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ARTICLE INFO ABSTRACT

Keywords: Osimertinib is an irreversible EGFR inhibitor registered for advanced NSCLC patients whose tumors harbor
ABCB1 recurrent somatic activating mutations in EGFR (EGFRm™) or the frequently occurring EGFR-T790M resistance
ABCG2 mutation. Using in vitro transport assays and appropriate knockout and transgenic mouse models, we in-
Osimertinib

vestigated whether the multidrug efflux transporters ABCB1 and ABCG2 transport osimertinib and whether they
influence the oral availability and brain accumulation of osimertinib and its most active metabolite, AZ5104. In
vitro, human ABCB1 and mouse Abcg2 modestly transported osimertinib. In mice, Abcbla/1b, with a minor
contribution of Abcg2, markedly limited the brain accumulation of osimertinib and AZ5104. However, no effect
of the ABC transporters was seen on osimertinib oral availability. In spite of up to 6-fold higher brain accu-
mulation, we observed no acute toxicity signs of oral osimertinib in Abcbla/1b;Abcg2 knockout mice.
Interestingly, even in wild-type mice the intrinsic brain penetration of osimertinib was already relatively high,
which may help to explain the documented partial efficacy of this drug against brain metastases. No substantial
effects of mouse Cyp3a knockout or transgenic human CYP3A4 overexpression on oral osimertinib pharmaco-
kinetics were observed, presumably due to a dominant role of mouse Cyp2d enzymes in osimertinib metabolism.
Our results suggest that pharmacological inhibition of ABCB1 and ABCG2 during osimertinib therapy might
potentially be considered to further benefit patients with brain (micro-)metastases positioned behind an intact
blood-brain barrier, or with substantial expression of these transporters in the tumor cells, without invoking a
high toxicity risk.

Brain accumulation
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1. Introduction initially respond to these TKIs, there also is a high frequency of acquired

resistance. The mechanism of acquired resistance for more than 50% of

Non-small cell lung cancer (NSCLC) is one of the leading causes of
cancer death in the world, and it accounts for approximately 85% of all
lung cancer diagnoses [1]. Advanced stage (IV) NSCLC is known to
metastasize to a number of organs including the brain [2-6]. The
identification of epidermal growth factor receptor (EGFR) mutations as
one of the driving factors in NSCLC allowed the development of tar-
geted therapy for NSCLC patients. EGFR-targeting tyrosine kinase in-
hibitors (TKIs) like gefitinib, erlotinib and several others display pro-
mising clinical activity in advanced NSCLC patients whose tumors
harbor recurrent somatic activating mutations in EGFR (EGFRm™)
[7-12]. Unfortunately, although most of the EGFRm* NSCLC patients
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the patients is the acquisition of an additional EGFR mutation, EGFR-
T790M [13-15].

The search for novel therapeutic strategies targeted against this
mutation has yielded a potent TKI, osimertinib (AZD9291, Tagrisso).
Osimertinib covalently and irreversibly binds to cysteine 797 in the
ATP binding site of EGFR, exhibiting 200 times greater potency toward
both EGFRm™* and T790M variants compared to the wild-type EGFR
[16]. Osimertinib has been approved by the US FDA in April 2018 for
the first-line treatment of metastatic NSCLC patients with epidermal
growth factor (EGFR) exon 19 deletions or exon 21 L858R mutations in
their tumors [17]. In clinical trials (phase II AURA), osimertinib has

Received 1 April 2019; Received in revised form 21 May 2019; Accepted 4 June 2019

Available online 05 June 2019
1043-6618/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/10436618
https://www.elsevier.com/locate/yphrs
https://doi.org/10.1016/j.phrs.2019.104297
https://doi.org/10.1016/j.phrs.2019.104297
mailto:a.schinkel@nki.nl
https://doi.org/10.1016/j.phrs.2019.104297
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2019.104297&domain=pdf

S. van Hoppe, et al.

demonstrated an overall objective response rate (ORR) of 62% and
median progression-free survival (PFS) greater than 12 months with
manageable toxicity. In patients with central nervous system (CNS)
metastases the ORR for osimertinib was still 64%, but a shorter median
PFS of 7 months was observed compared to patients without CNS me-
tastases [18]. The absolute oral bioavailability of osimertinib is 69.8%,
suggesting that it is well absorbed [19]. Additionally, previous reports
have shown that osimertinib undergoes minimal first-pass metabolism
with low clearance and is highly distributed to organs [19-21]. How-
ever, osimertinib is metabolized, mainly by cytochrome-P450 (CYP)
3A, into the active metabolites AZ5104 and AZ7550 (Supplemental
Fig. 1), each amounting to "10% of the overall osimertinib systemic
exposure. Interestingly, whereas AZ7550 showed a similar potency to
osimertinib, AZ5104 showed greater potency than osimertinib against
exon 19 deletion and T790 M mutants ("8-fold) and wild-type ("15-fold)
EGFR [20,22].

