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Abstract

Defining the Relationship between the Bioactivation of Lapatinib by CYP3A

and Lapatinib-Induced Hepatotoxicity

Michelle Diane Wahlin

Chair of the Supervisory Committee:
Dr. Thomas Baillie

Dean, School of Pharmacy

Lapatinib was the first orally active dual tyrosine kinase inhibitor (TKI) of the epidermal growth factor
receptor (EGFR, ErbB1) and human epidermal receptor 2 (HER2, ErbB2) to be approved by the US
Food and Drug Administration (FDA). In 2008, the FDA issued a black-box warning for lapatinib
idiosyncratic hepatotoxicity, which was observed in a small proportion of patients (<1%) in clinical
trials and during post-market surveillance. In combination with other factors, metabolic activation has
been suggested to play an important role in lapatinib hepatotoxicity. Lapatinib is metabolized by both
cytochrome P450 3A4 and 3A5 to yield an O-debenzylated metabolite (LAP-OH), which can be further
oxidized to a reactive quinoneimine that is captured by glutathione. The effect of pharmacogenetic
polymorphisms of CYP3A5 on lapatinib metabolism in human liver microsomes was investigated and
it was determined that a high-activity CYP3AS5 genotype resulted in increased formation of the
reactive metabolite glutathione conjugate in vitro. This suggests that genetic polymorphisms of

CYP3AS5 could affect the pharmacokinetics of lapatinib and impact the incidence of hepatotoxicity in



vivo. HepaRG cells were established as a cellular model to study lapatinib hepatotoxicity.
Pretreatment of cells with dexamethasone and rifampicin (CYP3A4 inducers) markedly enhanced the
cytotoxicity of lapatinib and resulted in an increase in formation of LAP-OH, as well as glutathione and
cysteine adducts of the reactive metabolite. A lapatinib analog deuterated at the site of oxidative
debenzylation produced less debenzylated metabolite and glutathione conjugates than lapatinib
itself. This decrease also corresponded to reduced lapatinib cytotoxicity in HepaRG cells. Finally, a
CYP3A4 mutant with a single point mutation at position 108 (F108L) shifted the metabolic profile of
lapatinib to one more similar to that of CYP3AS5, thus demonstrating the importance of this CYP3A5
amino acid for the orientation of lapatinib in the enzyme active site. Taken together, these studies
highlight the importance of metabolic activation of lapatinib by CYP3A4 and CYP3A5 to the
hepatotoxicity of the drug. The use of analogs of lapatinib whose metabolism to LAP-OH is blocked by
structural modification, or genotyping patients for expression levels of CYP3A5, may lead to a
decrease in incidences of idiosyncratic hepatotoxicity with lapatinib treatment and should be further

explored.
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Chapter 1: Introduction

1.1 The functional role of the liver and its susceptibility to drug toxicity

The liver is the largest visceral organ in the human body and consists of two lobes that are further
divided by connective tissue into thousands of liver lobules: the basic functional units of the liver. The
major cell type present in the liver is the hepatic parenchymal cells, or hepatocytes, which form a
series of irregular plates arranged like the spokes of a wheel (Figure 1.1). Other cells include sinusoidal
cells, which create a permeable barrier between hepatocytes and the blood transferred by the
sinusoidal capillary network. While they block the entry of red blood cells, these fenestrated
endothelial cells allow for rapid diffusion of small molecules such as hormones and xenobiotics, unlike
in the brain where such diffusion is prohibited by tight junctions. In addition to these typical
endothelial cells, the sinusoidal lining also includes a large number of Kupffer cells, which are
macrophages found specifically in the liver that act as the liver’'s host defense by releasing
inflammatory mediators such as free radicals, cytokines, eicosanoids, and lysosomal enzymes. They
can also engulf pathogens, cell debris, and damaged blood cells. This response is beneficial for their
role in host defense, but can be deleterious in certain cases of liver disease (Kolios, 2006; Roberts,

2007).



——_— ‘{é/"[agg\

-/
—-’

Hepatocytes —f-
A\ A

Sinusoid

Bile duct

é
Hepatic portal &
in &

Bile duct Hepatic portal vein (b) Portal area Bile ductules
Copynght © 2004 Paarson Educaton, ine . putiisteng as Berjarmn Currewrgs

Figure 1.1 Basic histology of the liver, showing (a) a single liver lobule and its cellular components and (b) a
diagrammatic view of liver structure and relationships among lobules. (Figure from Pearson Education, Inc.;

Silverthorn, 2004.)

The liver is responsible for four primary physiological functions. The first is the synthesis and secretion
of bile acids. The second is the synthesis of proteins such as albumin, transferrin, prothrombin,
fibrinogen, and lipoproteins. The third is the maintenance of blood glucose levels by storage or
synthesis of glucose in response to insulin and glucagon levels. And finally, the liver contains enzymes
and transporters that are responsible for the metabolism of xenobiotics into hydrophilic metabolites
to facilitate their excretion. This metabolism can be divided into three phases: oxidation (Phase 1),
conjugation of hydrophilic groups to the xenobiotic scaffold (Phase Il), and uptake and excretion of

the xenobiotic or metabolite (Phase Il1).

The susceptibility of the liver to toxicity is a result of being the first organ encountered by orally
absorbed small molecules, it is exposed to a large volume of blood per unit time, and its biological
function involves metabolism of xenobiotics by a multitude of enzymes, including Cytochromes P450

2



(P450s). Although the metabolic pathway typically facilitates excretion of the xenobiotics and
prevents the accumulation of toxic, hydrophobic molecules, it can also lead to bioactivation of

chemically stable xenobiotics into more reactive metabolites that impair cellular function.

1.2 Drug induced liver injury

Drug induced liver injury, or DILI, is impairment in liver function due to the use of a drug. It is the
primary cause for the termination of a drug in clinical trials and withdrawal of a drug once it is on the
market (Ballet, 1997; Temple and Himmel, 2002). Over half of the cases of acute liver failure in the US
are drug-induced (Ostapowicz et al., 2002) and such failure in trials or during post-marketing can have
drastic economicimplications because of the enormous cost of drug discovery and development. Over
1000 drugs are associated with liver injury (Zimmerman, 1999) and half of the drugs listed in the

Physician’s Desk Reference (PDR) cause some degree of liver toxicity (Lewis, 2002).

DILI can be separated into two categories, primarily based on predictability. Predictable
hepatotoxicity, or Type A reactions, occur after short exposure to the drug, are dose-dependent, and
have a similar impact on all individuals. The mechanisms of these reactions are often well understood,
and animal models have been developed to reproduce the human toxicity. Unpredictable
hepatotoxicity, also called Type B reactions or idiosyncratic drug reactions (IDRs), occur rarely, do not
exhibit time- or dose-dependency, and typically have poorly understood mechanisms (Uetrecht,
2008). Only about 10% of overall DILI cases are due to IDRs (Kaplowitz, 2005), but this is largely due
to the fact that the primary cause of DILI, acetaminophen, exhibits predictable hepatotoxicity
(Oztapowitz, 2002). Most drugs that result in hepatotoxicity are considered idiosyncratic (Kaplowitz,

2001).



Clinically, DILI can manifest itself in different ways. It can mimic various forms of naturally-occurring
liver disease such as hemochromatosis or Wilson’s disease (Navarro and Senior, 2006), can result in
non-specific symptoms such as fatigue, and often occurs in patients with other confounding medical
conditions. DILI is primarily assessed using non-invasive quantification of blood biomarkers such as
alanine aminotransferase (ALT) and aspartate aminotransferase (AST). These, however, are indicators
of liver injury rather than abnormal liver function (Antoine et al., 2008), and a liver biopsy must be
performed to definitively diagnose DILI. No specific non-invasive diagnosis, treatment, or prevention

of DILI exists.

1.3 Idiosyncratic hepatotoxicity: the current understanding

An idiosyncratic drug reaction (IDR), or Type B reaction, is a rare adverse response to a drug that is
unrelated to the pharmacological activity of the drug (Uetrecht, 2008). Such reactions are
unpredictable in terms of which patients will experience a response and when such a response will
occur (Walgren, 2005). While most patients will not experience an IDR at any dose of the drug,
susceptible individuals can be affected within the therapeutic dose range (Uetrecht, 2000). IDRs are
particularly problematic because they are difficult to accurately predict for drugs in development and
are often not detected until the drug has been used widely in a large patient population. This is due
to their low frequency of occurrence (0.0001% to 0.00001%), the relatively small size of clinical trial
populations, and a delayed onset of weeks to months following initial exposure to the drug (Uetrecht,

1999).

Historically, IDRs have been classified as either immune or metabolically mediated. Immune mediated

toxicity is associated with clinical factors such as fever and rash, eosinophilia, the development of



autoantibodies, and a relapse of toxicity upon readministration of the drug (Zimmerman, 1976). A
proposed mechanism of immune-mediated toxicity is the hapten hypothesis (Park et al., 1998;
Uetrecht, 1999; Ju and Uetrecht, 2002), which suggests that small molecules are not immunogenic on
their own, but rather require binding to proteins or other cellular macromolecules to produce an
immune response. The resulting chemical species, called a hapten, is recognized as foreign and
induces autoantibody production. The anesthetic halothane, for example, is oxidized by cytochrome
P450s to trifluoroacetyl chloride, a reactive metabolite that binds to proteins and elicits an immune
response (Njoku et al.,, 1997). While halothane is often used as a model drug for the hapten
hypothesis, it is in fact a classic example that links reactive metabolite formation with the hapten
hypothesis. Metabolically-mediated IDRs, or metabolic idiosyncracy, refers to injury in the absence of
the characteristic clinical signs of immune-mediated IDRs (Zimmerman, 1999) and often has a long lag
time between initiation of the drug and the onset of toxicity (Zimmerman, 1976). Isoniazid is an
example of a drug that is associated with metabolic idiosyncracy. It is metabolized by N-
acetyltransferase (NAT) and CYP2E1 into reactive intermediates and genetic variation leading to
changes in these enzyme activities have been associated with a higher incidence of isoniazid
hepatotoxicity (Huang et al., 2002; Vuilleumier et al., 2006). While these genetic variations appear to
be risk factors for the IDR caused by isoniazid, there are no examples where a known variation is

sufficient to completely explain the idiosyncratic nature of the liver toxicity (Uetrecht, 2008).

The danger hypothesis, first proposed in 1994, suggests that formation of reactive metabolites or the
production of antibodies against drug-protein adducts are not sufficient, on their own, to elicit an
immune response. A second signal, called the “danger signal,” is necessary (Matzinger, 1994,
Uetrecht, 1999). The presentation of an antigen to the T cells by antigen presenting cells (APCs) is

known as signal 1. When haptenized proteins are formed through the bioactivation of halothane,



signal 1 is generated. Signal 2 is the receptor binding of T cells to costimulatory receptors on APCs.
These costimulatory receptors are induced by the danger signals, and in the absence of this induction,
immune tolerance occurs instead of DILI (Uetrecht, 2008). This hypothesis is summarized in Figure
1.2. The origin of signal 2 is not clear, but may be the result of cell damage caused by the drug or a
reactive metabolite. This cell damage can come in the form of enzyme inhibition, decreased thiol
levels, or an existing infection (Park et al., 2000; Ganey and Roth, 2001). In patients who take
halothane and anesthesiologists who are exposed to halothane, protein alkylation and autoantibodies
are often detected but a very small percentage of the individuals actually develop DILI (Njoku et al.,
2002). This can be explained by the absence of a danger signal, as well as other factors including

inflammation and mitochondrial abnormalities.
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Figure 1.2 Danger hypothesis. Two signals are required to elicit an immune response. Signal 1: a drug or its

metabolite (hapten) covalently binds to proteins, which are recognized, processed, and displayed to T cells by
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antigen presenting cells (APCs). Signal 2 (the danger signal): initiated by cell stress factors that induce the
expression of costimulatory receptors on the surface of APCs, such as B7. These costimulatory receptors bind to

the helper T cells and initiate an immune response. (Figure from Uetrecht J, 2007.)

The metabolic and immune hypotheses for IDRs, even with the added factor of the danger signals, are
generally recognized on their own to be insufficient explanations for the varied, infrequent, and
complex manifestations of idiosyncratic DILls. In the case of isoniazid, for example, known
polymorphisms in the drug metabolizing enzymes are not rare enough to explain the idiosyncracy
(Uetrecht, 2008). The multiple determinant hypotheses suggest that there are different steps or
factors that contribute to the development of an IDR. These include chemical properties, exposure
levels, environmental factors, and genetic factors (Li, 2002), as well as underlying disease states,
nutrition, age, physical activity, co-medications, and the innate immune system (Boelsterli 2003b;
Roth et al.,, 2003; Ulrich, 2007). The idiosyncratic nature of IDRs may be a function of the low
probability that any of these adverse events occurs in a given individual at a given time, as illustrated

in Figure 1.3.
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Figure 1.3 Risk factors of idiosyncratic toxicity. The low incidence of idiosyncratic drug reactions may be a
function of the rare occurrence of multiple risk factors converging in a particular combination that results in drug
toxicity. The infrequent occurrence of such a combination in the general patient population explains the typical

safety of these drugs. (Figure from Ulrich RG, 2007.)

The inflammagen hypothesis connects idiosyncratic hepatotoxicity with episodic bouts of
inflammation in the liver. Disturbances in the gastrointestinal tract from infection, alcohol
consumption, stress, and surgery can permit release of inflammagens such as lipopolysaccharide
(LPS), a component of the cell walls of Gram-negative bacteria in the gut. The exposure to LPS initiates
transcriptional changes in the Kupffer and other inflammatory cells, resulting in elevated expression
of cytokines, proteases, and enzymes that promote formation of reactive oxygen species (ROS),
(Spolarics, 1998; Beutler, 2000). These events are often mild and do not directly damage the liver, but
concurrence of such an inflammation episode with the administration of a particular drug could lower
the threshold of hepatotoxicity and result in DILI from an otherwise safe drug (Figure 1.4; Roth et al.,
2003). This hypothesis has been validated in rat models, which demonstrate hepatotoxicity to known
idiosyncratic hepatotoxicants such as trovafloxacin, diclofenac, chlorpromazine, and ranitidine only
upon coadministration of the drug and LPS (Buchweitz et al., 2002; Luyendyk et al., 2003; Deng et al.,
2006; Waring et al., 2006). It is noted that this mechanism likely does not explain most IDRs because
most have a characteristic time to onset, while this model would predict a more random pattern
(Uetrecht, 2008). Environmental factors, such as those suggested here, do likely play some role, and
this inflammatory response could be related to mitochondrial damage, as well as other protein

modifications.
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Figure 1.4 Inflammagen hypothesis. The toxicity threshold for a given drug is not constant and can be lowered,
for example, by an inflammatory response or other causes. The shifted threshold would result in lower doses of

the drug leading to toxicity. (Figure from Roth and Ganey, 2010.)

An additional sensitizing risk factor for idiosyncratic hepatotoxicity is mitochondrial abnormalities.
The mitochondrion, a critical organelle for cell survival and cell death, provides the cell with energy in
the form of adenosine triphosphate (ATP) through oxidative phosphorylation. The mitochondria is
also capable of generating reactive oxygen species (ROS) from electron uncoupling in the electron
transport chain (ETC) and can release high levels of apoptosis initiators if the mitochondrial membrane
permeability is impaired. All cells contain some mixture of normal and mutated mitochondria, a
natural phenomenon called heteroplasmy. A small percentage of mutated mitochondria is not
typically problematic, since a cell contains hundreds to thousands of mitochondria (Boelsterli and Lim,
2007). In addition, cells are able to compensate for mitochondrial mutations (and resulting low ATP
levels) by promoting mitochondrial proliferation independent of the cell cycle (Boelsterli and Lim,
2007). There is a threshold for this ability to adapt, though, and when too many mitochondria are
mutated the cell may no longer be able to generate enough ATP to survive. This means that
mitochondrial abnormalities often go unnoticed until they reach the threshold, when resulting cell

death is rapid. Drugs and their reactive metabolites have the ability to shift the balance of normal and



mutated mitochondria through various mechanisms (Feng et al., 2001; Lewis et al., 2003). Individuals
with clinically silent mitochondrial abnormalities who receive a drug with an intrinsic risk for further
impairing mitochondrial function may be at an increased risk of DILI (Boelsterli and Lim, 2007). The
prevalence of mitochondrial abnormalities is estimated to be 1 in every 5,000 individuals (Taylor and

Turnbull, 2005), which could, at least in part, explain the low incidence of IDRs.

A factor that seems to be important in all hypotheses for IDRs is the drug’s ability to damage
hepatocytes to a degree that results in liver injury. In order to relate the IDR to the chemical properties
of the particular drug that results in liver toxicity, it is necessary to consider the drug’s ability to form

reactive intermediates and impair hepatocyte function.

1.4 Metabolic activation in drug-induced liver injury

Metabolic activation, or bioactivation, of drugs can lead to the formation of metabolites with intrinsic
chemical reactivity. The generation of these reactive metabolites from inert chemicals can initiate
serious adverse drug reactions (Park et al., 2011; Stachulski et al., 2013) and can be considered the
rate-determining step in some DILI (Leung et al., 2012). Upon generation, electrophilic metabolites
can react with nucleophilicamino acid residues at the enzyme active site, leading to mechanism-based
enzyme inactivation. If they diffuse from the enzyme active site before adducting, they can be
deactivated through reaction with water or reduced glutathione (GSH). If reaction with water or other
small nucleophiles is evaded, the metabolites can react with proteins or nucleic acids in other parts

of the cells or in other cells and tissues altogether, potentially resulting in toxicity.

Cytochrome P450s play a major role in drug metabolism and bioactivation. The CYP3A subfamily,

specifically, has very broad substrate selectivity and CYP3A4 is responsible for the metabolism of over
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one third of all clinically used drugs (Kashuba and Bertino, 2001). In the P450 catalytic cycle, the
substrate first binds to the active site of the P450. The ferric heme iron is reduced to its ferrous state
and molecular oxygen binds. The iron-oxo intermediate (compound I) is formed through a second
one-electron transfer and two-step protonation. Catalysis occurs through eventual insertion of an

oxygen atom into the substrate (Ortiz de Montellano, 2005).

Chemical moieties within a drug that are subject to metabolic activation to reactive metabolites are
often called structural alerts. In the absence of well-understood mechanisms and reliable animal
models, a pragmatic approach to minimizing metabolic activation in drugs is by identifying such
substituents during development and replacing them with alternative functional groups that retain
the desired pharmacology and pharmacokinetics of the drug (Evans et al., 2004; Kalgutkar and Soglia,
2005; Uetrecht, 2008; Stepan et al.,, 2011). Complete avoidance of such alerts, however, is
problematic for two reasons. First, it is impossible to avoid potentially bioactivated structures that
have not yet been identified, and thus the avoidance approach will always be insufficient. Second, not
all functional groups that can undergo metabolic activation will in all situations. For example,
methylenedioxyphenyl is a well-established structural alert that can be bioactivated to reactive
carbene and quinoid structures. Paroxetine, a highly successful antidepressant, contains this
structural alert but has not been shown to have any serious direct safety problems beyond those
associated with its pharmacology (Stachulski et al., 2013), although coadministration with thioridazine
is contraindicated (Paxil, 2012). Complete avoidance of this structural alert, as well as others, would
result in the loss of useful and relatively safe therapeutic agents. If the structural alert can be removed
without sacrificing the desired pharmacology and pharmacokinetic properties, then this should be
considered. In other situations, additional information such as dose, use pattern, and severity of the

unmet medical need must be taken into account (Stachulski et al., 2013).
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Examples of well-established structural alerts are listed in Table 1.1. A specific quinone reactive
metabolite that will be discussed in this thesis is a quinoneimine, which is formed by P450-mediated
two-electron oxidation of ortho- and para-aminophenols. This bioactivation pathway occurs in
amodiaquine, which was withdrawn from clinical use due to hepatotoxicity and agranulocytosis
(Maggs et al., 1988) and acetaminophen, which is a dose-dependent hepatotoxin in animals and
human (Dahlin et al., 1984). Other examples include diclofenac, an idiosyncratic hepatotoxin, which
can be metabolized to a quinoneimine in a two-step P450-mediated process (Tang et al., 1999;
Miyamoto et al., 1997). The idiosyncratic hepatotoxin, indomethacin, requires three metabolic steps
including CYP2C9-catalyzed O-demethylation to form a quinoneimine (Ju and Uetrecht, 1998).
Nefazodone, a hepatotoxic antidepressant, can be bioactivated by P450 aromatic hydroxylation

followed by two-electron oxidation to generate a quinoneimine metabolite (Kalgutkar et al., 2005a).

Precursor Reactive metabolite
Alkene Epoxide

Alkyne Ketene

Polycyclic arene Epoxide

o-, or p-Dialkoxyarene Quinone

Furan a,f-Unsaturated aldehyde
Thiophene S-Oxide or 2,3-epoxide
Methylenedioxyphenyl o-Quinone
2-Aminothiazole Thiourea S-oxide
3-Alkylindole a.B-Unsaturated imine
Haloalkane Acyl halide

Table 1.1 A list of common structural alerts associated with reactive metabolites and toxicity. (Table from

Stachulski et al., 2013.)

The structure of potential reactive metabolites can be inferred through characterization of their

glutathione (GSH) conjugates in mass spectrometry-based electrophile trapping assays (Chen et al.,
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2001; Samuel et al., 2003). The endogenous antioxidant, GSH, is conjugated via its nucleophilic thiol
group to the electrophilic center of the reactive metabolite, forming a stable sulfhydryl conjugate that
can provide mechanistic insight into the bioactivation pathway and possible mechanisms of toxicity.
In such trapping experiments, the test compound is incubated with human liver microsomes (HLMs),
nicotinamide adenine dinucleotide phosphate (NADPH) or an NADPH-regenerating system, and
reduced GSH. The incubation is analyzed using neutral loss scanning on a tandem mass spectrometer
(LC-MS/MS) for a 129-Da neutral loss from the parent ion, which corresponds to the loss of glutamic
acid. This is taken as indirect evidence that metabolism of the compound in vivo may result in a

reactive metabolite capable of being trapped by GSH.

