Downloaded via UTRECHT UNIV on January 27, 2020 at 08:08:46 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pharmaceutics

& Cite This: Mol. Pharmaceutics 2019, 16, 3842—3852

pubs.acs.org/molecularpharmaceutics

P-glycoprotein Limits Ribociclib Brain Exposure and CYP3A4

Restricts Its Oral Bioavailability

Alejandra Martinez-Chavez,"*

Stéphanie van Hoppef Hilde Rosing,i Maria C. Lebre,’

Matthijs Tibben,i Jos H. Beijnen,i % and Alfred H. Schinkel*"

"Division of Pharmacology, The Netherlands Cancer Institute, Amsterdam, The Netherlands
J:Department of Pharmacy & Pharmacology, The Netherlands Cancer Institute, Amsterdam, The Netherlands

SDivision of Pharmacoepidemiology and Clinical Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Utrecht University,

Utrecht, The Netherlands

O Supporting Information

ABSTRACT: Ribociclib is a CDK4/6 inhibitor recently
approved for the treatment of some types of breast cancer in
combination with an aromatase inhibitor. It is currently
investigated in the clinic to treat other malignancies, including
brain tumors. Using in vitro and genetically modified mouse
models, we investigated the effect of the multidrug efflux
transporters ABCB1 and ABCG2, and the drug-metabolizing
CYP3A enzymes on ribociclib pharmacokinetics and tissue
distribution. In vitro, ribociclib was avidly transported by human
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ABCBI, but not by human ABCG2 and only modestly by mouse Abcg2. Upon oral administration at 20 mg/kg, the plasma
AUC,_,, of ribociclib was increased by 2.3-fold, and its terminal elimination was delayed in Abcbla/1b~~;Abcg2™~ compared
to wild-type mice. The brain-to-plasma ratios of ribociclib were increased by at least 23-fold relative to wild-type mice in
Abcbla/1b™" _;Abch_/ ~ and Abcla/1b™/~ mice, but not noticeably in Abch_/ ~ mice. Oral coadministration of elacridar, an
ABCBI1 and ABCG?2 inhibitor, increased the brain penetration of ribociclib in wild-type mice to the same level as seen in
Abcbla/1b™'~;Abcg2™~ mice. Plasma exposure of ribociclib further decreased by 3.8-fold when transgenic human CYP3A4 was
overexpressed in Cyp3a-deficient mice. Ribociclib penetration into the brain is thus drastically limited by ABCBI in the blood—
brain barrier, but coadministration of elacridar can fully reverse this process. Moreover, human CYP3A4 can extensively
metabolize ribociclib and strongly restrict its oral bioavailability. The insights obtained from this study may be useful to further
optimize the clinical application of ribociclib, especially for the treatment of (metastatic) brain tumors.
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B INTRODUCTION

In recent years, a new class of compounds was successfully
introduced in the clinic for breast cancer treatment. These are
inhibitors of the cyclin-dependent kinases 4 and 6 (CDK4/6),
enzymes that regulate cell cycle progression through the G1/S
transition." To date, three CDK4/6 inhibitors have been
approved by the US Food and Drug Administration (FDA)
and the European Medicines Agency (EMA): palbociclib
(2015), ribociclib (2017), and abemaciclib (2017—2018).
These compounds are registered for the treatment of
advanced-stage and/or metastatic hormone receptor-positive
(HR*) and HER2-negative (HER2™) breast cancer after
menopause in combination with an aromatase inhibitor.
Recently, the FDA expanded the indication for ribociclib to
treat also pre/perimenopausal women with the above-
mentioned subtypes of breast cancer.”

Ribociclib (Figure S1) is an orally bioavailable small
molecule that binds to the ATP-binding cleft of CDK4/6,
leading to the inhibition of these enzymes (ICs;, 10 and 39 nM,
respectively). After a dosage of 600 mg/day in the clinic,
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ribociclib is rapidly absorbed with a maximum plasma
concentration between 1 and S h, and a half-life that ranges
from 33 to 42 h. In addition to breast cancer, the efficacy of
ribociclib to treat other malignancies including melanoma,
nonsmall cell lung cancer, liposarcoma, glioblastoma, gyneco-
logic cancers, prostate cancer, and others is currently
investigated in clinical trials.”*

Drug disposition and therefore drug efficacy can be affected
by the drug efflux transporters P-glycoprotein (P-gp; MDRI;
ABCB1) and Breast Cancer Resistance Protein (BCRP;
ABCG2), which belong to the ATP-binding cassette (ABC)
superfamily.” These efflux transporters are expressed in the
apical membrane of organs with absorptive and eliminatory
functions, like intestine, liver, and kidneys, as well as in various
blood—tissue barriers, including the blood—brain barrier
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(BBB). Their function is to accelerate the elimination and limit
the tissue penetration of xenobiotics, including drugs.j’6 In
addition, efficacy of transported anticancer agents can also be
directly affected since both proteins can be expressed in some
cancer cells. Indeed, several mechanisms involved in the
upregulation of ABCB1 and/or ABCG2 in some cancer
treatments have been described to be associated with
multidrug resistance in breast cancer.”””

Many anticancer agents are transport substrates of ABCB1
and/or ABCG2. Specifically within the CDK4/6 inhibitors,
abemaciclib and palbociclib are substrates for human ABCB1
and mouse Abcg2, and for both compounds the penetration of
the BBB improves when Abcbla/1b is absent in rodents. For
palbociclib, it was shown that its brain penetration is also
restricted by mouse Abcg2.'”"'! According to the manufacturer,
ribociclib is a weak substrate for ABCB1, but Sorf et al. showed
that ribociclib is markedly transported by human ABCBI1 in
vitro.'*"> However, the in vivo effects of the ABC efflux
transporters on ribociclib disposition have not been described
hitherto.