Multidrug efflux transporters of the ATP-binding cassette (ABC)
protein family can influence the disposition of a wide variety of en-
dogenous and exogenous compounds, including many anti-cancer
drugs. ABCB1 (P-glycoprotein) and ABCG2 (BCRP) occur in the apical
membrane of epithelia in organs that are central to the absorption and
elimination of drugs like kidney, liver, and small intestine. They are
also found in blood-facing luminal membranes of barrier tissues pro-
tecting pharmacological sanctuary compartments like the blood-pla-
centa, blood-testis, and blood-brain barriers (BBB). At these barriers
ABCB1 and ABCG2 pump their substrates immediately out of the epi-
thelial or endothelial cells back into the blood. Consequently, only
limited amounts of drug can accumulate in, for instance, the brain to
treat (micro) metastases that are located behind a functional BBB
[23-25]. Many anticancer drugs including TKIs are transported by
ABCB1, ABCG2, or both. These transporters can therefore significantly
modulate the pharmacokinetics of these drugs, and hence their ther-
apeutic efficacy and toxicity profile [26]. Several studies have shown
that the oral availability of TKIs and their tissue (especially brain) pe-
netration can be restricted due to interaction with ABCB1 and ABCG2
transporters [27-31]. Moreover, pharmacological inhibition of these
ABC transporters can markedly enhance the brain accumulation of
these drugs (e.g., [27-31].

Some studies as well as the FDA documentation indicate that osi-
mertinib can inhibit ABCB1 and ABCG2, and may possibly be trans-
ported by them [32-34]. If these transporters can also efficiently
transport osimertinib in vivo, this might lead to decreased accumulation
of osimertinib in transporter-expressing cancer cells, and thus tumor
pharmacokinetic resistance. A recent study using an ABCBl-over-
expressing multidrug-resistant KBv200 cell xenograft model in nude
mice suggested that osimertinib-mediated inhibition of ABCB1 could
enhance the tumor response against other ABCBI1-transported drugs
[34]. Moreover, NSCLC can metastasize to other parts of the body, in-
cluding the brain. Upon initial diagnosis of NSCLC, brain metastases are
observed in 20% of patients, with numbers increasing to 40-50% in
those with stage III lung adenocarcinoma [4,6]. The brain is also a
common site for disease relapse in patients previously treated with TKIs
in about 30-60% of EGFR-mutated NSCLCs [5]. Osimertinib could
potentially be a more successful candidate drug for these patients, as it
is better targeted against these mutations. However, given the high
ABCB1 and ABCG2 expression in the BBB, these transporters could
potentially limit brain accumulation of osimertinib, which might re-
duce therapeutic efficiency against NSCLC CNS metastases.

In this study we therefore investigated whether osimertinib is
transported by ABCB1 and ABCG2 in vitro or in mouse models, and how
this might affect its oral plasma pharmacokinetics and brain penetra-
tion. We additionally studied the in vivo distribution of AZ5104.
Furthermore, since osimertinib appears to be predominantly metabo-
lized by human CYP3A4 [35,36], we also studied the influence of
CYP3A on the oral systemic availability and tissue exposure of osi-
mertinib.
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2. Materials and methods
2.1. Chemicals

Osimertinib and zosuquidar were purchased from Sequoia Research
Products (Pangbourne, U.K.), and Kol43 was obtained from Tocris
Bioscience (Bristol, U.K.). GlutaMAX Dulbecco’s Modified Eagle
Medium (DMEM) and Dulbecco’s phosphate buffered saline (PBS) were
purchased from Gibco® by Life Technologies” (The Netherlands).
Glucose water 5% w/v was acquired from B. Braun Medical Supplies,
Inc. (Melsungen, Germany). Bovine serum albumin (BSA) Fraction V
was obtained from Roche Diagnostics (Mannheim, Germany).
Isoflurane was purchased from Pharmachemie (Haarlem, The
Netherlands), heparin (5000 IU ml™) was from Leo Pharma (Breda, The
Netherlands). All other chemicals were acquired from Sigma-Aldrich
(Steinheim, Germany) unless stated otherwise.

