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Aims: RO5459072, a cathepsin-S inhibitor, Biopharmaceutics Classification System

class 2 and P-glycoprotein substrate, exhibited complex, nonlinear pharmacokinetics

(PK) while fasted that seemed to impact both the absorption and the disposition

phases. When given with food, all nonlinearities disappeared. Physiologically based

PK (PBPK) modelling attributed those nonlinearities to dose-dependent solubilisation

and colonic absorption. The objective of this population PK analysis was to comple-

ment the PBPK analysis.

Methods: PK profiles in 39 healthy volunteers after first oral dosing (1–600 mg) while

fasted or fed in single and multiple ascending dose studies were analysed using popu-

lation compartmental modelling.

Results: The PK of RO5459072 while fed was characterized by a 1-compartmental

PK model with linear absorption and elimination. The nonlinearities while fasted were

captured using dose dependent bioavailability and 2 sequential first-order absorption

phases: one following drug administration and one occurring 11 hours later and only

for doses >10 mg. The bioavailability in the first absorption phase increased between

1 and 10 mg and then decreased with dose, in agreement with in vitro dissolution

and solubility studies. The remaining fraction of doses to be absorbed by the second

absorption phase was found to have a bioavailability similar to that in the first

absorption phase.

Conclusion: The population PK model supported that dissolution- and solubility-

limited absorption from the proximal and distal intestine alone explains the nonlinear

PK of RO5459072 in fasted state and the linear PK in fed state. This work, together

with the PBPK analysis, raised our confidence in the understanding of this

complex PK.

Abbreviations: BCS, Biopharmaceutics Classification System; BDDCS, Biopharmaceutics Drug Disposition Classification System; BID, twice daily; CL/F, apparent total clearance; FFaDI, apparent

bioavailability of the distal intestine; FFaPI, apparent bioavailability of the proximal intestine; IIV, interindividual variability; LLOQ, lower limit of quantification; MAD, multiple ascending dose; OD,

once daily; P-gp, P-glycoprotein (MDR1, multidrug resistance protein 1); PK, pharmacokinetics; SAD, single ascending dose; VPC, visual predictive check.
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1 | INTRODUCTION

To understand oral absorption of poorly water-soluble drugs is very

challenging as it is a complex interplay between the gastrointestinal

tract, the dosage form and the active drug species. Significant

research efforts are directed towards the improved prediction of

absorption for this important drug class1,2 by developing advanced

in vitro and modelling tools. Sophisticated in vitro tools aim to pre-

dict the intraluminal dynamics of the different drug states such as

molecularly dissolved, permeable drug and particulate states,

e.g. crystalline and amorphous precipitate.1 New in vivo techniques

focus on the physiology of the different gastrointestinal regions and

their impact on drug absorption. Gastrointestinal drug disposition

studies have shown that the majority of drugs are absorbed in the

upper gastrointestinal tract (duodenum and proximal jejunum) mainly

due to the higher volume of fluids. Poorly water-soluble drugs have

usually prolonged absorption that could lead to absorption from the

lower small intestine (distal ileum) as well as from the colon.3–6

Furthermore, intake of food modulates the regiospecific gastrointes-

tinal physiology leading to potential changes in drug absorption

between fasted and fed states.7 Pharmacokinetic (PK) food–drug

interactions can be driven by 1 or multiple food-specific or

unspecific mechanisms, including changes in gastrointestinal lumen

conditions (e.g. bile salts concentration, pH, motility), permeation

properties (e.g. transporters and metabolizing enzymes), distribution

(e.g. lymphatic uptake), as well as metabolism and elimination.7 For

poorly water-soluble drugs, meal consumption generally facilitates

drug dissolution and absorption in the upper gastrointestinal tract

due to the increased concentration of lipophilic components, such

as food-derived lipids and endogenous bile salts.7 An increase in

exposure while fed may be beneficial for drug efficacy, but could

also represent a potential safety risk.8 To understand the absorption

mechanisms quantitatively, advanced modelling and simulation

techniques and especially physiologically based PK (PBPK)

approaches are employed to integrate the in vitro and in vivo data

with the aim to optimize clinical formulations in drug research and

development.9,10

More empirical compartmental PK models combined with popu-

lation approaches could also contribute to the understanding of

complexity in PK behaviours and provide opportunities to comple-

ment the PBPK approach. The work outlined in this paper, directly

illustrating this statement, attempts to quantify the nonlinear PK

of a cathepsin-S (Alexander et al. 2019) inhibitor (RO5459072)

evaluated for the treatment of immune-mediated diseases.

RO5459072 belongs to the Biopharmaceutics Classification System

(BCS)/Biopharmaceutics Drug Disposition Classification System

(BDDCS) class 2 (11,12 see Figure S1), being a poorly water-soluble

and highly permeable drug.13–18 It is a dual cytochrome P450-3A

and P-glycoprotein (P-gp) substrate (Alexander et al. 2019) and

showed complex nonlinear PK in phase I studies. In the first-

in-human single ascending-dose (SAD) study,18 nonlinearity were

What is already known about this subject

• Poorly water-soluble drugs can exhibit complex nonlinear

pharmacokinetics (PK) during clinical drug development

due to the complex interplay between the physiology of

the gastrointestinal tract and the physicochemical proper-

ties of the drug and the formulation.

