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Abstract

Imatinib is a first line therapy for the treatment of chronic myeloid leukaemia (CML). Treatment
with imatinib must be continuous and indefinite for most patients to maintain disease control.
Despite excellent efficacy and tolerability, up to 50% of CML patients discontinue imatinib due
to lack of efficacy and adverse events. Imatinib is metabolised to its main metabolite N-
desmethyl imatinib by CYP3A4 and CYP2C8. In vitro human liver microsome (HLM) studies
indicate imatinib autoinhibition of CYP3A4-mediated metabolism, suggesting a more significant

role for CYP2C8 upon chronic dosing.

CYP2C8 is polymorphic and functional effects of the major CYP2C8 polymorphisms CYP2C8*3
and CYP2C8*4 on N-desmethyl imatinib formation are unknown. It was hypothesised that
CYP2C8*3 and CYP2C8*4 genetic polymorphisms will decrease imatinib metabolism to N-
desmethyl imatinib in HLM. Therefore the aim of this study was to examine the impact of
CYP2C8*3 and CYP2C8*4 on N-demethylation of imatinib in HLMs genotyped for
CYP2C8*1/*1 (n=5), CYP2C8*1/*3 (n=4), CYP2C8*1/*4 (n=2), in CYP2C8*3/*3 pooled HLM,
and in expressed CYP2C8 and CYP3A4 enzymes. Effects of CYP-selective chemical and

antibody inhibitors on N-demethylation were also determined.

A single enzyme Michaelis-Menten model with substrate inhibition best fitted wild-type
CYP2C8*1/*1 HLM Kkinetic data (median + SD K; = 139 + 61 uM). Three of four CYP2C8*1/*3
HLMs showed single enzyme but no substrate inhibition Kinetics. Binding affinity (Kn) was
approximately 2-fold higher in CYP2C8*1/*3 HLMs as compared to CYP2C8*1/*1 (median +
SD Kn =6+ 2vs 11 +£ 2 uM, p=0.04). Intrinsic clearance (Cli,) was higher in CYP2C8*1/*3

HLMs compared to CYP2C8*1/*1 (median £ SD Clijy; =19 £ 8 vs 13 £ 2 pl/min/mg, p = 0.25).



CYP2C8*3/*3 (pooled HLM) showed highest binding affinity (K, = 3.6 uM) and weak
autoinhibition (K = 449 pM) kinetics. N-desmethyl imatinib formation was below the limit of
quantification in one CYP2C8*1/*4 HLM, whereas the other CYP2C8*1/*4 HLM showed lower
intrinsic clearance (Clin = 7 vs 11 = 2 pl/min/mg) due to 2-fold lower catalytic activity (Vmax)

compared to the wild-type (Vmax = 73 vs 140 + 31 pmol/min/mg).

A single enzyme model with substrate inhibition best fitted expressed CYP2C8 kinetic data (K; =
149 pM). Expressed CYP3A4 showed two site enzyme Kinetics with no evidence of
autoinhibition. CYP2C8 inhibitors reduced N-demethylation in HLM by 47-75%, compared to O-
30% for CYP3A4 inhibitors. Two unidentified peaks M1 and M2 were found in expressed
CYP3A4, whereas they were absent in expressed CYP2C8. These results indicate that
CYP2C8*3 may enhance CYP2C8 activity by influencing autoinhibition, and that in vitro the
metabolism and autoinhibition of imatinib N-demethylation appears mainly mediated by
CYP2C8 and not CYP3A4. CYP2C8*4 appears a reduced functional allele for imatinib N-

demethylation.
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Chapter 1: Introduction

1. Imatinib

Imatinib was the first successful molecularly-targeted chemotherapy among the novel class of
drugs called tyrosine kinase inhibitors (TKIs), and is now used as a first line therapy in newly
diagnosed chronic myeloid leukaemia (CML) patients. It is also used in Philadelphia
chromosome positive (Ph*) acute lymphoblastic leukaemia and c¢-KIT and PDGFR positive
gastrointestinal stromal tumour (Linch et al. 2013;Jabbour and Kantarjian 2014;Maino et al.
2014). Each year in Australia 330 people are newly diagnosed with CML (leukaemia.org.au).
Treatment failure results in mortality. Imatinib has revolutionised treatment in CML by
improving the 10-year overall survival from 20% to 80-90% (Jabbour and Kantarjian 2014). In
Australia three TKIs, imatinib, dasatinib and nilotinib, are recommended as a first line treatment

in CML (leukaemia.org.au).

1.1 Mechanism of action of imatinib

CML is a cancer of white blood cells caused by a somatic genetic abnormality called the
Philadelphia chromosome (Ph*) in myeloid cells of the bone marrow. Ph* is formed as a result of
a balanced reciprocal translocation between the abelson murine leukemia (ABL) gene on
chromosome 9 and the break point cluster region gene (BCR) on chromosome 22 resulting in the
formation of a BCR-ABL gene. The product of BCR-ABL is a constitutively active tyrosine
kinase onco-protein (BCR-ABL) which is the basis of CML pathogenesis (Daley et al. 1990).
BCR-ABL phosphorylation activity results in a cascade of signalling pathways which cause

pathological cell proliferation and survival (Goldman and Melo 2003). Imatinib binds to the ATP

10



binding site of BCR-ABL, inhibiting its phosphorylation activity and hence proliferations of the
cancer clone (Druker et al. 2001). Treatment with imatinib is generally well tolerated, but
currently must be continuous and indefinite for most patients to maintain disease control. In
cases of sub-optimal responses to imatinib therapy, higher doses of imatinib, or substituting
imatinib with second generation tyrosine kinase inhibitors, is recommended (Baccarani et al.

2009).

1.2 Efficacy of imatinib

The IRIS [International Randomized Study of Interferon and STI571 (imatinib)] study was a
landmark clinical trial comparing the efficacy and safety of imatinib versus interferon alpha plus
cytarabine (previously used standard treatment) in CML patients. Five hundred and fifty three
patients were randomly assigned to receive imatinib 400 mg once daily or to receive interferon
alpha plus cytarabine. After 5 years of follow up of patients still in treatment, overall survival
rate and progression free survival was 89% and 97% in the imatinib arm, respectively (Druker et
al. 2006). Eight years follow up of this study in patients who remained on imatinib treatment
reported progression free survival and overall survival of 81% and 93%, respectively, and 45%
of patients had discontinued treatment due to adverse events (6%), unsatisfactory therapeutic
outcome (16%), stem cell transplantation (3%), death (3%) or other reasons (17%) (Deininger et
al. 2009). Similar results were found recently in 1503 CML patients, of whom 1379 patients
received imatinib alone. At 10 years, progression free survival and overall survival was 82% and
84%, respectively (Kalmanti et al. 2015). Recent evaluation of these patients showed that 36% of
patients had discontinued imatinib due to inadequate response and adverse events (Kalmanti et

al. 2015).
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Data from clinical practice in 627 CML patients who had received imatinib also showed that
15% of patients present resistance to imatinib (as defined by the physician) and 31% experienced

adverse events that led to discontinuation of imatinib (Michallet et al. 2010).

1.3  Clinical response assessment

Current guidelines identify multiple important milestones for optimal imatinib treatment, as well
as definitions of suboptimal response and treatment failure, that predict long term outcomes
(Jabbour and Kantarjian 2014). A failure to achieve a milestone response is generally categorised
as either primary resistance (no response to the treatment) or secondary resistance (loss of initial

treatment response) (Jabbour et al. 2013).

Recent study in 274 CML patients treated with imatinib 400 mg/day has shown that long-term
response to TKIs can be predicted by measuring BCR-ABL transcript levels in blood as early as 3
months. Overall survival at 8 years, was significantly higher in patients with low (less than 9.8%)
BCR-ABL transcript levels at 3 months as compared to the patients with higher transcript levels
(93.5% v 55.6%, P < 0.001) (Neelakantan et al. 2013). Similarly another study in 282 CML
patients on imatinib 400 mg/day found that the patients who had BCR-ABL transcripts less than
10% at 3 months had significantly better 8 year overall survival as compared to the rest of the
patients (93.3% v 56.9%, P < 0.001) (Marin et al. 2012). These studies suggest that early
molecular response is important to imatinib therapy in order to achieve the long term clinical
benefits. However, approximately 25% of patients fail to achieve early molecular response due

to primary resistance (Hanfstein et al. 2012;Marin et al. 2012;Neelakantan et al. 2013).
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1.4 Mechanism of resistance to imatinib

The major known determinants of imatinib resistance are inadequate target site (intracellular)
concentrations (primary and secondary resistance) and mutations in BCR-ABL (secondary
resistance) (Jabbour et al. 2013). As shown in Figure 1.1, the former is determined firstly by
unbound plasma concentrations (a product of dose, patient compliance, metabolism, and
transport proteins), and secondly by transport proteins mediating imatinib uptake into the CML

cells (Marin et al. 2010;Jabbour et al. 2013;Berglund et al. 2014;Widmer et al. 2014).

_ Unbound Metabolism.
Dose Compliance plasma Transport
concentration proteins

BCR-ABI. Intracellular Uptake
Response ) .
mutations concentration proteins

Figure 1.1: Mechanisms of primary and secondary resistance to imatinib treatment.

A correlation between trough plasma imatinib concentrations and clinical response to imatinib
has been established by several studies. Total (bound+unbound) trough plasma imatinib
concentrations of more than 1000 ng/ml are associated with significantly better clinical response,
whereas plasma concentration below 1000 ng/ml is associated with poor clinical response in

CML patients (Picard et al. 2007;Larson et al. 2008). On the other hand, adverse events such as
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fluid retention, rash, anaemia, myalgia were more frequently reported in patients with trough

plasma imatinib concentrations greater than 1165 ng/ml (Guilhot et al. 2012)

1.5  Variations in trough plasma imatinib concentrations

Trough plasma imatinib concentrations between patients administered the same dose of imatinib

are highly variable, as shown by multiple studies (Table 1.1). Also, a significant number (~73%)

of patients failed to achieve target trough plasma imatinib concentrations of 1100 ng/ml

(Lankheet et al. 2014). It is important to identify factors which are contributing to these

variations in order to minimise primary resistance.

Table 1.1: Interindividual variability in trough total plasma imatinib concentrations in
CML patients.

Number of | Dose Parameter Reference
Patients
68 400 mg Overall Cyougn range: 181-2947 | (Picard et al.
(n=50) ng/ml 2007)
600 mg Meansgo mg + SD: 1058 + 557
(n=18) ng/ml
Meanggo mg = SD: 1440 + 710
ng/mL
351 400 mg Chrough: 153-3910 ng/ml (Larson et al.
Mean + SD, CV %: 979+ 530 | 2008)
ng/ml, 54%
87 400 mg Crough range: 203-4980 ng/ml (Sohn et al.
Mean + SD: 1378 + 725 ng/ml | 2011)
190 400 mg Chrough range: 25-3000 ng/ml (Takahashi et al.
2010
1216 400 mg — 800 | Dose-adjusted CV% = 60% (Bouz:het etal.
mg 2013)

Cirough: Trough total plasma imatinib concentration, SD: Standard deviation, CV: Co-efficient of

variation.
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1.6  Pharmacokinetic profile of imatinib

Imatinib is an orally administered drug and 400 mg per day is recommended as an initial dose in
CML. It has a favourable pharmacokinetic profile. It is almost completely and rapidly absorbed
from the gastrointestinal tract. Peak plasma concentrations (Cnax) are reached after 2 hours of
administration and mean bioavailability in healthy volunteers after a single oral dose of imatinib
400 mg was greater than 97% (Peng et al. 2004). However, interindividual variation was large in
this study; co-efficient of variation (CV) was 44% for maximum plasma concentration (Cpax),

and 31% for area under the plasma concentration-time curve (AUC).

Food has no significant effect on the bioavailability of the imatinib (Peng et al. 2005). Imatinib
has a large volume of distribution (median VVd = 435 L after an intravenous infusion of 100 mg
over one hour) and a plasma half life (t;,) of 18-22 hours (Peng et al. 2004). Imatinib is
approximately 95% bound to plasma proteins, mainly al-acid glycoprotein (Kretz et al. 2004).
After oral administration of radiolabelled imatinib approximately 65% of the systemic exposure
corresponds to imatinib and 10% to its main metabolite N-desmethyl imatinib (Gschwind et al.
2005). Approximately 80% of the dose is excreted within a week mainly in the faeces (67% of
the excreted dose) and also in urine (13%). Imatinib and N-desmethyl imatinib account for 28%

and 13% of the dose in excreta, respectively (Gschwind et al. 2005).

1.7 Summary

Despite favourable pharmacokinetics and excellent efficacy of imatinib, approximately 50% of
patients discontinue imatinib treatment. Trough plasma imatinib concentrations are correlated
with efficacy and adverse events. Inter-individual variations in trough plasma imatinib

concentrations are large (24-64%) (Bouchet et al. 2013;de Wit et al. 2015). Imatinib is a low
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hepatic extraction drug as its predicted intrinsic hepatic clearance (14.8 L/hr) (Filppula 2014) is
lower than hepatic blood flow (~90 L/hr); hence variability in steady-state total plasma imatinib
concentration is a function of imatinib metabolism and plasma protein binding. Therefore,

variable imatinib metabolism may be an important factor determining variable imatinib response.

