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Ribociclib (KISQALI), a cyclin-dependent kinase 4/6 inhibitor approved for the first-line treatment of HR1/HER2– advanced
breast cancer with an aromatase inhibitor, is administered with no restrictions on concomitant gastric pH-elevating agents
or food intake. The influence of proton pump inhibitors (PPIs) on ribociclib bioavailability was assessed using 1) biorelevant
media solubility, 2) physiologically based pharmacokinetic (PBPK) modeling, 3) noncompartmental analysis (NCA) of
clinical trial data, and 4) population PK (PopPK) analysis. This multipronged approach indicated no effect of gastric pH
changes on ribociclib PK and served as a platform for supporting ribociclib labeling language, stating no impact of gastric
pH-altering agents on the absorption of ribociclib, without a dedicated drug–drug interaction trial. The bioequivalence of
ribociclib exposure with or without a high-fat meal was demonstrated in a clinical trial. Lack of restrictions on ribociclib
dosing may facilitate better patient compliance and therefore clinical benefit.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?
� Oral anticancer therapies vary widely in terms of permitted
concomitant medication and food intake. Ribociclib, an orally
bioavailable selective CDK4/6 inhibitor, is currently adminis-
tered without regard to concomitant PPI use or food intake.
WHAT QUESTION DID THE STUDY ADDRESS?
� Does elevated gastric pH affect ribociclib absorption? Does
food intake affect ribociclib bioavailability?
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
� PBPK simulations and PopPK and NCA analyses revealed
no effect of PPI use on ribociclib bioavailability. The PK

parameters for ribociclib observed in healthy volunteers are not
affected by food intake. Dedicated clinical pharmacology studies
evaluating the effect of PPIs may not be needed with proper use
and interpretation of advanced modeling and simulation tech-
niques in combination with available clinical PK data.
HOW THIS MIGHT CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE
� Ribociclib may be administered with no regard to food
intake and concomitant PPI use. Ease of administration may
improve patient adherence. Utilization of this multipronged
platform may lead to waiving of dedicated clinical pharmacol-
ogy trials.

Ribociclib (KISQALI) is an orally bioavailable, selective, small-
molecule inhibitor of cyclin-dependent kinase 4/6 (CDK4/6).1 Pre-
clinical studies of ribociclib demonstrated cell cycle arrest and tumor
growth inhibition in both in vitro and in vivo nonclinical models for
a variety of retinoblastoma protein-positive (Rb1) solid tumor
types.2,3 Ribociclib received breakthrough therapy designation and
was approved for use in combination with an aromatase inhibitor as
an initial endocrine-based therapy for the treatment of postmeno-
pausal women with hormone receptor-positive (HR1), human epi-
dermal growth factor receptor-2–negative (HER2–) advanced breast
cancer,4,5 after significant improvement in progression-free survival
was observed with ribociclib plus letrozole vs. letrozole alone in the
phase III MONALEESA-2 trial.6 Per the label, ribociclib can be

taken with or without a meal, and with no restriction on concomi-
tant use of gastric pH-elevating agents such as proton pump inhibi-
tors (PPIs), H2-blocking agents, and other gastric acid-reducing
agents (ARAs).4,5

Approximately 20–33% of all patients with cancer are treated
with ARAs, most frequently with PPIs.7 PPIs elevate gastric pH
by inhibiting hydrogen potassium (H,K)-ATPase-mediated gas-
tric acid secretion and are administered to treat preexisting condi-
tions and gastric damage resulting from anticancer therapies and
cancer-related stress.8,9 The widespread use of long-term ARA
therapy increases the potential for interactions with oral antican-
cer therapies with pH-dependent solubility.10,11 Similarly, food
intake may dramatically alter drug bioavailability through changes
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in drug dissolution kinetics, increased gastric acid secretion, and
delayed gastric emptying.12