• Specific mechanisms such as dissolution- or solubility-

limited absorption or the involvement of active drug

transport may be the causes of these nonlinear

behaviours.

• Mathematical modelling, such as physiologically based PK

and compartmental PK analyses, can be applied, even if

sometimes challenging, to investigate different hypothe-

ses regarding the underlying mechanism.

What this study adds

• RO5459072, a cathepsin-S inhibitor evaluated for the

treatment of immune-mediated diseases and classified as

Biopharmaceutics Classification System class 2 drug,

exhibited complex nonlinear PK in human under fasted

conditions. Mathematical modelling of the PK data was

applied to better understand the nonlinear mechanism.

• The presented compartmental PK analysis describes accu-

rately the nonlinearities by including a limited absorption

capacity from both the proximal and distal intestines in

the fasted state, and an absorption nonlimited and only

from the proximal intestine in the fed state.

• These findings confirmed the results of a physiologically

based PK analysis, which suggested that dissolution and

solubility-limited absorption of RO5459072 could explain

the nonlinearity.

• Thus, the compartmental PK modelling approach aligned

with the physicochemical characteristics of RO5459072

increased the confidence in the understanding of the

complex PK nonlinearity exhibited in fasted state.
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observed in the time concentration profiles of RO5459072 while

fasted that seems to impact both the absorption phase and the

apparent disposition phase. These nonlinearities disappeared while

fed. The presented modelling work shows that the food effect on

RO5459072 PK can be accurately described by a compartmental PK

model by including a complex absorption step with drug uptake from

the proximal and distal intestine in the fasted state, and absorption

from the proximal intestine only in the fed state. These findings are in

line with the mechanistic understanding of RO5459072 absorption.

Thus, the compartmental modelling approach increased our confi-

dence to understand this complex PK behaviour.

2 | METHODS

2.1 | Clinical study conduct

RO5459072, evaluated in clinical trials for the treatment of immune-

mediated diseases, was provided by Roche Holding AG, Basel,

Switzerland. It is a competitive inhibitor of the active site of

cathepsin-S and whose nitrile function allows covalent reversible inhi-

bition to cathepsin-S. For both the first entry into human SAD study

and the multiple ascending-dose (MAD) study, healthy volunteers

were recruited from PRA Health Sciences, University Medical Center

Groningen Groningen, Netherlands. These studies were conducted in

accordance with the Declaration of Helsinki, current International

Conference on Harmonisation of Technical Requirements for

Registration of Pharmaceuticals for Human Use (ICH) guidelines, and

all applicable regulatory and ethical requirements. Written informed

consent was obtained from all volunteers. The study protocols were

approved by Dutch ethics committee (Clinicaltrials.gov, identifiers

NCT02295332 [SAD], NCT02521610 [MAD]). The first-in-human

SAD study was a single centre, randomized, double-blind, placebo-

controlled study to evaluate the PK, pharmacodynamic effects, safety

and tolerability of single doses of RO5459072 in healthy male and

female volunteers after oral administration under fasted conditions

across the dose range of 1 to 600 mg (e.g. single doses of 1, 3,

30, 100, 300 or 600 mg in fasted condition or 100 mg in fed

condition—a high-level study design of the SAD study is given in

Table S1). A single 1 mg dose was anticipated to produce minimal

pharmacological effects, and was therefore consistent with a minimal

anticipated biological effect level approach to dose selection for entry

into human studies. The dose levels after a starting dose of 1 mg were

selected in an adaptive manner during study conduct. The study

employed an interleaved cohort (leapfrog) design. Subjects were rec-

ruited in 2 cohorts (cohorts A and B). Four treatment periods were

planned for each cohort and individual subjects were randomized to

receive a single oral dose of either RO5459072 or placebo in each of

the 4 treatment periods with a minimum of 14 days between each

study drug administration. Up to 17 subjects were sequentially

enrolled in 1 of the 2 cohorts, 15 received 3 doses of RO5459072

(single doses of 1, 3, 10, 30, 100, 300 or 600 mg) and 1 dose of pla-

cebo. One subject received 1 dose of 3 mg RO5459072 and 1 dose of

placebo before withdrawing from the study. One subject received

2 doses of RO5459072 (single doses of 100 and 300 mg). Blood

samples for PK analyses were taken at 0.5, 1, 2, 3, 4, 5, 6, 8, 10,

12, 24, 36 and 48 h after dosing. All 17 subjects were assessed for

safety and tolerability before and after study treatment administration

and at various time points during the study. Overall, RO5459072

was similarly tolerated to placebo when administered to healthy

volunteers in a single oral dose up to 600 mg.

