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Abstract

Physiologically based pharmacokinetic and absorption modeling has increasingly been implemented for biopharmaceutics
applications to define the safe space for drug product quality attributes such as dissolution. For fevipiprant/QAW039, simula-
tions were performed to assess the impact of in vitro dissolution on the in vivo performance of immediate-release film-coated
tablets during development and scaling up to commercial scale. A fevipiprant dissolution safe space was established using
observed clinical intravenous and oral PK data from bioequivalent and non-bioequivalent formulations. Quality control dis-
solution profiles with tablets were used as GastroPlus™ model inputs to estimate the in vivo dissolution in the gastrointestinal
tract and to simulate human exposure. The model was used to evaluate the intraluminal performance of the dosage forms and
to predict the absorption rate limits for the 450 mg dose. The predictive model performance was demonstrated for various
oral dosage forms (150—500 mg), including the non-bioequivalent batches in fasted healthy adults. To define the safe space
at 450 mg, simulations were performed using theoretical dissolution profiles. A specification of Q=80% dissolved in 60 min
or less for an immediate-release oral solid dosage form reflected the boundaries of the safe space. The dissolution profile of
the 450 mg commercial scale batch was within a dissolution region where bioequivalence is anticipated, not near an edge of
failure for dissolution, providing additional confidence to the proposed acceptance criteria. Thus, the safe space allowed for
a wider than 10% dissolution difference for bioequivalent batches, superseding f, similarity analyses.
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Introduction

The need to translate the knowledge gained from various in
vitro dissolution studies to the in vivo performance of a dos-
age form has increased the number of in silico models devel-
oped using various commercially available software (1-3).
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Their usefulness as a biopharmaceutics tool stems from their
ability to predict the impact of many formulation factors that
can influence oral drug absorption, including properties of
the active pharmaceutical ingredient (API) and dosage form
as well as the dynamic environment of the gastrointestinal
(GI) tract on the resulting plasma pharmacokinetic (PK)
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profile. In this way, the tools can integrate in vitro meas-
urements of properties such as solubility, permeability, and
dissolution performance to build an overall picture of the
biopharmaceutics risk.

The applications of physiologically based biopharmaceu-
tics modeling (PBBM) to support drug product quality have
been highlighted by regulators and the industry (4, 5). Such
applications include the safe space design, which has been
defined as the boundaries demarcated by in vitro specifica-
tions (i.e., dissolution or when applicable other relevant drug
product quality attributes), within which drug product vari-
ants are anticipated to be bioequivalent (BE) to one another
(6). The utilization of safe space leads to the justification of
clinically relevant dissolution specifications (CRDS). These
specifications may, in turn, reduce the number of clinical
studies needed to support manufacturing processes or site
changes and provide an opportunity for accelerating drug
product development.

While the safe space approach is well recognized by
Health Authorities (7), relatively few PBBM cases support-
ing drug product quality are reported in the literature. For
instance, Pepin er al. developed a virtual drug substance
batch for lesinurad with a particle size distribution at the
limit of the proposed specification for particle size. Based
on these simulations, such a batch was anticipated to be bio-
equivalent to a clinical reference (8). In addition, Loisios et
al. showed that based on a derived safe space for naproxen,
in vitro dissolution rate is not critical for the clinical per-
formance of naproxen products (9). As a result, naproxen
could be eligible for BCS-based biowaivers based on in vitro
dissolution measured under intestinal conditions. Further-
more, Heimbach et al. reported five cases using PBBM to
establish a safe space for BCS II and IV across different
companies. Following model development and verification,
the implementation of safe space was used for internal deci-
sion-making when considering regulatory requirements (10).
Finally, a more recent example of safe space was reported
by Laisney et al., where PBBM was used to support the
formulation development of ribociclib, an orally bioavail-
able selective CDK4/6 inhibitor. Ribociclib, a weak base
with moderate permeability, can be dissolved completely at
the normal acidic stomach pH in vitro. Virtual trial simula-
tions for virtual batches with slower dissolution were used
to define a safe space for tablets, where bioequivalence (BE)
is expected (11).

Fevipiprant/QAWO039 is a novel oral prostaglandin D2
receptor 2 (DP2; also known as CRTh2) antagonist that
was clinically advanced for the treatment of chronic asthma
(12). To explore the formulation design/knowledge space
and eventually to scale up the twin-screw melt granulation
(TSMG)-based process for commercial readiness, pilot-
scale prototype tablets were melt-granulated with different
extruder screw configurations designed to vary the extent
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of granulation, which in turn resulted in different dissolu-
tion profiles. A BE study, specifically at the highest dose
of 450 mg with the “fast” and “slow” dissolving prototype
tablets, was led to non-bioequivalence primarily due to the
lower geometric mean ratio of C, . Given the primary
objective was delineating the release profiles for the pro-
totype tablets, these sets of data provided an opportunity to
develop a safe space for fevipiprant using PBBM in Gastro-
Plus™. This article describes the work performed and the
modeling strategy applied, which was used for setting up
CRDS for the 450 mg dose, supporting drug product quality.

