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The primary objective was to evaluate the pharmacokinetics of a single
dose of neratinib, a potent, low-molecular-weight, orally administered,
irreversible pan-ErbB (ErbB-1, -2, -4) receptor tyrosine kinase inhibitor,
during co-administration with ketoconazole, a potent CYP3A4 inhibitor.

METHODS

This was an open-label, randomized, two-period, crossover study.
Fasting healthy adults received a single oral dose of neratinib 240 mg
alone and with multiple oral doses of ketoconazole 400 mg. Blood
samples were collected up to 72 h after each neratinib dose. Plasma
concentration data were analyzed using a noncompartmental method.
The least square geometric mean ratios [90% confidence interval (Cl)]
of Crax(neratinib+ketoconazole) : Crax(neratinib alone), and
AUC(neratinib+ketoconazole) : AUC(neratinib alone) were assessed.

Twenty-four subjects were enrolled. Compared with neratinib
administered alone, co-administration of ketoconazole increased
neratinib Crax by 3.2-fold (90% Cl: 2.4, 4.3) and AUC by 4.8-fold (3.6, 6.5).
Median tmax Was 6.0 h with both regimens. Ketoconazole decreased
mean apparent oral clearance of neratinib from 346 1 h™" to 87.1 | h™'
and increased mean elimination half-life from 11.7 h to 18.0 h.The
incidence of adverse events was comparable between the two
regimens (50% neratinib alone, 65% co-administration with
ketoconazole).

CONCLUSION

Co-administration of neratinib with ketoconazole, a potent CYP3A
inhibitor, increased neratinib Cn.x by 3.2-fold and AUC by 4.8-fold
compared with administration of neratinib alone. These results indicate
that neratinib is a substrate of CYP3A and is susceptible to interaction

with potent CYP3A inhibitors and, thus, dose adjustments may be
needed if neratinib is administered with such compounds.
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Introduction

Receptor tyrosine kinases are important in controlling criti-
cal cellular processes such as the cell cycle, cell migration,
cell metabolism and survival, and cell proliferation and dif-
ferentiation [1]. The epidermal growth factor receptor
(EGFR) family of receptor tyrosine kinases is hyperactivated
in a variety of cancers.The EGFR family consists of human
epidermal growth factor receptor (HER)-1 (also known as
EGFR and ErbB-1), HER-2 (also known as ErbB-2 or neu),
HER-3 (ErbB-3), and HER-4 (ErbB-4) [2]. ErbB-2 is amplified
in approximately 30% of cases of breast cancer and
over-expression is correlated with poor prognosis [3]. The
standard treatment for ErbB-2-positive breast cancer is
trastuzumab, which provides response rates of only 15% as
monotherapy, 41% in combination with paclitaxel, and
50% in combination with chemotherapy [4-6]. Further-
more, the development of resistance to trastuzumab is a
common problem.

Neratinib (HKI-272) is a potent [7], low-molecular-
weight, orally administered, irreversible pan-ErbB (ErbB-1,
-2, -4) receptor tyrosine kinase inhibitor [2, 7, 8]. Neratinib,
when used either alone or in combination with trastu-
zumab or paclitaxel, showed antitumor activity in patients
with ErbB-2-positive breast cancer [9-12].

In fasting healthy subjects, after oral administration of
neratinib 120 mg to 800 mg, the median time to peak
plasma neratinib concentration (tmay) is 4-7 h, the half-life is
approximately 9-17h and the exposure appears to
plateau at the 400-mg dose [13]. Preclinical data suggest
that neratinib is predominantly metabolized by cyto-
chrome P450 (CYP) 3A4 and to a lesser extent by flavin-
containing mono-oxygenases. CYP3A4 is a common
pathway for the metabolism of many drugs [14], and
because patients with cancer are frequently prescribed
multiple medications, it is important to determine whether
co-administration of a strong CYP3A4 inhibitor with nera-
tinib would result in a drug-drug interaction that would
decrease the clearance of neratinib and, thus, increase
exposure to neratinib. The broad-spectrum antifungal
agent, ketoconazole, is a potent inhibitor of CYP3A4 [15]
and is recommended for studies conducted to evaluate
the potential for CYP3A4-mediated drug-drug interac-
tions [16, 17].

