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Abstract

Purpose The aim of'this study was to ascertain whether the absolute bioavailability of oral imatinib (Glivec®) during steady state
plasma pharmacokinetics in cancer patients could be determined through a concomitant intravenous administration of a single
100 pg microdose of deuterium labeled imatinib (imatinib-d8). Secondly, the usefulness of liquid chromatography—tandem mass
spectrometry (LC-MS/MS) was investigated for simultaneous analysis of orally and intravenously administered imatinib.
Methods Included patients were on a stable daily dose of 400 mg oral imatinib prior to study participation. On day 1, patients
received a 100 pug intravenous imatinib-d8 microdose 2.5 h after intake of the oral dose. Plasma samples were collected for 48 h.
Imatinib and imatinib-d8 concentrations were simultaneously quantified using a validated LC-MS/MS assay. The absolute
bioavailability was calculated by comparing the dose-normalized exposure with unlabeled and stable isotopically labeled ima-
tinib in plasma.

Results A total of six patients were enrolled. All patients had a history of gastrointestinal stromal tumors (GIST). The median
absolute bioavailability of oral imatinib at steady state was 76% (range 44—106%). Imatinib and imatinib-d§ plasma concentra-
tions were quantified in all collected plasma samples, with no samples below the limit of quantification for imatinib-dS.
Conclusion The absolute bioavailability of imatinib was successfully estimated at steady state plasma pharmacokinetics using the
stable isotopically labeled microdose trial design. This study exhibits the use of a stable isotopically labeled intravenous
microdose to determine the absolute bioavailability of an oral anticancer agent in patients with LC-MS/MS as the analytical tool.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00228-020-02888-y) contains supplementary
material, which is available to authorized users.

The last decade has shown an increasing number of anticancer
drugs that are administered orally. [1-3] This so-called “intra-
venous to oral switch” in oncology has resulted in an in-
creased attention on the investigation of the absolute bioavail-
ability during clinical drug development. Determining the ab-
solute oral bioavailability of a new drug candidate facilitates
the identification of potential developmental challenges such
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as absorption and first pass metabolism during the clinical
development of a drug. Hence, the assessment of the absolute
bioavailability is also crucial for the development of opti-
mized oral formulations. As a result, data on the absolute
bioavailability of novel oral drugs is now increasingly request-
ed by the FDA and EMA [4, 5].

The conventional way to assess the absolute oral bioavail-
ability is by using a two-period crossover study design, where
an intravenous dose and an oral dose are administered to a
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study subject with a washout period in between. The absolute
bioavailability is then calculated by dividing the plasma expo-
sure after oral administration by the plasma exposure after
intravenous administration. A limitation of this design is that
for drugs that are poorly soluble in aqueous media, it might be
impossible to develop an intravenous formulation at therapeu-
tic strength. In addition, it assumes linear pharmacokinetics
and constant clearance between the oral and intravenous dose
event, which might not always be the case for drugs demon-
strating a high intra-patient variability. This may result in a
systemic error in the determination of the absolute bioavail-
ability. [6]

A study design of co-administering an intravenous isotopi-
cally labeled microdose (<100 pg, less than 1/100th of the
therapeutic dose) with a therapeutic oral dose provides a so-
lution to these problems. Because only a small amount of drug
needs to be dissolved in an intravenous formulation, drug
solubility issues can be circumvented. In addition, according
to the current regulatory guidelines, clinical intravenous
microdose studies could be carried out without additional tox-
icity investigations, saving costs, and time associated with
intravenous drug development. [7] Furthermore, because the
intravenous microdose is administered during the same dose
event as the oral therapeutic dose, the study duration is short-
ened and intra-occasion variability is not an issue, resulting in
a more accurate determination of the absolute bioavailability
and increased patients convenience.