The study drug was administered as drug in capsule formulation

under fasted conditions (overnight fast of at least 8 h). The formula-

tion was an immediate-release dosage consisting of the pure, micron-

ized drug substance filled into size 0 hard-gelatine capsules without

additional excipients (dose strengths: 1, 5 and 50 mg). The capsule

shell disintegrated rapidly (<10 min) and released the drug substance

which showed good wettability in simulated gastric fluids. To assess

the effect of food on the PK of RO5459072, a 100-mg dose level was

administered following the ingestion of a high-fat high-calorie break-

fast. The dose of 100 mg was selected as this dose was expected

to be the therapeutic dose producing 1/5 of the no-observed-

adverse-effect level exposure in the most sensitive toxicology species

and achieving about 97% inhibition of cathepsin-S enzyme activity in

average throughout the dosing interval.

The MAD study investigated the PK, the pharmacodynamic

effects, the safety and tolerability of RO5459072 after repeat-dose

administration to healthy male and female subjects. This multiple-dose

study for RO5459072 was a single-centre, randomized, double-blind,

placebo-controlled, ascending-dose design study with adaptive dose

selection based on safety information (a high-level study design of the

MAD study is given in Table S2). Treatment was given with food. The

oral dose levels were 50, 100 or 200 mg of RO5459072 or placebo.

The dose of 100 mg (97% inhibition of cathepsin-S enzyme activity)

had been very well tolerated in the SAD study and was selected for as

the starting dose as it was anticipated to be the therapeutic dose. A

lower dose of 50 mg was also explored achieving about 93% inhibi-

tion of cathepsin-S enzyme activity in average throughout the dosing

interval. On day 1, the subjects received 1 dose and on day 3 up to

day 9 they received either a twice daily (BID) or a once daily (OD; only

for 100 mg) dosing. Twenty-two subjects were sequentially enrolled

in 1 of 4 cohorts with the following dosing regimens 100 mg BID,

50 mg BID, 100 mg OD and 200 mg BID. In each cohort, subjects

received OD or BID oral doses of RO5459072 or placebo with treat-

ments assigned in a 6:3 ratio. In the 200-mg BID cohort (following

withdrawal of consent prior to Day 1 for 3 subjects) of 6 subjects,

4 subjects received active treatment and 2 subjects received placebo.

Intensive PK samples were collected up to 48 h after the first dose

and before the second dose (i.e.: 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 24,

36 and 48 h) and similarly after the last dose on day 9 but only up to

24 h postdose. Additional PK samples were collected every day from

day 4 to day 9 just before the morning dose. All 22 subjects were

assessed for safety and tolerability before and after study treatment

administration and at various time points during the study. Overall,

RO5459072 doses up to 200 mg BID for 7 days were tolerated

similarly to placebo by healthy volunteers.
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2.2 | Bioanalysis

The concentrations of RO5459072 in human plasma containing

tripotassium ethylenediaminetetraacetic acid as an anticoagulant

were determined using liquid–liquid extraction followed by liquid

chromatography with tandem mass spectrometric detection. The

analytical method was validated and found to be suitable for the

determination of RO5459072 in human plasma over the calibration

range of 1.00–1000 ng/mL. The precision (relative standard deviation

% relative standard deviation) values were ≤15.0% (≤20.0% at the

lower limit of quantification [LLOQ] of 1 ng/mL) and the accuracy

(mean %) values were within ± 15.0% (± 20.0% at the LLOQ) of the

nominal concentration for each quality control concentration within

each analytical run (intra-assay) and between runs (inter-assay).

2.3 | Dataset

To investigate the complex nonlinearities following single administra-

tion in fasted-state, a dataset was built with the PK plasma

concentrations collected after the first dose administration, either

fasted or fed, in the SAD and MAD studies. In total, the dataset was

composed of 816 RO5459072 plasma concentration from 39 healthy

male and female subjects (17 subjects from the SAD and 22 subjects

from the MAD study).

2.4 | PK model development

Population PK analyses of the drug concentration data were

performed using NONMEM 7.3 (ICON Development Solutions,

Hanover, MD). R (version 3.1.0, rproject.org) was employed for data

management, graphical analysis and standard statistical analysis. For

model management and NONMEM output visualization, Pirana

(version 2.9.2) was used. The model development was done with the

ADVAN9 subroutine and the first-order conditional estimation

method. For the final disposition model selection, 1- and

2-compartment models were tested. First-order input with or

without a lag time, different transit compartments were tested for

the absorption. In addition, individual bioavailability parameters for

each dose were estimated at the beginning of the absorption

modelling in order to derive the mathematical equations for the

proximal and distal absorption and their relationship. Interindividual

variability (IIV) was evaluated for each model parameter and was

modelled using a log-normal distribution. No interoccasion variability

(IOV) was estimated and each period in the cross-over design of the

SAD study was considered as a different subject. This was done to

limit the complexity of the analysis by avoiding a potential increase

in the residual variability and by limiting the number of parameters to

be estimated. However, to confirm that they were no occasion

effect, ETAs IOV were derived by computing the delta between the

average ETAs across occasions and the ETA at a given occasion for

each individual. The ETAs IOV were graphically compared between

periods and the coefficient of variation of the delta per parameter

represent the IOV of the parameter.

