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Abstract

Palbociclib, ribociclib, and abemaciclib are inhibitors of the cyclin-dependent kinases 4 and 6 approved for the treatment of
locally advanced or metastatic breast cancer. In this review, we provide an overview of the available clinical pharmacokinetic
and pharmacodynamic characteristics of these novel drugs, summarize the results of food—effect and drug—drug interaction
studies, and highlight exposure-response and exposure—toxicity relationships. All three drugs exhibit a large inter-individual
variability in exposure (coefficient of variation range 40-95% for minimum plasma concentration), are extensively metabo-
lized by cytochrome P450 3A4, and have their brain penetration limited by efflux transporters. Abemaciclib has three active
metabolites with similar potency that are clinically relevant (i.e., M2, M20, M18), whereas the metabolites of palbociclib
and ribociclib are not of clinical significance. Pharmacokinetic exposure increases in a dose-proportional manner for palbo-
ciclib, whereas exposure increases under- and over-proportionally with an increasing dose for abemaciclib and ribociclib,
respectively. High exposure is associated with an increased risk of neutropenia, and for ribociclib also to corrected QT pro-
longation. For abemaciclib, a clear exposure—efficacy relationship has been described, while for palbociclib and ribociclib
exposure—response analyses remain inconclusive. Future studies are needed to address exposure—efficacy relationships to
further improve dosing.
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Approved cyclin-dependent kinase 4 and 6 (CDK4/6)
inhibitors palbociclib, ribociclib, and abemaciclib are
characterized by a high inter-individual variability in
exposure.
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Higher exposure is associated with an increased risk of
neutropenia for all CDK4/6 inhibitors. In addition, an
exposure—efficacy relationship has been demonstrated for
abemaciclib, whereas these remain inconclusive so far
for palbociclib and ribociclib.
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1 Introduction

Cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors have
emerged as important targeted therapies in the treatment
of patients with advanced breast cancer. Cyclin-dependent
kinase 4 and 6 inhibitors act on the cell cycle and prevent
G1-to-S-phase progression. For cells to proceed past this
G1-to-S-phase checkpoint, retinoblastoma protein (Rb)
needs to be phosphorylated, which is effectuated by CDK4/6
[1]. Aberrations in this pathway are often involved in car-
cinogenesis, resulting in persistent cell proliferation [2].
Treatment with CDK4/6 inhibitors prevents phosphorylation
of Rb and thereby causes a G1 cell-cycle arrest, blocking
cell division (Fig. 1).

Currently, three CDK4/6 inhibitors are available in the
clinic (i.e., palbociclib, ribociclib, and abemaciclib), and
many more are in (pre)clinical development (Table 1).
Although all three CDK4/6 inhibitors are approved for
treatment in combination with endocrine therapies (i.e.,
aromatase inhibitors or fulvestrant), only abemaciclib is
registered to use as monotherapy. In general, the efficacy
of CDK4/6 inhibitors is strikingly consistent between endo-
crine partners and clinical settings with respect to improved
progression-free survival (PFS), and emerging evidence of
overall survival benefit, but their toxicity differs. The aim
of this review is to summarize the available clinical phar-
macokinetic and pharmacodynamic data on the currently
approved CDK4/6 inhibitors palbociclib, ribociclib, and abe-
maciclib. In addition, we focus on exposure—response rela-
tionships and the potential for pharmacokinetically guided
dose individualization.
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Fig. 1 Mechanism of action of cyclin-dependent kinase 4 and 6
(CDK4/6) inhibitors. For cells to progress from G1 to S phase in the
cell cycle, retinoblastoma (Rb) needs to get phosphorylated, which
is catalyzed by the complex formed by CDK4/6 and cyclin D. Upon
phosphorylation of Rb, the transcription factor E2F is released, ulti-
mately resulting in cells proceeding to S phase. CDK4/6 inhibitors
prevent Rb from getting phosphorylated and thereby block cell-cycle
progression. Created with BioRender.com. P phosphoryl (PO;™)
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2 Palbociclib

Palbociclib was the first CDK4/6 inhibitor to obtain approval
by the US Food and Drug Administration (FDA) and Euro-
pean Medicines Agency (EMA) in 2015. In the pivotal
PALOMA-2 study, the addition of palbociclib to letrozole
as a first-line treatment for patients with hormone receptor-
positive, human epidermal growth factor receptor 2-negative
advanced breast cancer resulted in a median progression-free
survival (mPFS) of 24.8 months compared with 14.5 months
for letrozole alone (hazard ratio [HR] 0.58 [95% confidence
interval (CI) 0.46-0.72], p <0.001) [3]. Similarly, the PAL-
OMA-3 study demonstrated that palbociclib and fulvestrant
were superior to fulvestrant alone in patients who pro-
gressed on one or more prior lines of treatment (mPFS 9.2
vs 3.8 months, HR 0.42 [95% CI 0.32-0.56], p <0.001) [4].

The approved dose of palbociclib is 125 mg once daily
(QD) in a 3-weeks-on/1-week-off dosing schedule. This was
also the maximum tolerated dose (MTD), with neutropenia
being the only dose-limiting toxicity [5].

2.1 Physiochemical Properties and Formulation

Palbociclib is a synthetic 6-acetyl-8-cyclopentyl-5-methyl-
2-(5-piperazin-1-yl-pyridin-2-ylamino)-8 H-pyrido[2,3-d]
pyrimidin-7-one, which belongs to the class of pyridopy-
rimidines (Fig. 2) [7]. Palbociclib is a weak base with two
pK, values of 3.9 and 7.4, and a calculated log octanol-water
partition coefficient (cLogP, which is an indicator of lipophi-
licity) of 2.7 [8, 9]. Palbociclib is highly soluble at pH <4,
but its solubility rapidly decreases at higher pH [9]. For
drugs to be classified as high-solubility compounds, their
highest approved dose needs to be soluble in <250 mL of
aqueous media (i.e., > 0.5 mg/mL for palbociclib) over the
entire pH range of 1.0-6.8 [10]. Therefore, palbociclib is
considered a low-solubility compound. Together with its
high permeability, palbociclib is classified as a class II com-
pound, according to the Biopharmaceutics Classification
System [9]. Initially, palbociclib free base was formulated in
capsules, but recently a bioequivalent tablet formulation was
approved, containing the free base as well [11]. In vitro, pal-
bociclib bound reversibly to its targets and the half-maximal
inhibitory concentrations (ICs,) were 0.011 and 0.016 uM
for CDK4 and CDKG®, respectively, corresponding to plasma
concentrations of 33.5-48.7 ng/mL when corrected for pro-
tein binding [12].

2.2 Drug Transporters
In vitro assays demonstrated that palbociclib is a substrate

of the efflux transporters P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP) [13, 14]. Although this
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Table 1 Overview of cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors that are approved for clinical use or in clinical development

CDK4/6 inhibitor Indication Dose Year of approval

Palbociclib (PD0332991) BC (HR+HER2-)* 125 mg QD 3/1 2015

Ribociclib (LEEO11) BC (HR + HER2-)* 600 mg QD 3/1 2017

Abemaciclib (LY2835219) BC (HR+HER2-)" 150 mg BID 2018

200 mg BID®

Trilaciclib (G1T28) scLc? 240 mg/m?* Clinical development (phase IT)
TNBC*®

Lerociclib (G1T38) BC (HR + HER2-)® 150 mg BID Clinical development (phase II)
NSCLC" 200 mg BID!