Materials and Methods

Film-coated Tablet Batches used in the PBBM
Application

Fevipiprant is a zwitterionic, low molecular weight, BCS
class IV drug substance. Two weight proportional immedi-
ate-release film-coated tablets of 150 mg and 450 mg were
formulated using a twin-screw melt granulation (TSMG) as
the primary unit operation. Formulation development at pilot
scale was performed using a 27 mm (ZSE-27) while scale up
to commercial scale was performed using a 50 mm (ZSE-
50) co-rotating, intermeshing, twin-screw extruders (Leis-
tritz Extrusiontechnik GmbH, Germany) (13). The formula-
tion design space to optimize the melt granulation process
parameters, and related tablet dissolution performance, was
explored using pilot scale “fast” and prototype commercial
scale “slow” dissolving batches. The release performance
was dependent upon the extruder screw design, a key process
parameter in scaling up the process from pilot to commercial
scale. Four different lots of film-coated tablets (FCTs) were
used in the modeling exercise: 150 mg (clinical batch_150
mg) and 450 mg (clinical batch_450 mg_fast) were manu-
factured at pilot scale, while a prototype final market image
(FMI) 450 mg drug strength (clinical batch_450 mg_slow)
was manufactured at commercial scale. The final drug prod-
uct (FDP_450 mg) at a 450 mg dose was also granulated on
a 50 mm extruder but with a different twin-screw design.
Optimization of the pharmaceutical processing within the
design space for the 450 mg final drug product (FDP) was
performed selectively at a commercial scale.

The pilot scale 450 mg (clinical batch_450 mg_fast) was
considered the reference batch as it was administered in
Phase III clinical studies. Consequently, this batch was also
used to build the biopharmaceutics model. Both the clinical
batch_450 mg_fast and clinical batch_450 mg_slow were
dosed in fasted healthy adults in a bioequivalence study;
however, the FDP_450 mg was not tested/administered to
patients.
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Table I summarizes the clinical studies with the respec-
tive formulations which were utilized to build the biophar-
maceutics model. The two formulations tested in the bio-
equivalence study (study B) were the 450 mg dose “fast”
pilot scale and “slow” commercial scale (described above)
immediate-release film-coated tablets.

Pharmacokinetic Data of Fevipiprant in Healthy
Subjects

Two key clinical studies performed in fasted healthy adults
were selected for biopharmaceutics modeling purposes
(Table I). In the first study (study A), the absolute bioavail-
ability was estimated to be approximately 40% based on a
comparison of exposure from an oral dose of 150 mg fevi-
piprant (clinical_batch_150 mg) and an i.v. dose of 100 pg
stable nonradioactive labeled fevipiprant (**C,'°N,) admin-
istered one hour after the oral dosing to the same subjects
(n=16) by Weiss et al. (14). The study reports the bioavail-
ability of QAWO039 to be between 30 and 43%, depending
on the calculation method. To further investigate this range,
an advanced analysis of individual concentration time pro-
files by means of pharmacokinetic modeling and the AUC
method was performed. Results of this analysis are provided
in the Supplementary information (Part A) with a summary
table (Supplementary Table S4) listing all modeling and
calculation results. This assessment confirms that oral bio-
availability of QAWO039 is around 40%.

Analysis of the clinical data showed that P-glycoprotein
did not have a relevant effect on oral absorption (14). The
second trial (study B) was a confirmatory, open-label,
randomized, two-sequence, two-period, crossover study
in healthy subjects (n =108, study on file) designed for
exploring the bioequivalence between fevipiprant FCT
batches at 450 mg produced at 2 different scales in healthy
subjects (n =108, study on file). While the geometric mean
ratio (GMR) and confidence interval (CI) of AUC,,, was
0.890 (0.860—0.920) for the two clinical batches (clinical
batch_450 mg_fast and clinical batch_450 mg_slow), C,,.
GMR was 0.766 (0.717-0.819) and the two products did

not meet the bioequivalence criteria, specifically for C
(CI within 0.80-1.25).

All clinical studies were performed in accordance with
the ethical principles that have their origin in the declara-
tion of Helsinki and were consistent with the International
Conference on Harmonization/Good Clinical Practice
(GCP) and applicable to regulatory requirements and the
Novartis policy on Bioethics. In addition, dose-propor-
tionality of fevipiprant was tested across various clinical
studies in Caucasian and Japanese fasted healthy adults.
All PK results (drug concentration in plasma vs. time)
utilized for PBBM were within the dose-proportionality
(data on file).

max

PBBM Approach

GastroPlus™ (version 9.8, Simulations Plus Inc., CA, USA)
software with Advanced Compartmental Absorption Tran-
sit (ACAT™) model was utilized for simulating absorption,
distribution, and elimination of the drug. Notably, the model
simulated human microdose intravenous and oral data (BE
and non-BE batches). The PBBM strategy is described in
Fig. 1.

Table II summarizes the main physicochemical and phar-
macokinetic parameters of fevipiprant focused on the model
development.

Model Setup and Qualification

In the GastroPlus™ ACAT model describing the human GI
tract, the default values for compartment volume percent
occupation by water in the small intestine and colon (40%
and 10%) were used for fasted state simulations. Human
pharmacokinetic (PK) parameters were determined via a
population pharmacokinetic (pop-PK) analysis of the pooled
individual (n=16) concentration time profiles from study A
(14), as described in the Supplementary information (Part
A). Input PK parameters to the biopharmaceutics model,
such as plasma clearance and volume of distribution of

Tablel Summary of Fevipiprant Clinical Study Arms Investigated in the Biopharmaceutics Model

Case study Clinical study Population Dose levels Formulation Unit dose
(number of subjects)
Study A Absolute bioavail-  Caucasian 100 pg! Liquid in vial 100 pg
ability study (14)  (n=16) 150 mg Film-coated tablet — clinical batch_150 mg 150 mg per tablet
Study B BE study Caucasian 450 mg Film-coated tablet (pilot scale batch) — clini- 450 mg per tablet
(n=108) cal batch_450 mg _fast

Film-coated tablet (commercial scale batch) —
clinical batch_450 mg _slow

"Formulation administered intravenously
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fevipiprant, were determined by fitting individual concen-
tration time profiles after a single intravenous dose of 0.1 mg
by a 2-compartment PK model with a linear clearance. Oral
data were excluded from this fitting due to the clear impact
of absorption parameters on distribution parameters (as
described with model 1 and model 2 in the Supplementary
information, Part A), therefore being less adequate as inputs
to the biopharmaceutics model compared to the PK param-
eters derived from fitting intravenous data only. Table II lists
PK and physicochemical input parameters to the Gastro-
Plus™ model.

