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Upadacitinib, classified as a highly soluble drug, is commercially marketed as RINVOQ®, a modified-release
formulation incorporating hydroxypropyl methylcellulose as a matrix system to target extended release
throughout the gastrointestinal (GI) tract. Our study aimed to explore how drug release will occur throughout the

E‘"‘;’q wtinib GI tract using a plethora of in vitro and in silico tools. We built a Physiologically-Based Pharmacokinetic (PBPK)
adacitini . . . . P . . .

Mideling model in GastroPlus™ to predict the systemic concentrations of the drug when administered using in vitro
Dissolution dissolution profiles as input to drive luminal dissolution. A series of in vitro dissolution experiments were

gathered using the USP Apparatus I, III and IV in presence of biorelevant media, simulating both fasted and fed
state conditions. A key outcome from the current study was to establish an in vitro-in vivo correlation (IVIVC)
between (i) the dissolution profiles obtained from the USP I, III and IV methods and (ii) the fraction absorbed of
drug as deconvoluted from the plasma concentration-time profile of the drug. When linking the fraction dissolved
as measured in the USP IV model, a Level A IVIVC was established. Moreover, when using the different disso-
lution profiles as input for PBPK modeling, it was also observed that predictions for plasma Cpax and AUC were
most accurate for USP IV compared to the other models (based on predicted versus observed ratios). Furthermore,
the PBPK model has the utility to extract the predicted concentrations at the level of the colon which can be of
utmost interest when working with specific in vitro assays.

1. Introduction

Upadacitinib is a selective JAK1 inhibitor, marketed as the modified-
release (MR) drug product RINVOQ® [1]. As well as being used in the
treatment of rheumatoid arthritis and dermatitis, upadacitinib is
approved for inflammatory bowel disease (IBD), specifically for the
treatment of patients with moderately to severely acute ulcerative colitis
(UC) or Crohn’s disease (CD) [1]. RINVOQ® is marketed in three dos-
ages 15, 30, and 45 mg, in an MR monolithic formulation made of
hydroxypropyl Imethylcellulose (HPMC). Upon administration, water in
the gastrointestinal (GI) fluids penetrates the system: swelling, diffusion,
and erosion fronts develop, allowing the gradual controlled release of
the drug from the polymer matrix [2].

MR formulations represent a commonly used technology for drugs to

reach different regions of the GI tract [3]. The European Medicines
Agency (EMA) guidelines for the approval of these specific formulations
require information on the therapeutic objective and rationale of the
product, pharmacokinetic characteristics of the active substance, infor-
mation on the formulation excipients, and release mechanism from the
product [4]. However, specifically for MR formulations, there are no
well-established and accepted in vitro or in vivo techniques to assess the
bioavailability of the drug in each specific part of the intestine. The
standard method for bioavailability assessment only relies on the sys-
temic plasma drug concentration instead of drug availability at the site
of action. This approximation, for those drugs with local therapeutic
action, is inappropriate since molecules reach the site of action before
entering the systemic circulation, and even more, for low permeable
drugs, plasma concentration is a suboptimal indicator of what happens
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at the site of action [5]. Documentation of bioavailability and bio-
equivalency, as indicated by the guideline for locally acting drugs, can
be achieved by using acceptable pharmacodynamic endpoints, and/or
suitable designed and validated in vitro studies [5,6]. Therefore, in vivo
plasma data should be supplemented with reliable in vitro predictive
tools that can take into consideration the colonic environment on the
one hand, and the physiochemical characteristics of the active substance
and formulation on the other.

The most frequently used in vitro models to simulate concentrations
of drugs are: (i) single-stage United States Pharmacopoeia (USP) I and II
(i.e., basket and paddle setup, respectively), the compendial recipro-
cating cylinder (USP apparatus III) and the flow-through cell apparatus
(USP apparatus IV). Specifically, the USP III and IV tools are useful to
simulate drug release for MR formulations along the GI tract under both
fasted and fed state conditions [7-9]. The advantage of both systems,
over conventional USP apparatus (I and II) is the possibility to work with
biorelevant media that can be continuously changed during a single
experiment, mimicking the transit of the form along the different
physiological conditions of the GI tract, for both prandial states.

AbbVie, during the development of RINVOQ®, evaluated the cor-
relation between the fraction dissolved (from a USP I apparatus) from
different HPMC formulations and its corresponding fraction absorbed
(obtained after deconvolution of the plasma profile). The result was the
establishment of a Level A in vitro-in vivo correlation (IVIVC) [10]. The
first objective of our work was to build upon this foundational Level A
IVIVC to incorporate the dissolution data from USP Apparatus III and IV
for the establishment of a new IVIVC. In the literature, USP III and IV,
through the use of biorelevant media, represent the ideal dissolution
apparatus for MR formulations [11,12]. Therefore, this innovative
approach allowed us to identify whether USP III and IV with biorelevant
media would be superior to the USP I apparatus and whether a new
Level A IVIVC could be obtained. This workflow is unique and could
provide a template for the pharmaceutical industry in devising new
approaches to developing IVIVCs.

As a second objective, we aimed to investigate a plethora of in vitro
and computational tools that reflect the colonic (patho)physiology to
predict the release and concentrations of drugs in the colon from this MR
drug product. Physiologically Based Pharmacokinetics (PBPK) analysis
is a useful biopharmaceutical modeling tool to predict the rate of ab-
sorption and plasma concentration of orally delivered drugs in different
GI tract regions, over time. GastroPlus™ is one of the many software
packages available today with the ability to combine (i) human or ani-
mal gastrointestinal GI physiology, (ii) physicochemical, bio-
pharmaceutics, and PK properties of the drug, and (iii) formulation
characteristics to finally predict the in vivo performance of the drug in
different population settings. Recently, specifically for immediate-
release (IR) formulations, increasing confidence in the use of PBPK
modeling to predict plasma concentration and luminal concentration of
oral drugs has shown good accuracy and predictive performance
[13-16]. However, in the case of MR formulations, the in silico model
requires additional data. While the absorption scale factor can be
adjusted to account for regional absorption differences in GastroPlus™,
incorporating details about the pharmaceutical dosage form’s specific
excipient composition or manufacturing process, which may impact the
controlled drug release profile in vivo, remains challenging. Therefore,
predicting the luminal colonic concentrations of such formulations ne-
cessitates biopredictive in vitro dissolution data. In this work, a PBPK
model of RINVOQ® was built and optimized to predict both the systemic
and local colonic concentration of upadacitinib. The in vitro dissolution
data from USP [, 111, and IV, were incorporated in the model as a 1% order
Weibull function, which takes into account the complexities of formu-
lation release pattern in response to changing media conditions, allow-
ing for a more comprehensive representation of the drug’s behavior
throughout the GI tract.

Overall, our study aims to demonstrate a streamlined workflow that
combines in vitro and in vivo biopharmaceutical data, highlighting their
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potential for industry use and regulatory interaction. The primary aim of
this study is to establish a workflow for the pharmaceutical industry,
demonstrating the efficacy of combining in vitro dissolution models and
in silico simulations to evaluate the bioperformance of an oral drug
product. As a complementary objective, the study also seeks to ascertain
upadacitinib concentrations in the colon.

