thus classified as BDDCS Class Il drugs due to their high permeability rates and low solubility,
and therefore may be affected by uptake or efflux transporter effects in the liver. However, in
vitro transporter studies of OCT1, OATP1B1, OATP1B3, and OATP2B1 in transfected cellular

systems and cryopreserved human hepatocytes revealed neither saturable uptake nor any effects
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of known transporter inhibitors on TKI uptake at clinically achievable concentrations.
Therefore, we concluded that hepatic uptake of the selected TKIs is mediated only by passive
diffusion and uptake transporter-mediated drug-drug interactions will have no impact on the

hepatic elimination of dasatinib, bosutinib, and vandetanib.

80



INTRODUCTION

Over the past decade, an increasing amount of evidence has been published by the
scientific community regarding the roles of drug transporters in the in vivo disposition of drugs
and the clinical impacts they may have (1-3). Drug transporters, which includes both efflux and
uptake transporters, are expressed throughout different tissues and major organs of the body
including the intestine, liver, kidney, and brain, and have the potential to influence both systemic
and intracellular drug concentrations (4-7). Efflux transporters, such as P-glycoprotein (P-gp)
and Breast Cancer Resistant Protein (BCRP), reduce intracellular concentrations of xenobiotics
by “pumping” them out of the cell irrespective of the existing concentration gradients, but at the
cost of ATP (8). In contrast, uptake transporters, such as the members of the Solute Carrier
Organic anion (SLCO) transporter family, can transport xenobiotics down an electrochemical
gradient from the extracellular to the intracellular space (9).

Drug transporters have also been shown on numerous occasions to have combinatory
effects with drug metabolizing enzymes, often referred to as enzyme-transporter interplay (10-
12), and can vary based on the transporter in question and its relative position to the enzymes. In
the intestine for example, efflux of a drug by P-gp, which is expressed at the apical membranes
of enterocytes, provides CYP3A4 more opportunities to metabolize a drug, as the drug must re-
permeate enterocytes as it progresses through the small intestine in order to be absorbed
(assuming the drug is a substrate of both P-gp and CYP3A4). Thus, inhibition of P-gp would
lead to an increased intestinal bioavailability, as CYP3A4 would only have one opportunity to
metabolize the drug upon its entry into the enterocyte. The opposite effects would be seen in the
liver however, where P-gp is localized at the hepatic apical membranes at the bile canaliculi. In

the same situation, a drug molecule that enters hepatocytes would encounter CYP3A4 before P-
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gp, and an inhibition of P-gp would cause an accumulation of drug in the hepatocyte, resulting in
an increase in drug metabolism and lowered hepatic bioavailability (13).

Therefore it is of great importance in the drug developmental sciences to be able to
predict potential transporter effects on drug disposition in the major organ systems, including the
intestine and liver. Originally developed by Wu and Benet in 2005, the Biopharmaceutics Drug
Disposition Classification System (BDDCS) classifies drugs into four categories, based on their
solubility and extent of metabolism, the latter of which is also correlated with intestinal
permeability rate (14). The utility of this system lies within its ability to predict potentially
clinically relevant transporter effects on drug disposition in tissues, such as the intestine, liver,
and brain, based on a drug’s respective class. To summarize, Class | drugs are expected to have
no clinically significant transporter effects, Class Il drugs may be affected by either efflux
transporter effects in the intestine or uptake and/or efflux transporter effects in the liver, and
Class 111 and 1V drugs may be affected by both uptake and efflux transporter effects (15).

For marketed drugs, BDDCS can thus predict whether transporter-based drug-drug
interactions will be clinically significant. Tyrosine kinase inhibitors (TKIs) for example, are a
class of compounds typically used as anti-cancer agents for a variety of different cancers (16)
and are metabolized by phase | or phase Il processes in the liver (17). In addition, TKIs
generally have a large inter-individual variability in their pharmacokinetics, much of which can
be attributed to variations in oral bioavailability and concomitant administration of drugs that
cause interactions with drug metabolizing enzymes and/or transporters (18). Furthermore, rates
of polypharmacy for patients prescribed small molecule TKIs have been shown to rise with the
occurrence of other health conditions secondary to the cancer, thereby increasing the risks of

potential drug-drug interactions that may impact the therapeutic efficacy of the TKI (19).
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Though many of the metabolic interactions involving TKIs are known, studies of TKI
interactions with drug transporters have mainly focused on their affinity for efflux transporters or
their ability to inhibit uptake or efflux transporters (17), and current data are lacking regarding
the mechanisms of hepatic uptake of TKIs. Thus the objectives of this work were to use in vitro
permeability measures to experimentally assign BDDCS classification of dasatinib, bosutinib,
and vandetanib (Figure 4.1), and to utilize BDDCS to determine the roles of hepatic uptake

transporters in TKI drug disposition.
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Figure 4.1  Structures of dasatinib, bosutinib, and vandetanib.