Drug absorption was simulated after the calculation of
Peff and determination of physicochemical characteristics
including drug solubility in biorelevant media (Table II) and
aqueous buffers (Supplementary information, Part B). Inte-
grated Peff was calculated by an in-house formula, which
supported the use of CaCo-2 data.

Once disposition and physicochemical parameters
were determined from in vitro and in vivo assessments,
the model was utilized for simulating the observed data
obtained from studies A and B with the clinical_batch_150
mg, clinical_batch_450 mg_fast, and clinical_batch_450
mg_slow, respectively. For all batches, the in vivo dissolu-
tion was investigated by utilizing in vitro dissolution, which
was monitored using the quality control (QC) method. To
demonstrate adequate discrimination between the non-BE
batches investigated in study B, the sampling time point of
45 min was selected to describe the dissolution acceptance
criteria. The in vitro testing conditions were determined at
900 mL (USP) phosphate buffer pH 6.8 (37°C) in a USP II
apparatus with a rotation speed of 75 rpm. In all dissolution
tests, the percent coefficient of variation (%CV) calculated
at all-time points was not more than 5%. Therefore, the mean

Fig. 1 PBBM strategy to define
fevipiprant knowledge space
and safe space

Develop model to fit IV data

dissolution profiles (i.e., % mean dissolved amount vs. time)
with the three batches were initially fitted by following two
approaches:

a) Use of dissolution Takano model where dose, volume,
and equilibrium solubility were considered for the z-fac-
tor calculations.

b) Use of single Weibull function where the dosage form
switched to CR: gastric release and the Weibull param-
eters of %total released, time scale factor, and shape
were calculated. In this approach, there was no necessity
for an immediate-release product to investigate either
a gastric retention time in the ACAT physiology or a
lag time in the Weibull function in order to fit the PK
profiles. The formulations did not consist of excipients
with gastro-resistant characteristics, and they were not
incorporated into the biopharmaceutics model.

Adequacy of the fittings to the in vitro dissolution profiles
was explored with r squared (R?). Comparison of the two
approaches led to the selection of the most predictive dis-
solution model, which was then utilized for reproducing the
non-bioequivalence between the 450 mg clinical batches in
study B. PK metrics in terms of C,,,, and AUC_,, ,, calcu-
lations were provided by the GastroPlus™ software for all
simulations. Prediction errors (%PE) were manually calcu-
lated based on the metrics.

Simulations performed for testing the virtual bioequiv-
alence (VBE) of the slow vs. fast-dissolving batches at
450 mg incorporated a virtual population of 100 subjects
which enrolled in a single virtual trial. In this population, the
default coefficients of variation (%CV) were applied (i.e., the
interindividual variability of the physiological parameters as

& fevipiprant i.v. microdose following oral administration
at 150 mg to fasted healthy adults
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Table Il Fevipiprant Physicochemical and Pharmacokinetic Parameters

Parameter Value Source/comment

Compound Fevipiprant

Mol wt 426.4 g/mol Measured

Log P 2.36 Calculated with ADMET predictor

pKa pKa,: 2.9 (acidic), pKa,: 4.1 (basic) Determined after fitting pH-solubility profile. Estimated data were in

Sol_factors 193.2 for pKa, and 772.9 for pKa,

Biorelevant solubilities at  0.08 mg/ml in SGF (final pH 1.6")

37°C

Solubilization ratio 17,600

Nanoparticle effect Deactivated
Reference solubility 7.0E-3 mg/ml at pH 4
Precipitation time vs. pH =~ NA3

Diffusion coefficient 0.66x 1075 cm?/s
Drug particle density 1.2 g/ml

Chemical degradation Not taken into account

Human Peff 0.43x10™* cm/s
Blood/plasma conc. ratio  0.56

Adj plasma Fup [%] 11.8

CL [L/h] 18.7

Ve (L) 6.99

Vp (L) 102

Q [L/h] 8.37

T, [h] 12.31

FPE [%] 371

1.1155 mg/ml in FaSSIF-V22 (final pH 6.3Y

line with experimental values
Determined after fitting the pH-solubility profile
Determined when using the salt form

Calculated in GastroPlus™ based on solubility in biorelevant media
No nanosized formulation investigated

Determined when using the salt form

Use of fixed (constant) value

Calculated from the molecular weight in GastroPlus™
GastroPlus™ default value

Calculated by an in-house formula using Caco-2 data (internal data)

Internal data

Pop-PK analysis following an i.v. dose in combination with oral
administration (14) — see Supplementary information, part A

GastroPlus™ estimated value based on the derived CL value via
population PK analysis

'Reported pH indicates the values in the equilibrium
2The bile salts concentration was 3 mM for the FaSSIF-V2
3NA: not applicable

“Calculated using a body weight of 70 kg, CL of 33.4 L/h with blood to plasma ratio of 0.56, and the default GastroPlus™ liver blood flow rate

well as the PK parameters stored in the GastroPlus™ “popu-
lation simulator” database for the healthy adult volunteers’
population).