The current study used ketoconazole to evaluate the
effect of CYP3A4 inhibition on neratinib pharmacokinetics
(PK). The recommended daily oral dose of ketoconazole as
an antifungal agent for humans is 200 to 400 mg. In the
current study, the regimen selected for ketoconazole was
400 mg once daily, which is a regimen that is recom-
mended to achieve maximum inhibition of CYP3A4 activ-
ity [18, 19]. Ketoconazole 400 mg was administered once
daily for 5 days in this study. Neratinib has been shown to
be generally safe and well tolerated after single oral doses
up to and including 400 mg in healthy subjects who were
fed and 640 mg in healthy subjects who were fasting [13].

In the current study, neratinib was administered at a dose
of 240 mg, which is the dose that has been effective in
patients with advanced ErbB-2-positive breast cancer [9].
The primary objective of the study was to evaluate the
effects of co-administration of ketoconazole and a single
dose of neratinib on the PK profile of neratinib in healthy
subjects. The secondary objective of the study was to
assess the safety and tolerability of single doses of nera-
tinib when neratinib is co-administered with ketoconazole
in healthy subjects.

Methods

The study protocol was approved by Aspire Institutional
Review Board (La Mesa, California). Written informed
consent was obtained from all subjects prior to their enrol-
ment in the study. The study number in the http://
www.clinicaltrials.gov registry is NCT00380328.

Study participants

Healthy men and women of non-childbearing potential
aged 18 to 50 years were eligible to enrol if they had a
body mass index (BMI) in the range of 18.0 to 30.0 kg m™
and bodyweight =50 kg. Sexually active men agreed to
the use of a medically acceptable form of contraception
during the study and for 12 weeks after the last dose of any
study drug. Subjects must have been nonsmokers or
smoked <10 cigarettes a day and been able to abstain from
smoking during the inpatient stay.

Exclusion criteria included history of significant
medical or surgical conditions, acute disease within 7 days
before study day 1; clinically important deviations from
normal limits on physical examination, vital signs measure-
ments, 12-lead electrocardiogram (ECG), or clinical labora-
tory test results; QT duration =450 ms in men or =470 ms
in women at screening or on day —1; history of known
hypersensitivity to ketoconazole or any clinically impor-
tant drug allergy; use of any investigational or prescription
drug within 30 days before administration of study drug,
consumption of grapefruit within 48 h before day 1; and
use of any over-the-counter drugs, including herbal
supplements (except for the occasional use of acetami-
nophen and vitamins =100% recommended daily allow-
ance) within 14 days before day 1.

Study design

This was an open-label, randomized, two-period, crossover
study conducted at a single study centre. Healthy subjects
received a single oral dose of neratinib 240 mg alone
(treatment A) and in combination with multiple oral doses
of ketoconazole 400 mg (treatment B). Approximately 24
subjects were planned for enrolment to allow for the
completion of the study with 20 subjects if a 15% attrition
rate occurred. Subject enrolment occurred via a web-
based computerized randomization and enrolment
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system. Subjects were randomly assigned to one of two
treatment sequences for periods 1 and 2: treatment A fol-
lowed by treatment B or treatment B followed by treat-
ment A. In both periods, neratinib was administered at
approximately 08.00 h after an overnight fast of at least
10 h. The day neratinib was administered was considered
day 1 of the treatment period. For treatment B, the first
dose of ketoconazole was administered in the evening
approximately 12 h before the anticipated administration
of neratinib and the second dose was administered on day
1 concomitantly with neratinib at approximately 08.00 h;
the third, fourth, and fifth doses of ketoconazole 400 mg
were administered at approximately 08.00 h on days 2, 3,
and 4.The two study periods were separated by a washout
interval of 13 days between neratinib doses. Subjects were
discharged from the study centre after the last PK blood
sample collection of each 5-day/4-night inpatient period.
Neratinib was supplied as three 80-mg capsules and keto-
conazole was supplied as two 200-mg tablets.