Absolute bioavailability microdose trials can be performed
using either radiolabeled or stable isotopically labeled drug
processed into an intravenous formulation. In recent years,
accelerator mass spectrometry (AMS) to measure a
radiolabeled microdose has been utilized to support several
clinical absolute bioavailability studies. [8] A drawback of
AMS is that sample analysis is labor and time intensive,
expensive, and that AMS is only available in a limited
number of places dedicated to biomedical research
worldwide. [9] An alternative analytical approach for
conducting microdose studies is using liquid chromatog-
raphy coupled to tandem mass spectrometry (LC-MS/
MS) to quantitate both the intravenous and the oral
drug. Because both labeled and unlabeled drug can be
measured simultaneously with LC-MS/MS, it is an ele-
gant and cost-effective alternative to AMS. [9, 10]

For the group of tyrosine kinase inhibitors, an important
class of novel oral anticancer agents, it has been demonstrated
that for many drugs registered in the past years, the absolute
bioavailability has not been assessed at the time of drug li-
censing. [3] One reason for this might be that poor drug sol-
ubility hampers the development of an aqueous intravenous
dose at therapeutic strength, making it almost impossible to
use the conventional crossover trial design. In this trial, we
used imatinib, a tyrosine kinase inhibitor used for the treat-
ment of chronic myeloid leukemia (CML) and gastrointestinal
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stromal tumors (GIST), to demonstrate the potential of using a
stable isotopically labeled 100 pg microdose in combination
with LC-MS/MS to assess the absolute bioavailability.

The objective of this study was to ascertain whether
the absolute bioavailability of oral imatinib (Glivec®)
during steady state plasma pharmacokinetics in cancer
patients could be determined through a concomitant in-
travenous administration of a single 100 pg microdose
of deuterium labeled imatinib (imatinib-d8). Secondly, the
usefulness of liquid chromatography—tandem mass spectrom-
etry (LC-MS/MS) is investigated for simultaneous analysis of
orally and intravenously administered imatinib.

Materials and methods
Study design and sample collection

This was a single center, open-label study in which the abso-
lute bioavailability of imatinib (Figure 1a) was determined at
steady state by concomitant administration of an intravenous
microdose of stable isotopically labeled imatinib-d8
(Figure 1b). Figure 2 provides a schematic overview of the
study design. On day 1, patients received a single intravenous
microdose of imatinib-d8, next to the standard treatment of
imatinib 400 mg once daily (Glivec®). After intake of
imatinib at approximately 08:30 a.m., a 100 ug
imatinib-d8 microdose was administered intravenously
as a bolus injection at the estimated maximum plasma
concentration (f;,,¢) of oral imatinib (2.5 h post oral
dose). Oral imatinib intake was not interrupted for the
duration of the study. The study (Netherlands Trial
Register, NTR7642, www.nederlandstrialregister.nl) was
approved by both the Medical Ethics Committee of
The Netherlands Cancer Institute, Amsterdam,
The Netherlands, as well as the competent authority
(Centrale Commissie Mensgebonden Onderzoek,
CCMO). The study was conducted in accordance with
the Declaration of Helsinki. All participants provided
written informed consent prior to study assessments.

Patients

Patients > 18 years of age, treated with imatinib 400 mg once
daily in the morning for at least 7 days (steady state plasma
concentrations), were included. Subjects needed to have ac-
ceptable organ function, as evidenced by laboratory data: as-
partate aminotransferase (ASAT) and alanine aminotransfer-
ase (ALAT) < 5x the upper limit of normal (ULN), total serum
bilirubin <2x ULN, and renal function as defined by glomer-
ular filtration rate (GFR MDRD) >40 mL/min/1.73m>.
Subjects who received treatment with inhibitors or inducers
of CYP3A4 were excluded.
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Treatment

Patients received 400 mg imatinib (Glivec®) tablets once dai-
ly in the morning as part of routine clinical care. According to
the drug label, imatinib was ingested concomitant with a meal.
[11] Meals were not standardized. The reference drug
imatinib-d8 (Toronto Research Chemicals, ON, Canada) was
formulated in the hospital pharmacy of The Netherlands
Cancer Institute and was supplied as a 0.1 mg/mL in NaCl
0.9% solution for intravenous injection.