EXPERIMENTAL
Chemicals

[*H]-Estrone-3-sulfate (Estrone Sulfate, Ammonium Salt-,[6,7-*H(N)]-, 250 uCi (9.25
MBq), NET203250UC; Lot 1609304) and [*H]-estradiol-17B-glucuronide (Estradiol 17 p-D-
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Glucuronide,[Estradiol-6,7-*H(N)]-, 50 pCi (1.85 MBq) NET1106050UC; Lot 1645534) were
purchased from Perkin Elmer Inc. (Boston, MA). Carbamazepine (C4024-5G), cimetidine
(C4522), labetalol (labetalol hydrochloride, L1011), metformin (1,1-dimethylbiguanide
hydrochloride, D5035), rifampicin (R3501-G), rifamycin-SV (sodium salt, 83909), and
verapamil (x-verapamil hydrochloride, VV-4629) were purchased from Sigma-Aldrich (St. Louis,
MO). GG918 (elacridar, SRP01030e) was purchased from Sequoia Research Products
(Pangbourne, United Kingdom). Dasatinib (D193600), bosutinib (B676095), vandetanib
(V097100), and the internal standard pazopanib (P210925) were purchased from Toronto

Research Chemicals (Toronto, Ontario, Canada).

Cell Culture Conditions

Caco-2 cells (American Type Culture Collection, Rockville, MD) were cultured as
previous described (20). To summarize, Caco-2 cells were grown in Minimal Essential Eagle’s
Medium (MEM) containing L-glutamine (2 mM), glucose (5.5 mM), sodium bicarbonate (2.6
mM), sodium pyruvate (1.0 mM), nonessential amino acids (0.1 mM), penicillin and
streptomycin (100 U/mL), and 10% heat-inactivated fetal bovine serum. Caco-2 cells were
seeded onto BD Falcon™ polyethylene terephthalate inserts (0.4 um pore size for 6-well plates;
BD Biosciences, San Jose, CA) at a density of 250,000 cells per insert and grown to confluence
for 21-23 days. Cell media were changed 24 hours after seeding, thrice weekly, and 24 hours
prior to experiments.

HEK-293 cells were stably transfected with SLCO1B1 (OATP1B1), SLCO1B3
(OATP1B3), or SLCO2B1 (OATP2B1) using the pCl-neo mammalian vector (Promega,

Madison, W1) and cultured in Dulbecco’s Modified Eagle Medium containing 10% heat-
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inactivated fetal bovine serum, penicillin/streptomycin (100 U/mL), and Geneticin® (0.5 mg/mL;
UCSF Cell Culture Facility, San Francisco, CA). HEK-293 cells stably transfected with
SLC22A1 (OCT1) were generously provided by Dr. Kathleen Giacomini (UCSF, San Francisco,
CA) and cultured as previously described (21).

HEK-293 cells expressing OATP1B1, OATP1B3, OATP2B1, or OCT1 were seeded at
approximately 0.5 x 10° cells/mL in each well of poly-D-lysine coated 12-well plates (BD
Biosciences, San Jose, CA). Approximately 48 hours after seeding, cell media were changed to
fresh growth media not containing any selection markers. In the case of OATP1B3-expressing
cells, the media were changed to growth media containing sodium butyrate (10 mM). Uptake
studies were then performed within 24 hours.

Transport buffer for all experiments consisted of Hank’s Balanced Salt Solution without
phenol red, supplemented with 1% fetal bovine serum (v/v) and either HEPES (25 mM, pH 7.4)
or N-morpholino ethanesulfonic acid (20 mM, pH 6.5), pH-adjusted using 1 N sodium
hydroxide. Dosing solutions for all compounds were made fresh on the morning of each
experiment and contained less than 1% and 0.1% DMSO for PAMPA and cellular experiments,

respectively.

In Vitro Permeability Studies Using the Parallel Artificial Membrane Permeability Assay
(PAMPA) and Caco-2 Cell Monolayers

Permeability studies in PAMPA were based on the original protocol described in the BD
Biosciences Guidelines for Use (22). All drug dosing solutions were prepared at concentrations
of 25 and 50 uM at pH 6.0 and 7.4 in phosphate-buffered saline (PBS). In each well of the donor

plate, 0.3 mL of drug dosing solution was added, with 0.2 mL of blank PBS added to each well
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of the receiver plate. To initiate the study, the plates were assembled together and placed in an
incubator at 37°C for 5 hours. After incubation, the study was terminated by separating the
donor and receiver plates. In all studies, the pH was held constant across donor and receiver
wells.

At the end of the study, 40 pL aliquots from both donor and receiver wells were
transferred to separate 96-well plates and diluted with 160 pL of acetonitrile (ACN) containing
0.1% formic acid. An equivalent of ACN containing 0.1% formic acid and internal standard was
then added. Samples were vortexed and centrifuged at 13,000x g for 15 minutes prior to LC-
MS/MS analysis.

Caco-2 permeability studies were conducted 21-23 days after seeding as previously
described (23). To assess the integrity of the monolayers, transepithelial electrical resistance
(TEER) values for each well were measured in triplicate on the day of each experiment using a
Millipore Millicell®-ERS Voltohmmeter (Millipore Corporation, Bedford, MA). Inserts whose
TEER values averaged less than 300 Q were discarded.