Different error models (proportional, additive, combined

proportional–additive and time dependent) were evaluated for the

residual variability. Change in objective function value (i.e. drop of

3.84 for 1 parameter; P = .05), diagnostic plots and parameter

estimate precisions were used to discriminate between the models.

Beside the food effect, the potential effects of demographic

covariates on the PK of RO5459072 were only investigated graphi-

cally and not in this population PK analysis as the subjects were all

healthy volunteers with a rather narrow range of covariates.

2.5 | Model qualification

The goodness of fit of all models was determined by observation

vs. population and individual prediction plots. For examination of the

prediction performance of the models, visual predictive checks (VPCs)

were run by means of Perl-Speaks-NONMEM (PsN) with 500

simulations using the final parameter estimates.

2.6 | Nomenclature of targets and ligands

Nomenclature of Targets and Ligands Key protein targets and ligands

in this article are hyperlinked to corresponding entries in http://www.

guidetopharmacology.org, and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20.30,31

3 | RESULTS

3.1 | PK observations

For the PK assessment of the BCS 2 class RO5459072, a small mole-

cule inhibitor of cathepsin-S, 39 healthy male and female subjects

(17 subjects from the SAD and 22 subjects from the MAD study) pro-

vided 816 plasma concentration values from intensive sampling after

a first, oral administration in fasted and fed conditions (10% of these

data were below the LLOQ of 1 ng/mL and they were not retained in

this analysis). The time–concentration profiles of RO5459072 are

shown in Figure 1A and B for oral doses of 1–600 mg while fasted.

The increase in systemic exposure of RO5459072 is more than dose

proportional for doses <10 mg and less than dose proportional for

doses >30 mg as shown in the dose normalized concentration–time

profiles of RO5459072 in Figure 1A and in the noncompartmental

analysis parameters provided in Table S3. The noncompartmental

analysis apparent terminal half-life increased from approximately

8 hours at the 10 mg dose to approximately 13–16 hours at the

highest doses between 100 and 600 mg (Figure 1B, Table S3).

Contrary to the fasted state, the PK of RO5459072 was linear

under fed condition from 50 to 100 mg as shown by the dose normal-

ized plasma concentration time profiles in Figure S2. Comparing
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fasted (30 mg, 100 mg and 300 mg doses) and fed conditions (50 mg,

100 mg and 200 mg doses) in the semilogarithmic graph, showed the

strong influence of food intake on the time concentration profiles of

RO5459072 (Figure 1C, Tables S4 and S5). The absorption phase

while fed was slightly longer giving rise to a Tmax-value of 5 hours,

which was approximately 1 hour later as at fasted condition and at

100 mg, an increase in the RO5459072 exposure was observed as

compared to the fasted state. Furthermore, unexpectedly, the average

estimated terminal half-lives in fed states were faster as compared to

fasted states and similar across all studied doses (50 mg, 100 mg, 200

mg dose) ranging between 8–10 hours (Figure 1C, Tables S4 and S5).

Thus, food intake changed the PK of RO5459072.

3.2 | Population PK model

The objective of the presented compartmental PK modelling approach

was to quantify the nonlinear PK of RO5459072, observed under

fasted condition, in alignment with the mechanistic understanding of

RO5459072 absorption.

The final compartmental PK model describes the PK data of

RO5459072 in fasted (doses from 1 to 600 mg) and fed conditions

(doses from 50 to 200 mg) after the first oral administration. The

model scheme is presented in Figure 2A.

In the fasted state, the absorption phase was modelled by

2 sequential first-order absorption processes. The first had 3 transit

compartments representing the absorption from the proximal

segments of the intestine (i.e. duodenum and proximal jejunum) and

the second 1 had a lag time of 11.2 h representing the absorption

from the distal segments of the intestine (i.e. distal ileum and colon).

For the 2 lowest doses of 1 and 3 mg, no distal absorption was

needed and the apparent bioavailabilities of the proximal intestine

(FFaPI) were estimated to be 0.49 and 0.74, respectively. For doses

>10 mg, the FFaPI values were found to decrease with dose following

a maximum effect (Emax) function and the apparent bioavailability of

the distal intestine (FFaDI) was found to be equal to the product of

FFaPI with the fraction of dose that was not absorbed in the proximal

intestine, as described by the following equations:

FFaPI =1−
D−D10mg
� �

D−D10mg

� �
+ D50−D10mg

� � ð1Þ

FFaDI = FFaPI � 1−FFaPIð Þ ð2Þ

The dose of 10 mg was used as a reference for FFaPI as this dose had

the maximal dose-normalized exposure. For doses between 10 and

600 mg, FFaPI (Equation 1) was found to decrease with dose from 1 to

0.26 with an Emax of 1 and a D50-value of 216 mg. As a result, FFaDI

(Equation 2) increased initially with dose up to 0.25 at around 100 mg

and then declined slowly with increasing doses. Figure 2B shows the

estimated FFaPI and FFaDI values in fasted state vs. dose. In addition,

the total apparent bioavailability (FFa) in fasted state is displayed in

Figure 2B, which is the sum of FFaPI and FFaDI, and is decreasing from

1 to 0.5 when the dose increases from 10 to 600 mg.