In preclinical studies in rats, ribociclib distributed extensively
to most tissues except for the brain.' Because ABCBI and
ABCG?2 are expressed at the BBB, they could potentially limit
the brain accumulation of ribociclib. Breast cancer can often
metastasize to the brain; therefore, it would be preferable to
use an anticancer agent that can readily penetrate into the
brain. As ribociclib is orally administered, ABCB1 and ABCG2
might also significantly impact on its oral bioavailability.

Similar to drug transporters, drug-metabolizing enzymes and
their inter- and intraindividual variabilities can affect the
therapeutic efficacy and safety of drugs since they can lead to
deactivation, either directly or by facilitating its excretion from
the body, or to bioactivation to form active and/or toxic
compounds. In humans, CYP3A isoenzymes comprise the
largest portion of cytochrome P450 (CYP450) enzymes in the
liver, where CYP3A4 is the most abundant."*"* Ribociclib is
mainly hepatically metabolized through CYP3A4. Three
circulating metabolites of ribociclib have been reported,
including M13 (N-hydroxylation), M4 (N-demethylation),
and M1 (secondary glucuronide), but their contribution to the
clinical activity is negligible.”'>'® In a drug—drug interaction
study (DDI) it was found that the CYP3A inhibitor ritonavir
could substantially increase the plasma exposure of riboci-
clib.'>'¢

In this study, we aimed to investigate the interaction of
ribociclib with the efflux transporters ABCB1 and ABCG2 in
vitro as well as in vivo, in order to assess their effects on oral
bioavailability and tissue accumulation of ribociclib. We also
studied the effect of coadministration of the ABCB1 and
ABCG2 inhibitor elacridar. Finally, we determined to what
extent ribociclib oral bioavailability and tissue accumulation is
affected by CYP3A.

B MATERIALS AND METHODS

Drugs. Ribociclib free base was purchased from Alsachim
(lllkirch-Graffenstaden, France). Zosuquidar free base was
supplied by Sequoia Research Products (Pangbourne, UK).
Ko143 was obtained from Tocris Bioscience (Bristol, UK), and
elacridar free base from Carbosynth Limited (Berkshire, UK).

In Vitro Transport Assays. Cell Culture. Parental Madin—
Darby Canine Kidney (MDCK-II) cells and subclones
transduced with human hABCBI1,'”'® hABCG2,"” and
mouse mAbch20 were cultured in DMEM glutamax (Gibco,
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Thermo Fisher Scientific, Waltham, MA), supplemented with
10% Fetal Bovine Serum F7524 (FBS, Sigma-Aldrich,
Darmstadt, Germany) and 1% penicillin—streptomycin 10000
U/mL (Gibco) at 37°C in 5% CO,. Cells were cultured for at
least 2 weeks before the start of the transport assays, reaching a
passage number of 15 for the parental, 10 for the hABCBI, 14
for the hABCG2, and 11 for the mAbcg2 cell line when seeded
in the Transwell supports.

Transport Assays. Cell lines were seeded in 12-well
Transwell permeable supports (Corning Life Sciences, Tewks-
bury, MA) using inserts with 12 mm internal diameter
polycarbonate membrane (3 ym pore size), at a density of 2.5
X 10° cells per well. Cells were cultured for 3 days until a
monolayer with tight junctions was formed. The tightness was
evaluated by measuring the transepithelial electrical resistance
(TEER). On day 3, cells were washed with Dulbecco’s
phosphate-buffered saline (DPBS, Gibco) prior to a 1 h
preincubation with DMEM supplemented only with 10% FBS,
and containing 5 uM zosuquidar (ABCBI inhibitor) and/or §
uM Kol43 (ABCG2 inhibitor), when appropriate. A
concentration of 5 M of the inhibitors was selected to ensure
complete inhibition of even avid substrates of the respective
ABC transporters. Thereafter, this medium was replaced with
FBS-supplemented DMEM in the acceptor compartment, and
with § uM ribociclib in FBS-supplemented DMEM in the
donor compartment. For the inhibition experiments, the
appropriate inhibitor(s) were added to both compartments.
The total volume in each compartment was 0.75 mL for the
apical and 1.5 mL for the basolateral side. Transport assays
were independently performed in either the apical-to-baso-
lateral (AB) or the basolateral-to-apical direction (BA).
Transwell plates were incubated at 37 °C in 5% CO,. At 1,
2, 4, and 8 h, 50 uL samples were taken from the acceptor
compartment. Sample volumes were not replaced, and drug
transport calculations were corrected for the change in volume
and amount of removed drug. Monolayer integrity was
assessed after the transport experiment by remeasuring the
TEER. For all cell lines TEERs were above 95 Ohm-cm? before
the start of the transport experiment, and they were not
decreased when remeasured after 8 h at the end of the
experiment. Inhibitor additions also did not negatively affect
the TEER. Samples were stored at —20 °C until analysis.