2. Imatinib metabolism

2.1 Human CYP enzymes

In humans to date 57 functional CYP genes have been identified that are grouped into 18 groups
and 43 subgroups on the basis of amino acid sequence homology. Members of families and
subfamilies are 40% and 55% identical in amino acid sequence, respectively (Nelson 2006).
CYP1, 2 and 3 are the most important families which metabolise approximately 80% of the
clinically used drugs (Wilkinson 2005;Zanger and Schwab 2013). In addition to drug
metabolism, CYP enzymes play important physiological roles such as metabolism of fatty acids,
hormones, bile acids, eicosanoids, steroids, and vitamins (Nebert and Russell 2002). CYP

enzymes are mainly expressed in the liver and intestine (Pelkonen et al. 2008).

CYP enzymes are haem-proteins having unique spectral properties (Guengerich 2008). They are
called P450 enzymes because carbon monoxide combines with reduced forms of iron to form a
pink CO-CYP complex that exhibits a UV absorption peak near 450 nm (Garfinkel
1958;Klingenberg 1958). A generally accepted mechanism of P450 drug oxidation cycle is
shown in Figure 1.2. However, the steps may not proceed linearly as described and the substrate
may bind and release at different steps (Guengerich 2008). CYP3A4 is the most important CYP

enzyme, playing major role in metabolism of approximately 30% of currently existing drugs,
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whereas the importance of other enzymes such as CYP2C8 is continuously growing (Pelkonen et

al. 2008;Lai et al. 2009;Zanger and Schwab 2013).

D e

Product (DOH)

ga—

HZO7\
H* ‘

Figure 1.2: The P450 drug oxidation cycle. Ferric iron (Fe**) of CYP450 binds with substrate
[drug(DH)]; Fe** reduces to Fe®* by receiving an electron from NADPH-P450 reductase, which
then combines with molecular oxygen, a proton and a second electron (either from NADPH-
P450 reductase or from cytochrome bs) to form an Fe?*OOH-DH complex. This combines with
another proton to yield water and a ferric oxene (FeO)**-DH complex. (FeO)** extracts a
hydrogen atom from DH, forms a pair of short-lived free radicals, liberates a product (DOH), and

regenerates the P450 enzyme (modified and adapted from Rang et al. 1999).
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2.2 Imatinib 7n vitro metabolism

Imatinib is metabolised to its main metabolite N-desmethyl imatinib (NDIM, CGP74588) by
cytochrome P450 enzymes CYP3A4 and CYP2C8 (Nebot et al. 2010;Filppula et al. 2013a), with
other CYP enzymes such as CYP1Al and CYP1B1 (Rochat et al. 2008), CYP2C9, CYP2C19,
CYP2D6 (Filppula et al. 2013a), CYP3A5 and CYP3A7 (Nebot et al. 2010) playing little or no
role in imatinib metabolism. In addition to N-desmethyl imatinib, several other metabolites
which include oxidative products and glucuronides have also been reported (Gschwind et al.
2005;Marull and Rochat 2006;Rochat et al. 2008;Filppula et al. 2013a). In vitro, CYP3A4
metabolises imatinib to N-desmethyl imatinib and other metabolites at a ratio of 1:3 (Figure 1.3);
approximately 27% of the in vitro recombinant CYP3A4 metabolism (imatinib depletion) could
be accounted for by NDIM formation (Filppula et al. 2013a). Imatinib CYP2C8 metabolism is
primarily to N-desmethyl imatinib (Figure 1.3) (Filppula et al. 2013a). A previous study has
reported that recombinant CYP3AD5 catalyses imatinib N-demethylation with a similar affinity as
CYP3A4 (44 and 43 uM respectively), however this study was limited by using few data points
(Nebot et al. 2010). Recently, recombinant CYP3A5 was shown to have a minor effect on
imatinib depletion; 80% of the parent drug was left after 30 minute incubation, with an estimated
contribution of less than 1% to the total hepatic clearance via the N-demethylation pathway

(Filppula et al. 2013a). Therefore the contribution of CYP3A5 was not investigated in this study.

2.2.1 Autoinhibition and mechanism-based inhibition

Autoinhibition is a type of inhibition where a compound is responsible for inhibition of its own
metabolism. Autoinhibition can be reversible or irreversible. A previous study has reported

autoinhibition of NDIM formation in recombinant CYP2C8 and CYP3A4 enzymes, with
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estimated Ki values of 395 uM and 1400 uM, respectively (Filppula et al. 2012). Mechanism-
based inhibition is an irreversible inhibition where a compound that is metabolised by an enzyme
to an intermediate inactivates it before leaving the active site (Silverman, 1995). Specific
experiments are required to classify a mechanism-based inhibition of an enzyme (Filppula et al.

2012).

Filppula et al (2012) investigated the in vitro time-dependent inhibitory effects of imatinib and
N-desmethyl imatinib on CYP3A4 and CYP2C8 activity using midazolam 1’-hydroxylation and
amodiaquine N-deethylation as marker reactions. The results of this study showed that imatinib
is a potent mechanism-based inhibitor of CYP3A4 activity as the inhibitory effects was pre-
incubation time, concentration, NADPH dependent and irreversible, whereas no time dependent
inhibitory effects on CYP2C8 activity were found for either imatinib or N-desmethyl imatinib
(Filppula et al. 2012). Assuming imatinib was a similar mechanism-based inhibitor of its own
metabolism, in silico simulations based on these findings suggested, after multiple doses of
imatinib 400 mg once daily, the fraction of drug metabolised by CYP2C8 would increase from
40% to 70%, and by CYP3A4 decrease from 60% to 30% (Filppula et al. 2013a), suggesting a
more significant role for CYP2C8 enzyme in imatinib metabolism upon chronic dosing (Figure

1.3).
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Imatinib

Single dose Chronic dose

CYP3A4 (60%)
CYP2C8 (40%)

N-Desmethyl
Imatinib

N-Desmethyl
Imatinib

Figure 1.3: Important role for CYP2C8 in imatinib metabolism. Following a single oral
dose, CYP3A4 and CYP2C8 are the main enzymes for imatinib metabolism to N-desmethyl
imatinib (contribution of 60% and 40%, respectively). Upon chronic dosing, imatinib inhibits its
own CYP3A4-mediated metabolism leading to increase in contribution of CYP2C8 (70%) to
imatinib metabolism (Filppula et al. 2013a).

2.3 Imatinib 7n vivo interaction studies with CYP3A4 and CYP2CS8
inhibitors/inducers

Co-administration of imatinib with CYP3A4 and CYP2C8 inhibitors and inducers can change
the pharmacokinetics of imatinib. Fourteen healthy volunteers received an inducer of CYP3A4
(rifampicin 600 mg) for 10 days followed by a single dose of imatinib 400 mg. Imatinib Cpax and
AUC were decreased by 54% and 68%, respectively (Bolton et al. 2004). Rifampicin is also an
inducer of other enyzmes and transporters such as CYP2C8 and ABCB1 (FDA. 2011), which
might have contributed to these changes in pharmacokinetics. Following administration of the
CYP3A4 inhibitor ketoconazole (400 mg), imatinib Cpax and AUCy.,4 increased by 26%

(P<0.005) and 40% (P<0.0005), respectively, whereas AUCy, of N-desmethyl imatinib
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decreased by only 13% (P<0.05) and no significant decrease in AUCy.,, of NDIM was found
(P=0.28) (Dutreix et al. 2004), suggesting metabolic pathways in CYP3A4 imatinib metabolism
other than N-desmethyl imatinib formation, and CYP3A4 metabolism of N-desmethyl imatinib,
are involved, as shown in Figure 1.3. In this study, other enzymes and transporters may also have
contributed to changes in pharmacokinetics, as ketoconazole is also a moderate inhibitor of
CYP2C8 (Lai et al. 2009) and ABCB1 (FDA. 2011). A previous study in 351 CML patients has
shown no effect on steady-state imatinib clearance when administered with CYP3A4 inhibitors
such as amiodarone, azithromycin, cimetidine, and inducers such as carbamazepine and
rofecoxib (Schmidli et al. 2005). A confounding factor in this study was that the inhibitors tested
are also inhibitors of other enzymes. For example, amiodarone is a weak CYP2D6 inhibitor, and
cimetidine is a weak inhibitor of CYP2C19, however in vitro no significant contribution in
imatinib metabolism was found for these enzymes (Filppula et al. 2013a). Recently, in a large
observational study in 2478 CML patients, trough plasma imatinib concentrations at steady state
were significantly lower in patients receiving any CYP3A4 inducers, such as carbamazepine and
dexamethasone (630 vs 838 ng/ml, P = 2 x 10°®), and any P-gp inhibitors, such as ciclosporin and
atorvastatin (682 vs 828 ng/ml, P = 0.022), and higher in patients receiving strong CYP3A4
inhibitors such as amiodarone and ritonavir etc. (983 vs 808 ng/ml, P = 0.01), compared to

without such co-medications (Gotta et al. 2014).

To date only one study investigated the effect of a CYP2C8 inhibitor (gemfibrozil) on single
dose imatinib (200 mg) pharmacokinetics. Gemfibrozil reduced the mean Cna.x and AUC of
imatinib by 35 and 23%, respectively (P < 0.001). N-desmethyl imatinib Cy.x and AUC were
reduced by 56% and 48% (P < 0.001) and the N-desmethyl imatinib/imatinib AUC ratio was

reduced by 45% (P < 0.001). In silico simulation based on these results suggested inhibition of
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an uptake transport protein explained reduced Cyax and AUC, whilst inhibition of CYP2C8
might account for the change in metabolic ratio (Filppula et al. 2013b). A confounding factor in
this study was that gemfibrozil is also inhibitor of other enzymes such as CYP1A2, CYP2C9,
CYP2C19 (Wen et al.2001), however no significant contribution to imatinib metabolism was

found for these enzymes in vitro (Filppula et al. 2013a).

2.5 Summary

In vitro CYP3A4 and CYP2C8 are the major enzymes in imatinib metabolism. The contribution
of CYP3A4 to other metabolites is 3-fold higher than to N-desmethyl imatinib formation,
whereas CYP2C8 metabolism is primarily to N-desmethyl imatinib. Imatinib is predicted to be a
mechanism-based inhibitor of its own CYP3A4-mediated metabolism, leading to an important
role for CYP2C8 enzyme in imatinib metabolism. Autoinhibition of NDIM formation in
recombinant CYPs 2C8 and 3A4 is also reported. However, these studies had limitations
(discussed in section 3.5) that warrant better characterisation of in vitro imatinib metabolism and
any autoinhibition involved. In addition contribution of CYP3A4 and CYP2C8 using specific
inhibitory antibodies has not been investigated previously. Furthermore, CYP2C8 is polymorphic

and its functional effects on imatinib metabolism have not been investigated yet.

3. Invitro drug metabolism

In vitro drug metabolism is an important tool to identify enzymes involved in the metabolism of
a specific drug, potential drug interactions, and functional effects of genetic polymorphisms.
Human enzyme sources which include human liver microsomes (HLM), liver slices or

homogenates, hepatocytes, Sq fraction and recombinant CYP enzymes are used to characterise in
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vitro drug metabolism (Fasinu et al. 2012). Each test system has its own advantages and
disadvantages. Liver slices or homogenates and hepatocytes contain all hepatic enzymes and
drug transporters; however they are limited by availability and due to specific requirements such
as viability testing, proper choice of media, support matrices, and careful preparation techniques
(Fasinu et al. 2012;0ng et al. 2013). The other sources, HLM and expressed enzymes are the
easiest way to study drug metabolism. However, they do not contain all the enzymes and lack

drug transporters (see below).

To determine CYP involvement in drug metabolism, the following approaches are generally

used:

e Correlating formation rate of the test drug metabolite with that of enzyme specific
substrate using HLM
e Use of a selective chemical inhibitor or inhibitory antibody against a specific enzyme

e Using expressed enzyme

3.1 Human liver microsomes

CYP enzymes are mainly located in the liver. Within the liver cells they are mainly located in the
smooth endoplasmic reticulum (ER). On homogenisation and differential centrifugation ER is
broken to small fragments called microsomal fractions, commonly used to study the in-vitro drug
metabolism (Rang et al. 1999). Microsomes as compared to hepatocytes are more readily
available and CYP kinetic measurements are not confounded by other process such as cellular
uptake. Microsomes are easy to use and can be stored for several years. However, they only
contain phase I and UGT (Uridine glucuronyl transferase) enzymes (Pelkonen and Turpeinen
2007). Large variations are also found in microsomal preparations from different tissue sources.
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In addition to being utilised in identifying a particular metabolic pathway and inhibition potency,
microsomes are also utilised in studying inter-individual variations in drug metabolism (Ong et

al. 2013).

3.2 Recombinant CYP enzymes

CYP proteins expressed in human lymphoblastoid cells, baculovirus insect cells, bacterial cells
or yeast cells provide a reliable test system to study the contribution of an individual enzyme or
variant in drug metabolism. They are also used to confirm results obtained from HLM studies.
They are commercially available from several sources. However, only one enzyme can be
studied at one time and variations in activity may arise when using different expression systems

(Ong et al. 2013).

3.3 Enzyme kinetics

The most widely used kinetic parameter to determine in vitro enzyme activity is the intrinsic

clearance (Clin) (Pelkonen and Turpeinen 2007) which is calculated as

CLint = Vmax / Km (1.1)

Where Vmax is maximum formation rate and Ky, is the Michaelis-Menten constant, equivalent to

the substrate concentration [S] at which reaction rate is half its maximum.