1.5 Acetaminophen: an example of metabolic activation and the quinoneimine structural alert

Acetaminophen (APAP) poisoning is a hallmark example of hepatotoxicity and has been widely studied
as a model of metabolic activation. One third to one half of the US and UK cases of drug-induced liver
failure result from acetaminophen overdose (Ostapowicz et al., 2002; Bernal et al., 2009; Russo et al.,
2004). The main route of clearance for APAP is through Phase Il glucuronidation and sulfation followed
by excretion in the urine (Figure 1.5). A portion of the drug, however, is bioactivated by CYP2E1,
CYP1A2, and CYP3A4 to N-acetyl-p-benzoquinoneimine (NAPQI), a reactive metabolite (Raucy et al.,
1989). At therapeutic doses of acetaminophen, the NAPQI produced can be detoxified by GSH
conjugation, but in overdose situations GSH stores are depleted and an accumulation of NAPQI results

in oxidative stress and covalent binding.
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Figure 1.5 Metabolic activation of APAP. APAP is primarily detoxified by glucuronidation and sulfation in the
liver. APAP can also be metabolized by P450s to the reactive metabolite NAPQI. NAPQI can be inactivated
through GSH conjugation, but in the absence of GSH NAPQI can oxidize and covalently modify proteins, resulting

in hepatotoxicity.

The mechanism of hepatotoxicity of acetaminophen occurs through the reactive metabolite NAPQJ,
which induces “chemical stress” and leads to a complex series of structural and functional changes

within the liver cell (Stachulski et al., 2013).

1.6 Lapatinib: an idiosyncratic hepatotoxicant

1.6.1 Pharmacology of LAP

Lapatinib (LAP; Figure 1.6) was the first orally active dual tyrosine kinase inhibitor (TKI) of the
epidermal growth factor receptor (EGFR, ErbB1) and human epidermal receptor 2 (HER2, ErbB2) to

be approved by the FDA (Rusnak et al., 2001; Moy et al., 2007). Inhibition of EGFR and HER2 is
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reversible, but with a slow dissociation rate (half-life = 300 minutes) (European Medicines Agency,
2008). The HER and ErbB family of receptors are partially homologous transmembrane tyrosine
kinases that are important in the regulation of cell growth, proliferation, and survival (Yarden, 2001).
Following ligand binding, the tyrosine kinases dimerize and activate a signal-transduction cascade
through the RAS-MAPK pathway that inhibits cell death (Yarden and Sliwkowski, 2001). HER2 can also
dimerize in the absence of a ligand (Cho et al., 2003) or when overexpressed (Brennan et al., 2000).
Overexpression and activation of HER2 is reported in about 20% of human breast cancers and, prior
to the development of HER2-targeted therapies, was associated with an inferior clinical outcome and
a higher risk of breast cancer recurrence (Slamon et al., 1987; Slamon et al., 1989). EGFR is also
frequently overactive in solid tumors (Khazaie et al., 2002). Lapatinib inhibits by reversibly binding to
the intracellular ATP-binding site, thus blocking dimerization and phosphorylation and preventing the
downstream effects of the kinases such as cell proliferation and survival, and inducing apoptosis

(Figure 1.7).

Lapatinib

Figure 1.6 Chemical structure of lapatinib. Molecular formula = Ca9H26CIFN40O4S; monoisotopic mass =

580.134731 Da.
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Figure 1.7 Lapatinib mechanism of action. Figure modified from http://hcp.gsk.co.uk.

Lapatinib (TYKERB®, GlaxoSmithKline) was first approved in 2007 for use in combination with
capecitabine (Her2-positive metastatic breast cancer indication) at 1250 mg/day in patients who had
received prior therapy with anthracycline, a taxane, and trastuzumab (Lapatinib product monograph;
Geyer et al., 2006; Kroep et al., 2010). Lapatinib has been shown to reduce disease progression by
51% and increase survival (Geyer et al., 2006; Cameron et al., 2008). In 2010, Lapatinib was approved
for first-line combination therapy with letrozole (hormone receptor positive, HER2-positive breast
cancer indication) at 1500 mg/day (Lapatinib product monograph). Due to its clinical efficacy, lapatinib
is being evaluated clinically for broader applications in cancer therapy. The ALTTO (Adjuvant Lapatinib
and/or Trastuzumab Treatment Optimization) trial is an international multicenter Phase Ill trial
sponsored by the National Cancer Institute and GlaxoSmithKline to directly compare lapatinib with
trastuzumab for the first-line treatment of metastatic breast cancer (Jelovac and Wolff, 2012). While
the lapatinib-alone arm has been closed, ongoing studies are focused on patients taking a

combination of lapatinib and trastuzumab, either concurrently or in sequence with a washout period
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in between. A recent adjuvant randomized trial called TEACH (Tykerb Evaluation After Chemotherapy)
looked at women who had completed therapy and were disease-free. The women received either
lapatinib or placebo for 12 months. Four years later, the outcome was better for patients who had
received lapatinib (Goss et al., 2013), but the difference was not great enough to meet the pre-
specified success criteria. In NeoALTTO, another phase lll trial, patients who were given a therapy that
included lapatinib, trastuzumab, and paclitaxel had significantly higher pathological complete
response (pCR) than patients who had been given only trastuzumab and paclitaxel (Baselga et al.,
2012). In addition, there are currently 139 clinical trials in progress related to a wide range of lapatinib

indications including gastric, thyroid, and prostate cancers (www.cancer.gov; accessed April 15,2014).

1.6.2 Idiosyncratic hepatotoxicity of LAP

At the time of initial clinical trials and approval, lapatinib’s safety profile was acceptable for the
treatment of breast cancer (Bence et al., 2005; Geyer et al., 2006). Following approval, however,
incidences of severe and even fatal cases of liver injury began to be reported with lapatinib use (Moy
et al., 2009; Cristofanilli et al., 2013). In 2008, the US Food and Drug Administration issued a black-
box warning for lapatinib idiosyncratic hepatotoxicity, which was observed in a small proportion of
patients (<1%) in clinical trials and post-market surveillance (Gomez et al., 2008). The hepatotoxicity
of lapatinib is associated with a 6-8 week delayed onset of occurrence following the initiation of
therapy (Teo et al., 2012). In addition to the rare high-grade toxicity, approximately 10% of the
population taking lapatinib may experience transient transaminitis (Azim et al., 2013). The severe
hepatotoxicity associated with lapatinib bears the classical features of idiosyncratic toxicity. It occurs
rarely and does not appear to be linked to the mechanism of action for the drug as trastuzumab, an

anti-HER2 monoclonal antibody, does not exhibit similar toxicity. Other tyrosine kinase inhibitors,
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though, such as imatinib, do exhibit hepatotoxicity. Metabolic activation has been suggested as an

underlying factor in these cases (Loriot et al., 2008; Duckett and Cameron, 2010).

Recent pharmacogenetic investigations of patients taking lapatinib for the treatment of metastatic
breast cancer found that the human leukocyte antigen (HLA) allelic variants DQA1*02:01,
DRB1*07:01, DBQ1*02:02, and TNXBrs12153855 were associated with increased hepatotoxicity risk
(Spraggs et al., 2012; Spraggs et al., 2013; Schaid et al., 2014). HLA is the human version of the major
histocompatibility complex (MHC); thus it is the molecule involved in antigen presentation. There are
several examples of associations between HLA genotypes and IDRs, and the presence of this
association suggests an immune mechanism. Patients taking abacavir, for example, who had the HLA-
B*5701 allele were found to be at a higher risk for a hypersensitivity reaction (Martin et al., 2004). In
Han Chinese, there is a strong association between HLA-B*1502 and carbamazepine-induced toxic
epidermal necrolysis (Chung et al., 2004). Interestingly, that association is not observed in a European
population (Lonjou et al., 2006). An association between HLA-B*5801 and allopurinol-induced toxic
epidermal necrolysis was also observed in a Han Chinese population (Hung et al.,, 2005). Other
associations between DILI and specific HLA polymorphisms include those with amoxicillin-clavulanate,

flucloxacillin, ximelagatran, and ticlopidine (Russmann, 2010).

The association of hepatotoxicity with an HLA allele suggests that lapatinib-related liver injury involves
activation of the adaptive immune system, which may be triggered by the chemically reactive

quinoneimine metabolite of lapatinib (Spraggs et al., 2011).

1.6.3 Metabolic activation in lapatinib-induced hepatotoxicity
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Lapatinib is extensively metabolized by CYP3A4/5 with minor contributions from CYP2C19 and CYP2C8
(GlaxoSmithKline, 2007). The three primary metabolic pathways are O-dealkylation, N-dealkylation,
and N-hydroxylation (Figure 1.8; Takakusa et al., 2011; Castellino et al., 2012). The metabolite formed
from O-dealkylation (LAP-OH) accounted for 3.9% of the dose in human fecal homogenates, with a
range of below the limit of quantification (BLQ) to 19.2%. Another metabolite that is dealkylated and
also hydroxylated on the quinazoline moiety, constituted 3.3% of the dose with a range of BQL to
17.8% (Castellino, et al., 2012). Further oxidation of the O-dealkylated phenolic metabolite results in
the formation of a reactive quinoneimine intermediate (Teng et al., 2010), which is analogous to
NAPQI, an electrophilic metabolite of acetaminophen. As mentioned earlier, quinoneimines can
readily adduct proteins and other cellular nucleophiles and lead to direct cell stress or activation of
immune-mediated reactions (Park et al., 2005; Park et al., 2011; Stachulski et al., 2013). In vivo studies
in preclinical species and in vitro investigations in humans suggest that LAP-OH is extensively

glucuronidated and sulfated (Castellino et al., 2012).
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1.6.4 Mechanism-Based Inactivation (MBI)

A mechanism-based inactivator is a compound that is converted, during the course of enzymatic
catalysis, to a reactive species that then inactivates the same enzyme. Clinical observations with
lapatinib suggest that the drug may be a mechanism-based inactivator of the enzymes that oxidize it.
Continuous dosing of the drug leads to an increase in the half-life from 6 to 14 hours and an increase
in plasma concentrations (Cmax and area-under-the-curve, AUC) at a rate that is more than dose-
proportional (European Medicines Agency, 2008; GlaxoSmithKline). This can be explained by
autoinhibition of metabolism, possibly by inactivation of one of the enzymes responsible for
metabolism. A set of seven criteria for MBI have been established, which include that inactivation
must be dependent on catalytic turnover, time-dependent, and irreversible or at least quasi-
irreversible. In addition, the inactivation must exhibit saturation kinetics and occur prior to release of
the reactive species from the active site of the enzyme. The enzyme must be protected from
inactivation through the addition of an alternate substrate and only one inactivator molecule can be

attached to each molecule of inactivated enzyme (Silverman, 1995).

Lapatinib has been established as an MBI in accordance with these criteria (Teng et al., 2010). This
group proposed that the inactivation was due to covalent modification of the CYP3A4 apoprotein
and/or heme moiety by the reactive quinoneimine species formed from debenzylated lapatinib.
Further studies in our lab, however, demonstrated that MBI of CYP3A4 by lapatinib is quasi-
irreversible and not a result of adduction of a reactive metabolite to P450 apoprotein or heme
(Takakusa et al., 2011). Quasi-irreversible inactivation is caused by formation of a coordinate covalent
bond between lapatinib and the heme iron, and the coordination complexis referred to as a metabolic
intermediate complex (Ml complex). Ml complex formation was observed between lapatinib and

CYP3A4, as demonstrated by the presence of a signature Soret absorbance at approximately 455 nm

21



(Franklin, 1974). The absorbance of CYP3A4 at 455 nm increased in a time-dependent manner after

the addition of NADPH in the presence of lapatinib (Takakusa et al., 2011).

MI complex formation by lapatinib is hypothesized to occur via sequential metabolism of the
secondary amine located between the furan and methanesulfonyl moieties to a reactive nitroso
intermediate (Figure 1.8; Takakusa et al., 2011). Nitroso-iron M| complexes have been previously
identified (Lin and Lu, 1998). Although P450 enzymes can be reactivated by chemical oxidation of the
heme iron, these complexes are stable enough in vivo that quasi-irreversible inactivators might cause
significant drug-drug interactions (DDIs) (Mayhew et al., 2000). Mechanism-based inactivation of
CYP3A4 by lapatinib is considered clinically important because of DDIs that may occur upon

coadministration with other drugs that are CYP3A4 substrates.

1.6.5 Genetic Factors (CYP3A4 and CYP3A5)

Lapatinib’s extensive metabolism in the liver is primarily mediated by CYP3A4 and CYP3A5
(GlaxoSmithKline, 2007). Because CYP3A4 is the major P450 expressed in the human intestines and
liver (Guengerich, 1999) and has broad substrate selectivity, it is often the focus of DDIs interactions
and metabolic activation. The importance of CYP3A5, however, should also be considered. CYP3AS is
highly polymorphic (Kuehl et al., 2001; Lamba et al., 2002) and its expression is dependent on which
alleles are carried by an individual. Several low-expression variants have been identified for CYP3A5.
The most common is the CYP3A5*3 variant allele, which contains a single nucleotide polymorphism
(SNP), 6896 A = G within intron 3, which causes alternative splicing and protein truncation and results
in the absence of functional CYP3A5 in the liver and intestines (Kuehl et al., 2001). Individuals with

the CYP3A5*1 allele express high levels of the functional protein, whereas the CYP3A5*3 variant allele
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results in low to undetectable levels of CYP3A5. The frequency of the reference CYP3A5*1 allele
varies, with 10-30% of Caucasians, 30-40% of Asians of different ethnic groups, and 50-70% of African
Americans expressing at least one allele (Kuehl et al., 2001; Lamba et al., 2002). When at least one
CYP3A5*1 allele is expressed, CYP3A5 may represent up to 50% of the total CYP3A content and

contribute significantly to the overall CYP3A catalytic activity (Kuehl et al., 2001; Saeki et al., 2003).

There are several examples of drugs for which variable CYP3A5 activity alters pharmacokinetics.
Midazolam clearance is significantly higher in CYP3A5*1*1 and CYP3A5*1*3 subjects than in
CYP3A5*3*3 subjects in vitro and in vivo (Kuehl et al., 2001; Lin et al., 2002; Wong et al., 2004). In a
population of Chinese patients who had just undergone renal transplantation, the necessary dose of
cyclosporine (a calcineurin inhibitor) was significantly higher in subjects carrying the CYP3A5*1%*1
genotype than in patients with the CYP3A5*3*3 genotype (Hu et al., 2006). The chemotherapeutic
agent vincristine is metabolized by CYP3A5 with a 9- to 14-fold higher intrinsic clearance than CYP3A4
in a cDNA-expressed enzyme system (Dennison et al., 2006). In human liver microsomes (HLMs) from
CYP3AGS high expressers, the contribution of CYP3AS5 to vincristine metabolism was 54-95% of the total
activity and the estimated hepatic clearances were 5-fold higher than for low expressers (Dennison et
al., 2007). Metabolism of tamoxifen, an antiestrogen used in the prevention and treatment of breast
cancer, to N-desmethyltamoxifen is approximately 3-fold lower by HLM with CYP3A5*3/*3 alleles

than for HLM expressing CYP3A5*1/*1 (Mugundu et al., 2012).

CYP3A4 and CYP3AS share 85% sequence homology and display overlap in substrate specificity
(Thummel and Wilkinson, 1998); however they differ in product regioselectivity (Huang et al., 2004).
Substrate-dependent differences in the extent and mechanism of inhibition of CYP3A4 and CYP3A5

have been observed. Verapamil, a calcium channel blocker, is metabolized by CYP3A4 and CYP3AS to
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form two N-dealkylated products. CYP3A4 is much more active than CYP3A5 and the two enzymes
exhibit different enantioselectivity (Shen et al., 2004). Verapamil and one major metabolite,
norverapamil, are mechanism-based inactivators of CYP3A4, but inactivate CYP3A5 to a much lesser
extent. This indicates that variability in CYP3A5/CYP3A4 expression in the liver may play a role in

interindividual variability in drug interaction associated with verapamil (Wang et al., 2005).

Some work has been done on the metabolism of lapatinib by CYP3A5. Lapatinib does not form an Ml
complex with CYP3AS like it does with CYP3A4 (Takakusa et al., 2011). Formation of the N-hydroxy-
lapatinib metabolite, the putative precursor for Ml complex formation with CYP3A4, was more than
10-fold lower in CYP3AS5 incubations than in CYP3A4 incubations (Takakusa et al., 2011). Inactivation
of CYP3AS by lapatinib appears to be substrate-specific, as midazolam hydroxylation activity was not
significantly inactivated by lapatinib in incubations with CYP3A5 Supersomes™ (Takakusa et al., 2011;
Chan et al., 2012), while testosterone 6B-hydroxylation was inactivated by lapatinib in a time- and
concentration-dependent manner (Chan et al., 2012). This could be a result of the large active site of
CYP3AS5 and the multiple modes of substrate binding (Ekins et al., 2003) and may lead to only a subset

of drugs eliminated by CYP3AS5 resulting in DDlIs.

A link between idiosyncratic hepatotoxicity and polymorphic gene expression has been identified in
the mechanisms of DILI (Corsini and Bortolini, 2013). The wide variation in expression levels of CYP3A5
in the human population provides the scientific rationale for understanding the role of CYP3AS5 in the

metabolism and idiosyncratic hepatotoxicity of lapatinib.

1.7 Scope of Work:
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The overall goal of the research described herein is to evaluate the metabolic bioactivation of lapatinib
by cytochrome P450 enzymes and correlate this process with the hepatotoxicity of the drug. It is
hypothesized that CYP3A4 and CYP3A5 metabolize lapatinib to an O-debenzylated lapatinib
metabolite that is further oxidized to a reactive quinoneimine, and that this pathway is implicated in
the observed hepatotoxicity. Studies examining the formation and further metabolism of the O-
debenzylated lapatinib metabolite in various in vitro systems will yield important insights towards

understanding the mechanism of hepatotoxicity of lapatinib in vivo.

The specific aims of this dissertation research are as follows:
1. Characterize the metabolism of lapatinib by CYP3A and establish the role of CYP3A5 relative
to CYP3A4 in the formation and further metabolism of debenzylated lapatinib.
2. Use HepaRG cells as a model to characterize the role of CYP3A4-mediated metabolic
activation in lapatinib-induced hepatotoxicity.
3. Understand the molecular interaction in the lapatinib/CYP3A system through analysis of a

deuterium-substituted lapatinib analog and a CYP3A4 mutant enzyme.
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Chapter 2: The Formation and Fate of Debenzylated Lapatinib in vitro

Objective: The objective of this investigation was to characterize the metabolism of lapatinib by
cytochrome P450s in CYP3A4 and CYP3A5 Supersome™ systems, human liver microsomes, and
CYP3A5-genotyped human liver microsomes. An important aim was to establish the role of CYP3A5

relative to CYP3A4 in the formation and further metabolism of debenzylated lapatinib.

Introduction:

Quantitative comparisons of the catalytic efficiencies of CYP3A4 and CYP3A?S in the formation of the
O-debenzylated metabolite and reactive metabolite glutathione conjugates of lapatinib have not been
carried out. The expression of CYP3AS is typically low compared to CYP3A4, but because it is
polymorphically expressed, its contribution to total hepatic CYP3A content can be up to 50% for some
individuals (Kuehl et al., 2001). The most common variant is the CYP3A5*3 allele, which results in a
loss of enzyme activity relative to the wild type (CYP3A5*1). The frequency of individuals that are
homozygous for the CYP3A5*3 allele, and thus do not express active CYP3AS5, is 70-90% in Caucasians,
60-70% in Asians of different ethnic groups, and 30-50% in African Americans (Kuehl et al., 2001;
Lamba et al.,, 2002). Numerous studies have demonstrated an association between CYP3A5*3
genotype and the metabolism and pharmacokinetics of various drugs, including midazolam,
cyclosporine, vincristine, tamoxifen, tacrolimus, and vardenafil (Kuehl et al., 2001; Lin et al., 2002;
Wong et al., 2004; Hu et al., 2006; Dennison et al., 2006; Mugundu et al., 2012; Thervet et al., 2003;
Ku et al., 2008). The potential impact of variable expression of CYP3A5 on the metabolism of lapatinib
via the O-debenzylation pathway remains to be investigated. This is important, given the
pharmacological and toxicological effects of the metabolites formed. Therefore, the catalytic

efficiencies of CYP3A4 and CYP3AS in the formation of O-debenzylated lapatinib and a glutathione
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conjugate thereof were compared using in vitro methods and the impact of CYP3A5 polymorphisms

on these reactions was assessed.

Materials and Methods:

Materials

Lapatinib (free base) was purchased from LC Laboratories (Woburn, MA). A deuterium-labeled analog
of debenzylated lapatinib ([D4]-debenzylated lapatinib, Ds-LAP-OH, Figure 2.1) and the N-dealkylated
lapatinib metabolites were supplied by Concert Pharmaceuticals Inc® (Lexington, MA). Stock solutions
of lapatinib and lapatinib metabolites were prepared in dimethyl sulfoxide (DMSO). Glutathione
(reduced) and ammonium acetate were purchased from Sigma Aldrich (St. Louis, MO). Optima LC-MS-
grade water, Optima LC-MS-grade acetonitrile, and HPLC-grade acetonitrile were purchased from
Fisher Scientific (Pittsburgh, PA). Human CYP3A4 and CYP3A5 Supersomes™ expressing P450
reductase and cytochrome bs and pooled human liver microsomes were purchased from BD
Biosciences (San Jose, CA). HepaRG cells were purchased from ABC (xyz). All other chemicals and

reagents were of analytical grade and were purchased from commercial sources.

