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Abstract

Drug effects are difficult to investigate in detail in vivo. However, a mechanistic under-
standing of drug action is clearly beneficial for both pharmaceutical development

as well as for optimization of treatment designs. We here established a quantitative
systems pharmacology (QSP) mouse model which simultaneously describes whole-
body pharmacokinetics of murine IFN-a as well as the cellular pharmacodynamic
effect through the antiviral response biomarker Mx2. To this end, a dynamic model of
intracellular IFN-a signalling in the JAK/STAT pathway was combined with a whole-
body physiologically-based pharmacokinetic model of IFN-a in mice. The pharmaco-
dynamic behaviour of the resulting mouse IFN-a QSP model was first compared to a
cellular model of the JAK/STAT pathway to compare in vitro and in vivo drug effects
and to identify functional differences. It was found that the in vitro drug effect in the
cellular model overestimates the in vivo response in mice at least by a factor of two
which is partly due to the missing drug clearance in vitro. Also, the drug responses in
the in vitro model were time delayed. Interspecies analyses in murine and a previously
published human QSP model of IFN-a next show a similar dynamic behavior. How-
ever, our models demonstrate eight to 16-fold stronger response levels in mice than in
humans due to more efficient interferon binding. Our analysis supports a mechanistic
analysis of both upstream pharmacokinetic as well as downstream pharmacodynamic
drug effects through the combination of physiological knowledge and quantitative com-
putational models. The study hence shows potential applications for QSP modelling

in terms of study planning, for example by choosing physiologically relevant in vitro
concentrations. Also, the QSP model allows inter-species comparisons of the effect
strength in specific functional readouts, which in humans are otherwise not possible
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due to the limited sampling possibilities. We expect QSP modelling to play an increas-
ingly important role in drug development and research in the future.

Author summary

We here established a computational mouse model which simultaneously de-
scribes whole-body pharmacokinetics of interferon alpha (IFN-a) after injection
as well as the subsequent cellular response to the drug in liver cells, i.e., the
resulting pharmacodynamic effect.

The simulated pharmacodynamic behaviour was first compared to an in vitro
cellular model (modeling the cellular response in cell culture) of the JAK/STAT
pathway to compare in vitro and in vivo drug effects and to identify functional dif-
ferences. It was found that the in vitro drug effect in the cellular model is stronger
per unit administered IFN than the in vivo response in mice which is partly due to
the missing drug clearance in vitro. In a second analysis, interspecies analyses
of the new mouse model with a previously published corresponding human mod-
el show stronger response levels in mice than in humans per unit drug due to a
more efficient interferon binding in mouse hepatocytes predicted by the model.
Our analysis supports a mechanistic analysis of both upstream pharmacokinetic
as well as downstream pharmacodynamic drug effects through the combination
of physiological knowledge and quantitative computational models.

Introduction

Therapeutic drug effects are governed by both drug disposition at the whole-body
level and the resulting drug action at the cellular scale. Drug disposition is determined
through drug ADME (ADME: absorption, distribution, metabolism and excretion) and
the resulting drug pharmacokinetics (PK) [1]. Drug action itself reflects the molecular
on-target interactions which ultimately lead to an observed pharmacodynamic (PD)
response [2]. PK profiles can be measured in systemic blood through direct sampling.
However, time-concentration data in specific tissues are largely restricted to animals
due to invasive sampling and corresponding ethical concerns. Drug plasma concen-
trations can be used to approximate average target exposure. However, potential non-
linear effects such as target-mediated drug disposition may require more elaborated
tools such as physiologically-based pharmacokinetic (PBPK) modelling to quantify for
example on-target drug disposition [3,4]. PD responses can be quantitatively ana-
lyzed at a large level of detail with specific in vitro assays. Still, the translation of these
results to an in vivo situation may be erroneous due to a limited translatability of in
vitro to in vivo conditions. Similar challenges hold for preclinical animal models which
are often not comparable to human physiology. Here, it is also desirable to establish
adequate PK/PD models that allow an early comparison of animal models with respect
to human physiology and thus could support early decision-making if an animal model
is adequate or which differences are to be expected. A truly comprehensive PK/PD
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understanding of a compound under in vivo conditions is hence difficult to achieve and inevitably inhibits several weak-
nesses which are also reflected by the continuously high attrition rates in pharmaceutical development [5].