Sample collection, processing, and analysis

From day 1 to day 3, pharmacokinetic sampling was per-
formed. Blood samples were collected at predose, 0.5, 1,
1.5, 2, 2.5 (pre intravenous microdose), 3, 3.5, 4, 4.5, 5, 6,
8, 12, 24 (pre day 2 oral dose), and 48 h (pre day 3 oral dose),
after oral imatinib intake.

Peripheral blood for quantification of imatinib and imatinib-
d8 was drawn in 4-mL K, EDTA tubes and centrifuged directly
after collection (1500 g, 10 min, 4 °C). Plasma was stored at —
80 °C until analysis. A validated LC-MS/MS assay was used
for the simultaneous quantification of imatinib and imatinib-d8.
[12] Routine sample analysis acceptance criteria for
bioanalytical data according to FDA and EMA guidelines
[13, 14] were applied and results were reported using the
Analyst 1.6.2. software (Sciex, Framingham, MA, USA).

Pharmacokinetic analysis and absolute bioavailability
calculation

Imatinib and imatinib-d8 plasma concentrations were used to
determine the maximum observed plasma concentration
(Cinax), time to reach maximum plasma concentration (7p,ax),
area under the plasma concentration-time curve from time

zero to 24 h (AUC_,4p,) for imatinib, and from time zero to
infinity (AUC_;,¢) for imatinib-d8, the terminal phase half-life
(#2) and the elimination rate constant from the central com-
partment (k.), the volume of distribution (Vy), and total plasma
clearance (CL). Parameters were calculated using plasma
concentration-time curves obtained from 0 to 24 h for imatin-
ib, and from 0 to 48 h for imatinib-d8. Non-compartmental
analysis was performed using R version 3.0.1. [15]

As the exposure at steady state plasma pharmacokinetics
during the dose interval is equivalent to the exposure from
zero to infinity following a single administration [16], the
AUC o4, for imatinib and the AUC_;,¢ for imatinib-d8 could
be used to calculate the absolute bioavailability without dose
interruptions for the patients.

The absolute bioavailability (#) of oral imatinib was calcu-
lated as the ratio of dose-normalized exposures of the oral (po)
imatinib and intravenous (iv) imatinib-d8 gift expressed as a
percentage using the following formula:

F(W) o [AUC0724]pO/DOSGPO
o= [AUCO*inf]iv / DOSGiV

% 100 (1)

Results

A total of six patients have been included, with a median age
of 65 years (range 52—72). Of these patients, 50% received
adjuvant imatinib treatment for GIST and 50% were treated in
the metastatic setting. An overview of patient baseline char-
acteristics can be found in Table 1.

All included patients were evaluable for pharmacokinetic
analysis. Mean plasma concentration-time curves of imatinib
and imatinib-d8 can be found in Fig. 3. A summary of ima-
tinib and imatinib-d8 pharmacokinetic parameters can be
found in Table 2.
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The absorption of imatinib after oral administration of tab-
lets was rapid, with a median #,,,, of 2 h. The C,, of oral
imatinib at steady state was 2.9 +0.8 pg/mL. The mean
AUC_,4 for oral imatinib was 42.6 +£12.9 ug h/mL, and the
mean AUC_;,¢ for imatinib-d8 was 0.015+0.007 pg h/mL.
The AUC i, for imatinib-d8 normalized to a 400-mg imatin-
ib dose was 60.5 +26.4 ng h/mL. Individual plasma concen-
tration-time curves demonstrated up to two secondary
peaks after the C,.., with different profiles for oral ima-
tinib and intravenous imatinib-d8 (Supplementary Fig. 1). The
ratios between the curves for oral imatinib and intravenous
imatinib-d8 remained constant during the elimination phase,
with a dose-normalized imatinib:imatinib-d8 ratio in plasma
0f2.00 at =6 h and of 2.04 at =24 h. The ¢/ and clearance
of imatinib-d§ were 45.5 h and 7.6 L/h, respectively.