The recent increase in targeted oral anticancer therapies offers
a convenient and flexible method of treatment for patients. The
impact of concomitant drug use (e.g., PPIs) or meal timing on
these compounds can be evaluated using in vitro and clinical
data.13 However, early evaluation of targeted agents in the con-
text of oncology drug development is often limited by the need
to make rapid decisions based on a small number of patients.
Therefore, a multipronged approach, using preclinical data
and modeling and simulation approaches as well as clinical
pharmacokinetics (PK) data from early-phase trials, could be useful
to evaluate drug exposure and tolerability.
Here, the results of in silico and clinical investigations into the

influence of gastric pH changes and food intake on ribociclib PK
are presented. In vitro and clinical data were used to build and
qualify a physiologically based pharmacokinetic (PBPK) model of
ribociclib and to assess the effect of changes in gastric pH on
ribociclib PK. The effect of food intake on ribociclib PK was
evaluated in a two-period crossover clinical study in healthy
volunteers. PK data from several clinical trials in patients with
cancer were used to examine the effects of concomitant PPI use
on ribociclib bioavailability using noncompartmental analysis
(NCA) and population PK (PopPK) analysis. Together, these
data supported the label, which indicates that ribociclib
absorption is not affected by concomitant administration of food
or gastric pH-altering agents.

RESULTS
Full descriptions of clinical studies included in these analyses are
in Supplemental Table S1.

Ribociclib drug substance solubility
Ribociclib succinate salt is a weak base (pKa 5.5, 8.6). In aqueous
media, ribociclib solubility decreased with increasing pH (range,
2.0–7.5). Ribociclib exhibited high solubility in acidic media,
acting as a buffering agent and driving the pH toward 5, with sol-
ubility up to 200 mg/mL. The maximum concentration for
assessing solubility was set to 2.4 mg/mL, which corresponded to

the maximum clinical dose (600 mg) in the stomach at a volume
of 250 mL. Solubility in fed-state simulated intestinal fluid (FeS-
SIF, pH 5.0) and fasted-state simulated intestinal fluid (FaSSIF,
pH 6.5) was similar. Solubility in biorelevant media (FeSSIF and
FaSSIF) was found to be similar to that observed in buffered
media at a lower pH (range, 2.0–4.5) (Table 1). These data
served as the basis for further studies of ribociclib bioavailability
(Figure 1a).

PBPK modeling and sensitivity analysis of ribociclib PK
The GastroPlus advanced compartmental absorption and transit
(ACAT) model14 predicted high absorption for ribociclib given
at 600 mg (fraction of a dose absorbed �90%), with the majority
of absorption occurring in the small intestine. The established
model adequately simulated the PK profile of ribociclib in fasted
healthy subjects at 600 mg (Study A2111) using the Johnson dis-
solution model15 (Figure 2a). This model was then qualified
using PK profiles from patients with cancer (Study X2101) (Fig-
ure 2b) and from healthy subjects (Study A2103; data not
shown). Additionally, the simulations from the alternate dissolu-
tion model (Takano et al.16) matched well with the observed
data and the Johnson dissolution model (data not shown), fur-
ther indicating that pH does not impact the dissolution of riboci-
clib. A sensitivity analysis (Simcyp v13) using an advanced
dissolution, absorption, and metabolism (ADAM) model demon-
strated that varying stomach pH (range, 0.5–8.0) did not
influence ribociclib absorption (Figure 3a) or its PK profile
(Figure 2c). A sensitivity analysis examining the effects of varying
gastric pH (range, 1.5–8.0) on ribociclib absorption predicted
results similar to the GastroPlus ACAT model (Figure 3b).
These models support the lack of effect of changes in gastric pH
on ribociclib absorption.