SHR-6390 BC (HR+ HE(RZ—)a 150 mg QD Clinical development (phase II)
BC (HER2+)
GC (HER2+Y

PF-06873600 BC (HR +HER2-) Dose finding ongoing, starting dose not reported Clinical development (phase I/IT)
TNBC

Ovarian cancer

FN-1501 Advanced solid tumors Dose finding ongoing, starting at 2.5 mg QD
BPI-16350 Advanced solid tumors Dose finding ongoing, 50-500 mg QD
FCN-437 Advanced solid tumors Dose finding ongoing, starting dose not reported, QD

31

Clinical development (phase I)
Clinical development (phase I)
Clinical development (phase I)

3/1 3-weeks-on/1-week-off, BC breast cancer, BID twice daily, EGFR epithelial growth factor receptor, GC gastric cancer, HER human epithelial
growth factor receptor 2, HR hormone receptor, NSCLC non-small-cell lung cancer, QD once daily, SCLC small cell lung cancer, TNBC triple-

negative breast cancer
All compounds are administered orally, unless indicated otherwise

4In combination with an aromatase inhibitor or fulvestrant

°In combination with an aromatase inhibitor or fulvestrant, or as monotherapy

€150 mg BID is the recommended dose for combination therapy, 200 mg BID for monotherapy

9In combination with topotecan; carboplatin and etoposide; or carboplatin, etoposide, and atezolizumab

°In combination with gemcitabine and carboplatin
fAdministered intravenously
£In combination with fulvestrant

"In combination with osimertinib, in patients with EGFR-mutated tumors

Not decided yet which dose will be selected for the phase III trial
JIn combination with pyrotinib (EGFR/HER2/HER4 inhibitor)

only marginally affected the oral bioavailability in in vivo
experiments with P-gp and/or BCRP knock-out mice, it has
been demonstrated that the brain penetration was drastically
restricted by these transporters [13].

In addition, in vitro and in vivo studies have shown that
palbociclib inhibits the organic cation transporter 2 (OCT?2)
[15], which is involved in the renal tubular secretion of
creatinine. Although this has not been studied in patients
treated with palbociclib, inhibition of the OCT?2 transporter
has been associated with an increase in creatinine levels
without affecting glomerular filtration [16].

2.3 Clinical Pharmacokinetics
Table 2 provides an overview of selected steady-state phar-

macokinetic parameters of palbociclib. The bioavailabil-
ity of palbociclib is low (46%) [9]. Palbociclib has a large

volume of distribution of ~2800 L and the total plasma pro-
tein binding is 85.3%, with similar binding to albumin and
al-acid glycoprotein [5, 9]. Metabolism mainly takes place
by cytochrome P450 (CYP) 3A4 and sulfotransferase 2A1
and results in the formation of many metabolites, of which
M22 (i.e., palbociclib glucuronide) is the most abundant
(14.8%) and M17 (i.e., a lactam of palbociclib) is pharma-
cologically active with a similar potency as palbociclib,
but accounting for less than 10% of total plasma exposure
(Fig. 2) [9]. Hepatic metabolism is the main route of elimi-
nation, as in the mass-balance study 74.1% of palbociclib
was excreted in feces compared with 17.5% in urine, includ-
ing both unchanged palbociclib and metabolites [9].
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Fig.2 Chemical structures of cyclin-dependent kinase 4 and 6
inhibitors palbociclib (a), ribociclib (b), and abemaciclib (¢) and
their main metabolites. Chemical structures and metabolism were
obtained from the US Food and Drug Administration and Euro-
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pean Medicines Agency reviews [9, 46, 75]. This figure was created
using ChemDraw Professional 15.0. CYP3A4 cytochrome P450 3A4,
FMO flavin-containing monooxygenase, UGT uridine 5'-diphospho-
glucuronosyltransferase
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Table 2 Selected steady-state pharmacokinetic parameters of cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors palbociclib, ribociclib, and
abemaciclib

CDK4/6 inhibitor Study N Cpin (gmL) C.,,. (ng/mL) AUC, . (ng/mL*h) .. (h) ty, (h)
Palbociclib Flaherty et al. [5] 13NR 86 (34%) NR 4 (1-10) NR
Flaherty et al. [5] 4470 (48%) 97.4* (41%) 1733 (42%) 5.5(2.0-9.8) 25.9 (29%)
Mukai et al. [25] 14261.7° (59%) NR NR NR NR
Tamura et al. [84] 688.5(49%)  185.5(27%) 2838 (43%) 4.0 (4.0-6.0) 23.2(33%)
PALOMA-1, 12 60.8° (42%) 116° (28%)  1982° (29%) 7.9(2.2-8.2) 28.8 (17%)
A5481003 [9] (Cin: 71)
PALOMA-3, 21876.6° (41%) NR NR NR NR
A5481023 [27]
Ribociclib Curigliano et al. [85] 3NR 30832 (31%) 38,8964 (43%) 2(2-2) NR
Samant et al. [44] 13NR 1620 (53%) 21,1009 (57%) NR NR
Samant et al. [44] 48 NR 1870 (60%)  23,700°¢ (61%) NR NR
Samant et al. [44] 36711° (73%) NR NR NR NR
Doi et al.® [51] 8 NR 3280° (60%)  51,600° (59%) 5.0 (4.0-7.6) 53.6 (45%)
Infante et al. [42, 46]" 64732 (80%) 2130 (59%)° NR NR (1-5) 32.6%
Abemaciclib Patnaik et al. [59] 72 (150 mg) 169° (95%)  249° (86%) 2390 (90%)"¢ 4(0-102)  22.8(8.9-60.8)

52 (200 mg) 197°(82%)  298° (72%) 3000 (69%)"¢ 4 (0-10) 21.3 (11.6-63.0)f
Fujiwara et al. [69] 2(150mg) 1176,103¢  1381,149¢ 15,500, 1,460 ¢ 4.0 (4.0-4.0) 21.9 (19.3-24.6)

5(200mg)  210°(89%)  298° (64%)  3072° (73%) 4(21-6.0) 163 (14.2-222.6)"
Kim et al. [86] 2(150mg) NR 146, 1832 1060, 1,600 & 40(0-79) NR

9 (200 mg) 483" (41%)  3460° (49%) 4.0 (0-9.7)
Kim et al. [86] 4(150mg) NR 288° (71%)  2060° (66%) 5.5(4.0-8.0) NR

6 (200 mg) 304° (66%) 2100 (58%) 6.9 (0-7.9)
Kim et al. [86] 5(150mg) NR 492° (117%)  3460° (125%) 1.0 (0-8.0) NR

8 (200 mg) 227° (17%)  1380° (144%) 5.0 (0-8.0)