The absolute bioavailability (F) of oral imatinib at steady
state was calculated for each individual subject. Table 3 dem-
onstrates that the median absolute bioavailability of oral ima-
tinib in cancer patients was 76% (range 42—106%).

Discussion

The current study describes results on the determination of the
absolute bioavailability of oral imatinib following concomi-
tant administration of a single intravenous stable isotopically
labeled imatinib-d8 microdose.

Table 1  Patient baseline characteristics
Characteristic Patients
Age, years 65 (52-72)
Gender, male 4 (67%)
Tumor type
GIST 6 (100%)
Treatment setting
Adjuvant 3 (50%)
Metastatic 3 (50%)
Previous surgery type
Wedge partial resection of the stomach 3 (50%)
Partial small bowel resection 1 (17%)
Multiple resections* 2 (33%)
Time on imatinib treatment (in years) 3.2(0.3-13.0)
Albumin (in g/L) 44 (42-47)
eGFR** (in mL/min) 69 (58-84)

Data are expressed as no. (%) or median (range), as appropriate

eGFR estimated glomerular filtration rate, GIST gastrointestinal stromal
tumor

One patient with wedge partial resection of the stomach and partial
colon resection, and one patient with wedge partial resection of the stom-
ach, splenectomy, and partial pancreas resection

* eGFR was calculated using the MDRD-4 formula
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Table 2 Summary of imatinib and imatinib-d8 steady state pharmaco-
kinetic parameters following concomitant administration of an oral ima-
tinib dose (400 mg) and an intravenous imatinib-d8 microdose (100 pg)
in cancer patients (n = 6)

Parameter Imatinib Imatinib-
ds
Crnax (1g/mL) Mean 2.9 0.00051
CV (%) 27.4 23.1
Chin, 0 b (Hg/mL) Mean 1.2 N/A
CV (%) 27.4 N/A
Tnax (h) Median 2 N/A
Range 1.5-2 N/A
AUC 54 (ug h/mL) Mean 42.6 N/A
CV (%) 30.2 N/A
AUC_inr (1g h/mL) Mean N/A 0.015
CV (%) N/A 43.7
1% (h) Mean 34.1 45.5
CV (%) 46.7 37.9
ko (h™h Mean 0.023 0.017
CV (%) 27.5 28.1
V4/F (L) Mean 190 N/A
CV (%) 26.7 N/A
Vg (L) Mean N/A 462
CV (%) N/A 28.2
CL/F (L/h) Mean 42 N/A
CV (%) 31.3 N/A
CL (L/h) Mean N/A 7.6
CV (%) N/A 36.1

AUC). ;s area under the plasma concentration-time curve from time 0 to
infinity; AUC),_,, area under the plasma concentration-time curve from
time 0 to 24 h; CL/F apparent oral clearance; CL apparent total body
clearance; C,,,, maximum observed plasma concentration; C,,;, mini-
mum observed plasma concentration at =0 h; CV coefficient of varia-
tion; N/A not applicable; ,,,, time to reach maximum observed plasma
concentration; #,, terminal half-life; V,/F apparent volume of distribution
after oral administration; V,; apparent volume of distribution

Technically, the stable isotopically microdose trial design
proved successful. For all patients, imatinib and imatinib-d8
concentrations could be simultaneously quantified in all col-
lected plasma samples. The quantification of imatinib-d§ was
not biased by high concentrations of unlabeled imatinib pres-
ent in the same plasma sample. In theory, the use of deuterium
as a label for the intravenous microdose may result in a kinetic
isotope effect (KIE), caused by increased bond strength of the
carbon-deuterium bond, as compared with the carbon-
hydrogen bond. The KIE may result in altered pharmacoki-
netics (e.g., altered metabolism) of the deuterium labeled
drug, with an incorrect calculation of the absolute bioavail-
ability as a result. [6] As the deuterium labels in the imatinib-
d8 structure were not located at metabolic hot spots in the
imatinib molecule [17], the KIE was assumed to be negligible.
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Table 3 Absolute bioavailability
of oral imatinib at steady state