Sample Measurement and Calculations. Ribociclib was
quantified by liquid chromatography—tandem mass spectrom-
etry (LC—MS/MS) using a modification of a previously
described bioanalytical method.”’ A different concentration
range was used (20 to 2500 ng/mL), and in order to maintain
linearity within the new range, the collision energy in the MS
detector was decreased to 35 V for ribociclib and the injection
volume was reduced to 1 pL. Calibration standards and quality
control samples were prepared in FBS-supplemented DMEM.
*H-ribociclib (AlsaChim) was used as an internal standard
and added to each sample prior to sample pretreatment.
Proteins were precipitated with acetonitrile, and after
centrifugation (10 min, 23 100g), the supernatant was injected
into the LC—MS/MS system. A partial validation was
performed after these changes. Linearity, selectivity, accuracy,
precision, lower limit of quantification (LLOQ), carry-over,
dilution integrity, and stability were evaluated and found to be
satisfactory according to international standards.””**

The amount of ribociclib transported at each time point was
calculated. Active transport due to efflux transporters was
expressed by the efflux ratio (r), which is determined by the
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Figure 1. In vitro transport of ribociclib evaluated in MDCK-II cells either nontransduced (A, B) or transduced with human ABCB1 (C, D), human
ABCG2 (E, F), or murine Abcg2 (G, H) ¢cDNA. At t = 0, ribociclib (S #M) was added in the donor compartment, either apical to assess apical-to-
basolateral translocation, or basolateral to assess basolateral-to-apical transport. At 1, 2, 4, and 8 h, the concentration in the acceptor compartment
was measured and plotted in the graphs as total transported amount (n = 3). D—H: zosuquidar was added to inhibit human and/or endogenous
canine ABCBI. (F,H) Ko143 was added for the inhibition of human and murine ABCG2. r = efflux ratio. (red) Translocation from the apical to the
basolateral compartment (AB). (blue) Translocation from the basolateral to apical compartment (BA). Data are presented as mean + SD; 1000

pmol transport at 8 h corresponds to an approximate apparent permeability coefficient (P,,,) of 6.2 X 107 cm/s.
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generated by cross-breeding of transgenic mice with stable
human CYP3A4 expression in liver or intestine, respectively, in
a Cyp3a™’~ background.”” Animals were housed in a
temperature-controlled environment with a 12 h light and 12
h dark cycle. Food (Transbreed, SDS Diets, Technilab-BMI,
Someren, The Netherlands) and acidified water were provided
ad libitum. Mice were housed and handled according to
institutional guidelines complying with Dutch and EU
legislation. All experiments were reviewed and approved by
the institutional animal care and use committee.

Pharmacokinetic and Tissue Distribution Experiments.
After at least 2 h of fasting, a dose of 20 mg/kg of ribociclib
was orally administered, using a formulation containing 2 mg/
mL of ribociclib in DMSO:Tween 80:10 mM HCI in water
(5:5:90, v/v). Approximately SO uL of blood was collected
from the tip of the tail in heparin-coated microvette tubes
(Sarstedt AG & Co., Niimbrecht, Germany) at 0.25, 0.5, 1, 3,
and 8 h, or 0.25, 0.5, 1, 2, and 4 h, for the 24 and 8 h
experiment, respectively. At either 8 or 24 h after
administration, blood was collected by cardiac puncture
under deep isoflurane anesthesia. The mice were then
sacrificed by cervical dislocation and organs, including brain,
liver, kidneys, spleen, and small intestine (cleaned from fecal
content) were collected and weighed. Plasma was obtained
from blood samples after 6 min centrifugation at 9000g and
4°C.

Tissue homogenates were prepared using the Fast Prep-24
SG homogenizer (MP Biomedicals Inc., Santa Ana, CA). For
this, Bovine Serum Albumin (BSA, Fraction V), obtained from
Roche Diagnostics GmbH (Mannheim, Germany), was
dissolved at a concentration of 4% (w/v) in distilled water
(B Braun Medical, Melsungen, Germany). Three milliliters of
this solution was added to liver and small intestine, 2 mL to
kidneys, and 1 mL to brain and spleen prior to the
homogenization. All samples were stored at —20 or —70 °C
until analysis.

Effect of Elacridar on Ribociclib Pharmacokinetics and
Brain Accumulation. After at least 2 h of fasting, vehicle or 50
mg/kg of elacridar were orally administered (S mg/mL of
elacridar in DMSO-cremophor EL-water (1:2:7, v/v)) to WT
and Abcbla/1 b;Abch_/ ~ mice. Subsequently, after 15 min, 20
mg/kg of ribociclib was orally administered to each mouse.
Blood samples were collected from the tip of the tail at 0.25,
0.5, 1, and 2 h. At the terminal time point (4 h), blood was
collected by cardiac puncture under isoflurane anesthesia;
brain and liver were collected and their homogenates were
prepared as described above.

Ribociclib Quantification, Pharmacokinetic Calculation,
and Statistics. Ribociclib concentrations in plasma and tissue
homogenates were determined using the previously described
LC—MS/MS bioanalytical method.”!

All pharmacokinetic parameters were calculated with a
noncompartmental model using the add-in PKSolver program
in Microsoft Excel.”® In addition to ribociclib concentration in
tissues, tissue-to-plasma ratios and tissue accumulation of
ribociclib were calculated by dividing by plasma concentration
at the terminal time-point, and by the area under the plasma
concentration—time curve (AUC,,), respectively. Statistical
analysis was done using the software GraphPad Prism 7
(GraphPad software, San Diego, CA). All data were log-
transformed before statistical analysis. Student’s t and one-way
ANOVA statistical tests were applied when two and multiple
groups were compared, respectively. The Bonferroni posthoc
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test was used for multiple comparisons. Differences were
considered statistically significant when P < 0.0S.