2.2. Transport assays

Polarized Madin-Darby canine kidney (MDCK-II) cell lines trans-
duced with either human (h)ABCB1, hABCG2 or murine (m)Abcg2
c¢DNA were used and cultured as described previously [37]. Transe-
pithelial transport assays were performed in triplicate on 12-well mi-
croporous polycarbonate membrane filters (3.0 um pore size, Transwell
3402, Corning, Lowell, MA), as described [37]. In brief, cells were al-
lowed to grow to an intact monolayer over 3 days, which was mon-
itored with transepithelial electrical resistance (TEER; Millipore, USA)
measurements. For all cell lines TEERs had to be above 80 O.cm? before
the start of the transport experiment, and should not have decreased
when re-measured after 8 h at the end of the experiment. On the third
day, cells were washed with phosphate-buffered saline and pre-in-
cubated with fresh DMEM medium including 10% fetal bovine serum
and the relevant transport inhibitors for 1h, where 5 pM zosuquidar
(ABCBLI inhibitor) and/or 5 pM Ko0143 (ABCG2/Abcg2 inhibitor) were
added to both apical and basolateral compartments. To inhibit en-
dogenous canine ABCB1 when testing the MDCK-II-mAbcg2 and MDCK-
II-hABCG2 cell lines, we added 5uM zosuquidar (ABCB1 inhibitor) to
the culture medium throughout the experiment. The transport experi-
ment was initiated by replacing the pre-incubation medium from the
donor compartment (either basolateral or apical) with freshly prepared
medium containing 2 uM osimertinib alone or in combination with the
appropriate inhibitors. Plates were kept at 37 °C in 5% CO2 and 50 pl
aliquots were taken from the acceptor compartment at 1, 2, 4 and 8 h
and stored at —30 °C until analysis. The total amount of drug trans-
ported to the acceptor compartment was calculated after correction for
volume loss due to sampling at each time point. Active transport was
expressed by the relative transport ratio (r), defined as the amount of
apically directed transport divided by the amount of basolaterally di-
rected transport at the 8 h time point.

2.3. Animals

Male wild-type (WT) FVB, Abcbla/1b™/~ [38], Abcg2™/~ [39],
Abcbla/1b;Abcg2 ™/~ [40], Cyp3a” and Cyp3aXAV [41] mice of
identical genetic background (> 99% FVB) were used. Groups of 5-6
mice per strain, aged between 9-14 weeks, were used. Animals were
kept in a temperature-controlled environment with a 12h light/dark
cycle and received a standard diet (Transbreed, SDS Diets, Technilab-
BMI, Someren, The Netherlands) and acidified water ad libitum. Mice
were housed and handled according to institutional guidelines in
compliance with Dutch and EU legislation.

2.4. Drug solutions

Osimertinib was first dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 25mg/mL and further diluted with a mixture of
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polysorbate 80: ethanol (1:1 v/v), and 5% w/v glucose water to yield a
1 mg/mL working solution. Final concentrations (v/v) of DMSO, poly-
sorbate 80, ethanol, and glucose water were therefore 4%, 2.5%, 2.5%
and 91%, respectively. Osimertinib was administered orally at a dose of

Time (h)

10 mg/kg body weight (10 uL/g).
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Fig. 1. In vitro transport of osimertinib.
Transepithelial transport of osimertinib
(2uM) was assessed in MDCK-II cells
either non-transduced (A, B) or trans-
duced with hABCB1 (C, D), hABCG2 (E,
F), or mAbcg2 (G, H) cDNA. Att = Oh
osimertinib was added to the donor
compartment; thereafter at t = 1, 2, 4
and 8h osimertinib concentrations
were measured and plotted as total
amount (pmol) of translocated drug
(n =3). (B, D-H) Zosuquidar (5uM)
and/or Kol43 (5uM) were added as
indicated to inhibit hABCB1 or hABCG2
and mAbcg2, respectively. r, relative
transport ratio at 8h. BA (red trian-
gles), translocation from the basolateral
to the apical compartment; AB (black
circles), translocation from the apical to
the basolateral compartment. Data are
presented as mean = SD. (For inter-
pretation of the references to colour in
this figure legend, the reader is referred
to the web version of this article).
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2.5. Plasma and tissue pharmacokinetics of osimertinib and AZ5104

To minimize variation in absorption, mice were fasted for about 3h
prior to the oral administration of osimertinib using a blunt-ended
needle. Fifty pL blood samples were drawn from the tail vein using
heparin-coated capillaries (Sarstedt, Germany). At the last time point,
mice were anesthetized using isoflurane inhalation, and blood was
collected via cardiac puncture. For the 24 h experiment, tail vein sam-
pling took place at 0.5, 1, 2, 4 and 8 h after oral administration; for the
1.5h experiment, tail vein sampling took place at 5, 10, 15, 30 and
60 min after oral administration. At the end point, mice were sacrificed
by cervical dislocation and a set of organs was rapidly removed,
weighed, and subsequently frozen as whole organs at —30 °C. Organs
were allowed to thaw on ice and homogenized in appropriate volumes
of 4% (w/v) BSA in water using a FastPrep-24 device (MP Biomedicals,
SA, California, USA). Homogenates were stored at —30 °C until ana-
lysis. Blood samples were immediately centrifuged at 9000 x g for
6min at 4°C, and plasma was collected and stored at —30 °C until
analysis.

2.6. Drug analysis

Osimertinib concentrations in culture medium, plasma, and tissue
homogenates were analyzed with a previously reported liquid-chro-
matography tandem mass spectrometric (LC-MS/MS) assay [42]. A
new bioanalytical assay using LC-MS/MS was developed for simulta-
neous quantification of osimertinib (m/z 501.2 a 72.1) and the active
desmethyl metabolite AZ5104 (m/z 487.2 a 72.1) based on our pre-
viously developed assay for only osimertinib [42]. Sample preparation
was done by a simple protein crash with acetonitrile containing the
stable isotopically labeled osimertinib ([13C2H3], m/z 505.2- > 72.1)
as the internal standard. After partial evaporation of solvents and re-
constitution in eluent the analytes were injected for quantification. The
assay was successfully validated in a 2-2000 nM calibration range for
both compounds. The Q1 m/z values for osimertinib, AZ5104 and
13C2H3-osimertinib were shifted +1 to the 13C-isotopes (m/z 501.2,
487.2, and 505.2) to avoid detector saturation, and thus improve lin-
earity, of the QTRAP® 5500 triple quadrupole mass spectrometric de-
tector (Sciex, Ontario, Canada).