Effect of food on ribociclib bioavailability
Twenty-four healthy volunteers were randomized 1:1 to receive
600 mg ribociclib under fasted conditions or after a high-fat,
high-calorie meal, followed by the alternative condition after a
washout period (Figure 1b). Demographics and baseline charac-
teristics are summarized in Supplemental Table S2. Plasma con-
centrations for ribociclib were similar regardless of food intake
(Figure 4). Pharmacokinetic parameters for ribociclib were
comparable between conditions, with geometric mean maximum
concentration (Cmax) 792 vs. 790 ng/mL, geometric mean area
under the plasma concentration–time curve from time zero to
infinity (AUCinf) 14,300 vs. 15,000 h�ng/mL, and median time
to reach maximum concentration (Tmax) 3.0 vs. 4.0 h (fasted vs.
fed states, respectively). Geometric mean ratios for PK parameters
(Cmax and AUCinf) were �1.0, with 90% confidence interval
(CI) ranges of 0.898–1.11 for Cmax and 1.01–1.12 for AUCinf

(Table 2). No effect of food intake on ribociclib was observed
for any PK parameters analyzed.

PopPK analysis
The final model adequately described PK data. Prediction-
and residual-based diagnostic plots are shown in Supplemental
Figures S1 and S2, respectively. Retaining body weight (BW)

Table 1 Ribociclib solubility vs. pH

pH Buffer Solubility, mg/mL Bile salt concentration

2.0 HCl/KCl >2.4a —

4.5 Acetate >2.4a —

6.8 Phosphate 0.8 —

7.5 Phosphate 0.3 —

6.5 FaSSiF-V1b >2.4 3 mM

5.0 FeSSiF-V1c >2.2 15 mM

aEquates to 600 mg (clinical dose) of free base in 250 mL solution (volume
represents typical quantity of water taken during drug administration). bFaSSiF 5

Fasted-state simulated intestinal fluid (pH 5 6.5, sodium taurocholate 3 mM,
lecithin 0.75 mM, sodium chloride 105.9 mM, monobasic sodium phosphate
28.4 nM, sodium hydroxide 8.7 mM, pancreatin 10 mg/mL). cFeSSiF 5 Fed-state
simulated intestinal fluid (pH 5 5.0, sodium taurocholate 15 nM, lecithin 3.75 nM,
sodium chloride 203.2 nM, acetic acid 144.1 mM, sodium hydroxide 101 mM,
pancreatin 40 mg/mL).
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in the final model mitigated the trend between BW and PK
parameters (Supplemental Figure S3). Visual predictive check
(VPC) simulations confirmed that the model could reproduce
the data on which it was developed (Supplemental Figure S4).

Parameter estimates of the final model are listed in Supplemen-
tal Table S3. Satisfactory model performance supported use of
the PopPK model for evaluation of covariate effects, including
PPI use.

l

Figure 1 Study design and rationale. (a) Multipronged approach used to assess ribociclib bioavailability. (b) Design of the food effect study in healthy vol-
unteers (Study A2301).
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Among the 208 patients with cancer included in the analysis,
52 patients had concomitant PPI use by the binary (Yes/No)
classification system. PPI use was determined to be a statistically
insignificant variable on ribociclib PK, with relative bioavailabil-
ity with PPI use estimated to be 0.95 (95% CI, 0.82–1.09;
%RSE 5 7.04) relative to the reference state (no concomitant

PPI use). PPI use was therefore removed from the final PopPK
model. With a tertiary classification system (Yes/No/In-between),
145 patients were categorized as having no PPI use (PPI dose
intensity 5 0, reference state), 41 patients were categorized as
having concomitant PPI use (PPI dose intensity 5 1), and 15
patients were categorized as in between (PPI dose intensity greater

Figure 2 Simulated vs. observed mean human PK profiles following oral 600-mg dose of ribociclib using PBPK models. Simulations were performed
using (a) GastroPlus ACAT model with dissolution data from varying pH levels, using PK values from healthy volunteers in Study A2111; (b) GastroPlus
ACAT model using observed PK values from patients in Study X2101; (c) Simcyp ADAM model at gastric pH 1.5 and 8.0, using data from patients with
cancer in Study X2101. ACAT, advanced compartmental absorption and transit; ADAM, advanced dissolution, absorption, and metabolism; AUC, area
under the drug concentration–time curve; Cmax, maximum concentration; F, oral bioavailability; Fa, fraction of dose absorbed; FDP, fraction of dose to the
portal vein; N/A, not available; PBPK, physiologically based pharmacokinetics; PK, pharmacokinetics; SD, standard deviation; Tmax, time to reach Cmax.
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than 0 and less than 1). The effect of concomitant PPI use, as
defined by the tertiary classification system, was determined to be
0.96 (95% CI, 0.80–1.11; %RSE 5 8.3). Given the proximity of
the covariate effect point estimate to 1 and that the CI included
the null value of 1 for both binary and tertiary classification, the
analysis indicated that concomitant PPI use did not affect riboci-
clib exposure.