Cells were preincubated with 2 mL and 3 mL of transport buffer in the apical and
basolateral chambers, respectively, at 37°C for 30 minutes. After preincubation, inserts were
decanted and transferred to new plates containing 2.5 mL of fresh, prewarmed transport buffer in
the basolateral chambers. Unidirectional permeability studies (A—B) were initiated with the
addition of 1.5 mL of drug dosing solution with or without 1 uM GG918, at pH 7.4 or pH 6.5 in
the apical chamber. Aliquots of 200 uL were taken from the apical chamber immediately after
dosing and at the end of the experiment (90 minutes). At 30, 60, and 90 minutes, 200 pL

aliquots were taken from basolateral chambers and replaced with fresh, prewarmed transport
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buffer. Immediately following the final timepoint, inserts were decanted of drug dosing
solutions, washed three times with ice-cold PBS, and allowed to dry overnight.

Samples were prepared for LC-MS/MS analysis by diluting 50 pL of each sample with
an equivalent of ACN containing 0.1% formic acid and internal standard. To measure
intracellular amounts, dried membranes were cut out from each insert, submerged in 1 mL of a
mixture of ACN with 25% water, and sonicated for 15 minutes. Following sonication, a 50 pL
sample was taken and an equivalent of ACN containing 0.1% formic acid and internal standard
was added. All samples were then vortexed and centrifuged at 13,000x g prior to LC-MS/MS

analysis.

Uptake Studies Using Transfected Cellular Models

Cells were first washed with transport buffer and preincubated at 37°C for 10 minutes
with shaking. Following this, buffer was aspirated and uptake studies were initiated via the
addition of 0.6 mL of drug dosing solution. Plates were incubated for designated times and
uptake studies were terminated by the aspiration of dosing solutions. Immediately afterwards,
each well was washed thrice with ice cold PBS, followed by the addition of 200 pL of D-PBS.
Cells were then scraped and transferred to preweighed Eppendorf tubes and re-weighed.

Each sample was homogenized via sonication prior to sample preparation for LC-MS/MS
analysis. A 50 pL aliquot of the homogenate was taken, to which 100 uL of ACN containing
0.1% formic acid and internal standard was added. Samples were vortexed for 1 minute and
centrifuged for 15 minutes at 13,000 x g. To further facilitate protein precipitation, samples were
then stored at -20°C for 30 minutes, followed by another round of centrifugation, prior to LC-

MS/MS analysis.
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For radiolabeled compounds ([*H]-Estrone-3-sulfate and [*H]-Estradiol-17p-
glucuronide), 200 pL of 1% Triton X-100 (Fisher BioReagents®, Fair Lawn, New Jersey) was
added to each well after PBS washings to detach cells from the plates. Contents were then
transferred to individual scintillation vials, to which 5 mL of Econo-Safe scintillation cocktail
(RPI Corp., Mount Prospect, IL) was added. Radioactivity was then measured with a liquid
scintillation counter (LS 6000TA, Beckman Coulter).

Protein measurements were conducted using a Pierce Micro BCA Protein Assay Kit

(Thermo Scientific, Waltham, MA).

Inhibition of Hepatic Uptake Transporters in Cryopreserved Human Hepatocytes

Cryopreserved human hepatocytes (Triangle Research Laboratories, Durham, NC) were
used in suspension for all uptake studies. Hepatocytes were first flash thawed in a water bath at
37°C for no longer than 2 minutes. Once liquefied, contents were added to 5 mL of prewarmed
Williams Media E, supplemented with dexamethasone (0.1 uM) and a cell maintenance cocktail
(Life Biotechnologies, Grand Island, NY) that included HEPES (15 mM), glutamine (2 mM),
and penicillin/streptomycin (0.5%). Hepatocyte yield and cell number were determined using
the Trypan Blue Exclusion method, upon which hepatocytes were then diluted with prewarmed
media to 1 x 10° cells/mL.

Drug dosing solutions consisted of dasatinib, bosutinib, or vandetanib with and without
the inhibitors rifampicin or cimetidine. In each experiment, the final concentrations of all TKIls
were 1 uM, while the final concentrations of rifampicin and cimetidine were 20 and 300 puM,
respectively. Additionally, inhibition studies were conducted with matched controls using

hepatocytes from the same lot.
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In a 24-well plate, 0.5 x 10° cells were added to individual wells and preincubated at
37°C (with shaking) for 10 minutes. After preincubation, 0.5 mL of drug dosing solution with or
without inhibitor was added to initiate the uptake study and plates were placed back into the
incubator. At the end of the incubation, a 0.5 mL aliquot was taken and added to Eppendorf
tubes containing a mixture of silicone and mineral oil (density = 1.05 g/mL). Samples were
centrifuged at 13,000 x g for 30 seconds to pellet hepatocytes, and the oil/media supernatant was
promptly removed.

Hepatocyte pellets were resuspended in 300 pL of water and sonicated for 15 minutes to
lyse cells. Samples were then prepared for LC-MS/MS analysis as described for HEK-293

experiments.

Measurement of Drug Concentrations via LC-MS/MS

Dasatinib, bosutinib, vandetanib, labetalol, and metformin were all measured using LC-
MS/MS methods with a Shimadzu LC20-AD HPLC system (Shimadzu, Kyoto, Japan) coupled
to an API 4000 triple quadrupole mass spectrometer (Applied Biosystem/MDS Sciex,
Framingham, MA) using electrospray ionization operating in the positive ion mode.