B RESULTS

In Vitro Transport of Ribociclib. To determine whether
and to what extent ribociclib is a transport substrate of ABCB1
and ABCG2, an in vitro transwell assay was performed using
the polarized parental Madin—Darby Canine Kidney (MCDK-
II) cell line and subclones overexpressing hABCB1, hABCG2,
and mAbcg2. In the parental MCDK-II cell line, ribociclib
(added at S uM) was modestly transported to the apical side
(efflux ratio r = 2.1, Figure 1A). This transport was completely
inhibited by the ABCBI inhibitor zosuquidar (r = 1.1, Figure
1B). This suggests that the ribociclib transport was due to the
low-level endogenous canine ABCB1 known to be expressed in
the parental MDCK-II cell line.”” In the MDCK-II-hABCB1
cells, ribociclib was strongly transported to the apical side (r =
13.5, Figure 1C), and this transport was completely inhibited
by zosuquidar (r = 1.2, Figure 1D). In transport experiments
performed with MDCK-II-hABCG2 and MDCK-II-mAbcg2
cells, zosuquidar was added to inhibit the background activity
of the endogenous canine ABCBI1. In the hABCG2-transduced
cell line, ribociclib was not noticeably actively transported to
the apical side since translocation rates in both directions were
similar. Furthermore, the efflux ratios without and with the
ABCG2 inhibitor Kol43 were comparable (1.1 and 1.0,
respectively, Figure 1E,F). However, ribociclib was modestly
transported in the apical direction in the MDCK-II-mAbcg2
cell line (r 1.9), and Kol43 inhibited this transport
completely (r = 1.1) (Figure 1G,H). Ribociclib thus appears
to be a very good transport substrate of hABCB1, whereas it is
not noticeably transported by hABCG2 and only modestly by
mAbcg2 in vitro.

Effect of ABCB1 and ABCG2 on Ribociclib Pharma-
cokinetics and Tissue Distribution in Mice. Based on the
in vitro transport results, we evaluated a possible effect of both
transporters on ribociclib plasma pharmacokinetics (oral
bioavailability) and tissue distribution. A 24 h pilot experiment
was performed in WT and Abcbla/1 b _;Abch_/ ~ mice. Since
ribociclib is prescribed to treat breast cancer, which mostly
occurs in women, female mice were used. Ribociclib was orally
administered at 20 mg/kg, resulting in similar plasma
concentrations as seen in patients after a single oral dose of
600 mg.*>*" As shown in Figure 2, in the absence of Abcbla/
1b and Abcg2, the area under the plasma concentration—time
curve (AUC) significantly increased by 2.3-fold compared to

2000 — WT
——  Abcb1a/1b”;Abcg2
1500 —~ Cyp3a”-

Plasma concentration (ng/mL)

o

10 15 20

Time (h)

Figure 2. Plasma concentration—time curves of ribociclib over 24 h in
female WT, Abcbla/1b™" _;Abch'/ 5, and Cyp3a ~/~ mice after oral
administration of 20 mg/kg. Data are presented as mean + SD (n=

6).
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WT mice (P < 0.001, Table 1). Furthermore, ribociclib
showed a slower elimination in Abcbla/1b™ _;Abcgz_/ ~ mice

Table 1. Pharmacokinetic Parameters 24 h after Oral
Administration of 20 mg/kg Ribociclib to Female WT,
Abcbla/1b™/";Abcg2™/~, and Cyp3a~~ Mice”

genotype
Abcbla/

parameter WT 1b7/7;Abeg2™/~ Cyp3a~/~
AUCy oy (he 6885 & 1215 15775 = 2515%%% 11967 + 2427%*

ng/mL)
fold change 1.0 2.3 1.7

AUCy
T, (h) 0.5-1.0 0.5-8.0 0.5
Cpw (ng/mL) 1036 + 352 1308 + 226 1739 + 127%%
Coun (ng/g) 3.3 + 0.5 1690 + 668%#* 54 + L6+
K,y prain 070 + 0.19  24.8 &+ 7.9%%* 0.67 + 0.15
fold increase 1.0 35.5 1.0

K brain

0.5+ 0.2 108.2 + 32.3%%%* 0.5+ 03

Pipain (x 1073
h™)

“Data are presented as mean + SD, except for T, (n = 5—6).
AUC,_,4, area under the plasma concentration—time curve; Cp,,
maximum concentration in plasma; T,,,,, time point (h) of maximum
plasma concentration; Ci,y, brain concentration; K, brain-to-
plasma ratio; Py, brain accumulation, calculated by determining the
ribociclib brain concentration at 24 h relative to the AUC,_,,;,. Data
were log-transformed for statistical analysis. **, P < 0.01; *** P <
0.001 compared to WT mice. Cyp3a data were treated separately for
statistical analysis.

compared to WT mice, especially beyond 3 and 8 h after oral
administration, which is reflected in the increase in the plasma
concentration at 24 h (Figure S2). However, the maximum
plasma concentration (C,,,,) of ribociclib and the time to reach
it (The) Wwere not significantly different between the two
mouse strains (Table 1, P > 0.05).