F IGURE 1 Observed time–concentration profiles of RO5459072 in healthy volunteers while fasted or fed across the dose range of 1 to
600 mg. (A, B) After a single oral dose between 1 and 600 mg while fasted. (A) Dose normalized time–concentration profiles show nonlinearity in
the absorption phase (symbols show the individual data, lines present observed average). (B) Nonlinearity in the apparent disposition phase of
RO5459072 can be observed. Symbols present doses of 1 mg (light green diamonds, very long-dashed line), 3 mg (grey square, long-dashed
dotted line), 10 mg (ochre circle, short-dashed line), 30 mg (light blue upper triangle, dotted line), 100 mg (green cross, short-dashed dotted line),
300 mg (dark blue lower triangle, long-dashed line), 600 mg (yellow ×, solid line). (C) Comparison of 30 mg, 100 mg and 300 mg doses under
fasted conditions and 50 mg (brown upper triangle, solid line), 100 mg (rose cross, solid line) and 200 mg (black lower triangle, solid line) doses
under fed conditions. Food increased the extent of absorption and the Tmax value, but decreased the estimated average half-life using
noncompartmental analysis by approximately 4 hours
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The absorption rate was estimated to be 2.95 h−1 for both doses

of 1 and 3 mg. For doses between 10 and 600 mg, the first-order

absorption rates from the proximal and distal intestine were estimated

to be 2.05 h−1 and 0.065 h−1, respectively. The value of 0.065 h−1

translates into t1/2 of 10.6 h for the absorption from the distal

intestine.

For the fed condition (50 mg, 100 mg and 200 mg doses), the

absorption phase was modelled by a first-order absorption rate with

9 transit compartments. The transit compartments were included

sequentially until no significant model improvement was observed. No

absorption from the distal intestine could be estimated indicating

complete absorption from the proximal intestine. The apparent

bioavailability was dose independent and was estimated to be 18%

higher than the apparent bioavailability fixed to 1 for the reference

dose of 10 mg in the fasted state (see Figure 2B). The absorption rate

in fed state was 2.95 h−1 (same as for doses of 1 and 3 mg in

fasted state).

Disposition was described for fasted (1–600 mg dose) and fed

conditions (50 mg, 100 mg, 200 mg dose) by a 1-compartment model

with linear clearance from the central compartment. The apparent

volume (Vc/F) and clearance (CL/F) were estimated to be 109 L and

9.38 L h−1, respectively.

IIVs were implemented using exponential error models on the

absorption rates in fasted (for doses between 10 and 600 mg) and

fed states, the apparent volume, the apparent clearance, the

D50-value and the apparent bioavailability of the distal intestine

(FFaDI). IIVs on additional parameters, such as on FFaPI and total FFa

(sum of FFaPI and FFaDI), were evaluated during the model develop-

ment, but they did not improve the model further and therefore

only the most influential parameters were kept in the final model.

Shrinkage for D50 and FFaDI was found to be high and around 40%

due to limited data.

The graphical explorations of the ETAs IOV and their values are

given in Figure S3. The IOVs were found to be small and therefore

only slightly inflating the estimated interindividual variability of the

parameters.

Residual variability was modelled using 2 proportional error

models: one used uniquely for the first 2 hours following oral drug

intake in fed conditions; and one used for the rest of the data.

The diagnostic plots of the final model for all doses in fasted and

fed state showed no apparent bias. In Table 1, the population PK

estimates are given.

The VPCs (Figure 3A,B) and the prediction corrected (pc)VPCs

(Figure 3C,D) for fasted (Figure 3A,C) and fed states (Figure 3B,D,

additional VPCs for each dose can be found in Figure S4) demonstrate

good overall performance of the model. The model described well the

single-dose PK data in fasted (Figure 3A,C) and fed conditions

(Figure 3B,D). The lower panels of the pcVPC in Figure 3C and D show

the simulation based 95% confidence intervals around the median for

the fraction of LLOQ values and its agreement with the fraction LLOQ

F IGURE 2 Population pharmacokinetic model for RO5459072. (A) Model scheme (B) Model-derived relative values of apparent
bioavailability vs. dose in fasted and fed states. Lines present the median of the bioavailability with 95% confidence intervals (shadowed areas).
Solubility-limited absorption from the proximal and distal intestine explains the nonlinear pharmacokinetics of RO5459072 while fasted, which
disappeared while fed. CL/F, apparent total clearance; FFaPI (Equation 1), apparent bioavailability of the proximal intestine while fasted which is
modelled as Emax function of dose where D50 is defined as dose where 50% of the maximal bioavailability is reached, which was set arbitrarily to
1 for a dose of 10 mg; FFaDI (Equation 2), apparent bioavailability of the distal intestine while fasted, which is a function of FFaPI. FFa is the total
bioavailability in fasted state being the sum of the apparent bioavailability of the proximal and distal intestine, FFaPI and FFaDI, respectively; FFe,
apparent bioavailability in fed condition, which is independent of dose; kaFaPI, first-order absorption rate constant of the proximal intestine in
fasted condition; LagFaDI, lag time for the distal intestine absorption; kaFaDI, first-order absorption rate constant of the distal intestine in fasted
condition, kaFe, first-order absorption rate constant in fed condition; Vc/F, apparent central volume of distribution
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samples. Thus, an implementation of the M3 method19 was not