Noncompartmental analysis of clinical data
The same studies used in the PopPK analysis were used for the
NCA approach. Of 164 total patients with evaluable steady-state
PK parameters, 41 were categorized as having concomitant PPI
use. Across studies, the geometric means for steady-state PK
parameters (AUC from time zero to 24 h (AUC0-24h), Cmax, and
trough concentration (Ctrough)) were similar regardless of con-
comitant PPI use (Table 3), demonstrating that concomitant
PPI use did not have a clinically significant effect on ribociclib
PK.

DISCUSSION
Ribociclib is a weak base with a pH-dependent solubility profile
over the range found in the human gastrointestinal tract. Despite
the fact that ribociclib solubility decreased with increasing pH,
solubility in biorelevant media was maintained, and no difference
was observed between fed-state vs. fasted-state biorelevant media.
As weakly basic compounds are known to have pH-dependent
solubility,11 and simple buffered media may not accurately repre-
sent gut solubility, it is essential to determine compound solubil-
ity in biorelevant media (FaSSIF and FeSSIF) early in the
discovery process. These data suggest that ribociclib absorption is
unlikely to be affected by changes in gastric pH that occur follow-
ing food intake due to stimulation of gastric acid secretion or fol-
lowing concomitant use of ARAs such as PPIs.17

Figure 3 Sensitivity analysis of varying stomach pH on ribociclib absorp-
tion in PBPK models. Simulations were performed using qualified models
with (a) Simcyp ADAM model and (b) GastroPlus ACAT model with dissolu-
tion data from varying pH levels.

Figure 4 Ribociclib PK concentration under fasted and fed conditions (A2103).
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PBPK modeling is a useful tool that combines drug-specific
information, such as compound physiochemical properties and
human physiologic information, to predict the influence of fac-
tors such as gastric pH and food intake on drug absorption, dis-
tribution, metabolism, and excretion.18 While there is some
debate on the accuracy of predictions from available absorption
models,19 increasing evidence has demonstrated their applicability
to clinical scenarios.20–22 Indeed, a number of recent works have

confirmed their validity,23–25 and regulatory authorities are more
frequently accepting PBPK modeling to assess potential drug–
drug interactions (DDIs) and drug exposure in special patient
populations in clinical drug development, with draft guidance
available from the US Food and Drug Administration (FDA)
and European Medicines Agency (EMA).26–31 However, the
potential for these simulations to impact labeling recommenda-
tions for gastric pH-elevating agents remains largely untapped.32

Table 2 Single-dose ribociclib (600 mg) PK parameters in healthy volunteers (A2103)

Cmax,
ng/mL

Tmax,
h

AUCinf,
h�ng/mL

T1/2,
h

Fasted state
(n 5 23)

n 23 23 23 23

Geo-mean
(CV% Geo-mean)

792
(35.0)

N/A 14,300 (32.3) 32.0
(18.6)

Adjusted Geo-mean 790 3 14,100 N/A

Fed state
(n 5 24)

n 24 24 24 24

Geo-mean
(CV% Geo-mean)

790
(33.2)

N/A 15,000
(29.2)

33.6
(24.6)

Adjusted Geo-mean 790 4 15,000 N/A

Fed:fasted
GMRa

(90% CI)

1.00
(0.898, 1.11)

1
(–2, 8)

1.06
(1.01, 1.12)