OH
Cl

H3C D,-debenzylated lapatinib

Figure 2.1 — Chemical structure of Ds-debenzylated lapatinib (Ds-LAP-OH).
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Synthesis of Debenzylated Lapatinib

Lapatinib (20 mg) was dissolved in 30 mL of a 1:1 mixture of trifluoroacetic acid (TFA) and toluene.
The solution was yellow in color. The mixture was refluxed at 72°C for 18 hr with constant stirring. At
termination, the mixture was evaporated under a stream of nitrogen, and then dissolved in methanol.
Purification was performed using an Ultrasphere C18 prep column (10 um, 10 mm x 25 cm, Beckman
Coulter, Brea, CA) and a Shimadzu LC-10AD VP HPLC-UV system (Shimadzu Scientific Instruments Inc.,
Columbia, MD) at a flow rate of 0.3 mL/min. Solvents A and B were HPLC-grade acetonitrile and 0.1
M ammonium acetate (pH = 5.4), respectively. The gradient used for purification was as follows:
isocratic at 10% B (0-2 min), linear gradient from 10% to 50% B (2-6 min), isocratic at 50% B (6-12
min), linear gradient from 50% to 80% B (12-14 min), isocratic at 80% B (14-15 min), returned to 10%
B (15-15.1 min), and isocratic at 10% B (15.1-17 min). After 50 uL injections, the material between
10.3 and 11.5 min was detected by UV at 254 nm and collected and the combined collections were

dried under a stream of nitrogen and analyzed by LC-MS and NMR.

Detection and Identification of Lapatinib Metabolites

Lapatinib and its metabolites were detected and identified from 24 hr HepaRG cell incubations with
lapatinib (100 uM) (see Chapter 3 for cell culture details). The samples were analyzed using an HPLC
system consisting of two Shimadzu LC-10AD pumps with a gradient controller and a Shimadzu SIL-
10ADvp autoinjector coupled to a Waters Micromass Quattro Micro Il triple quadrupole mass
spectrometer (Waters Corporation, Milford, MA), as described previously (Takakusa et al., 2011). A
30 pl aliquot of each sample was injected into the equilibrated HPLC. Solvents A and B were Optima
LC-MS-grade water with 0.1% (v/v) TFA and Optima LC-MS-grade acetonitrile with 0.1% (v/v) TFA,
respectively. Analyte separation was achieved with an Agilent Zorbax SB-Cis column (5 pum, 2.1 mm x

150 mm; Agilent Technologies, Santa Clara, CA) at a flow rate of 0.3 mL/min. The gradient program
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for analysis of lapatinib (LAP) and debenzylated lapatinib (LAP-OH) was as follows: isocratic at 15% B
(0-1 min), linear gradient from 15 to 95% B (1-4.5 min), isocratic at 95% B (4.5-7 min), returned to 15%
B (7-7.1 min), and isocratic at 15% B (7.1-8 min). For analysis of GSH adducts, the following gradient
program was used: isocratic at 15% B (0-1.5 min), linear gradient from 15 to 95% B (1.5-5 min),
isocratic at 95% B (5-7 min), returned to 15% B (7-7.1 min), and isocratic at 15% B (7.1-9.1 min). The
effluent was introduced directly into the mass spectrometer that was operated in the electrospray
ionization mode with positive ion detection (ESI+). The MS conditions were as follows: capillary
voltage, 3.5 kV; cone voltage, 60 V; source temperature, 120°C; desolvation temperature, 350°C; and

analyzer, V. mode.

Product lon Analysis: Product ion analysis utilizing collision-induced dissociation was carried out to

determine the major product ions of LAP and LAP metabolites for subsequent method development.

A collision energy of 30 V was used to generate MS/MS spectra for each analyte.

Multiple Reaction Monitoring (MRM) Analysis: LAP and LAP metabolites were selectively detected

and quantified by LC-MS/MS utilizing a collision energy of 30 V. The following precursor to product
MRM transitions were used for the detection of LAP and LAP metabolites based on structurally specific
fragmentation obtained from collision-induced dissociation of the respective MH* ions: m/z 581 -
365 for LAP, m/z 473 - 350 for LAP-OH; m/z 475 - 366 for N-dealkyl lapatinib (N-dealkyl-LAP), and
m/z 597 - 458 for N-hydroxy lapatinib (N-OH-LAP). D4-LAP-OH, which was detected using the MRM
transition m/z 477 - 352, was used as the internal standard for quantitation. Relative quantitation of
GSH adducts was carried out by LC-MS/MS monitoring the transition m/z 778 - 655. The MS spectral
data were analyzed and deconvoluted using MassLynx version 4.1 (Waters Corporation, Milford, MA).

Contributions of CYP3A4 and CYP3A5 Isoforms to Lapatinib Metabolism
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Incubation solutions containing 20 nM P450 enzyme (Supersome™), 0.1 M KPi buffer (pH = 7.4), and
50 uM LAP were prepared and pre-incubated at 37°C for 3 min. Incubation reactions were initiated
by the addition of 10 pL of a 10 mM solution of NADPH in H,O (final concentration, 1.0 mM) or H,O
as a negative control. The total volume of each preincubation solution was 100 pL, and the final
organic solvent concentration was 1.0% (v/v) acetonitrile. Following the 30 min incubation at 37°C,
reactions were quenched with 200 L of ice-cold acetonitrile containing D4-LAP-OH (0.1 ng/uL) as the
internal standard and cooled on ice. Samples were cooled and centrifuged at 6600 g for 3 min, and
the supernatants were transferred to new tubes and kept at -80°C until LC-MS analysis. Samples were
analyzed using the same HPLC system as described above. Analyte separation was achieved using a
Zorbax SB-C;s column (150 mm x 2.1 mm, 5 um particle size; Agilent Technologies, Santa Clara, CA) at
a flow rate of 0.3 mL/min. Solvents A and B were nanopure H,0 with 0.1% (v/v) TFA and LC-MS-grade
acetonitrile with 0.1% (v/v) TFA, respectively. The gradient program was as follows: isocratic at 25% B
(0-3 min), linear gradient from 25 to 65% B (3-7 min), linear gradient from 65 to 95% B (7-10 min), and
isocratic at 95% B (10-11 min). The effluent was introduced directly into the mass spectrometer which
was operated in the electrospray ionization mode with positive ion detection (ESI+). The MS
conditions were as follows: capillary voltage, 3.5 kV; cone voltage, 25 V; source temperature, 120°C;
desolvation temperature, 300°C; and analyzer, V mode. The data were acquired in MRM mode
monitoring the m/z transitions described in the previous section. The m/z value for the internal
standard, 11a-hydroxyprogesterone, was 331. The MS spectral data were analyzed and deconvoluted
using MassLynx software version 4.1 and the peak area of each metabolite was normalized to that of
the internal standard. Then, the ratio of metabolite formation (3A5/3A4) was calculated from the

normalized peak area of each metabolite.

Time-course for Formation of LAP-OH
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LAP (5 uM) was incubated with CYP3A4 or CYP3A5 Supersomes™ (20 nM) in 0.1 M potassium
phosphate buffer (pH = 7.4) fortified with an NADPH-regenerating system (glucose 6-phosphate,
NADP*, and glucose 6-phosphate dehydrogenase) and allowed to proceed for various times (0.5, 1, 2,
5, 10, 20, 30 min). The total incubation volume was 1 mL. Following the set incubation period, aliquots
(100 pL) were removed, combined with an equal volume of ice-cold acetonitrile (containing 1 ng/uL
Ds;-LAP-OH), and centrifuged at 16,000 g for 10 min at 4°C to remove precipitated proteins. The
supernatant from metabolic incubations was analyzed by LC-MS analysis with MRM and compared to

standard curves prepared with an authentic chemical standard to quantify levels of LAP-OH.

Formation of LAP-OH and RM-SG Adducts by Individual CYP Isoforms

Next, studies were carried out to determine the relative contribution of individual P450 isoforms to
formation of LAP-OH and GSH adducts of the putative quinoneimine reactive metabolite of lapatinib.
Initial experiments were conducted to determine the linearity of LAP-OH and GSH adduct formation
with respect to incubation time and protein concentration. The formation of LAP-OH was examined
by incubation of LAP (5 uM) with individual P450 Supersomes™ (20 nM) fortified with 1 mM NADPH
for 2 min. To evaluate the formation of reactive metabolite GSH adducts, LAP or LAP-OH (5 uM) were
incubated with P450 Supersomes™ (20 nM) supplemented with GSH (5 mM) and an NADPH
regenerating system for 20 min at 37°C. Relative levels of LAP-OH and GSH adducts were measured

by LC-MS analysis with MRM.

Kinetic Experiments for the Formation of LAP-OH and RM-SG in HLM and Recombinant CYP3A4 and

CYP3A5
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Incubations with CYP Supersomes™: Preliminary incubations were performed in CYP3A4 and CYP3A5

Supersomes™ with 5 uM LAP to determine microsomal metabolite formation under linear conditions
with respect to protein concentration and time of incubation. To determine Michaelis-Menten
parameters of LAP-OH formation, LAP (0.1 — 50 uM) was incubated with CYP3A4 and CYP3A5
Supersomes™ (20 nM) in 100 mM potassium phosphate buffer (pH = 7.4). The reaction mixture was
pre-incubated for 5 min at 37°C. Reactions were initiated by the addition of 10 uL of a 20 mM solution
of NADPH (final concentration, 1 mM) incubated at 37°C for a period of 2 min at a final volume of 200
pL in a 96-well plate. The final concentration of organic solvent in the incubation was 1% (0.1% DMSO
and 0.9% acetonitrile). The reactions were quenched by addition of an equal volume of ice-cold
acetonitrile (containing 1 ng/uL D4-LAP-OH) and centrifuged at 16,000 g for 10 min at 4°C to remove
proteins. The supernatant was transferred to LC-MS vials for LC-MS analysis with MRM. Assays were

conducted in triplicate.

Incubations with pooled human liver microsomes (HLM): Pooled human liver microsomes (BD

UltraPool™ HLM 150-donor) were purchased from BD Biosciences (San Jose, CA). Preliminary
incubations were performed with LAP (5 uM) to determine microsomal metabolite formation under
linear conditions with respect to protein concentration and time of incubation. After assay
optimization, LAP (0.1 - 50 uM) was incubated with pooled HLM (0.1 mg of protein/mL) in 100 mM
potassium phosphate buffer (pH = 7.4). The reaction mixture was incubated for 5 min at 37°C before
the addition of 10 pL a 20 mM solution of NADPH (final concentration, 1 mM) or potassium phosphate
buffer as a control. Reactions were incubated at 37°C for a period of 5 min at a final volume of 200 pl
in a 96-well plate. The final concentration of organic solvent in the incubation was 1% (0.1% DMSO
and 0.9% acetonitrile). Following the incubation, reactions were quenched with 200 pL of ice-cold

acetonitrile containing 0.1 ng/uL of D4-LAP-OH as the internal standard and cooled on ice. Reactions
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were then centrifuged at 1300 g for 20 min at 4°C to remove proteins. The supernatant was

transferred to LC-MS vials for LC-MS analysis with MRM. Assays were conducted in triplicate.

Standard curve for LAP-OH: For quantitation of LAP-OH formation, a standard curve was generated

over a range of concentrations (0.005 - 1.0 ng/uL) of LAP-OH with peak area ratios calculated against
D4-LAP-OH (0.1 ng/uL) as the internal standard. Standard incubations were carried out under the same
experimental conditions as described above except using heat-inactivated enzyme without NADPH to

calculate the concentration of metabolite formation.

GSH Adduct Formation: For kinetic analysis of formation of GSH adducts, LAP (0.1-100 pM) was

incubated with CYP3A4 or CYP3A5 Supersomes™ (20 nM) supplemented with 5 mM GSH for 20 min.
Samples were run in duplicate. Control incubations were carried out in the absence of NADPH or GSH.

Relative levels of GSH adducts were determined by LC-MS analysis with MRM.

Formation of RM-SG Adducts from LAP-OH in CYP3A5 Genotyped HLMs

Metabolism studies were performed using individual genotyped human liver microsomal
preparations, which were obtained from the University of Washington, School of Pharmacy Human
Liver Bank. Immunoquantification of CYP3A4 and CYP3AS specific protein content in human liver
microsomal preparations was previously reported by Lin et al., (2002). Donor liver microsomal
preparations (0.1 mg protein/mL) were incubated for 20 min with LAP-OH (5 uM) and GSH (50 mM).
Incubations were supplemented with an NADPH regenerating system for P450 enzyme activity.

Formation of RM-SG was measured by LC-MS analysis with MRM.
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Results:
Synthesis, Detection, and Identification of Lapatinib Metabolites

O-Debenzylated lapatinib (LAP-OH): The debenzylated metabolite was synthesized and purified as a

reference standard for subsequent experiments. NMR analysis confirmed the structure of the
product. Purified product was obtained as a yellow solid in 48% yield. *H NMR (acetone-ds): 1.96 ppm
(1 H,s,NH), 3.02 ppm (3 H, s, CHs), 3.08 ppm (1 H, s, NH), 3.18 ppm (2 H, t, CH, J = 1.5 Hz), 3.29 ppm
(2 H,t, CH,, J=1.5Hz),3.92 ppm (2 H, s, CH;), 6.45 ppm (1 H, d, aromatic-CH, J = 3.5 Hz), 6.95 ppm (1
H, d, aromatic-CH, J = 3.5 Hz), 7.05 ppm (1 H, d, aromatic-CH, J = 9 Hz), 7.64 ppm (1 H, dd, aromatic-
CH, J, = 8.5 Hz, Js=2.5 Hz), 7.82 ppm (1 H, d, aromatic-CH, J = 8.5 Hz), 8.02 ppm (1 H, dd, aromatic-
CH, J. = 6 Hz, Js = 2.5 Hz), 8.16 ppm (1 H, dd, aromatic-CH, J. = 9 Hz, Js = 2 Hz), 8.57 ppm (1 H, s,
aromatic-CH), 8.66 ppm (1 H, d, aromatic-CH, J = 1.5 Hz), 9.15 ppm (1 H, s, OH). The NMR spectrum of
the debenzylated metabolite was comparable to that of lapatinib itself, but lacked four signals in the

aromatic region as well as the signal for the two benzylic protons at 5.27 ppm.

1:1 TFA/toluene
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HN
~ ©
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lapatinib L
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debenzylated lapatinib
m/z 581 m/z 473

Scheme 2.1 — Synthesis of debenzylated lapatinib. Debenzylated lapatinib (LAP-OH) was synthesized from

lapatinib and then purified using HPLC and analyzed by NMR.

The generation of lapatinib metabolites was investigated to better characterize the bioactivation
pathways of lapatinib. Mass spectrometry product ion and MRM methods were developed to detect

and identify lapatinib and each of the metabolites of interest.
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Lapatinib (LAP): The MH"* ion of LAP appears at m/z 581. Collision-induced dissociation of this ion
yielded fragmentation with neutral loss of 217 atomic mass units (amu) that yielded the major product
ion m/z 365 [M + H — 217]*. This corresponds to fragmentation of lapatinib at two locations. Figure
2.2 shows a representative LC-MS/MS chromatogram of lapatinib, monitoring the precursor to

product transition m/z 581 = 365 (retention time 6.79 min).
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Figure 2.2 — LC-MS/MS analysis of lapatinib (LAP). Representative LC-MS/MS chromatogram of lapatinib

monitoring the precursor to product transition m/z 581 - 365.

Debenzylated Lapatinib (LAP-OH): LAP-OH was identified following treatment of HepaRG cells with

LAP (100 uM) for 24 hr and analyzed using LC-MS/MS. The MH"* ion of LAP-OH appears at m/z 473.

Figure 2.3B shows the enhanced product ion spectrum of LAP-OH (m/z 473), which exhibited a neutral
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loss of 123 amu, yielding the product ion m/z 350, [M + H — 123]*. This corresponds to fragmentation
adjacent to the secondary amine moiety of lapatinib. Figure 2.3A shows a representative LC-MS/MS

chromatogram of LAP-OH, monitoring the precursor to product transition m/z 473 - 350 (retention

time 5.16 min).
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Figure 2.3 — LC-MS/MS analysis of the O-debenzylated metabolite of lapatinib (LAP-OH). HepaRG cells were
treated with LAP (100 uM) for 24 hr. (A) Representative LC-MS/MS chromatogram of LAP-OH, monitoring the
precursor to product transition m/z 473 - 350. (B) Product ion scans of the MH" precursor ion m/z 473 obtained

by collision induced dissociation in ESI+ mode.

N-Dealkyl Lapatinib: N-Dealkyl-LAP was identified following treatment of HepaRG cells with LAP (100

uM) for 24 hr and analyzed using LC-MS/MS. The MH* ion of N-dealkyl-LAP appears at m/z 475. Figure

2.4B shows the enhanced product ion spectrum of N-dealkyl-LAP (m/z 475), which exhibited a neutral
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loss of 109 amu, yielding the product ion m/z 366, [M + H—109]*. This corresponds to fragmentation
of the O-fluorobenzyl bond of lapatinib. Figure 2.4A shows a representative LC-MS/MS chromatogram

of N-dealkyl-LAP, monitoring the precursor to product transition m/z 475 - 366 (retention time 6.21

min).
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Figure 2.4 — LC-MS/MS analysis of the N-dealkylated metabolite of lapatinib (N-dealkyl-LAP). HepaRG cells
were treated with LAP (100 uM) for 24 hr. (A) Representative LC-MS/MS chromatogram of N-dealkyl-LAP,
monitoring the precursor to product transition m/z 475 - 366. (B) Product ion scan of the MH" precursor ion

m/z 475 obtained by collision induced dissociation in ESI+ mode.

N-Hydroxy Lapatinib (N-OH-LAP): N-OH-LAP was identified following treatment of HepaRG cells with

LAP (100 uM) for 24 hr and analyzed using LC-MS/MS. The MH* ion of N-OH-LAP appears at m/z 597.

Figure 2.5B shows the enhanced product ion spectrum of N-OH-LAP (m/z 597), which exhibited a
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neutral loss of 138 amu, yielding the product ion m/z 459, [M + H — 138]*. This corresponds to
fragmentation adjacent to the N-OH group of lapatinib. Figure 2.5A shows a representative LC-MS/MS

chromatogram of N-OH-LAP, monitoring the precursor to product transition m/z 597 - 459 (retention

time 6.89 min).
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Figure 2.5 — LC-MS/MS analysis of the N-hydroxylated metabolite of lapatinib (N-OH-LAP). HepaRG cells were
treated with LAP (100 uM) for 24 hr. (A) Representative LC-MS/MS chromatogram of N-OH-LAP, monitoring the

precursor to product transition m/z 597 - 459. (B) Product ion scan of the MH" precursor ion m/z 597 obtained

by collision induced dissociation in ESI+ mode.

Reactive Metabolite Glutathione Adduct (RM-SG): RM-SG adducts were identified following

incubation of LAP-OH (100 uM) for 1 hr in pooled human liver microsomes (HLM) supplemented with

NADPH and GSH (50 mM). Samples were analyzed using LC-MS/MS. The MH* ion of the RM-SG adduct
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appears at m/z 778, collision-induced dissociation of which resulted in a neutral loss of 123 amu,
which corresponds to fragmentation of the lapatinib portion of the molecule to yield the product ion
m/z 655 [M + H—123]*. Subsequent neutral loss of 129 amu from the m/z 655 ion was also observed,
resulting from loss of the elements of pyroglutamic acid from the GSH adduct, as previously described
(Evans et al., 2004), to yield the product ion m/z 526 [M + H — 252]* (Figure 2.6A). This product ion
spectrum is consistent with previous reports from LC-MS/MS analysis of the RM-SG adduct formed in
human liver microsomes and recombinantly expressed CYP enzymes (Teng et al., 2010; Chan et al.,
2012). Treatment of HepaRG cells with LAP (100 uM) resulted in levels of GSH adducts near the limit
of detection; however, GSH adducts were readily detectable in cells treated with LAP-OH (100 uM).
Figure 2.6B shows a representative LC-MS/MS chromatogram of the RM-SG adduct, monitoring the

precursor to product transition m/z 778 = 655 (retention time 4.87 min).
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Figure 2.6 — LC-MS/MS analysis of the reactive metabolite glutathione lapatinib adduct (RM-SG). (A) Enhanced
product ion scan of the putative quinoneimine reactive metabolite-GSH adduct (RM-SG; m/z 778) formed in
pooled human liver microsomes incubated with LAP-OH (100 uM) for 1 hr and supplemented with NADPH and

GSH (50 mM). (B) MRM chromatogram of RM-SG from incubation of LAP-OH (100 uM) in HepaRG cells for 24 hr.

Contributions of CYP3A4 and CYP3A5 Isoforms to Lapatinib Metabolism

The metabolism of lapatinib by CYP3A4 differs from its metabolism by CYP3A5. Previous studies from
our laboratory demonstrated that formation of the N-OH-LAP metabolite was more than 10-fold
lower in CYP3AS5 incubations than in CYP3A4 incubations, and that Ml complex formation did not
occur with CYP3AS as it did with CYP3A4 (Takakusa et al., 2011). In this experiment, metabolite
formation was analyzed in incubations with recombinant CYP3A4 and CYP3AS5 to specifically address
whether there is an observable difference in the metabolic pathway between the two enzymes.
Metabolite formation in a 30 min incubation with CYP3A5 Supersomes™ was compared with
metabolite formation in a 30 min incubation with CYP3A4 Supersomes™ and the relative amounts of
each metabolite formed are shown in Figure 2.7. LAP-OH was formed to a greater extent in CYP3A5
compared to CYP3A4, while N-OH-LAP remained the same and N-dealkyl-LAP was formed to a much

lesser extent by CYP3AS5.
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Figure 2.7 — Relative contributions of CYP3A4 and CYP3AS5 isoforms to lapatinib metabolism. LAP (50 uM) was
incubated with CYP3A4 and CYP3AS5 Supersomes™ for 30 min. The ratio of metabolite formation was determined

by LC-MS analysis with MRM. Data represent the mean + S.D. for triplicate samples.