1.1. Materials

Upadacitinib (98.56%) was received from MedChem Express (Cam-
bridge Bioscience, UK). RINVOQ® 30 mg extended-release tablet was
distributed by AbbVie Inc. (Chicago, Illinois, USA). All reagents were of
analytical grade. FaSSIF/FeSSIF/FaSSGF powder, FaSSIF-V2/FeSSIF-V2
powder, FaSSCoF/FeSSCoF powder were obtained from Biorelevant
(London, UK) and media were prepared following the shared protocols
by the distributer. Lipofundin® MCT 20, an o/w emulsion used for
parental nutrition, was purchased from Braun Melsungen A.G. (Mel-
sungen, Germany). The experiment was performed with a Level II bio-
relevant media that simulate the composition and pH of the different
gastrointestinal tract compartments. The media compositions are re-
ported in Tables 1 (fasted media) and 2 (fed media) below.

2. Methods
2.1. Dissolution data

To improve the in silico prediction of upadacitinib release from the
extended-release formulation, three dissolution profiles were imple-
mented into the PBPK model:

2.1.1. USP apparatus I

USP apparatus I experiments were conducted by AbbVie as reported
in literature [10,17]: apparatus USP I with basket, using dissolution
media of 0.05 M phosphate buffer at pH 6.8, rotational speed of 100
rotations per minute (rpm).

2.1.2. USP apparatus III

The USP apparatus III (reciprocating cylinder) experiments were
performed using the following protocol. RINVOQ® is a hypromellose
monolithic dosage form. Due to the high solubility in acidic conditions,

Table 1

Fasted Biorelevant media Level Il compositions. ! made with Phares SIF powder,
2 made with Phares FaSSIF-V2 powder, ° made with Phares FaSSIF-V2 powder, 4
made with Phares SIF powder.

Fasted media FaSSGF!  FaSSIF- FaSSIF SIFileum*  FaSSCoF
V22 midgut®

Sodium 0.08 3 1.5 0.8 -
taurocholate
(mM)

Lecithin (mM) 0.02 0.2 0.1 0.2 0.3

Sodium cholate - - - 0.153
(mM)

HCl gs pH - - - -

1.6

NaOH (mM) - 34.8 36.5 105 120

Sodium oleate - - - - 0.14
(mM)

Maleic acid (mM) - 19.1 19.3 52.8 75.8

Sodium chloride 34.2 68.6 76.1 30.1 -
(mM)

Tris (mM) - - - - 45.4

Osmolality 121 180 190 190 196
(mOsm/kg)

Buffer capacity n.a. 10 10 10 16
[(mmol/L)/
ApH]

pH 1.6 6.5 6.8 8 7.8
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Fed state biorelevant media composition. > made with Phares FaSSIF-V2 powder and SIF powder, ® made with Phares FaSSIF-V2 powder and SIF powder, 7 made with

Phares SIF powder.

Fed media FeSSGFearly FeSSGFpiddie FeSSGFjace FeSSIF-V2° FeSSIF ?nidgu( SIFﬂeum FeSSCoF
Maleic acid (mM) 47.0 - - - - - -
Acetic acid (mM) - 18.31 - — - - -
Sodium acetate (mM) - 32.98 - - - - -
Ortho-phosphoric acid (mM) - - 5.5 - - - -
Sodium dihydrogen phosphate (mM) - - 32 - - - -
Lipofundin/buffer 17.5: 82.5 8.75: 91.25 4.375: 95.625 - - - -
HCl/NaOH qs pH 6.4 gspH S gspH 3 - - - -
Sodium chloride (mM) 270.1 181.7 127.5 — - - -
Sodium taurocholate (mM) - - - 10 5 0.8 -
Sodium cholate (mM) - - - - - 0.6>
Lecithin (mM) - - - 1 0.2 0.5
Glyceryl monooleate (mM) — - — 5 2.5 - -
Sodium oleate (mM) - - - 0.8 0.4 - 0.2%
Glucose (mg/mL) - - - - - - 14
Tris (mM) — - — — — - 30.5
Maleic acid (mM) - - - 71.9 46.5 52.8 30.15
NaOH (mM) - - - 102.4 83 105 16.5
Sodium chloride (mM) - - - 125.5 102.6 30.1 34
Osmolality (mOsm/kg) 559 400 300 390 300 190 207
Buffer capacity (HCl) [(mmol/L)/ApH] 21.33 25 25 25 25 10 15
pH 6.4 5 3 6.5 6.8 8.0 6.0

and to the characteristics of the cellulose coating of the tablet, the
release of the API from the form is expected to occur already in the
stomach, and along the entire GI tract. For this reason, the dissolution
test was performed over a 9 h experiment in biorelevant media. Six
tablets were tested simultaneously (n = 6) at 37 £ 0.5 °C. Table 3 gives
the time points when a switch in media occurred to represent the GI
transit in a biorelevant manner. Samples were drawn manually from the
vessel and each vessel had a volume of 235 mL of media. PTFE 1 pm
(polytetrafluorethylene, Whatman Rezist, Whatman, USA) was used to
filter all samples prior to HPLC analysis. In our protocol, there were
specific exceptions for samples from early, middle, and late FeSSGF runs
and FaSSIF-V2 when conducted in fed state. These samples were mixed
with hydrochloric acid (HCI) in a ratio 1:2 to improve the separation of
lipids from the rest of the sample components. Samples were vortexed
and centrifuged at 1400 rpm for 10 min. The clear supernatant was then
transferred into an HPLC vial and injected into the HPLC system.

2.1.3. USP apparatus IV

RINVOQ® 30 mg dissolution experiments were conducted with the
open-loop USP apparatus IV (Flow-through cell). The setting of the
experiment is shown in Table 3.

Table 3
USP III and USP 1V protocol, in both fasted and fed state.

A 5 mm-sized glass bead was placed at the bottom of the cell (22.6
mm @) and 1.7 g of 1 mm glass beads were poured on top of the 5 mm
bead to homogenously distribute the flow of media reaching the tablet.
The tablet was placed on top of the beads, without a holder to avoid
constraints on the swelling of the tablet. On top of the cell, where the
fluid exiting the cell flows, two MNGF-5 filters (Macherey Nagel Glass
Fiber, 0.4 pm pore size, 0.4 mm pore thickness, 25 mm diameter,
Macherey-Nagel, Germany) with 0.1 g of glass wool in between, were
inserted. Six tablets were tested simultaneously (n = 6) at 37 &+ 0.5 °C.
Samples were collected manually and transferred into an HPLC vial for
HPLC analysis. As with the USP apparatus III experiments, samples from
FeSSGFearly/middle/late and FaSSIF-V2 in fed state run, were transferred in
a vial with HCl in the ratio 1:2. Samples were vortexed and centrifuged
at 1400 rpm for 10 min. Samples were then filtered with PTFE 1 ym
filters into an HPLC vial and injected into the HPLC system. The
analytical method for the detection of upadacitinib was the same as used
for the experiment with USP apparatus III. Finally, it is an unintended
consequence that monolithic dosage forms, due to their size and closure
of pylorus, may not promptly exit the stomach postprandially, as gastric
emptying can be delayed until the digestion of food is underway.
Therefore, it was presumed that the conditions in the small intestine

GI region Level 2 Biorelevant Period from beginning of Duration of Dip rate (dips/min) ~ Flow rate (mL/ Number of cells/  pH biorelevant
Media experiment (min) exposure in USP III min) in USP IV vessels media
Fasted state
Stomach FaSSGF 0-60 60 12 8 6 1.6
Duodenum FaSSIF-V2 60-100 40 10 4 6 6.5
Midgut FaSSIF midgut 100-180 80 10 4 6 6.8
Ileum SIF ileum 180-240 60 10 4 6 8.0
Ascending FaSSCoF 240-540 300 6 4 6 7.8
colon
Fed state
FeSSGF early 0-20 20 8 6 6 6.4
Stomach FeSSGF middle 20-180 160 8 6 6 5.0
FeSSGF late 180-240 60 8 6 6 3
Duodenum FaSSIF-V2 240-280 40 10 4 6 6.5
Midgut FaSSIF midgut 280-360 80 10 4 6 6.8
Tleum SIF ileum 360-420 60 10 4 6 8.0
Ascending FeSSCOF 420-540 120 6 4 6 6.0
colon
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more closely resembled those of the fasted state rather than the fed state
[18]. As a result, dissolution media mimicking the fasted state were
employed for both pre-and post-prandial administration experiments, a
practice previously established for monolithic drug products [18].