Computational modelling carries the promise to overcome at least some of these limitations by integrating mechanistic
knowledge in a mathematical framework. Such computational models ideally integrate both drug PK and drug PD in a
structural representation. PK/PD models are also referred to as QSP models (QSP: quantitative systems pharmacology),
in particular if the drug effect is considered at network level and not for a single isolated target [6]. QSP models provide
the unique possibility to mechanistically correlate drug doses with a to-be-expected drug response. They may also be
used to simulate cellular models based on in vitro data within an in vivo context at the whole-body level. Thus, QSP mod-
els may also simulate clinical response markers [7,8] to predict clinical efficacy. Also, human and animal QSP models can
be systematically compared to identify inter-species differences in PK/PD behaviour. They are therefore important tools for
pharmaceutical development in terms of study design or decision-making.

To illustrate such translational concepts and to test and improve cross-species extrapolations, we here present a new
QSP-based analysis of IFN-a treatment in mice and humans (Fig 1). The cytokine IFN-a is used for the treatment of
various diseases, e.g., hepatitis C virus (HCV) infections and multiple sclerosis. It triggers the innate immune responses
and helps liver cells clear viruses. We previously established a QSP model for humans [9] which we now transferred to
mice. The model integrates a detailed cellular model of IFN-a signalling through the JAK/STAT pathway [10] (Fig 2) into a
physiologically-based pharmacokinetic (PBPK) model at the whole-body scale.

Thus, it was possible to simultaneously describe IFN-a PK as well as the resulting drug-induced PD response within
one integrated multiscale model representation. The integration of cellular models within whole-body PBPK models [3]
provides the unique opportunity to simulate cellular responses to IFN-a stimuli within an in vivo context (Fig 1).

The resulting model for mice was used to compare in vitro and in vivo drug responses and for cross-species analysis
using human model as a reference. According to the analysis, the hepatocellular anti-viral response would be expected
to be stronger than the one in human hepatocytes when administering identical weight-normalized doses. Thus, using a
mouse model to test the anti-viral response to IFN-a administration would overestimate the expected response in humans.

We expect multiscale QSP models as the one investigated in this study for IFN-a to become of increasing importance
in pharmaceutical development in the future.

Materials and methods
Mice and ethics statement

In an analogue setting, transgenic mice were injected with a single i.v. dose of 2000 U mu-IFN-a-4 and Mx2 expression
was measured as an average radiance from the whole liver at 3, 6, 9, 12, 24, 48 h post injection. Animals were handled

°dP
Models in vitro in vivo in vivo Biomarker
JAK/STAT Pathway PD PD PD Mx2 Expression
PBPK PK PK IFN-a plasma

QSP model QSP model
Prediction Data

Fig 1. QSP models of intravenous IFN-a administration in mice and men. Provision of a novel quantitative cross-species extrapolation approach
based on a mechanistically detailed QSP models of intracellular responses via JAK/STAT pathway in human and mice.

https://doi.org/10.1371/journal.pcbi.1013509.g001
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Fig 2. lllustration of the canonical JAK/STAT pathway. The key steps of the pathway in response to IFN-a are highlighted. IFN binds to the recep-
tor and activates JAK1 and TYK2, which subsequently activate the STATs in the cytoplasm, all by phosphorylation. The phosphorylated STATs and
IRF9 form the transcription complex ISGF3, which translocates to the nucleus, where it activates hundreds of ISGs, including IRF9, Mx2 and SOCS1.
Heatmap summarizing all analyzed mouse-human correlations. E. Phase | metabolizing enzymes; and F. carriers differentially expressed in human liver
disease.

https://doi.org/10.1371/journal.pcbi.1013509.g002

in strict accordance with good animal practice as defined by the relevant local animal welfare bodies, and all animal work

was approved by the appropriate committee (Niedersachsisches Landesamt fir Verbraucherschutz und Lebensmittelsich-
erheit [LAVES], Oldenburg, Germany). All mice were bred under standard conditions at the Helmholtz Centre for Infection
Research (Braunschweig, Germany).