further considered for the final model as the LLOQ observations

(LLOQ of 1 ng/mL, 10% of the data) were well predicted and no model

bias was detected. Furthermore, the VPC (given in Figure S5) for the

100 mg OD dosing demonstrated the ability of the model to predict

multiple-dose data in a prospective setting and showed PK linearity

while fed. Only the VPC for the 100 mg OD dose was provided to

illustrate the evaluation of the model adequacy in predicting

multiples doses because it was the only dosing regimen in the MAD

study where it was known that the food was given close to the

drug administration. All the other doses were given twice a day

(BID administration) and after day 1, the diners were served without

any restrictions on timing relative to study drug administration.

Assuming a systematic concomitant administration of the diners and

the drug, the VPCs for the BID doses were not as good as for the OD

dose indicating that the assumption was not fully correct.

4 | DISCUSSION

The BCS class 2 drug RO5459072, a cathepsin-S inhibitor currently

evaluated for the treatment of immune-mediated diseases, exhibited

complex nonlinear PK behaviour following oral administration in

fasted state in healthy volunteers that seemed to impact both

the absorption and the disposition phases. Those nonlinearities

disappeared when the drug was given with food. As RO5459072 is

poorly water-soluble and a P-gp substrate, there was an initial

uncertainty about the underlying mechanisms of the nonlinear

PK. Preliminary PBPK absorption modelling combined with in vitro

studies suggested that dissolution- and solubility-limited absorption

and colonic absorption could explain the observed nonlinearities for

RO5459072. The objective of this work was to apply compartmen-

tal PK methods using nonlinear mixed effect models to test further

the PBPK suggestions.

RO5459072 is a neutral and highly permeable compound. As

expected for a BCS/BDDCS 2 class drug, the low solubility

(<0.02 mg/mL) translated under fasted conditions into a dose-

dependent nonlinearity in the absorption phase in the SAD study

(Figure 1A) characterized by a decrease in the apparent bioavailability

at doses >10 mg. For the lower doses (1 and 3 mg) while fasted, a

decrease in apparent bioavailability was also observed when com-

pared to the 10 mg dose. These nonlinearities can be explained by the

dissolution- and solubility-limited absorption of the compound.

RO5459072 was administered as a micronized powder in capsule

formulation in Phase 1 studies. In vitro dissolution studies in bio-

relevant media showed a lower extent of solubilisation than expected

based on solubility data at concentrations that are representative for

the lowest dose levels, which can explain the lower fraction absorbed.

For higher doses, the fraction dissolved in the in vitro experiment

exceeded the equilibrium solubility of the crystalline drug resulting in

a supersaturated solution. The extent of supersaturation increased

slightly with increasing doses and was induced by the partially

amorphous (�35% w/w) material generated during the micronization

process of the drug substance (jet milling; see Figure S6). Therefore, at

higher doses, the solubility-limited absorption of RO5459072 led to a

decrease in bioavailability in the dose range from 10 to 600 mg.

Nonlinearity was not only seen in the absorption phase in the SAD

study subjects while fasted, but also in the apparent disposition phase

(Figure 1B) which was unexpected. The increase in apparent terminal

half-life with dose and the shape of the concentration–time curve in the

disposition phase suggested first a concentration-dependent elimination

process for RO5459072, which appeared to be saturated for

TABLE 1 Final population pharmacokinetic estimates

Parameters (units) Estimates (% RSE)

Fasted condition

kaFaPI (h
−1) for doses > 3 mg 2.05 (6.29)

D50 (mg) 216 (13.4)

kaFaDI (h
−1) for doses > 3 mg 0.065 (9.31)

LagFaDI (h) for doses > 3 mg 11.2 (6.92)

FFaPI for a dose of 1 mg 0.486 (8.77)

FFaPI for a dose of 3 mg 0.735 (7.85)

Fed condition

FFe 1.18 (4.70)

Fasted and fed conditions

CL/F (L h−1) 9.38 (3.65)

Vc/F (L) 109 (4.76)

kaFa (h
−1) for doses of 1 and 3 mg while

fasted and kaFe (h
−1) while fed

2.95 (3.12)

IIV CV% (% RSE) [* ]

CL/F 13.1% (12.0) [21.7%]

Vc/F 24.0% (15.0) [14.6%]

kaFaPI for doses > 3 mg 33.8% (13.8) [2.44%]

kaFe 39.2% (14.8) [4.21%]

FFaDI 32.1% (38.9) [41.0%]

D50 38.5% (27.3) [40.9%]

Residual errors

Proportional (fasted and time after first

dose > 2 hr in fed condition)

24.4% (2.97%)

Proportional (time after first dose ≤ 2 hr in

fed condition)

199% (1.19%)