2.2. Quantitative analytical method

Upadacitinib was assayed with an HPLC-UV (1290 Infinity, Agilent
Technologies) system using a Poroshell 120 EC — C18 (50 x 3.0 mm, 2.7
mm) column set at the controlled temperature of 45 °C. The mobile
phase A consisted of water with 0.1% formic acid, and the mobile phase
B of acetonitrile with 0.1% formic acid. The HPLC run was a gradient
program, as reported in Supplementary data. The flow rate was 0.6 mL/
min, with an injection volume of 2 pl, and the wavelength of detection
was set at 352 nm. The concentration range linearity was 0.05 pg/mL to
80 pg/mL.

2.3. Similarity factor

After collecting dissolution data, the similarity between the disso-
lution profiles obtained from USP apparatus I, III, and IV, was assessed
using the f2 similarity factor, according to the following equation:

-0.5

1 n
fr=50log { |1+ > wm(R—T) x 100

Where:n = number of time points at which dissolution data were
collected.w; = optional weight factor.R; = percentage of drug dissolved
from the reference assay at time t.T; = percentage of drug dissolved from
the test assay at time point t.

The {2 factor is a widely accepted parameter used to quantitatively
compare dissolution profiles and evaluate the similarity between two
curves. It takes into account both the mean and the variance of the
percentage of drug dissolved at each time point and provides a numer-
ical value that indicates the degree of similarity between the two pro-
files. A high f2 value (typically >50) suggests a high degree of similarity
between the two dissolution profiles, indicating that the formulations
behave similarly under the different dissolution conditions tested
[6,19].

2.4. PBPK model

Simulations were performed by the commercially available PBPK
modeling software GastroPlus™ 9.8.3 (Simulations Plus, Inc., Lancaster,
CA, USA). All data from model development and verification were
sourced from publicly available resources [10,17], as reported in

Table 4
The PBPK simulations and respective study designs conducted for upadacitinib
model development and verification.

#  Study Subjects Upadacitinib PBPK model
formulation: Dosing objective
regimen

1 M13-548 n=4, 30 mg Oral solution Development

(ADME) healthy

2 Mohamed n = 20, IR 24 mg, fasted state Development

et al. [10] healthy

3 Mohamed n =20, ER 30 mg, 10, 20, 30% Verification

etal. [10] healthy HPMC, fasted state

4 M15-878 n=42, ER (ER18) 30 mg fasted Verification

healthy state

5 M15-878 n=42, ER (ER18) 30 mg fed Verification

healthy state

6 M14-680 n=12, ER (ER8) 30 mg fasted Verification

healthy state

7 M14-680 n=12, ER (ER8) 30 mg fed state ~ Verification

healthy
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Table 4. Parameters used for PBPK model development (e.g., drug’s
physicochemical and biopharmaceutics properties) were based on
literature data on upadacitinib and are reported in Table 5. Upadacitinib
mean concentration-time profiles in the different clinical studies were
digitized using PlotDigitizer (PlotDigitizer.com).

To define the absorption of upadacitinib from the oral forms, the
Advanced Compartmental Absorption Transit (ACAT) model was used,
which defines the transit, absorption, and secretion of intestinal fluid
volumes [20] throughout 9 anatomic compartments, from the stomach
to the ascending colon. ACAT was applied to all simulations with the
stomach transit time (STT) adjusted for both fasted and fed states.
Specifically, the fed states used in this study were two, which differen-
tiated only for the STT: Fed State [1] with a STT of 1h30min, Fed State
[2] with a STT of 2h30min. Fasted state STT was adjusted to 1h20min.
To describe the distribution and elimination of upadacitinib, a 2-
compartmental pharmacokinetic model was applied to describe the
clearance and volume of distribution (PKPLus v2.5 model, Simulations
Plus, Inc., Lancaster, CA, USA). Specifically, the parameters of volume of
distribution and clearance were calculated from the systemic data of 24
mg RINVOQ®, immediate release capsule [10]. Upadacitinib is cleared
via both urine and feces, and unchanged upadacitinib is the major
moiety in plasma (79%), with only <13% of related metabolites. The
cytochrome (CYP) P450, CYP3A4, and CYP2D6 can all metabolize
upadacitinib, although they have no significant effect on the drug’s PK.

The study design, including the dose, route of administration, and
study duration, matched the clinical study design for each specific study,
as outlined in Table 4. Model-predicted parameters, including plasma
Cmax, Tmax, AUCo, and AUCiys, were compared to the corresponding
observed upadacitinib exposures from the clinical trials. The simulations
were conducted on the same number of subjects as the relative in vivo
study. To assess the predictive performance of the model, Average Ab-
solute Fold Error (AAFE), defined as the average of the absolute values of
the fold difference between predicted and observed PK parameters
across all subjects, was used. An AAFE value of 2-fold or less was
established as the threshold for acceptable model performance.

05 < Predicted PK Parameter
"~ ~ Observed PK Parameter —

Conversely, an AAFE value of 1.25-fold or lower was indicative of
good model performance, reflecting a tighter concordance between the
predicted and observed PK parameters [21].

2.5. In vitro-in vivo correlation (IVIVC)

To develop a Level A In vitro-in vivo correlation (IVIVC), we began by
collecting essential data from multiple sources. Fraction-absorbed (Fa)
data from a clinical study conducted by AbbVie Inc. in healthy patients
[10] was digitized at specific time intervals 0, 1, 2, 4, 6, 8 h and utilized
(PlotDigitizer.com). Dissolution data (Fdiss) extracted from USP appa-
ratus I, USP apparatus III, and USP apparatus IV, were incorporated at
the same time intervals as the Fa. The integration process involved
aligning the digitized in vivo absorption data (Fa) with the three corre-
sponding in vitro dissolution data for each USP apparatus (Fdiss),
generating individual Levy Plots. To evaluate the predictive perfor-
mance of each USP apparatus, we calculated internal prediction errors.
These were calculated by juxtaposing the observed in vivo dissolution
outcomes for each apparatus against their corresponding values pro-
jected by the regression model. The percentage prediction error (%PE)
was derived using the formula:

Observed in vivo data — Predicted in vitro data

%PE = x 100

Observed in vivo data

Subsequently, the mean %PE across all apparatuses was calculated,
accompanied by the standard deviation.
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Table 5
Upadacitinib physicochemical and biopharmaceutics properties for model
development.