Reported pharmacokinetic parameters were determined at steady state, at the approved dose, and in patients. Pharmacokinetic parameters are
reported as median, unless indicated otherwise. Variability is reported as (coefficient of variation %) or (90% confidence interval)

AUC,_, area under the plasma—concentration time curve until next dose, C,,,, maximum plasma concentration, C,,;, minimum plasma concentra-
tion, FDA US Food and Drug Administration, NA not applicable, NR not reported, SD standard deviation, t;,, terminal elimination half-life, 7,
time to Cp,,

# Arithmetic mean
®Geometric mean
in Japanese patients (n=27) was 95.4 ng/mL (31.3%) and C

In non-Asian patients, C 'min 10 Other Asian patients (n=11) was 90.1 ng/mL

min
(36.0%)
9Based on patient numbers <N
°In Japanese patients
fAfter a single dose
¢Individual values are reported if N<3

h¢ i and C,, values of study X2101 were reported in the FDA review, 7,,,. and f,,, in the paper of Infante et al
2.4 Pharmacokinetics in Special Populations 2.4.2 Patients with Renal Impairment
2.4.1 Patients with Pediatric Cancer In a clinical study, subjects with mild (estimated glomeru-

lar filtration rate [eGFR] 60-90 mL/min/1.73 m?), moderate
Currently, palbociclib is not approved for the treatment of (eGFR 30-60 mL/min/1.73 mz), and severe (eGFR <30 mL/
pediatric cancer and hence no pharmacokinetic data are ~ min/1.73 m?) renal impairment showed an increase in pal-
available in this subgroup [17]. Several phase I-II studies in ~ bociclib area under the plasma—concentration time curve
pediatric patients are currently ongoing [18-22]. from time zero to infinity (AUC,_,) of 39%, 42%, and 31%,
respectively, compared with patients with normal renal func-
tion. Similarly, maximum plasma concentration (C,,,,) was
17%, 12%, and 15% higher, respectively [23]. In a population
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pharmacokinetic analysis (n=183, of whom n=73 and
n=29 with mild and moderate renal impairment, respec-
tively), creatinine clearance did not significantly affect pal-
bociclib exposure, which is consistent with renal clearance
being a minor route of elimination [9]. No data are avail-
able for patients requiring hemodialysis, but based on the
large fraction of palbociclib bound to plasma proteins (i.e.,
85.3%), hemodialysis is expected to have limited effect on
palbociclib exposure [9]. In conclusion, no dose adjustments
are needed for patients with an eGFR > 15 mL/min/1.73 m?
[23], but it should be kept in mind that exposure is 30-40%
higher in patients with renal impairment.

2.4.3 Patients with Hepatic Impairment

Palbociclib unbound AUC,_,, was 17% lower in subjects
with mild hepatic impairment (Child—Pugh class A) and 34%
and 77% higher in patients with moderate (Child—Pugh class
B) and severe (Child-Pugh class C) hepatic impairment,
respectively, compared with subjects with a normal hepatic
function. Unbound C,,,, was increased by 7%, 38%, and
72%, respectively [23]. These findings are in line with the
fact that hepatic clearance is the major route of elimination,
and were also supported by population pharmacokinetic
analyses [9]. Based on the above, no dose adjustments are
needed for patients with mild or moderate hepatic impair-
ment, while a dose reduction from 125 mg (standard dose) to
75 mg QD is recommended for patients with severe hepatic
impairment [23]. It has to be noted that interpretation of
palbociclib plasma concentrations in this subgroup could be
complicated by the increasing fraction unbound with wors-
ening hepatic function because this might not be reflected in
the total concentration, which is usually measured [23]. In
addition, caution is warranted when using the Child—Pugh
score in patients with cancer, as this score has not been
developed nor validated for this population [24].

2.5 Other Factors Influencing Palbociclib
Pharmacokinetics

The effect of other intrinsic factors on palbociclib exposure
was investigated using a population pharmacokinetic model.
Age and body weight were significant covariates on palbo-
ciclib clearance, which was higher in younger patients and
in patients with a higher body weight (i.e., compared with
a typical patient aged 61 years and 73.7 kg, clearance was
increased by 14.7% and decreased by 8.33% in a 45-year-
old subject and a 97-year-old subject, respectively, while for
body weight, clearance was decreased by 13.2% at a weight
of 55 kg and increased by 14.2% at a weight of 97 kg),
although these small differences are not expected to be clini-
cally relevant. Sex had no effect on palbociclib exposure [9].
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In a subgroup analysis of the PALOMA-2 study, pal-
bociclib exposure was higher in Japanese and other Asian
patients compared with non-Asian patients (geometric mean
minimum plasma concentration [C,,;,] 95.4 ng/mL and
90.1 ng/mL vs 61.7 ng/mL), whereas in a similar analysis
of the PALOMA-3 study no difference was found [25, 26].
In another study (n=25), AUC,_,, and C,,,, were 30% and
35% higher, respectively, in Japanese subjects [27]. No dose
adjustments are recommended based on ethnicity [9].

2.6 Food Effect

Food-effect studies of capsule and tablet formulations of pal-
bociclib are summarized in Table 3. In a previous pooled
analysis, it has been demonstrated that palbociclib exposure
is substantially lower in a subset of patients (i.e., 13%), pos-
sibly due to a decreased absorption caused by an elevated
stomach pH. This subgroup is classified as low-liers, defined
as Cp,«<21.4 ng/mL [9]. In the food-effect study, when the
patients who met the low-lier criteria were excluded, 90%
CIs were within the bioequivalence margins, implying no
food effect in patients with adequate absorption [28].

Concomitant intake with food resulted in a reduced inter-
individual variability because the small subset of low-liers
now leveled up to the exposure of the rest of the population,
supporting the recommended ingestion of palbociclib cap-
sules together with a meal [28]. While palbociclib capsules
need to be administered with food, the recently approved
tablet formulation can be taken with or without food, offer-
ing more flexibility to patients. Palbociclib exposure was
not significantly altered as a result of food intake using the
tablet formulation, showing it to be more robust to pH dif-
ferences [11].

2.7 Drug-Drug Interactions

In Table 4, results of drug—drug interaction studies and rec-
ommendations for dose adjustments are shown. Overall, no
(clinically relevant) interactions with fulvestrant, goserelin,
or aromatase inhibitors were found. In contrast, palboci-
clib exposure was significantly altered by strong CYP3A4
modulators.