Model Application to Define the Safe Space

Following development and qualification, the model was
applied for the design of the safe space using the selected
dissolution model (Fig. 1). Based on the outcome with the
non-BE tablet batches, a batch with a slightly faster dis-
solution than the clinical batch_450 mg_slow (i.e., 73%
dissolved at 45 min) could be bioequivalent to the clinical
batch_450 mg_fast and reveal the lower boundary of the safe
space. Likewise, another batch with a faster release than the
clinical batch_450 mg_fast could reveal the upper boundary
of the safe space.

For the lower boundary, virtual batches were calcu-
lated with the aim of meeting two potential acceptance
criteria at 45 min sampling time point: (i) 80% dissolved

(virtual_batch_450_mg_80%) and (ii) 75% dissolved
(virtual_batch_450_mg_75%). The faster dissolving vir-
tual_batch_450_mg_80% needs a lower extent of dis-
solution to achieve marginal BE in C_,, to the reference
clinical batch_450 mg_fast, whereas the slower dissolving
virtual_batch_450_mg_75% needs a higher extent of dis-
solution to fulfill the C_,, BE criteria with the reference
clinical batch_450 mg_fast (Fig. 7, inset pink curve vs.
dashed red). Because the clinical batch_450 mg_slow met
the BE criteria for AUC, dissolution extent with virtual_
batch_450_mg_80% remained the same as with the slow dis-
solving clinical batch. For the virtual_batch_450_mg_75%,
it is anticipated that although slower, dissolution might end
with a higher %dissolved amount than that observed with
the clinical batch_450 mg_slow to meet the BE criteria for
C,.ax- For the upper boundary of the safe space, a virtual
batch with an immediate complete release, i.e., behaving
similarly to a solution form (Virtual batch_450 mg_100%),
was utilized.

@ Springer
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The design of the virtual batches was based on PSAs
performed with the dissolution-related parameters for the
clinical batch_450 mg_slow. The clinical relevance of
the proposed acceptance criteria was evaluated with VBE
crossover trials between the virtual_batch_450_mg_80%,
virtual_batch_450_mg_75%, and the clinical batch_450
mg_fast. Population results with those batches revealed
the lower boundary of the safe space. For the upper bound-
ary, the BE trial between the virtual_batch_100% and the
FDP_450_mg, which exhibited slower dissolution than the
clinical batch_450 mg_fast, was investigated. For all simula-
tions, a virtual population of 100 subjects was selected and
the default %CV was applied. The population simulations
were performed as single trials.

Results
GastroPlus™ Model Setup and Qualification

Dissolution data fitted with the z-factor or Weibull function
at 150 mg and 450 mg dose levels are shown in Fig. 2. Dis-
solution rate and extent with clinical batch_150 mg were
adequately captured using both dissolution models. Simi-
larly, at 450 mg dose level, fitting with both models was
adequate for the clinical batch_450 mg_fast. Conversely,
the dissolution extent for the clinical batch_450 mg_slow
was overestimated when utilizing the Takano model. Fur-
ther to the dissolution model suitability, although AUC
CI range in study B was within the BE criteria, the point
estimate was 0.89 and the estimated upper limit was 0.92.
Interestingly, those statistical analysis results were in line
with the estimated 88% and 100% drug amount dissolved
via Weibull simulations for the slow-dissolving batch and
the fast-dissolving batch (Fig. 2). Distinct from the Johnson
model, the Takano model would incorporate the solubilities
in aqueous media and z factors into the calculations for the
dissolution rate. Consequently, Takano model simulations

would result in complete in vivo dissolution for all batches,
including the slow-dissolving clinical batch. Therefore, the
Weibull function (CR release dosage form) was utilized for
further investigations, where fittings reflected all dissolution
curves as well as the anticipated in vivo dissolution profiles
described hereafter.

Upon selection of the dissolution model, 3D parameter
sensitivity analyses (PSAs) were performed with the clinical
batch_150 mg and clinical batch_450 mg_fast to investigate
the impact of the Weibull time scale factor and permeability
on C_.. (Fig. 3). For both dose levels, while C_, is highly
sensitive to drug permeability, a slight drop down is also
observed when dissolution with fevipiprant drug products
becomes slower. This finding that the slow-dissolving batch
also had a slower absorption rate could explain the outcome
of the unsuccessful bioequivalence between the clinical
batch_450 mg_fast and the clinical batch_450 mg_slow. In
such a case, formulation efforts were focused on the pro-
cess (i.e., twin-screw melt granulation) and scale-up param-
eters to ensure dissolution performance of the formulation
(including the FDP) is within the safe space coverage.