Physicochemical
parameters

Value

Reference

Compound name (PF)
API name (PF)

Molecular weight (g/
mol)

pKa(s) (basic / acidic)

RINVOQ® 30 mg
Upadacitinib
hemihydrate

380.4 Upadacitinib

12.8 (amide nitrogen) 4.7
(nitrogen of the

https://www.ema.europ
a.eu/en/documents/ass
essment-report/rinvog-ep
ar-public-assessment-r
eport_en.pdf
https://www.ema.europ
a.eu/en/documents/ass

imidazole) essment-report/rinvoq-ep
ar-public-assessment-r
eport_en.pdf
LogP 2.50 Rinvoq, INN-upadacitinib
(europa.eu)
LogD (at which pH) 2.50 (pH 7) Rinvoq, INN-upadacitinib
(europa.eu)
Blood:Plasma Ratio 1 Rinvoq, INN-Upadacitinib
(europa.eu)
Fraction unbound in At1pM-0.48 Rinvoq, INN-upadacitinib
plasma (Fu) (europa.eu)
Acid or Base Weak base
Absorption related parameters
Peff in humans (cm/s x 10.2 https://www.accessdata.

10e4), predicted using
Mech Peff model

Aqueous solubility at different pH values (mg/mL)

fda.gov/drugsatfda_docs/
nda/2019/2116750rigls
000ClinPharmR.pdf

0.1 N HCI5454 38.4+1.5 Product Quality Review
(s) (fda.gov)
50 mM phosphate buffer 10.5+0.1 Product Quality Review
(pH 2-3) (s) (fda.gov)
50 mM citrate buffer (pH  4.48 + 0.08 Product Quality Review
3-3.39) (s) (fda.gov)
50 mM citrate buffer 1.00 £+ 0.01 Product Quality Review
(4-4.16) (s) (fda.gov)
50 mM citrate buffer (pH  0.289 + 0.006 Product Quality Review
5) (s) (fda.gov)
50 mM citrate buffer (pH  0.196 + 0.001 Product Quality Review
6-5.9) (s) (fda.gov)
50 mM phosphate buffer 0.194 + 0.001 Product Quality Review
(pH 7-7.14) (s) (fda.gov)
50 mM phosphate buffer 0.200 + 0.013 Product Quality Review
(pH 8-7.9) (s) (fda.gov)
50 mM phosphate buffer 0.199 + 0.006 Product Quality Review
(pH 9-9.11) (s) (fda.gov)
Biorelevant solubility (mg/mL)
FaSSIF (pH 6.5) 0.262 + 0.003 Product Quality Review
(s) (fda.gov)
FeSSIF (pH 5) 0.455 + 0.006 Product Quality Review

Transporter and/or
metabolism
interference

Crystalline form

Substrate of CYP3A4 (and
CYP2A6 in minor
concentration) / P-gp and
BCRP

Yes

(s) (fda.gov)
https://www.accessdata.
fda.gov/drugsatfda_docs/
nda/2019/2116750rigls
000ClinPharmR.pdf
Rinvogq, INN-upadacitinib
(europa.eu)

Systemic compartmental pharmacokinetics parameters (calculated from the systemic data
of 24 mg RINVOQ®, immediate release capsule).

CL (L/h) 47.413
Ve (L/kg) 0.34503
T1/2 (h) 4.69
k12 0.44656
k21 0.18422
V2 0.83637
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3. Results and discussion

To assess the release of upadacitinib throughout the GI tract and
estimate the concentration of the active ingredient reaching the large
intestine, and consequently, its availability for absorption, a study with
multiple in vitro dissolution models was performed and the generated
dissolution profiles were applied as the input for the constructed PBPK
model. Afterward, the predicted plasma profile of upadacitinib was
compared with the clinical data and the best prediction can be assigned
by the IVIVC analysis for each in vitro release profile versus fraction
absorbed.

3.1. USP apparatus impact on the dissolution of RINVOQ® ER tablet

Mohamed et al. evaluated the in vitro drug release profile of four
upadacitinib extended-release formulations with different percentages
of HPMC [10]. The formulation which contained 20% HPMC was the
prototype for the planned commercial formulation. In their selected
method (USP I at pH 6.8), the formulation released about 95% of the
active drug at 24 h, and 80% at 9 h as shown in Fig. 1A. This dissolution
profile was successful in establishing a predictive Level A linear IVIVC
correlation for RINVOQ® ER formulation, thus it was chosen in our
study as the reference drug-release profile.

In the fasted state experiments, the drug release assessment was
conducted within a 9-h timeframe using five distinct biorelevant media.
In Fig. 1B, USP apparatus III revealed a total drug release from the
matrix, with an average recovery of 106.6% at the end of the experi-
ment. Interestingly, during the initial 60 min of the experiment con-
ducted in FaSSGF with a pH of 1.6, a significant release of 45.64% of the
drug from the matrix was observed. This trend nearly doubled the
comparative drug release profile observed with USP Apparatus I. These
findings collectively indicate that USP Apparatus III, in this context,
notably overestimated the release of upadacitinib from the extended-
release tablet. Indeed, the f2 similarity factor is 32.60 (< 50), indi-
cating a low degree of similarity, signifying significant differences be-
tween the profiles.

In the case of USP Apparatus IV, the dissolution profile closely re-
sembles that of the reference USP apparatus I with an f2 similarity factor
of 69.64. After completion of the experiment, approximately 72% of
upadacitinib was released across various media. Notably, despite using
the same testing protocol for USP apparatus III and IV, the dissolution
kinetics with USP apparatus IV appeared to be slower (Fig. 1C-D). This
variance can be attributed to distinct hydrodynamics within the systems:
the immersion and dipping action of the cylinder in water within USP
Apparatus III may have had a more disruptive effect on the HPMC matrix
compared to the fluid flow within the cells of USP Apparatus IV, which
may better mimic the physiological motility conditions of the gastroin-
testinal tract.

The differences in the experimental protocols between the fed and
fasted states primarily lie within the stomach compartment, involving
variations in media composition, emptying time, and pH. In the fed state
(FeSSGF), three phases (early, middle, and late) all include the oil-in-
water emulsion Lipofundin to replicate the lipid content present in the
stomach after ingestion of food. The tablet’s residence time in the
stomach was notably extended to 240 min in the fed state (FeSSGF)
compared to the faster 60-min duration in the fasted state (FaSSGF).
Furthermore, the pH level in the fed state was elevated to 5.0, in sharp
contrast to the acidic pH of 1.6 in the fasted state.

In the dissolution experiments of RINVOQ® ER formulation con-
ducted under fed state conditions, as illustrated in Fig. 2, we observed a
narrower disparity in drug release between USP apparatus III and USP
apparatus IV dissolution curves, as denoted by an f2 similarity factor of
53.36%.

Comparing these profiles to the USP apparatus I reference profile (A),
USP apparatus IV (C) displayed a distinct pattern of drug release. It
exhibited a reduction in drug release until the 420-min timepoint,
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Fig. 1. A depicts the dissolution profile obtained using USP apparatus I, representing the reference method (adapted from Mohamed et al. [10]). B and C depict the
dissolution profiles obtained using USP apparatus III and IV in the fasted state (n = 6 each), respectively. D presents a combined view of all three dissolution profiles

for comparative analysis.

coinciding with the transition to FeSSCOF media, which is designed to
mimic colonic fluid in the fed state. At this point, the drug release
increased from 74.76% to reach a total of 88.11% by the end of the
experiment. In contrast, USP Apparatus III (B) consistently showed
slightly higher drug release throughout the entire experiment compared
to both USP Apparatus I and IV, ultimately resulting in a total drug
release of 89.67%.