Detection of TKIs was performed on a reverse phase column (Zorbax XDB-C18, 5 um,
4.6 x 50 mm; Agilent, Santa Clara, CA) using a gradient of water and ACN each containing
0.1% formic acid, over 7.5 minutes with a flow rate of 0.5 mL/min. Quantification was
performed using multiple reaction monitoring (MRM) with the following mass transitions: MH"
m/z 488—401 for dasatinib, MH" m/z 531—141 for bosutinib, MH" m/z 475—112 for

vandetanib, and MH" m/z 438—357 for pazopanib (internal standard).
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Detection of labetalol and metformin were both performed on a reverse phase column
(Zorbax XDB-C8, 3.5 um, 4.6 x 50 mm; Agilent, Santa Clara, CA) with a gradient of water and
ACN, each containing 0.1% formic acid. At a flow rate of 0.5 mL/min, the gradient lasted 6
minutes for labetalol and 5 minutes for metformin. Quantification was also performed using
MRM with the following mass transitions: MH" m/z 329—162 for labetalol and MH" m/z
130—71.0 for metformin. Carbamazepine was used as an internal standard for both methods,

with mass transition MH* m/z 237—194.

Data Analyses
Permeability rates (Papp) for PAMPA experiments were calculated using the following

equation, as directed in the BD Biosciences Guidelines for Use (22):

—In [1 - —Cg.(t)
Pupp = =
app — 1 1
A * (V_D + V_R) *
where C,, = [CD(t)*VDHCR(t)*VR], Cr(?) and Cp(¢) are the concentrations in the receiver and
q Vp+VR

donor wells at time ¢, respectively, and Vr and Vp are the volumes in the receiver and donor
wells, respectively. In Caco-2 experiments, Py, Values were calculated as previously described

(23):

where ‘Z—I:' is the amount of drug that appears in the receiving well over time, C, is the initial

concentration in the donor well, and A4 is the area of the filter. All Py, values are reported in
units of cm/s. Statistically significant differences in Py, values were determined using a one-way
analysis of variance with o = 0.05 and Dunnett’s correction for multiple comparisons.
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Uptake rates (Vo) for studies conducted in transfected HEK-293 cells were calculated as

follows:

Vo = C* Vsample
g = ———
t* Mprot.

where Cis the measured intracellular drug concentration, Viampre is the volume of the cell
suspension (assuming a density of 1 mg/mL), ¢is the length of the uptake study, and My is the
measured protein amount. Concentration versus V, curves were then analyzed using non-linear
regression analyses in Prism 5 for Windows (GraphPad, La Jolla, CA) to determine Michaelis-
Menten parameters (Ky and Vimax). Statistically significant differences in \V, between control
and inhibitor groups were determined using a two-tailed t-test with oo = 0.05 in Prism 5 for
Windows (GraphPad, La Jolla, CA).

Uptake rates for studies in cryopreserved human hepatocytes were calculated in a similar
fashion and were reported as the percent of control (no inhibition). A one-way analysis of
variance with a = 0.05 and Dunnett’s correction for multiple comparisons (Prism 5 for Windows;
GraphPad, La Jolla, CA) were used to detect statistically significant differences in uptake rates

between control and inhibited groups.

RESULTS
Permeability Studies in PAMPA and Caco-2

As shown in Table 4.1, all 3 TKIs were shown to have higher Py, values than the high
permeability rate compound, labetalol, at each concentration and pH tested in PAMPA.
Furthermore, there were significant pH effects between experiments conducted at pH 6.0 and pH

7.4, with all compounds exhibiting higher P, values at pH 7.4 compared to pH 6.0 (P <0.05).
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In Caco-2 permeability studies however, the opposite trends were observed, with TKIs
exhibiting significantly lower Py, a5 Values relative to labetalol (Table 4.2). Interestingly, the
pH effect in TKI P4y, that was formerly present in PAMPA experiments no longer existed in
Caco-2 studies at both of the dosing concentrations used. However, labetalol did exhibit
significantly higher P,,, a—.g values when dosed at pH 7.4 compared to pH 6.5 for the 2 uM dose
and 4 uM dose treated with GG918 (P <0.001). Data for 2 uM bosutinib studies were not

determined due to measured concentrations below the lower limit of quantification.

Table 4.1 Apparent permeability rates (Papp) measured in PAMPA at pH 6.0 and pH

1.4,
25 UM Dose 50 uM Dose
Drug pH 6.0 pH 7.4 pH pH 6.0 pH 7.4 pH
Effect? Effect?

Dasatinib 1.57 £ 0.09 6.82 £ 0.20 Tt 1.32+0.22 6.13+£0.79 Tt
** N.S. N.S. N.S.

Bosutinib 6.58 + 0.59 249+1.6 Tttt 4.20+0.25 141+£1.0 Tt
* k% *k* * k% *k*

Vandetanib  8.01 +£0.27 35.3+35 Tttt 7.57 £1.07 221+11 Tt
**kx *kx **kx *kx

Labetalol 0.417+0.012 4.34+0.13 T 0.615+0.063 4.43+0.38 Tt

Papp Values are expressed as the means + SD of two replicates performed in triplicate, in units of
x10® cm/s. Labetalol, a BDDCS Class | drug, was used as a positive control and a reference
standard for compounds with a high permeability rate. In each experiment, the pH was held
constant across donor and receiver wells. Asterisks (*) indicate statistically significant
differences in Py, when compared to labetalol, while daggers (1) indicate statistically
significant differences in P4y, between pH 6.0 and pH 7.4 when dosed at the same concentration.
N.S., Not significant; TP <0.05; **/1tP <0.01; ***/t11P <0.001

92



To assess the potential involvement of efflux transporter effects (namely P-gp and
BCRP), GG918 was co-administered with a final concentration of 1 uM (Figure 4.2). As
shown, GG918 did not have any effect on P,,, A Values for any of the TKIs tested at both pH
6.5 and pH 7.4, despite significantly increasing labetalol Py, o5 at pH 7.4 (P <0.05).