Mx2-Luciferase mouse hepatocyte assay and in vivo bioluminescence imaging

Murine hepatocytes were isolated from Mx2Luc transgenic mouse strain [11] by using a two step perfusion protocol
[12,13]. Mice were narcotized with ketamine/xylazine (0.1 ml per 10g body weight). The catheter was fixed in the portal
vein and connected to the external pump system. Liver perfusion was processed by using 125ml prewarmed (37°C) liver
perfusion medium (Gibco) supplemented with heparin (2500 U/ml) with a flow rate of 8 ml/min. The vena cava inferior was
opened to enable the emission of the medium. Enzymatic digestion was performed by application of 125ml liver digest
medium (Gibco) supplemented with 5g Liberase (Roche), corresponding to 40 mg/ml with a flow rate of 25ml/min. Upon
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complete digestion of the liver, the liver was resected and placed in a petri dish filled with precooled (4°C) Dulbecco’s
Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Lonza), 100 U penicillin (Gibco), 100
pg/ml streptomycin (Gibco), and 2mM glutamine (Gibco). The liver lobes were carved and the hepatocytes were gently
shaken out of the liver. The suspension was passed through a 100 pm cell strainer to remove liver tissue. Hepatocytes
were purified and washed by centrifugation at 50g, 4°C, for 5min without break. The supernatant (non-parenchymal frac-
tion) was discarded and the hepatocyte pellet was resuspended in the appropriate medium for cultivation. Primary hepato-
cytes were cultivated in cell culture dishes that were coated with 0.2% collagen solution (INSCREENeX GmbH) and were
maintained at 37°C in a humidified atmosphere with 5% COZ2. For cultivation of murine hepatocytes Dulbecco’s Eagle
Medium (DMEM) (Gibco) supplemented with 10% FBS (Lonza), 100 U penicillin (Gibco), 100 pg/ml streptomycin (Gibco),
and 2mM glutamine (Gibco) was used. IFN-a4 was purchased from PBL Interferonsource.

For quantification of the enzymatic activity of luciferase, cells were lysed in passive lysis buffer (Promega). Cell extracts
were assayed for luciferase activity using standard reaction buffer (20 mM glycylglycine, 12mM MgS04, 1 mM ATP) con-
taining luciferin (SynChem OHG) and a single-tube luminometer (Berthold).

For in vivo bioluminescence imaging, mice were injected intraperitoneally with 3 mg of d-luciferin (Synchem OHG) in
PBS and anesthetized using 2 to 2.5% isoflurane (Abbott). For IVIS we followed the instructions from the manufacturer
of the anesthesia system to anesthetize mice. External oxygen supply was adjusted to 3.5 bar. Oxygen was delivered to
the vaporizers at a constant pressure of 6 PSI. Anesthesia was induced and maintained using isoflurane (2-2.5%) in air,
and animals were recovered afterwards with no ill effect. Flow rates were adjusted to 1 liters per minute. Animals were
anesthetized and luciferin was subsequently injected intraperitoneal. Animals were transferred to the imaging platform and
placed on a heating pad to maintain body temperature. 5 minutes after luciferin injection, imaging was performed for an
additional period of 2—3 minutes. Following imaging, animals were monitored until fully recovered from anesthesia (walk-
ing, active, etc.). Bioluminescence was analyzed using the Caliper in vivo imaging system (IVIS-200). Data analysis was
performed with Living Image 3.1 software (Caliper LifeSciences). Signal emitted by regions of interest was measured, and
data were expressed as photon flux, quantified as photons s' cm? sr'. Residual IFN-a in the serum of i.v. injected mice.
5000 units of IFN-a4 were injected into C57BL/6 mice via tail vein. Blood was taken at the indicated time points and IFN-a
in the serum was determined by EILSA (PBL Interferonsource).

The luciferase activity was quantified by measuring the emitted light intensity of the luciferin-luciferase reaction. In order
to link the Mx2-Luciferase activity data to the Mx2 expression in the liver, a scaling parameter pux2 was introduced in the
model:

Mx2" () = puxe * Mx2(t) (1

with Mx2" (f) denoting the Mx2-Luciferase activity and Mx2(t) the Mx2 expression in the liver. The scaling parameter was
then fitted to the data set.