3.2. Integration of USP dissolution profiles into PBPK modeling for
plasma concentration predictions

PBPK methodologies have emerged as essential tools for forecasting
the oral absorption of drugs, with the majority of applications focusing
on IR drug products, whose absorption occurs mainly in the small in-
testine. Instead, the prediction of absorption of modified/extended-
release formulations requires (i) model disposition parameters to be
accurately defined, ideally through the availability of IV data but more
usually through IR data, and (ii) in vitro biopredictive dissolution ex-
periments to overcome the regional intestinal differences in absorption
[22]. For instance, the majority of the models that integrate dissolution
profiles of extended-release systems fit the data to an empirical function
such as Weibull function. In Table 6, the Weibull function parameters,
indicated as alpha and beta, for each USP apparatus used in this study
were reported and these values were used accordingly to describe the
dissolution in the GastroPlus™ software. As mentioned beforehand, no
lag time was observed and a maximum release of 100% was shown
throughout the dissolution experiments. This information was also in-
tegrated into the 1% order Weibull function.
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3.2.1. Observed and predicted plasma concentration-time profiles

The initial objective of this study was to develop a robust PBPK
model that would enable the comparison of observed PK to predicted
values obtained through simulations that were driven by the different
dissolution datasets generated through experimental studies. The model
development used the human ADME data (Study M13-548 from the
Clinical Pharmacology and Biopharmaceutics Review(s) [10]), based on
a 30 mg oral solution of upadacitinib administered to 4 healthy subjects,
and the 24 mg immediate-release formulation (from Mohamed et al.
[10]) for the systemic pharmacokinetic parameters. Model validation,
on the other hand, was conducted using data from three additional
clinical studies (Table 4). Studies M15-878 and M14-680 allowed for
the evaluation of the food effect on upadacitinib plasma concentrations
(Table 4). The novelty of this project lies in examining the plasma
concentration predictions resulting from the adoption of different Wei-
bull functions derived from distinct dissolution profiles, demonstrating
the crucial interplay between dissolution kinetics and predictive
modeling.

In the study conducted by Mohamed and co-workers [10], a cohort of
20 healthy subjects, under fasting conditions, was enlisted for the
administration of a prototype formulation of the planned commercial
formulation, and their plasma concentration values were used for model
verification. With the term ‘model verification’, we refer to the predicted
versus observed ratios for plasma Cpax and AUC for a range of clinical
studies to see how our model is able to predict systemic exposure within
a certain prediction error. In the graphs shown in Fig. 3, the red dots
represent the observed data, while the blue continuous line represents
the corresponding predictions generated by the PBPK model. The in vivo
data revealed a median plasma Cj,x value of 59.5 ng/mL and a median
plasma Tpax value of 3.0 h (Table 7). To assess the performance of our
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Fig. 2. A depicts the dissolution profile obtained using USP apparatus I, representing the reference method (adapted from Mohamed et al. [10]). B and C depict the
dissolution profiles obtained using USP apparatus III and IV in the fed state (n = 6 each), respectively. D presents a combined view of all three dissolution profiles for

comparative analysis.

Table 6
Weibull function parameters for different USP dissolution profiles, assuming
Fmax = 100% and lag time = 0.

Weibull function parameters

USP I (Formulation C) Alpha 3.7409
Beta 0.80065
USP 1II - fasted Alpha 1.8953
Beta 0.93798
USP 1V - fasted Alpha 4.2381
Beta 0.78876
USP 111 - fed Alpha 4.1953
Beta 0.98249
USP IV - fed Alpha 7.6163
Beta 1.2009

PBPK model under varying dissolution profiles as inputs, we employed
1%t order Weibull functions derived from USP apparatus I, III, and IV.

Notably, when employing the Weibull functions from USP apparatus
I and IV, our PBPK model yielded precise predictions for in vivo plasma
concentrations, consistently falling within limits ranging from 0.5 to 1.5
when comparing predicted parameters (including plasma Cpax, Tmaxs
and AUC) with observed values (Table 7). Conversely, the over-
estimation of upadacitinib dissolution observed in the USP apparatus III
dissolution experiment manifested in our PBPK predictions as well.
Specifically, the plasma Cy,x calculated by the PBPK model reached
79.8 ng/mlL, surpassing the observed clinical study value of 59.5 ng/mL.
This confirms the model’s sensitivity to the choice of dissolution profiles
through Weibull functions. Studies M15-878 and M14-680 enrolled 42
and 12 healthy subjects, respectively, under both fasted and fed
conditions.

In the case of studies M15-878 and M14-680 conducted under fed
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state conditions, Weibull functions from both USP III and USP IV
dissolution profiles were employed. The predictions showed similar re-
sults, irrespective of whether USP III or USP IV profiles were employed,
as supported by the dissolution data showing an f2 similarity factor of
53.36 between the two experiments. However, when scrutinizing these
predictions in light of the observed in vivo data, a common trend
emerged; none of the two dissolution profiles managed to precisely
replicate the actual in vivo drug release dynamics: the prediction curve
showed a quicker absorption of the active drug in the plasma, repre-
sented by the alteration in plasma Tp,x, and reduced Cpax in all cases.
This finding suggests that the fed state protocol employed for the
dissolution experiments may not reflect the complexities of in vivo drug
behavior in a fed state scenario. Indeed, the composition of a meal, with
fats, proteins, and carbohydrates, can interact with the drug, modulate
gastric emptying, and induce dynamic pH changes, collectively affecting
drug dissolution and absorption. Further investigations into the physi-
ological intricacies of the fed state may be necessary to refine the drug
release mechanisms, to then improve in vitro dissolution tests to accu-
rately replicate these conditions.

3.3. IVIVC

In order to evaluate the biopredictive abilities of the different
dissolution methods tested (USP I, USP III, and USP IV), an attempt to
develop a Level A IVIVC was made. In vivo data for the plasma con-
centration of upadacitinib 30 mg ER formulation, deconvoluted to
fraction absorbed (Fa) was found in the manuscript published by
Mohamed et al. [10]. The in vivo data were then plotted against the in
vitro data obtained in the present study, indicated as ‘the fraction dis-
solved in vitro’. It is important mentioning that the in vivo data were
collected in fasted state subjects, therefore, the correlation was
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Fig. 3. Observed and predicted mean plasma concentrations -time profiles for upadacitinib after oral administration of a solution (Study M13-548 [17]), and an
extended-release formulation (study from Mohamed et al. [10]). In each graph, the blue line represents the predicted plasma concentration in 72 h, the red dots
represent the relative plasma concentration observed in vivo in the respective studies, and the blue shade corresponds to the 90% confidence upper and lower limit of
the predictions. Fig. 3 A depicts the predicted plasma concentrations in fasted state, B depicts the predicted plasma concentrations in fed state. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 7

Journal of Controlled Release 370 (2024) 182-194

PBPK model-predicted and observed (mean + % CV or range) upadacitinib exposures based on input of different dissolution profiles to describe the absorption of
upadacitinib. Abbreviations: AUC;ys, area under the concentration-time curve from time zero to infinity; Cp.x, observed maximum concentration; obs, observed; pred,
predicted; SD, standard deviation; Tpax, time of observed maximum concentration. IR, immediate release tablet, ER, extended-release tablet. (a) Median.