No clinical studies have been executed for moderate
CYP3A4 inhibitors, but simulations predicted that they
would increase palbociclib C,,,, and AUC,_,, by approxi-
mately 23% and 40%, respectively [29]. According to the
label, no dose reduction is warranted although these results
suggest that a dose reduction from 125 mg (standard dose)
to 100 mg QD might be advised. To further substantiate
this finding, we are currently performing a clinical study
to investigate the effect of the moderate CYP3A4 inhibitor
erythromycin on the pharmacokinetics of palbociclib [30].
In addition, relevant interactions between palbociclib and
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Table 3 Overview of food effect on the pharmacokinetics of cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors palbociclib, ribociclib, and

abemaciclib

CDK4/6 inhibitor Study

Food effect

Results

Conclusion

Palbociclib Ruiz-Garcia et al.[28], Low fat vs fasted
n=28, capsules
Moderate fat vs fasted
High fat vs fasted
A5481081 [11], Moderate fat vs fasted
n=44, tablets
High fat vs fasted
Ribociclib Samant et al. [44], High fat vs fasted
n=24, tablets
CLEEO11A2111 [46], High fat vs fasted
n=24, capsules
Abemaciclib Turner et al. [70, 87], High fat vs fasted
n=23, capsules
Standard meal vs fasted
Turner et al. [70, 88], High fat vs fasted
n=29, capsules
Turner et al. [77, 78], High fat vs fasted

n=24, tablets

1 AUC, , 12%*
1 Cona 28%"
1 AUC,_, 12%*
1 Cmax 24%*
1 AUC, , 19%*
1 Cpx 37%°

max
1 AUC, ,, 9%
T Cmax 10%a

1 AUC, , 22%*
1 Cmax 26%"

1 AUC, , 6%
1 Cpox 0.3%"

max
| AUC, , 0.6%
T Cmax 32%

T AUCO—tlast 15%"

) Cmax 24%
T tmaX 2 h

T AUC()—tlast ll%a

1 C, 25%
1 AUC, _, 26%*
1 Cmax 37%*
1 AUC, , 13%*
1 Cppx 30%°

max

Concomitant intake with food resulted in higher
exposure, while variability was substantially lower.
Therefore, palbociclib capsules should be adminis-
tered concomitant with food

No relevant food effect. Therefore, palbociclib tablets
could be administered with or without food

No relevant food effect. Therefore, ribociclib can be
administered with or without food

No relevant food effect. Therefore, ribociclib cap-
sules can be administered with or without food

No relevant food effect. Therefore, abemaciclib cap-
sules can be administered with or without food

No relevant food effect. Therefore, abemaciclib cap-
sules can be administered with or without food

No relevant food effect. Therefore, abemaciclib tab-
lets can be administered with or without food

All reported studies were randomized crossover studies in healthy volunteers, in which a single dose of the CDK4/6 inhibitor was administered

time to C,

AUC area under the plasma—concentration time curve, C,,,.
“Calculated based on AUC,,_, and C,

max values

CYP3A4 substrates with a narrow therapeutic index could
occur, as palbociclib can weakly inhibit CYP3A4 [31].

As the solubility of palbociclib is pH dependent, it could
be expected that acid-reducing agents would decrease its
exposure. Although palbociclib exposure was substantially
reduced when administered concomitantly with rabeprazole
under fasted conditions, this effect was only modest under
fed conditions (Table 4) [32]. Therefore, no dose adjust-
ments are indicated when palbociclib capsules are co-admin-
istered with acid-reducing agents, as they have to be admin-
istered under fed conditions. Exposure of palbociclib tablets
was not affected by acid-reducing agents [11].

2.8 Pharmacokinetic-Pharmacodynamic
Relationships

2.8.1 Exposure Response

Initial exposure—response analyses based on data of the
PALOMA-1 study were inconclusive because of limited data
(n=81). Although a trend for prolonged PFS was observed
in patients with an average palbociclib concentration (Cyy,)
above the median of 60 ng/mL (median PFS estimated from

maximum plasma concentration, ¢

max max

Kaplan—Meier curves were 17 months vs 24.5 months, p
value not reported), multi-variable analyses yielded incon-
sistent results [9].

In the PALOMA-3 study, PFS was similar in patients with
Cy above and below the median of 78 ng/mL. It has to
be noted, though, that exposure in this trial appeared to be
higher than in PALOMA-1 (at the same dose, but with ful-
vestrant instead of aromatase inhibitors). Even in the group
with low exposure, median Cavg was 63 ng/mL, which is
higher than the cut-off value used in the PALOMA-1 study.
Time-varying C,,, as a continuous variable was a significant
predictor of PFS in a univariable analysis, although this did
not remain significant in a multi-variable analysis [27, 33].
In the PALOMA-2 study, no exposure—response relationship
has been identified [34, 35].

As exposure—response analyses have thus far not resulted
in a clear answer and optimal data to perform them were not
available, this needs to be further elucidated. Lower thresh-
olds of C;, may be related to efficacy. Preferably, these
additional analyses should include palbociclib plasma con-
centrations measured at regular intervals throughout treat-
ment and use median C,;, as a measure of exposure. Previ-
ously, it has been suggested that individual concentrations
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could be compared to the mean C,;, of 61 ng/mL of the
PALOMA-1 study [36].

2.8.2 Exposure Toxicity

In phase I studies, higher area under the plasma—concentra-
tion time curve values were related to a greater reduction in
absolute neutrophil count and platelet levels, with a wide
range in ECs, values (estimated plasma exposure resulting in
a 50% decrease from baseline) varying from 253 to 716 ng/
mL*h for neutropenia and from 184 to 1370 ng/mL*h for
thrombocytopenia [5, 6]. A semi-mechanistic pharma-
cokinetic-pharmacodynamic model has been developed to
quantify the relationship between palbociclib exposure (i.e.,
plasma concentration) and neutropenia [37]. In this model,
the maximum anti-proliferative effect on neutrophil precur-
sor cells (E,,,,) was notably lower than for cytotoxic drugs
(e.g., docetaxel and etoposide), and the reported ECs, value
was 40.1 ng/mL.

Interestingly, patients with grade 3 or 4 neutropenia had a
significantly longer PFS compared with patients with lower
grade or no neutropenia (p =0.0046). Multi-variable analysis
resulted in a HR of 0.502 (95% CI 0.26-0.98, p =0.046).
This could be explained by either the hypothesis that tumor
cells in patients with neutropenia are more sensitive to pal-
bociclib or an underlying higher exposure in these patients
[9]. As higher drug exposure causes more neutropenia and
more neutropenia is related to a prolonged PFS, this suggests
that an exposure—response relationship exists.

2.9 Population-Pharmacokinetic Models

In a population-pharmacokinetic model, palbociclib phar-
macokinetics was best described by a two-compartment
model with first-order absorption [9]. Two additional models
have been developed to predict drug—drug interactions with
CYP3A4 inhibitors and to quantify the exposure-response
relationship for neutropenia [29, 37].

3 Ribociclib

In 2017, ribociclib has been approved by the FDA and EMA
based on the results of a preplanned interim analysis of the
MONALEESA-2 study [38]. In the second interim analy-
sis of this randomized, placebo-controlled, phase III trial
(n=668) comparing first-line treatment with letrozole with
or without ribociclib, mPFS was significantly longer in the
ribociclib group compared with the control group (25.3 vs
16 months, HR 0.57 [95% CI 0.46-0.70], p <0.001) [39]. In
2018, the indication was extended to combination treatment
with fulvestrant, based on the MONALEESA-3 study. This
study revealed that the addition of ribociclib to the treatment

of fulvestrant improved mPFS from 12.8 to 20.5 months (HR
0.60 [95% CI 0.48— 0.73], p<0.001) and resulted in a pro-
longed median overall survival (40.0 months vs not reached
yet, HR 0.72 [95% CI 0.57-0.92], p=0.005) [40, 41].