The reaction is performed at 37°C in an incubation medium, consisting of microsomes or
expressed enzymes, NADPH regenerating system and a buffer to maintain pH at 7.4. The rate of
product formation is measured at multiple substrate concentrations. Vmax and Kp, is usually
calculated by using Michaelis-Menten equation (Eq. 1.2) assuming the involvement of a single

enzyme.
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V =Vmax*[S] / (Km + [S]) (1.2)

It is important to mention here for many drug metabolism reactions, simple Michaelis-Menten
kinetics is not followed. In such cases enzyme kinetics may involve biphasic (two enzyme
activities), substrate inhibition or sigmoidal (activation) kinetics. These atypical behaviours have
a significant impact on the calculation of kinetic parameters; hence data should be analysed with
caution using modified equations which represent such kinetic behaviours (Houston and

Kenworthy 2000;Houston and Galetin 2005;0ng et al. 2013).

An important approach to identify atypical enzyme kinetics is to use Eadie-Hofstee plots, which
are a diagnostic representation of enzyme kinetics in which reaction rate (V) is plotted as

a function of the ratio between rate and substrate concentration (\V/[S]). A linear Eadie-Hofstee
plot is suggestive of involvement of one enzyme. A non-linear Eadie-Hofstee is suggestive of
involvement of two or more enzymes or substrate binding sites. At higher concentrations some
substrates also inhibit the enzyme activity. An Eadie-Hofstee plot displaying a downward curve
in the upper left quadrant is suggestive of substrate inhibition (Miners et al. 2010). Substrate
inhibition involving one enzyme can be described by the following equation.

V =Vima*[S] 1 (Km + [S] *(1+[S] /K3)) (1.3)

where K is the substrate inhibitor constant, equivalent to the substrate concentration [S] at

which half of the Vay is inhibited.
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3.4 Loss and gain of function in enzyme activity

In vitro the difference in enzyme activity between wild type and variant enzymes is measured by
intrinsic clearance. Higher intrinsic clearance indicates gain of function which may be due to
higher binding affinity (Kn,) and/or higher catalytic activity (Vmax), and lower intrinsic clearance

indicates loss of function.

3.5 Limitations of previous in vitro imatinib metabolism studies

Previous kinetic studies of imatinib metabolism in HLMs and recombinant enzymes were limited
by using too few data points. In one study, a non-linear Eadie-Hofstee plot for N-desmethyl
imatinib formation in recombinant CYP3A4 was forced through a linear model (Rochat et al.
2008) and the result was based on a small number of data points (n = 5). Similarly in another
study, Eadie-Hofstee plots were lacking and only 4 data points were used in recombinant
CYP2C8 and CYP3A4 enzymes, which makes the calculation of kinetic parameters unreliable
(Nebot et al. 2010). In another kinetic study of recombinant CYP3A4 enzyme, the estimated
inhibition constant (K;) value calculated was 4-fold greater than the maximum substrate
concentration used (320 uM) (Filppula et al. 2013a). Since at least two enzymes are shown to
participate in imatinib metabolism with evidence of autoinhibition (Filppula et al. 2013a), a
sufficient number of data points are needed to clearly show any autoinhibition involved and to
better characterise the kinetic parameters. In addition, the relative contributions of CYPs 3A4
and 2C8 to imatinib metabolism in HLM have not been investigated using specific monoclonal
inhibitory antibodies. Furthermore, as mentioned above, CYP2C8 is polymorphic and the effect
of genetic variability in CYP2C8 on imatinib metabolism to N-desmethyl imatinb has not been

investigated as yet.
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4. CYP2C8 and CYP3A4 enzymes

41 CYP2C8

The human CYP2C family consists of highly homologous genes located on chromosome 10924
in the following order (centromere-CYP2C18-CYP2C19-CYP2C9-CYP2C8-telomere) (Totah
and Rettie 2005). Approximately 25-30% of drugs are metabolised by the CYP2C family.
CYP2C8 metabolises 5-7% of current drugs (Lai et al 2009). Our understanding of the
importance of CYP2CS8 is growing as many new substrates and inhibitors are identified (Table
1.2). CYP2C8 is the principal enzyme involved in the metabolism of some anticancer drugs
(paclitaxel and debrafenib), antidiabetic drugs (pioglitazone, rosiglitazone and repaglinide),
antimalarials (amodiaquine, chloroquine) and antibiotics such as trimethoprim (Table 1.2).
Paclitaxel (preferable) and amodiaquine (acceptable) are model drugs for in vitro assessment of
CYP2C8 activity, whereas montelukast and quercetin are preferable selective CYP2C8 inhibitors

for in vitro activity (FDA. 2011).

CYP2C8 is the most inducible member of the CYP2C family (Lai et al. 2009). Rifampicin is a
recommended in vitro inducer (FDA. 2011). Some drug metabolites such as gemfibrozil 1-O-i-

glucuronide, clopidogrel 1-O--glucuronide are also inhibitors of CYP2C8 (Table 1.2).

CYP2C8 is mainly expressed in the liver and to a minor extent in the adrenal glands, kidney,
brain, mammary glands and uterus (Totah and Rettie 2005). CYP2C8 also catalysed the
oxidation of arachidonic acid to epoxyeicosatrienoic acid (EETSs) that has important myocardial

and respiratory functions (Delozier et al. 2007;Bajpai et al. 2014).
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CYP2C8 has a larger active site (1438 A®) as compared to the other CYP enzymes (Schoch et al.
2008). It can accommodate large substrates and inhibitors such as paclitaxel and montelukast
(Lai et al. 2009). The topology of the active site cavity is trifurcated resembling T or Y shape. In
comparison CYP3A4 active site cavity is also large (1386 A®), however it is uniformly
distributed that may explain why CYP2C8 and CYP3A4 often share common substrates but

result in different metabolic products (Totah and Rettie 2005).

4.2  CYP2CS8 genetic polymorphism

CYP2C8 is a 31 kb gene consisting of 9 exons (Klose et al. 1999). CYP2C8 is polymorphic and
to date 16 CYP alleles have been identified (CYP2C8*1A to CYP2C8*14) (cypalleles.ki.se).
CYP2C8*5, *7 and *11 are rare variants (<1%), resulting in a truncated protein and are
associated with loss of function (cypallele.ki.se). CYP2C8*5 to CYP2C8*14 are also rare
variants, found mainly in Asians with less than 1% frequency (Hichiya et al. 2005;Aquilante et
al. 2013a). CYP2C8*2, CYP2C8*3, and CYP2C8*4 are the most investigated variants with

potential clinical consequences (Aquilante et al. 2013a).

4.2.1 CYP2C8%2

CYP2C8*2 (rs11572103) is found only in Africans and African Americans with a frequency of
15-18%, is rare in Asians, and absent in Caucasians (Dai et al. 2001;Parikh et al. 2007;Aquilante
et al. 2013b). CYP2C8*2 has been associated with decreased in vitro enzyme activity and lower
intrinsic clearance as compared to the wild type (Dai et al. 2001;Gao et al. 2010;Parikh et al.

2007).
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Table 1.2: Examples of CYP2C8 substrates and inhibitors (modified and adapted from Lai et

al. 2009 and Filppula. 2014).

Substrates Class of Drug Pathway References
Amiodarone Antiarrhythmic N-deethylation Ohyama et al. 2000)
Amodiaquine Antimalarial N-deethylation Li et al. 2002)

Buprenorphine
Cerivastatin
Chloroquine
Debrafenib
Fluvastatin
Loperamide
Paclitaxel
Pioglitazone
Repaglinide
R-ibuprofen
Rosiglitazone

Local anesthetic

HMG-CoA reductase inhibitor
Antimalarial drug

Anti cancer

HMG-CoA reductase inhibitor
Antidiarrheal drug/opioid

Anti cancer

Antidiabetic drug

Antidiabetic drug

NSAID

Antidiabetic drug

N-dealkylation
hydroxylation & O-demethylation
N-deethylation
Oxidation
hydroxylation
N-demethylation
hydroxylation
hydroxylation
hydroxylation
hydroxylation
hydroxylation

(

(

(Picard et al. 2005)
(Wang et al. 2002)
(Kim et al. 2003)
(Lawrence et al. 2014)
(Wang et al. 2002)
(Kim et al. 2004)
(Rahman et al. 1994)
(Jaakkola et al. 2006)
(Bidstrup et al. 2003)
(Hamman et al. 1997)
(Baldwin et al. 1999)

Inhibitors

mechanism of inhibition

Reference

Clopidogrel acyl I-O-B-glucuronide
Gemfibrozil

Gemfibrozil I-O-B-glucuronide
Ketoconazole

Montelukast

Nilotinib

Quercetin

Mechanism-based inhibitor
Reversible (competitive)
Mechanism-based inhibitor
Reversible (non-competitive)
Reversible (competitive)
Reversible (competitive)

Reversible (competitive)

(Tornio et al. 2014)
(Ogilvie et al. 2006)
(Ogilvie et al. 2006)
(Bun et al. 2003)

(Walsky et al. 2005)
(Wang et al. 2014a)
(Bun et al. 2003)

HMG-CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme A; NSAID, non-steroidal anti-inflammatory drug

4.2.2 CYP2C8*3

CYP2C8*3 is a haplotype consisting of two non-synonymous single nucleotide polymorphisms

(amino acid change; R139K, K399R) located in exon 3 (rs11572080) and exon 8 (rs10509681),

respectively (Dai et al., 2001; Aquilante et al. 2013a). It is frequent in Caucasians (13-15%) (Dal
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et al. 2001;Bahadur et al. 2002) and absent in Africans and Asians (Parikh et al. 2007; Aquilante
et al. 2013a). The functional consequences of CYP2C8*3 polymorphism are variable and appear

substrate specific as discussed below.

4.2.2.1 Paclitaxel and Amodiaquine

For paclitaxel and arachidonic acid metabolites, the activity of CYP2C8*3 variant expressed in
E.coli was reduced by 85% and 40%, respectively, as compared to CYP2C8*1 (Dai et al. 2001).
Similarly in expressed CYP2C8*3 variant in HepG2 (human hepatocellular carcinoma) cells,
CLin: for paclitaxel 6a-hydroxylation was significantly lower compared to the wild type (1.88 +
0.3 vs 1.35 £ 0.2, P < 0.05) (Soyama et al. 2001). For amodiaquine, reduced metabolism was
found, with undetectable activity for the CYP2C8*3 expressed variant (Parikh et al. 2007). Gao
et al (2010) also characterised functional effects of CYP2C8*3 variants expressed in yeast cells
using paclitaxel 6a-hydroxylation and amodiaquine N-deethylation as a marker reaction. The
CLin: for CYP2C8*3 was 2-fold lower than the wild type, due to low binding affinity (K, was 2-

fold higher compared to the wild type, P < 0.01) (Gao et al. 2010).

Clinical studies have shown conflicting results for paclitaxel. In 93 ovarian cancer patients,
clearance of unbound paclitaxel was reduced by 11% in patients with CYP2C8*1/*3 genotype as
compared to the wild type, P = 0.03 (Bergmann et al. 2011). In another small study, paclitaxel
clearance was 2-fold lower in 38 ovarian cancer patients with CYP2C8*1/*3 as compared to the
wild type, P = 0.03 (Green et al. 2009). Other studies have failed to replicate the lower activity
associated with CYP2C8*3 for paclitaxel metabolism (Taniguchi et al. 2005;Rowbotham et al.

2010). CYP2C8*3 polymorphism was also found to be associated with an increased risk for

30



paclitaxel related neurotoxicity. CYP2C8*1/*3 patients had significantly higher risk of motor

neuropathy as compared to the wild type (P=0.034) (Green et al. 2009).

4.2.2.2 Anti diabetic agents

For antidiabetic drugs such as pioglitazone and repaglinide, higher activity was found (Muschler
et al. 2009;Yu et al. 2013). For repaglinide, expressed CYP2C8*3 variant showed 1.31-fold
higher Cliy; than the CYP2C8*1 enzyme (P < 0.05) (Yu et al. 2013). For pioglitazone metabolism
to M-IV, CLi,; was higher in *3/*3 HLMs (n=5) as compared to the wild type (n=5) (mean £ SD,
35 £+ 9 vs 24 + 4 pmol/min/mg/uM, P = 0.04) (Muschler et al. 2009). In this study *3/*3 HLMs
were also carrying the CYP2C9*2 polymorphism which is in partial linkage disequilibrium with
CYP2C8*3 (Yasar et al. 2002), that may have contributed to the overall activity. This study also

found concentration-dependent autoinhibition of M-IV formation.