*η- shrinkages are indicated in brackets. Data are population means and

relative standard errors (RSE); interindividual (IIV) and residual variability

are presented as coefficient of variation (CV%). CL/F, apparent total

clearance; FFaPI (Equation 1), apparent bioavailability of the proximal

intestine while fasted which is modelled as Emax function of dose where

D50 is defined as dose where 50% of the maximal bioavailability is

reached, which was set arbitrarily to 1 for a dose of 10 mg; FFaDI

(Equation 2), apparent bioavailability of the distal intestine while fasted,

which is a function of FFaPI; FFe, apparent bioavailability in fed condition,

which is independent of dose; kaFaPI, first-order absorption rate constant

of the proximal intestine in fasted condition; LagFaDI, lag time for the distal

intestine absorption; kaFaDI, first-order absorption rate constant of the

distal intestine in fasted condition; kaFe, first-order absorption rate

constant in fed condition; Vc/F, apparent central volume of distribution
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concentrations above 100 ng/mL. As RO5459072 is a strong P-gp sub-

strate, the initial assumption was that the nonlinearity in the disposition

of RO5459072 was due to the involvement of P-gp transporters. Fur-

thermore, in rats, 50% of an intravenous dose was found unchanged in

the faeces suggesting direct intestinal secretion by P-gp (data held on

files at Roche Holding AG, Basel, Switzerland). Detailed in vitro studies,

however, demonstrated that human P-gp was not saturable up to

RO5459072 concentrations of 100 μM (data held on files at Roche

Holding AG, Basel, Switzerland). Thus, saturation of P-gp transporters

could be ruled out. In addition, follow-up in vitro enzymology studies

demonstrated the absence of time-dependent metabolic enzyme inhibi-

tion by RO5459072 and its metabolites (data held on files at Roche

Holding AG, Basel, Switzerland). These findings therefore excluded a

concentration- or time-dependent clearance for RO5459072 as potential

explanations and pointed towards a late absorption phenomenon.

Under fed condition, the dose dependent nonlinearity in the

absorption phase disappeared. As predicted for this class, food intake

increased significantly the fraction absorbed of RO5459072 by

increasing its solubility (Figure 1C). Surprisingly, in the first instance,

the apparent disposition phase was linear and faster in fed subjects

(Figure 1C). Thus, food changed the PK of RO5459072 when given

shortly before drug administration, but not in over-night fasted healthy

volunteers, who received food 4 hours after dosing and then regularly

thereafter. Only a late absorption phenomenon from the distal

F IGURE 3 Visual predictive checks (VPCs) of the observed medians of the time–concentration profiles of RO5459072 per dose and
prediction-corrected VPCs. Time on the x-axis is given since the first dose in hours, with concentrations on the y-axis. Concentrations (A, B) and
prediction corrected (C, D) concentrations of RO5459072 after first oral dosing in healthy volunteers (A, C) in fasted states (1 mg, 3 mg, 10 mg,
30 mg, 100 mg, 300 mg and 600 mg dose) or (B, D) in fed states (50 mg, 100 mg and 200 mg dose). For the simulation, the time-dependent
residual error before 2 hours in fed condition was not used. (A, B) The median (50th percentiles) of the observations are presented in solid lines.
The 95% confidence intervals of the 50th percentiles of the model predictions are presented in shaded areas. (C, D) Percentiles of observations
are presented in black, with solid lines for 50th percentiles and dashed lines for 2.5th and 97.5th percentiles. The 95% confidence intervals of the
50th, 2.5th and 97.5th percentiles of the simulated predictions are presented in dark grey and light blue shaded areas, respectively. The lower
panels show simulation based 95% confidence intervals (blue areas) around the median for the fraction of lower limit of quantification values. The
observed fraction of observed lower limit of quantification samples are represented with a solid line. The model described well the observed time
concentration profiles in healthy volunteers while fasted or fed after the first dose across the dose range of 1–600 mg
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intestine could explain why food influenced the PK of RO5459072

during drug dosing but not thereafter. After oral administration,

the drug passes through the stomach (1–2 hours) and small intestine

(3–4 hours) before reaching the colon.20 The colonic transit time is

8–35 hours on average before unabsorbed drug is excreted into the

faeces.20 This transit time is independent of the gastric emptying rate

and the small intestinal transit time and varies significantly between

subjects, sexes and studies.21–25 Thus, the reported colonic transit time

of up to 35 hours supports a late absorption of RO5459072 and could

explain the nonlinearity observed in the apparent disposition phase.

To raise our confidence in the understanding of the complex PK

and to support later clinical development for RO5459072, a popula-

tion PK model was built.

In the population PK model, the complex nonlinearities in the

fasted state could be well captured using dose-dependent apparent

bioavailability and 2 sequential first-order absorption phases com-

bined with a 1-compartment model with linear elimination. The first

absorption phase that follows the drug administration was assumed to

take place in the proximal intestine and was characterized by a series

of 3 transit compartments. The apparent bioavailabilities in this first

phase, compared to 10 mg fasted, were of 0.5 and 0.7 for doses of

1 and 3 mg, respectively, and are in line with the slow dissolution rate

observed in vitro at concentrations below saturation solubility of

RO5459072. For doses >10 mg, the proximal bioavailability decreased

with dose following an Emax to a value of 0.3 at a dose of 600 mg. The

second absorption phase was identified only for doses >10 mg and

was found to start a bit more than 11 hours after drug intake

following a first-order process and was assumed to take place in the

distal intestine.