Of note, in both PAMPA and Caco-2 experiments, dasatinib consistently exhibited the
lowest P4y, values for all dosing conditions amongst the TKiIs, followed by bosutinib and

vandetanib.

Uptake Studies in HEK-293 Cells Overexpressing OATPs

As shown in Figure 4.3, dasatinib, bosutinib, and vandetanib did not show any saturable
uptake in HEK-293 cells overexpressing human OATPs in the concentration range 0.02-50 pM.
Furthermore, when dosed concomitantly with the OATP inhibitor rifamycin-SV, no significant
differences in V, were observed for the majority of substrate concentrations tested, despite the
greater than 50% reductions observed in the uptake of [*H] estrone-3-sulfate and [*H] estradiol-
17B-glucuronide. Because of the linearity observed in Vo with increasing substrate
concentrations, Ky and Vax could not be estimated.

Interestingly, the rate of dasatinib uptake for all OATPs investigated were consistently
lower than bosutinib and vandetanib, similar to trends observed in PAMPA and Caco-2

permeability studies.
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Figure 4.2  Rate of appearance of drug in unidirectional (A—B) permeability studies
conducted in Caco-2 cell monolayers. Dasatinib, bosutinib, vandetanib, and labetalol were
dosed in apical wells at either pH 6.5 (-m-) or pH 7.4 (-e-), in the absence (filled shapes) or
presence (empty shapes) of the efflux transporter inhibitor GG918 (final concentration, 1 puM).
Data are plotted as the means + SD of two replicates performed in triplicate and lines are only for

graphical purposes.
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Measured uptake rates of dasatinib, bosutinib, and vandetanib in HEK-293

cells overexpressing (A) OATP1B1, (B) OATP1B3, and (C) OATP2B1. Uptake studies in
each of the transfected cell lines were conducted within the linear range of uptake (1 min) using

substrate concentrations of 0.02-50 uM, in the absence (closed, colored shapes) and presence

(open, black shapes) of the OATP inhibitor rifamycin-SV (20 pM). Uptake of [*H] estrone-3-

sulfate was used as positive control for OATP1B1 and OATP2B1 cell lines, whereas [°H]-

estradiol-17p-glucuronide uptake was used for OATP1B3 cell lines. Statistically significant

<0.01; ***P <0.001. Data are represented as the means + SD.

differences between control and inhibited groups are indicated with asterisks: *P <0.05; **P
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Uptake Studies in HEK-293 Cells Overexpressing OCT1

Figure 4.4 depicts the uptake rates of dasatinib, bosutinib, and vandetanib in HEK-293
overexpressing OCT1. Similar to the studies in OATP cell lines, the TKIs did not exhibit
saturable uptake in the concentration range of 0.02-50 uM, and as such, Ky and Vmax could not
be estimated. Additionally, the OCT1 inhibitor verapamil had no effect on the accumulation of
the TKIs, despite significantly reducing metformin uptake to less than 25% of the control (P

<0.001).
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Figure 4.4  Uptake rates of dasatinib, bosutinib and vandetanib in HEK-293 cells
overexpressing OCT1. Uptake studies were conducted in the linear range of uptake (1 min)
using substrate concentrations ranging from 0.02-50uM, in the absence (closed, colored shapes)
and presence (open, black shapes) of the OCT1 inhibitor, verapamil (100 uM). Metformin
uptake was used as a positive control to assess transporter function, and data are expressed as the

means + SD.

Inhibition of Uptake Transporters in Cryopreserved Human Hepatocytes

Figure 4.5 summarizes the effects of OATP (OATP1B1, OATP1B3, and OATP2B1) and

OCTL1 inhibition in cryopreserved human hepatocytes using 20 uM rifampicin and 300 uM
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cimetidine, respectively. Although cell viability after thawing averaged greater than 80% on

each occasion, no significant differences in uptake rates were observed.
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Figure45  Effect of OATP and OCT1 inhibition on the uptake rates of dasatinib,
bosutinib, and vandetanib in cryopreserved human hepatocytes. Cryopreserved human
hepatocytes were used to assess the effects of inhibition of OATPs (checkered bars) and OCT1
(slashed bars) on the accumulation of dasatinib, bosutinib, and vandetanib (final concentration,
pHM). OATPs were inhibited using 20 uM rifampicin, whereas OCT1 was inhibited using 300
MM cimetidine (final concentrations). Uptake studies were conducted within the linear range o

uptake (1 min) and data are expressed as percentages normalized to control (mean £ SD).
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DiscussION

In this work, dasatinib, bosutinib, and vandetanib exhibited high passive permeability
rates in comparison to labetalol, and with their low solubilities, were classified as BDDCS Class
I1 drugs. Although the drug disposition of BDDCS Class Il drugs may be affected by transporter
effects in the intestine and liver, hepatic uptake transporter studies with human OATP1B1,
OATP1B3, OATP2B1, and OCT1 revealed neither saturable uptake nor effects of transporter
inhibition, suggesting that passive diffusion is the primary route that these selected TKIs use to
enter the liver for subsequent metabolism.