Further to model setup and qualification, based on the
solubility calculated in each physiological region, it can
be assumed that drug solubility is mainly driven by the pH
(Supplementary information, Part C). Consequently, drug
precipitation is likely to occur upon the drug transfer to the
caecum, particularly for the higher dose level of 450 mg. On
the other hand, clinical data previously collected for measur-
ing the caecal pH in fasted healthy adults following colonos-
copy showed that the median value is 7.4 (range: 6.2-8.5)
(15). Conversely, ACAT physiology considers a pH value
of 6.4 for the caecal compartment. According to the clini-
cal observation, fevipiprant solubility should be increasing
to 2.965 mg/ml instead of 0.7190 mg/ml as calculated for
the caecum by the ACAT model. In this case, no precipita-
tion with a fevipiprant is expected. Similarly, Litou et al.
showed that the median duodenal pH of samples aspirated
5 min, 15 min, 30 min, and 50 min post-water administration

120 120 120
- 100 - 100 o 100
2 g g
g 80 R2=0.999997 g 80 R2=0.999 g 8
k] - k) o k)
T T e T e R?= 0.99998
$ 40 Max= 100% g . Max= 100% g Max= 88%
= A (time scale)= 0.223 h”b = A (time scale)= 0.314 h"b = A (time scale)= 0.476 h"b
s 20 b (shape)= 0.665 e 20 b (shape)= 0.598 e 20 b (shape)= 0.545

a b c
0 0 0
0 10 20 30 40 50 60 70 0 10 20 40 50 60 70 0 10 20 30 40 50 60 70
Time (min) Time (min) Time (min)

Fig.2 z-factor (solid green lines) and Weibull fittings (solid blue con-
tinuous lines) of experimental %Mean (n=6) dissolved amount vs.
time (filled circles) for clinical batch_150 mg (a), clinical batch_450
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mg_fast (b), and clinical batch_450 mg_slow, non-BE (c¢). Insets: cal-
culated z-factor and Weibull parameters
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were 6.8, 6.2, 6.3, and 6.5, respectively (16). In this context,
duodenal drug solubility should be increased to 1.71 mg/
ml instead of 0.545 mg/ml if the pH in the duodenal com-
partment is 6.5. Therefore, for the model to constitute those
physiological parameter changes, the precipitation time was
optimized to 90,000 s in all simulations. Interestingly, simu-
lation results were similar to the outcome obtained when the
pH in the duodenum and jejunum was changed to 6.5 and in
the caecum to 7.4 for model training purposes (Supplemen-
tary information, Part D).

Single simulations with the clinical batches tested in stud-
ies A and B showed complete release and limited absorption
(Fig. 4). As a result, the absolute bioavailability (F) was
estimated at 45% approximately that is in line with other
investigated methods (Supplementary Table S4; Supple-
mentary information, Part A). In addition, exposure pro-
files were aligned with the clinical observations (Fig. 4). For
the clinical batch_150 mg, the prediction errors for C,,,
and AUC, were 6.6% (obs.: 724 ng/ml vs. pred.: 676 ng/
ml) and 1.23% (obs.: 3210 ng X h/ml vs. pred.: 3250 ng x h/
ml), respectively. For the clinical batch_450 mg_fast, the
prediction errors for C,, and AUC, were 1.41% (obs.:
1980 ng/ml vs. 1952 ng/ml) and 5.8% (obs.: 9200 ng x h/
ml vs. pred.: 9730 ng X h/ml), respectively. For the clinical
batch_450 mg_slow, the prediction errors for C,,, and AUC,
were 2.9% (obs.: 1550 ng/ml vs. pred.: 1595 ng/ml) and 4.4%
(obs.: 8216 ng xh/ml vs. 8568 ng X h/ml), respectively. In all

cases, simulated T, ,, was within the observed range of the

PSA Clinical batch_150 mg_Weibull

40E1  30E1  2.0E-1

Weibull time scale factor (h) a

median values (i.e., from 1.5 to 2 h). It must be noted that
despite the low drug solubility estimated in the acidic con-
ditions, the model detected higher dissolved drug amounts
in the stomach than solubility would allow. However, for
all three dosage forms, preliminary simulations indicated
a minimal impact of the gastric drug concentrations on the
drug absorption and exposure, respectively (Supplementary
information, Part E).

VBE results with the slow and fast-dissolving clinical
batches at 450 mg are shown in Fig. 5. To ensure limited
dissolution for the clinical batch_450 mg_slow, the %CV
for the Weibull “Max. (total released) (%)’ parameter was
nullified. Likewise, due to the low drug solubility in the
caecum, the precipitation time was not considered in the
simulations. Preliminary simulations confirmed that the
virtual population utilized for the VBE trial was equivalent
to the experimental PK data (Supplementary information,
Part F). Moreover, the analysis of in-transformed VBE data
showed that the two formulations are non-bioequivalent. As
observed in study B, the C,,, did not meet the BE criteria.
While GMR was close to the lower BE limit (0.814), 90%
CI was out of the range of acceptance criteria (0.756-0.876).
On the other hand, GMR AUC, was 0.879 and 90% CI was
0.838-0.922. In addition, virtual simulations matched the
observed CI; i.e., for both C_,, and AUC, the difference
calculated between the upper and lower limit was close to
the respective clinical difference. Further to qualification,
the model adequately reflected the plasma PK of fevipiprant

PSA Clinical batch_450 mg_Fast_Weibull

3.59

N
el

Cmax (ug/mL)

»

154 " e T peft cmis x 100)

2.0E-1

4.0E1
Weibull time scale factor (h) b

6.0E-1

U NOVARTIS | Reimagining Medicine

Fig.3 PSA surface plots of fevipiprant with clinical batch_150 mg_Weibull (a) and clinical_450 mg_fast_Weibull (b). The blue-filled square
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following single-dose administrations with capsules or FCTs
to fasted healthy adults in the dose range of 10—500 mg
(Supplementary information, Part G).