The approved dose of ribociclib is 600 mg QD in a
3-weeks-on/1-week-off dosing schedule. In the phase I,
dose escalation study, doses from 50 to 1200 mg QD were
explored [42]. The MTD was established as 900 mg QD,
with neutropenia and thrombocytopenia being the most com-
mon dose-limiting toxicities [42]. The lower dose of 600 mg
QD was selected for further development, as this resulted
in a lower rate of corrected QT (QTc) prolongation, and
clinical activity was already observed at this dose level [42].

3.1 Physiochemical Properties and Formulation

Ribociclib is a 7-cyclopentyl-N,N-dimethyl-2-{[5-
(piperazin-1-yl)pyridine-2-ylJamino }-7H-pyrrolo[2,3-d]
pyrimidine produced by chemical synthesis. It is formu-
lated as a succinate salt in film-coated tablets containing
200 mg of ribociclib free base. Although initially a capsule
formulation was used in clinical trials, the equivalence of
both dosage forms was demonstrated in a bioequivalence
study [43]. Ribociclib is a weak base with two pK, values
of 5.5 and 8.6, with its succinate salt exhibiting high solu-
bility at pH <4.5 (solubility > 2.4 mg/mL), but it decreases
at higher pH. Thus, ribociclib succinate was classified as
a low-solubility compound [43, 44]. The ribociclib Log P
was reported to be 1.95, and its estimated effective human
permeability was 0.9x 10~ cm/s. Based on these data, it
was categorized as Biopharmaceutics Classification System
class IV (low solubility, low permeability) [43, 45]. In vitro,
ICs, values for ribociclib were 8 and 39 nM for CDK4 and
CDK6, respectively, corresponding to plasma concentrations
of 11.6-56.5 ng/mL when corrected for protein binding [46].

3.2 Drug Transporters

In vitro and in vivo studies have demonstrated that riboci-
clib is a transport substrate of P-gp [47, 48]. Interestingly,
pharmacokinetic and tissue distribution studies in mouse
models showed that this efflux transporter is responsible
for limiting the ribociclib penetration into the brain, as the
brain-to-plasma concentration ratio increased by at least
23-fold when the P-gp was knocked out or inhibited. Plasma
pharmacokinetic parameters were not significantly affected,
except for area under the plasma—concentration time curve
from O to 24 h, which increased 2.3-fold in mice lacking
P-gp and BCRP. This increase is likely due to P-gp activity,
as ribociclib has not shown noticeable transport by BCRP
[47].

Besides interacting as a substrate, ribociclib also inhibited
P-gp [48]. Moreover, at clinically relevant concentrations it
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also inhibited BCRP, OCT2, multidrug and toxin extrusion
protein (MATE) 1, and bile salt export pump [15, 46, 48,
49]. In a retrospective study in patients treated with riboci-
clib, creatinine levels increased 37% compared with base-
line, probably due to OCT?2 inhibition [50].

3.3 Clinical Pharmacokinetics

Selected steady-state pharmacokinetic parameters of riboci-
clib are displayed in Table 2. Exposure of ribociclib increased
over-proportionally with dose in the range of 50-1200 mg,
possibly caused by a lower clearance at higher doses [51].

The absolute oral bioavailability has not been determined,
but using a physiologically based pharmacokinetic model
it was predicted that 90% of the standard dose of ribociclib
(600 mg) would be absorbed mainly in the small intestine
[44]. Ribociclib has a moderate human protein binding
(£70%), and is equally distributed in plasma and red blood
cells. The apparent volume of distribution was estimated at
1090 L, using a population pharmacokinetic analysis [46, 49].

Ribociclib is metabolized primarily by CYP3A4 with
the formation of the active metabolite M4 (Fig. 2). It is
also metabolized to a minor extent by flavin-containing
monooxygenase 3 and flavin-containing monooxygenase 1,
the last being involved in the formation of the metabolite
M13. These two metabolites may be reactive by forming
covalent adducts in hepatocytes. M4, M13, and M1 (a sec-
ondary glucuronide of ribociclib) were the major circulating
metabolites, accounting for, respectively, 8.6%, 9.4%, and
7.8% of total radioactivity in a mass balance study. Consid-
ering these data, the contribution of the active metabolite
M4 to the clinical activity was considered negligible [46,
49, 52]. Feces was the major route of excretion compared to
urine, accounting for, respectively, 69.1% and 22.6% of the
dose recovered, where ribociclib was the major entity found
in excreta [46, 49].

3.4 Pharmacokinetics in Special Populations
3.4.1 Pediatric Patients with Cancer

Ribociclib was the first CDK4/6 inhibitor studied in pedi-
atric patients in a phase I clinical trial, where patients with
neuroblastoma, rhabdoid tumors, or solid tumors with
alterations in the cyclin D-CDK4/6-INK4-Rb pathway were
included. The MTD and recommended phase II dose were
470 and 350 mg/m?, respectively. The recommended phase
IT dose was selected based on overall safety and pharma-
cokinetic considerations, as the exposure at 350 mg/m? was
equivalent to that observed at 600 mg in adults. Pharma-
cokinetic parameters, including time to C,,,,, Cpa AUC)_-,
and terminal elimination half-life, were similar in adult and
pediatric patients [53].

A\ Adis

3.4.2 Patients with Renal Impairment

The effect of renal impairment on the pharmacokinetics of
ribociclib was assessed in a population pharmacokinetic
analysis, which included patients with normal renal func-
tion (n=438), mild renal impairment (n =488), and moder-
ate renal impairment (n=113). In this analysis, mild and
moderate renal impairment had no effect on the exposure
and clearance of ribociclib; therefore, no dose adjustments
are recommended for patients with mild or moderate renal
impairment [46, 49, 52].

Furthermore, a clinical trial showed that for patients
with severe renal impairment and end-stage renal disease
(eGFR < 15 mL/min/1.73 m?), AUC,_, increased 281%
and 137%, and C,,, 168% and 110%, respectively, com-
pared with subjects with normal renal function [54]. Based
on these results, a starting dose of 200 mg daily is recom-
mended by the FDA for patients with severe renal impair-
ment, while the EMA recommends a starting dose of 400 mg
in these cases [52, 55].

3.4.3 Patients with Hepatic Impairment

In a clinical study (n=28), mild hepatic impairment had
no effect on ribociclib exposure. In contrast, for moderate
hepatic impairment, AUC,,__ and C,,,, increased 28% and
44%, respectively, while for severe hepatic impairment they
increased 29% and 32%. A population pharmacokinetic anal-
ysis (n=160 with normal hepatic function and n=47 with
mild hepatic impairment) further supported that ribociclib
exposure was unaffected by mild hepatic impairment. Based
on these results, a reduction of the starting dose to 400 mg is
recommended for patients with moderate or severe hepatic

impairment [46, 49].