2.7. Statistical and pharmacokinetic calculations

The area under the curve (AUC) of the plasma concentration-time
data was calculated using the trapezoidal rule, without extrapolating to
infinity using GraphPad Prism software 7.0e (GraphPad Software Inc.,
La Jolla, CA, USA). The maximum drug concentration in plasma (Cmax)
and the time to reach maximum drug concentration in plasma (Tmax)
were determined directly from individual concentration-time data.
Tissue accumulation of osimertinib was calculated by determining the
osimertinib tissue concentration relative to its plasma AUC from O to
24 h or 0-1.5h. Average tissue to plasma ratios were calculated from
individual mouse data. Statistical differences between individual
groups were assessed using one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc multiple comparisons using GraphPad
Prism. When variances were not homogeneously distributed, data were
log-transformed before statistical tests were applied. A P value
of < 0.05 was considered statistically significant. Data are presented as
mean * SD, with each experimental group containing 5-6 mice.

3. Results
3.1. Osimertinib is modestly transported by hRABCB1 and mAbcg2 in vitro
We first studied the transport of osimertinib (2 puM) in vitro by

measuring translocation through polarized monolayers of MDCK-II cell
lines transduced with human (h)ABCB1, hABCG2 or mouse (m)Abcg2
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cDNA. As shown in Fig. 1A, inthe parental line, both apically and ba-
solaterally directed translocation of osimertinib were identical (efflux
transport ratio r = 1.0). This r was somewhat, but not significantly,
decreased when adding the ABCB1 inhibitor zosuquidar (Fig. 1B). In
hABCB1-overexpressing MDCK-II cells, osimertinib was modestly
transported in the apical direction (r = 1.8, Fig. 1C), and this transport
was completely blocked by zosuquidar (r = 1.0, Fig. 1D). To suppress
any possible endogenous canine ABCB1 transport activity, zosuquidar
was added in subsequent experiments with MDCK-II cells over-
expressing hABCG2 and mAbcg2. No significant active transport of
osimertinib by hABCG2 was observed, and accordingly, addition of the
hABCG2/mAbcg2 inhibitor Ko143 had little effect on overall translo-
cation (Fig. 1E and 1F). In contrast, in mAbcg2-overexpressing cells,
clear apically directed transport of osimertinib was observed (r = 2.3),
and this transport was completely abrogated by the addition of Ko143
(Fig. 1G and 1 H). Osimertinib thus appears to be modestly transported
by hABCB1 and more efficiently by mAbcg2, but not detectably by
hABCG2 in vitro. It is worth noting, however, that the effective dimeric
transporter level per cell is somewhat lower in MDCKII-hABCG2 cells
than in MDCKII-hABCBI cells [43]. This comparatively low expression
level might render a low level of osimertinib transport by hABCG2
undetectable.

3.2. No substantial effect of Abcb1 and Abcg2, or Cyp3a on plasma
pharmacokinetics of oral osimertinib

In view of the in vitro transport results, we studied the impact of
Abcbl and Abcg2 on the plasma and tissue pharmacokinetics of osi-
mertinib in a pilot experiment in male wild-type (WT) and Abcbla/
1b;Abcg2 ™/~ mice. In addition, although metabolism of osimertinib in
mice appears to be primarily mediated by mouse Cyp2d proteins and
not by Cyp3a as in humans [44], we included Cyp3a~/~ mice in this
pilot. We orally administered osimertinib to the mice at a dosage of
10 mg/kg, physiologically roughly equivalent to the recommended
human dose (80 mg oral, once daily). We analyzed the plasma con-
centrations of osimertinib over 24 h. As shown in Supplemental Fig. 2
and Table 1, we found a 1.4-fold higher plasma AUCq 24, in Abcbla/
1b;Abcg2 ™/~ mice than in WT mice, but this was not statistically sig-
nificant. Also the absence of Cyp3a enzymes did not cause a statistically
significant shift compared to the WT mice in the plasma exposure be-
tween 0 and 24 h (Supplemental Fig. 2, Table 1).