Model Application to Define the PBBM Safe Space

An indicative dissolution time scale factor (A; h”b) sensitiv-
ity analysis with the clinical batch_450 mg_slow is shown in
Fig. 6. According to this analysis, the Weibull time scale factor
was calculated at 0.35 (virtual_batch_450_mg_80%) for a vir-
tual batch that exhibited 80% amount dissolved at 45 min and
88% maximum amount dissolved across the gastrointestinal
tract (i.e., Weibull max amount dissolved; Fig. 6a). Interest-
ingly, the C,,, ratio between the virtual_batch_450_mg_80%
and clinical batch_450 mg_fast was calculated at 0.868 (i.e.,
equivalent to a 13% difference in the mean C_,,; Supplemen-
tary information, Part H). Therefore, considering the long-
est C,,.« ratio distance in the virtual population trial (Fig. 5),
where 7 points approx. were calculated from the point estimate
to the higher limit of the 90% CI, it is then anticipated that the

Clinical batch_150 mg_Weibull

-
=}
S

Clinical batch_450 mg_Fast_Weibull

batches will be bioequivalent when tested in a virtual crossover
single trial. In this case, the lower limit of the 90% CI for the
C,.x ratio should be close to 0.8. In addition to the BE calcu-
lations, it can also be implied that AUC ratios will be meet-
ing the acceptance criteria which were previously fulfilled for
the clinical batch_450 mg_slow, where the maximum amount
dissolved was the same as with that of the virtual_batch_450
mg_80% (i.e., 88% at 60 min; Fig. 2c).

Further to the results, an indicative PSA to C,,, per-
formed with the scale factor when the Weibull max ranged
from 85 to 100% revealed the virtual_batch_450 mg_75%
which exhibited 75% amount dissolved at 45 min. The maxi-
mum amount dissolved was calculated at 100% while the
time scale factor was 0.61 (Fig. 6b1). Dissolution parameters
with this batch matched the C_,, which was estimated for
the virtual_batch_450_mg_80%. Because the PSA indicated
complete dissolution, the sensitivity of the Weibull max and
the scale factor to AUC, was also investigated (Fig. 6b2). As
anticipated, exposure was higher when increasing the dis-
solution extent from 85 to 100% amount dissolved.
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(study A; a, d), clinical batch_450 mg_fast (study B; b, e), and clini-
cal batch_450 mg_slow, non-BE (study B; ¢, f). Open squares are the
observed individual Cp time profiles
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Fig.5 Virtual population simu-
lation plot (n= 100 subjects)
with plotted results of two

Population Simulation: Parent

population simulations and [ v Mean Cp-Parent v
the comparison of these two [V —— Mean Cp-Parent
trials (inset: In-transformed PK
parameters). Population simula- 24
tions indicated with green color Result Cmax AUC AUCt
were performed with the test MeanT 1.459 7.932 7.898
clinical batch_450 mg_slow. MeanR 1.894 9:309 9.270
. . . GeomMeanR 1.401 7.868 7.830
Population simulations GeomMeanR 1.722 8.954 8.912
indicated with red color were
performed with the reference 90% Cl (MeanT-MeanR)
clinical batch_450 mg_fast % 70.158 > 83.91 80.715 - 89.696 80.681 > 89.7
E (GeomMeanT/GeomMeanR)*100
o 1 81.39 87.87 87.86
Q.
O 90% Cl (GeomMeanT/GeomMeanR)
75.587 > 87.647 83.784 > 92.165 83.748 > 92.178

A third virtual batch with the fastest possible release (i.e.,
A=0.01 h"b) and 100% max amount dissolved was utilized
(virtual_batch_450_mg_100%) to explore the upper end of
the safe space. For all virtual batches, the Weibull shape
parameter remained the same as with that calculated for the
clinical_batch_450 mg_slow (i.e., 0.545). Further to the cal-
culated dissolution profiles, an adequate fitting of the QC
dissolution data with FDP_450 mg using the single Weibull
equation was obtained (diamonds in Fig. 7). The maximum
dissolved amount was estimated at 96%, while the time scale
factor and the shape were 0.333 h”b and 0.598, respectively.

The lower boundary of the safe space is defined by the
dissolution profiles of the virtual batch_450_mg_80% and
the virtual batch_450_mg_75%, whichever is lower, rep-
resented by the green area in Fig. 7. Hereby, the virtual _
batch_450_mg_80% represents a batch with an adequately
fast, but incomplete dissolution. virtual_batch_450_mg_75%
represents a batch with slow but complete dissolution.
Any dissolution profile which passes a white space below
this safe space, even if only for a fraction of time, is bio-
inequivalent. This is demonstrated by the clinical batch_450
mg_slow, which is covered by the safe space within the first
30 min but leaves it in the time period of 30 min to approxi-
mately 6 h and re-enters the safe space afterward. The virtual
bioequivalence trials between virtual_batch_450_mg_80%,
clinical batch_450 mg_fast and virtual_batch_450 mg_75%,
clinical batch_450 mg_fast confirmed the lower boundary
of the safe space (Fig. 7). As with previous VBE trials, to
reflect the dissolution extent calculated for all batches, the

c v LA AR LA AR AL AL AL L L e I I M I I M
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Time (h)

“Max. (total released) (%)” parameter was nullified. Like-
wise, the precipitation time was not taken into account in the
population simulations. For both geometrical mean C_,, and
AUC ratios, the lower limits in the 90% CI were equal to or
close to 0.8 (Table III).

