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Abstract

Purpose Ribociclib, an orally bioavailable small-molecule CDK4/6 inhibitor is currently undergoing evaluation to treat pedi-
atric central nervous system (CNS) tumors. However, it is crucial that it penetrates the brain and tumor. Thus, the objectives
of the present study were to derive a clinically relevant mouse dosage for cerebral microdialysis studies, and to characterize
ribociclib CNS penetration in non-tumor bearing mice and in mice bearing DIPGx7 (glioma) cortical allograft tumors.
Methods A plasma pharmacokinetic study of ribociclib (100 mg/kg, orally) was performed in CD1 nude mice bearing
glioma cortical allografts to obtain initial plasma pharmacokinetic parameters and to derive D-optimal plasma sampling
time-points for microdialysis studies. Using a cerebral microdialysis technique, the extracellular fluid (ECF) disposition of
ribociclib was evaluated after a single oral ribociclib dose (100 mg/kg) in non-tumor bearing mice and in mice bearing glioma
cortical allografts. A one-compartment plasma model with absorption and ECF compartments were fit to plasma and ECF
concentration—time data using a nonlinear mixed effects modeling approach (NONMEM 7.2).

Results The mean unbound ribociclib plasma exposure (6812 ng/ml*h) was similar to that observed clinically at recom-
mended dosages in adults. The median ribociclib ECF to plasma partition coefficient (K, ) in non-tumor bearing and glioma
mice was 0.10 and 0.07, respectively, and was not statistically different (¢ test, p=0.19).

Conclusions The CNS penetration observed was encouraging enough to move ribociclib forward with preclinical efficacy
studies in models of pediatric brain tumors.
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Introduction

Malignant central nervous system (CNS) tumors carry a
poor prognosis and are the most common solid tumors in
children [1]. Surgical resection and radiotherapy have been
the cornerstones of treatment for most brain tumors, but in
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some instances, chemotherapy is an important component of
therapy. For children less than 3 years old, chemotherapy is
preferentially given to avoid or delay irradiation of the devel-
oping brain [2]. Because drugs shown active to treat brain
tumors in adults, such as temozolomide, have not shown
efficacy in pediatric trials [3], new agents are needed to treat
childhood brain tumors.

Ribociclib is an orally bioavailable small-molecule inhib-
itor of both cyclin-dependent kinases 4 and 6 (CDK4/6)
currently approved for the treatment of breast cancer [4].
CDK4/6 regulate the mammalian cell-cycle progression
through G, phase and initiation of S phase [5]. They respond
to mitogenic or pro-proliferative stimuli, complex with
D-type cyclin, and phosphorylate the retinoblastoma (RB)
tumor suppressor protein. This phosphorylation releases RB
from E2F transcription factors and enables E2F to transcribe
the genes that are required for G;-S phase cell-cycle progres-
sion and ultimately cell proliferation [5].
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Recent studies of diffuse intrinsic pontine glioma (DIPG)
and pediatric non-brainstem high-grade glioma tissues have
unraveled genetic alterations associated with tumor prolif-
eration [6]. These studies reported that~25-30% of these
tumors contain alterations in cell-cycle regulatory genes
such as amplification of D-type cyclins and CDK4/6, which
are associated with abnormal proliferation [7]. Beside gli-
oma, D-type cyclins and CDK4/6 genes were also found to
be amplified in other pediatric brain tumors highlighting the
clinical potential of CDK4/6 inhibitors such as ribociclib in
this therapeutic area [8].

If ribociclib has adequate CNS exposure (i.e., concentra-
tion vs. time), it could be an important molecularly targeted
agent to treat childhood brain tumors. Thus, the objectives
of the present study were to derive a clinically equivalent
mouse dosage for the cerebral microdialysis studies, to
establish a limited sampling model (LSM) for plasma sam-
ple collection during the cerebral microdialysis studies, and
to characterize ribociclib CNS penetration in non-tumor
bearing mice (i.e., normal blood-brain barrier) and in mice
bearing DIPGx7 (glioma) cortical allograft tumors.