For antidiabetic agents the in vivo data appear to agree with the in vitro findings. For repaglinide
at a dose of 0.25 mg, mean AUC and Cpax Were 45% and 39% lower in healthy subjects with
CYP2C8*1/*3 genotype as compared to the wild type (P < 0.005) (Niemi et al. 2003). Other
studies have shown little or no effect of CYP2C8*3 polymorphism on pharmacokinetics of
repaglinide in healthy volunteers who received a more clinically relevant dose of 2 mg (Bidstrup
et al. 2006; Tomalik-Scharte et al. 2011). The reason for this might be the difference in dose (2 vs
0.25 mg). For rosiglitazone, trough plasma concentrations in 187 type 2 diabetic patients were
significantly lower in *1/*3 patients compared to the wild type (23.1 vs 16.5 ng/ml, P=0.03)
(Stage et al. 2013). Similarly in healthy volunteers, single dose rosiglitazone AUC was decreased
by 36% and 7% and clearance increased by 40% and 15% in *3/*3 and *1/*3 genotypes,

respectively, as compared to the wild type, however the difference was only significant for *3/*3
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(P = 0.03), similar findings were also observed after multiple doses of rosiglitazone (Kirchheiner
et al. 2006). For pioglitazone, in healthy subjects, AUC was decreased by 34% and 26% in *3/*3
and *1/*3, respectively, compared to the wild type (P < 0.05) (Tornio et al. 2008). Data on other
drug classes such as NSAIDs, opioids, statins and antimalarials are accumulating (Daily and
Aquilante 2009), however they are complicated by the involvement of other enzymes such as

CYP2C9 and CYP3AA4.

4.2.3 CYP2C8*4

CYP2C8*4 (rs1058930) is another important polymorphism that has functional consequences. It
is found with an allele frequency of 7-8% in Caucasians, is absent in Asians, and rare in Africans
(Bahadur et al. 2002; Aquilante et al. 2013a). For paclitaxel, lower activity was found for
CYP2C8*4 variants in HLMs, with median paclitaxel 6a-hydroxylation activity approximately
1.7-fold lower as compared to the wild type, however the difference was not statistically
significant (P > 0.05) (Bahadur et al. 2002). CYP2C8*4 expressed variants in E.coli showed only
15% of activity as compared to the wild type for paclitaxel 6a-hydroxylation (Singh et al. 2008).
CYP2C8*4 expressed variants in yeast cells also showed significantly lower activity for
paclitaxel 6a-hydroxylation and amodiaquine N-deethylation (Gao et al. 2010). Paclitaxel CLiy
was 3-fold lower in CYP2C8*4 variant compared to wild type, due to low catalytic activity (P <
0.01). For amodiaquine N-deethylation, activity was approximately 1.5-fold lower compared to
wild type only at low substrate concentration (P < 0.05) (Gao et al. 2010). The structure-
functional relationship study showed that CYP2C8*4 variant resulted in a reduced function
protein with an inactive P420 state (Singh et al. 2008;Gao et al. 2010;Jiang et al. 2011). In vivo
effects of CYP2C8*4 on substrate pharmacokinetics are inconclusive, as too few subjects were

included in clinical studies (Daily and Aquilante 2009). In some studies no significant effect of
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CYP2C8*4 genotype was found on paclitaxel and repaglinide pharmacokinetics (Niemi et al.

2003;Marsh et al. 2007).

4.2.4 Summary

These studies indicated that CYP2C8*3 alters CYP2C8 enzyme activity both in vitro and in vivo
in a substrate specific manner. For some substrates such as paclitaxel it leads to reduced in vitro
activity, however in vivo data for paclitaxel is inconsistent. For anti-diabetic drugs, both in vitro
and in vivo data indicated enhanced activity for CYP2C8*3, however data should be interpreted
with care due to the contribution of other enzymes such as CYP2C9 and CYP3A4. No
mechanism for loss or gain of function associated with CYP2C8%*3 polymorphisms has been
identified. The CYP2C8*4 variant appears to lead to reduced functional protein; however more

studies are needed to show its clinical relevance.

4.2 CYP3A4

CYP3A4 is the most important enzyme of CYP450 family playing major role in the metabolism
of 30% of current drugs (Zanger and Schwab 2013). It is mainly expressed in the liver and
intestine (Pelkonen et al. 2008). It has a flexible and large active site and can accommodate
multiple substrates (Hendrychova et al. 2011). Midazolam and testosterone are the preferable
substrates for measuring in vitro CYP3A4 activity, whereas ketoconazole, itraconazole and
troleandomycin are recommended in vitro inhibitors of CYP3A4 (FDA. 2011). More than 40
CYP variant alleles have been identified in CYP3A4 but few of them have functional
consequences (cypalleles.ki.se). A common variant, CYP3A4*1B has been associated with higher
prostate tumour grade and advance prostate cancer disease. Forty six percent of patients with

stage 3 or stage 4 prostate tumour carried CYP3A4*1B, whereas only 5% of patients with stage 1
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tumour carried CYP3A4*1B (P < 0.001) (Rebbeck et al. 1998). An intron 6 SNP, CYP3A4*22
(rs35599367, C>T) has been associated with reduced activity; patients carrying T allele required
significantly lower statin (atorvastatin, simvastatin, or lovastatin) doses (0.2-0.6-fold, P = 0.012)

than non-T carriers (Wang et al. 2011).
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5.  Hypothesis

It was hypothesised that CYP2C8%*3 and CYP2C8*4 genetic polymorphisms would decrease

imatinib metabolism to N-desmethyl imatinib in HLM.

6. Aims

The aims of the study were:
e To study the impact of CYP2C8*3 and CYP2C8*4 polymorphisms on in vitro

metabolism of imatinib to N-desmethyl imatinib using HLMs genotyped for CYP2C8*3
and CYP2C8*4, and in CYP2C8*3/*3 pooled HLM.

e To more comprehensively characterise the kinetics of imatinib N-demethylation in HLMs
and recombinant enzymes to better define kinetic parameters.

e To determine the relative contribution of CYP2C8 and CYP3A4 to imatinib N-
demethylation in HLMs using specific monoclonal inhibitory antibodies and chemical

inhibitors.
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Chapter 2: Manuscript

This manuscript has been submitted for publication. It covers all the aims of this study apart
from the impact of CYP2C8%*4 polymorphism on imatinib metabolism (discussed in chapter 3).
Part of this work was previously presented at the 2014 Australasian Society of Clinical and
Experimental Pharmacology and Toxicology conference (joint ASCEPT-MPGPCR conference),
December 7-11, Melbourne, Victoria, Australia and it won the Pharmacogenomics special

interest group (SIG) Award.

Title

Impact of CYP2C8%*3 polymorphism on in-vitro metabolism of imatinib to N-
desmethyl imatinib

Muhammad Suleman Khan, Daniel T Barratt, and Andrew A Somogyi.

Discipline of Pharmacology, School of Medical Sciences (M.S.K., D.T.B., A.A.S.), and Centre
for Personalised Cancer Medicine (D.T.B., A.A.S.),The University of Adelaide, South Australia,
Australia; Department of Clinical Pharmacology, Royal Adelaide Hospital, Adelaide, South

Australia, Australia (A.A.S.)
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Abstract

Imatinib is metabolised to N-desmethyl imatinib by CYP3A4 and CYP2C8. In vitro human liver
microsome (HLM) studies indicate imatinib autoinhibition of CYP3A4-mediated metabolism,
suggesting a more significant role for CYP2C8 on chronic dosing. Functional effects of the
major CYP2C8 polymorphism CYP2C8*3 on N-desmethyl imatinib formation are unknown. We
examined N-demethylation of imatinib in HLMs genotyped for CYP2C8*3, in CYP2C8*3/*3
pooled HLMs, and in expressed CYP2C8 and CYP3A4 enzymes. Effects of CYP-selective
chemical and antibody inhibitors on N-demethylation were also determined. Single enzyme
Michaelis-Menten model with substrate inhibition best fitted wild-type (CYP2C8*1/*1) HLM (n
= 5) and expressed CYP2C8 kinetic data (median = SD K; = 139 + 61 uM and 149 uM,
respectively). Expressed CYP3A4 showed two site enzyme kinetics with no evidence of
autoinhibition. Three of four CYP2C8*1/*3 HLMs showed single enzyme but no autoinhibition
kinetics. Binding affinity was approximately 2-fold higher in CYP2C8*1/*3 HLMs as compared
to CYP2C8*1/*1 (median £ SD Ky, =6 £ 2 vs 11 + 2 uM, p=0.04). Intrinsic clearance (Cl;n;) was
higher in CYP2C8*1/*3 HLMs compared to CYP2C8*1/*1 (median + SD Cli;;=19+ 8 vs 13+ 2
pl/min/mg). CYP2C8*3/*3 (pooled HLM) showed highest binding affinity (K, = 3.6 uM) and
weak autoinhibition (K;= 449 uM) kinetics. CYP2C8 inhibitors reduced N-demethylation by 47-
75%, compared to 0-30% for CYP3A4 inhibitors. These results indicate that CYP2C8*3 may
enhance CYP2C8 activity by influencing autoinhibition, and that in vitro the metabolism and
autoinhibition of imatinib N-demethylation appears mainly mediated by CYP2C8 and not

CYP3AA4.
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Introduction

Imatinib mesylate was the first successfully-targeted tyrosine kinase inhibitor among tyrosine
kinase inhibitors (TKIs), now used as first line therapy in newly diagnosed chronic myeloid
leukaemia (CML) and also used in Ph" acute lymphoblastic leukaemia (ALL), c-KIT and
PDGFR positive gastrointestinal stromal tumor (GIST) (Linch et al. 2013;Jabbour and
Kantarjian 2014;Maino et al. 2014). Treatment with imatinib is generally well tolerated, but must
be continuous and indefinite for most patients to maintain disease control. Up to 50% of CML
patients discontinue imatinib due to lack of efficacy or adverse effects (Gotta et al. 2014). Major
determinants of resistance appear to be inadequate target site (intracellular) concentrations
(Berglund et al. 2014) and mutations in the target protein (BCR-ABL)(Jabbour et al. 2013). The
former is determined firstly by unbound plasma concentrations, a product of variability in
metabolism, and patient compliance, and secondly by transport proteins mediating imatinib

uptake into CML cells (Marin et al. 2010;Jabbour et al. 2013;Widmer et al. 2014).

Imatinib is almost completely absorbed after oral administration. Peak plasma concentrations
(Crmax) are achieved after 2-4 hours with 97 % bioavailability and half life of 18 hours (Peng et al.
2004). After oral administration approximately 65% of the systemic exposure corresponds to
imatinib and 10-20% to N-desmethyl imatinib (NDIM) (Gschwind et al. 2005;Josephs et al.
2013). Imatinib is extensively metabolised in the liver and is eliminated predominantly in the
feces (67% and 13% of the excreted dose in feces and urine, respectively); approximately 13% of
the dose in excreta corresponds to NDIM (Gschwind et al. 2005). Several other metabolites of
minor importance have also been identified (Gschwind et al. 2005;Marull and Rochat
2006;Rochat et al. 2008). A correlation between trough plasma imatinib concentrations and

efficacy shows that trough total (bound plus unbound) concentrations of more than 1000 ng/ml
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are associated with better outcomes (Larson et al. 2008;Picard et al. 2007;Yeung and White
2011;). Large interindividual variability exists in plasma imatinib concentrations (Bouchet et al.
2013;de Wit et al. 2015) and dosage above 600 mg is associated with adverse events (Larson et
al. 2008;Widmer et al. 2014). Imatinib is metabolised to its main metabolite NDIM by CYP2C8
and CYP3A4 (Nebot et al. 2010;Filppula et al. 2013). Other CYP enzymes CYP3A5, CYP1A1,
CYP1A2, CYP2D6, CYP2C9 and CYP2C19 play little or no role (Rochat et al. 2008;Filppula et
al. 2013). A recent study has indicated that imatinib is an autoinhibitor of CYP3A4 metabolism
in vitro (Filppula et al. 2012). In silico simulations based on these in vitro findings predicted that
after multiple doses of imatinib (400 mg), the fraction of drug metabolised by CYP2C8 would
increase from 40% to 60%, and by CYP3A4 decrease from 60% to less than 40%, due to dose
and time-dependent autoinhibition of CYP3A4 activity (Filppula et al. 2013). CYP2C8 is
polymorphic and to date 16 alleles have been identified (cypalleles.ki.se). Most of the
polymorphisms are not well studied and their contribution to CYP2C8 activity is variable
(Zanger and Schwab 2013). CYP2C8*3 is a common haplotype in Caucasians (11-14%)
consisting of two single nucleotide polymorphisms (rs11572080 and rs10509681) that has
functional consequences (Aquilante et al. 2013). In vitro CYP2C8*3 was associated with reduced
arachidonic acid and paclitaxel metabolism (Dai et al. 2001;Gao et al. 2010;Yu et al. 2013),
whereas for the antidiabetic drugs repaglinide, and pioglitazone, higher activity was found for
CYP2C8*3 compared to the wild type CYP2C8*1 enzyme (Daily and Aquilante 2009;Muschler
et al. 2009;Stage et al. 2013). To date the impact of CYP2C8*3 polymorphism on imatinib
metabolism in HLM has not been investigated. Based on the previous data for CYP2C8 in vitro
model substrate paclitaxel, we hypothesised that CYP2C8*3 genetic polymorphism will decrease

imatinib metabolism to NDIM in HLM. Therefore, we aimed to study the impact of CYP2C8*3
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polymorphism on in vitro metabolism of imatinib to NDIM in HLMs genotyped for CYP2C8*3
and in CYP2C8*3/*3 (pooled HLM). Previous imatinib N-demethylation Kkinetic studies in
expressed CYP2C8, CYP3A4 enzymes and HLMs had a limited number of data points; therefore
we also aimed to more comprehensively characterise the kinetics of imatinib N-demethylation in
HLMs and expressed enzymes to better define kinetic parameters. The relative contribution of
CYP2C8 and CYP3A4 to imatinib N-desmethylation in HLMs was also studied using specific

monoclonal inhibitory antibodies and chemical inhibitors.
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Materials and Methods
Chemicals

Imatinib and NDIM were kindly provided by Prof Deborah White (South Australian Health and
Medical Research Institute, SA, Australia). DL-Isocitric acid trisodium salt, isocitric
dehydrogenase, montelukast, troleandomycin and fatty acid-free human serum albumin (HSA)
were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Disodium hydrogen
orthophosphate, dipotassium hydrogen orthophosphate, magnesium chloride hexahydrate and
sodium dihydrogen orthophosphate were obtained from Ajax Chemicals (Auburn, NSW,
Australia). NADP-sodium salt, triethylamine and orthophosphoric acid were purchased from
Merck Pty. Ltd. (Kilsyth, VIC, Australia). HPLC grade acetonitrile and methanol were
purchased from Scharlau (Barcelona, Spain; distributed by Southern Cross Science Pty Ltd,
Edwardstown, SA, Australia). Oligonucleotide primers and probes were purchased from
Integrated DNA Technologies Pty Ltd (Baulkham Hills, NSW, Australia). iTag Universal Probes
Supermix was obtained from BioRad (Sydney, NSW, Australia). Maxwell 16 tissue DNA
purification kits were purchased from Promega (Madison,WI, USA). Pierce™ BCA protein

assay kit was purchased from Thermo Fisher Scientific (Scoresby, VIC, Australia).
Expressed Proteins and Monoclonal Antibodies.