In addition, the virtual bioequivalence trial between the
virtual_batch_450 mg_100% and the FDP_450 mg con-
firmed the upper end of the safe space (Fig. 7 and Table III).
Further to this simulation, clinical evidence showed that
absorption of 450 mg fevipiprant was not impacted by co-
administration of an acid-reducing agent in fasted healthy
adults. As a result, a slight increase in fevipiprant peak expo-
sures was observed in the presence of famotidine (12%),
although no concurrent change in total fevipiprant exposure
was observed (clinical data on file). Therefore, it can be
concluded that absorption is not impacted when gastric pH
increases and the dissolution rate for fevipiprant becomes
faster. Furthermore, it shall be noted that administration of
famotidine in the fasted state may result in a maximal effect
of increasing basal gastric pH. Litou e al. showed that dur-
ing 35 min post-water administration under achlorhydric
conditions, median (range) pH values are 7.1 (5.0-7.3) (16).
In the presence of an acid-reducing agent (ARA) such as
famotidine, fevipiprant solubility increases in this pH range
and the dissolution rate in the stomach is expected to be
similar to that in the small intestine. Because the FDP batch
at 450 mg exhibited faster dissolution than that calculated
with the slow-dissolving virtual batches, the dissolution
profile was within the safe space (Fig. 7). The ARA study
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Fig.7 Bioequivalence safe space plot including the clinically tested
dissolution knowledge space; calculated dissolution profiles for vir-
tual_batch_100% (continuous red line), virtual_batch_450_mg_80%
(dotted red line), virtual_batch_450_mg_75% (medium dashed red
line), and FDP_450 mg using the single Weibull equation (solid pink
line). For comparative purposes, % mean experimental (n=6; sym-
bols) and fitted dissolved amount (solid lines) vs. time with clini-

results provided circumstantial evidence that a faster dis-
solution can reside within the safe space. Furthermore, bio-
equivalence between FDP_450 mg and virtual_batch_450
mg_100% was also confirmed via a virtual population single
trial (Table III). Geometrical mean ratios for both C,, and
AUC were higher than the ratios calculated between the vir-
tual_batch_450 mg_80% and the clinical batch_450 mg_fast.

Discussion

The calculation of two lower boundary profiles led to the
establishment of two differing safe spaces possessing dif-
ferent lower boundaries. A combination of both analyses, as

cal batch_450 mg_fast (circles; solid blue line), clinical batch_450
mg_slow (squares; solid pink line), and FDP_450 mg (diamonds)
are also presented. The blue and pink solid lines define the IR knowl-
edge space. The green area represents the safe space for fevipiprant at
the dose level of 450 mg. Inset: fittings of experimental % dissolved
amounts calculated up to 1 h

demonstrated in Fig. 7, shows that the most representative
dissolution specification would be the intersection point at
the lower boundary profiles. This point is located at 1.3 h
and is considered not applicable for an immediate-release
formulation. In this case, the safe space analysis could reveal
an alternative specification located at 60 min time point and
calculate the lowest possible amount dissolved that is match-
ing the profile of the virtual_batch_75%. For this batch, 81%
amount dissolved was calculated. Therefore, a specification
of Q=80% amount dissolved in 60 min or less adequately
defines the boundary of the safe space for an IR oral solid
dosage form.

Although fevipiprant safe space showed that both pro-
posed dissolution acceptance criteria are clinically relevant,

Table lll Virtual BE Results (n=100 Subjects) Between Test Batches Virtual_Batch_450 mg_100%, Virtual_Batch_450 mg_80%, Virtual_
Batch_450 mg_75%, FDP_450 mg, and Reference Batch Clinical Batch_450 mg_Fast

Predicted Cmax Predicted AUC,,,
Reference batch Test batch Geomean ratio 90% CI Geomean ratio 90% CI
Clinical batch_450 mg_fast! Virtual_batch_450 mg_80% 0.865 0.806-0.929 0.883 0.846-0.921
Clinical batch_450 mg_fast! Virtual_batch_450 mg_75% 0.863 0.801-0.929 1.00 0.933-1.074
FDP_450 mg” Virtual_batch_450 mg_100% 1.065 0.984-1.152 0.996 0.933-1.062

IPilot scale batch
2Commercial batch
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the dissolution similarity (f,) factors calculated with the
commercial scale batch vs. the fastest or slowest dissolving
virtual batches did not meet the requirements (Supplemen-
tary information, Part I). Traditionally, the 10% range may
provide some guidance to formulators during the formula-
tion and/or process optimization. However, for fevipiprant,
the differences in the dissolved amounts between the ref-
erence and those test batches exceeded 10%. Furthermore,
the f, methodology was not applicable for evaluating the
very rapid dissolving virtual_batch_100% vs. the rapid dis-
solving commercial scale batch as there were less than two
data points equal to or below 85% of the drug dissolved
for the virtual_batch_100%. For fevipiprant, the safe space
indicated in vivo relevance for the dissolution differences
between those two batches. Especially for BCS Class IV
drug candidates, it can be concluded that absorption may be
driven mainly by the permeability or solubility rather than
the dissolution rate. In this case, PBBM may supersede f,
methodology, and the construction of a safe space may allow
a larger than 10% dissolution difference for bioequivalent
batches.

The existing business case for fevipiprant shows that drug
absorption for rapidly dissolving formulations at 450 mg is
controlled by permeation, while absorption for formulations
with slower dissolution is also impacted by the dissolution
rate. Interestingly, the current business case can be further
applied for other compounds with comparable physico-
chemical and biopharmaceutical characteristics, especially
for waiving a BE study based on simulation and modeling,
but at least for process and site changes, when the dissolu-
tion similarity approach failed. However, it is vital for appli-
cants and sponsors to design those experiments which would
allow them to develop a robust and reliable biopharmaceu-
tics model. For instance, PK analysis of i.v. data in combina-
tion with oral PK would allow accurate characterizing of the
clearance and the distribution parameters and, in parallel, to
verify the drug PK linearity. According to the draft guidance
issued for physiologically based pharmacokinetic analyses
by FDA (7), to increase the confidence of the biopharma-
ceutics model, it is strongly recommended to demonstrate
the model’s predictive performance based on PK data from
batches exhibiting an unacceptable bioavailability (BA), in
addition to those exhibiting acceptable BA (compared to a
target and/or reference product). In this context, BA would
be considered unacceptable when, based on BE criteria, the
90 percent confidence interval of the test-to-reference geo-
metric mean ratio of C_,. and AUC falls outside the range
of 80 to 125 percent.