Cell cultures

Primary mouse hepatocytes (PMH) isolated from transgenic mice were treated with different doses of mu-IFN-a-4. The
reporter construct was expressed under the Mx2 promoter. Dose response expression was measured for 1, 10, 100, 500,
and 2500 U/ml mu-IFN-a-4 at 24 hours. Time resolved measurements were then performed for 5 U/ml and 500 U/ml at
time points 0, 4, 8, 12, 19, 23, 27, and 34.5h. The specific activity of mu-IFN-a-4 was 1.4*108 U/mg.

Software

Copasi. The cellular JAK/STAT signalling model of IFN-a was developed in Copasi [14], version 4.22, an open source
software freely available at www.copasi.org.
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PK-Sim. The PBPK model of IFN-a was built using the PBPK modelling software PK-Sim® (Open Systems
Pharmacology suite Version 7.2 available at www.github.com).
MoBi. The PBPK protein model was established in PK-Sim® (Open Systems Pharmacology suite Version 7.0).

PBPK modelling

In PBPK models, the physiological mechanisms governing the distribution of molecules within the body of an organism
are explicitly represented [3]. PBPK models are based on compound properties such as molecular weight or lipophlicity as
well as properties describing the physiology of the species considered. The compound properties can usually be mea-
sured with in vitro assays and are required to inform the distribution model to estimate tissue-plasma partition coefficients
as well as permeabilties. Physiological parameters such as organ volumes or blood flows are usually taken from public
databases or data repositories. They already are available in the PBPK software PK-Sim for species such as mice, rats,
rabbits, dogs, monkeys or humans. Of note, PBPK modelling thereby supports cross-species extrapolation as well as
interspecies comparisons.

PD model of the JAK/STAT pathway

The development and structure of the JAK/STAT signaling pathway model largely follows earlier work [9] and is described
in detail in S1 Text. A list of model reactions as well as model parameters is also provided in the supplementary material
(Tables A and B in S1 Text).

The integration of the PBPK model with the cellular JAK/STAT signaling model was implemented in MoBi. Most reac-
tions of the PBPK/PD model were described as mass action kinetics [15]. The basal receptor turnover of IFNAR1 and
IFNAR2 were modelled as:

V = relhorm_exp [Sref]“Kiumover — [Substrate]*Kiumover (2)

with relnorrTLexp denoting the normalized relative expression of the respective receptor in different organs and S_; repre-

senting the reference concentration of the receptor. The feedback inhibition of SOCS1 on the receptors was modelled as
irreversible catalytic activation on the receptor

Vmax * [Substrate] x [Inhibitor]

V= (kmx + [Substrate]) - (K, + [Inhibitor]) (3)

Simulation of the models were performed using the LSODA algorithm as implemented in Copasi, as well as cvode 42 in
PK Sim/MoBi. Parameter fitting was performed with the Particle Swarm and Hooke/Jeeves algorithms as implemented in
Copasi for fitting intracellular dose-response behaviour and Monte Carlo/Levenberg-Marquardt implemented in the Open
Systems Pharmacology suite (Matlab toolbox).

For comparing different models obtained by parameter estimation, the mean absolute error (MAE), the root mean
squared deviation (RMSD) and the corrected Akaike information criterion AIC_[16] was calculated as

k+1
n—k—1 (4)

AIC,(x?,n, k) = 2k + X + 2k

by using the number of parameters k, the number of data points n and the achieved minimum of the cost function x2.
Models with the lowest index yield more information; however, those with similar indices are considered to be equally
informative.
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PK-Data

Previously published PK data for administration of IFN-a and IFN-f3 were used for PBPK model development [17—19]
(Table A'in S2 Text). The time-concentration profiles were digitized by using WebPlotDigitizer (www.automeris.io) (Table B
in S2 Text). Following best practice recommendations [3] for PBPK model building and validation, an initial model version
was developed for two similar doses of IFN-a (4.43 pg [17] and 3.50 ug [19]) before two smaller doses (3.33 pg IFN-a
[19]) and 0.0357 ug IFN-a/IFN-B (own data)) were simulated and compared to the corresponding experimental data. As an
initial quality assessment, dose normalization was performed for all four datasets to ensure their comparability (Fig A in S2
Text).