Human P450 isoforms (CYP3A4 and CYP2C8) co-expressed with P450 reductase and
cytochrome b5 (Cyt b5) in baculovirus-infected insect cells were commercially available from
Corning (Woburn, MA, USA,; distributed by In-vitro Technologies Pty. Ltd, Noble Park, VIC,
Australia). Monoclonal antibody inhibitors of human CYP3A4 (Falcon Gentest inhibition maB-

3A4) and CYP2C8 (Falcon Gentest inhibition maB-2C8) were also obtained from Corning.
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Liver Samples.

Ethical approval was obtained from University of Adelaide Ethics Committee of Human
Experimentation and Human Ethics Committee of the Royal Adelaide Hospital. Human liver
samples were donated by 40 patients undergoing partial hepatectomy for hepatic tumors. All
liver samples were genotyped for the major CYP2C8*3 (rs11572080 and rs10509681) single
nucleotide genetic polymorphism (SNP) by assays described below, and 9 liver tissues were
selected on the basis of their CYP2C8*3 genotype. All the tissue samples used were normal
based on gross morphology. Characteristics of the patients were as follows: (1) all were
Caucasian; (2) ages ranged from 31 to 77 years; (3) six donors were male
(HLS#14,20,26,33,34,47); 4) five patients carried CYP2C8*1/*1 genotype and four carried
CYP2C8*1/*3 genotype. Six patients had normal clinical chemistry and hematology before
surgery, HLS#20 had high concentrations of lactate dehydrogenase (3.4 x upper limit of normal).
Alanine Transaminase levels were higher in HLS#20 and 44 (8 and 14 x upper limit of normal)
and gamma-glutamyl transpeptidase levels were slightly higher in HLS#47 and 26 (1.5 x upper
limit of normal). Albumin level was half normal in HLS#44. All tissue samples were frozen in
liquid nitrogen and stored at -80°C until used. CYP2C8*3/*3 pooled HLM were purchased from
Corning (Woburn, MA, US).

CYP2C8 Genotyping:

Genomic DNA was isolated from liver tissues using Promega Maxwell 16 instrument (Madison,
WI) with Maxwell 16 Tissue DNA purification kit according to the manufacturer’s protocol.
CYP2C8*3 genotype was determined by allelic discrimination assay using custom designed
primers and probes at final concentrations of 6 UM each, 1 x iTaq Universal Probes Supermix

and 20 ng of DNA (20 pl reaction volume) on a CFX96 real-time PCR system (BioRad, Sydney,
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NSW, Australia). Primer and probe sequences are listed in the Table 1. Thermocycling
conditions were 95°C for 3 minutes then 39 cycles of 95°C for 5 seconds and 65°C for 30
seconds, with allelic discrimination performed using CFX Manager 3.0 software (BioRad) after
39 cycles. Sequenced genotype controls (CYP2C8*1/*1, *1/*3, *3/*3) and two non-template
controls were included in every run of assays.

Enzyme Kinetics in HLMs:

HLMs were prepared from human liver bank samples using a previously described differential
centrifugation method (Zanger et al. 1988) and used by us previously (Li et al. 2013). Total
microsomal protein content was quantified by BCA assay according to the manufacturer’s
protocol (Pierce Biotechnology, Inc.).

NDIM formation from imatinib in HLMs was performed as follows (n = 1 for all incubation
conditions in each HLM, pooled HLM or recombinant enzyme experiment). All incubations
were performed at 37°C in a shaking water bath. Incubation medium, in a final volume of 100 pl,
consisted of 50 pug HLM protein, NADPH regenerating system (1 mM NADP, 1 unit/ml
isocitrate dehydrogenase, 5 mM DL-isocitric acid, 5 mM magnesium chloride), and 0.1 mM of
disodium phosphate buffer (pH 7.4). After a 3-minute preincubation, the reaction was initiated
by the addition of various concentrations of imatinib (20 concentrations, final concentration
range 1 to 200 uM imatinib), and terminated by the addition of 50 ul of ice cold acetonitrile after
60 minutes incubation. Fifty microgram HLM protein and 60 minutes incubation time were
chosen based on preliminary experiments (data not shown).The mixture was then centrifuged at
21000 xg at 4°C for 10 min and 40 pl of the supernatant was injected for high-performance
liquid chromatography (HPLC) analysis. For CYP2C8*3/*3 (pooled HLM), imatinib

concentrations up to 500 uM were required to estimate K;. Stock solutions of imatinib were
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prepared in milli Q water. Working standards of imatinib were prepared in phosphate buffer (pH
= 7.4) and 10 pl of the working standard was added to the incubation to obtain the final imatinib
concentration. Controls consisting of phosphate buffer, HLM, and imatinib without NADPH
regenerating system were included in each run.

Imatinib non-specific binding to 50 pg HLM protein was determined by an ultrafiltration method
using centrifree devices (Merck Millipore Ltd., Cork, Ireland). Samples and devices were
equilibrated at 37°C before application. The device was first pre-washed with 1 ml of phosphate
buffer. Fifty microlitres of sample was then added to the device, centrifuged at 2000 xg for 20
min at 37°C, and the ultrafiltrate discarded. One hundred and fifty microlitres of the sample was
then added to the device and centrifuged at 2000 xg for 20 min at 37°C. To 50 pl of filtrate, 25 pl
ice cold acetonitrile was added and centrifuged at 21000 xg at 4°C for 10 min and 40 pl was
injected for HPLC analysis.

Since fatty acids from microsomes can inhibit CYP2C8 activity, we also studied the effect of
fatty-acid free HSA 2% wi/v (sequesters fatty acids) on NDIM formation (Wattanachai et al.
2011). The binding of imatinib to HSA 2% w/v and HLM was studied using ultrafiltration as
above. The effect on NDIM formation was studied using final imatinib concentrations of 5, 10
and 20 pM in incubations without HSA, and 8.5, 17 and 34 puM in incubations with HSA to
account for binding of imatinib to HSA. To determine total NDIM formation, incubations were
performed in duplicate as above. After 60 minutes the samples were pooled and placed on ice to
stop the reaction. Twenty five microlitres of pooled sample was added to another tube containing
37.5 ul of ice cold acetonitrile and placed on ice for 10 min. The samples were then centrifuged
at 21000 xg at 4°C for 10 min. To 31.2 pl supernatant, 25 pl phosphate buffer was added and 40

Ml was injected for HPLC analysis to quantify total NDIM. The rest of the pooled sample
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underwent ultrafiltration as above. To filtrate 1.5 x volume ice cold acetonitrile was added and
placed on ice for 10 min. The samples were then centrifuged at 21000 xg at 4°C for 10 min. To
31.2 pl supernatant, 25 pl phosphate buffer was added and 40 ul was injected for HPLC analysis
to quantify unbound imatinib concentrations. Total NDIM formation and unbound imatinib was
quantified using HPLC assay described below with slight modifications. For unbound imatinib,
standards for the imatinib calibration curve were diluted in phosphate buffer and underwent the
same ultrafiltration process as samples. NDIM standards were prepared using the same dilutions
as were used in incubation with HSA.

Enzyme Kinetics in cDNA-Expressed P450 Enzymes:

Expressed CYP2C8 and CYP3A4 (final concentrations of 54 pmol/ml and 20 pmol/mi
respectively) were incubated at substrate concentrations and conditions identical to those used
for HLMs.

Inhibition Studies with Chemical Inhibitors:

The effects of chemical inhibitors of CYP3A4 (troleandomycin, 25 puM) and CYP2C8
(montelukast, 10 pM) on NDIM formation was investigated using imatinib concentrations
equivalent to the respective K, values for each HLM, CYP2C8*3/*3 (pooled HLM), and
expressed enzymes. For CYP2C8%*3/*3 (pooled HLM), 10 uM imatinib was also investigated to
enable the quantification of NDIM formation in the presence of inhibitors. Stock solutions of
troleandomycin were prepared in methanol. Working standards were prepared in 0.1M sodium
phosphate buffer (pH 7.4), with a 0.7% final concentration of methanol in the incubation
medium. Stock solutions of montelukast were prepared in milli Q water. All components of the
incubation medium except imatinib were preincubated with troleandomycin or methanol control

for 20 min, or with montelukast or water control for 3 min, at 37°C. The reaction was then
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initiated by the addition of substrate and terminated after 60 minutes incubation. NDIM
formation was quantified using the HPLC assay as described below.

Inhibition Studies with Monoclonal Antibodies against P450s:

Monoclonal antibodies against CYP3A4 (Falcon Gentest inhibition maB-3A4, MAB3A4) and
CYP2C8 (Falcon Gentest inhibition maB-2C8, MAB-2C8) were used in accordance with the
manufacturer’s recommendations. Antibodies (10 pl of 4mg/ml MAB-3A4 or 2.5 mg/ml MAB-
2C8 in 25mM Tris buffer, pH 7.5) or inhibitor-free controls (10 pl 25mM Tris buffer,pH 7.5)
were pre-incubated with an incubation medium containing 50 pug HLMs, NADPH-regenerating
system, incubation buffer, and 25 mM Tris buffer (pH 7.5) on ice for 20 minutes. The reaction
was then initiated by the addition of imatinib concentrations equivalent to the Ky, values of each
HLM and CYP2C8*3/*3 (pooled HLM). For CYP2C8*3/*3 (pooled HLM), 10 uM imatinib was
also investigated to enable the quantification of NDIM formation in the presence of MAB-2C8.
The reaction was terminated after 60 minutes incubation.

HPLC Conditions:

NDIM formation was quantified using an HPLC assay with UV detection that was modified
from a previously reported method (Tan et al. 2011). In brief, separation of imatinib, NDIM and
two unidentified minor metabolites (M1 and M2), was achieved on a 5 um C18 reverse-phase
column (150 x 2 mm; LUNA; Phenomenex, Torrance, CA, USA) using a mobile phase of 15%
(v/v) acetonitrile and 0.4% triethylamine in 0.02 mM dipotassium phosphate buffer (pH 3), and a
flow rate of 0.55 ml/min. The column was protected by a 4 x 2 mm C18 security guard cartridge
(Phenomenex). Analytes were detected at 235 nm. The peak area was calculated using Shimadzu
Class-VP software (version 6.12, SP2; Shimadzu, Kyoto, Japan). The retention times for

imatinib, NDIM, M1 and M2 were 12.5, 8.5, 6.3 and 18 minutes, respectively. Calibration curves
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comprised six standards of NDIM over the concentration range of 0.25-10 pM. Stock solutions
of NDIM were prepared in milli Q water. Working standards for the calibration curve were
prepared in phosphate buffer (pH 7.4). Working standards were then diluted in disodium
phosphate buffer containing 50 pg of albumin (in place of the NADPH regenerating system and
microsomes) to a final volume of 100 pl to replicate incubation samples. Fifty microlitres of ice
cold acetonitrile was added before centrifuging at 21000 xg at 4°C for 10 min. Forty microlitres
of the supernatant was then injected for HPLC analysis.

Inter and intra-assay variabilities were determined using the analysis of quality-control NDIM
samples at three different concentrations: low (0.75 pM), medium (2 puM), and high (4 pM).
Intra-assay variability was calculated from six replicates of each quality control on a single assay
run. Inter-assay variability was calculated from duplicate quality control samples on six different
days. Inter and intra-assay inaccuracy for quality control samples was less than 8% and 5%,
respectively. Precision calculated as co-efficient of variation (CV) was less than 8% (inter-assay)
and 6% (intra-assay).