Ribociclib was also quantified in brain, liver, kidney, spleen,
and small intestine tissue 24 h after oral administration.
Interestingly, the brain concentration of ribociclib was vastly
increased in the Abcbla/1b™ _;Abch_/ ~ mice. This increase
was not only dependent on the higher plasma concentration in
this strain since the brain-to-plasma ratio (K?,brain) was also
dramatically increased by around 30-fold (P < 0.001, Figure
3A—C, Table 1). In other organs like liver, ribociclib
concentrations were also significantly increased in Abcbla/
1b™/7;Abcg2™~ compared to WT mice. However, this increase
was primarily associated with the higher ribociclib plasma
concentration at the terminal time point since there was no
difference between both strains after correction for the plasma
concentration (Figure 3D-F, Figure S3). For kidneys and
spleen, the organ-to-plasma ratios in Abcbla/1b™~;Abcg2™~
mice were moderately lower than in WT mice, whereas the
tissue accumulations were moderately higher, suggesting that
the difference may have been primarily caused by the
substantial difference in plasma concentration between the
strains at 24 h (Figure S3). In general, ribociclib was highly
distributed in organs compared to plasma since all tested
organ-to-plasma ratios showed a mean higher than 25 in WT
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Figure 3. Brain and liver concentration (A,D), tissue-to-plasma ratio (B,E), and tissue accumulation (C,F) of ribociclib in WT, Abcbla/
1 _;Abch_/ ~, and Cyp3a_/ ~ mice 24 h after oral administration of 20 mg/kg of ribociclib. Data are presented as mean + SD (n = 6). **, P <

0.01; *** P < 0.001 compared to WT mice.
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mice except for the brain, where the ratio was just below 1
(Table 1, Figure 3, Figure S3).

To further investigate the single and combined effects of
these transporters on plasma pharmacokinetics and tissue
distribution of ribociclib, we performed a second experiment
with oral ribociclib at 20 mg/kg, which was terminated at 8 h,
when ribociclib plasma concentrations were still relatively high.
In addition to WT and Abcbla/lb_/_;Abch_/_ mice, also
single Abcbla/1 b~/ and Abch_/_ mouse strains were
included. As shown in Figure 4A and Table 2, the ribociclib
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Figure 4. Plasma concentration—time curves of ribociclib over 8 h in
female WT, Abcg2™~, Abcbla/1b™", and Abcbla/I1b~~;Abeg2™~
(A), and female WT, Cyp3a_/ ~, and Cyp3aXAV (B) mice after oral
administration of 20 mg/kg ribociclib. Data are presented as mean +
SD (n = 6-8).

plasma AUC, g, was not significantly different among the
mouse strains (P > 0.05). Most other pharmacokinetic
parameters were not significantly different either. However,

the elimination from 1 h on was slower when Abcbla/1b was
absent in both the Abcbla/Ib™~ and especially the Abcbla/
lb;Abch_/ ~ mice (Figure S4A), which is consistent with what
we observed in the pilot experiment, albeit a bit less
pronounced. Thus, Abcbla/1b may be an important factor
for the intermediate and late elimination phases of ribociclib.

The ABC efflux transporters further had a profound effect at
8 h on the brain accumulation of ribociclib, but not in the
other organs (Figure S, Figure SS). The brain-to-plasma ratio
was increased by 26-fold (P < 0.001, Table 2, Figure SA—C) in
the absence of Abcbla/1b and Abcg2. Similarly, in the single
Abcbla/1b™~ mice, the brain-to-plasma ratio was increased by
30-fold (P < 0.001, Table 2). In contrast, single Abch_/ ~ mice
did not demonstrate any effect on brain accumulation since the
brain-to-plasma ratio was comparable to that in WT mice (P >
0.0S, Table 2, Figure SA—C). These results suggest that the
brain accumulation of ribociclib is extensively limited by
Abcbla/1b in the BBB, whereas Abcg2 does not have a
significant effect. This is further supported by the lack of
significant differences between Abcbla/ 1b~~ and Abcbla/
1b™/7;Abcg2™~ mice (Figure SB,C).

Effect of CYP3A on Ribociclib Pharmacokinetics and
Tissue Distribution in Mice. To investigate the interaction
between ribociclib and murine Cyp3a, a 24 h oral ribociclib
(20 mg/kg) pilot experiment was performed, where the
pharmacokinetics between WT and the Cyp3a™~ mice were
compared. As shown in Figure 2 and Table 1, when Cyp3a was
knocked out, the plasma AUC and C,, of ribociclib
significantly increased by 1.7-fold (P < 0.01), but the T,
was similar. These results suggest that mCyp3a-mediated
metabolism significantly limits ribociclib plasma exposure. The
tissue distribution of ribociclib between both strains was also
compared, but no relevant differences between the two groups
were evident considering the higher plasma exposure in
Cyp3a™~ mice (Figure 3 and Supplementary Figure S3).

To study the possible in vivo impact of human CYP3A4, a
transgenic mouse strain with expression of human CYP3A4 in
liver and small intestine in a Cyp3a™~ background
(Cyp3aXAV mice) was included in a subsequent 8-h
experiment. Ribociclib pharmacokinetics and tissue distribu-
tion were compared among the three mouse genotypes over 8
h after oral administration of ribociclib at 20 mg/kg. Plasma
exposure of ribociclib decreased markedly in the Cyp3aXAV