AUCinf, area under the plasma concentration-time curve from time zero to infinity; Cmax, maximum concentration; CV, coefficient of variation; Geo-mean, geometric mean;
GMR, geometric mean ratio; T1/2, elimination half-life; Tmax, time to reach maximum concentration.
Adjusted geometric mean is calculated based on a mixed model adjusted for random effects and other covariates.
GMR is the ratio of the adjusted geometric mean for Cmax and AUCinf and the difference of the medians for Tmax.
CV% geo-mean 5 sqrt (exp (variance for log transformed data) – 1) � 100
aThe values for the treatment comparison include the geo-mean ratio with the lower and upper limits of treatment comparison (90% CI) in parentheses for each parameter.

Table 3 Steady-state ribociclib (600 mg) PK parameters by PPI use

Study no. PK parameter n PPI use
Geometric mean

(geometric coefficient of variation, %)

X2107 AUC0-24h, h�ng/mL 8 Yes 24,700 (30.6)

10 No 21,100 (57.2)

Cmax, ng/mL 10 Yes 1,780 (34.6)

13 No 1,620 (53.2)

X2101 AUC0-24h, h�ng/mL 12 Yes 25,900 (79.1)

46 No 23,700 (61.3)

Cmax, ng/mL 13 Yes 2,050 (74.7)

48 No 1,870 (60.3)

X1101 AUC0-24h, h�ng/mL 2 Yes 42,600 (28.7)

6 No 55,100 (68.6)

Cmax, ng/mL 2 Yes 2,700 (53.0)

6 No 3,500 (65.8)

A2301 Ctrough, ng/mL 8 Yes 587 (55.8)

36 No 711 (72.9)

AUC0-24h, area under the concentration-time curve from time zero to 24 h; Cmax, maximum concentration; Ctrough, trough concentration; PK, pharmacokinetics; PPI, proton
pump inhibitor.
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PBPK simulations using in vitro data and combined with data
from clinical studies and PopPK approaches can provide a plat-
form to assess clinically relevant drug interaction scenarios in the
target population. In a recent review of approvals of oral oncol-
ogy targeted agents, 15 of 44 exhibited pH-dependent solubil-
ity,33 underscoring the need to assess for changes in their
bioavailability with changes in pH. PBPK modeling has been
used to investigate food effect and pH-dependent DDIs for sev-
eral agents, including alectinib, a basic anaplastic lymphoma
kinase (ALK) inhibitor.34,35 Additionally, the use of biorelevant
media was found to accurately predict food effects on the absorp-
tion of celecoxib, a poorly soluble nonsteroidal antiinflammatory
drug.36 The lack of effect of gastric pH-altering agents on panobi-
nostat absorption was evaluated solely on PBPK modeling and
directly impacted the labeling language.37 The long-term impact
of PPIs on the PK and efficacy of ceritinib was evaluated in ful-
fillment of a postmarketing requirement based on available clini-
cal data and PopPK modeling approaches.38 Our approach used
the in vitro solubility and PBPK modeling results as hypothesis-
generating data that allowed phase II/III clinical trials to proceed
without restriction on PPI use, permitting further NCA and
PopPK analyses. This multipronged approach demonstrates the
utility of PBPK modeling in combination with clinical data and
PopPK analysis in lieu of dedicated phase I trials in healthy vol-
unteers, which can help circumvent additional postmarketing
evaluation through registration trials, wherein efficacy and safety
could be established with food or concomitant ARA use.
The in vitro solubility data also provided a foundation for the

hypothesis that food may not affect ribociclib absorption, further
supported by PBPK models for ribociclib, which were con-
structed and validated with clinical data from healthy volunteers
and patients with cancer. Sensitivity analyses based on PBPK
models of ribociclib absorption built into both the GastroPlus
and Simcyp software packages showed that exposure was inde-
pendent of gastric pH over the physiologic range (pH range, 1.0–
8.0),39 consistent with the lack of impact of pH on the in vitro
solubility of ribociclib in the biorelevant media. This hypothesis
was then tested and confirmed by the food effect study in healthy
volunteers, which showed that ribociclib PK parameters were
similar in the fed or fasted state. This evaluation early in develop-
ment allowed administration of ribociclib in clinical trials with-
out regard to meals.
Examination of clinical data from patients with cancer receiv-