Data Analysis:

NDIM formation rate was calculated using the following equation:

Formation rate (V) = NDIM concentration (pmol/ul) x incubation volume (ul)/HLM protein (ug)
/total incubation time (min) 1)
The assessment of the kinetic data was initially performed by Eadie-Hofstee plots [V/substrate
concentration(S) versus V] which directed the choice of kinetic models to be tested. The
following models for each HLM and expressed enzyme were fitted to the Kinetic data:
One-enzyme (Michaelis-Menten) model

V =Vima*[S]/ (Km + [S]) 2
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One-enzyme (Michaelis-Menten) model with substrate inhibition
V =Vinax*[S)/ (K + [S]*(1+[S]/K3)) (©)
Two-enzyme (Michaelis-Menten) model
V= (Vinaxt*[S) (Kn1+[S])) + (Vimax2™[SI (Kmz*+[S])) (4)

Two-enzyme (Michaelis-Menten) model with one enzyme substrate inhibition

V= (Vinaa*[S)/ (Kima+[S])) + (Vimax2*[SV (Kmz + [S]*(1+[S)/K3)) (5)

Two-enzyme (Michaelis-Menten) model with two-enzyme substrate inhibition
V= (Vimaa*[S]/ Kmt [S]*(1+[S)/Kin)) + (Vna*[S (Kmz + [S]*(1+[S]/K2))) (6)
Sigmoidal model with substrate inhibition

V= (Vinax*[S1" (Kn" + [S]) +Vimax*[SI/ (Kim#+ [ST*(1+[S)/K3))) 7

Where Ky, is substrate concentration [S] at which half of the V. is obtained, Vi is the
maximum formation rate, K; substrate inhibition constant and h is the Hill slope. The criteria for
selection of the best model for analysis was based on visual inspection of the Eadie-Hofstee plot,
extra sum of squares F-test and comparisons of goodness of fit of different models to the
observed kinetic data. Kinetic parameters (Kn, Vmax, Ki and Hill slope) were estimated using
GraphPad Prism 5 software (San Diego, CA). Intrinsic clearance (Cli,) was calculated as

Vmax/Km. Inhibition data were expressed as a percentage of the corresponding non-inhibitor
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controls. Mann Whitney U test was used for statistical comparison between two genotype groups
(CYP2C8*1/*1 and CYP2C8*1/*3).

Results:
Enzyme Kinetics in cDNA-Expressed P450 Enzymes:

Figure 1 shows the Enzyme kinetics of NDIM formation in expressed CYP2C8 and CYP3A4
enzymes. A single enzyme Michaelis-Menten model with substrate inhibition best fitted the
expressed CYP2C8 kinetic data (Figure 1A and 1B). Eadie-Hofstee plot suggested a two site
interaction for expressed CYP3A4 (Figure 1C) and so a two enzyme Michaelis-Menten model
best fitted the expressed CYP3A4 kinetic data (Figure 1D). The estimated values of Kinetic
parameters (Vmax, Km, Kj and Cl;y) for CYP2C8 and for the CYP3A4 low-affinity/high-capacity
(Vmax1, Km1, and Clin1) and the high-affinity/low-capacity site (Vmaxz, Km2, and Cliq) are listed in
Table 2. Two unidentified peaks M1 and M2 were found in expressed CYP3A4 but not in

CYP2C8 (data not shown).

Enzyme Kinetics in HLMs:

Enzyme kinetic parameters of NDIM formation in HLMs with CYP2C8*1/*1 (n=5),
CYP2C8*1/*3 (n=4) and CYP2C8*3/*3 (pooled HLM) genotypes are listed in Table 2. Eadie-
Hofstee plots for all CYP2C8*1/*1 HLMs indicated one enzyme with substrate inhibition and a
single enzyme Michaelis-Menten model with substrate inhibition provided the best fit to the
kinetic data. Representative Eadie-Hofstee and Michaelis-Menten plots for CYP2C8*1/*1 HLM
are shown in Figure 2A and 2B, respectively. No autoinhibition was found in three out of four
HLMs with CYP2C8*1/*3 genotypes. The Eadie-Hofstee plot was linear for these HLMs,
indicating single enzyme kinetics. One CYP2C8*1/*3 (HLS#26) displayed atypical kinetics: a

sigmoidal model with substrate inhibition provided the best fit to the kinetic data (Supplementary
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Figure 2). Representative Eadie-Hofstee and Michaelis-Menten plots for CYP2C8*1/*3 HLMs
are shown in Figure 2C and 2D, respectively. Eadie-Hofstee plot for CYP2C8*3/*3 (pooled
HLM) indicated autoinhibition (Fig 2E). A single enzyme Michaelis-Menten model with
substrate inhibition provided best fit to the kinetic data (Fig 2F). Binding affinity was
approximately 2-fold higher for CYP2C8*1/*3 HLMs as compared to CYP2C8*1/*1 HLMs
(median Ky, = 6 vs 11, P=0.04). CYP2C8*3/*3 pooled HLM displayed the highest binding

affinity (K, = 3.6 puM). Cliy; was also higher in HLMs with CYP2C8*1/*3 as compared to

CYP2C8*1/*1 HLMs (median Cli,;= 19 vs 13 pl/min/mg), but the difference was significant (P =
0.02) only if HLS#26 was excluded from analysis due to atypical enzyme kinetics. Kinetics of
NDIM formation in the presence of fatty acid free HSA (2% w/v) remained unchanged (data not

shown). Approximately 15% of imatinib was bound to 50 pg HLM protein.

Inhibition studies

Figure 3 shows the effects of CYP2C8 and CYP3A4 chemical (montelukast and troleandomycin
respectively) and monoclonal antibody inhibitors on NDIM formation in expressed CYP2C8 and
CYP3A4, and HLMs with CYP2C8*1/*1 (n=5), CYP2C8*1/*3 (n=4), CYP2C8*3/*3 (pooled
HLM) genotypes. Montelukast and MAB-2C8 inhibited NDIM formation by at least 65%
(NDIM below LOQ) and 78%, respectively, in expressed CYP2C8; montelukast inhibited NDIM
formation with a median of 70% and 61%, and MAB-2C8 by a median of 50% and 47% in
CYP2C8*1/*1 and CYP2C8*1/*3 HLMs, respectively. Troleandomycin inhibited NDIM
formation by 58%, and by a median of 21% and 14%, in expressed CYP3A4, CYP2C8*1/*1
HLM and CYP2C8*1/*3 HLM, respectively. MAB-3A4 inhibited 42% and less than 10% of
NDIM formation in expressed CYP3A4, and CYP2C8*1/*1 and CYP2C8*1/*3 HLM,

respectively. Using 4 uM imatinib (~Ky,) for CYP2C8%*3/*3 (pooled HLM) NDIM formation was
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below the limit of quantification after montelukast and MAB-2C8 inhibition. Using a higher
imatinib concentration of 10 uM for CYP2C8*3/*3 (pooled HLM), montelukast, MAB-2C8,
troleandomycin and MAB-3A4 inhibited 45%, 30%, 22% and 15% of NDIM formation,
respectively. CYP2C8 chemical and antibody inhibitors inhibited NDIM formation in CYP3A4
expressed enzyme by less than 10%, whereas no effect of CYP3A4 inhibitors (chemical and
antibody) was found in expressed CYP2C8. No difference was found in NDIM formation
inhibition when montelukast was preincubated for 20 min with HLM in the presence of NADPH-

regeneration system as compared to 3 min preincubation (data not shown).
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Discussion

To our knowledge this study reports for the first time the impact of CYP2C8*3 genetic
polymorphisms on in vitro metabolism of imatinib to NDIM. This study also shows the
concentration-dependent autoinhibition of NDIM formation in human liver microsomes, and that
the autoinhibition of the NDIM formation was primarily mediated by CYP2C8 and not CYP3A4

as shown by the expressed enzyme kinetics data.

A significant finding from this study is that the CYP2C8*3 polymorphism appears to alter
autoinhibition of NDIM formation in HLMs. All 5 CYP2C8*1/*1 HLMs showed autoinhibition,
whereas three out of four CYP2C8*1/*3 HLMs showed no autoinhibition. This is similar to a
previous study that investigated the impact of CYP2C8*3 polymorphism on inhibition of
paclitaxel 6a- hydroxylation. Troglitazone and raloxifine 1Cso values were increased by 2.4- and
4.2-fold in CYP2C8*1/*3 compared to wild type CYP2C8*1/*1 expressed enzymes (Gao et al.
2010), suggesting a significant reduction in the in vitro inhibitory effects for CYP2C8*1/*3
polymorphism. Our results show that the imatinib binding affinity of CYP2C8*1/*3 HLMs was
almost 2-fold higher (median Ky, 6 vs 11 pM) than CYP2C8*1/*1 HLMs; and Cli,; was also
significantly higher for CYP2C8*1/*3 HLMs as compared to CYP2C8*1/*1 HLMs (median Cl;y
=19 vs 13 pl/min/mg), only if one HLS#26 was excluded from analysis due to atypical enzyme
kinetics (Supplementary Figure 2). CYP2C8*3/*3 (pooled HLM) showed 3-fold reduced
autoinhibition (Kij = 449 vs 139 pM) and 3-fold higher binding affinity compared to
CYP2C8*1/*1 (3.6 vs 11 uM). These results suggests that CYP2C8*3 is a gain-of-function
genotype for imatinib N-demethylation as measured by high Cli,; and this was due to a higher

binding affinity (Ky,) and no autoinhibition.
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Three of 5 CYP2C8*1/*1 HLMs had abnormal clinical chemistry or haematology prior to
surgery, possibly indicating abnormal liver function, however their NDIM formation kinetics
where not obviously different from the other CYP2C8*1/*1 HLMs and therefore are unlikely to

confound genotype comparisons.

The functional consequences of CYP2C8*3 polymorphism are variable and appear substrate
specific. Our hypothesis was based on in-vitro studies that showed significantly lower activity
for CYP2C8*3 towards the model substrate paclitaxel (Dai et al. 2001;Gao et al. 2010;Yu et al.
2013); however our findings are similar to higher activity found for other CYP2C8 substrates
such as repaglinide, rosiglitazone and pioglitazone (Daily and Aquilante 2009;Muschler et al.
2009;Yu et al. 2013). For pioglitazone metabolism to the M-IV metabolite, Cli,; was found
higher in HLMs with *3/*3 genotype as compared to wild type (35 £ 9 vs 24 £ 4
pmol/min/mg/uM) (Muschler et al. 2009). Interestingly concentration-dependent autoinhibition
of M-IV formation was also found in this study. For repaglinide, expressed CYP2C8%*3 variant
showed 1.31-fold higher Cl;y than the CYP2C8*1 enzyme (Yu et al. 2013). Clinical studies have
also shown higher activity for CYP2C8*3 genotype. For repaglinide, mean area under the plasma
concentration-time curve (AUC) and Cnax Were 45% and 39% lower, respectively, in subjects
with *1/*3 genotype as compared to wild type (Niemi et al. 2003). For rosiglitazone, trough
plasma concentrations were significantly lower in *1/*3 than the wild type (23.1 v 16.5 ng/ml)
(Stage et al. 2013). Similarly for pioglitazone AUC was decreased by 34% and 26% in *3/*3 and
*1/*3 subjects, respectively (Tornio et al. 2008). All these studies indicate that CYP2C8%*3
polymorphism leads to enhanced activity for some substrates and our findings for imatinib N-

demethylation are supportive.
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The exact mechanism for substrate-specific effects of CYP2C8*3 is unknown. CYP2C8 has a
large active site with multiple binding sites (Schoch et al. 2008), which may partly explain the
gain-of-function for CYP2C8*3 variants for relatively smaller substrates such as pioglitazone
(356 g/mol) rosiglitazone (357 g/mol), repaglinide (453 g/mol) and likely imatinib as well (493
g/mol), compared to reduced function for the larger substrate paclitaxel (854 g/mol). CYP2C8*3
consists of two non-synonymous SNPs (R139K, K399R), however the effect of CYP2C8*3 on
protein conformation and imatinib-CYP2C8 interactions are not yet characterized. Whilst
CYP2C8*3 is in strong linkage with CYP2C9*2 (Muschler et al. 2009), no contribution of

CYP2C9 was found in imatinib metabolism (Filppula et al. 2013).

We found two site enzyme kinetics and no evidence of autoinhibition in expressed CYP3A4. Our
data support previous finding that indicated a non-linear Eadie-Hofstee plot for NDIM formation
in expressed CYP3A4, albeit with few data points (n = 5) and forced through a linear model
(Rochat et al. 2008). From another previous study similarly limited by fewer data points (Nebot
et al. 2010), and from Filppula et al. (2013), we have extracted data from their Kinetic analysis
and also found non-linear Eadie-Hofstee plots indicating at least two site enzyme Kinetics
(Supplementary Figure 1). Atypical enzyme kinetics have been reported for other CYP3A4
substrates as well (Houston and Kenworthy 2000;Klees et al. 2005), which may result from
interaction between several binding sites within CYP3A4’s large active site (Houston and

Galetin 2005).