Along the O-debenzylation bioactivation pathway, lapatinib is metabolized to LAP-OH, which is further
oxidized to an electrophilic quinoneimine capable of adducting to glutathione. To further probe the
relative roles of CYP3A4 and CYP3AS5 in the formation of LAP-OH and subsequent formation of RM-
SG, CYP3A4 and CYP3AS5 Supersomes™ (20 pmol/mL) were incubated with LAP (5 uM) for 1-30 min.
Formation of LAP-OH and RM-SG adducts were quantified by LC-MS analysis with MRM. The
formation of LAP-OH by CYP3A4 was linear until about 2 min, but autoinhibition was observed in
longer incubations (Figure 2.8). LAP-OH formation by CYP3A5 was linear until about 10 min, at which
point it started leveling off. The formation of RM-SG was relatively linear over the time period studied
in both enzyme systems. From these observations, a 2 min incubation was chosen for future studies
guantifying LAP-OH, as metabolite formation is linear for both CYP3A4 and CYP3AS5 over that time

period. A 20 min incubation was chosen for studies quantifying RM-SG.
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Figure 2.8 — Time course for formation of LAP-OH and RM-SG by recombinant CYP3A4 and CYP3AS5. LAP (5 uM)
was incubated with CYP3A4 and CYP3A5 Supersomes™ (20 pmol/mL) for 1-30 min at 37°C. Formation of (A) LAP-

OH and (B) RM-SG adduct were quantified by LC-MS analysis with MRM.
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Formation of LAP-OH and RM-SG Adducts by Individual CYP Isoforms

Although CYP3A4 and CYP3A5 are the major P450 isoforms responsible for the metabolism of
lapatinib, CYP2C19 and CYP2C8 have also been identified as minor contributors (GlaxoSmithKline,
2007). Using the timecourse information from the previous study, incubations were carried out with
Supersomes™ expressing nine different P450 isoforms. In the 2 min incubation, CYP3A4 and CYP3A5
were the only isoforms that metabolized LAP to LAP-OH (Figure 2.9A). In 20 min incubations, CYP3A4
was the most efficient at metabolizing LAP to RM-SG (Figure 2.9B), while CYP3AS5 also resulted in
detectable formation. The formation of RM-SG from LAP-OH was also catalyzed most effectively by
CYP3A4, although CYP3AS5 and CYP2D6 also formed RM-SG at approximately 1/3 the rate for CYP3A4.
Based on these observations, CYP3A4 and CYP3A5 remain the most important isoforms to consider

with respect to the O-debenzylation bioactivation pathway of lapatinib.
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Figure 2.9 — Formation of LAP-OH and RM-SG by individual CYP isoforms. To assess LAP-OH formation, CYP
Supersomes™ (20 pmol CYP protein/mL) were incubated with (A) LAP (5 uM) for 2 min at 37°C. To assess the
formation of reactive metabolite GSH adducts, CYP Supersomes™ (20 pmol CYP protein/mL) were incubated with
(B) LAP (5 uM) or (C) LAP-OH (5 uM) plus GSH (50 mM) for 20 min. Formation of LAP-OH and LAP-SG was

measured by LC-MS analysis with MRM. Data represent the mean * S.D. of triplicate samples.

Kinetic Experiments for the Formation of LAP-OH and RM-SG in HLM and Recombinant CYP3A4 and
CYP3A5

Based on the observation that CYP3A4 and CYP3AS are the P450 isoforms that are important in the
metabolism of LAP to LAP-OH and RM-SG, the kinetic parameters of lapatinib O-debenzylation by
CYP3A4 and CYP3AS5 Supersomes™ were examined and compared to human liver microsomes (HLMs).
CYP3A4 and CYP3A5 Supersomes™ (20 pmol/mL) and HLMs (0.1 mg protein/mL) were incubated with
LAP (0.1-100 uM) for 2 min and formation of LAP-OH was quantified by LC-MS analysis with MRM.
The velocity-substrate concentration plots for formation of LAP-OH by recombinant enzyme systems
and HLMs are shown in Figure 2.10. The kinetic parameters were estimated by fitting data to a
Michaelis-Menten kinetic model and are reported in Table 2.1. CYP3A4 and CYP3A5 Supersomes™
turned over lapatinib rapidly (Vmax = 15-18 pmol min pmol™® CYP3A) and with moderate affinity (Km =
1.0-2.2 uM). CYP3A4 exhibited an overall 2.7-fold higher catalytic efficiency (CLint = Vmax/Km) than

CYP3AS5 (Figure 2.10, Table 2.1).
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Figure 2.10 — Kinetics of the formation of LAP-OH in HLM and recombinant CYP3A4 and CYP3A5. (A) LAP (0.1-
100 uM) was incubated in pooled HLMs (0.1 mg protein/mL) for 2 min. (B) LAP (0.1-100 uM) was incubated in
CYP3A4 or CYP3AS5 Supersomes™ (20 pmol/mL) for 2 min. Formation of LAP-OH was quantified by LC-MS analysis

with MRM. Data represent the mean + S.D. of triplicate samples.

Km (um) Vmax (pmol min-t mg protein) CLint (UL min"t mg protein)
HLM 2.54 +0.52 10.2+0.47 4.02
Km (um) Vmax (pmol min-t pmol* CYP3A) CLint (UL min-t pmol* CYP3A)
CYP3A4 1.00+0.16 18.0+0.58 17.9
CYP3A5 2.21+0.56 14.8+0.88 6.68

Table 2.1 — Kinetic parameters for the formation of LAP-OH in pooled HLM and recombinant CYP3A4 and
CYP3AS5. Data were fit to the Michaelis-Menten equation by non-linear regression analysis using GraphPad Prism
5 software to derive Kmand Vmax values. Intrinsic clearance (CLint) values were calculated as CLint = Vmax/ Km. Data

represent the mean * S.D. of triplicate samples.

CYP3A4 and CYP3AS5 Supersomes™ (20 pmol/mL) were incubated with LAP (0.1-100 uM) for 20 min
and HLMs (0.1 mg protein/mL) were incubated with LAP-OH (0.1-100 uM) for 20 min. The formation
of RM-SG adducts were quantified by LC-MS analysis with MRM. CYP3A5 Supersomes™ were 7.2 times

more efficient than CYP3A4 (Figure 2.11, Table 2.2).
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Figure 2.11 — Kinetics of the formation of RM-SG in HLM and recombinant CYP3A4 and CYP3A5. (A) LAP-OH
(0.1-100 mM) was incubated in pooled HLMs (0.1 mg protein/mL) for 20 min. (B) LAP (0.1-100 uM) was incubated
in CYP3A4 or CYP3A5 Supersomes™ (20 pmol/mL) for 20 min. Formation of RM-SG was quantified by LC-MS

analysis with MRM. Data represent the mean * S.D. of triplicate samples.

Km (uM) Vmax (pmol mint mg protein) CLint (UL min"t mg protein)
HLM 6.83 0.19 0.028
Km (uM) Vmax (pmol min-t pmol* CYP3A) CLint (UL min"t pmol* CYP3A)
CYP3A4 5.51 0.040 0.0072
CYP3A5 0.944 0.049 0.0519

Table 2.2 — Kinetic parameters for the formation of RM-SG in pooled HLM and recombinant CYP3A4 and
CYP3A5. Data were fit to the Michaelis-Menten equation using non-linear regression analysis of GraphPad Prism
5 software to derive Km and Vmax values. Intrinsic clearance (CLint) values were calculated as CLint = Vmax/ Km. Data

represent the mean + S.D. of triplicate samples.

Formation of RM-SG Adducts from LAP-OH in CYP3A5 Genotyped HLMs

To better understand the importance of CYP3A5 genetics in vivo, incubations were carried out in
genotyped human liver microsomes (CYP3A5*1/*1, n = 1; CYP3A5*1/*3, n =7, CYP3A5*3/*%3, n = 9).
Formation of RM-SG by each donor liver microsomal preparation (performed in duplicate) was

measured. Analysis of the data by CYP3A5 genotype (Figure 2.13A) suggests a trend in RM-SG
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formation according to the number of CYP3A5*1 alleles. The levels of RM-SG were 1.85-fold higher (P
= 0.03) in human liver microsomes from CYP3A5*1 expressors compared to microsomes from

CYP3A5%*3/*3 livers (Figure 2.13B).
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Figure 2.12 — Formation of RM-SG from LAP-OH in CYP3A5 genotyped HLMs. Genotyped HLMs (0.1 mg
protein/mlL) were incubated for 20 min with LAP-OH (5 uM) and GSH (50 mM). Formation of RM-SG was
measured by LC-MS analysis with MRM. (A) Data represent the mean of n=2 for each liver. (B) Data represent
the mean * S.E.M. for each group. *P < 0.05 compared with CYP3A5*3/*3 HLMs (unpaired t test, two-tailed P

values).

Discussion:

Synthesis, Detection, and Identification of Lapatinib Metabolites

Lapatinib has previously been shown to be metabolized by CYP3A4 via three primary metabolic
pathways: O-dealkylation, N-dealkylation, and N-hydroxylation (Figure 1.8; Takakusa et al., 2011;

Castellino et al., 2012). N-dealkylation and/or N-hydroxylation pathways lead to the formation of a
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nitroso intermediate, which forms a coordination complex with the heme iron of CYP3A4 (Takakusa
et al., 2011). This MI complex is potentially clinically important because of the DDIs that may occur
upon coadministration with other drugs that are CYP3A4 substrates (GlaxoSmithKline, 2007).
Metabolism via the O-dealkylation pathway leads to formation of an O-dealkylated phenolic
metabolite, which can be further oxidized to a reactive quinoneimine intermediate (Teng et al., 2010).
It is this pathway that may lead to the observed hepatotoxicity of lapatinib and that was the focus of

these investigations.

The major metabolites in all main pathways were detected and identified in incubations with human
liver microsomes and HepaRG cells. These included LAP, LAP-OH, N-dealkyl-LAP, N-OH-LAP, and RM-
SG. The mass spectrometry product ion scanning and MRM methods were developed and used in
subsequent metabolism studies to identify lapatinib metabolites and provide semi-quantitative data

on their rates of formation.

Contributions of CYP3A4 and CYP3A5 Isoforms to Lapatinib Metabolism

The contributions of CYP3A4 and CYP3AS to the metabolism of lapatinib differ, which may lead to the
observed differences in Ml complex formation between the two isoforms (Takakusa et al., 2011).
Initial experiments suggested that the O-debenzylation metabolic pathway dominates in incubations
with CYP3AS5 (30 min incubation, 50 uM LAP), while the N-dealkylation and O-debenzylation pathways
are equally important in incubations with CYP3A4 (Figure 2.7). Because CYP3A5 polymorphisms lead
to differences in relative expression levels of these two enzymes, and thus may affect DDIs and liver
injury in an individual, further studies on the contribution of individual isoforms to the O-

debenzylation metabolic pathway were warranted.
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Lapatinib is a pseudo-irreversible mechanism-based inhibitor of CYP3A4 (Takakusa et al., 2011), and
thus the role of CYP3A4 in lapatinib metabolism may be most important at the beginning of therapy
and diminish thereafter. A similar phenomenon is observed for the metabolism of imatinib, another
tyrosine kinase inhibitor, by CYP3A4 and CYP2C8 (Filppula et al., 2013). In this case, the importance of
CYP2C8 increases with time as CYP3A4 is inhibited. A timecourse analysis of the formation of LAP-OH
and RM-SG by recombinant CYP3A4 and CYP3A5 demonstrated increased activity by CYP3A5S at the
30 min time point, as seen in the previous experiment, but revealed that CYP3A4 had already started
to exhibit autoinhibition by lapatinib at this time point (Figure 2.8). The formation of LAP-OH was
linear for only about 2 min in CYP3A4, and about 10 min in CYP3AS5 incubations. The formation of RM-
SG was relatively linear over the 30 min incubation in both enzyme systems. From these observations,
a 2 min incubation was chosen for studies quantifying LAP-OH since metabolite formation is linear for

both isoforms over that time period. A 20 min incubation was chosen for studies quantifying RM-SG.

Formation of LAP-OH and RM-SG Adducts by Individual CYP Isoforms

Lapatinib biotransformation via the O-debenzylation pathway was investigated in nine different CYP
isoforms including CYP3A4 and CYP3A5, the major isoforms responsible for its metabolism, and
CYP2C19 and CYP2C8, which have been identified as minor contributors (GlaxoSmithKline, 2007).
Based on these results, CYP3A4 and CYP3A5 remain the important isoforms to consider with respect
to the O-debenzylation bioactivation pathway of lapatinib, although minor contributions were
observed from CYP2D6 and CYP2C19. CYP3A4 was more active than CYP3A5 in metabolizing LAP to
LAP-OH, which is consistent with the timecourse data (Figure 2.8A). Interestingly, however, these
results show that RM-SG levels are higher for CYP3A4 compared to CYP3AS5 after a 20 min incubation
with lapatinib. This is in contrast to the timecourse experiment with LAP-OH where CYP3A5 generated

more RM-SG at 20 min than CYP3A4 (Figure 2.8B). Based on this discrepancy, further studies were
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deemed necessary to assess the relative importance of CYP3A4 and CYP3A5, the major contributors

to lapatinib O-debenzylation.

Kinetic Experiments for the Formation of LAP-OH and RM-SG in HLM and Recombinant CYP3A4 and
CYP3A5

Based on the results from the previous experiment, which suggested that CYP3A4 and CYP3A5 were
the two primary enzymes important in the biotransformation of lapatinib via O-debenzylation, further
kinetic studies were performed on metabolite formation by these isoforms. Incubations carried out
with recombinant CYP3A4 and CYP3A5 Supersomes™ demonstrated rapid turnover and high affinity
for lapatinib. The catalytic efficiency (CLint = keat/Km) for the conversion of LAP to LAP-OH was the
highest for CYP3A4, followed by CYP3A5, and then HLMs (Table 2.1). The relative efficiencies of
CYP3A4 and CYP3AS5 for this step in the metabolic pathway following a 2 min incubation are in line
with previous experiments (Figure 2.8A). Following a 20 min incubation with LAP, CYP3A5
Supersomes™ were 7.2 times more efficient than CYP3A4 in generating RM-SG. These observations
are consistent with the timecourse data (Figure 2.8B), but not with the results obtained from the CYP

isoform screen (Figure 2.9).

Formation of RM-SG Adducts from LAP-OH in CYP3A5 Genotyped HLMs

The in vitro results described herein suggest that CYP3A5 may be an important contributor to lapatinib
bioactivation in recombinant enzyme systems and pooled HLMs. In vivo, CYP3AS is polymorphically
expressed because of mutations in the CYP3A5 gene, specifically a point mutation in exon 11 (Jounaidi
et al.,, 1996). The alleles that an individual carries determine their expression of CYP3A5 protein.

Individuals that carry a CYP3A5*1 allele express high levels of the functional protein, whereas
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individuals homozygous for CYP3A5*3 alleles have low to undetectable levels of CYP3AS5. As discussed
earlier, 10-30% of Caucasians, 30-40% of Asians of different ethnic groups, and 50-70% of African
Americans express at least one CYP3A5*1 allele (Kuehl et al., 2001; Lamba et al., 2002). To better
understand the role of CYP3AS5 expression in vivo, genotyped HLMs were incubated with LAP-OH, and
formation of RM-SG was analyzed. A positive correlation between RM-SG formation and the number
of CYP3A5*1 alleles was observed (Figure 2.13A), and there was a statistically significant difference
between the formation of RM-SG in human liver microsomes from CYP3A5*1 expressors compared
to microsomes from CYP3A5*3/*3 livers (Figure 2.13B). Because metabolism via the O-debenzylation
pathway may be implicated in the observed hepatotoxicity of lapatinib, polymorphic expression of

CYP3A5 may be an important factor in this toxicity.

In conclusion, assessment of the kinetics of lapatinib metabolism by expressed P450 enzymes suggests
that lapatinib O-debenzylation is efficiently catalyzed by CYP3A4 and CYP3AS5. The findings described
herein also suggest that pharmacogenetic polymorphisms of CYP3A5 in HLMs can affect lapatinib
metabolism in vitro. The contributions of CYP3AS5 to lapatinib metabolism may be especially important
clinically during long-term medication because of time-dependent inhibition of CYP3A4. A high activity
CYP3A5 genotype results in increased formation of the reactive metabolite glutathione conjugate
(RM-SG) in vitro, suggesting that genetic polymorphisms of CYP3A5 contribute to the overall
bioactivation of lapatinib and may result in variations in the incidence of hepatotoxicity in vivo. The
link between the metabolism and lapatinib and its toxicity will be explored further in the following

chapter.
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Chapter 3: Metabolism and Cytotoxicity of Lapatinib and its Debenzylated Metabolite in a

Hepatocyte Cell Line

Objective: The objective of this investigation was to characterize the role of CYP3A4-mediated
metabolic activation in lapatinib-induced hepatotoxicity utilizing HepaRG cells as a model. An
important sub aim was to establish the link between CYP3A4 induction by dexamethasone and
reactive metabolite formation to provide mechanistic insight into the effect of dexamethasone on

lapatinib hepatotoxicity.

Introduction:

Clinical interactions between lapatinib and dexamethasone

Dexamethasone is a corticosteroid commonly used to manage the symptoms of peritumoral edema
(such as headache, nausea, vomiting, and mental state alterations) and associated increased
intracranial pressure caused by brain metastasis of cancers (Ryken et al., 2010). Dexamethasone is
effective, with 75% of patients reporting neurological improvement within 1-3 days after initiation of
the drug (Soffietti et al., 2006). Because 37% of patients with HER2 positive tumors have central
nervous system (CNS) metastases (Brufsky et al., 2011; Leyland-lones, 2009) and lapatinib
demonstrates modest CNS antitumor activity (Lin et al., 2008; Lin et al., 2009), it is not surprising that
concomitant usage of lapatinib and dexamethasone does occur. Dexamethasone has been shown to
induce CYP3A4 at clinically relevant concentrations via PXR gene activation (McCune et al., 2000;
Pascussi et al., 2000). Since lapatinib is predominantly metabolized by CYP3A4, simultaneous use of
the two drugs is expected to lead to a decrease in the effective concentration of lapatinib. Because of
this potential DDI, lapatinib’s product monograph warns against taking any CYP3A4 inducers while on

lapatinib, and dexamethasone is explicitly mentioned. The monograph states that if the two drugs
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must be taken simultaneously, the lapatinib dose should be titrated up to 4.5 or 5.5 grams per day,
depending on the indication. Indeed, a recent retrospective clinical study demonstrated that
concomitant use of dexamethasone and lapatinib by patients with metastatic breast cancer increased
the likelihood of the development of hepatotoxicity by 4.57 times (Teo et al., 2012). This same group
also demonstrated that treatment of TAMH (transforming growth factor a mouse hepatocyte) cells
with lapatinib and dexamethasone resulted in an increase in cytotoxicity compared to treatment with
lapatinib alone (Teo et al., 2012). These findings suggest that an increase in lapatinib metabolism
following CYP3A4 induction, combined with the necessary increase in dose to keep the effective
concentration of lapatinib the same, may lead to a dramatic increase in the formation of lapatinib

metabolites, including the reactive debenzylated metabolite discussed herein.

HepaRG cell line: a model for hepatotoxicity

Aresponsive, human-relevant hepatocyte model is essential to characterize the relationship between
reactive metabolite formation and lapatinib-induced hepatotoxicity. While primary human
hepatocytes have long served as the gold standard, there are several limitations to their use that made
them inadequate for these studies including limited availability, variations between donors, and a loss
of drug metabolizing enzyme (CYP3A4) function over time in culture. HepaRG cells are an
immortalized liver progenitor cell line that has recently emerged as a useful model for evaluating
metabolism-mediated drug toxicity (Andersson et al., 2012). These cells are derived from human
hepatocellular carcinoma and can be differentiated into hepatocyte-like and biliary epithelial-like cells
(Aninat et al., 2006; Guillouzo et al., 2007) with a stable phenotype. Several different groups have
demonstrated that differentiated HepaRG cells express most relevant drug-metabolizing enzymes,
including CYP3A4, and many important drug transporters and transcription factors at levels

comparable to freshly isolated hepatocytes (Aninat et al., 2006; Rogue et al., 2012; Kanebratt and
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Andersson, 2008b; Antherieu et al., 2010; Guillouzo et al.,, 2007). While most drug metabolizing
enzymes appear to be present and active at levels similar to those of primary human hepatocytes,
there are a few notable variations. HepaRG cells are derived from a specific genotype, which expresses
genotypically variant alleles for CYP2D6 and CYP2C9 (Andersson et al., 2012). The intermediate
genotype of these two enzymes expressed by the HepaRG cell line has a slower metabolic capacity
than the wild-type enzyme, which results in low CYP2D6 metabolic activity as measured using
dextromethorphan as the substrate (Kanebratt and Andersson, 2008b) and low CYP2C9-dependent
hydroxylation of diclofenac and tolbutamide (Aninat et al., 2006; Kanebratt and Andersson, 2008b).
In comparison with freshly isolated primary human hepatocytes, the activities of CYP2E1 and CYP1A2
were also relatively low in differentiated HepaRG cells (Turpeinen et al., 2009; Aninat et al., 2006;
Kanebratt and Andersson, 2008b). Despite these notable differences between HepaRG cells and
primary human hepatocytes in enzyme function, Zanelli et al. found that the in vitro clearance of 26
P450 substrates in HepaRG cultures was in quantitative agreement with the clearance of these same

drugs in primary human hepatocytes (Zanelli et al., 2012).

Another important component of the hepatocyte model used in these studies was the ability for drug
metabolizing enzyme levels to be induced and inhibited. HepaRG cells have been shown to respond
to prototypical P450 inducers such as omeprazole, phenobarbital and rifampicin at both mRNA and
enzyme activity levels (Aninat et al., 2006; Antherieu et al., 2010; Kanebratt and Andersson, 2008a;
McGinnity et al., 2009; Kaneko et al., 2010). PXR, PPARa, and CAR have all been detected in HepaRG

cells (Aninat et al., 2006; Kanebratt and Andersson, 2008a).

Some investigations into toxicity of xenobiotics using HepaRG cells have been completed. McGill et

al. demonstrated that many features of reactive metabolite-mediated cell injury by acetaminophen
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were the same as seen in mouse hepatocytes in vitro and rodent livers in vivo, including the time
course of injury, depletion of cellular glutathione, covalent modification of liver proteins by reactive

metabolites, and formation of reactive oxygen and nitrogen species (McGill et al., 2011).