Study Upadacitinib formulation

M13-548 (ADME), (n =
4)
AbbVie [23] (n = 20)

AbbVie [23] (n = 20)
AbbVie [23] (n = 20)
AbbVie [23] (n = 20)
AbbVie [23] (n = 20)
AbbVie [23] (n = 20)
AbbVie [23] (n = 20)

M15-878 (n = 42)
M15-878 (n = 42)
M15-878 (n = 42)
M14-680 (n = 12)
M14-680 (n = 12)
M14-680 (n = 12)
M14-680 (n = 12)
M14-680 (n = 12)
M14-680 (n = 12)
M15-878 (n = 42)
M15-878 (n = 42)
M15-878 (n = 42)

Oral solution, 30 mg

Immediate Release capsule, 24 mg

ER, 30 mg, formulation A, 10% HPMC, fasted

state

ER, 30 mg, formulation B, 15% HPMC, fasted

state

ER, 30 mg, formulation C 20% HPMC, fasted

state

ER, 30 mg, formulation D, 30% HPMC, fasted

state

ER, 30 mg, formulation C, 20% HPMC, fasted

state

ER, 30 mg, formulation C, 20% HPMC, fasted

state

ER18, 30 mg, fasted state
ER18, 30 mg, fasted state
ER18, 30 mg, fasted state
ERS8, 30 mg, fasted state
ERS8. 30 mg, fasted state
ER8. 30 mg, fasted state
ERS, 30 mg, fed state [2]
ERS8, 30 mg, fed state [2]
ERS, 30 mg, fed state [2]
ER18, 30 mg, fed state [1]
ER18, 30 mg, fed state [1]
ER18, 30 mg, fed state [1]

Dissolution input data Predicted/Observed

Cax (ng/ Trmax AUC; (ng hr/ AUC,, (ng hr/

mL) (h) mL) mL)
Johnson-Noyes dissolution 1.03 1.13 0.81 0.81
model
Johnson-Noyes dissolution 0.88 0.98 0.71 0.71
model
USP 1 0.95 1.06 0.73 0.71
USP I 1.01 0.88 0.85 0.83
USP 1 0.94 0.64 0.70 0,69
USP I 0.89 0.78 0.77 0.73
USP 111, fasted 1.56 0.61 0.80 0.79
USP 1V, fasted 0.85 0.67 0.69 0.68
USP 1 1.02 1.1 0.83 0.81
USP 111, fasted 1.63 0.9 0.85 0.83
USP 1V, fasted 0.84 1.05 0.73 0.71
USP 1 0.91 0.9 0.70 0.68
USP 111, fasted 1.29 0.85 0.69 0.67
USP 1V, fasted 0.75 1.15 0.74 0.72
USP I 0.52 0.68 0.55 0.54
USP 111, fed 0.69 0.68 0.64 0.63
USP 1V, fed 0.64 0.9 0.64 0.65
USP I 0.61 0.5 0.58 0.57
USP 111, fed 0.74 0.4 0.60 0.59
USP 1V, fed 0.66 0.5 0.61 0.60

calculated between the dissolution profiles of RINVOQ® in biorelevant
media mimicking the fasted state exclusively.

The correlation plots obtained are presented in Fig. 4. USP I repre-
sents the dissolution method published by AbbVie Inc. [10], which
exhibited a strong correlation with the in vivo data, featuring a coeffi-
cient of determination (R%) of 0.9839 and a slope value of 0.8373. While
these values are close to unity, suggesting a robust linear relationship
between the independent and dependent variables in the regression
model, an even stronger correlation was observed between the fraction
absorbed in vivo and the fraction dissolved in the USP IV apparatus. This
correlation yielded a slope value of 0.9262 and an R? of 0.9875, aligning
closely with the results from USP I. Moreover, the % prediction error (%
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© R?=0.9875 ° UsPI
w o USPII
S 0.8 e USPIV
> Slope = 0.8373
= R? = 0.9839
- 0.6
[}
2
S
8 0.4
g - Slope = 0.6348
c R? = 0.9632
o
£ 0.2-
o
('S

o'o 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fraction dissolved in vitro (Fdiss, vitro)

PE) for USP IV was —2.67%, resulting in the establishment of a Level A
IVIVC, as in agreement with FDA Guidance for Industry: Extended
Release Oral Dosage Forms: Development, Evaluation, and Application
of In Vitro/In Vivo Correlations [19]. In contrast, USP III, which over-
estimated in vitro drug release and consequently resulted in inaccurate
drug plasma concentration-time predictions in GastroPlus™, was still
close to the establishment of Level A IVIVC, with a slope value of 0.6348
and an R? of 0.9632 with a —10.1% Mean PE value.

3.4. Extrapolation of the colonic luminal concentration/absorption

The PBPK model developed for both fasted and two fed state

Timepoints | Fraction il
(h) absorbed | USPI | USPIII | USPIV

0 0 0 0 0
1 0.15559 -22.6 -55.1 -23.1
2 0.32415 7.29 -5.56 7.07
4 0.51216 8.62 5.15 6.89
6 0.57699 0.37 4.04 0.22
8 0.61264 -5.61 0.94 -4.48
Mean %PE -2.39 -10.1 -2.67
Std Dev 12.7 25.5 124

Fig. 4. IVIVC correlation between Fa in vivo, and Fdiss in vitro (specifically, USP L, III, and IV), in fasted state, with corresponding %prediction errors (PE) calculated

for each timepoint, and mean %PE.
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conditions allowed us to extract the colonic concentrations of upadaci-
tinib as predicted by the model. We simulated different drug concen-
trations (2, 5, 15, 30, and 45 mg) in each of these scenarios and
calculated both the maximum luminal and enterocyte concentrations in
the ascending colon GI compartment for each simulation. The resulting
values were then plotted against the corresponding plasma AUCy.; and
Cmax to explore the correlation between the systemic concentration of
upadacitinib and its local concentration in the colon (Fig. 5).

The observed correlations demonstrated a perfect linear relationship
with a coefficient of determination (R2) equal to 1 or close to 1. This
indicates that as the colonic concentration of the drug changes, the
associated AUC(.)y and Cpax values change proportionally. Such a
finding suggests a highly predictable and consistent relationship be-
tween the colonic drug concentration and key pharmacokinetic pa-
rameters, underscoring that alterations in colonic drug levels have a
direct, uniform impact on the drug’s overall absorption (i.e., rate and
extent) throughout the body.

Nevertheless, it’s worth noting that a direct correlation isn’t always
applicable, as exemplified by the case of celecoxib. In this instance,
caecal tissue concentrations of the drug and its metabolite were sub-
stantially higher despite a decrease in plasma concentrations [24]. The
accumulation of a substantial solid fraction of celecoxib in the cecum is
attributed to its low solubility in the small intestine and suboptimal
dissolution conditions in the colonic lumen, characterized by low fluid

Journal of Controlled Release 370 (2024) 182-194

volumes and increased viscosity [24].