3.5 Other Factors Influencing Ribociclib
Pharmacokinetics

The effect of other intrinsic factors on ribociclib pharma-
cokinetics was evaluated by population pharmacokinetic
analyses (n=208). Body weight and age were statistically
significant covariates for ribociclib clearance. Based on sim-
ulations, it was predicted that a change of body weight from
the reference value of 70 kg to 50 or 100 kg would change
steady-state C,,,,, Cpin» and area under the plasma—concen-
tration time curve from O to 24 h of ribociclib up to 22%,
which was considered a small effect relative to the inherent
pharmacokinetic variability. Age was predicted to have only
a mild effect on exposure. Race and sex were statistically
insignificant parameters [46].

Furthermore, a cross-study comparison exhibited that, on
average, the exposure of ribociclib in Japanese patients was
higher than in Caucasian patients, but the individual values
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were within the same range. In summary, the effects of body
weight, age, sex, and race on ribociclib pharmacokinetics
were considered not clinically relevant, and therefore, no
dose adjustment is required [46, 49].

3.6 Food Effect

Table 3 summarizes the food-effect studies that have been
performed for the capsule and tablet formulation, of which
the latter is more relevant because this is the marketed for-
mulation. As the geometric mean ratios were~ 1 for AUC
0-c0 and C, .., no effect of food intake was observed on the
pharmacokinetics of ribociclib [44].

Additionally, the in vitro solubility of ribociclib was
evaluated in biorelevant media, including simulated fed (pH
5.0) and fasted (pH 6.5) intestinal fluid, where the maximum
dose (600 mg) was dissolved in 250 mL. This suggests that
ribociclib absorption is unlikely to be affected by changes
in the gastric pH due to food intake, among others. Physi-
ologically based pharmacokinetic models also predicted that
the exposure of ribociclib was independent of the gastric pH
in the range of 1.0-8.0 [44]. Altogether, this information
supports that ribociclib can be administered either with or
without food [46, 49, 52].

3.7 Drug-Drug Interactions

An overview of all drug—drug interaction studies is provided
in Table 4. Ribociclib had no (clinically relevant) interac-
tions with fulvestrant and the aromatase inhibitors [46, 49,
52, 55]. Ribociclib is extensively metabolized via CYP3A4;
therefore, its pharmacokinetics is strongly affected by strong
inhibitors or inducers of this enzyme. Ribociclib can revers-
ibly inhibit CYP3A4 and CYP1AZ2 [48]. Altogether, it is rec-
ommended that drugs with a narrow therapeutic index that
are sensitive substrates of these drug-metabolizing enzymes
or transporters that are inhibited by ribociclib (Sect. 3.2)
should be cautiously monitored in concomitant treatments
with ribociclib [46, 49].

Because ribociclib shows a pH-dependent solubility,
drugs that alter the gastric pH could be expected to affect
its exposure. However, ribociclib exposure was similar in
patients with and without a proton pump inhibitor, and these
drugs could thus be administered concomitantly [44].

3.8 Pharmacokinetic-Pharmacodynamic
Relationships

3.8.1 Exposure Response
Because of very limited data, exposure—response analyses

for ribociclib remain inconclusive. In the MONALEESA-2
study, only 44 out of 334 patients had progressive disease

and available pharmacokinetic data. No indication for an
exposure—efficacy relationship was found. Data on confirmed
best response were available for 72 patients with pharma-
cokinetic data, and showed similar ribociclib exposure in
responders vs non-responders. No exposure—response analy-
ses have been performed for the MONALEESA-3 study [46,
56]. Future studies should establish exposure—efficacy rela-
tionships and identify an optimal threshold concentration.

3.8.2 Exposure Toxicity

Although higher C_;, levels were related to a greater
decrease in absolute neutrophil count and platelet count in
the phase I study, ribociclib is dosed at the flat ends of these
plateauing curves [42]. Pooled data from four clinical studies
(n=196) were used to develop a logistic regression model
for > grade 2 neutropenia. Although a trend was found for an
increased risk of neutropenia at higher ribociclib exposure,
this was not statistically significant. For each 100-ng/mL
increase in C,,, the odds ratio for > grade 2 neutropenia
was 1.05 (95% CI1 0.99-1.11, p=0.087) [46]. In addition, a
pharmacokinetic-pharmacodynamic model for neutropenia
using data of 1052 patients from six clinical trials showed
that the relationship between exposure and neutropenia was
not influenced by age, race, or the use of anastrozole, letro-
zole, tamoxifen, or fulvestrant [56].

Furthermore, a relationship between ribociclib exposure
and QTc prolongation has been established, which was
described by a log-linear mixed-effect model. Mean QTc
prolongation was 22.87 ms at the mean steady-state C,,,
of 2237 ng/mL. No exposure—toxicity relationship could be
demonstrated for hepatotoxicity because of the limited num-
ber of grade 3 or 4 events [46].

3.9 Population Pharmacokinetic Models

A population pharmacokinetic model has been developed
based on pooled data of 208 patients of whom 4731 pharma-
cokinetic samples were available. The model was validated
using a dataset consisting of 175 pharmacokinetic samples
from 93 patients in the MONALEESA-2 study. A two-com-
partment model with delayed zero-order absorption and linear
clearance best fitted the data, with dose and body weight being
significant covariates on clearance. Clearance decreased with
increasing dose, which is in line with the observed more than
dose-proportional increase in exposure [46].

4 Abemaciclib
Abemaciclib was the third CDK4/6 inhibitor approved by

the FDA and EMA in 2018. In the MONARCH-3 study,
abemaciclib increased mPFS compared with placebo
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(14.7 months vs not reached, HR 0.54 [95% CI 0.41-0.72],
p <0.001) in the first-line setting combined with anastrozole
or letrozole [57]. In the same manner, the MONARCH-2
study demonstrated that abemaciclib was superior to placebo
in the second-line setting in combination with fulvestrant
[58].

In contrast to palbociclib and ribociclib, abemaciclib is
dosed twice daily (BID) and in a continuous dosing sched-
ule. In the dose-escalation part of the phase I study, doses
up to 275 mg BID have been evaluated with 200 mg BID
being identified as MTD [59]. This is the recommended dose
for abemaciclib monotherapy, whereas 150 mg BID is the
recommended dose for combination therapy (i.e., with aro-
matase inhibitors or fulvestrant) because of better tolerabil-
ity. Although fatigue was the most common dose-limiting
toxicity, gastrointestinal and hematologic toxicities were also
frequently observed [59].

4.1 Physiochemical Properties and Formulation

Abemaciclib is a synthetic N-(5-((4-ethylpiperazin-1-yl)
methyl)pyrididin-2-yl)-5-fluoro-4-(4-fluoro-1-isopropyl-2-
methyl-1H-benzo[d]imidazole-6-yl)pyrimidin-2 amine. It is
formulated in tablets containing 50, 100, 150, or 200 mg of
the free base. As capsules were used in the pivotal MON-
ARCH-1 and MONARCH-2 trials, bioequivalence between
both formulations was tested and confirmed. Abemaciclib
is a tribasic compound with pK, values of 3.80, 4.48, and
7.95, and a log P of 3.36. It is soluble over the pH range
of 1.0-6.8 (solubility > 0.8 mg/mL), and classified as a
highly soluble drug. Considering that abemaciclib showed
a moderate permeability (predicted effective human perme-
ability =2.46 x 107 cm/s), it was classified as Biopharma-
ceutics Classification System class 3 (high-solubility, low-
permeability) [60, 61].