We next assessed the tissue distribution of osimertinib at 24 h. As
the plasma level of osimertinib at this time point was below the lower
limit of detection in all strains, we could not directly calculate tissue-to-
plasma ratios, but we could calculate the relative tissue accumulation
(P) by correcting for the plasma AUCg.o4,. Interestingly, the tissue
concentrations in brain but also liver of Abcbla/1b;Abcg2™/~ mice
were markedly higher than those in WT or Cyp3a~/~ mice, and this
also applied when assessing the tissue accumulations (Table 1). By far
the strongest effect was seen in brain. Although brain concentrations in
WT mice were below the detection limit, and experimental variation
was high, for instance the average brain concentration of osimertinib
compared to that in liver was nearly 10-fold higher in Abcbla/
1b;Abcg2 ™/~ mice (0.82) than in Cyp3a™/~ mice (0.083). This para-
meter for other tissues such as spleen and kidney was much less affected
(Supplemental Fig. 3). These data suggest that, at this late distribution
phase, Abcbla/1b and/or Abcg2 play a major role in limiting osi-
mertinib concentrations in the brain, and a smaller role in limiting the
concentrations in liver and spleen, in the latter cases perhaps by med-
iating late elimination from these organs (Table 1 and Supplemental
Fig. 3). As for Cyp3a~’/~ mice, there were no tissue parameters sig-
nificantly different from WT values at 24 h, but the Cpai, and Ppain
were markedly lower than in the Abcbla/ lb;Abch’/ ~ mice (Table 1,
Supplemental Fig. 3).



S. van Hoppe, et al.

Table 1

Pharmacokinetic parameters of osimertinib over 24 h after oral administration
of 10 mg/kg osimertinib to male WT, Abcbla/1b;Abcg2™/~ and Cyp3a™/~
mice.

Parameter Genotype

Wild-type Abcbla/1b;Abeg2™/~  Cyp3a™/~
Plasma AUCq.p4 1833 * 343 2639 + 842 1418 + 290

(h*ng/ml)

fold change 1.0 1.4 0.8
Cpnax (ng/ml) 272 + 21 418 + 167 341 + 74
Tinax (h) 1 1 1
Chrain (ng/g) <1 183 + 145%= 1.8 + 1.0%/###
Porain (*107%h1) <1 70.8 + 59.8%** 1.4 = 0.9%/###
Ciiver (ng/g) 9.1 + 84 223 + 48*¥* 21.6 + 39.8%##
fold change 1 24.4 2.4
Pliver (*1073h™) 49 + 5.1 87.0 + 28.1%%* 3.0 = 1.47%#
fold change 1 17.7 0.6

AUC, area under the plasma concentration-time curve; Cp.x, maximum drug
concentration in plasma; Tp,ax, time (h) to reach maximum drug concentration
in plasma; Cyissue, tiSSue concentration; Pyissue, tissue accumulation. The lower
limit of quantification (LLoQ) value for osimertinib was set at 1ng/ml.
Osimertinib plasma concentrations in all the groups and brain concentrations in
WT mice at 24 h were below the LLoQ. These values resulted occasionally in
negative figures and were hence assumed to be zero for calculations. For sta-
tistical comparison the Cpyain and Ppain values for WT mice (< 1) were assumed
tobe 1.0 + 1.0. Statistical differences were assessed using one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc multiple comparisons. *,
P < 0.05; **, P < 0.01; ***, P < 0.001 compared to WT mice. # P < 0.05;
### P < 0.001 compared to Abcbla/1b;Abcg2™/~ mice. Data are expressed
as the mean + SD. (n = 5-6).

3.3. Abcbl and Abcg2 limit the brain accumulation of osimertinib

In all three tested mouse strains osimertinib reached its maximum
plasma concentration approximately 1h after oral administration
(Supplemental Fig. 2). To better assess the separate and combined
impact of Abcbla/1b and Abcg?2 on tissue distribution of osimertinib at,
or shortly after, peak plasma exposure, we performed a 1.5h pharma-
cokinetic experiment with oral administration of osimertinib (10 mg/
kg) to male WT, Abcbla/1b~/~, Abcg2~/~, and Abcbla/1b;Abcg2 ™/~
mice. Although, not unexpectedly, the interindividual variation this
shortly after oral administration of osimertinib was high, the plasma
AUCGs of the four strains were very similar, with a Cp,ax again occurring
around 1 h (Fig. 2, Table 2). Only at the 90 min time point the Abcg2 ™/
~ plasma concentrations were significantly lower than those in the
other strains, but this was probably related to the substantial experi-
mental variation (Fig. 2). These results were generally in line with the
24 h data and suggest that the absence of Abcbl and Abcg2, alone or
combined, has no substantial effect on the plasma exposure of osi-
mertinib in mice during the first hours after administration.