Materials and methods
Drugs and chemicals

Ribociclib succinate (purity,>99%) was provided by
Novartis Oncology (East Hanover, NJ). Methyl cellu-
lose was purchased from Sigma-Aldrich (St. Louis, MO).
Ribociclib was formulated at concentration of 10 mg/mL
in 0.5% w/v methyl cellulose. Acetonitrile, ethyl acetate,
and formic acid were purchased from Fisher Scientific (Fair
Lawn, NJ, USA). All solvents used were HPLC grade. Water
was purified using Milli-Q Advantage A10 system (Milli-
pore, Billerica, MA, USA). Mouse plasma (CD1 strain) in
sodium heparin was purchased from BiolVT (Westbury, NY,
USA). Ringer’s solution was purchased from Frey Scientific
(Nashua, NH, USA).

Animals and cell lines

Female CD1 nude mice (Charles River, Wilmington, MA,
USA) were kept under a controlled environment where
temperature, humidity, and 12-h day and night cycles were
maintained artificially. One cohort of mice were cortically
implanted with 1 x 10° cells of SJ-DIPGx7 (Line 7 passage
26 with luciferase-YFP marker). Line 7 was established from
a patient autopsy DIPG sample, and carries the H3.3K27M
mutation. All procedures were approved by the St. Jude
Institutional Animal Care and Use Committee and met the
guidelines of the Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC).
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Ribociclib protein binding in mouse plasma

A plasma protein binding study of ribociclib was performed
using a rapid equilibrium dialysis procedure. Ribociclib was
added to mouse plasma (BioIVT, Westbury, NY) to make
final concentrations of 500, 1000, 2500, and 5000 ng/mL.
1 mL of spiked plasma was added to Centrifree® ultrafiltra-
tion devices [molecular weight cut off: 10 K Daltons; Milli-
poreSigma, Darmstadt, Germany]. The plasma samples were
centrifuged for 30 min at 3600 rpm at 37 °C. The filtrate was
saved and stored at — 80 °C until analysis. Fraction unbound
of ribociclib in plasma was calculated as ratio of unbound
ribociclib concentration in the filtrate to total ribociclib con-
centration in the plasma sample.

Plasma pharmacokinetic study

CD1 nude mice (n=9) bearing SJ-DIPGx7 cortical allograft
tumors were dosed with 100 mg/kg ribociclib (oral; 10 mg/
mL) formulated in 0.5% methyl cellulose. Multiple samples
were collected per mouse for up to 24 h post-dose using
a population-based study design. Blood samples (~75 uL)
were collected by retro-orbital eye bleed using heparin
coated capillary tubes (Fisher Sci, Pittsburgh, PA), except
for the terminal sample, which was collected by cardiac stick
with a 1 mL heparin pre-coated syringe. Immediately after
collection, blood samples were centrifuged, plasma was sep-
arated, and stored at — 80 °C until analysis with an LC-MS/
MS method [9].

Development of pharmacokinetic limited sampling
modeling for ribociclib

During microdialysis, only three plasma samples per mouse
could be obtained due to blood sampling volume restric-
tions and plasma volume required for bioanalysis. Thus,
a pharmacokinetic LSM was selected to provide the most
statistically informative time-points for the plasma sample
collection during microdialysis. The LSM was developed
based on the pharmacokinetic parameters obtained from the
plasma disposition study, using the D-optimality method
implemented in ADAPT 5 (BSMR, Los Angeles, CA, USA).