Table 2. Pharmacokinetic Parameters 8 h after Oral Administration of 20 mg/kg Ribociclib to Female WT, Abcbla/1 b,
Abcg2™/~, Abcbla/1b™/";Abcg2™’~, Cyp3a~’~, and Cyp3aXAV Mice”

genotype

parameter WT Abcg2™/~ Abcbla/1b™/~ Abcbla/1b™/=;Abcg2™/~ Cyp3a~/~ Cyp3aXAV
AUC,_g, (h'ng/mL) 5901 + 1760 6496 + 1480 7616 + 1014 6576 + 719 7021 + 2586 1834 + 490"
fold change AUC,_g, 1.0 1.1 13 1.1 12 0.31
T (h) 0252 0.5—1 0.5-2 0.5-2 0.5—1 0.25-0.5
Cnax (ng/mL) 1774 + 833 1659 + 551 1565 + 441 1288 + 182 1963 + 791 546 + 260"
Corain (ng/g) 80.4 + 282 76.1 + 19.6 4066 + 888%** 4181 + 672%%* 774 + 17.0 27.1 + 8.4
Ko brain 0.25 + 0.09 0.40 + 0.15 7.83 + 2.55%%* 6.57 + 0.70%%% 0.23 + 0.07 0.35 + 0.15
fold increase K pain 1.0 1.6 31.2 26.4 0.9 14
Pyrain (X 1072 h7Y) 14.1 + 3.6 123 + 3.6 S35 + 95k 635 + 70%** 10.6 + 4.6 153+ 52

“Data are presented as mean + SD, except for Ty, (n = 6—8). AUC,_g, area under the plasma concentration—time curve; C,,, maximum
concentration in plasma; T, time point (h) of maximum plasma concentration; Cp,,, brain concentration; K, prainy brain-to-plasma ratio; Py
brain accumulation, calculated by determining the ribociclib brain concentration at 8 h relative to the AUC,_,,,. Data were log-transformed for

statistical analysis. ***, P < 0.001 compared to WT mice. **, P < 0.001 compared to Cyp3a

statistical analysis.
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mice. CYP3A groups were treated separately for the
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Figure S. Brain and liver concentration (A,D), tissue-to-plasma ratio (B,E), and tissue accumulation (C,F) of ribociclib in WT, Abcbla/ b/,
Abeg2™/~, Abcbla/1b™~;Abcg2™~, Cyp3a™", and Cyp3aXAV mice 8 h after oral administration of 20 mg/kg of ribociclib. Data are presented as
mean + SD (n = 6—8). *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared to WT mice.

Table 3. Effect of Elacridar on Pharmacokinetic Parameters 4 h after Oral Administration of 20 mg/kg Ribociclib to Female
WT and Abcbla/1b™~;Abcg2™/~ Mice?

genotype
vehicle elacridar
parameter WT Abcbla/1 b_/_;Abch_/_ WT Abcbla/1 b_/_;Abch_/_
AUC,_y, (h-ng/mL) 2134 + 273 3305 + 436 4804 + 1695%* 2976 + 636
fold change AUC,_y;, 1.0 1.5 2.3 14
Ty (h) 025-1 0.5-2 025-0.5 025-2
Cprax (ng/mL) 809 + 119 1129 + 114 2132 + 1191%* 1134 + 350
Coran (ng/g) 69.1 + 157 3430 + 557%** 3945 + 890*** 2965 + 1163%++
K, prin 025 + 0.07 6.88 + 1.40%%% 6.34 + 0.86%%* 5.80 + 1.30%%%
fold increase Kpin 1.0 27.5 24.9 232
Pyin (X 1073 h71) 327+ 7.8 1043 + 165%#* 894 + 244 934 + 207%%*

9Data are presented as mean +

SD, except for Ty, (n = 6). AUC,_4, area under the plasma concentration—time curve; C,,, maximum

concentration in plasma; T, time point (h) of maximum plasma concentration; Cp,,,, brain concentration; K, prainy brain-to-plasma ratio; Py
brain accumulation, calculated by determining the ribociclib brain concentration at 4 h relative to the AUC,_,. Data were log-transformed for
statistical analysis. **, P < 0.01; *** P < 0.001 compared to vehicle-treated WT mice.

mice compared to Cyp3a™~ mice, with a 3.8-fold reduced
plasma AUC,_g, (P < 0.001, Figure 4B, Table 2). In addition,
the ribociclib C_,,, significantly decreased by around 70% in the
CYP3aXAV mice (P < 0.001, Table 2). Also, in this experiment
the plasma AUC was somewhat higher in Cyp3a™~ than in
WT mice, but the difference was not significant. There was
again no meaningful difference in organ exposure among the
three strains considering the differences in plasma exposure
(Figure S, Figure S5). These results support that ribociclib is
extensively metabolized in vivo via human CYP3A4, resulting
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in reduced systemic exposure, but without a strong effect on
tissue distribution of the drug.

Effect of Elacridar on Ribociclib Oral Bioavailability
and Brain Accumulation. Since the brain accumulation of
ribociclib was strongly affected by Abcbla/1b, we investigated
whether coadministration of elacridar, a dual inhibitor for
ABCB1 and ABCG2, could enhance the ribociclib brain
accumulation. Elacridar (50 mg/kg) or vehicle was orally
administered 15 min prior to the administration of ribociclib
(20 mg/kg) to WT and Abcbla/1b;Abcg2™~ mice. In order to
optimally assess the effects of elacridar, the experiment was
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Figure 6. Brain and liver concentration (A,D), brain-to-plasma ratio (B,E), and brain accumulation (C,F) of ribociclib in WT and Abcbla/
b~ ’;Abch’/ ~ mice 4 h after oral administration of 20 mg/kg of ribociclib with oral vehicle or elacridar coadministration (50 mg/ kg). Data are
presented as mean + SD (n = 5—6). *, P < 0.05; **, P < 0.01; *** P < 0.001 compared to vehicle-treated WT mice.

terminated at 4 h, which is around the reported median T, of
elacridar in mice receiving a similar oral elacridar dose,* and
while ribociclib plasma concentrations were still high. The
plasma AUC,_,, and the C,,, were, respectively, 2.3-fold and
2.6-fold higher in WT mice treated with elacridar compared to
WT mice treated with vehicle (P < 0.001, Table 3, Figure S6).
High interindividual variation was observed in the WT mice
treated with elacridar compared to other groups, especially
during the first 2 h. This may perhaps be explained by
interindividual variation in the elacridar exposure of the
Abcbla/1b and Abcg2 transporters.