3.5. Strengths and limitations of the PBPK model in the integration of
different dissolution profiles

The incorporation of in vitro dissolution data into a PBPK model can
be approached in various ways, depending on the drug’s specific char-
acteristics and formulation [22]. Upadacitinib, characterized by its high
permeability and solubility, can be considered as a BCS Class I drug [25],
indicating complete dissolution in the intestinal environment and a
reduced susceptibility to physiological variations and inter-subject dif-
ferences. Typically, dissolution profiles of BCS Class I drugs are directly
integrated into the PBPK model or dissolution can be described as a
function of the residual GI pH in combination with Noyes-Whitney
equation to describe dissolution as a function of particle size and solu-
bility (indicating the maximum extent of dissolved drug) [26]. However,
the formulation of upadacitinib as an extended-release product,
employing hypromellose (Methocel K4M) as a major excipient to form a
matrix tablet [27], necessitated the use of an empirical Weibull function
for the integration of dissolution data as previously suggested in other
studies [28,29].

The time scale parameter (alpha) and shape parameter (beta) of the
Weibull function offer the capability to describe a wide range of disso-
lution profiles, including those from USP apparatus [, III, and IV in this
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Fig. 5. Correlation analysis of drug concentration in both luminal and enterocytes of the ascending colon, with systemic pharmacokinetic parameters (plasma AUCq.
and Cy,,x). Fed state (1) has a stomach transit time of 1h30min, Fed state (2) has a stomach transit time of 2h30min.
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study. Notably, our PBPK model exhibited significant sensitivity to
variations in the input dissolution profiles. Modifying the Weibull
functions (alpha and beta parameters, assuming Fp.x = 100% and lag
time = 0) for different dissolution experiments resulted in substantial
alterations in the model’s predictions.

The model sensitivity became evident when using the USP III appa-
ratus with biorelevant media simulating the fasted state (as illustrated in
Fig. 1), which demonstrated complete drug release (107%) within a 9-h
experiment. Integrating the Weibull function from this specific disso-
lution profile into the PBPK model resulted in a noticeable over-
estimation of both plasma Cpax and Tpax. Indeed, compared to USP IV
which showed a Level A IVIVC correlation and accurately depicted the
drug’s release behavior from its formulation, for USP III, the ratio of
predicted/observed exposures was closer to the boundary limit of 1.5.
Cmax for the three studies (AbbVie study, M15-878, and M14-680)
included in the model validation, and were respectively 1.56, 1.63, and
1.29 (Table 7 and Fig. 3). The corresponding plasma Cp,,x values for the
same studies when the USP IV dissolution profile was integrated, were
0.85, 0.84, 0.75 (Table 7 and Fig. 3), closer to the optimal value of 1.
This capability holds significant potential for optimizing various for-
mulations of the same drug. For instance, in the case of extended-release
formulations with differing percentages of hypromellose (HPMC), the
integration of distinct dissolution profiles into the model can supply
crucial insights into how changes in formulation impact in vivo drug
release kinetics. Consequently, this information can play a pivotal role in
shaping decisions related to formulation design and dosing regimens
during the drug development process.

However, the model’s sensitivity holds also significant limitations.
Specifically, the model’s inability to distinguish between various
dissolution media, account for varying pH levels, or consider the
different durations the formulation spends in each medium can affect its
accuracy in predicting the in vivo behavior of pharmaceutical formula-
tions. This discrepancy becomes especially evident when the drug’s
behavior is sensitive to pH variations, as seen when using media with
different pH and compositions. Indeed, the Weibull function, used as a
dissolution input, cannot effectively account for bile salts and pH-
dependent variations in different GI compartments. Therefore, testing
the drug product in presence of biorelevant media needs to be consid-
ered prior to using this dissolution function in GastroPlus™. In addition,
the applied in vitro models do not simulate the strong contractions of the
stomach that might affect formulation performance. For example, strong
bursts of phase 2/3 contractions might release more amount of the drug
when passing through the pylorus from the stomach to the small intes-
tine [30]. Nevertheless, when integrating the observed dissolution
profiles to reflect the in vivo dissolution rate in the modeling software,
good matches were observed when comparing the absorption phase of
the simulations versus the absorption phase of the observed systemic
exposure data. This could suggest that the strong burst of gastric con-
tractions might not be so effective towards formulation rupture or
extensive erosion of the matrix tablet.

3.6. Evaluating HPMC matrix behavior in USP III and IV apparatus

Hydroxypropyl methylcellulose (HPMC) is a water-swellable hy-
drophilic matrix [31], frequently employed in controlled-release dosage
forms. As it transits throughout the GI tract, HPMC swells, allowing
water to penetrate the dosage form. Concurrently, disentangled poly-
mers on the surface erode, facilitating the diffusion of the drug from the
solid core. This process, involving both drug diffusion and erosion,
typically occurs simultaneously, especially for highly soluble drugs like
upadacitinib [31].

Selecting the appropriate in vitro dissolution technique for modified
release formulation is challenging. The choice of the USP Apparatus is
not standardized and needs to take into consideration the properties of
the ER system, whether it be a matrix system, microspheres, an osmotic
pump, or a layered tablet, in addition to the characteristics of the other
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excipients and API [32]. Traditionally, the use of USP I is discouraged for
hydrophilic matrix (e.g., HPMC), because of their swelling, which may
result in clogging of the holes in the basket disrupting the hydrody-
namics of the experiment.

In this study, our objective was to assess the clinical relevance of USP
apparatus III and IV under both fasted and fed states. Apparatus III is
suited for extended-release (ER) formulations due to its ability to tran-
sition the cylinders from one media to the next, thereby introducing the
dosage form into a cumulatively larger volume of media over the time
course of the dissolution test, surpassing the 1 L limit of apparatus I and
II. This technology has been employed in several studies to evaluate
drug release from HPMC-based formulations [33-35] under various GI
prandial conditions. Among the three dissolution apparatuses investi-
gated in this study, however, USP III exhibited the lowest suitability for
predicting in vivo data (R = 0.9632, Fig. 4). The experimental protocol
employed for USP III was identical to that used for USP IV. Therefore,
the discrepancy in drug release must have arisen from the mechanical
action of the basket in USP III, which may have contributed to matrix
disruption and potentially accelerated drug release. This phenomenon
was especially evident during the first hour of the experiment in FaSSGF
media at pH 1.2, where the hydrodynamics within the vessel, combined
with the media’s acidic nature favoring higher solubility of the active
compound, likely led to the dissolution of approximately 50% of the
drug in the media.

In contrast, USP IV, known for providing more controlled and
consistent flow conditions, resulted in roughly 20% of the drug being
dissolved within the initial hour of the experiment, resulting in a suc-
cessful Level A IVIVC (R? = 0.9875, Fig. 4). The drug’s release from
FaSSIF to FaSSCOF media had similar profiles for both USP III and IV.
However, the dip rate used in the USP III protocol (12 in FaSSGF-10 in
FaSSIF-SIF ileum-6 in FaSSCOF) was comparable to what has been
previously employed for experiments assessing drug release from HPMC
tablets under fasted conditions [33-35].