Similar to the results at 24 h after administration, the brain con-
centration of osimertinib in Abcbla/1b;Abcg2™/~ mice showed a
highly significant, 5.1-fold increase (P < 0.001) compared to WT mice
(Fig. 3A). Additionally, single Abcbla/1b”" mice displayed a statisti-
cally significant 3.5-fold increase (P < 0.01) compared to WT mice. In
contrast, no significant difference was found between the single
Abcg2”” and WT mice. Correcting the osimertinib brain concentrations
for the corresponding plasma concentrations (Fig. 3B) or plasma AUCs
(Fig. 3C) yielded similar results. The brain-to-plasma ratios showed a
highly significant, 6.4-fold increase (P < 0.001) for Abcbla/
1b;Abcg2”" mice compared to WT mice, and a 4.1-fold increase for
Abcbla/1b”" mice (P < 0.05), whereas values in the Abcg2”" mice
were not significantly different from those in the WT mice (Fig. 3B;
Table 2). Analyzing the same parameters for the liver did not show
significant differences between the strains (Fig. 3 D-F) except for the
Abcg27" liver-to-plasma ratio, which was, however, determined only by
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Fig. 2. Plasma concentration-time curves of osimertinib in male wild-type (WT)
(black circles), Abcbla/1b~"~ (dark blue triangles), Abcg2”” (green diamonds)
and Abcbla/1b;Abeg2”” (light-blue squares) mice, over 90 min after oral ad-
ministration of 10 mg/kg osimertinib. Data are given as mean *= SD. N = 5-6
mice per group. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

the unexpectedly low plasma concentration in this strain at the single
1.5 h time point (Fig. 2). Thus, also at 1.5 h, especially Abcbla/1b could
profoundly restrict the brain accumulation of osimertinib, and the
combined deficiency for both transporters resulted in a further in-
creased brain penetration of osimertinib. Strikingly, in the absence of
Abcbla/1b and/or Abcg2, the brain-to-plasma ratios of osimertinib (60
to 90) were even higher than the liver-to-plasma ratios (30 to 70),
suggesting a high intrinsic capacity of osimertinib to accumulate in the
brain as well as the liver (Fig. 3B and E). Indeed, even in WT mice the
brain-to-plasma ratio of osimertinib was still relatively high (14.5,
Fig. 3B, Table 2), illustrating the propensity of this drug to accumulate
into the brain.

For some TKIs, such as brigatinib, we have previously observed that
increased brain penetration of the drug due to the absence of Abcbla/
1b and Abcg2 activity at the BBB in mice was associated with acute
lethal toxicity, whereas WT mice were completely unaffected by the
same dose of brigatinib [45]. In contrast, in our current study for osi-
mertinib we did not observe any indication for acute toxicity in the
Abcbla/1b;Abcg2 /" mice in either the 24-h or the 1.5-h experiments
after a single 10 mg/kg oral dose.

3.4. Limited impact of mouse Cyp3a and human CYP3A4 on osimertinib
pharmacokinetics in mice

Although the 24 h experiment did not suggest a clear impact of
mouse Cyp3a on osimertinib plasma pharmacokinetics, we did assess a
possible impact of Cyp3a deficiency, and/or the transgenic over-
expression of human CYP3A4 in liver and intestine, on the plasma ki-
netics and tissue distribution of osimertinib 1.5h after oral adminis-
tration at 10 mg/kg to male mice. Fig. 4 and Supplemental Table 1
show that, unexpectedly, and in spite of the high interindividual var-
iation, the plasma AUC,;s, was significantly lower in both the
Cyp3a~/~ and CYP3A4-transgenic mice compared to the WT strain. For
the Cyp3a~/~ mice this contrasts with the 24 h plasma data, and it may
be that the high interindividual variation played a role in this result. A
possible lowering of the plasma AUC in Cyp3a ™/~ mice might in theory
be caused by compensatory upregulation of other osimertinib-clearing
proteins. A possible slight (but significant, P < 0.05) further decrease
in the plasma AUCy 1 sp, in the CYP3A4-transgenic mice compared to the
Cyp3a~’/~ mice (Supplemental Table 1) might suggest a comparatively
small impact of the human CYP3A4 expression on osimertinib
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Table 2
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Pharmacokinetic parameters of osimertinib over 1.5h after oral administration of 10 mg/kg osimertinib to male WT, Abcbla/1b~"~, Abcg2™/~, and Abcbla/

1b;Abcg2 ™/~ mice.

Parameter Genotype
Wild-type Abcbla/1b~/~ Abcg2™/~ Abcbla/1b;Abcg2 ™/~
Plasma AUCy 5 (h*ng/ml) 227 + 50 236 = 77 225 = 71 178 = 78
fold change 1 1 1 0.8
Crnax (ng/ml) 236 + 77 215 *+ 108 279 * 86 214 + 114
Tinax (h) 1 1 1 1
Chrain (0g/8) 2003 + 1026 6929 =+ 3161** 1350 + 271 10135 + 1942%**
fold change 1 3.5 0.7 5.1
Brain to plasma ratio 145 = 6.4 60.5 + 36.7* 23.1 = 3.7 93.0 + 18.3%**
fold change 1 4.1 1.6 6.4
Pprain (h™1) 8.6 + 3.6 32.8 + 20.6 6.5 £ 2.3 64.3 + 22.8***
fold change 1 3.8 0.8 7.5
Ciiver(ng/8) 3912 + 1180 3934 = 1842 3917 = 362 2472 = 494
fold change 1 1 1 0.6
Liver to plasma ratio 29.0 = 9.2 33.4 = 19.8 68.9 = 16.8** 28.4 = 14.2
fold change 1 1.2 2.4 1
Piiver (h™1) 17.3 = 4.6 17.6 = 9.4 18.6 = 5.5 15.7 £ 5.7
fold change 1 1 1 0.9
Brain to liver ratio 0.6 = 0.3 21 £ 15 03 = 0.1 3.6 £ 1.1%**
fold change 1 3.5 0.5 6