The objective of the current investigation was to utilize HepaRG cells as a model to characterize the
role of CYP3A4-mediated metabolic activation in lapatinib-induced hepatotoxicity. An important aim
was to establish the link between CYP3A4 induction and reactive metabolite formation by directly
testing whether increased CYP3A4 activity resulted in elevated reactive metabolite formation and

enhanced cytotoxicity.

Materials and Methods:

Materials

All reagents used in previous studies described in this thesis were obtained from the same sources
and prepared in the same manner. LAP-OH was chemically synthesized from lapatinib, as described
in Chapter 2. Midazolam and D4-1’-hydroxymidazolam (Figure 3.1) were purchased from Cerilliant
(Rock Round, TX). Cryopreserved differentiated and undifferentiated HepaRG cells were supplied by
BioPredic International (Rennes, France). Cryopreserved platable human hepatocytes from two adult
donors, one male (lot no. Hu4246) and one female (lot no. Hu1389), were generously provided by Life
Technologies (Carlsbad, CA). HepaRG supplements 650 and 670 were purchased from Life
Technologies.

L-buthionine sulfoximine (BSO) was purchased from Sigma Aldrich (St Louis, MO). The WST-1 cell
viability assay was purchased from Clontech Laboratories, Inc. (Mountain View, CA). All other

chemicals and reagents were of analytical grade and were purchased from commercial sources.
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Figure 3.1 Chemical structure of Ds-1’-hydroxymidazolam.

HepaRG Cell Culture

Undifferentiated HepaRG cells were terminally differentiated in-house according to the supplier’s
protocols, as described previously (Gripon et al., 2002). Briefly, cells were first grown for 2 weeks to
confluence in culture medium provided by supplier followed by culturing for two weeks in culture
media supplemented with 2% DMSO. All cell incubation studies were carried out at 37°C in a
humidified atmosphere with 21% O, and 5% CO.. Differentiated cells were plated at a density of
approximately 7 x 10 cells/well in collagen-coated 96-well microtiter plates according to the
manufacturer’s instructions and maintained in general purpose medium composed of Williams E
medium with GlutaMAX-l supplemented with HepaRG™ Thaw, Seed, and General Purpose

supplement 670.

To induce CYP3A4, HepaRG cells were incubated with serum-free induction media composed of
Williams E with GlutaMAX-I supplemented with HepaRG™ Serum-free Induction Medium Supplement
650 and containing dexamethasone (100 uM) or rifampicin (4 uM). Test compounds were dissolved
in DMSO and added into HepaRG cell media (final concentration 0.1% DMSO). Cells were incubated
for a total of 72 hr in induction media, with media changed every 24 hr. Control incubations were
conducted with DMSO (0.1%). Initial experiments were carried out to determine maximal induction

of CYP3A4 using a range of concentrations of dexamethasone (0.1 — 500 uM). Dexamethasone
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treatment alone was not cytotoxic to HepaRG cells over a range of concentrations tested. Following
the induction period, CYP3A4 activity in HepaRG cells was measured using midazolam as a probe
substrate. Cells were incubated with serum-free incubation media containing midazolam (3 uM) for 1
hr. The reaction was quenched by addition of an equal volume of ice-cold methanol containing Ds-1’-
hydroxymidazolam (100 ng/mL), and the supernatant was collected for analysis of 1’-
hydroxymidazolam by LC-MS/MS, as described previously (Kirby et al., 2006). Treatment with 100 uM
dexamethasone was found to yield maximal induction (approximately 7-fold) of midazolam 1’-
hydroxylation activity, compared to treatment with vehicle; thus, 100 uM dexamethasone was used
for all subsequent induction studies. Following the 72-h induction period, cell media was replaced
with cytotoxicity medium composed of Williams E media with GlutaMAX-I supplemented with
HepaRG™ Tox media supplement 630 (HRPG630). Cells were incubated with LAP (10 — 100 uM) or
LAP-OH (10 — 100 uM) for 24 hr. Test compounds were dissolved in DMSO:acetonitrile (4:1), and
added into HepaRG cell media to a final concentration of 0.4% DMSO, 0.1% acetonitrile. For CYP3A4
inhibition, cells were co-incubated with ketoconazole (4 uM) for 24 hr. In a preliminary range-finding
study, incubation of HepaRG cells with 4 uM ketoconazole was found to inhibit CYP3A4 activity by

>90%, as measured by midazolam 1’-hydroxylation.

Primary Human Hepatocytes

Hepatocyte donors were fully characterized by the supplier and selected based on the relative extent
of CYP3A4 induction, as characterized by the supplier. Cryopreserved hepatocytes were thawed and
plated according to the supplier’s protocol. Briefly, cells were thawed at 37°C for 60-90 seconds
followed by dilution into 50 mL of warmed CHRM® Medium (Cryopreserved Hepatocyte Recovery
Medium; Life Technologies). The cell suspension was centrifuged at 100 x g for 10 min. Cells were

plated in Williams E medium (without phenol red) containing the Hepatocyte Plating Supplement
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Pack (Life Technologies) on 96-well collagen-coated Geltrex™ plates (Life Technologies) at a seeding
density of 0.5-0.7 x 10° cells/well. After 6 hr, the medium was replaced with incubation medium
containing Williams E Medium and Hepatocyte Maintenance Supplement Pack (serum-free). Primary
hepatocyte cultures were maintained in incubation medium for 48 hr, followed by incubation with

LAP (100 uM) for 24 hr.

Cell Viability and Metabolite Formation

Cell viability in differentiated HepaRG cells and primary human hepatocytes was assessed using WST-
1 cell viability assays according to the manufacturer’s instructions. Control incubations were
conducted by incubation of cells with vehicle control (0.4% DMSO, 0.1% acetonitrile). Briefly, 10 ul of
the premixed WST-1 cell proliferation reagent was added to each well of the 96-well plate (1:10 final
dilution), and the plate was incubated for 30 min at 37°C, followed by shaking at room temperature
for 1 min. Absorbance was measured at 440 nm using a Tecan Infinite M200 microplate reader (Tecan
Systems, Inc., San Jose, CA). The reference wavelength was 690 nm. Cell viability following treatment
with test compounds was quantified by calculating the % viability compared to cell incubations with

vehicle control (untreated).

To determine the extent of lapatinib metabolite formation following incubations in HepaRG cells, 100
L of ice-cold acetonitrile containing 100 ng/mL of Ds-LAP-OH (internal standard) was added to each
well in a 96-well microtiter plate. Cells were scraped, and the supernatant was transferred to a 1.7-
mL centrifuge tube, vortexed and sonicated for 1 min, followed by centrifugation at 14,000 g for 10
min at 4°C. The supernatant was transferred to a separate vial and dried under N, gas at 37°C using a
Biotage TurboVap (Biotage, Charlotte, NC). Samples were reconstituted in 100 pL of an

acetonitrile:water (1:1) mixture and transferred to LC-MS vials for analysis. For detection and analysis
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of reactive metabolite glutathione (RM-SG) and cysteine (RM-Cys) adducts, the supernatant from cell
extracts was dried under N; gas as described above, and samples were reconstituted in 50 pL of an

acetonitrile:water (3:7) mixture for LC-MS/MS analysis.

Analysis and Quantitation of Metabolites by LC-MS/MS

Drug metabolites from cell incubations were analyzed using mass spectrometry, as described in
Chapter 2. The gradient program for analysis of lapatinib metabolites was as follows: isocratic at 15%
B (0—1.5 min), linear gradient from 15 to 95% B (1.5-5 min), isocratic at 95% B (5-7 min), returned to
15% B (7-7.1 min), and isocratic at 15% B (7.1-9.1 min). The operational conditions of the mass
spectrometer were as described in Chapter 2. The MS data were acquired in MS-MRM mode with a
collision energy of 30 V. The following LC-MS/MS method was developed to permit the detection and
guantitation of lapatinib and lapatinib metabolites based on structurally specific fragmentation
obtained from collision-induced dissociation: LAP m/z 581 - 365, retention time 6.8 min (Figure 2.1);
LAP-OH m/z 473 - 350, retention time 5.2 min (Figure 2.2); N-OH-LAP m/z 597 - 459, retention time
6.9 min (Figure 2.4); RM-SG adduct m/z 778 - 655 (Figure 2.5), retention time 4.9 min; internal
standard, D4-LAP-OH m/z 477 - 352, retention time 5.2 min. The MS spectral data were analyzed and

deconvoluted using MassLynx version 4.1.

Glutathione Depletion

HepaRG cells were pretreated with BSO (25 uM) for 24 hr, followed by incubation with LAP (10, 50,
and 100 uM) or vehicle control for 24 hr. BSO treatment alone was not cytotoxic to HepaRG cells over
the range of concentrations tested (25-200 puM). Cell viability was monitored using WST-1 assays as

described above.

58



Statistical Analysis

All cell incubations were performed in triplicate in one to three independent experiments (as
indicated). The mean and standard deviation (S.D.) or standard error of the mean (S.E.M.) for each
experiment were determined using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA).
Treatment groups were compared to their respective controls using Student’s t-test for unpaired data.
P values were calculated by two-tailed analysis, and differences at P < 0.05 were considered

significant.

Results:

Comparison of the Cytotoxicity of Lapatinib in HepaRG cells and Primary Human Hepatocytes

The cytotoxic effects of lapatinib were examined in HepaRG cells and compared to primary human
hepatocytes to evaluate HepaRG cells as a model to study lapatinib-induced hepatotoxicity. Figure 3.2
shows the percent viability of primary human hepatocytes from two donors (Hu4246 and Hu1389)
treated with LAP (100 uM) for 24 hr in triplicate for each donor and percent viability of HepaRG cells
treated with LAP (100 uM) for 24 hr in three independent experiments performed in triplicate.
Treatment of primary human hepatocytes Hu4286 and Hu1389 with LAP for 24 hr resulted in 66.4% *
18.5% (P =0.0151) and 53.4% + 28.6% viability (P = 0.0095), respectively, compared with the control.
Similarly, incubation of HepaRG cells with LAP resulted in 50.9% + 11.7% viability (mean £ S.D., P <
0.0001), compared with the control (Figure 3.2). There was no statistically significant difference
between the viability of primary human hepatocytes versus HepaRG cells treated with LAP. These data
demonstrate that lapatinib induces cytotoxicity to a similar extent in primary human hepatocytes and

HepaRG cells.
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Figure 3.2 — Cytotoxicity of LAP in primary human hepatocytes and HepaRG cells. Cryopreserved plated human
hepatocytes from two donors (Hu4246 and Hul389) and HepaRG cells were treated with LAP (100uM) for 24 hr.
Cell viability was monitored using WST-1 cell proliferation assays, and viability is expressed as the percent
viability compared with vehicle treatment. Data represent the mean + S.D. of triplicate values of Hu4246 and
Hu1389, and the mean + S.D. of triplicate values from three independent experiments for HepaRG cells. *P <

0.05; **P < 0.01; ****P < 0.0001 compared with vehicle (unpaired t test, two-tailed P values).

Induction and Inhibition of CYP3A4 in HepaRG Cells

To determine whether our in vitro model system, HepaRG cells, could be used to probe the role of
metabolism by CYP3A in lapatinib hepatotoxicity, we used dexamethasone, rifampicin, and
ketoconazole to induce and inhibit CYP3A4 activity. First, the extent to which dexamethasone induces
CYP3A4 activity in HepaRG cells was monitored using midazolam as a CYP3A4 probe substrate.
Maximal induction of CYP3A4-dependent midazolam hydroxylation (approximately 7-fold) was
achieved with 100 uM dexamethasone (Figure 3.3A), compared with the vehicle control. CYP3A4
activity was also monitored in cells treated with the prototypical CYP3A4 inducer rifampicin.
Treatment of cells with 2-4 uM rifampicin resulted in an 18.5-fold increase in midazolam 1'-
hydroxylase activity, and midazolam 1’-hydroxylation remained significantly elevated up to 20 uM
rifampicin (Figure 3.3B), compared with the vehicle control. In addition, HepaRG cells were treated
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with ketoconazole, a prototypical CYP3A4 inhibitor. All concentrations of ketoconazole used (1-20
uUM) resulted in a decrease of 96% or greater, as measured by midazolam 1’-hydroxylation (Figure
3.3C). These data confirm that CYP3A4 can be inhibited and induced in HepaRG cells using prototypical

inhibitors and inducers, as well as dexamethasone.
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Figure 3.3 — Induction and inhibition of CYP3A4 activity by (A) dexamethasone, (B) rifampicin, and (C)
ketoconazole. HepaRG cells were pre-treated with varying concentrations of a test compound or vehicle for 72
hr, followed by incubation with midazolam (3 uM) for 1 hr. CYP3A4 activity was assessed by measurement of 1’-
hydroxymidazolam using LC-MS/MS. Fold change in 1’-hydroxymidazolam was calculated by comparison to
vehicle control (DMSO) pre-treatment. Data represent mean * S.E.M. of three or four values.

Effect of CYP3A4 Induction on the Cytotoxicity of Lapatinib in HepaRG Cells

To further probe the role of CYP3A4-mediated metabolism in lapatinib hepatotoxicity, the effect of

dexamethasone induction of CYP3A4 in HepaRG cells on lapatinib-induced cytotoxicity was evaluated.
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Cell viability was assessed using a WST-1 cell viability assay. Pre-treatment with 100 puM
dexamethasone resulted in increased cytotoxicity of LAP at each concentration tested (10 uM, P =
0.0006; 50 uM, P =0.0114; and 100 uM, P =0.0093), compared to cells treated with LAP alone (Figure
3.4A). Because dexamethasone is not considered a prototypical inducer, rifampicin was used as a
positive control inducer to verify the effect of CYP3A4 induction on lapatinib’s cytotoxicity. Similarly
to dexamethasone, pre-treatment of HepaRG cells with rifampicin (4 uM) resulted in a significant

decrease in cell viability, compared to treatment with LAP alone (Figure 3.4B).
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Figure 3.4 — Effect of CYP3A4 induction by dexamethasone and rifampicin on the cytotoxicity of lapatinib in
HepaRG cells. HepaRG cells were pre-treated with (A) 100 uM dexamethasone or (B) 4 uM rifampicin or vehicle
for 72 hr, followed by incubation with LAP (10, 50, 100 uM) or vehicle control for 24 hr. Cell viability was
monitored using WST-1 assays and compared with incubation with LAP alone at each concentration. Data
represent the mean + S.D. of triplicate values (n=3). *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t test, two-

tailed P values).

Additionally, HepaRG cells that had been pre-incubated with dexamethasone (100 uM) were co-
incubated with LAP (100 uM) and ketoconazole (1 uM) to determine the effect of CYP3A4 induction
on cytotoxicity. Pre-treatment with dexamethasone resulted in a 43% decrease in cell viability (P =
0.0034), whereas cell viability was not different from the lapatinib-only control upon treatment with

both dexamethasone and ketoconazole (Figure 3.5).
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Figure 3.5 — Effect of CYP3A4 induction and inhibition by dexamethasone and ketoconazole on lapatinib
cytotoxicity in HepaRG cells. For CYP3A4 induction, HepaRG cells were incubated with dexamethasone (100 uM)
for 72 hr, followed by incubation with LAP (100 uM) for 24 hr. For CYP3A4 inhibition, HepaRG cells were co-
incubated with ketoconazole (1 uM) and LAP (100 uM) for 24 hr. (Mean + S.E.M., n = 6 for LAP and LAP+Dex; n
= 3 for LAP+Dex+Keto, ** P < 0.01 for LAP+Dex compared to treatment with LAP alone; * P < 0.05 for

LAP+Dex+Keto compared to LAP+Dex.) Dex = dexamethasone; Keto = ketoconazole

Cytotoxicity of Lapatinib vs. Lapatinib Metabolites

The increase in the cytotoxicity of lapatinib observed with CYP3A4 induction is consistent with the
toxicity arising from a metabolite rather than the parent drug alone. To better address this possibility,
a direct comparison was made between the cytotoxicity of LAP versus its debenzylated metabolite
(LAP-OH). HepaRG cells were treated with LAP or LAP-Oh for 24 hr and cell viability was measured
using a WST-1 cell viability assay. The viability of cells treated with 50 uM LAP was 97.5% + 8.70%
compared to 51.90% + 4.17% for cells treated with 50 uM LAP-OH (P = 0.0002). Cell viability was 50.0%
+ 3.36% for cells treated with 100 uM LAP compared to 34.9% + 3.49% for cells treated with 100 uM

LAP-OH (P = 0.0067) (Figure 3.6). This demonstrates that LAP-OH is significantly more cytotoxic to
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HepaRG cells than lapatinib itself, especially for concentrations under 200 uM. The cytotoxicity of
lapatinib was compared with that of N-OH-LAP; N-OH-LAP was not cytotoxic over the range of

concentrations tested (Figure 3.7).

125 o LAP

£ LAP-OH
100+

50+

% Viability

EE ]

b

254

B4

0 100 200 300 400
Concentration, uM

Figure 3.6 — Comparison of HepaRG cell viability between treatment with LAP and LAP-OH. HepaRG cells were
incubated with varying equimolar concentrations of LAP and LAP-OH for 24 hr. Cell viability was monitored using

WST-1 cell proliferation assays. (Mean + S.E.M., n =6, ** P <0.01.)
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Figure 3.7 — Cytotoxicity of N-OH-LAP in HepaRG cells. HepaRG cells were incubated with varying concentrations

of N-OH-LAP 24 hr. Cell viability was monitored using WST-1 cell proliferation assays. (Mean + S.E.M., n = 6.)
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Effect of Glutathione Depletion of the Cytotoxicity of Lapatinib

Previous studies have shown that LAP-OH can undergo further metabolism to an electrophilic
guinoneimine intermediate (Teng et al., 2010; Chapter 2). Quinoneimines can readily react with
cellular nucleophiles, such as GSH or cysteine residues of proteins, potentially leading to toxicities
(Park et al., 2005; Park et al., 2011; Stachulski et al., 2013). On the basis of this observation, an
experiment was carried out to determine whether depletion of intracellular GSH could modulate
lapatinib cytotoxicity. BSO is an inhibitor of y-glutamylcysteine synthetase, which catalyzes the rate-
limiting step in glutathione biosynthesis, and thus BSO was used experimentally to deplete
intracellular GSH stores. In control incubations, treatment with BSO (25 uM) alone was not cytotoxic
to the cells. However, pretreatment with BSO sensitized the cells to cytotoxicity by lapatinib at
subtoxic doses (10 uM) and augmented the toxicity of lapatinib and debenzylated lapatinib at higher
doses (50 uM and 100 uM) compared with cells treated with lapatinib or debenzylated lapatinib alone

(Figure 3.8B).
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Figure 3.8 — Cytotoxicity of lapatinib versus debenzylated lapatinib in HepaRG cells and the effect of
glutathione depletion by BSO on LAP-induced and LAP-OH-induced cytotoxicity. (A) HepaRG cells were
incubated with LAP or LAP-OH (10, 50, 100 uM) or vehicle control for 24 hr. (B) HepaRG cells were pretreated
with 25 uM BSO for 24 hr, prior to incubation with LAP (10, 50, 100 uM) or vehicle control for 24 hr. (C) HepaRG
cells were pre-treated with 25 uM BSO for 24 hr, prior to incubation with LAP-OH (10, 50, 100 uM) or vehicle
control for 24 hr. For (A), LAP-OH was compared with incubation with LAP at each concentration. Data represent
means + S.E.M. of triplicate values from three independent experiments. For (B), incubation with LAP + BSO was
compared with LAP alone at each concentration. Data represent the mean + S.D. of triplicate values. *P < 0.05
(n=3); ¥*P < 0.01; ***P < 0.001 (unpaired t test, two-tailed P values). For (C), incubation with LAP-OH + BSO was
compared with LAP-OH alone at each concentration. Data represent the mean + S.D. of triplicate values. **P <

0.01 (unpaired t test, two-tailed P values).

Effect of CYP3A4 Induction on the Metabolism of Lapatinib in HepaRG Cells
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After establishing that CYP3A4 induction and GSH depletion both potentiate the cytotoxicity of
lapatinib, the effect of CYP3A4 induction on the formation of lapatinib metabolites was monitored to
evaluate the correlation between cytotoxicity and metabolism. The LAP-OH metabolite and
glutathione adducts were measured following pre-incubation with dexamethasone and incubation
with lapatinib. Dexamethasone increased LAP-OH levels by 2.4-fold (P = 0.0002) compared to
treatment with lapatinib alone (Figure 3.9A) and rifampicin increased LAP-OH formation 4-fold (P <
0.0001) compared to treatment with lapatinib alone Figure 3.9C). Co-incubation with the CYP3A4
inhibitor ketoconazole (4 uM) attenuated the effect of dexamethasone (P = 0.0001) and rifampicin (P

< 0.0001) on formation of LAP-OH (Figure 3.9).

The generation of reactive metabolite thiol adducts were also investigated as a surrogate for
conversion of LAP-OH to the electrophilic quinoneimine intermediate. In HepaRG cell incubations
carried out with GSH, the formation of reactive metabolite glutathione (RM-SG) adducts was
increased 5.3-fold in the presence of dexamethasone (P = 0.0023), compared to treatment with
lapatinib alone (Figure 3.9B). Co-incubation with ketoconazole (4 uM) again attenuated the effect of

dexamethasone.
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Figure 3.9 — Effect of CYP3A4 induction and inhibition on formation of (A, C) LAP-OH and (B) RM-SG in HepaRG
cells. HepaRG cells were incubated with dexamethasone (100 uM) or rifampicin (4 uM) for 72 hr, followed by
incubation with LAP (100 uM) or LAP-OH (50 uM), with or without co-incubation with ketoconazole (4 uM) for
24 hr. Formation of LAP-OH and RM-SG adducts were quantified by LC-MS analysis with MRM. (Mean + S.E.M.,

n=6, **P<0.01, ****P < 0.0001, unpaired t test, two-tailed P values).