This long estimated lag time for distal absorption is in line with

experimentally observed gastric and small intestinal mean transit

times of >6 hours in total before reaching the colon.20 The remaining

fraction of doses to be absorbed by the second absorption phase was

found to have an apparent bioavailability similar to that in the first

absorption phase.

The apparent fraction of the total dose absorbed from the distal

intestine was �16% on average for doses between 10 and 600 mg,

which is in agreement with the PBPK absorption modelling estimating

10% of the dose across this dose range. A detailed description of the

refined PBPK absorption model and its application for formulation

development of this compound will be published elsewhere as it

would go beyond the scope of this manuscript. Overall, the apparent

total bioavailability in the fasted state decreases from 1 to 0.5 when

doses increase from 10 to 600 mg.

In the fed state, only absorption in the proximal intestine was

found, and a series of 9 transit compartments was applied to model

the delay in absorption with food intake due to changes in gastroin-

testinal physiology, such as delayed gastric emptying.7 The apparent

bioavailability in the fed state was found to be dose independent and

was estimated to be 20% higher than the apparent bioavailability of

the reference dose of 10 mg in the fasted state. The VPCs for the 50

mg, 100 mg and 200 mg doses (Figure S4) showed good prediction

for the observed PK data supporting a linear absorption while fed,

even though the observed normalized peak plasma concentrations

from a total of 4 patients for a dose of 200 mg seemed to be slightly

lower than those achieved for doses of 50 and 100 mg (Figure S2).

For fasted and fed conditions, clearance was linear with an esti-

mated value of 9.38 L h−1 from a single compartment.

The derived population PK model showed good overall perfor-

mance under both fasted and fed conditions as showed by the VPC

and pcVPC. (Figure 3A and Figure S4). All fixed effects were estimated

with good precision and most of the random effects were estimated

with reasonable precision. The main residual error was moderate

(24%); however, the time dependent residual error used for the first

2 hours in the fed state was large (199%). The use of a time-

dependent error is suggested when the absorption phase is complex

and could potentially be less well characterized by the model than the

disposition phase.26 It avoids the magnitude of the error in

the absorption phase to be propagated to the disposition phase. The

impact of this large residual error in the early time under fed condi-

tions was however limited. Indeed, all the VPC and pcVPCs under fed

conditions were done without this time-dependent error and they

showed that the model is able to simulate properly the full PK profile

including the first 2 hours postdose. No multiple dose data were

included in the population PK model development as the main objec-

tive was to characterize the differences between food and fasted

state following the first oral administrations of RO5459072; however,

to show the ability of this model to predict the PK of RO5459072

following multiple doses, a VPC of the 100 mg OD dose in the MAD

study is provided in Figure S5.

Drug absorption from the lower small intestine (distal ileum) and

colon is reported in the literature,27 for example for lumiracoxib6 and

tacrolimus.5 Recently, Heimbach et al. reported the PK of the poorly

water-soluble, highly permeable BCS class 2 drug NVS406. NVS406

showed constant plasma concentrations between 12 and 48 hours

after administration declining rapidly thereafter.28 The authors specu-

lated that this concentration–time profile was due to a prolonged and

slow absorption from the colon. Based on oral absorption modelling,

they predicted that �45% of the total dose was absorbed from the

colon in the fasted state. In fed state, colonic absorption was

diminished to <13% of the total absorbed dose and themain absorption

occurred in the proximal intestine due to improved in vivo solubility.

The presented work, together with the drug examples in the litera-

ture, indicated that colonic absorption can be the reason for nonlinear

time–concentration profiles several hours after dosing. As the focus

was on immediate-release dosage forms, site of absorption studies

using controlled delivery devices have not been conducted with

RO5459072 to validate the hypothesis of the late absorption for the

nonlinear PK of RO5459072. The use of such strategies would have

been very insightful. From a technical perspective, however, the con-

ductance of regional release studies with RO5459072 would be very

challenging due to the poor solubility properties of the compound that

limits the control of its release profile in the gastrointestinal tract. Aspi-

ration studies would be a potential alternative method for assessing the

regional absorption profile. However, in contrast with the situation in

the upper gastrointestinal lumen, collection of aspirates from the distal

3558 KRATOCHWIL ET AL.



intestine is problematic, due to the limited and viscous volumes avail-

able in the region, as highlighted in a recent review.29 Therefore, the

use of indirect methods such asmechanistic absorptionmodelling is still

the most commonly applied method for verifying the regional absorp-

tion behaviour of drug candidates.

Finally, it is important to understand the mechanism beyond

nonlinear PK before studying relationships between drug exposure

and efficacy or safety during clinical development. Thus, the

compartmental PK modelling approach in alignment with the mecha-

nistic understanding of RO5459072 absorption increased our confi-

dence to understand this complex PK behaviour.
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