Safety and tolerability were evaluated based on
reported signs and symptoms, physical examinations, vital
signs measurements, ECGs, and clinical laboratory test
results. On-treatment adverse events (AEs) were AEs that
occurred any time after the first dose of any study drug
until 15 days after the last dose of any study drug, regard-
less of relationship to study drug.

Sample collection and analytical methods

In both study periods, 5-ml venous blood samples were
collected from an indwelling catheter or by direct
venepuncture into potassium EDTA-treated tubes at 0,0.5,
1,2,3,4,6,8,12,18, 24, 36,48, 60 and 72 h after neratinib
administration for quantitation of plasma neratinib con-
centrations. The contents of the tubes were gently mixed
and the tubes were immediately placed on ice. Samples
were centrifuged within 15 min after collection at approxi-
mately 1000 g for about 10 min at 4°C. The separated
plasma was transferred to watertight polypropylene tubes
and stored frozen at approximately —70°C until tubes were
shipped on dry ice to Covance Bioanalytical Services, LLC
(Indianapolis, IN) for assay.

The plasma samples were analyzed for neratinib by a
validated liquid chromatography/tandem mass spectrom-
etry (LC/MS/MS) assay using 0.25ml of plasma. The
method was linear over the range 3.00 to 250 ng ml™" and
the lower limit of quantitation was 3 ng ml™". Proteins were
removed from plasma by precipitation, and neratinib and
the internal standard, WAY-178357, were isolated on a
Genesis C18 column (50 X 2.1 mm, 4 um particle size)
(Grace Vydac, Columbia, Maryland) using mobile phases
of 50 mM ammonium acetate (pH 4.5):acetonitrile:
methanol (8:1:1 and 1:5:4, v:v:v). Detection was
accomplished using a Sciex API 4000® mass spectrometer
(Sciex, Foster City, CA) equipped with a turbo ion spray
interface, which was operated in positive ion mode with
multiple reaction monitoring using the mass transitions
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557.2—112.2 for neratinib, and 574.2—339.0 for the inter-
nal standard. No interfering peaks occurred in the areas of
interest that significantly impacted the data. For the low,
medium, and high quality control samples that were ana-
lyzed with the study samples, the inter-assay accuracy
ranged from 96.1% to 104.0%, and the inter-assay preci-
sion (expressed as percent relative standard deviation)
ranged from 5.9% to 9.0%.

Pharmacokinetics

The plasma concentration data for neratinib were analyzed
for each subject using a noncompartmental method with
WinNonlin Enterprise application version 4.1 (Pharsight
Corporation, Mountain View, CA) [20]. The peak plasma
concentration (Cmax) and tmax Were determined directly
from observed concentration data.The terminal-phase dis-
position rate constant (A,) was estimated by a log-linear
regression of the terminal monoexponential portion of the
observed plasma concentration-time curve. The half-life
was calculated as 0.693/A..

The area under the concentration-time curve trun-
cated at the last reported plasma concentration (C,) at time
t (AUC,y), was calculated using the trapezoidal rule
during the ascending portion of the curve and the log-
trapezoidal rule during the descending portion of the
curve. Total AUC was estimated as AUC = AUC; + C/A,. The
clearance (CL/F) was calculated as a ratio of dose: AUC.
The apparent volume of distribution for the terminal dis-
position phase (V,/F) was calculated as the ratio of CL/F to
Az

Statistical methods

A sample size of 24 was selected to quantify the drug-drug
interaction of ketoconazole on neratinib. Descriptive sta-
tistics were computed for plasma concentrations at each
scheduled time point and derived PK parameters for each
treatment separately. The PK parameters of neratinib were
compared between neratinib administered alone and
administered with ketoconazole using an ANOVA for a two-
period crossover design. Additionally, the geometric mean
(log-transformed) ratios, AUC(neratinib+ketoconazole):
AUC(neratinib alone) and Cnax(neratinib+ketoconazole) :
Cmax(neratinib alone) and 90% confidence intervals (Cls)
were calculated to estimate the magnitude of the effect of
ketoconazole on the PK profile of neratinib.