In vitro probe recovery studies

To assess the dialyzability of ribociclib, the microdialysis
probe recovery was determined using in vitro recovery stud-
ies as previously described [10]. Specifically, each probe
used for the in vivo microdialysis study was placed in a
beaker containing a ribociclib solution prepared in Ringer’s
solution at a concentration of 1 ug/mL and maintained at
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37 °C. The probe was perfused with blank Ringer’s solu-
tion at a flow-rate of 0.5 uL/min. After equilibration for 1 h,
three consecutive fractions each of 1 h interval were col-
lected. Dialysate samples were stored at — 80 °C until fur-
ther analysis using a mass spectrometry method developed
in our laboratory validated for use with Ringer’s solution.
Probe recovery was calculated using the ratio of ribociclib
concentration in the dialysate sample to that in the stock
solution. The ECF concentration was calculated by dividing
the concentration observed in the microdialysate sample by
the recovery ratio of the probe used for that experiment.

Ribociclib cerebral microdialysis studies

In vivo microdialysis experiments were conducted to sam-
ple unbound ribociclib in the mouse brain ECF or tumor
ECF after a single ribociclib dose (100 mg/kg). Cerebral
microdialysis studies were performed in non-tumor bear-
ing CD1 nude mice (n=12), and in CD1 nude mice bear-
ing SJDIPGx7 cortical allograft tumors (n=16). DIGPx7
tumor cells and microdialysis guide cannula (MD-2255,
BASi) were implanted separately into the cerebral cortex of
mice using a stereotactic instrument as described previously
(see References and Supplemental Materials for additional
details [10]).

Pharmacokinetic analysis of plasma
and microdialysis studies

Ribociclib plasma and ECF concentration—time data were
sequentially fitted using a population-based pharmacokinetic
compartmental approach using non linear mixed effect mod-
eling (NONMEM 7.2, ICON development solutions). See
Supplemental Materials for additional details.

First, a one-compartment model consisting of a central
compartment with an oral dosing compartment was fitted
to the total plasma concentration—time data obtained from
the plasma disposition study (Supplemental Fig. 1). Then,
the same model with a compartment linked to the central
compartment (Supplemental Fig. 1) was fitted to the plasma
LSM and ECF concentration—time data obtained during the
microdialysis study. During model fitting of the microdialy-
sis data, the mean plasma parameters were fixed to values
estimated in the first step.

The area under concentration—time curve up to 24 h after
the dosing (AUC,,_,4 ) for plasma and ECF profiles in an
individual animal were estimated by integration of the pre-
dicted concentration—time profile in the NONMEM control
stream. Plasma exposure of unbound ribociclib (AUC_», 1, ,)
was estimated as a fraction of total plasma AUC,_,, |, using
ribociclib fraction unbound in mouse plasma. Brain/tumor
ECF to plasma partition coefficient (K, ,,) of ribociclib

,uu

was estimated as a ratio of brain/tumor ECF AUC,, ,,, and
plasma AUC; 54y, -

Results
Ribociclib plasma protein binding

The median (range) ribociclib fraction unbound in CD1
mouse plasma was 0.23 (0.14-0.26) with no significant dif-
ferences observed among the range of ribociclib concentra-
tions evaluated (ANOVA, p=0.44).

Ribociclib plasma pharmacokinetic study

A plasma pharmacokinetic study of ribociclib was per-
formed using mice bearing cortical allograft glioma tumors
after a single oral dose of 100 mg/kg. As shown in Fig. 1,
a one-compartment model well-represented the ribociclib
total plasma concentration—time data. Ribociclib was rap-
idly absorbed after oral administration. All model parameter
estimates are reported in Table 1. The ribociclib elimination
half-life in mice was 4.67+0.64 h and plasma AUC,, »,
was 6341 +753 ng/mL*h.

The most statistically informative time-points for plasma
sampling during microdialysis study determined by the phar-
macokinetic LSM were 0.08, 1.5, and 7 h. For selected stud-
ies a sample was also obtained at 24 h.