Strong evidence of full Abcbla/1b inhibition by elacridar at
the BBB was found (Figure 6A—C, Table 3). In the vehicle-
treated groups, the brain-to-plasma ratio at 4 h was 28-fold
higher in Abcbla/1b;Abcg2™~ compared to WT mice (P <
0.001, Table 3), similar to the results found at 8 and 24 h. In
elacridar-treated WT mice, the brain-to-plasma ratio dramat-
ically increased by 25-fold compared to the vehicle-treated
group (P < 0.001, Table 3, Figure 6B). This value was
essentially the same as that in vehicle- or elacridar-treated
Abcbla/1 b;Abch_/_ mice (P > 0.0, Table 3, Figure 6B). This
indicates that elacridar could completely inhibit Abcbla/1b in
the BBB. Moreover, since the brain-to-plasma ratios were not
significantly different between the Abcbla/1b;Abcg2™~ vehicle
and elacridar groups, it appears that the elacridar effect was
specifically due to the inhibition of mAbcbla/1b and not due
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to interaction with other systems. In the liver, elacridar
coadministration with ribociclib did not cause significant
changes in the tissue-to-plasma ratios in either WT or Abcbla/
1b;Abcg2™~ mice (P > 0.05, Figure 6E).

B DISCUSSION

In this study we show that ribociclib is a good transport
substrate of hABCB1 but not noticeably of hABCG2 and a
poor substrate of mAbcg2 in vitro. In vivo only mAbcbla/1b
had a significant impact on ribociclib pharmacokinetics and
tissue distribution in mice. The oral bioavailability of ribociclib
was significantly affected by the absence of Abcbla/1b and
Abcg2, increasing the AUC,_,,, by 2.3-fold. Ribociclib brain
accumulation was drastically increased (at least 23-fold) when
Abcbla/1b was knocked out, demonstrating that this trans-
porter plays an important role in the BBB in limiting the brain
penetration of ribociclib. In contrast, ribociclib distribution to
liver, kidneys, spleen, and small intestine was not markedly
affected by Abcbla/1b and Abcg2. We further showed that
elacridar coadministration can completely inhibit Abcbla/1b
activity at the BBB, dramatically enhancing the brain
accumulation of ribociclib. Oral bioavailability of ribociclib
was further extensively affected by transgenic human CYP3A4,
decreasing the AUC, g, by 3.8-fold, in line with extensive
ribociclib metabolism by human CYP3A4.
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As the present study was nearing completion, Sorf et al.
showed that ribociclib is a transport substrate of hRABCB1 but
not of hABCG2."® These results are consistent with our data,
but they contrast with the FDA and EMA documentation
stating that ribociclib is a weak substrate of ABCB1, which is
therefore unlikely to affect ribociclib exposure.'”'® We also
evaluated the transport in mouse Abcg2 overexpressing cells
where the efflux transport was 1.9. According to the
International Transporter Consortium, since the efflux ratio
is <2, ribociclib is considered a poor or non-Abcg2 substrate.”
For ribociclib, this consideration was reflected in our in vivo
results, where only Abcbla/1b had an impact on ribociclib
plasma pharmacokinetics and tissue distribution, whereas
mouse Abcg2 did not have any noticeable effect. It is thus
very unlikely that hABCG2 will have a noticeable impact on
human ribociclib pharmacokinetics and tissue distribution.

Our results suggest that Abcbla/1b primarily has an impact
on the elimination of ribociclib, which was slower when this
transporter was absent (Figures S1 and S3), significantly
increasing the ribociclib AUC,_,,, by 2.3-fold (P < 0.001,
Table 1, Figure 2). This effect was clear beyond 4 and 8 h, but
at earlier time points, this effect was not evident. This may
partly explain why only the plasma AUC,_,,, was significantly
affected and not the AUC,_g, and AUC,_,,. Ribociclib is
mostly excreted via feces, where unchanged ribociclib amounts
have been reported from 10.2% (in beagle dogs) to 17.3% (in
humans) of the dose, and to a lesser extent in urine (12.1% in
humans).'”'® Based on our data, we speculate that Abcbla/1b
could mediate hepatobiliary excretion and/or direct intestinal
excretion of ribociclib, or reduce its intestinal reuptake when
the intestinal luminal concentration is relatively low. Each of
these processes, or a combination thereof, could explain the
delayed elimination of ribociclib that we observed in the
absence of Abcbla/1b.

The most striking finding was that Abcbla/1b was
responsible for limiting the ribociclib brain accumulation. So
far, the penetration of ribociclib into the central nervous
system (CNS) has not been fully characterized, and there is
controversial information about the ability of ribociclib to
penetrate into the brain.”*** Although, according to the FDA
and EMA information, ribociclib showed a low or absent brain
penetration in rats,'”'® Patel et al. reported that ribociclib
penetrates into the CNS in mouse models especially in brain
tumors.”” It is worth noting that the BBB or blood—tumor
barrier (BTB) is often partly disturbed in brain metastases of
breast cancer mouse models, resulting in variably increased
drug levels and passive permeability in the metastases.*>’’
However, variation in permeability is high, and the BTB is
rarely completely disrupted. Consequently, only ~10% of brain
metastases is expected to be leaky enough to allow efficacious
drug concentrations of conventional chemotherapeutics into
the lesions. Additional measures to further enhance perme-
ability of the BBB and BTB might therefore improve therapy
responses. In the present study we found that in the WT
situation, the brain-to-plasma ratio was 0.25 at 4 and 8 h after
oral administration of 20 mg/kg of ribociclib (Tables 2 and 3).
Therefore, ribociclib is able to significantly cross the BBB even
in WT mice, but its penetration to the brain is still dramatically
limited by Abcbla/1b.