Our original hypothesis was based on the autoinhibition of NDIM formation in expressed
CYP3A4 as shown by Filppula and colleagues 2013. However, this was based on limited data
points with the K; estimate of 1400 uM approximately 4.5-fold higher than the maximum

substrate concentration used (320 uM) (Filppula et al. 2013). Imatinib is a mechanism-based
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inhibitor of midazolam 1’-hydroxylation (Filppula et al. 2012). However, whilst we lack
experiments in our study under mechanism-based inhibition conditions, our kinetic data in
expressed CYP3A4 found no concentration-dependent autoinhibition of NDIM formation. The
reason for this discrepancy is unclear and may result from multiple site interactions on the large
CYP3A4 active site as evident from our expressed CYP3A4 kinetic data. We have also observed
two unidentified metabolites M1 and M2 in accordance with previous studies (Gschwind et al.
2005;van Erp et al. 2007;Rochat et al. 2008;Filppula et al. 2013). These peaks were observed in
both HLM and expressed CYP3A4, however they were absent in expressed CYP2C8. This
supports previous in vitro findings that CYP3A4 is a major contributor to the formation of these

metabolites, whereas CYP2C8 mainly contributes to NDIM formation (Filppula et al. 2013).

We demonstrated clear autoinhibition of NDIM formation in expressed CYP2C8, in accordance
with (Filppula et al. 2013). However, in that study the estimated K; was 2.6-fold higher (395 uM
versus 149 uM) and greater than the maximum substrate concentration used (320 uM). This
difference might be due to the shorter incubation time used (4 min vs 60 min). At such a short
incubation time the reaction may not reach full equilibrium, and there is a possibility of
underestimating the mechanism-based inhibition involved. We also repeated kinetic experiments
for expressed CYP2C8 and CYP3A4 using 10 min incubation and found that the kinetics of both
CYP2C8 and CYP3A4 remained unchanged (data not shown). Similar to our findings, substrate
inhibition was also found for another CYP2C8 substrate, pioglitazone (Tornio et al.
2008;Muschler et al. 2009), however the exact mechanism of CYP2C8-mediated autoinhibition
is unknown and needs further investigation. The inhibition experiments carried out using
chemical and specific monoclonal antibody inhibitors showed that CYP2C8 is likely the major

enzyme involved in NDIM formation in HLM. This study has some limitations of using small
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number of samples and we were not able to find any CYP2C8*3/*3 homozygous variant in our
human liver bank for comparison within our samples. We also lack total CYP450 content and
CYP2C8 and CYP3A4 protein expression data in HLMs, which could further clarify the
mechanism such as impact of CYP2C8*3 on CYP2C8 protein expression and contribution of

CYP3AA4.

In conclusion we have shown for the first time the autoinhibition of NDIM formation in HLMs.
Also autoinhibition of NDIM formation was influenced by CYP2C8*3 genotype, which was
associated with high substrate-enzyme binding affinity. We also found that autoinhibition is
mediated by the CYP2C8 enzyme not CYP3A4, and that CYP2CS8 is likely the major enzyme
involved in NDIM formation. This warrants clinical investigations of the impact of CYP2C8
genotype on imatinib plasma concentration and possible drug-drug interactions with other

CYP2CS8 substrates.
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Figure Legends

Figure |

Eadie-Hofstee [V/S vs V] and Michaelis-Menten plots [V/S] of N-desmethyl imatinib formation
in insect cell-expressed CYP2C8 and CYP3A4 enzymes. (A) Eadie-Hofstee plot indicating
single enzyme autoinhibition in expressed CYP2C8. (B) Single enzyme Michaelis-Menten
model with substrate inhibition best fit of expressed CYP2C8 kinetic data. (C) Eadie-Hofstee
plot indicating two site interaction for expressed CYP3A4. (D) Two enzyme Michaelis-Menten

model best fit of expressed CYP3A4 kinetic data.

Figure 1l

Representative Eadie-Hofstee [V/S vs V] and Michaelis-Menten plots [V/S] of N-desmethyl
imatinib formation in CYP2C8*1/*1,*1/*3 and *3/*3 (pooled HLM). (A) Eadie-Hofstee plot for
CYP2C8*1/*1 HLM indicating single enzyme with substrate inhibition. (B) Single enzyme
Michaelis-Menten model with substrate inhibition best fit of CYP2C8*1/*1 HLM Kkinetic data.
(C) Eadie-Hofstee plot for CYP2C8*1/*3 HLM indicating single enzyme with no substrate
inhibition. (D) Single enzyme Michaelis-Menten model best fit of CYP2C8*1/*3 HLM Kkinetic
data. (E) Eadie-Hofstee plot for CYP2C8*3/*3 pooled HLM indicating single enzyme with
substrate inhibition. (F) Single enzyme Michaelis-Menten model with substrate inhibition best fit

of CYP2C8*3/*3 pooled HLM Kinetic data.

Figure 111

Effect of CYP2C8 and CYP3A4 chemical inhibitors (montelukast and troleandomycin,
respectively), and monoclonal antibodies against CYP2C8 (MAB-2C8) and CYP3A4 (MAB-
3A4), on N-desmethyl imatinib formation in HLMs with CYP2C8*1/*1 (n=5), CYP2C8*1/*3

(n=4) and CYP2C8*3/*3 (pooled HLM). The substrate concentration was equivalent to the
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relative Ky, values of each HLM (Table 2) except for CYP2C8*3/*3 (pooled HLM), 10 uM
imatinib was used. MAB-2C8 and montelukast were tested against CYP3A4 and MAB-3A4 and
trolendomycin were tested against CYP2C8 for specificity. Data are presented as median with
error bar indicating standard deviation. X- * NDIM formed after inhibition by montelukast and
MAB-2C8 in expressed CYP2C8 was below the limit of quantification, therefore minimum

inhibition is presented in the figure.
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Table 1

CYP2C8
genotype Forward primer sequence Reverse primer sequence
CYP2C8*3
(rs11572080) | 5-CACAACCTTGCGGAATTTTGG-3 5-AGGCAGTGAGCTTCCTCTTG-&
CYP2C8*3
(rs10509681) | 5-GAAAGTGGCCAGGGTCAAAG-3 5-TGTTACTTCCAGGGCACAAC-3
Probe
sequences wild type probe Variant probe

5’-/56- 5-
CYP2C8*3 FAM/TCCTCAATGCT+C+T+TCTTCCC | /SHEX/TCCTCAATGCT+C+C+TCTTC
(rs11572080) | CA/3IABKFQ/3’ CCCA/BIABKFQ/3’

5’-/56- oS-
CYP2C8*3 FAM/AAATTC+T+C+T+GTCATCATG | /SHEX/AAATTC+T+T+T+GTCATCAT
(rs10509681) | TAGCACG/3IABKFQ/-3’ GTA GCACG/3IABKFQ/3’

FAM: 6-carboxy-fluorescein; HEX: hexachloro-6-carboxy-fluorescein; 3IABKFQ: 3’lowa Black

FQ quencher. “+” precedes locked nucleic acid bases
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Table 2

Enzyme kinetic parameters of N-desmethyl imatinib formation in expressed CYP2C8 and
CYP3A4 enzymes, and in HLMs with CYP2C8*1/*1 (n=5), CYP2C8*1/*3 (n=4) and

CYP2C8*3/*3 (pooled HLM) genotype.

CYP2C8 Vimax (SE) Kn(SE)  K;(SE) Clint
(pmol/min/pmol P450) (UM) (UM) (ul/min/pmol)
0.6 (0.04) 5(1.2) 149 (35) 0.12

CYP3A4  Kmni(SE)  Viax (SE) Clina Km2 (SE)  Vmaxz (SE) Cline

26 (8.6) 1(0.1) 0.3 0.4(0.4) 04(0.1) 1
*1/*1 Vimax (SE) Kn(SE)  K; (SE) Clint

(pmol/min/mg) (UM) (UM) (ul/min/mg)

HLS #20 133 (5.7) 9(0.8) 111 (12) 15
HLS #33 140 (17.3) 11(2.7) 107 (30) 13
HLS #44 153 (17) 12 (2.7) 250 (92) 13
HLS #46 63 (5.7) 7(15) 139 (34) 9
HLS #47 142 (10.3) 13 (1.9) 197 11
Median £ SD 140 + 36 11+2 139 + 61 13+2
*1/*3
HLS #14 126 (2.6) 7(0.7) NA 18
HLS #24 111 (2.1) 5 (0.5) NA 22
HLS #34 56 (1.2) 3(0.4) NA 19
Median = SD (excluding HLS#26) 111 +£37 5+2* NA 19 + 2%
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HLS #26" 37 (6.3) 8(1.1) 40 (50) 5

Median + SD (all *1/*3) 84 + 43 6+ 2% NA 19+8
*3/%3
Pooled HLM 22 (0.7) 4(0.6) 449 (57) 6

*Mann-Whitney U test P<0.05 versus *1/*1. ~ Sigmoidal model with substrate inhibition
provided best fit (Hill slope value h = 4). Vna: maximum rate of formation, Kn,: concentration at
which half of the Vmax is obtained, Clin:: intrinsic clearance calculated as Vimax /Km, Ki: substrate
inhibition constant. K,y and Vmaxt is @ low affinity and high capacity site. K2 and Vmaxz is a high
affinity and low capacity site. SE: Standard Error. No substrate inhibition was found in three out
of four CYP2C8*1/*3 HLMs and a single enzyme Michaelis-Menten model best fitted to the

Kinetic data. Statistics with and without HLS#26 presented in table.
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Figure 3
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Supplementary Figure 1

Eadie-Hofstee plots [V/S vs V] of N-desmethyimatinib formation in expressed CYP3A4 enzyme.
(A) Approximate data was extracted from the expressed CYP3A4 enzyme kinetic data as shown
by (Nebot et al., 2010). (B) and (Flippula et al., 2013), see reference below. A non-linear Eadie-

Hofstee plot suggesting involvement of at least two sites.
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1. Nebot, N,, S. Crettol, F. d'Esposito, B. Tattam, D. E. Hibbs and M. Murray (2010). "Participation of
CYP2C8 and CYP3A4 in the N-demethylation of imatinib in human hepatic microsomes." Br J
Pharmacol 161(5): 1059-1069.

2. Filppula, A. M., M. Neuvonen, J. Laitila, P. J. Neuvonen and J. T. Backman (2013). "Autoinhibition
of CYP3A4 leads to important role of CYP2C8 in imatinib metabolism: variability in CYP2C8
activity may alter plasma concentrations and response." Drug Metab Dispos 41(1): 50-59.
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Chapter 3: Supplementary Studies

Impact of CYP2C8%*4 on imatinib metabolism to NDIM and qualitative
description of two unidentified metabolites M1 and M2.

Introduction
In addition to the impact of CYP2C8*3 on imatinib metabolism (Chapter 2) the following
supplementary studies, investigating the impact of CYP2C8*4 on imatinib metabolism and

qualitative description of unidentified metabolites M1 and M2 are described here.

CYP2C8*4 enzyme kinetics and inhibition studies

CYP2C8*4 (rs1058930) polymorphism is found only in Caucasians with an allele frequency of
7-8% (Bahadur et al. 2002; Aquilante et al. 2013a). Studies on CYP2C8%*4 are limited, but it
appears to be associated with lower activity. For paclitaxel, lower activity was found in
CYP2C8*4 HLMs and expressed CYP2C8*4 variants as compared to the wild type (Bahadur et
al. 2002;Gao et al. 2010;Jiang et al. 2011). Similarly lower activity was also found for other
substrates such as amodiaquine and fluoxetine N-demethylation (Gao et al. 2010;Wang et al.
2014b). Functional consequences of CYP2C8*4 on imatinib metabolism have not been
investigated as yet. Based on previous studies it was hypothesised that CYP2C8*4 will decrease

imatinib metabolism to N-desmethyl imatinib in HLMs.

Qualitative analysis of unknown imatinib metabolites

Imatinib is metabolised to its main metabolite N-desmethyl imatinib by CYP2C8 and CYP3A4
(Nebot et al. 2010;Filppula et al. 2013a). In addition to N-desmethyl imatinib, several other
metabolites are also found, that include oxidative products and glucuronides (Gschwind et al.

2005;Marull and Rochat 2006;Rochat et al. 2008;Filppula et al. 2013a). CYP3A4 contribution to

75



these metabolites is greater (1:3), which includes the further metabolism of N-desmethyl
imatinib, whereas CYP2C8 metabolism is primarily to N-desmethyl imatinib (Filppula et al.
2013a). The exact role of these metabolites in imatinib metabolism has not yet been investigated
due to lack of authentic standards. Qualitative analysis of two unidentified metabolites M1 and

M2 identified in the HLM and expressed enzyme experiments is described here.

Methods

CYP2C8*4 genotyping, enzyme kinetics and inhibition studies

CYP2C8*4 genotypes were determined by allelic discrimination assay as described in Chapter 2.
Primer and probe sequences were as follows. The forward primer 5’-
CCCAGGAACTCACAACAAAGTG-3’ and the reverse primer 5°-
GTTGCTAATATCTTACCTGCTCCA-3’, wild type probe 5’-/56-
FAM/CCTCGGGACTTTA+T+C+GATTGCT/3IABKFQ/-3’, and the variant probe 5’-
/SHEX/CCTCGGGACTTTA+T+G+GATTGCT/3IABKFQ/3’. Sequenced genotype controls
(CYP2C8*1/*1, *1/*4 and *4/*4) and two no-template controls were included in every run of the
assay. Two liver tissues were selected for microsomal extraction on the basis of their *4
genotype. Both patients were Caucasian males with the *1/*4 genotype. Liver tissues used were
normal based on gross morphology. HLMs were prepared from the two livers as described
previously (Zanger et al. 1988). Enzyme kinetics and inhibition experiments were performed
following the same procedure as described in chapter two. Model selection criteria were as

described in chapter two.
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Qualitative analysis of unknown imatinib metabolites

Peak areas for two unidentified peaks M1 and M2 were monitored at their respective retention

times (Figure 3.1) and used for qualitative description of kinetics and inhibition of M1 and M2

formation in the HLM and recombinant enzymes, experiments described in Chapter 2.
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Figure 3.1: Representative chromatogram of imatinib, N-desmethyl imatinib and two

unidentified metabolites M1 and M2.