The solubility criterion of BDDCS and the previously established Biopharmaceutics
Classification System (BCS) follows the FDA Guidance for Industry and deems a drug as
“highly soluble” when its highest dose strength is soluble in 250 mL or less of aqueous media
over the pH range 1-7.5 at 37°C (24). Dasatinib, bosutinib, and vandetanib were previously
identified as poorly soluble drugs in BCS (25-27) and thus are designated as poorly soluble in
BDDCS as well. The TKIs also show significantly higher P4y, values in PAMPA relative to the
BDDCS Class I drug labetalol, with all drugs exhibiting a higher permeability rate at pH 7.4
versus pH 6.0. As basic drugs, these significant pH effects can be attributed to the larger fraction
of nonionized species in solution at pH 7.4 as described by the pH-partition hypothesis. With
Papp Values higher than labetalol, the TKIs were designated as high permeability rate and
extensively metabolized drugs, as our laboratory has previously shown that passive permeability
rates can predict extent of metabolism (28). Thus in conjunction with their low solubility,
dasatinib, bosutinib, and vandetanib were classified as BDDCS Class Il drugs.

Although the TKI permeability rates measured in PAMPA were capable of distinguishing

between high and low permeability rate drugs, there were obvious discrepancies between the
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permeability rates of the TKIs observed in PAMPA and Caco-2 cells. Strikingly, while the TKIs
exhibited significant pH effects and higher permeability rates than labetalol in PAMPA, the
opposite was observed in Caco-2 monolayers. The reduced permeability rates in Caco-2
monolayers were thought to be due to potential TKI efflux by P-gp or BCRP, but no significant
differences in the A—B permeability rates were observed when co-incubated with the efflux
transporter inhibitor, GG918 (Table 4.2).

We hypothesize therefore that perhaps the trend differences between the two assays
might be attributed to the effects of protein binding on passive drug permeability. Aside from
the membrane differences between PAMPA and Caco-2 monolayers, the use of protein in each
assay also differs. Drug dosing solutions and blank buffers used in PAMPA experiments were
made in PBS and were devoid of any soluble proteins (i.e. fetal bovine serum). However,
buffers used in Caco-2 experiments included 1% fetal bovine serum, which in addition to any of
the proteins expressed in Caco-2 cells, might produce lower permeability rates for drugs with
high protein binding. Dasatinib, bosutinib, and vandetanib, along with many of the other TKIs,
are reported to be extensively bound to aj-acid glycoprotein or aloumin in plasma, at levels
greater than 98% (17, 18, 25-27), which is nearly twice the reported fraction of labetalol plasma
protein binding (50%, (29)). Further investigations to elucidate the relationships between
permeability rates and protein binding in these systems are thus warranted.

The opposing trends in permeability rates observed in PAMPA and Caco-2 do highlight
some of the limitations of using the Caco-2 system to predict intestinal permeability rate in vitro.
While BDDCS can use passive permeability rate or extent of metabolism to delineate high versus

low intestinal permeability rate drugs, BCS uses extent of absorption (30). Although a high
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permeability rate correlates well with a high extent of absorption, there are a number of cases
where low permeability rate drugs are also highly absorbed (14).

Sotalol is a notable example of this as it has been shown in vitro using Caco-2
monolayers to have a low permeability rate, despite being nearly completely absorbed in humans
after oral administration (31). The discrepancy in this result was attributed in part to the low
lipophilicity of sotalol and increased tightness of tight junctions in Caco-2 monolayers relative to
the jejunum of the intestine (32). Thus the use of Caco-2 monolayers to predict the extent of
absorption may lead to an incorrect BCS classification for drugs that undergo paracellular or
carrier-mediated transport, or drugs that are either hydrophilic or have poor lipophilicity (32).

For BDDCS Class Il drugs (poorly soluble, extensively metabolized), inhibition of
hepatic uptake transporters can result in a reduced hepatic clearance, and consequently, increased
drug exposures, in situations where drug uptake is rate-limiting (13, 33). For example, previous
studies from our laboratory have shown that for atorvastatin, a substrate of OATP1B1, inhibition
of uptake via rifampin significantly increased atorvastatin exposure by greater than 6-fold in
healthy volunteers (34). This interaction is of particular interest for statins as prolonged
exposures have been associated with an increased incidence of statin-induced myopathies (35).
Similarly for the anti-diabetic drug metformin, previous studies have shown that the expression
of reduced function alleles of OCT1 in the liver contribute to elevated systemic concentrations
and reduced therapeutic activity of metformin in humans, highlighting the role of OCT1 in
metformin pharmacokinetics and pharmacodynamics (36, 37).