Penetration of ribociclib in brain/tumor ECF

Cerebral microdialysis was performed to characterize the
distribution of ribociclib in the brain/tumor ECF relative
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Fig. 1 Ribociclib mean concentrations in extracellular fluid plotted
against time by tumor type. Error bar represents standard error of
mean at a particular time point
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Table 1 Parameter estimates and standard errors for the pharmacokinetic analysis

Parameters Parameter description Estimate (%RSE)

Full-plasma PK study Microdialysis studies

Glioma Non-tumor mice Glioma
Ok (1/h) First-order absorption constant 2.75 (5.26) 2.75 Fixed 2.75 Fixed
O (L/h/kg) Clearance 2.78 (1.8) 2.78 Fixed 2.78 Fixed
Oy. (L/kg) Volume of central compartment 18.6 (3.87) 18.6 Fixed 18.6 Fixed
Ocr 03 (L/h/kg) Influx clearance from plasma to ECF compartment NE 0.124 (26.8) 0.000000838 (24)
Ocr 3> (L/h/kg) Efflux clearance from ECF to plasma compartment NE 7.78 (8.81) 0.0000808 (11.5)
Oy; (L/kg) Volume of ECF compartment NE 0.00033 Fixed 0.00033 Fixed
wy, (Exp) Exponential inter-individual variance in Ka 1.33 (70.3) 0.676 (49.6) 0.712 (42.8)
¢y, (Exp) Exponential inter-individual variance in CL 0.0315 (90.6) 0.217 (53.5) 0.0367 (45.4)
¢y 23 (Exp) Exponential inter-individual variance in CL23 NE 1.02 (42.7) 0.765 (25.1)
Oplasma (PTOP) Proportional residual variance in plasma 0.0277 (7.63) 0.276 (16.1) 0.217 (16.9)
ock (Prop) Proportional residual variance in ECF NE 0.232 (18.4) 0.25 (15.3)
Plasma® AUC,, o, 1, 27,569 +3274 33,226 +9375° 28,059 +3961°¢
Plasma® 6341+753 7642 +2156° 6454 +911°
AUCy 414
Brain/tumor ECF* 736 +610° 433 +451°
AUC 41,
Ky 0.105+0.085 0.065 +0.064°
* ng/mL*h
bh=12
‘n=16

Attest, p=0.19

to unbound plasma in non-tumor bearing mice and mice
bearing glioma tumor. The mean (SD) in vitro recovery of
microdialysis probes used for cerebral microdialysis was
8.9+ 6.9%. Ribociclib plasma and ECF concentration—time
data were well characterized by the pharmacokinetic model
as shown in Fig. 1. The model parameter estimates as well
as the plasma and brain/tumor ECF exposures and K, ,,
for non-tumor bearing mice and mice bearing glioma are
reported in Table 1. The mean (SD) K|, ,, for ribociclib was
0.10+0.09 and 0.07 £0.06 (¢ test, p=0.19) for non-tumor
bearing mice and mice bearing glioma, respectively.

Discussion

In the current study, results of the ribociclib plasma phar-
macokinetic provided for the development of a pharma-
cokinetic LSM that was used in subsequent microdialysis
studies. The results of the protein binding studies showed
that the median ribociclib fraction unbound in CD1 mouse
plasma was 0.23. Using cerebral microdialysis techniques
with pharmacokinetic modeling, we demonstrated that the
CNS penetration of unbound drug in mice bearing glioma
tumors was 0.07 and in non-tumor bearing mice was 0.10,
which was not statistically different (p =0.19). Lastly, the

@ Springer

brain ECF concentrations in both models (NTB mice and
mice bearing glioma tumors) were in above the 1Cs, for
CDK-cyclin D1 (i.e., 10 nM) for approximately 10 h.
Ribociclib is one of three CDK4/6 inhibitors with abe-
maciclib and palbociclib approved by the FDA for the
treatment of breast cancer. These compounds are also
in development as single agents and in combination for
hematological malignancies, solid tumors, and for CNS
malignancies. To treat a CNS malignancy, either primary
or metastatic will require that the compound have adequate
CNS penetration. Using a tissue homogenization method,
Raub and colleagues evaluated the unbound plasma and
brain abemaciclib exposures over 24 h after an oral dos-
age of 30 mg/kg and reported a K. 0f 0.21+0.04 and