The high efflux ratio in ABCBI1-overexpressing cells in vitro
correlates well with the in vivo role of Abcbla/1b in the BBB.
This implies that also in the human situation ABCB1 activity
may limit ribociclib penetration into the brain. There is a lot of
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interest in ribociclib brain penetration since clinical inves-
tigation in pediatric patients with neuroblastoma or malignant
rhabdoid tumors showed that ribociclib displayed preliminary
signs of brain tumor stabilization.”®*” Currently, several phase
I/II clinical trials are ongoing to investigate the efficacy of
ribociclib in brain tumors either alone or in combination with
everolimus.*® In addition, drugs that cross the BBB are needed
since metastatic brain tumors are the most common type of
brain tumors, occurring in approximately 20 to 40% of cancer
patients.'”*" Interestingly, the incidence of such metastases is
rising due to several factors, including the improved
therapeutic efficacy of many modern targeted drugs against
tumors occurring outside of the CNS.'”*>*! Among metastatic
brain tumors, breast cancer presents the second highest
frequency in brain metastasis, just after lung cancer.'”***!
Here, we also showed that the coadministration of 50 mg/kg of
elacridar with ribociclib completely inhibits Abcbla/1b in the
BBB, increasing the brain penetration to the same extent as
when Abcbla/1b was ablated. Therefore, the efficacy of
ribociclib to treat (metastatic) brain tumors in the clinic could
potentially be enhanced by inhibiting hABCB1 since we have
shown that ribociclib is also highly transported by hABCBI.
Furthermore, since cancer cells themselves also often express
ABCBI, they can be intrinsically resistant to ribociclib therapy,
and ABCBI inhibitors (like elacridar) could be coadministered
to improve the efficacy of ribociclib against such tumors.
Overlap in substrate specificities has been observed between
CYP enzymes and the ABC transporters, which has led to the
idea that they may work synergistically to promote drug
elimination.”” Our CYP3A studies show that ribociclib is
eliminated by both mouse Cyp3a and human CYP3A4. Oral
bioavailability of ribociclib is affected by these metabolic
enzymes but to different extents; while in the Cyp3a™~ mice,
the plasma AUC was barely affected, in the CYP3A4 transgenic
mice, the AUC was strongly decreased. The modest difference
in AUCs between Cyp3a~~ and WT mice suggests that the
contribution of mouse Cyp3a to the ribociclib metabolism is
minor, and hence, ribociclib metabolism in mice could be
accomplished also by other enzymes. Ribociclib was primarily
metabolized by CYP3A4/S (approximately 78%) and Flavin-
containing monooxygenase 3 (FMO3, approximately 20%) in
vitro, whereas in vivo studies in rats showed that the
metabolism was dominated by direct phase II sulfation.'>'®
Probably also in Cyp3a™~ mice, some of these non-CYP3A
enzymes could take over ribociclib metabolism. In contrast, the
human CYP3A4 markedly limited the oral bioavailability of
ribociclib, decreasing the AUC,;_g, by 3.8-fold. This suggests
that hepatic and intestinal CYP3A4 contributes to a high
extent to the first-pass metabolism of ribociclib. The overall
effect of transgenic CYP3A4 in our mouse models (3.8-fold
decrease in AUC) was similar to the ritonavir effect found in
humans (3.2-fold increase in AUC) when ritonavir was
coadministered with ribociclib. Our results thus further
support that, in the human situation, ribociclib is extensively
metabolized via CYP3A4 and its oral bioavailability is strongly
restricted by this enzyme. CYP3A4 has a wide substrate
specificity, and it can be strongly inhibited and/or induced by
many different drugs and food components. Furthermore,
genetic polymorphisms can also markedly affect its activity. All
these factors might potentially contribute to high levels of
variation in CYP3A4 activity, which may impact on oral
bioavailability; thus, plasma concentrations of ribociclib should
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be carefully monitored in patients to ensure optimal
therapeutic exposure.m’15

B CONCLUSION

This study shows that ribociclib is avidly transported by
ABCBI1. This transporter dramatically restricts the brain
penetration of ribociclib in vivo, whereas it does not
considerably affect the relative ribociclib distribution in other
tissues. Our results further suggest that ABCB1 can play a
significant role in ribociclib elimination. In contrast, ABCG2
does not have any noticeable effect on ribociclib plasma
pharmacokinetics and tissue distribution. Moreover, coadmi-
nistration of elacridar can completely inhibit the activity of
ABCBI1 at the BBB, dramatically improving the brain
penetration of ribociclib. Our experiments also support that
the oral bioavailability of ribociclib is markedly limited by
human CYP3A4 activity, but this does not affect the relative
tissue distribution. The risk of high variation in oral exposure
due to variable CYP3A4 activity must thus be considered while
using ribociclib in patients. The insights gained from this study
may be useful to further improve the efficacy of ribociclib in
the clinic, especially for the treatment of (metastatic) brain
tumors.
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