Although dasatinib, bosutinib, and vandetanib were classified as Class Il drugs, uptake
studies with human OCT1 and OATPs (-1B1, -1B3, and -2B1) revealed no evidence of saturable

uptake within the concentration ranges used (Figures 4.3 and 4.4), indicating that the TKIs rely
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primarily on passive diffusion to enter hepatocytes at clinically relevant concentrations. This
was further supported by the inability of OCT1 and OATP inhibitors to cause any significant
changes in uptake rates in transfected cell lines and cryopreserved human hepatocytes (Figure
4.5). Collectively, these results indicate that transporter-mediated drug-drug interactions
between these TKIs and basolaterally expressed hepatic uptake transporters are unlikely to result
in significant changes in the exposures of dasatinib, bosutinib, or vandetanib. While many of the
small-molecule TKIs share similar physicochemical properties, each TKI should be assessed for
potential transporter effects on a case-by-case basis to avoid any erroneous generalizations.
However, despite the lack of dependence on uptake transporters for hepatic uptake, TKIls
may still be able to initiate drug-drug interactions with other drugs whose disposition is carrier-
mediated. Previous in vitro studies have shown that many of the TKIs, including dasatinib and
bosutinib, are capable of inhibiting uptake transporters of the SLC family, including OATP1B1
and OCT1, at clinically achievable concentrations (21, 38), which could result in reduced
clearance mechanisms or pharmacologic activity of substrate drugs at the organs of elimination
or site of action, respectively. In addition, many TKIs can inhibit efflux transporters such as P-
gp and BCRP, which may result in increased or decreased intracellular concentrations of
substrate drugs, depending on the site of the interaction. Therefore, interactions of TKIs as
inhibitors of drug transporters is still a major point of concern due to the frequency of
concomitant drug administration during TKI therapy and increased likelihood of potentially

clinically significant drug-drug interactions.
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CONCLUSION

Dasatinib, bosutinib, and vandetanib were classified as BDDCS Class Il drugs due to
their low solubility and extensive metabolism and as such, may be subject to efflux transporter
effects in the intestine or uptake and/or efflux transporter effects in the liver. However, the data
presented herein showed no significant contributions of OATP1B1, OATP1B3, OATP2B1, or
OCT1 as evidenced by the lack of saturable uptake with increasing concentrations and lack of
effect on uptake rates when coadministered with known inhibitors in transfected cell lines and
cryopreserved human hepatocytes, as well as no significant contribution of the efflux
transporters P-gp and BCRP when an inhibitor of these transporters was tested. Collectively, we
conclude that the uptake of dasatinib, bosutinib, and vandetanib into the liver is mediated only by
passive diffusion and uptake transporter-mediated drug-drug interactions will have no impact on

the hepatic elimination of these TKIs.
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CHAPTER 5. CONCLUSIONS

The discovery of the Philadelphia chromosome and the role of BCR-ABL in the
progression of chronic myeloid leukemia have transformed the way that cancers are targeted and
treated, and served as the basis for the discovery of other druggable, molecular drivers of various
types of cancers. This has led to the development of small molecule tyrosine kinase inhibitors
(TKIs) that inhibit the propagation of cell growth and proliferation signals in cancer cells by
competing with ATP for binding in the catalytic domain (1). However, as the pharmacologic
activity of these drugs is driven by systemic concentrations in the body, factors affecting the
pharmacokinetics of TKIs can negatively impact their clinical utility either through the risk of
subtherapeutic exposures or drug toxicity. Thus, it was the goal of this work to evaluate the
impact of gastric pH and hepatic uptake transporters on TKI drug disposition.

As described in Chapters 2 and 3, many small molecule TKIs are weakly basic drugs and
have pH-dependent solubility. These physicochemical characteristics put them at risk for drug-
drug interactions with acid-reducing agents (ARAS), such as proton pump inhibitors (PPIs) or
H,-receptor antagonists (H2RAs), due to the elevated gastric pH associated with chronic
administration of ARAs resulting in decreased TKI solubility and drug exposure (2). In Chapter
2, we first evaluated the ability of betaine hydrochloride (BHCI), a natural supplement used as a
digestive aid, to reacidify gastric pH in healthy volunteers with rabeprazole-induced
hypochlorhydria. As expected, the mean fasting gastric pH increased to above pH 5 following
multiple doses of rabeprazole (20 mg orally, twice daily), and was significantly decreased after

the BHCI administration (1500 mg orally). Furthermore, we demonstrated that the time course
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of gastric reacidification was favorable, with a rapid onset of reacidification and sufficient
duration to allow for the dissolution of a potential victim drug.

The use of BHCI administration as a potential mitigation strategy for small, molecularly
targeted anti-cancer agents was then explored in Chapter 3, using dasatinib as a model
compound. Dasatinib is a BCR-ABL TKI used for the treatment of Philadelphia chromosome
positive chronic myeloid leukemia or acute lymphoblastic leukemia, and has been shown in
previous studies to have significantly reduced maximum plasma concentrations (Cnax) and drug
exposures (area under the concentration-time curve, AUC) when co-administered with
famotidine, an H2RA (3). In a three-period crossover study in healthy volunteers, we
demonstrated that dasatinib Cpax and AUC,.,, were significantly reduced by 94% and 83%,
respectively, following concomitant rabeprazole dosing. We also demonstrated that following
the addition of 1500mg BHCI after rabeprazole pretreatment, dasatinib Cnax and AUCy., were
significantly increased by 15- and 6.7-fold, respectively, relative to dasatinib with rabeprazole
alone. Thus co-administration of BHCI with dasatinib after rabeprazole pretreatment restored
dasatinib Cnax and AUC., to 90% and 116%, respectively, of the control treatment (dasatinib
alone) values. We therefore concluded that the co-administration of BHCI can be an effective
mitigation strategy for small, molecularly targeted anti-cancer agents that are weakly basic with
pH-dependent solubility between pH 1-4 and that are frequently given with ARAs.