p,brain

a K, ,, of 0.03+0.01 [11]. At this dosing, the plasma
AUC reported by Raub (i.e., 69,300 ng/mL*h) was well
above the plasma AUC (i.e., 5520 ng/mL*h) that has
been reported in adults at the recommended dose [12].
Using a mouse brain uptake assay, which employs a single
plasma and brain sample obtained 5 min after injection of
a radiolabeled dose of palbociclib, the authors assessed
palbociclib CNS penetration in CF1 mice and reported a
K prain 0f 0.13 +£0.04 (dose 0.5 umole/kg) and a K, ,, of
0.01 +£0.003. This is similar to what other investigators

have reported for palbociclib [13, 14].
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As noted above, the abemaciclib CNS penetration studies
were conducted at a dosage that far exceeded clinically rel-
evant plasma systemic exposures. The results of our plasma
ribociclib pharmacokinetic studies showed that at 100 mg/
kg the mean unbound AUC,,_,,, was 6812 ng/ml*h, which
compares favorably with that reported from a phase I study
by Infante and colleagues (i.e., ~6000 ng/mL*h assum-
ing a fraction unbound of 0.30) [15]. We have shown that
this approach has been successful in translating preclinical
results from the lab to the clinic for myelosuppressive agents
[16], and would suggest that it would also work for other
groups of drugs such as molecularly targeted agents (e.g.,
ribociclib).

Although cerebral microdialysis has many advantages
over other methods used to assess CNS drug penetration,
its use in the evaluation of ECF drug disposition may have
possible limitations. Insertion of the microdialysis probe into
tissues can be associated with tissue damage, hemorrhage,
and immune reactivity [17]. Thus, we allow at least 1 h for
probe equilibration prior to the start of microdialysis stud-
ies. Moreover, as a quality control step at the conclusion of
each microdialysis study, the animal was euthanized, the
brain was removed with the probe intact, sectioned, stained
to evaluate for probe placement, inflammation, and hemor-
rhage. Any study with excessive inflammation or hemor-
rhage was not included in the results.

The microdialysis membrane is semipermeable and
microdialysis is a dynamic process in which substances
are continuously removed from the tissue ECF by diffusion
into the probe. However, a true equilibrium is never reached
requiring that recovery studies be performed for each drug
and probe [18]. During our developmental studies with ribo-
ciclib and prior to performing the actual microdialysis stud-
ies, we conducted in vitro, in vitro retrodialysis, and in vivo
retrodialysis recovery studies with the same group of probes.
We used these results in a decision tree (i.e., algorithm) to
determine which approach to recovery will be used during
the actual microdialysis studies. We obtained negative val-
ues for our in vivo recovery studies, and wide inter-probe
variability with in vitro retrodialysis. Thus, we chose to use
in vitro retrodialysis procedure to calculate recovery for
our actual microdialysis experiments. Obviously, in vivo
recovery has advantages over in vitro recovery, however, in
general it is usually much lower than the in vitro recovery
and, in that regard, we consider the in vitro recovery that we
used to be a conservative approach to normalizing the ribo-
ciclib ECF concentrations. Thus, we used the well-accepted
in vitro approach, which is performed for each probe and is
independent of the tissue in which the probe is implanted.
Probes used in the non-tumor or tumor-bearing mice had
similar recovery values.

In summary, results of our plasma pharmacokinetic study
of ribociclib 100 mg/kg orally in CD1 mice showed that the

mouse systemic exposure was similar to that previously pub-
lished for humans at the recommended adult dosage. Data
from that pharmacokinetic study also enabled us to derive a
pharmacokinetic LSM for use in our microdialysis studies.
Lastly, the median ribociclib K, in NTB and mice bearing

p.uu

DIPGx7 glioma was 0.10 and 0.06, respectively.
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