The tripeptide portion of GSH S-conjugates can undergo subsequent metabolism to yield cysteinyl-
glycine and cysteine S-conjugates via the sequential actions of y-glutamyl transferase and
dipeptidases (Hinchman and Ballatori, 1994). The cysteinyl-glycine conjugate of the quinoneimine
intermediate of lapatinib has previously been identified in human liver microsomal incubations with

LAP or LAP-OH that were supplemented with GSH (Teng et al., 2010). The formation of cysteine S-
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conjugates of the quinoneimine (RM-Cys), generated as downstream detoxication products in

HepaRG cells treated with LAP or LAP-OH, were evaluated.

The predicted precursor ion of the RM-Cys adduct is at m/z 592 when analyzed by LC-MS in positive
ion mode. Cysteine adducts were readily detectable in HepaRG cells following a 24 hr incubation with
LAP or LAP-OH (100 uM). The enhanced product ion spectrum of the RM-Cys adduct in culture media
from HepaRG cells treated with LAP-OH for 24 hr is shown in Figure 3.10A. The product ion spectrum
reveals the expected fragmentation pattern of RM-Cys adducts resulting from neutral loss of 123 amu
to yield the product ion m/z 469 [M + H — 123]*. This corresponds to fragmentation of the lapatinib
portion of the molecule and secondary loss of 87 amu corresponding to fragmentation of the cysteine
moiety to yield the major product ion, m/z 382 [M + H—210]" (Figure 3.10A). Based on these findings,
an LC-MS/MS method was developed for RM-Cys with the major precursor to product ion transition
m/z 592 > m/z 382. Figure 2.6B shows a representative LC-MS/MS chromatogram from analysis of
RM-Cys adducts in the cell supernatant following incubation of HepaRG cells with LAP-OH (100 uM)
for 24 hr. A chromatographic peak at 4.83 min was detected from MRM analysis of RM-Cys (Figure

3.10B).
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Figure 3.10 LC-MS/MS analysis of reactive metabolite cysteine adduct (RM-Cys). HepaRG cells were treated
with LAP-OH (100 uM) for 24 hr and supplemented with GSH (50 mM). (A) Representative LC-MS/MS
chromatogram of the putative quinoneimine reactive metabolite-cysteine adduct (RM-Cys), monitoring the
precursor to product transition m/z 592 - 382. (B) Enhanced product ion scans of RM-GSH. Precursor ion m/z

592 obtained by collision induced dissociation in ESI+ mode.

The effect of CYP3A4 induction on the formation of RM-Cys was evaluated to further elucidate the
role of CYP3A4 in the bioactivation of lapatinib. Relative quantitation of RM-Cys adducts in the cell
supernatant was achieved by LC-MS analysis with MRM utilizing the method described above.
Pretreatment with dexamethasone increased the levels of RM-Cys adducts approximately 3-fold (P =
0.0068) in HepaRG cells compared with cells treated with LAP alone (Figure 3.11A), and induction by

rifampicin (4 uM) increased the levels of RM-Cys adducts approximately 6-fold (P = 0.0030) (Figure
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3.11B). Coincubation with ketoconazole attenuated the effect of dexamethasone (P = 0.0053) and

rifampicin (P = 0.0031) on RM-Cys adduct formation.

A B
ﬂ 5 *k H ..g 10' *% ”
S | | g |
b 3
R 4 £
w
S >
(&)
2 3 < 6
4 x
c £
.; 2] P 44
2 e
1] ©
S 14 ' e 5 24
z ke
2 0 T - S 0-
LAP (100 uM) LAP LAP LAP (100 uM) LAP LAP
+ Dex + Dex + Rif + Rif
+ Keto + Keto

Figure 3.11 — Effect of CYP3A4 induction and inhibition on formation of RM-Cys in HepaRG cells. HepaRG cells
were incubated with (A) dexamethasone (100 uM) or (B) rifampicin (4 uM) for 72 hr, followed by incubation with
LAP (100 uM), with or without co-incubation with ketoconazole (4 uM) for 24 hr. Formation of RM-Cys adducts
were quantified by LC-MS analysis with MRM. Data represent the mean + S.D. of triplicate samples. **P < 0.01,

****p < 0.0001, unpaired t test, two-tailed P values.

Discussion:

Comparison of the Cytotoxicity of Lapatinib in HepaRG cells and Primary Human Hepatocytes

In this study, HepaRG cells were used to investigate the role of metabolic activation in the cytotoxicity
of lapatinib. Unlike primary human hepatocytes, which are the gold standard model for human drug
metabolism and toxicity studies, HepaRG cells maintain high levels of CYP3A4 expression and activity
even over long periods in culture. In fact, the 3A4 expression is shown to be markedly higher than
primary hepatocytes and may potentially overemphasize the impact of 3A4 (Libberstedt et al., 2011).
Figure 3.2 shows that the cytotoxic effect of lapatinib appears comparable in HepaRG cells and
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primary human hepatocytes and validates the choice of HepaRG cells as a surrogate model to further

study lapatinib toxicity.

Induction and Inhibition of CYP3A4 in HepaRG Cells

A feature that sets HepaRG apart from other hepatic cell lines is the inducibility of CYP3A4 expression
using prototypical CYP3A4 inducers (Kanebratt and Andersson, 2008a; Anthérieu et al., 2010). In the
present investigation, dexamethasone (100 uM) significantly induced CYP3A4 activity in HepaRG cells.
Treatment of HepaRG cells with dexamethasone for 72 hours induced CYP3A4 activity by 7-fold
compared to control, as measured by midazolam 1’-hydroxylation (Figure 3.3A). It should be noted
that the concentrations of dexamethasone to elicit this effect are well above the therapeutic levels,
which are in the low nanomolar to sub-micromolar range (McCune et al., 2000). Low concentrations,
such as these, are proposed to activate the glucocorticoid receptor, increase PXR expression, and lead
to an increased rate of CYP3A4 gene expression (Pascussi et al., 2001). The clinical dexamethasone-
lapatinib interaction noted by Teo et al., (2012) may reflect CYP3A4 mRNA induction through this
secondary glucocorticoid receptor-mediated response. On the other hand, concentrations of
dexamethasone greater than 10 UM cause direct activation of PXR (Pascussi et al., 2001). The
concentration of dexamethasone (100 uM) used in HepaRG cells here is consistent with the direct
activation of PXR to produce maximal CYP3A4 induction. These concentrations are above the
therapeutic levels of dexamethasone. However, in the clinical setting, co-administration of lapatinib
and dexamethasone in the presence of other PXR inducers may result in CYP3A4 induction at
therapeutically relevant concentrations. Thus, these studies have potential implications for the in vivo

situation.
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Effect of CYP3A4 Induction on the Cytotoxicity of Lapatinib in HepaRG Cells

To expand upon work carried out in microsomal preparations and recombinant systems, an intact and
inducible cell system, HepaRG, was used to directly test the impact of CYP3A4 induction on lapatinib
metabolism and toxicity. Pretreatment of HepaRG cells with dexamethasone or rifampicin, followed
by incubation with LAP (100 uM), significantly elevated lapatinib-induced cytotoxicity, as assessed by
overall cell viability (Figure 3.4). Previous studies have shown that drug-mediated nuclear receptor
activation and CYP induction leading to increased metabolic activation can increase drug-induced
toxicity. Gonzalez and colleagues demonstrated that treatment of mice humanized for PXR and
CYP3A4 with acetaminophen and rifampicin enhanced acetaminophen-induced liver injury compared
to mice treated with acetaminophen alone (Cheng et al., 2009). In addition, Zhang et al. showed that
phenobarbital, a well-known activator of the constitutive androstane receptor (CAR), induced
expression of CYP1A2 and CYP3A11l mRNAs in wild-type CAR mice and markedly enhanced
acetaminophen toxicity, whereas CAR-knockout mice were resistant to acetaminophen toxicity
(zhang et al., 2002). The results described herein are consistent with increased CYP3A4 activity with
dexamethasone treatment and permit some correlation with increased reactive metabolite formation

from lapatinib.

Cytotoxicity of Lapatinib vs. Lapatinib Metabolites

A direct comparison of the cytotoxicity of LAP vs. LAP-OH also was performed, and LAP-OH was found
to be significantly more cytotoxic to HepaRG cells than lapatinib itself (Figure 3.6). This finding strongly
suggests that the toxicity is due, at least in part, to conversion of the parent drug to metabolite(s) and
that LAP-OH is likely a precursor metabolite to the putative cytotoxic species. LAP-OH is a significant
metabolite in humans following oral administration of lapatinib (Castellino et al., 2012). In a recent

study on the human metabolism of lapatinib, LAP-OH was found to be primarily excreted in feces and
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was not detected in plasma (Castellino et al., 2012). The median value reported for this metabolite
was 4% of the dose, but it may represent up to 19.2% of the excreted dose in humans (Castellino et

al., 2012).

Effect of Glutathione Depletion of the Cytotoxicity of Lapatinib

The formation of reactive drug metabolites has been proposed as an initial step in the development
of drug-induced liver injury (Park et al., 2005). In vitro investigations have shown that LAP-OH can be
further oxidized to a reactive quinoneimine intermediate, which can covalently adduct GSH and
potentially other cellular nucleophiles (Teng et al., 2010; Park et al., 2011; Stachulski et al., 2013). If
this is the case, one might expect that depletion of GSH could increase the cellular accumulation of
reactive metabolites of lapatinib, resulting in increased susceptibility of HepaRG cells to injury.
Treatment of cells with BSO to deplete GSH resulted in potentiation of lapatinib-induced cytotoxicity
(Figure 3.8B). This synergistic effect suggests that detoxification of reactive metabolites by GSH
conjugation may play an important role in preventing cellular injury from electrophilic intermediates
derived from lapatinib. It has been proposed that reactive metabolites of lapatinib may cause cellular
damage by direct adduction to cellular proteins (Teng et al., 2010; Castellino et al., 2012) and/or redox
cycling and oxidative stress (Castellino et al., 2012; Baillie and Rettie, 2011). Thus, environmental or
genetic factors that compromise the detoxication and antioxidant defense pathways involved in the
inactivation of toxic metabolites could be expected to contribute to individual susceptibility to

idiosyncratic lapatinib-induced hepatotoxicity.

Effect of CYP3A4 Induction on the Metabolism of Lapatinib in HepaRG Cells
The increase in lapatinib cytotoxicity from induction of CYP3A4 occurred in parallel with increased

formation of lapatinib metabolites on the proposed bioactivation pathway (Figure 1.8). Induction of
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CYP3A4 by dexamethasone and rifampicin resulted in an increase in cytotoxicity of lapatinib (Figures
3.4 and 3.5) in conjunction with increased formation of LAP-OH (Figure 3.9). GSH conjugates of the
putative quinoneimine intermediate of lapatinib were reported previously from incubation of LAP or
LAP-OH in human liver microsomes and recombinantly expressed P450 enzymes (Teng et al., 2010;
Chan et al., 2012; Chapter 2). In the present study, RM-SG adducts were detected in HepaRG cells
incubated with LAP-OH utilizing LC-MS/MS analysis (Figure 3.9B). Induction of CYP3A4 markedly
increased the formation of the LAP-OH metabolite, RM-SG adducts, and RM-Cys adducts in HepaRG
cells treated with lapatinib plus dexamethasone or rifampicin compared to treatment with lapatinib
alone. Co-incubation with the CYP3A4 inhibitor ketoconazole significantly reduced the levels of LAP-
OH, RM-SG adducts, and RM-Cys adducts. These findings are consistent with the view that metabolic

activation by CYP3A4 plays a causative role in lapatinib-induced cytotoxicity.

It should be noted that the peak plasma concentrations of lapatinib following an oral dose of 1,250
mg are between 1.57 and 3.77 ug/mL, which is equivalent to 2.70 to 6.49 uM (GlaxoSmithKline, 2007).
This is lower than the concentrations of lapatinib used in the present study, which were 50 - 100 puM.
However, neither the intracellular concentrations of lapatinib reached in HepaRG cells, nor the
concentration of lapatinib in human liver after chronic dosing are known, so direct comparisons
cannot be made. A recent preclinical investigation showed that oral administration of [**C]lapatinib
to a male rat resulted in the highest levels of radioactivity in the liver when analyzed by whole-body
autoradiography, suggesting significant accumulation of lapatinib in liver (Polli et al., 2008).
Regardless, the potential discrepancy in lapatinib concentrations that elicit cytotoxicity in vitro and
hepatotoxicity in vivo is an important caveat to the conclusions drawn here and a more
comprehensive experimental model would be needed to fully understand the contribution of P450-

mediated bioactivation to in vivo mechanisms of lapatinib-induced idiosyncratic hepatotoxicity.
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In conclusion, the liver cell experiments described herein provide further evidence that lapatinib
bioactivation by CYP3A4 may play an important role in initiating hepatocellular injury. Induction of
CYP3A4 by dexamethasone and rifampicin markedly enhanced the cytotoxicity of lapatinib, which was
correlated with increased formation of LAP-OH, RM-SG adducts, and RM-Cys adducts in HepaRG cells.
Additional studies are required to provide further insight into the genetic and environmental factors

that contribute to patient susceptibility to lapatinib idiosyncratic hepatotoxicity.
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Chapter 4: Understanding Molecular Interactions through Use of a Lapatinib Analog and a CYP3A4
Mutant

Objective: The objective of this investigation was to probe the molecular interactions between
lapatinib and human CYP3A4 through reactions with deuterium-substituted lapatinib analogs and
comparisons of metabolism by wild-type and mutant CYP3A4. The most informative lapatinib analog
was substituted at the putative site of O-debenzylation and CYP3A4 was mutated at a single position

in the active site, Phe 108, thought to be important in the orientation and metabolism of lapatinib.

Introduction:

Structure-Activity Relationships for Lapatinib

The core of lapatinib’s chemical structure is an anilinoquinazoline moiety that serves to mimic the
adenine element of ATP. Adenine is important in the binding of ATP to the intracellular kinase domain
(Traxler PM, 1997; Traxler PM, 1998). The positioning of the anilino substructure in the small,
lipophilic binding pocket of EGFR has been described for erlotinib, another tyrosine kinase inhibitor
(Stamos et al., 2002). Lapatinib binding is similar, but the bulky anilinoquinazoline substituent of
lapatinib reaches deep into an opened back pocket, causing its COOH terminal portion to shift and
partially block the opening of the inhibitor binding site (European Medicines Agency, 2008). For this
reason, dissociation of lapatinib may require a conformational change in EGFR, reflected in the
observed slow dissociation rate constant value of 0.0023 + 0.0002 min, which translates to a half-life

of 300 minutes for the lapatinib-EGFR complex (Wood et al., 2004).
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Deuterium Isotope Effect

Deuterium can serve as a powerful tool for investigating the mechanism of specific chemical reactions
that involve carbon-hydrogen bond cleavage. Deuterium is a naturally occurring, stable,
nonradioactive isotope of hydrogen with a mass of 2.014 amu, 1.006 amu greater than that of
hydrogen. The carbon-deuterium bond has a lower zero point energy due to its lower vibrational
frequency (Shao and Hewitt, 2010), which results in a lower C-D bond energy compared to that of C-
H. Thus, the activation energy for C-D bond cleavage is higher than for C-H bond cleavage, resulting
in a slower reaction rate. This effect on rate is known as the deuterium isotope effect (DIE) and is
expressed as kn/kp, which is defined as the ratio of a kinetic parameter such as Vinax or Clint (Vimax/Km)
obtained for a nondeuterated chemical entity relative to a deuterated chemical entity (Nelson and
Trager, 2003). The theoretical limit for an intrinsic primary DIE is about 9 at 37°C in the absence of
tunneling effects (Nelson and Trager, 2003; Fisher et al., 2006). Depending on the location of the
deuterium atoms and the compound’s route of metabolism, deuteration can alter a compound’s
metabolism and thus can be useful as a mechanistic probe (Harbeson and Tung, 2011). Specifically,
the magnitude of the deuterium isotope effect is a measure of the degree of symmetry of the
transition state (Nelson and Trager, 2003). While there are no deuterated drugs on the market, the
incorporation of deuterium into pharmacologically active agents can result in reduced rates of
metabolism and/or metabolic switching (Mutlib et al., 2000), leading to improved disposition and
decreased production of toxic metabolites (Kushner et al., 1999). The effects of deuterium on the

pharmacokinetics and pharmacodynamics of a drug fall into three different categories (Figure 4.1).
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Figure 4.1 — Pharmacological expressions of drug deuteration effects. Panel 1: Metabolic shunting resulting in
reduced exposure to undesirable metabolites or increased exposure to desired active metabolites. Panel 2:
Reduced systemic clearance resulting in increased half-life. Panel 3: Decreased pre-systemic metabolism
resulting in higher bioavailability of unmetabolized drug. AUC is area under the curve and represents drug
exposure over time. Cmax is the maximum or peak concentration of a drug. (Figure from Harbeson and Tung,

2014).

An example of a change in toxicity as a result of deuteration has been reported for nevirapine
(Viramune®), which is a non-nucleoside reverse transcriptase inhibitor used in the treatment of HIV
infection. Covalent binding to hepatic proteins in mouse and rat hepatic microsomes was reduced
approximately 5-fold in an analog deuterated at the methyl position, compared with nevirapine itself,

suggesting that the reactive species was a quinone methide (Sharma et al., 2012; Sharma et al., 2013).

In vitro experiments have also been carried out to determine the effect of deuterium substitution at
the site of O-deethylation of phenacetin to form acetaminophen. In hamster liver microsomes, a
deuterium isotope effect of approximately 2 was observed (Nelson et al., 1978). Similar studies with
human CYP1A2 revealed deuterium isotope effects of 2-3 (Yun et al., 2000). In hamsters, the incidence

and extent of hepatic necrosis is decreased approximately 3-fold, but blood methemoglobin
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concentrations were increased by about 50% (Nelson et al., 1978). This suggests a shift in metabolism
from oxidative O-deethylation to hydrolysis to form the aniline metabolite, p-phenetidine, which is
known to be oxidized to metabolites that cause methemoglobinemia and hemolysis (Heymann et al.,

1969).

CoNCERT Pharmaceuticals, Inc® has reported Phase | clinical results for CTP-347, a deuterated analog
of paroxetine (Gallegos et al., 2009). Paroxetine is a centrally active selective serotonin reuptake
inhibitor (SSRI) for the treatment of major depressive disorder, panic disorder, social anxiety disorder,
and premenstrual dysphoric disorder. The deuterated analog is in development for the treatment of
hot flashes. Paroxetine is metabolized by CYP2D6 and also irreversibly inactivates the same enzyme
via a reactive carbene metabolite (Murray, 2000), potentially inhibiting its own metabolism as well as
the metabolism of other CYP2D6 substrates. Coadministration of paroxetine and thioridazine, an
antipsychotic drug metabolized by CYP2D6, is contraindicated (Paxil, 2012). In vitro experiments with
the deuterated analog (di-deuterated on the dioxolone ring) demonstrated little or no CYP2D6
inactivation, presumably due to metabolic switching to a pathway that favored ring opening to yield
innocuous metabolites (Gallegos et al., 2009). This preliminary clinical study with CTP-347 was claimed
as the first demonstration of deuteration resulting in avoidance of the formation of undesired

metabolites in humans.

Structural Differences Between CYP3A4 and CYP3A5

As mentioned earlier, CYP3A4 and CYP3AS5 share 85% sequence homology and display overlap in
substrate specificity (Thummel and Wilkinson, 1998). Limitations in the availability of chemical tools
with the ability to differentiate between the activities of the two enzymes has led to possibly

erroneous conclusions about their relative importance. Historically, the two enzymes have sometimes
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been treated as one (CYP3A), while in other instances all of the observed activity is attributed to
CYP3A4 (Li et al., 2014). CYP3A4 is more abundant in pooled human liver microsomes because a large
portion of the population does not express CYP3A5. In individuals that do express CYP3AS5, however,

levels of these two enzymes can be similar (Lin et al., 2002).

CYP3A4 and CYP3AS differ in product regioselectivity (Huang et al., 2004), and many examples exist.
0S1-930, a thiophene-containing anticancer drug, has been shown to be a mechanism-based
inactivator of CYP3A4, but no inactivation was observed in studies with CYP3A5 (Lin et al., 2011).
Modeling of the 0SI-930 molecule to the active sites of CYP3A4 (Protein Data Bank ITQN) and the
homology model of CYP3AS reveals a different binding conformation to each enzyme. The absence of
specific hydrogen bonds, a reduction of the binding energy (AG), and an increased distance from the
heme iron to the thiophene sulfur all may contribute to the observed decrease in the oxidation of the
thiophene sulfur by CYP3A5 (Lin et al., 2011). These workers suggest further that Arg212 plays an
important role in the thiophene sulfur oxidation because it forms hydrogen bonds with 0SI-903 and
because the extended side chain allows the trifluoromethoxy group to form hydrogen bonds with

three other residues and stabilize the conformation.
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Figure 4.2 — The chemical structure of 0SI-930.
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In silico docking studies to CYP3A4 and CYP3AS5 have also been carried out for lapatinib. An analysis
of binding energies revealed that N-hydroxylation is the preferred route of metabolism by CYP3A4
whereas O-dealkylation is preferred by CYP3A5. Modeling further identified Phe108 as a particularly
important residue contributing to this difference (Chan et al., 2012). Phel08 is substituted with a
leucine in CYP3AS5 (Figure 4.3). A m-stacking interaction between Phe108 and the 3-chloro-4-methoxy
phenyl ring of lapatinib has been proposed to orient the compound such that the alkyl-amino group
is near the heme center in CYP3A4 (Figure 4.4A). In contrast, the leucine in CYP3A5 results in
reorientation of lapatinib so the heme group can interact with the fluorobenzyl methylene carbon
(Figure 4.4B). These hypotheses (Chan et al., 2012) are investigated further here using site-directed

mutagenesis.

e SRS
CYP3A4 54 HKGECMF 60------------ 101VFTNRRPHGPVGFM KSAISIAEDi123
CYP3A5 54 RQGLWKF 60--------—--101)VFTNRRSLIGPVGFMKSAISLAED}{123
108

Figure 4.3 — Residues that differ between CYP3A4 and CYP3A5 in the Substrate Recognition Site 1 (SRS1).