Abemaciclib is a potent, ATP-competitive, reversible
inhibitor of CDK4 and CDKG6, with IC, values of 2 and
10 nM, respectively, corresponding to plasma concentrations
of 27.4-136.9 ng/mL after correcting for protein binding
[62]. Abemaciclib has three active metabolites with similar
potency: N-desethylabemaciclib (M2), hydroxyabemaciclib
(M20), and hydroxy-N-desethylabemaciclib (M18) (Fig. 2).
Their ICs, values (nM) for CDK4 and CDKG6 are 1.2 and
1.3 for M2, 1.5 and 1.9 for M20, and 1.5 and 2.7 for M18
[63, 64].

4.2 Drug Transporters

Abemaciclib is a substrate of efflux transporters P-gp and
BCRP. In vivo studies showed that abemaciclib penetration
through the blood-brain barrier improved in P-gp-deficient
mice [14]. The abemaciclib metabolite M2 is also a substrate
of P-gp and BCRP, and its exposure increased significantly
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around 5.3-fold in P-gp/BCRP-deficient mice with respect to
the wild type. Furthermore, in this mouse model, the brain
penetration of both abemaciclib and M2 increased 25- and
4-fold, respectively, compared with the wild type [65]. Addi-
tionally, abemaciclib itself inhibits P-gp and BCRP [22, 66].

The renal transporters OCT2, MATEI, and MATE2-K
are reversibly inhibited by abemaciclib and its active metab-
olites M2 and M20 at clinically relevant concentrations [67,
68]. In vitro studies have shown that OCT2, MATE]1, and
MATE-K metformin transport is inhibited in the presence
of abemaciclib, M2, or M20. The clinical implications of
this interaction were also determined (Table 4) [68]. This
reversible inhibition of renal transporters has been related
to elevated creatinine levels, without renal function being
affected [68].

4.3 Clinical Pharmacokinetics

Abemaciclib pharmacokinetics is summarized in Table 2,
and is characterized by high variability. It showed a rela-
tively modest absolute oral bioavailability of 45% [59, 69,
70]. Abemaciclib and its active metabolites showed a high
protein binding of 96.3% for abemaciclib, 93.4% for M2,
96.8% for M 18, and 97.8% for M20. The mean volume of
distribution is 750 L [67, 71]. Abemaciclib is cleared mainly
by hepatic metabolism, primarily by CYP3A4 with the for-
mation of M2, M20, and M18 (Fig. 2). The area under the
plasma—concentration time curve of these metabolites repre-
sent 25%, 26%, and 13%, respectively, of the total circulating
entities in plasma [67]. In a mass balance study, abemaciclib
was excreted as metabolites mainly in feces, with 81% of
the administered dose recovered in feces, and ~ 3% in urine
[67,71].

4.4 Pharmacokinetics in Special Populations
4.4.1 Pediatric Patients with Cancer

Information on abemaciclib pharmacokinetics in the pediat-
ric population is not available hitherto [72]. Currently, two
phase I studies are ongoing [73, 74].

4.4.2 Patients with Renal Impairment

No dedicated study has evaluated the effect of renal impair-
ment on the pharmacokinetics of abemaciclib. However,
a population pharmacokinetic analysis, including patients
with normal renal function (n =483), mild renal impairment
(n=381), and moderate renal impairment (n=126), showed
no significant differences in abemaciclib exposure. There-
fore, no dose adjustment is required in patients with mild or
moderate renal impairment. This was expected because the
renal clearance of abemaciclib and its active metabolites is
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minor. The effect of severe renal impairment has not been
determined yet [64, 67, 71, 75].

4.4.3 Patients with Hepatic Impairment

In a clinical trial, the total exposure of abemaciclib plus
M2, M20, and M18 was similar in participants with mild
and moderate hepatic impairment, showing an increase of
20% and 10%, respectively, compared with participants with
normal hepatic function. In contrast, severe hepatic impair-
ment resulted in a 140% increase in exposure of abemaci-
clib active entities. Furthermore, the mean plasma terminal
elimination half-life of abemaciclib was prolonged (55 h vs
24 h in healthy subjects), absorption was slower (time to
Coax=24 h vs 7 h in healthy subjects), and protein bind-
ing decreased. Consequently, it is recommended to reduce
the dose frequency to QD administration for patients with
severe hepatic impairment (i.e., Child—Pugh class C) [64,
67,71, 75].

4.5 Other Factors Influencing Abemaciclib
Pharmacokinetics

The influence of intrinsic factors on abemaciclib pharma-
cokinetics was evaluated in a population pharmacokinetic
analysis (n=994), in which sex, age, race, and body weight
were found to be insignificant covariates for the abemaciclib
exposure [71, 76]. As a result, no special dose adjustments
are required.

4.6 Food Effect

An overview of food-effect studies for abemaciclib using
a capsule or tablet formulation is provided in Table 3. The
food-effect study with the tablet formulation is the most
relevant as abemaciclib is marketed in this formulation.
The exposure of abemaciclib increased with concomitant
administration of a high-fat meal, but this was deemed not
clinically relevant considering the high inter-subject vari-
ability and the fact that changes in exposure were within the
abemaciclib therapeutic window [77, 78]. Therefore, abe-
maciclib can be administered with or without food.

4.7 Drug-Drug Interactions

Drug—drug interaction studies for abemaciclib are summa-
rized in Table 4. The potential pharmacokinetic interaction
between abemaciclib and fulvestrant or aromatase inhibitors
was not formally evaluated. However, historical comparisons
indicated that these drugs had no clinically relevant effect
on the pharmacokinetics of abemaciclib, or vice versa [67,
71, 75].

Because of the extensive metabolism of abemaciclib via
CYP3A4, the exposure of abemaciclib plus its active metab-
olites M2, M20, and M18 is substantially affected when co-
administered with strong CYP3A4 modulators. Additionally,
interactions with abemaciclib as a perpetrator could occur
with substrates of transporters inhibited by abemaciclib (i.e.,
P-gp and renal transporters, Table 4).

4.8 Pharmacokinetic-Pharmacodynamic
Relationships

4.8.1 Exposure Response

In a preclinical pharmacokinetic-pharmacodynamic model
of xenograft tumors, C,;, >200 ng/mL has been identified
as a potential efficacy threshold. Simulations with this model
indicated that a maximum decrease in phosphorylated Rb
levels was attained at a dose of 50 mg/kg, corresponding
to a Cp, of 200 ng/mL. A limitation of this study is that
concentrations of the active metabolites M2 and M20 were
not taken into account [79].