Results

The study was conducted from October 27 2006 to
November 12 2006. Twenty-four subjects (12 in each treat-
ment sequence) were enrolled. Subjects were aged 19 to
48 years (mean [SD], 31.2 [9.3] years), 23 (96%) were men,
16 (67%) were White, 7 (29%) were Black or African Ameri-
can, and 1 (4%) was Asian. The BMI ranged from 18.9 to
30.5 kg m™2 (mean [SD] 25.08 [3.66]). Twenty-one subjects



Effect of ketoconazole on PK of oral neratinib in healthy subjects BJCP

completed the study. One subject discontinued because
of an AE and two discontinued for other reasons (posi-
tive urine drug screen result, n = 1; lost to follow-up,
n=1).

Pharmacokinetics

Blood samples for PK analysis were available for 22 sub-
jects. Mean plasma neratinib concentrations were higher
after administration of neratinib with ketoconazole (treat-
ment B) than after neratinib alone (treatment A), as shown
in Figure 1. PK parameters for both regimens are summa-
rized in Table 1. Co-administration of ketoconazole
increased exposure to neratinib. For Ci.x, the mean (coeffi-
cient of variation % [CV%]) value increased from 55
(36) ng ml™' to 201 (58) ng ml™". For AUC, the mean (CV%)
increased from 903 (45) ng ml™" h to 4660 (53) ng-ml™" h.
Log-transformed ANOVA showed that the treatment effect
was significant (P < 0.001) for Cynax and AUC. The least
squares geometric mean ratio (90% Cl) of neratinib
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Figure 1

Mean (SE) plasma neratinib concentrations after administration of a
single oral dose of neratinib 240 mg alone and with multiple oral doses of
ketoconazole 400 mg in healthy adults. 240 mg neratinib (——); 240 mg
neratinib + ketoconazole (——)

Table 1

co-administered with ketoconazole to neratinib adminis-
tered alone (treatment B : treatment A) for Cnax Was 3.2 (2.4,
4.3) and for AUC it was 4.8 (3.6, 6.5). The median tmax
was 6.0h with both regimens (Table1, Figure1).
Co-administration of ketoconazole decreased mean
apparent oral clearance of neratinib from 3461h™ to
87.11h7" and increased mean elimination half-life from
11.7 hto 18.0 h (Table 1).

Safety and tolerability

On-treatment AEs occurred in 20 (83.3%) of the 24 subjects
enrolled (11 subjects after administration of neratinib
alone, 15 subjects after co-administration of neratinib with
ketoconazole) as shown in Table 2. There were no clinically
relevant differences in the frequency or severity of
on-treatment AEs between the two treatment regimens.
Gastrointestinal AEs were the most common AEs, were
mild or moderate, and except for two instances of nausea,
were considered by the investigator to be at least possibly
drug related. Four subjects reported headaches, and these
were considered by the investigator to be mild and at least
possibly related to study drug. One subject was discontin-
ued from the study because of an AE of chills (this subject
had grade 2 nausea, back pain, and chills approximately
5.5 h after receipt of ketoconazole but before administra-
tion of neratinib in period 1). There were no serious AEs.

Discussion

Neratinib is in development for the treatment of ErbB-2-
postive malignancies. In phase Il studies, the therapeutic
regimen for the treatment of patients with advanced ErbB-
2-positive breast cancer is once-daily oral doses of nera-
tinib 240 mg with food [9]. In the current study, healthy
subjects received two 240-mg doses in a two-period cross-
over fashion to evaluate the interaction of neratinib with
ketoconazole, a potent CYP3A4 inhibitor.

Maximum CYP3A4 inhibition is achieved with a keto-
conazole dosing regimen of 400 mg once daily [18, 19].