Results and Discussion
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Enzyme kinetic parameters for one CYP2C8*1/*4 were not calculated due to minimum activity

(N-desmethyl imatinib below LOQ). For the other CYP2C8*1/*4, Eadie-Hofstee plot indicated

one enzyme with substrate inhibition. A single enzyme Michaelis-Menten model with substrate

inhibition provided the best fit to the kinetic data. Eadie-Hofstee and Michaelis-Menten plots are

shown in Figure 3.2A and 3.2B, respectively.
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Figure 3.2. Eadie-Hofstee [V/S vs V] and Michaelis-Menten plots [V/S] for N-desmethyl
imatinib formation from imatinib in CYP2C8*1/*4 HLM. (A) Eadie-Hofstee plot indicating
single enzyme with substrate inhibition. (B) Single enzyme Michaelis-Menten model with
substrate inhibition best fit of CYP2C8*1/*4 HLM Kkinetic data.

Estimated kinetic parameters were as follows: Ky, was 11 uM (95% CI, 7-15),

Vmax Was 73 pmol/min/mg (95% ClI, 61-86), intrinsic clearance (Clint = Vimax/ Km) was 7
pl/min/mg, and K; was 163 uM (95% CI, 89-237).

Using 10 uM imatinib (~Kp) for CYP2C8*1/*4 HLM, N-desmethyl imatinib formation was
below the limit of quantification after montelukast and CYP2C8 monoclonal inhibitory antibody
(MAB-2C8) inhibition. At higher substrate concentrations (15 uM), montelukast and MAB-2C8
inhibited 60% and 54% of N-desmethyl imatinib formation, respectively, whereas no inhibition
was found after the CYP3A4 monoclonal inhibitory antibody (MAB-3A4) and troleandomycin
inhibition (Figure 3.3). Montelukast and MAB-2C8 inhibited N-desmethyl imatinib formation by

at least 65% (N-desmethyl imatinib formation below LOQ) and 78%, respectively, in
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recombinant CYP2C8. Troleandomycin and MAB-3A4 inhibited N-desmethyl imatinib

formation by 58% and 42%, respectively, in recombinant CYP3A4.
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Figure 3.3. Effect of CYP3A4 and CYP2C8 chemical inhibitors (troleandomycin and
montelukast, respectively), and monoclonal antibodies against CYP3A4 (MAB-3A4) and
CYP2C8 (MAB-2C8), on N-desmethyl imatinib formation in HLMs with CYP2C8*1/*4
(n=1) and recombinant CYP3A4 and CYP2C8 enzyme.

Compared to the wild type CYP2C8*1/*1 data described in chapter two, CYP2C8*1/*4 appears
to result in lower activity for imatinib N-demethylation. This was indicated by the lack of
activity in one HLM, and for another HLM lower intrinsic clearance was found (CLjy = 7 vs
11+2 pl/min/mg) due to 2-fold lower catalytic activity (Vmax) compared to the wild type (Vmax =
73 vs 140+31 pmol/min/mg). Binding affinity and inhibitory constant (K;) were comparable to
CYP2C8*1/*1 HLMs (11 vs 11+ 2 uM) and (163 vs 139 £+ 61 puM), respectively. These data are
in accordance with the previous studies, which have shown greatly reduced catalytic activity

associated with CYP2C8*4 variant. Only 15% paclitaxel 6a-hydroxylation activity was found in
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expressed CYP2C8*1/*4 variant compared to the wild type (Singh et al. 2008). Similarly
paclitaxel CLi; was 3-fold lower in CYP2C8*4 expressed variant in yeast cell compared to the
wild type, due to low catalytic activity (Vmax), P < 0.01 (Gao et al. 2010). Studies have also
shown reduced expression of CYP2C8 protein associated with the CYP2C8*4 variant (Singh et
al. 2008;Gao et al. 2010), whereas other studies have shown no effect on protein expression
(Wang et al. 2014b). Structure-function studies have shown that the CYP2C8%*4 variant changes
the secondary and tertiary structure of CYP2CS8, resulting in a reduced function protein as shown
by CYP2C8*4 inactive CYP-420 state (Jiang et al. 2011). The inactive CYP-420 form was also
found in CYP2C8*4 variant expressed in bacterial cells (Singh et al. 2008). These results indicate
that CYP2C8*4 is loss-of-function allele. Previously the impact of CYP2C8*4 variant on
imatinib had not been investigated. The results from this preliminary study show that CYP2C8*4
appears to be a reduced function allele for imatinib N-demethylation. However this needs

validation in larger number of samples and expressed variants.

Qualitative analysis of unknown imatinib metabolites

In HLMs, imatinib was also converted to two unidentified metabolites with a retention time of
6.4 min, called M1, and at a retention time of 18.8 min, called M2 (Figure 3.1). Compared to N-
desmethyl imatinib formation which showed substrate-dependent autoinhibition, peak areas for
M1 and M2 increased with increase in substrate concentration with no evidence of
concentration-dependent reduction, as shown in Figure 3.4; this assumes linear M1 and M2
concentration-peak area relationships. M1 and M2 peak areas increased with increase in imatinib
concentrations.

Based on the retention times, M1 appears to be the oxidative metabolite AFN911, whereas M2

could be CGP72383 or CGP71422, as described previously (Gschwind et al. 2005). These results
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Peak Areas

are in accordance with previous studies which showed that imatinib Phase | metabolism
pathways included N-demethylation (main metabolite), and other pathways such as piperazine
ring oxidation with lactam formation, benzyl hydroxylation (AFN911) and piperazine-N-4

oxidation (CGP71422), or pyridine N-oxidation (CGP72383) (Gschwind et al. 2005).
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Figure 3.4: Formation of unidentified peaks M1 and M2 from imatinib in HLMs with *1/*1
and *1/*3 genotype.

In vitro metabolism studies in recombinant CYP3A4 and CYP2C8 showed that CYP3A4 appears
to be the main enzyme contributing to the formation of M1 and M2, in accordance with the
previous study (Filppula et al. 2013a). M1 and M2 peaks were found only in recombinant
CYP3A4, whereas no peaks were found in recombinant CYP2C8. As shown in Figure 3.5, using
MAB-2C8, no M2 inhibition was found in HLMs, whereas M1 formation (assessed by peak
areas) appears to be enhanced, suggesting a shift of metabolic pathway as a result of CYP2C8
inhibition. MAB-3A4 inhibited both M1 and M2 by 50% and 38%, respectively in recombinant

CYP3A4, whereas in all HLMs both M1 and M2 were inhibited by approximately 15-20%.
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Figure 3.5: Effect of CYP2C8 and CYP3A4 monoclonal antibodies against CYP3A4
(MAB-3A4) and CYP2C8 (MAB-2C8), on M1 and M2 formation in all human liver
microsomes and recombinant CYP2C8 and CYP3A4 enzymes. (A) M1 and M2 peaks were
absent in recombinant CYP2C8, therefore no data are presented. M1 peak area increased,
whereas no M2 inhibition was found after MAB-2C8 inhibition. (B) M1 and M2 inhibition after

MAB-3A4 inhibition.
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Chapter 4: Discussion and future directions

A major finding from this study is that the CYP2C8*3 polymorphism appears to alter the
autoinhibition of NDIM formation in HLM. Autoinhibition was found in all CYP2C8*1/*1
HLMs, whereas no autoinhibition was detected in three out of four CYP2C8*1/*3 HLMs.
CYP2C8*3/*3 pooled HLM (obtained commercially) also showed very weak autoinhibition.
This finding provides the first evidence that imatinib CYP2C8-mediated autoinhibition of N-
desmethyl imatinib formation is genotype dependent. However, clinical consequences of

CYP2C8-mediated autoinhibition have not been investigated as yet.

Previously, the functional consequences of CYP2C8*3 and CYP2C8*4 genetic polymorphisms
on imatinib metabolism were unknown. In this study CYP2C8*3 appears to lead to enhanced
activity for in vitro imatinib metabolism to N-desmethyl imatinib. This supports previous
findings that CYP2C8*3 is a gain-of-function genotype for some substrates such as some
antidiabetic agents. The functional consequences of CYP2C8*4 are inconclusive as data were
available from only one HLM. However, the result supported previous findings of loss-of-
function associated with CYP2C8%*4 polymorphism. These findings could be valuable in
explaining individual differences in imatinib pharmacokinetics and provide information for

individualised dosing.

This study could have been improved by measurements of the protein contents for CYP2C8 and
CYP3A4 in HLMs that would have helped to determine their relative contribution to overall
activity. CYP2C8*3 and CYP2C8*4 genotype effect on expression could also be investigated by
comparing protein contents between the CYP2C8 wild type and variant HLMs. In addition,

determination of the total P450 content in HLMs would provide an estimate of the catalytic
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efficiency of the microsomes, which may help to explain the CYP2C8*1/*4 HLM deficient in

catalytic activity.

CYP3A4 polymorphisms are also a confounding factor, for example the CYP3A4*22
polymorphism is associated with reduced activity (Wang et al. 2011), that might contribute to the
overall metabolism (CLi) in HLMs. Therefore data on CYP3A4 polymorphism would help in
identifying such an effect. A Previous study has reported that recombinant CYP3A5 catalyses
imatinib N-demethylation with a similar affinity as CYP3A4 (44 and 43 uM respectively) (Nebot
et al. 2010). However, recently recombinant CYP3A5 was shown to have a minor effect on
imatinib depletion, with an estimated contribution of less than 1% to the total hepatic clearance
via the N-demethylation pathway (Filppula et al. 2013a). Therefore the contribution of CYP3A5

was not investigated in this study.

This study has an advantage over previous in vitro studies of using a large number of kinetic data
points. This enabled a better characterisation of kinetic parameters, and detection of atypical
kinetics such as substrate inhibition and two site interactions. This study demonstrated clear
autoinhibition of N-desmethyl imatinib formation in the recombinant CYP2C8 enzyme. Similar
to our finding, substrate inhibition was also found for another CYP2C8 substrate, pioglitazone
(Tornio et al. 2008;Muschler et al. 2009). The mechanism of CYP2C8-mediated autoinhibition

for CYP2C8 substrates has not been investigated as yet.

A previous study has reported autoinhibition of NDIM formation in recombinant CYP3A4
(Filppula et al. 2013). However the estimated Ki value (1400 pM) was ~ 4.5-fold greater than the
maximum substrate concentration used (320uM). Our kinetic data in recombinant CYP3A4

found two site enzyme Kinetics with no evidence of autoinhibition of NDIM formation. The
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reason for this finding of two site enzyme Kinetics is unclear but may result from substrate
specific multiple site interactions on the large CYP3A4 active site (Houston and Galetin 2005),

as evident from recombinant CYP3A4 Kkinetic data in this study.

Future directions

To confirm lack of autoinhibition of N-desmethyl imatinib formation in CYP2C8*1/*3 genotype,
the results from this study need validation in expressed CYP2C8*1/*1, CYP2C8*1/*3 and
CYP2C8*3/*3 variants, and also in HLMs using more clinically relevant concentrations. The

potential in vivo consequences of these findings may be predicted using in silico simulations.

To further clarify if CYP2C8 autoinhibition is caused by imatinib or N-desmethyl imatinib.
HLMs and recombinant CYP2C8 enzymes could be pre incubated with deuterated N-desmethyl
imatinib as an inhibitor of CYP2C8 activity. A LC-MS detection method would help to
differentiate between actual N-desmethyl imatinib formations in incubations and deuterated N-
desmethyl imatinib. The estimation of kinetic parameters such as Kp, Vmax and CLiy for N-
desmethyl imatinib formation with and without deuterated N-desmethyl imatinib pre incubation
would help in detecting inhibitory effects of N-desmethyl imatinib. In addition, investigation is
needed to characterise the in vitro inhibitory effects (such as ICsy values, time dependent
inhibition) of imatinib and N-desmethyl imatinib on CYP2C8 activity in HLM and in
recombinant enzymes using CYP2C8 marker reactions such as paclitaxel 6a-hydroxylation and
rosiglitazone para-hydroxylation. Furthermore, it will be of interest to investigate if these in vitro

inhibitory effects of imatinib or N-desmethyl imatinib are CYP2C8*3 genotype-dependent.
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It may be hypothesised that imatinib CYP3A4 inhibitory effects are substrate specific. It would
be of interest to test this hypothesis by investigating inhibitory effects of imatinib on CYP3A4 by

using multiple marker substrates for CYP3A4 activity.

CYP2C8*3 gain-of-function for imatinib N-demethylation and CYP2C8*4 associated reduced
activity needs validation in expressed CYP2C8*3 and CYP2C8*4 variants. In addition, it also
warrants a clinical study to investigate the impact of CYP2C8*3 and CYP2C8*4 on imatinib
pharmacokinetics (including N-desmethyl imatinib concentrations) and clinical response.
Findings from these studies will provide valuable information for the individualised dosing of
imatinib that might help in minimising the primary resistance and adverse events associated with

imatinib treatment.
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