In addition to the drug disposition parameters, spe-
cial attention shall be paid to the drug absorption phase.
Depending on the drug’s physicochemical properties as
well as the drug product characteristics, a biorelevant dis-
solution method should be identified and supported by the

max
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observed PK data. That method is a key modeling input
because it probes both the extent and rate of in vivo drug
product release. An extensive list of biorelevant media
and testing conditions have been previously described
in the literature (17). Nevertheless, the selection of the
biorelevant method as well as the development of the QC
method should be specifically linked to the quality of the
drug product characteristics. For fevipiprant, an in vitro
two-stage biorelevant dissolution protocol was utilized
for the clinical batch_450 mg_fast and clinical batch_450
mg_slow, respectively (Supplementary information, Part
J). In the second stage, dissolution differences were
in line with the QC data. This observation is the link
between a biorelevant dissolution method based on the
two-stage method and the QC method. Also, biorelevant
two-stage dissolution data matched the observed exposure
when the profiles were successfully fitted with the triple
Weibull equation.

After collecting the in vitro dissolution data, various
integration methods to the biopharmaceutics model can
be utilized. In silico platforms can apply the Johnson,
Takano, and Weibull functions (18-20). Although the key
input parameter is the particle size distribution (PSD)
for the Johnson dissolution model, Pepin et al. showed
an alternative approach to fit the dissolution profile by
reproducing a PSD dataset (8). This virtual dataset is then
integrated within the model for predicting the in vivo dis-
solution rate. However, for this exercise, additional infor-
mation such as the interfacial tension or the apparent drug
solubility with surfactant (in the case of solubilizers) is
often needed. The Takano dissolution model allows for
the direct integration of multiple or single dissolution
profiles when the dose, the volume, and the drug solubil-
ity in the investigated media are known. In this circum-
stance, it should be noted that fitting of the dissolution
profile can be inadequate if dissolution for a drug product
is incomplete, while the solubility input parameter allows
for achieving the sink conditions. Thus, the Takano disso-
lution model might result in an unacceptable dissolution
profile fitting that might be misleading. Finally, although
the Weibull function is extensively used for modified
release formulations, few cases have shown the usefulness
of the dissolution model for IR formulations allowing for
more flexibility in the case of incomplete dissolution
(10, 11, 21). In principle, the function offers the pos-
sibility to fit dissolution data exhibiting single or mul-
tiple phases and to directly link the in vivo performance
and safe space with the quality control method. A lag
time may be considered for the fitting when the Weibull
function is used. It is acknowledged that often an in vitro
dissolution profile in non-biorelevant media as used for
QC purposes does not correctly reflect the environmental
situation in the GI tract, but in certain cases, the release
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characteristics in such a dissolution medium adequately
reflect the in vivo dissolution behavior, especially when
supported by PBBM. This is mainly true for compounds
that exhibit a dissolution/solubility-controlled absorption
when dissolution conditions were selected with a compa-
rable release mechanism in vitro and in vivo, as it is the
prerequisite for IVIVC approaches.

Conclusions

A physiology-based biopharmaceutics model (PBBM) was
built for fevipiprant after the collection of plasma concen-
tration time data describing i.v. (100 mg) and oral (150 mg
and 450 mg) administrations in fasted healthy subjects.
The model was validated by using PK data obtained from
batches exhibiting an unacceptable BE. For this exercise,
the Takano and Weibull functions were applied for inte-
grating the QC dissolution data into the model. Model
fitting using the Takano function was not adequate for the
formulation at 450 mg, which exhibited a limited extent
of dissolution. Therefore, modeling was progressed using
the Weibull function, which successfully described the dis-
solution profiles observed with all formulations.

Following model qualification, a safe space was applied
by using time-scaled-down virtual batches, which exhib-
ited 80% or 75% dissolution at 45 min. Virtual population
simulations showed that both batches ensured bioequiva-
lence to the pivotal clinical batch (clinical batch_450
mg_fast) or the commercial scale batch (FDP_450 mg).
A combination of safe space analyses resulted in a speci-
fication of Q =80% amount dissolved in 60 min or less
for fevipiprant IR oral solid dosage form. Furthermore,
dissolution with the commercial batch at 450 mg was well
within the anticipated bioequivalence space, confirming
that the PK performance of the commercial scale batch is
similar to that investigated in clinics.

A 3D PSA showed that fevipiprant absorption is mainly
impacted by intestinal permeability at 150 mg. At 450 mg,
absorption is also impacted by the dissolution rate, which
could explain the outcome of the unacceptable BE. In fact,
the slow-dissolving clinical batch exhibited incomplete
dissolution when the formulation was tested with the QC
method. Overall, this case study illustrates that, especially
for BCS IV drugs, PBBM may offer new opportunities
to demonstrate similar in vivo performances arising from
process parameters, including scaling up, filling the gap
for drug products that are not covered by BCS-based or
IVIVC-based biowaivers, but are a subject of a dissolution
safe space approach.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1208/s12248-023-00787-5.
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