In addition to the impact of gastric pH on dasatinib absorption, we also evaluated the role
of hepatic uptake transporters on the drug disposition of small molecule TKIs using the
Biopharmaceutics Drug Disposition Classification System (BDDCS), which can predict
potentially clinically significant transporter-mediated drug-drug interactions (4). Inhibition of

hepatic uptake transporters can result in an increase in drug exposure due to reductions in hepatic
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clearance mechanisms in situations where uptake is rate-limiting (5, 6). These interactions can
be clinically significant for drugs that are extensively metabolized in the liver, such as TKIs, as
increases in drug exposures may increase the risk of unwanted toxicities in patients.

In Chapter 4, we first evaluated the passive permeability rates of dasatinib, bosutinib, and
vandetanib in vitro using the Parallel Artificial Membrane Permeability Assay (PAMPA) and
Caco-2 cell monolayers to experimentally determine BDDCS classification. In comparison to
the high permeability rate drug labetalol, all three TKIs had significantly higher passive
permeability rates in PAMPA at each concentration and pH tested. We also observed a
significant pH effect in the passive permeability rates, with each drug exhibiting a higher passive
permeability rate at pH 7.4 versus pH 6.0 due to the basicity of each drug and the higher
proportion of nonionzied species at a higher pH. Interestingly however, the opposite trends in
A—B permeability rates (relative to labetalol) were observed in Caco-2 cell monolayers. We
demonstrated that the inhibition of the efflux transporters P-glycoprotein (P-gp) and Breast
Cancer Resistant Protein (BCRP) had no effect on Caco-2 permeability rate, indicating that
efflux out of the cells and into the apical chambers could not explain the trend differences
between PAMPA and Caco-2 assays. We therefore hypothesize that perhaps the differences
between the two assays can be explained by potential effects of protein binding on permeability
rate, although this point warrants further investigation.

The difference in results between the two permeability measures however, served as a
reminder of the potential limitations of the use of Caco-2 for the prediction of the extent of
absorption for classification by the Biopharmaceutics Classification System (BCS), which is
highly relevant in drug development for the purposes of biowaivers for highly soluble,

extensively absorbed drugs with rapid dissolution (7). Although high permeability rates are
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correlated with a high extent of absorption, there are a number of cases in which drugs with poor
permeability rates are extensively absorbed (4). Thus, the use of Caco-2 monolayers to predict
the extent of absorption may lead to an incorrect BCS classification for drugs that are either
hydrophilic or have poor lipophilicity, or drugs permeate the intestinal wall via carrier-mediated
or paracellular transport (8).

As our laboratory has previously demonstrated a strong, positive correlation between
passive permeability rate and extent of metabolism (4), the high permeability rates of dasatinib,
bosutinib, and vandetanib in conjunction with their low solubility (as determined by BCS)
classifies them as BDDCS class I compounds, and as such, are potentially affected by efflux
transporters in the gut, or uptake and/or efflux transporters in the liver. However, using
transfected HEK-293 cell lines and cryopreserved human hepatocytes, we demonstrated that
hepatic uptake is not dependent on OCT1 or members of the OATP family (-1B1, -1B3, -2B1),
suggesting that passive diffusion is the major route for hepatic transport.

Collectively, the results presented herein demonstrate that for small molecule, weakly
basic TKIs with pH-dependent solubility, gastric pH can have a major impact on drug
absorption, causing significant reductions in oral bioavailability and systemic exposures of TKIs.
These results hold significant clinical relevance as approximately 33% of cancer patients
prescribed an anticancer-agent are also prescribed ARAS to manage gastrointestinal disorders
(9). However, the magnitude of this interaction may be highly drug dependent as the range in
which the solubility is pH-dependent must be considered. We also conclude that co-
administration of BHCI can be a potential mitigation strategy for this gastric pH interaction,
although the tolerance of BHCI in cancer patients utilizing ARAS to manage gastrointestinal

disorders remains a point of consideration.
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Unlike gastric pH however, the involvement of hepatic uptake transporters in the
transport of dasatinib, bosutinib, and vandetanib was shown to be negligible and drug-drug
interactions inhibiting OCT1 or OATPs are not likely to cause significant changes in hepatic
clearance. Although the uptake of these TKIs is not mediated via OCT1 or OATPs in the liver,
TKI interactions with drug transporters are still important as TKIs can potentially initiate drug-
drug interactions for other co-administered drugs dependent on transporters for uptake or efflux.

The results of this work aim to aid in the development of future small molecule TKIls by
highlighting potential processes in drug disposition that are of significant importance to TKI
pharmacokinetics. In doing so, we hope this translates to the development of more successful

TKIs to better treat oncology patients who can benefit from targeted therapies.
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