(Figure modified from Lu et al., 2012.)
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Phe213

eul

Figure 4.4 — Metabolic conformations of lapatinib in CYP3A4 and CYP3A5. (A) Conformation for N-
hydroxylation, showing the involvement of Phe57, Phe108, and Phe213 in CYP3A4 and the lack of involvement
of these residues in CYP3A5. (B) Conformation for O-dealkylation, showing the involvement of unfavorable steric
interaction between lapatinib and Phel08 in CYP3A4 if it adopts that conformation. Conformations in CYP3A4
are drawn in brown and conformations in CYP3A5 are drawn in dark green. (Figure from Chan et al., 2012.)

Site Directed Mutagenesis of P450s to Elucidate Key Amino Acid Determinants of Ligand Interactions
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Site-directed mutagenesis has been used to identify CYP active site residues in a number of CYP
enzyme systems. In CYP2D6, Asp301 was determined to play an important role in substrate specificity
and activity because of an electrostatic interaction between the carboxylate group of the amino acid
residue and the basic nitrogen atom in CYP2D6 substrates (Paine et al., 2003). Mutation of the lle114
residue in CYP2B1 to a valine did not alter susceptibility to inactivation of the enzyme by
chloramphenicol, whereas mutation to an alanine at this position suppressed inactivation (Halpert
and He, 1993). In an effort to make dog CYP2B11 more like rat CYP2B1 or rabbit CYP2B5, residues
thought to be important in substrate recognition were mutated to those found in the rat or rabbit
isoforms. Three mutations resulted in altered metabolic profiles, and these same three residues
(Val114, Asp290, and Leu363) were identified as substrate contact residues in modeling studies
(Hasler et al., 1994). In a study of sulfoxidation of RPR 106541, a steroid developed for the treatment
of asthma, CYP3A4 mutants L210A, F304A, A305V, and A370V, all resulted in altered ratios of R-
sulfoxide to S-sulfoxide (Stevens et al., 1999). Finally, mutation of the Val113 and Phe114 residues in
CYP2C9 were found to change the enzyme’s substrate specificity (Haining et al., 1999). The
importance of these amino acid sites for ligand binding to CYP2C9 was subsequently confirmed from

the crystal structure of flurbiprofen bound to the enzyme (Wester et al., 2004).

The objective of the current investigation was to utilize deuterium substitution and site directed
mutagenesis to probe the molecular interactions in the lapatinib/CYP3A system. Deuterium analogs,
including one substituted at the putative site of debenzylation, were used to investigate metabolism
and cytotoxicity. Information about an important residue in CYP3A metabolism inferred from in silico
modeling was used to create a CYP3A4 mutant that may shed light on differences in lapatinib

metabolism between CYP3A4 and CYP3AS.
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Materials and Methods:

Materials

All reagents used in previous studies described in this thesis were obtained from the same sources
and prepared in the same manner. Deuterated analogs of lapatinib and lapatinib metabolites (Figure
4.5) were provided by CoNCERT Pharmaceuticals, Inc® (Lexington, MA). Pooled human liver
microsomes (BD UltraPool™ HLM 150-donor; mixed gender) and human CYP3A4 Supersomes™
coexpressed with cytochrome P450 reductase and cytochrome bs were purchased from BD
Biosciences (San Jose, CA). MgCl, was purchased from BD Biosciences. Undifferentiated HepaRG cells
were supplied by BioPredic International (Rennes, France). HepaRG™ Tox media supplement 630 was
purchased from Life Technologies (Carlsbad, CA). Salts for the potassium phosphate buffer were
purchased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ). SK-BR-3 cells were obtained from the Max
Planck Institute (Martinsried, Germany). McCoy’s 5A medium was purchased from Sigma Aldrich (St
Louis, MO). Anti-phospho-EGFR (Tyr1068) and anti-human HER2 primary antibodies were purchased
from Cell Signaling Technology (Beverly, MA). The anti-HSP60 primary antibody was purchased from
Sigma Aldrich, and anti-phosphotyrosine 4G10 was obtained from Max Planck Institute. Secondary
anti-mouse and anti-rabbit HRP-conjugated antibodies were purchased from Pierce (Rockford, IL).
Oligonucleotide primers were obtained from Eurofins Genomics (Huntsville, AL). The expression
vector pCW 3A4-His6 was provided by Dr. Ron Estabrook (University of Texas Southwestern Medical
Center, Dallas, TX). The QuikChange site-directed mutagenesis kit was purchased from Stratagene (La
Jolla, CA). His-Tagged wild type CYP3A4 expressed and purified from E. Coli CD41(DE3) cells was
generously provided by Dr. Bill Atkins (University of Washington Department of Medicinal Chemistry,
Seattle, WA). All other chemicals and reagents were of analytical grade and were purchased from

commercial sources.
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Quantification of Metabolite Formation from Multiple Deuterated Lapatinib Analogs

To compare amounts of the corresponding debenzylated metabolite formed from each deuterated
analog, HLM (0.5 mg/mL final concentration) were incubated with 25 uM of the test compound, 2
mM NADPH, and 3 mM MgCl; in 0.1 M potassium phosphate buffer (pH = 7.4). Reaction mixtures were
incubated for 10 min at 37°C and were stopped by the addition of acetonitrile. The amount of

metabolite formed was quantitated by LC-MS/MS.

Kinetic Experiments on the Formation of LAP-OH in HLM and Recombinant CYP3A4

In order to determine the rates of hepatic oxidative O-debenzylation of lapatinib (LAP) or [D>-benzyl]-
lapatinib (D,-LAP), pooled human liver microsomes (BD UltraPool™ HLM 150-donor) and human
CYP3A4 Supersomes™ co-expressed with P450 reductase and cytochrome bs were incubated with
varying concentrations of LAP and D,-LAP (0.1-100 uM). The formation of the debenzylated
metabolite (LAP-OH) was monitored. Preliminary incubations were performed with 5 uM LAP to
determine microsomal metabolite formation under linear conditions with respect to protein
concentration and time of incubation. HLM incubations contained 0.1 mg of protein/mL and
Supersome™ incubations contained 20 pmol of protein/mL. All incubations were carried out in 100
mM potassium phosphate buffer (pH = 7.4). The reaction mixture was pre-incubated for 5 min at 37°C
and initiated by the addition of 10 puL a 20 mM solution of NADPH (final concentration, 1 mM) or
potassium phosphate buffer as a control. Reactions were incubated at 37°C for a period of 5 min (HLM
incubations) or 2 min (Supersome™ incubations) at a final volume of 200 pL in a 96-well plate. The
final concentration of organic solvent in the incubation was 1% (0.1% DMSO and 0.9% acetonitrile).
Following the incubation, reactions were quenched with 200 pL of ice-cold acetonitrile containing 0.1

ng/uL of Ds-debenzylated lapatinib (D4-LAP-OH) as the internal standard and cooled on ice. HLM
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reactions were centrifuged at 1300 g for 20 min at 4°C and Supersome™ reactions were centrifuged
at 14,000 g for 20 min at 4°C. The supernatant was transferred to LC-MS vials for analysis. Assays were

conducted in duplicate.

Incubations with pooled liver microsomes for reactive metabolite-GSH adduct quantification

LAP and D,-LAP (50 uM) were incubated in pooled HLMs (0.5 mg of protein/mL) fortified with NADPH
and GSH to assess the formation of reactive metabolite-GSH adducts. Incubations were carried out in
100 mM potassium phosphate buffer (pH = 7.4), containing 50 mM GSH with an NADPH regenerating
system consisting of 1.3 mM NADP*, 3.3 mM glucose-6-phosphate, 0.4 U/mL glucose-6-phosphate
dehydrogenase, and 3.3 mM MgCl,. The samples were pre-warmed for 5 min at 37°C. Reactions were
initiated by addition of NADPH regenerating system solution B (40 U/mL glucose-6-phosphate
dehydrogenase) and incubated at 37°C for 1 hr at a final volume of 500 uL. The final concentration of
organic solvent in the incubation was 0.4% (0.1% DMSO and 0.3% acetonitrile). Reactions were
quenched with two volumes of ice-cold acetonitrile containing 0.1 ng/uL of D4-LAP-OH as the internal
standard and cooled on ice. The samples were centrifuged at 14,000 g for 10 min at 4°C and the
supernatant was transferred to a separate vial and dried under N, gas. Samples were reconstituted in
100 pL of 3:7 acetonitrile:water mobile phase and transferred to LC-MS vials for analysis. Assays were

conducted in triplicate.

HepaRG cells
Undifferentiated HepaRG cells were terminally differentiated in-house according to the supplier’s

protocols as described previously (Gripon et al., 2002). Differentiated cells were plated in collagen-
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coated 96-well plates according to the manufacturer’s instructions and maintained in general purpose
media composed of Williams E media with GlutaMAX-I supplemented with HepaRG Thaw, Seed, and
General Purpose supplement 670 for 72 hr at 37°C in a humidified atmosphere, 5% CO,. At the end of
this period, media was aspirated and replaced with cytotoxicity media composed of Williams E media
with GlutaMAX-I supplemented with HepaRG™ Tox medium supplement 630 containing varying
concentrations of LAP or D,-LAP. Cells were incubated for 24 hr (37°C, 5% CO,) with LAP or D,-LAP.
Cell viability was assessed using WST-1 cell viability assays according to the manufacturer’s
instructions. Briefly, 10 uL of the premixed WST-1 cell proliferation reagent was added to each well of
the 96-well plate (1:10 final dilution), and the plate was incubated for 30 min (37°C, 5% CO,) followed
by shaking for 1 min. Absorbance was measured at 440 nm using an Infinite® M200 microplate reader
(Tecan, San Jose, CA). The reference wavelength was 690 nm. Relative cell viability was quantified by
calculating the % viability of cells treated with LAP or D,-LAP compared to cells treated with vehicle
control (0.4% DMSO, 0.1% acetonitrile). All incubations were performed in triplicate in two separate

experiments, for a total of n=6.

To determine the extent of lapatinib metabolite formation following the 24 hr incubation, 200 uL of
ice-cold acetonitrile containing 0.1 ng/uL of D4-LAP-OH (internal standard) was added to each well.
Cells were scraped, the supernatant and cell lysate were combined in a 1.7 mL centrifuge tube,
vortexed and sonicated for 1 min, and centrifuged at 14,000 g for 10 min at 4°C. The supernatant was
transferred to a separate vial and dried under N, gas. Samples were reconstituted in 100 pL 1:1
acetonitrile/water and transferred to LC-MS vials for analysis.

Analysis and Quantitation of Metabolites by LC-MS/MS

An LC-MS/MS system was used to quantify LAP metabolites, as described in Chapter 2. The gradient

program for analysis of LAP-OH was as described previously (Chapter 2), and the following gradient
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program was used for analysis of GSH adducts: isocratic at 15% B (0-1.5 min), linear gradient from 15
to 95% B (1.5-5 min), isocratic at 95% B (5-7 min), returned to 15% B (7-7.1 min), and isocratic at 15%
B (7.1-9.1 min). The operational conditions of the mass spectrometer were as described in Chapter 2.
The MS data were acquired in MS-MRM mode with a collision energy of 30 V. Production of LAP-OH
was measured by MRM for the precursor to product transitions m/z 473 - 350, corresponding to
LAP-OH, and m/z 477 - 352, corresponding to D4-LAP-OH (internal standard). Samples were run with
a standard curve for LAP-OH over a range of concentrations (0.005 — 1.0 ng/uL) under the same
experimental conditions using heat-inactivated enzyme without NADPH to calculate the
concentration of metabolite formation. Relative quantitation of reactive metabolite GSH adducts was
carried out by LC-MS analysis with MRM monitoring the transitions m/z 778 - 655. The MS spectral

data were analyzed and deconvoluted using MassLynx version 4.1.

Effect of Lapatinib and D.-lapatinib on HER2 Activity in a HER2-overexpressing Breast Cancer Cell
Line - Cell Treatment and Immunoblotting

SK-BR-3 cells were maintained in McCoy’s 5A medium supplemented with 10% FBS. The cells were
treated with 1 uM LAP, LAP-OH, D»-LAP, or DMSO vehicle control for 24 hr. Cells were lysed in buffer
(50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% TritonX-100, 10 mM sodium phosphate)
containing protease and phosphatase inhibitor (10 mM sodium fluoride, 2 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl, 0.1 pug/mL aprotinin). Protein concentrations were
determined by the BCA method (Pierce) and the level of phosphorylated EGFR (Tyr1068) was
measured by western blot using 30 ug total protein resolved on a 6% SDS gel. Phospho-HER2 detection
involved additional immunoprecipitation before western blotting with a phosphotyrosine antibody,
4G10. To accomplish this, cell lysate (300 pg) was incubated with anti-HER2 antibodies on ice followed

by protein A + G beads (Amersham). The mixture was incubated at 4°C overnight on a rotating
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platform. The beads were washed with lysis buffer three times followed by the addition of SDS-PAGE
sample buffer. The immunoprecipitated complexes were resolved by SDS-PAGE and transferred to a
PVDF membrane. For both EGFR and HER2 detection, the respective membranes were first blocked
for 1 hr at room temperature with 5% BSA and 1x gelatin-NET (0.25% gelatin, 0.14 M NacCl, 5 mM
EDTA, 0.05 M Tris-HCL, pH 7.5, 0.05% TritonX-100), and then incubated in the respective primary
antibodies diluted in TBS with 0.05% (v/v) Tween 20 and 5% (w/v) non-fat milk or bovine serum
albumin (BSA) or 1x gelatin-NET. Primary antibodies used were anti-phospho-EGFR (Tyr1068) and
anti-human HER2, anti-HSP60, and anti-phosphotyrosine 4G10. Bound antibodies were visualized
after incubation with secondary anti-mouse and anti-rabbit HRP-conjugated antibodies by enhanced

chemiluminescence (Pierce).

Mutagenesis and Expression of CYP3A4
Recombinant CYP3A4 protein was produced in Escherichia coli XL1-Blue cells using the expression
vector pCW 3A4-His6. To make the mutation F108L, the same plasmid pCW 3A4-His6 was used as the
template for amplification reactions with the QuikChange site-directed mutagenesis kit, following the
manufacturer’s instructions. Oligonucleotide primers used in the mutagenesis procedure were as
follows:

F108L forward, 5' CTTCACAAACCGGAGGCCTTTAGGTCCAGTGGGATTTATG 3’

F108L reverse, 5° CATAAATCCCACTGGACCTAAAGGCCTCCGGTTTGTGAAG 3’
The bold and underlined nucleotides were altered to introduce the desired mutation. Standard PCR
conditions were used to generate the mutated P450 CYP3A4 cDNA, followed by Dpnl digestion. The
mutated P450 3A4 cDNA was subsequently inserted into the pCW expression vector using standard
cloning techniques. The vector containing the mutated cDNA was then transformed into XL1-Blue

cells, and plasmids from the resulting single colonies were isolated. The mutated cDNA sequence was
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verified by full-length sequencing (University of Washington Sequencing Center). Growth and
induction of E. coli were performed as described by Gillam et al. (Gillam et al., 1993). Imidazole was
added to a final concentration of 25 mM and the wild-type and mutant P450s were purified on
ProBond nickel resin columns (Invitrogen). The column was washed with 20 column volumes of wash
buffer (50 mM KPi, pH 7.4, 20% glycerol, 40 mM imidazole, 0.2% cholate, 2 mM BME, and 50 puM
testosterone). Subsequently, the column was eluted with a minimal volume of elution buffer (50 mM
KPi, pH 7.4, 20% glycerol, 500 mM imidazole and 0.2% cholate). The eluted protein was then dialyzed
using Slide-A-Lyzer dialysis cassettes (Pierce) against storage buffer (100 mM potassium phosphate,
20% glycerol, pH 7.4), and stored at -80°C. The specific content for the mutant CYP3A4 enzyme was

8.0 nmol/mg protein, and for the wild type CYP3A4 enzyme was 17.4 nmol/mg protein.

Cytochrome P450 content was determined by reduced carbon monoxide (CO) difference spectra.
Proteins were reduced with 1 mg/mL sodium dithionite. Absorption spectra of enzyme solutions were
recorded using an Olis-modernized Aminco™ DW-2 spectrophotometer (Olis, Bogart, GA). The
amount of cytochrome P450 was calculated from the absorbance at 450 nm using the cytochrome

P450 extinction coefficient, 91 mM™ - cm™ (Omura and Sato, 1964).

Recombinant CYP3A4 and the CYP3A4 F108L mutant (500 pmol) were reconstituted in a mixture of
three phospholipids (1:1:1 DLPC/DOPC/PS) with P450 reductase (1.0 nmol) and cytochrome bs (500
pmol). The formation of LAP-OH, N-dealkyl-LAP, and N-OH-LAP metabolites was examined by
incubation of LAP (50 uM) with the reconstituted enzyme for 30 min. To evaluate the formation of
reactive metabolite GSH (RM-SG) adducts, LAP (50 uM) was incubated with the enzyme system
supplemented with GSH (5 mM) and an NADPH regenerating system for 20 min at 37°C. Relative levels

of LAP-OH, N-dealkyl-LAP, N-OH-LAP, and GSH adducts were measured by LC-MS analysis with MRM.
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Results:

Quantification of Metabolism of Deuterated Lapatinib Analogs

To probe the mechanism of lapatinib debenzylation and associated toxicity, studies were carried out
using deuterated analogs of lapatinib. Four deuterated analogs of lapatinib, as well as their
corresponding debenzylated metabolites, were used in subsequent studies. Structures are shown in

Figure 4.5.

Deuterated Test Compound Phenolic Metabolite
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Figure 4.5 — Deuterated lapatinib isotopologues and their phenolic metabolites. (Compounds were provided by

CoNCERT Pharmaceuticals, Inc®.)
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The formation of the phenolic metabolite from each deuterated lapatinib analog was measured in
HLM incubations. Analogs 1a, 1b, and 1c, which were all deuterated at the benzylic position, exhibited
alarge reduction (61 to 72%) in the amount of debenzylated metabolite formed in incubations (Figure
4.6 and Table 4.1). Analog 1d was deuterated at the site of N-dealkylation and not at the site of O-
debenzylation. It exhibited no change from lapatinib itself in the amount of debenzylated lapatinib
formed. Analog 1a, which contained only two deuterium atoms (both at the benzylic position), had
the largest reduction in the amount of debenzylated metabolite formed in the HLM incubation (Figure
4.6 and Table 4.1). Deuterium substitution at additional sites (analogs 1b and 1c) had no additional

effect on decreasing debenzylation.
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Figure 4.6 and Table 4.1 — Phenolic metabolite formation from deuterated lapatinib analogs. Test compounds
(25 uM) were incubated with HLM (0.5 mg/mL) for 10 min at 37°C. The amount of metabolite formed was
quantitated by LC-MS/MS. Data represent mean + S.E.M. of three values. Grey bars represent analogs with
deuterium substituted at the benzylic position, and black bars represent analogs with no deuterium substitution
at the benzylic position. Data represent the mean + S.D. of triplicate values (n=3). *P < 0.05; ****P < 0.0001

(unpaired t test, two-tailed P values).
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Based on these results, analog 1la was chosen for further studies to investigate the role of

debenzylation in lapatinib metabolism and toxicity in HLM and HepaRG cells.

Metabolism of LAP and D,-LAP in HLM and Recombinant CYP3A4

The kinetic parameters of LAP and D,-LAP O-debenzylation by HLMs and CYP3A4 Supersomes™ were
examined. CYP3A4 Supersomes™ (20 pmol/mL) and HLMs (0.1 mg protein/mL) were incubated with
LAP and D,-LAP (0.1-100 uM) for 2 min and the formation of LAP-OH was quantified by LC-MS analysis
with MRM. The velocity-substrate concentration plots for formation of LAP-OH by recombinant
enzyme systems and HLMs are shown in Figure 4.7. The kinetic parameters were estimated by fitting
data to a Michaelis-Menten kinetic model and are reported in Table 4.2. The substitution of deuterium
for hydrogen at the benzylic position resulted in a decrease in catalytic efficiency in HLM and CYP3A4
Supersomes™. This ratio is reported as a kinetic deuterium isotope effect (KDIE), which is the ratio of
intrinsic clearance (CLix values) of the nondeuterated compound (LAP) to the deuterated compound
(D2-LAP). In this non-competitive intermolecular isotope experiment, the KDIE in HLM was 3.78, while

the KDIE in CYP3A4 Supersomes™ was 4.33 (Table 4.2).
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Figure 4.7 — Kinetics of the formation of LAP-OH from LAP or D2-LAP in HLMs and CYP3A4 Supersomes™. LAP

or D>-LAP (0.1-100 uM) were incubated in (A) pooled HLMs (0.1 mg of protein/mL) or (B) CYP3A4 Supersomes™
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(20 pmol/mL) for 2 min. Formation of LAP-OH was quantified by LC-MS analysis with MRM. Data represent the

mean % S.D. of triplicate samples.

A Kum (M) Vimax CLint KDIE
(pmol min® mg?) | (UL min" mg”) | (CLintiry/CLint(o)
LAP 2.54+0.52 825 +38.2 325
3.78
Dz-LAP | 4.21+1.64 362 +33.8 86.0
B Km (uM) Vmax (pmol min™ | CLint (uL min™ KDIE
pmol’ CYP3A4) | pmol™ CYP3A4) | (CLintgry/Clint(o))
LAP 1.15+0.13 19.2 +0.41 16.7
4.33
Dz-LAP | 2.95+0.30 11.4+0.27 3.86

Table 4.2 — Kinetic parameters for the formation of LAP-OH from LAP or D:-LAP in (A) pooled HLMs and (B)
CYP3A4 Supersomes™. Data were fit to the Michaelis-Menten equation by non-linear regression analysis using
GraphPad Prism 5 software to derive Km and Vmax values. Intrinsic clearance (CLint) values were calculated as Clint
= Vmax/ Km. The kinetic deuterium isotope effect (KDIE) is the ratio of CLin: for LAP to D,-LAP. Data represent the

mean #+ S.D. of triplicate samples.