ing ribociclib and concomitant PPIs in several studies revealed no
difference in observed PK parameters. Additionally, neither food
nor PPI coadministration was restricted in MONALEESA-2
(Study A2301), wherein ribociclib in combination with letrozole
was demonstrated to be clinically effective and tolerable as a first-
line therapy for patients with HR1, HER2– advanced breast
cancer.6 Concomitant PPI use was identified as a statistically
insignificant and clinically unimportant covariate in ribociclib
bioavailability using a PopPK approach. The use of a binary sys-
tem (Yes/No) was complemented with a more conservative ter-
tiary system (Yes 5 1 / No 5 0 / In between), and both
consistently showed that PPIs did not have a clinical impact on
ribociclib PK. Furthermore, the long duration of suppression of

gastric secretion by PPIs, in addition to dose intensity of �0.8,
represents an adequate assessment of drug interactions due to
PPI use, regardless of the timing of PPI administration relative to
ribociclib dosing. Taken together, these results suggest that gastric
pH-elevating agents and food intake do not affect the rate or
extent of ribociclib absorption and, as such, ribociclib may be
administered without regard to meals or concomitant use of
ARAs (Figure 1a).
The clinical data evaluated here via PopPK and NCA analyses

indicated no effect of PPIs on ribociclib exposure, and similarly
no effect is expected from other ARAs (e.g., H2-blocking agents
and antacids). Although both PPIs and H2-blocking agents have
demonstrated dose-related suppression of gastric acid secretion,
they differ in onset and duration of effect. H2-blocking agents
have rapid onset of action (<1 h) and short duration of activity
(<12 h), while PPIs have a delayed onset of action but a pro-
longed duration of activity (3–5 days) due to irreversible inhibi-
tion of proton pumps as a result of covalent bonding with the
drug.40 The FDA has commonly requested DDI study sponsors
to evaluate the effect of gastric pH-elevating agents, but recent
requests have included a gated approach wherein the effect of
changes in gastric pH on drug exposure are first examined using
PPIs.33,41 As PPIs are used as a first assessment in this gated
approach, they may be considered a “worst-case scenario” in the
evaluation of gastric pH changes on drug exposure, as a result of
their longer duration of activity compared with H2-blocking
agents and antacids.33,41 If the coadministration of PPIs results in
a large effect on drug exposure, the effect of H2-blocking agents
and antacids should then be evaluated. As PPI use was not found
to have an effect on ribociclib exposure, no effect is expected
from H2-blocking agents or antacids.
Evaluation of food effect and concomitant PPI use on the PK

of a compound early in the drug development process can have a
major impact on the drug approval process. This evaluation pro-
cess can include measuring solubility and dissolution in a biorele-
vant medium in the discovery space, use of PBPK modeling with
in vitro and limited PK data to simulate compound absorption
and bioavailability in the translational space, and PopPK model-
ing and/or leveraging clinical data from the early phase I/II clini-
cal trial space. Upon establishing the impact of food and/or PPI
use on drug exposure early during clinical development, late-stage
clinical trials could include appropriate recommendations with
respect to the expected impact of food or PPI use on PK, expo-
sure, safety, and efficacy. Also, the lack of PPI and food effect on
drug exposure may facilitate greater patient compliance and clini-
cal benefit by reducing restrictions on meal timing and concomi-
tant drug use, which may be especially important in special
populations such as elderly patients with achlorhydria. Later-
stage clinical trials can then include these processes with greater
confidence that such factors will not affect drug safety or efficacy.
The multipronged approach used in this study serves as an

effective platform to assess the effect of PPI use on ribociclib bio-
availability without a dedicated PPI trial, and was used to support
the labeling language. Reducing the need for dedicated clinical
trials in combination with PPIs and other commonly used medi-
cations, particularly for oncology drugs with established efficacy
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in randomized controlled trials, reinforces the effectiveness of a
combined approach using advanced modeling and simulation
techniques in combination with clinical data. This comes at a
time when regulatory agencies are increasing their acceptance of
this approach.