Imatinib tablet (400 mg)  Intravenous imatinib-d8 (100 pg)

plasma pharmacokinetics (n = 6)
AUCO,24 (],Lg h/mL)(CV%)

AUCq.in¢ (g h/mL) (CV%)

Dose-normalized AUCq e (g h/mL) (CV%) N/A

F(%) (median, range)

42.6 (30.2) N/A

N/A 0.015 (43.7)
60.5 (43.7)
76 (42-106) -

As seen in Fig. 3, the curves for oral and intravenous imatinib
demonstrate a parallel decline during the terminal elimination
phase, with a constant mean dose-normalized
imatinib:imatinib-d8 ratio in plasma of around 2.00,
confirming that the KIE for the imatinib-d§8 molecule was
indeed negligible. The curves presented here demonstrate
the validity of using the deuterium labeled imatinib-d8 drug
molecule for intravenous microdose administration.

The median absolute bioavailability was calculated to be
76% which was less than the 98% (87-111% (90% confi-
dence interval)) reported using a traditional two-period cross-
over design in healthy volunteers. [18] There might be differ-
ent reasons for the lower absolute bioavailability found in this
study as compared with the study in healthy volunteers. In the
previous absolute bioavailability trial, healthy volunteers
demonstrated considerable inter-subject variation in the abso-
lute bioavailability of imatinib in twelve treated subjects. [1]
The reasons for the high variability may be attributed to inter-
subject variations in the activity of cytochrome P450 isoen-
zyme 3A4 (CYP3A4), a major enzyme in the

Fig. 2 Schematic overview of the
imatinib absolute bioavailability

Oral imatinib intake
(400 mg once daily)

microdose trial design

Intravenous imatinib-d8

®
~

biotransformation of imatinib. [1] It could be that the lower
bioavailability found in our study may solely be a result of this
interpatient variability, as both studies demonstrate a relative-
ly large inter-subject variability in small study populations (6
and 12 subjects included for each trial, respectively). An al-
ternative theory may be that the absolute bioavailability actu-
ally differs between healthy volunteers and GIST patients. If
so, there might be a change present at baseline, or a change
developed during prolonged treatment with imatinib. In theo-
ry, GIST disease status may negatively influence the absorp-
tion of drug into the systemic circulation, resulting in a lower
absolute bioavailability at baseline. In a previous study, pa-
tients with a prior major gastrectomy had a significantly lower
Chin, While other types of surgery were not associated with
decreased pharmacokinetic exposure. [19] However, in anoth-
er observational study, type of surgery and extent of resection
were not predictive of low imatinib concentrations. [20] Our
study patient population consisted of patients without prior
major gastrectomy (Table 1), and results were therefore not
likely to be influenced by prior surgery.

>

administration (100 pg, single gift) —> Sample collection0—48 h
2.5 h post oral imatinib intake post Day 1 oral imatinib intake
n=6
10000 J
2 1000f i
E * Imatinib
g 100 e I
S 10 Simultaneous analysis of imatinib
£ and imatinib-d8in plasma by LC-MS/MS
[
o
o

o] o———

20 40
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AUC calculation for absolute bioavailability determination
Imatinib: AUC, .4, (steady state plasma pharmacokinetics)
Imatinib-d8: AUC,, (single gift)

Abbreviations: LC-MS/MS, liquid chromatography coupled to tandem mass spectrometry; AUC.4n,
area under the plasma-time curve up to 24 hours, AUC.,;, area under the plasma-time curve