Because LAP-OH can undergo further metabolism to an electrophilic quinoneimine intermediate that
can readily react with cellular nucleophile such as GSH, glutathione conjugates were also measured in
HLM incubations. LAP and D,-LAP (50 uM) were incubated in HLMs for 1 hr in the presence of GSH
and formation of LAP-OH and the GSH adducts (RM-SG) were quantified by LC-MS/MS. Deuterated
lapatinib formed 63% less LAP-OH (P < 0.0001) and 42% less RM-SG (P < 0.01) than lapatinib itself

(Figure 4.8).
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Figure 4.8 — Fold change in LAP-OH and RM-SG formation from LAP and Dz-LAP in HLMs. LAP (50 uM) and D:-
LAP (50 uM) were each incubated in HLMs for 1 hr in the presence of GSH (50 mM). Formation of LAP-OH and
the GSH adducts (RM-SG) were quantified by LC-MS analysis with MRM. Data represent the mean * S.D. of

triplicate samples. ** P < 0.01, **** P < 0.0001.

Metabolism and Cytotoxicity of LAP and D,-LAP in HepaRG Cells

HepaRG cells were established as a model to study LAP-induced hepatotoxicity as described in the
previous chapter. The formation of LAP-OH from LAP (100 uM) and D,-LAP (100 uM) was assessed in
differentiated HepaRG cells following a 24 hr incubation. LAP-OH formation in cells treated with D,-

LAP was decreased by 72% (P < 0.0001) compared to cells treated with lapatinib (Figure 4.9).
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Figure 4.9 — Formation of LAP-OH in HepaRG cells treated with LAP and D:-LAP. Differentiated HepaRG cells
were treated with LAP (100 uM) and D2-LAP (100 uM) for 24 hr. Metabolites were quantified by LC-MS analysis

with MRM. (Mean + SEM, n = 6, **** p < 0.0001.)

Results outlined in the previous chapter suggested that metabolism plays a role in lapatinib
cytotoxicity and that LAP-OH is likely a precursor to the putative cytotoxic species. Experiments with
D,-LAP demonstrated that its ability to form LAP-OH is reduced. It would thus be expected that the
toxicity of D,-LAP to HepaRG cells would be lower than that of LAP itself. To establish a link between
the metabolism of D,-lapatinib and toxicity, HepaRG cells were treated with varying concentrations
of LAP and D,-LAP for 24 hr. Cell viability was monitored using a WST-1 cell viability assay. The viability
of cells treated with 100 uM D,-lapatinib was 76% compared to 52% for cells treated with 100 uM
lapatinib (P < 0.01). Cell viability was 59% for cells treated with 200 uM D,-lapatinib compared to 31%
for cells treated with 200 uM lapatinib (P < 0.0001) (Figure 4.10). This demonstrates that LAP is

significantly more toxic to HepaRG cells than D,-LAP.
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Figure 4.10 — Cytotoxicity of LAP and D-LAP in differentiated HepaRG cells. HepaRG cells were incubated with
varying concentrations of LAP and D2-LAP for 24 hr. Cell viability was monitored using WST-1 cell proliferation

assays. (Mean + SEM, n =6, ** P <0.01, **** P < 0.0001.)

Inhibition of Phosphorylation by LAP and D,-LAP in SK-BR-3 Cells

The studies discussed thus far in this thesis have focused on the metabolism and toxicity of LAP and
its analogs. Deuterated lapatinib appears to have decreased metabolism to the potential toxic
metabolite (LAP-OH) and exhibits decreased cytotoxicity in HepaRG cells. While the safety profile of
D,-lapatinib may be improved over lapatinib itself, D,-lapatinib must also maintain the therapeutic
properties of lapatinib. Any changes to the structure of a drug can result in altered efficacy. In the
case of lapatinib, deuterium substitution could disrupt its binding to tyrosine kinases HER2 and EGFR,
which would limit its ability to inhibit phosphorylation of the kinase domains. Experiments were thus
carried out by our collaborators at the National University of Singapore in the lab of Han Kiat to
determine the effect of LAP, LAP-OH, and D,-LAP on HER2 levels, phosphorylated-HER2 levels, and

phosphorylated-EGFR levels in a HER2-overexpressing breast cancer cell line, SK-BR-3.
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The total amount of HER2 remained constant with all treatments, but the amount of phospho-tyrosine
decreased substantially in cells treated with D,-LAP and LAP compared to cells treated with LAP-OH
and the control cells (Figure 4.11). The amount of phosphor-EGFR also decreased with D,-LAP and LAP
treatments. There was no observable difference between the effect of D,-LAP and LAP on

phosphorylation in this cell line.
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Figure 4.11 — LAP and D2-LAP inhibition of HER2 and EGFR activity in a HER2-overexpressing breast cancer cell

line. IP = immunoprecipitate; IB = immunoblot (Data courtesy of Han Kiat, National University of Singapore.)

Metabolism of Lapatinib by CYP3A4 and the Phel08Leu Mutant

The Phel08 residue of wild-type CYP3A4 (CYP3A4 WT) has been identified through in silico docking
studies as an important contributor to the difference in preferred routes of metabolism of lapatinib
by CYP3A4 and CYP3AS5 (Chan et al., 2012). This residue was mutated to the corresponding amino acid
of CYP3AS5 (leucine) to evaluate its contribution to the differential metabolism of lapatinib by these
enzymes in vitro. The CO difference spectrum showed minimal P420 absorbance, indicating that the

enzyme had not been denatured (Figure 4.12). The P450 concentration calculated from the CO
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difference spectrum was 66.5 uM. The specific content for the CYP3A4 F108L mutant was 8.0

nmol/mg protein, and for the wild type CYP3A4 enzyme was 17.4 nmol/mg protein.
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Figure 4.12 — CO-difference spectrum of CYP3A4 F108L mutant enzyme. The enzyme was reduced with sodium

dithionite. The sample was diluted 20-fold to make these measurements.

To gain an understanding of the effect of the CYP3A4 F108L mutation on catalytic activity and likely
substrate orientation in the active site, the formation of the N-dealkyl-LAP, N-OH-LAP, and LAP-OH
metabolites were measured. Formation of N-dealkyl-LAP and N-OH-LAP decreased by about 20-fold
in the F108L mutant compared to CYP3A4 WT (Figure 4.13). In contrast, the formation of LAP-OH only
decreased by about 30% compared to the wild type. The relative metabolite formation profile for the

F108 mutant to CYP3A4 WT is very similar to the relative profile for CYP3A5 to CYP3A4 (Figure 2.7).
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Figure 4.13 — Relative contributions of CYP3A4 WT and CYP3A4 F108L mutant isoforms to lapatinib
metabolism. LAP (50 uM) was incubated with recombinant CYP3A4 WT and CYP3A4 F108L mutant for 30 min.
The ratio of metabolite formation was determined by LC-MS analysis. Data represent the mean and standard

deviation of triplicate samples. Data represent the mean + S.D. for triplicate samples.

Discussion:

Quantification of Metabolism of Deuterated Lapatinib Analogs

Deuteration of drugs at sites of metabolism, as a means of enhancing pharmacokinetic and
toxicological properties, has gained momentum in the past several years (Sharma et al., 2012). In
addition, deuterated compounds can be helpful in defining the mechanisms of specific chemical
reactions (Nelson and Trager, 2003). Four deuterated analogs of lapatinib were synthesized (Figure
4.4) and formation of the corresponding phenolic metabolite from each was measured in HLM.
Deuteration at the benzylic position, as seen in analogs 1a, 1b, and 1c, resulted in a significant
reduction in the amount of debenzylated metabolite that was formed compared with lapatinib (Figure
4.5 and Table 4.1). Deuteration at the site of N-dealkylation (analog 1d) did not result in a significant
reduction in debenzylation, and deuteration on the benzene ring did not further reduce formation of

the phenolic metabolite. These results suggest that cleavage of the benzylic C-H bond in lapatinib is
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important for formation of the corresponding phenolic metabolite. Secondary kinetic isotope effects,
in which a deuterium substitution at a position remote to the bond being broken affects the rate of
the chemical reaction (Hennig et al., 2006), were not observed. These results established that further
experiments should be carried out with lapatinib and compound 1a (Figure 4.6), which is deuterated

only at the site of debenzylation.

Metabolism of LAP and D,-LAP in HLM and Recombinant CYP3A4

Kinetic parameters for the debenzylation of LAP and D,-LAP were determined in HLMs and CYP3A4
Supersomes™. The kinetic deuterium isotope effect for the intrinsic clearance (CLin) of lapatinib was
3.78 in HLMs (Table 4.2A) and 4.33 in CYP3A4 Supersomes™ (Table 4.2B). The theoretical limit for the
KDIE is about 9 at 37°C in the absence of tunneling effects (Nelson and Trager, 2003; Fisher et al.,
2006), and a KDIE of 5-6 is considered to be large (Melander and Saunders, 1980). The KDIE for the
3A4-catalyzed O-debenzylation of 7-benzyloxyquinoline, measured using a similar non-competitive
intermolecular isotope experiment, was 3.0 + 0.3 (Krauser and Guengerich, 2005). Although the KDIE
values determined here do not reflect the intrinsic isotope effect, the observed CLi: isotope effect
suggests that a carbon-hydrogen bond cleavage step is at least partially rate-limiting. Many factors
can lead to observed isotope effects that are lower than the intrinsic isotope effects, especially for
P450 enzymes. In P450 enzymatic reactions, the first irreversible step in the scheme is the conversion
of the enzyme-substrate complex to the substrate-bound active oxygenating perferryl oxene
enzymatic species (EOS) (Nelson and Trager, 2003). Because this step is not isotopically sensitive,
deuterium isotope effects on CLint are often completely or partially masked (Korzekwa et al., 1989).
There are several mechanisms and experimental conditions that can lead to unmasking of the isotope
effects (Atkins and Sligar, 1987; Atkins and Sligar, 1988; Korzekwa et al., 1989), but the observed

effects are still typically lower than the intrinsic effects.
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The formation of glutathione adducts (RM-SG) from LAP and D,-LAP in HLMs was also measured as an
indication of the electrophilic quinoneimine intermediate formation. The formation of RM-SG was
significantly less (42% decrease) from D,-LAP than from LAP (Figure 4.8), although the difference was

slightly less than the difference in LAP-OH formation (63% decrease).

It is clear from these results that the metabolism of lapatinib is altered in HLMs and CYP3A4
Supersomes™ by deuterium substitution at the benzylic position. Based on the results of previous
experiments described herein, this decrease in metabolism may correlate to a decrease in toxicity in

HepaRG cells. This relationship was examined further.

Metabolism and Cytotoxicity in HepaRG Cells

Experiments described in Chapter 2 provided evidence that HepaRG cells are a good model to study
lapatinib metabolism and toxicity. As in HLMs and CYP3A4 Supersomes™, the formation of LAP-OH in
HepaRG cells was decreased by 72% from D,-LAP compared to LAP (Figure 4.9). This effect is very
similar to the 63% decrease observed in HLMs, again confirming the value of HepaRG cells as a model.
The decrease in formation of the debenzylated metabolite from D,-LAP in every model system
analyzed, combined with the correlation that was found between debenzylation and cytotoxicity in
Chapter 2, gives reason to believe that D,-LAP is less cytotoxic than LAP itself. Indeed, treatment of
HepaRG cells with D,-LAP resulted in less cytotoxicity than LAP at concentrations of 100 uM to 400
UM (Figure 4.10). Taken together, these experiments in HepaRG cells confirm the earlier results

suggesting that metabolism by the debenzylation pathway plays a role in lapatinib cytotoxicity.

Inhibition of Phosphorylation by LAP and D»-LAP in SK-BR-3 Cells
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To assess whether there was any decrease in the likely therapeutic efficacy of D,-lapatinib compared
to lapatinib itself, the inhibition of tyrosine kinase phosphorylation by LAP, LAP-OH, and D,-LAP was
measured in a HER2-overexpressing breast cancer cell line, SK-BR-3. There was no change in overall
HER2 levels for any of the test compounds compared to the control (Figure 4.11B). LAP-OH was
significantly less active than lapatinib as an inhibitor of HER2 and EGFR phosphorylation in SK-BR-3
cells (Figures 4.11A and 4.11C). This is in agreement with published data that LAP-OH is approximately
100-fold less potent in inhibition of HER2-dependent tumor cell growth in vitro (European Medicines
Agency, 2008). It is in contrast, however, to the finding that LAP-OH produced approximately
equipotent inhibition of EGFR-dependent tumor cell growth (European Medicines Agency, 2008). This
could be a result of differing study design. The study described here looked at EGFR phosphorylation
in a HER2-overexpressing cell line, while the study in the Assessment Report looked at inhibition of
EGFR-dependent tumor cell growth. Treatment of the cells with D,-LAP and LAP resulted in much
lower levels of phosphorylated HER2 and EGFR than treatment with the control or LAP-OH (Figures
4.11A and 4.11C). There was no detectable difference between the effect of D,-LAP and LAP on

phosphorylation in this cell line.

Metabolism of Lapatinib by CYP3A4 Mutant

CYP3A4 and CYP3AS differ in 78 of 503 amino acids, 17 of which fall within the six putative substrate
recognition site (SRS) domains shown to be responsible for the substrate specificity of CYP3A4 with a
wide range of compounds (Emoto and lwasaki, 2006). Several studies have implicated Phel08, a
residue in SRS 1, in the enzyme’s catalytic activity and product specificity. This residue is in the Phe
cluster (Phel08, Phe213, Phe215, Phe219, Phe220, Phe241, and Phe304), which forms a hydrophobic
roof to the CYP3A4 active site (Williams et al., 2004; Yano et al., 2004). The residues in the cluster are

highly ordered and have an average B factor of 41 A2, compared with the average of 66 A2 over the
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entire structure (Williams et al.,, 2004). The CYP3A4 F108L mutant demonstrates decreased
metabolism of testosterone and aflatoxin B1 (Wang et al., 1998) and the CYP3A5 L108F mutant has
altered maraviroc metabolic ratios that resemble those of CYP3A4 (Lu et al., 2012). A CYP3A5
homology model constructed on the basis of the CYP3A4 crystal structure shows overlapping overall
folding between CYP3A5 and CYP3A4 (Pearson et al., 2007). This suggests that the leucine residue in

CYP3AGS is located in the roof of the active site, as it is in CYP3A4.

When Phel08 in CYP3A4 was mutated to Leul08, the metabolic profile was shifted slightly to more
closely resemble that of CYP3A5. Formation of the N-dealkyl-LAP and N-OH-LAP decreased
significantly and the metabolism observed was primarily through the O-debenzylation pathway. This
provides further evidence for the claim that substitution of leucine for phenylalanine at this location
may result in reorientation of the lapatinib structure to favor interaction of the distal fluorobenzyl
methylene carbon with the heme group (Chan et al., 2012). This study provides in vitro evidence for
the importance of Phe108 for CYP3A activity in lapatinib metabolism as well as its role in contributing
to the differing metabolic activity between CYP3A4 and CYP3A5. Additional active site residue
differences between CYP3A4 and CYP3AS likely also play a role in the differences observed, including
C239 in CYP3A4, which is substituted for a serine in CYP3A5 (Pearson et al., 2007) and R212, which is

substituted for a leucine in CYP3AS5 (Lin et al., 2011).

In conclusion, deuteration at the site of oxidative debenzylation of lapatinib significantly decreased
its metabolism to the debenzylated metabolite and subsequent oxidation to the putative reactive
metabolite. This decrease in metabolism also corresponds to a decrease in lapatinib cytotoxicity in
HepaRG cells, further confirming that metabolism and toxicity of lapatinib are linked. A CYP3A4

mutant with a single site mutation that changed an important active site residue (Phel108) to the
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corresponding residue (Leu) in CYP3AS shifted the metabolic profile of lapatinib to one more similar
to that of CYP3AS. This residue contributes to the differential metabolism of lapatinib by CYP3A4 and

CYP3AS5, possibly by playing a role in the orientation of lapatinib in the active site of each enzyme.

When compared to lapatinib itself, D,-LAP produced less LAP-OH in all in vitro systems studied,
exhibited decreased cytotoxicity in the HepaRG cell line, and inhibited phosphorylation of HER2 and
EGFR to a comparable degree as lapatinib. These findings demonstrate that D,-LAP represents a
powerful tool for studying the mechanisms of lapatinib metabolism and toxicity. The potential benefit
to the toxicological profile of lapatinib, combined with the maintenance of pharmacological activity,

also makes D,-LAP a compound that merits consideration as a candidate for drug development.
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e Adapted and improved established methods and techniques in chemical synthesis, cell culture, nuclear magnetic
resonance (NMR) and liquid chromatogtaphy mass spectrometry (LCMS) to enable application to the project at
hand.

e Managed and oversaw lab activities including supply ordering, health and safety compliance, radioactivity
requirements, waste disposal, and chemical inventory records.

Teaching Assistant Sept 2008 — Dec 2010
University of Washington, School of Pharmacy Seattle, WA
e  Planned and led weekly discussion sections for Biochemistry and Medicinal Chemistry courses; wrote problem
sets; proctored and graded exams.

Research Assistant Mar 2004 — Jan 2007
Scripps Institution of Oceanography La Jolla, CA
e Used state-of-the-art equipment to identify new chemical entities and drug candidates from marine natural
products.
Hollings Scholar-Intern May, 2006 — Aug 2006
NOAA, Coastal Protection and Restoration Division Seattle, WA

° Completed a screening level risk assessment of PCBs and helped prioritize the clean up of hazardous waste sites.

Chemistry Intern May 2005 — Aug 2005
Seattle Genetics Bothell, WA

e Assisted in analytical development and analysis of monoclonal antibody drug candidates using established
procedures while adhering to strict quality assurance standards and protocols in a structured environment
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PUBLICATIONS

Hardy KD, Wahlin MD, Papageorgiou I, Unadkat JD, Rettie AE, Nelson SD. (2014) “Studies on the Role of Metabolic
Activation in Tyrosine Kinase Inhibitor-Dependent Hepatotoxicity: Induction of CYP3A4 Enhances the Cytotoxicity
of Lapatinib in HepaRG Cells.” Drug Metabolisn and Disposition. 42(1):162-71.

Takakusa H, Wahlin MD, Zhao C, Hanson KL, New LS, Chan EC, Nelson SD. (2011) “Metabolic-Intermediate Complex
Formation of Human Cytochrome P450 3A4 by Lapatinib.” Drug Metabolisn and Disposition. 31(6):1022-1030.

Teng WC, Oh JW, New LS, Wahlin MD, Nelson SD, Ho HK, Chan, EC. (2010) “Mechanism-Based Inactivation of
Cytochrome P450 3A4 by Lapatinib.” Molecular Pharmacology. 78(4):693-703.

Michelle D. Leibrand Wahlin (2009). 87 Year History of G.W.LS. New York: Anchor.

Plesniak LA, Botsch K, Leibrand M, Kelly M, Sem D, Adams JA, Jennings P. (2008) “Transferred NOE and STD NMR
studies of novobiocin binding to EnvZ suggest binding mode similar to DNA gyrase.” Chew Bio & Drug Design T1:28-
35.

POSTERS AND PRESENTATIONS

Wahlin MD, Hardy KD, Liu J, Harbeson S, Uttamsingh V, Tung R, and Nelson SD. “Metabolic activation by CYP3A4 plays a
critical role in lapatinib-induced hepatocellular injury.” Poster presentation at Society of Toxicology Conference, San
Francisco, CA. March 2012.

Wahlin MD, Takakusa H and Nelson SD. “The role of CYP3A4 and CYP3AS5 in reactive metabolite formation from lapatinib.”
Poster Presentation at Gordon Research Conference - Drug Metabolism. Holderness, NH. July 2011.

Wahlin MD. Understanding and Improving the Safety Profile of Lapatinib. Interdepartmental Seminar, UW, May 2011.

Wahlin MD. Mechanisms of Drug-Induced Liver Injury by Ximelagatran and Lapatinib. Inzerdepartmental Seminar, UW, Jan 2010.

Wahlin MD. NAD(P)H:quinone oxidoreductase 1 (NQO1): Possible Roles in Cancer. Interdeparimental Seminar, UW, Jan 2009.

ACADEMIC AWARDS AND HONORS

Klingenstein Summer Institute Fellow: Columbia University Teacher’s College fellowship recipient.

Elmer M. Plein Endowed Research Fund: UW School of Pharmacy award for research supplies and materials.
Eli Lilly & Company Graduate Fellowship: Award for a living stipend during graduate school.
NOAA/Hollings Scholar: National scholarship to promote the goals and aims of NOAA.

Kyle O’Connell Memorial Scholarship: USD scholarship for involvement in cancer research.

AWIS San Diego Scholarship: Undergraduate scholarship for aspiring women in science.

UT Southwestern Medical Center McKnight Prize Finalist: Chemistry Department poster session presenter.
USD Trustee Scholarship: Most distinguished University of San Diego merit-based scholarship.

ADDITIONAL ACTIVITES

A.W.L.S. (Association for Women in Science) Board Member: Organization dedicated to advancing the careers of
women in science and technology and to promoting the participation of gitls in the sciences (Sept 2011 — Present).

GEMS (Gitls in Engineering, Math and Science) Co-Chair: Program designed to encourage middle school girls in the
Seattle School District to maintain and broaden their interest in science by providing mentoring, hands-on activities,
field trips, and information pertaining to a variety of scientific fields. Responsibilities include general coordination and
planning as well as writing, modifying, and implementing curriculum (Oct 2009 — Present).

Faculty Staff Academy: Taught a two-day course to Lakeside faculty and staff on soap-making (March 2013).

Graduate Women in Science: Chosen to compile and publish the 85-year history of the national organization dedicated to
improving conditions for women in scientific disciplines (see publications).

PROFESSIONAL DEVELOPMENT

e Klingenstein Summer Institute: two-week training program for new independent school teachers at Columbia
University, Teacher’s College. Received four graduate-level credits from Columbia University. (June 2014)

e Lakeside summer technology workshops on Haiku (advanced), web-based presentation tools, and finding and
evaluating digital resources

o Summer curriculum grants on women in STEM, incorporating statistics into the chemistry curriculum, and
utilizing infographics in teaching and assessment.

e Teaching Certificate Program in Pharmacy Education, University of Washington School of Pharmacy (Spring
2010)
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