METHODS
This work evaluated the effect of food and ARAs on ribociclib PK. The
evaluation of food effect was based on 1) in vitro solubility and 2) single-
dose food effect study. The evaluation PPI effect was based on 1) in vitro
solubility, 2) PBPK modeling, 3) NCA of patient PK data, and 4)
PopPK analyses. A schematic representation of the analyses is shown in
Figure 1a.

In vitro solubility
Ribociclib succinate salt (�763 mg) in crystalline form (corresponding
to �600 mg equivalent free form and equal to the 600-mg clinical dose)
was added to 250 mL of aqueous buffered solution (50 mM; pH range,
2.0–7.5) at 37 6 18C. Biorelevant media (FaSSIF v1 and FeSSIF v1)
were prepared by diluting ready-to-use powder sourced out from
Biorelevant.com. The estimated volume (250 mL) was derived from
bioequivalent study protocols in which a drug product was adminis-
tered to a fasting volunteer with a glass of water. The suspensions were
stirred with a magnetic bar, liquid fractions were separated after 24 h,
and concentrations were determined by high-performance liquid chro-
matography. The pH and chemical purity of the solutions were veri-
fied, and no significant chemical degradation or significant pH shifts
were observed compared with the initial solution. Each experiment was
repeated in triplicate and mean concentration values were reported.

PBPK model development and simulation
PBPK modeling was used to evaluate the effect of changes in gastric pH
on ribociclib absorption. With physicochemical properties (e.g., reference
solubility, pKa, mean precipitation time) and dissolution data for riboci-
clib, a two-compartment model coupled to the ACAT model was built
using GastroPlus v. 9.0 with default fasted gut physiology. The ACAT
model (Supplemental Table S4) was fitted using PK data from healthy
volunteers in Study A2111 and was qualified using PK data from
patients in Study X2101 and from healthy volunteers in Study A2103
receiving a single oral dose (600 mg) of ribociclib. The initial ACAT
model included the Johnson dissolution model (the default in Gastro-
Plus),15 and predicted rapid dissolution of ribociclib with no precipita-
tion during transit through the gut. In addition, an alternate dissolution
model (Takano et al.16) in GastroPlus was used to simulate PK profiles
for ribociclib at various gastric pH levels (1.0, 2.0, 4.5, and 6.8) with a
default stomach transit time (0.1 h).
A previously established qualified model of ribociclib kinetics using

Simcyp was modified to a mechanistic ADAM model42,43 to include
ribociclib solubility data at varying pH. The model was validated using
PK data from patients receiving a single oral dose (600 mg) of ribociclib.
The gastric pH in the model was modified to allow evaluation of values
ranging from pH 1.5 to 8.0 during PK simulations. Sensitivity analyses
were conducted in both GastroPlus and Simcyp models to evaluate the
impact of changing pH from 1.5 to 8.0 on the absorption of ribociclib.
The impact of changes in gastric pH on the absorption of ribociclib

observed from the PBPK models was used to generate a hypothesis for
the food effect clinical study.

Food effect study
Two phase I studies, A2103 and A2111, evaluated the effect of food on
ribociclib PK using the film-coated tablet and drug-in-capsule formula-
tions, respectively. The design and results of A2103 are discussed in this
report because of its relevance to the marketed formulation (film-coated
tablets). Study A2103 was a phase I, open-label, randomized, 2-period, 2-
sequence crossover study that examined the impact of a high-fat, high-