The fed state media demonstrated a decreased release rate of upa-
dacitinib from the extended-release (ER) tablet compared to fasted state
conditions. Specifically, in USP III, the reduction in drug release
amounted to 16.3% compared to the fasted state, while in USP IV, the
fed media initially caused a reduction in drug release until 300 min, after
which a positive effect was observed until the end of the experiment.
Overall, drug release in both systems was comparable, with 88.11%
released in USP IV and 89.67% in USP III, respectively. Notably, the
FeSSGF media maintained a pH of 5.0 in the early, middle, and late
phases (0 to 240 min) of the run, with this pH being responsible for 60%
drug release in USP III and 50% in USP IV within 4 h of the experiment.
This observation can be attributed to a decreased availability of water
for upadacitinib dissolution and diffusion in and out of the HPMC ma-
trix. The diminished rate of water permeation into the matrix results in
reduced polymer relaxation and tablet erosion. Moreover, it is important
to specify that FeSSGF is made of Lipofundin emulsion, with 20% of fat
content. Williams et al. [36] in their study showed that lipids in the
media may interact with the HPMC tablet forming a hydrophobic barrier
that hinders the rate of fluid penetration into the tablet. Specifically,
they observed a retarded drug release in the presence of high-fat
emulsions: fat deposed in the outer surface of the gel layer, both in
the early stages of gel layer formation and up to 8 h as noted in the USP
IV apparatus.

However, the in vivo scenario may differ significantly from the in vitro
situation due to the vigorous mixing in the stomach and the presence of
gastric and pancreatic lipases, which can transform fat deposits into
more soluble forms, making them ready for absorption. These intrinsic
processes may limit or even prevent the formation of fat deposits on
tablet surfaces. This could explain the disparity in the food effect
observed in this study when comparing in vitro and in vivo data: food
increased plasma Cpax by 39% and AUC.ins by 29% in the clinical study
M15-878, and it increased plasma Cyax by 18% and AUC.ins by 30% in
the clinical study M16-094. It becomes evident that in vivo digestive
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processes, including the transformation of fat deposits by gastric and
pancreatic lipases, and the presence of digested materials are not
adequately captured in conventional in vitro setups with the risk that the
dosage form may physically interact with the fat component of the
medium, causing altered drug release patterns. This limitation un-
derscores the need for caution when using fat emulsions as components
in ‘biorelevant’ dissolution test media to predict in vivo effects on HPMC
matrix systems.

3.7. Biorelevant media does not always imply biopredictive dissolution
testing

Dissolution media are categorized into four levels of luminal
composition simulation. Level 0 media consists of simple aqueous so-
lutions with pH adjusted to represent the pH in the specific section of the
GI tract. In Level I media, both pH and buffer capacity are adjusted to
reflect physiological values. Additionally, bile components, dietary
lipids, and key digestion products are included in Level II media to
mimic the solubilization capacity of luminal fluids, addressing differ-
ences in luminal composition between the fasted and fed states, as used
in our study. Level III media, the most complex compositions, also
consider proteins, enzymes typically present in the aqueous phase of
luminal contents, and viscosity effects on drug release [18,37].

While biorelevant media, designed to mimic the GI fluids, have the
potential to improve the physiological relevance of in vitro drug release
testing, it is not necessarily always the case that their use always delivers
results that are biopredictive. Interestingly, the present work results
challenge the conventional perception that this is the case. For example,
the use of USP I experimental conditions, characterized by a phosphate
buffer rather than biorelevant media, demonstrated a Level A IVIVC (R?
= 0.9839, Fig. 4). In contrast, experiments conducted using USP III with
biorelevant media, designed to faithfully replicate the physiological
environment, did not yield Level A biopredictive outcomes (Fig. 4). This
disparity underscores the complexity of drug release mechanisms and
suggests that biorelevant media may not universally guarantee superior
biopredictive accuracy. For instance, upadacitinib demonstrates a high
solubility at pH values around 2-3 (10.5 mg/mL) and 9 (0.199 mg/mL)
as shown in Table 5. The characteristics of the drug may be responsible
for the fact that the drug showed similar release profiles, with good in
vivo correlation, for both USP I and USP IV despite the use of biorelevant
media or a phosphate buffer. Still, differences in dissolution model setup
may result in distinct dissolution profiles among different setups (e.g.,
USP I/1V versus USP III). For poorly soluble drugs, however, the impact
of biorelevant media on drug release will be more pronounced. Fluctu-
ations in the pH and bile salt/ phospholipid levels as reproduced by the
different biorelevant media can be essential to accurately mimic the in
vivo situation. Especially for lipophilic compounds, which may
encounter challenges related to wetting, the presence of physiological
levels of bile salts can facilitate wetting, potentially leading to drug
solubilization and addressing solubility issues commonly encountered in
basic buffer solutions [38].

3.8. The colonic concentration of the drug

We mentioned how the Medicine Agencies (EMA and FDA) suggest a
bioavailability assessment of drugs in the colon through the measure-
ment of systemic plasma drug concentration instead of correctly
measuring the drug available at the site of action. With the help of PBPK
predictions, it was possible to estimate the concentration (and amount in
mg) of upadacitinib that reaches the ascending colon of a person in both
fasted and fed conditions. Based on the simulations in Fig. 5, a positive,
linear regression was observed between plasma Cpax and AUCq.t) versus
colonic concentrations (i.e., luminal and intracellular). Thus, results
indicate that the drug’s concentration in the colon directly affects its
absorption into the bloodstream, making it a crucial factor in deter-
mining the drug’s pharmacokinetics and its subsequent therapeutic
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effects.

However, although predicted plasma concentrations were in line
with the observed plasma concentrations, cautiousness should be
considered as we assume instantaneous distribution/equilibrium in the
model. We should further explore this when performing in vivo studies (i.
e., taking biopsies from colonic tissue and extracting the intracellular
concentration of the tissue, as studied by Lemmens et al. for celecoxib
and sulindac [24,39]) or exploring the equilibrium constant rate in an in
vitro set up (e.g, adding relevant luminal concentrations of the drug at
the apical side of the Caco-2 cell monolayer and studying the accumu-
lated drug as a function of time).

Knowing the colonic concentration has the advantage of more ac-
curate predictive models, aiding in the design and interpretation of in
vitro experiments. Researchers can better mimic in vivo conditions by
incorporating relevant drug concentrations, which can lead to more
realistic and informative results.

Understanding colonic concentration in both lumen and enterocytes
not only enhances the relevance, predictive power, and cost-
effectiveness of in vitro techniques but also holds particular signifi-
cance for pharmacokinetic/pharmacodynamic considerations for the
development of locally acting drugs. Based on this approach, relevant
drug concentrations can be applied to study drug versus microbiota in-
teractions in in vitro colonic disposition models.

4. Conclusion

The increasing utilization of extended-release formulations brings
with it a need to comprehend and quantify how these formulations
release drugs along the GI tract establishing a link with PK/PD profiles.
Our study introduces a novel IVIVC protocol that evaluates the predic-
tive accuracy of different USP dissolution apparatuses against in vivo
corresponding data. Specifically, USP IV demonstrated a Level A IVIVC
for RINVOQ® hypromellose extended-release formulation, suggesting
how this apparatus could potentially be the most precise in mimicking
the GI conditions for HPMC-based MR formulations. Moreover, the
integration of biopredictive dissolution testing with PBPK modeling
allowed for a deeper understanding of upadacitinib absorption in the GI
tract, especially in the colon. This is particularly important for drugs that
are active in the large intestine and for in vitro studies looking at how
specific drug concentrations affect the microbiota and vice versa.
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