In all three MONARCH studies, exposure-response
relationships were demonstrated. Although abemaciclib
in the MONARCH-1 study (n=132) could not be linked
to the objective response rate and PFS, simulations with a
pharmacokinetic-pharmacodynamic model found a posi-
tive relationship between exposure and tumor shrinkage.
Additionally, these simulations suggested that the objective
response rate would be higher at an abemaciclib dose of
200 mg BID compared with 150 mg BID (31% vs 25%,
respectively) [64]. Using a similar approach, higher abemac-
iclib exposure was related to an increased tumor shrinkage
in the MONARCH-2 study (n=477) as well, with the effect
being most pronounced in the first months after start of treat-
ment [64]. Finally, in the MONARCH-3 study (n=393), an
exposure—response relationship was not only established for
tumor size reduction, but also for PFS [63].

In summary, abemaciclib exposure was related to efficacy
in several clinical trials. Therefore, it has been suggested
that from an efficacy point of view, 200 mg BID would be a
better starting dose than 150 mg BID. However, this higher
starting dose is not deemed feasible, as 50% of patients need
a dose reduction because of toxicity. Based on the avail-
able data, no specific target for TDM can be proposed yet,
but the optimal target might be somewhere between 169
and 197 ng/mL (i.e., the median exposure at 150 mg and
200 mg, respectively). Future exposure—response analyses
need to identify the optimal threshold for efficacy, which
could be performed using data from the MONARCH studies
or from a real-world patient cohort. Preferably, it should also
be investigated whether abemaciclib has additional value to
include the concentrations of the active metabolites in this
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threshold, or that abemaciclib concentrations alone could
Serve as a proxy.

4.8.2 Exposure Toxicity

Higher abemaciclib concentrations were related to an
increased incidence and severity of neutropenia. Dynamic
pharmacokinetic-pharmacodynamic models for neutrophil
counts have been developed using data of the MONARCH-2
(n=593) and MONARCH-3 (n=477) studies. In these mod-
els, higher total C,, of abemaciclib and its active metabo-

lites was related to a greater decrease in neutrophil produc-
tion rate, and thus an increased risk of neutropenia [63, 64].

4.9 Population Pharmacokinetic Models

In a population pharmacokinetic model based on data
obtained from the phase I study (n=224), abemaciclib phar-
macokinetics was best described by a linear one-compart-
ment model with time- and dose-dependent bioavailability.
Relative bioavailability decreased with an increasing dose,
being 10% lower at 200 mg compared with 150 mg. This
could be attributed to a saturable absorption, which is in line
with preclinical data [79]. Plasma exposure of abemaciclib
also decreased over time with steady-state concentrations
being attained after 70 days [76, 79].

5 Discussion

By providing an overview of the clinical pharmacokinetics
and pharmacodynamics of the three licensed CDK4/6 inhibi-
tors palbociclib, ribociclib, and abemaciclib, it becomes
apparent that they share several characteristics. Similarities
include the high inter-individual variability in exposure,
the predominant metabolism by CYP3A4, the brain pen-
etration being limited by efflux transporters, and the expo-
sure—toxicity relationship for neutropenia. However, there
are also substantial differences. First, abemaciclib has a
divergent dosing schedule, as it is dosed BD and continu-
ously, instead of QD and intermittently for palbociclib and
ribociclib. Second, dose proportionality of pharmacokinetics
varies between compounds. Palbociclib exposure increases
linearly with an increasing dose, whereas ribociclib exhibits
a more than dose-proportional dose—exposure relationship,
and abemaciclib exposure, in contrast, increases less than
proportionally with an increasing dose, owing to the lower
fraction absorbed at higher doses. Third, abemaciclib has
active and significantly abundant metabolites that should be
taken into account when assessing its exposure (i.e., M2,
M?20, and M18), while this is not the case for palbociclib
and ribociclib. Fourth, a clear exposure—efficacy relationship
has been described for abemaciclib, while for palbociclib
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and ribociclib, exposure-response analyses remain incon-
clusive. This might be explained by the applied method-
ologies and sample sizes that were used in these expo-
sure—response analyses. It is important to further elucidate
the exposure—response relationship for all three CDK4/6
inhibitors. Finally, ribociclib frequently prolongs the QTc
interval in an exposure-related manner, whereas this, to our
current knowledge, has not been reported for palbociclib and
abemaciclib. These particular characteristics may support
the selection of the most appropriate CDK4/6 inhibitor for
individual patients.

Interestingly, the incidence of neutropenia is much lower
for abemaciclib than for palbociclib and ribociclib. This is
possibly caused by the greater selectivity of abemaciclib for
CDK4 compared with CDK®6, its BID dosing schedule, or
the conversion to metabolites with less hematologic toxic-
ity [59, 62]. In general, the effect of CDK4/6 inhibitors on
neutrophil progenitor cells is cytostatic rather than cytotoxic,
and associated with a notably low incidence of febrile neu-
tropenia, in contrast to chemotherapy [37].

Many patients require dose reductions because of neu-
tropenia, which can remain problematic even at the lowest
doses according to the label (i.e., 75 mg QD for palbociclib,
200 mg QD for ribociclib, and 50 mg BID for abemaciclib).
If exposure in these patients is low, switching to an alterna-
tive treatment might be preferred, whereas in patients with
adequate exposure prolonging the dose interval to every
other day for palbociclib and ribociclib, or QD for abemaci-
clib, could be an option, as has previously been described for
pazopanib [80]. Alternatively, the time off treatment could
be prolonged (i.e., 2-weeks-on/2-weeks-off treatment, as was
allowed in the PALOMA-3 study). From a pharmacological
point of view, though, prolonging the dose interval would
be more rational.

Although it is known that CDK4/6 inhibitors combined
with endocrine therapy provide an effective treatment strat-
egy, it is currently unclear whether CDK4/6 inhibitors can
best be added to first- or second-line treatment. This para-
mount question is currently being addressed in the SONIA
study, a nationwide study in The Netherlands that will rand-
omize 1000 patients between first- and second-line treatment
with a CDK4/6 inhibitor [81]. In an additional side study,
pharmacokinetic samples are collected to further elucidate
exposure—response relationships.

The currently approved CDK4/6 inhibitors are pre-
dominantly metabolized by CYP3A4. Therefore, increased
exposure, and hence an increased risk of toxicity, can be
expected in patients harboring mutations as in CYP3A4#22,
as a result of lower levels of functional CYP3A4 and thus a
decreased clearance. The reported prevalence of these muta-
tions is up to 10% [82], and it could be argued that this sub-
set of patients may benefit from a lower starting dose. This
is currently being investigated in the STAR22 study [83].
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Although CDK4/6 inhibitors are currently only approved for
the treatment of breast cancer, they are in clinical develop-
ment for many other indications.

6 Conclusions

Cyclin-dependent kinase 4 and 6 inhibitors are a new class
of promising oral targeted therapies in oncology, with com-
plex pharmacokinetic and pharmacodynamic profiles, which
we summarized in this review. Future studies should focus
on the further exploration of exposure-response relation-
ships and the potential for pharmacokinetically guided dose
individualization.
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