AUC, area under the plasma concentration-time curve; Cp,ax, maximum drug concentration in plasma; Tp,ay, time (h) to reach maximum drug concentration in plasma;
Ciissues tisSue concentration; Pyssue, tissue accumulation. Statistical differences were assessed using one-way analysis of variance (ANOVA) followed by Tukey’s post-
hoc multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared to WT mice. Data are expressed as the mean * SD. (n = 5-6).

clearance. However, all these effects are very modest. Also, when
considering the various tissue concentrations of osimertinib, values for
the three strains for brain, liver, kidney, spleen, and testis were all re-
latively close and not significantly different (Supplemental Table 1 and
data not shown). Overall, there is therefore no indication that Cyp3a or
CYP3A4 activity has a major impact on the plasma exposure and tissue
distribution of osimertinib in mice.

3.5. Brain accumulation of the active metabolite AZ5104 is restricted by
Abcbla/1b and Abcg2

In the final phase of this study an LC-MS/MS assay became avail-
able for the pharmacodynamically most active metabolite of osi-
mertinib, AZ5104 (Supplemental Fig. 1). Samples still available from
the 1.5 h study with ABC transporter knockout strains could then be re-
measured for the presence of this compound after oral administration of
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article).

concentrations of AZ5104 and the AZ5104-to-osimertinib ratios gra-
dually rose between 0.5 and 1.5h, with no significant differences be-
tween the four tested strains (WT, Abcbla/1b~/~, Abcg2™/~, and
Abcbla/1b;Abcg2 ™7 7). The metabolite-to-osimertinib ratio was about
20-25% at 1.5h. Whereas the plasma levels of AZ5104 were thus
hardly affected by the ABC transporters, its brain concentration, brain-
to-plasma ratio, and brain accumulation were dramatically increased in
the Abcbla/1b™/~ mice, but especially in the Abcbla/1b;Abcg2 ™"~
mice (Fig. 5A-C). Abcg2 deficiency did not show a significant difference
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compared to WT mice. However, the significant difference between
Abcbla/1b and Abcbla/lb;Abch’/’ mice in the brain (P < 0.001)
does suggest that Abcg2 plays an important role in AZ5104 transport
across the BBB. At the same time, the equivalent parameters for AZ5104
in the liver were not significantly altered between the strains
(Fig. 5D-F). It thus appears that Abcbla/1b and to a lesser extent also
Abcg2 at the BBB can strongly restrict the brain accumulation of
AZ5104.

4. Discussion

ABC efflux transporters, especially ABCB1 and ABCG2, have been
shown to be associated with resistance to chemotherapy in several
cancer cell lines, including NSCLC [25,46]. Furthermore, brain metas-
tases are a common occurrence in patients suffering from NSCLC
[4-6,47]. Because ABCB1 and ABCG2 are expressed at the BBB, these
transporter proteins may play a significant role in limiting the phar-
macotherapeutic treatment of cancer metastases in the brain. Given the
recent therapeutic success of osimertinib in NSCLC patients, we wanted
to investigate the possible effects of these transporters on osimertinib
disposition.

Our results show that osimertinib is transported by hABCB1 and
efficiently by mAbcg2, but not detectably by hABCG2 in vitro, and that
this transport can be inhibited with specific inhibitors. A previous re-
port demonstrated that osimertinib at low concentration (00.4 uM) can
also significantly reverse hABCB1 and hABCG2 mediated multidrug
resistance (MDR) via inhibiting their efflux activity in vitro [34], illus-
trating the various interactions of osimertinib with these transporters.

In spite of the clear transport in vitro, in vivo we did not observe an
obvious limiting effect of Abcbla/1b or Abcg2 on the oral availability
of osimertinib in mice. However, the accumulation of osimertinib in the
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Fig. 5. Brain and liver concentration (A, D), tissue-to-plasma ratio (B, E) and relative tissue accumulation (C, F) of AZ5104 in male WT, Abcbla/ 1=/, Abcg2™/~,

and Abcbla/lb;Abch’/ ~ mice 1.5 h after oral administration of 10 mg/kg osimertinib. *, P < 0.05; **, P < 0.01; ***

presented as the mean + SD. N = 5 mice per group.

P < 0.001 compared to WT mice. Data are
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brain was markedly restricted by Abcbla/l1b and Abcg2. The brain
distribution of osimertinib was clearly increased by absence of the
combination of Abcbla/1b and Abcg2 in the BBB (6.4-fold compared to
WT), but not substantially by absence of Abcg2 alone. This is in contrast
to Abcbla/1b, which by itself showed a clear limiting effect (by 4.1-
fold) on osimertinib accumulation in the brain (Fig. 3, Table 2). These
data suggest that the brain penetration of osimertinib could be further
enhanced by effectively inhibiting ABCB1 and ABCG activity in the
BBB, for instance by coadministration of the dual ABCB1 and ABCG2
inhibitor elacridar with osimertinib.