extrapolated to infinity
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Another explanation for the lower bioavailability might be
a change developed during prolonged imatinib treatment.
Imatinib pharmacokinetic parameters have been described to
change from early to later treatment phase, with a trend to-
wards increased imatinib clearance after long-term exposure
[21, 22], although this finding could not be reproduced in
other studies. [20, 23] In our study population, all patients
were on imatinib treatment for several months or years (me-
dian 3.2 years, range 0.3—13.0 years), and the clearance was
similar to the clearance observed during the first month of
treatment as described by Judson et al. (7.6 L/h vs. 9.2 L/h).
[21] Since pharmacokinetic exposure to imatinib has been
related to treatment efficacy [24], therapeutic drug monitoring
has been implemented in our hospital. Therefore, in case of an
increased clearance and thus a lower pharmacokinetic expo-
sure, dose escalations have probably been performed. These
patients were not eligible for inclusion in this trial, which
might explain the absence of an observed increase in drug
clearance as a result of selection bias. Furthermore, if a change
in clearance was found, this would not have explained the
lower value for absolute bioavailability, as the oral and intra-
venous dose are co-administered during a single-dose event,
eliminating inter-dose variability.

In a prospective pharmacokinetic trial on imatinib plasma
concentrations in GIST patients, a reduced exposure of ap-
proximately 30% to imatinib was observed after long-term
treatment (> 90 days), most likely due to reduced drug absorp-
tion over time. [25] This reduced exposure may potentially be
a result of the lower absolute bioavailability that we observed
in our trial. Although different theories for this reduced ab-
sorption and/or bioavailability do exist (e.g., changed activity
or expression of drug transporters involved in active transport,
upregulation of CYP3A4) [25], none has been confirmed to
date.

~ 10000
E
(o]
£
5 ‘M = Imatinib
£ 1000 o Imatinib-d8
5 1
(2]
c
[*]
(3]
©
£
0
1]
o

0.1

20 40

Time (hours)

Fig. 3 Plasma concentration-time curves of imatinib and imatinib-d8
(mean + SD) following oral administration of 400 mg imatinib dose at
¢t=0h and intravenous administration of a 100 pg imatinib-d8 microdose
at t=2.5 h in patients (n=6) displaying steady state imatinib plasma
pharmacokinetics
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Finally, the lower bioavailability found in our study
could potentially be explained by the fact that patients
ingested imatinib concomitant with food (according to
the label), while the previous absolute bioavailability
study has been performed under fasted conditions.
Although a previous food-effect study concluded that
food did not affect imatinib pharmacokinetics to a clin-
ically relevant extent, C,., and AUCq »4, decreased
15% and 9%, respectively, after concomitant intake with
a high-fat meal compared with the fasted state. [26]

Interestingly, the individual plasma concentration-time
curves demonstrated up to two secondary peaks after the
Chax, With different profiles for oral imatinib and intravenous
imatinib-d8 (Supplementary Fig. 1). Previous research on i-
matinib has not demonstrated enterohepatic cycling of imatin-
ib. Another explanation for these peaks might be bile secretion
triggered by food intake, resulting in acceleration of drug sol-
ubility in the gastrointestinal lumen, although food has been
described to have no relevant impact on the rate or extent of
bioavailability. [27]

By using the stable isotopically labeled microdose trial de-
sign, a number of dose events and collected plasma samples
were reduced by half, as compared with the previously per-
formed absolute bioavailability trial using a conventional
crossover design. [18] This reduction may aid to perform this
trial in patients in the future, as it offers the possibility to be
combined with a phase I/I trial in patients without
adding a separate intravenous dose event. The
microdose trial design using a stable isotopically labeled
drug will only mildly increase patient burden by adding
a single intravenous microdose administration to the
study procedures. This minor adjustment may result in
increased and more relevant knowledge on the pharma-
cokinetics of a novel drug product in an early stage of
clinical drug development.

Conclusion

The absolute bioavailability of oral imatinib in cancer patients
during steady state pharmacokinetics was successfully deter-
mined using a stable isotopically labeled microdose trial. This
study demonstrates the potential to use a stable isotopically
labeled microdose in combination with LC-MS/MS for the
assessment of absolute bioavailability. In addition, the poten-
tial added value of performing an absolute bioavailability
study in the intended patient population for clinical use during
steady state pharmacokinetics was demonstrated by compar-
ing the results obtained with a previously performed absolute
bioavailability trial in healthy volunteers.
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