calorie meal on ribociclib absorption in healthy volunteers. Men and
postmenopausal women between 18 and 55 years of age, with laboratory
values in the normal range and normal cardiac function, were eligible for
enrollment. Subjects taking any concomitant medication, using caffeine
or tobacco products, or those with abnormal electrocardiogram (ECG)
values were excluded from the study. Subjects were randomized 1:1 to
receive a single dose of ribociclib (600 mg) in fed or fasted conditions,
and then received a second dose of ribociclib under the alternate condi-
tion after a washout period of 12 days (Figure 1b). Blood samples were
collected for determination of plasma ribociclib concentration at predose
and at 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h postdose, and then daily
through the end of the treatment period. Subjects were followed for 30
days after the last dose. Safety was assessed by recording of adverse events.
This study was conducted according to the ethical principles of the Dec-
laration of Helsinki. All subjects provided written informed consent
before enrollment.

PopPK analysis
The effect of PPIs was evaluated with a PopPK model developed using
PK data pooled from patients with cancer from three clinical trials
(X1101, X2101, and X2107; N 5 208). Details of the PopPK analyses
are available elsewhere.44,45 Briefly, the model development followed the
typical stepwise procedure from base model to full covariate model and
to final model. The model was built in NONMEM v. 7.3 (ICON Devel-
opment Solutions, Ellicott City, MD) using the first-order conditional
estimation method. The base model featured a two-compartment model
structure with delayed zero-order oral absorption, linear intercompart-
mental distribution, and linear clearance from the central compartment
with dose as a structural covariate to account for nonlinearity of riboci-
clib PK. A list of covariates for evaluation was predefined based on
general physiologic and pharmacologic understanding. Simultaneous
incorporation of the covariates into the base model yielded a full covari-
ate model. Evaluation of the covariate effects was based on prespecified
criteria that took both statistical significance and clinical importance
into account. Covariates that were not statistically significant (i.e., 95%
CI of a parameter estimated to include the null value) and/or not clini-
cally important (i.e., 95% CI of a covariate effect being entirely within
620% from the reference value) were removed simultaneously to create
the final model. In the final model, dose and BW were retained. How-
ever, BW-based dose adjustment was not warranted because the variation
in steady-state exposure of ribociclib (600 mg q.d.) simulated using the
final model, which included BW, was judged to be not clinically relevant.
Model stability was assessed throughout the development process by test-
ing three separate sets of initial estimates for fixed-effect parameters.
Model performance was assessed according to the success of convergence,
plausibility of parameter estimates, and diagnostic plots. The final model
was further evaluated using VPC and validated externally against PK
data from study A2301 (MONALEESA-2).

The effect of PPIs on ribociclib PK was incorporated into the full
model as a covariate on the relative bioavailability, wherein PPI dose
intensity was calculated as the ratio of number of days the patient had
taken the medication in a time window over the total number of days in
that time window. Concomitant PPI use was categorized using two clas-
sification systems. A binary classification based on PPI dose intensity
(�0.8 5 yes; <0.8 5 no) during the treatment period (from treatment
initiation to either the last nonzero dosing date or the last PK assessment
date with concentration value above lower limit of quantification,
whichever came first) was included in the initial analysis. A tertiary clas-
sification was also used based on PPI dose intensity grouped into three
categories: no PPIs (dose intensity 5 0), with PPIs (dose intensity 5 1),
and in between (dose intensity greater than 0 and less than 1) over the
timeframe from the start of ribociclib treatment until the last nonzero
dosing day or the end of Cycle 2, whichever came first. The numbers of
patients in the no and yes categories were sufficient for evaluation of the
covariate effect of PPI.
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Noncompartmental analysis of PK data in patients
The effect of PPIs was evaluated using observed PK data from patients
with cancer (X2101, X2107, X1101, and A2301). Pharmacokinetic
parameters (Cmax, AUC0-24h, Ctrough) were derived from plasma
concentration–time profiles using NCA (Phoenix; Pharsight, Mountain
View, CA) and descriptively summarized. Concomitant PPI use was
defined as PPI use for at least 5 consecutive days prior to the PK assess-
ment, while no PPI use was defined as no PPI use for at least 13 consecu-
tive days prior to the PK assessment.

Additional Supporting Information may be found in the online version of
this article.
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