In this context it is worth noting that we did not observe any in-
dication that the increased brain penetration of osimertinib in Abcbla/
1b;Abcg2 ™/~ mice resulted in noticeable toxicity. This is in contrast to
the TKI brigatinib, which caused lethal toxicity in Abcbla/1b;Abcg2 ™"
~ mice, whereas WT mice were completely unaffected by the same oral
dose of brigatinib [45]. This suggests that it may potentially be safe
enough to boost osimertinib brain accumulation using ABCB1 and
ABCG2 inhibitors, although obviously this will always first need to be
carefully tested in appropriately designed clinical trials.

The brain penetration of the most active metabolite of osimertinib,
AZ5104, was also strongly limited by Abcbla/1b activity in the BBB,
and more notably so when Abcg2 was additionally deficient (Fig. 5).
This suggests that AZ5104 is similarly affected by the ABC transporters
at the BBB as its parental compound. In contrast, the distribution of
osimertinib and AZ5104 to the liver was not markedly affected by these
efflux transporters (Figs. 3 and 5).

The difference we observed between a high impact on brain accu-
mulation versus no significant impact on oral availability of osimertinib
is a common observation for various other shared Abcbla/1b and
Abcg2 substrates such as sunitinib, sorafenib, imatinib, and gefitinib
[27,48-50]. We have observed that when a drug is only modestly
transported by ABCB1 and/or ABCG2 in vitro, we generally see a much
more outspoken effect of these transporters in limiting the brain accu-
mulation of this drug, than in reducing its oral availability [51,52].
Only drugs that are very efficiently transported in vitro, like afatinib,
tend to show a clear role of the transporters in restricting their oral
availability [53]. We suspect that this could be due to a much more
abundant presence of various other drug uptake systems as well as an
overall higher influx capacity in the intestine as compared to the BBB.
Thus, when removing or inhibiting ABCB1 and/or ABCG2, the oral
availability of a substrate drug will generally be less enhanced than its
brain penetration.

In humans, osimertinib is thought to be predominantly metabolized
by the CYP3A4/5 enzymes, while in mice this appears to be primarily
mediated by mouse Cyp2d proteins [44]. We observed no significant
impact of Cyp3a deficiency on the osimertinib systemic availability and
its tissue exposure. This is consistent with a study showing that co-
dosing mice with osimertinib and the CYP450 inhibitor benzotriazole-
1-amine did not have a significant effect on osimertinib metabolism
[54]. Also, we observed only a borderline significant difference in AUC
between the Cyp3aXAV and Cyp3a /~ mice. These findings can
probably be explained by a dominant function of the murine Cyp2d
proteins in these mice [44].

Various clinical trials have assessed the therapeutic efficacy of osi-
mertinib for NSCLC and metastatic NSCLC patients. A recent study
demonstrated that patients treated with osimertinib developed CNS
metastases to a lesser extent compared to the standard EGFR-TKIs
treatment. In addition, another study showed that osimertinib had a
reasonably high ORR in CNS metastases of 64% [18,55]. These findings
clearly suggest the promising therapeutic efficiency osimertinib could
offer for NSCLC patients both with and without CNS involvement. One
factor as to why osimertinib seems to be partially effective against brain
metastases could be its intrinsically high brain penetration. In fact, the
brain-to-plasma ratio in WT mice (14.5, Fig. 3, Table 2) was only
slightly lower than the liver-to-plasma ratio [29], and in Abcbla/
1b;Abcg2™/~ mice it was even considerably higher (93.0 in brain vs
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28.4 in liver). This already favorable behavior of osimertinib with re-
spect to brain metastases might therefore possibly be even further
boosted by coadministration of efficient ABCB1 and ABCG2 inhibitors.

Based on our findings, it is further likely that tumors substantially
expressing ABCB1 and/or ABCG2 will also display some resistance to
osimertinib-based chemotherapy. Thus, inhibiting these transporters
with effective dual ABCB1 and ABCG2 inhibitors such as elacridar
during osimertinib therapy could potentially further improve the tumor
response. However, caution should always be exercised to prevent un-
expected toxicities, and these possible approaches will first need to be
carefully examined in clinical trials, as would also apply to efforts to
increase osimertinib levels in the brain of patients with CNS tumors or
metastases.

5. Conclusion

Our study shows that ABCB1 and ABCG2 do not restrict the oral
availability of osimertinib, but that they do markedly restrict the brain
disposition of both osimertinib and AZ5104. These results suggest that
coadministration of ABCB1 and ABCG2 inhibitors may be an option to
enhance osimertinib exposure in patients, especially in the brain. This
could provide a better option to treat NSCLC and its metastases located
in part or in whole behind a functional blood-brain barrier.
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