Neratinib pharmacokinetics after administration of a single oral dose of neratinib 240 mg alone and with multiple oral doses of ketoconazole 400 mg in

healthy adults

Neratinib
Pharmacokinetic alone (A)
variable Mean (CV%)

Cmax (ng mI™")

AUC (ng ml~" h)
tmax (h)1‘
Half-life (h)
CL/F(1h™)

V./F (I)

Neratinib with
ketoconazole (B)
Mean (CV%)

Ratio (90% Cl) of LS
Geometric means (B/A)

201 (58) 3.21 (241, 4.28)***
4660 (53) 4.81 (3.59, 6.45)***
6.00 (3.00, 8.00) NA
18.02 (22) NA
87.10 (101) NA
2365 (113) NA

AUC, total area under the concentration—time curve; CL/F, apparent oral dose clearance; Cl, confidence interval; Grax, peak plasma neratinib concentration; LS, least squares; tmax,
time to Cmax; V2/F, apparent volume of distribution. ***P < 0.001. tValues for tmax are median (range).
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Table 2

On-treatment adverse events (AEs) occurring in >5% of subjects

Neratinib with

ketoconazole

Neratinib
alone
(n=22)
Any AE, n (%) 11 (50.0)
Specific AEs, n (%)
Diarrhoea 6 (27.3)
Headache 4(18.2)
Nausea 1(4.5)
Eosinophilia 1(4.5)
Abdominal pain 0
Flatulence 1(4.5)
Neutrophil count, decreased 0

15 (65.2) 20 (83.3)
4(17.4) 8(33.3)
1(4.3) 4(16.7)
3(13.0) 4(16.7)
2(8.7) 3(12.5)
2(8.7) 2(83)
1(4.3) 2(8.3)
2(8.7) 2(8.3)

Some subjects experienced the same adverse event in both treatment periods, therefore, numbers in the total column are not the sums of numbers in the individual columns.

Chien et al. predicted that using this regimen, the CYP3A
inhibitory response increases and reaches a maximum
plateau [18].In our study, ketoconazole 400 mg was admin-
istered once daily for 5 days (i.e. on day —1 at 12 h before
neratinib administration, on day 1 concomitantly with
neratinib, and on days 2-4) to maximally inhibit CYP3A4
activity during and after neratinib co-administration. The
reported tmax for oral ketoconazole (3 h [21]) is shorter than
the tmax for neratinib (4-7 h).The last dose of ketoconazole
was administered on day 4, providing a CYP3A4-inhibitory
state through the last PK blood sampling time point of
72 h.Thus, the plasma exposure to neratinib was evaluated
over an entire single dose interval under conditions of
maximum CYP3A inhibition.

Co-administration of ketoconazole increased exposure
to neratinib by 3.2-fold for Ci.x and 4.8-fold for AUC. Inter-
individual variability was modest, with %CVs falling within
the range of 36% to 58% for Cax and AUC. Consistent with
the observations of increased exposure, the mean appar-
ent oral clearance of neratinib decreased from 346 | h™" to
87 I h™" and the mean elimination half-life was prolonged
by approximately 6 h. These findings confirm the preclini-
cal observations that CYP3A4 plays a major role in the
metabolism of neratinib.

The incidence of on-treatment AEs was similar
between the two treatment regimens (50% of subjects
after administration of neratinib alone and 65% after
co-administration of neratinib with ketoconazole). Seven
(32%) subjects and seven (30%) subjects had one or more
gastrointestinal on-treatment AEs after receiving neratinib
alone and with ketoconazole, respectively. Despite a 4.8-
fold difference in exposure (AUC) between the two regi-
mens, there were no clinically relevant differences in the
frequency or severity of on-treatment AEs between the
two regimens.

In conclusion, co-administration of neratinib, an inves-
tigational anti-cancer agent, with ketoconazole, a potent
CYP3A inhibitor, increased neratinib Cnax by 3.2-fold and
AUC by 4.8-fold compared with administration of neratinib
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alone. Nevertheless, the safety and tolerability of neratinib
240 mg was unchanged by co-administration of multiple
doses of ketoconazole.These results indicate that neratinib
is a substrate of CYP3A and is susceptible to interaction
with potent CYP3A inhibitors and, thus, dose adjustments
may be needed if neratinib is administered with such
compounds.
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