In vivo-in vitro comparison

To compare in vivo and in vitro responses, the administered in vivo dose of 1.43 ug IFN-a (corresponding to 2000 U) was
converted to an effective liver interstitial concentration of 1.39nM using the PBPK model. This concentration reflects the
actual target site exposure accounting for systemic distribution, clearance, and tissue-specific kinetics. The intracellular
model was then stimulated with this concentration to simulate the in vitro response.

Results

In preclinical research, animal models are used to investigate the PK/PD behavior of a drug. As such, animal models

are used to bridge between early in vitro screening and later clinical trials in human patients. However, this translational
step has inherent uncertainties regarding the comparability of in vitro assays and animal models on the one hand and
human patients on the other. To systematically address this question, we developed here a QSP model of IFN-a treatment
in mice, which we validated by using Mx2 expression as an in vivo readout. We then compared the simulations of this
validated mouse QSP model with further molecular markers of JAK/STAT signalling, as well as simulations of a previously
published QSP model of IFN-a treatment in humans [9].

Model set-up
We started our analysis with the development of a multiscale QSP model of IFN-a treatment in mice. In brief, model devel-
opment included the following three steps:

1. Establishment of an intracellular PD model of the JAK/STAT signalling pathway in mice at cellular scale on the basis of
a previously established human model [9],

2. Establishment of a PBPK model of interferon administration at the whole-body level in mice,
3. Integration of both models into a multiscale QSP model for mice.

In the following we describe the individual steps in more detail.

Establishment of an intracellular PD model of the JAK/STAT signalling pathway in mice

The signalling cascade of IFN-a is initiated by the binding of IFN-a to the IFN receptor subunits IFNAR1 and
IFNAR2 to form a heterodimeric ligand receptor complex. The receptor complex employs receptor bound phos-
phorylated Janus kinase 1 (JAK1) and Tyk2 to consequentially phosphorylate signal transductor and activator of
transcription 1 and 2 (STAT1, STAT2) proteins. The phosphorylated STAT proteins (pSTAT1/pSTAT2) form a het-
erodimer which then further associates with interferon regulatory factor 9 (IRF9) to form transcriptionally active
IFN-stimulated gene factor 3 (ISGF3). ISGF3 translocates into the nucleus and binds to interferon-stimulated
response elements (ISREs). Activated ISREs modulate the expression of numerous interferon stimulated genes

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013509 September 25, 2025 7118




N\ Computational
PLOS }. Biology

(1ISGs), e.g., antiviral proteins like Myxovirus resistance (Mx1, Mx2) proteins and RNA-dependent protein kinase
(PKR) [20]. Mx proteins, belonging to the GTPase superfamily, are highly conserved across species and are com-
mon markers for antiviral responses.

In humans, two variants of Mx proteins can be found, MxA and MxB, and the corresponding homologues in mice are
Mx1 and Mx2 [21,22]. The JAK/STAT pathway is tightly regulated by many negative feedback regulators, of which, SOCS
(suppressors of cytokine signalling), PIAS (protein inhibitors of activated stats) and PTPs (protein tyrosine phosphatases)
are among the most important ones.

The model describing the pharmacodynamics of the JAK/STAT signalling pathway in mice was based on a previously
established model for humans [9]. In particular, in that earlier work we had identified an ensemble of model parameter-
izations that all show equally good agreement of the model simulations with in vitro data [9]. To assess comparability
between the human and murine pathway, we performed a BLASTP search for proteins of the JAK/STAT signalling path-
way. Sequence identity and homology were found to be above 80% for most proteins of the signalling pathway, indicating
a strong identity between proteins structures for the two species (Table C in S1 Text). We hence assumed most kinetic
parameters, besides those for ligand-receptor binding (significant differences in protein sequence), and all initial concen-
trations to be identical to the human model. We furthermore adjusted the volume of the liver compartment to reflect the
altered physiology in mice.

In order to address expression data of the biomarker Mx2 in response to IFN-a stimulus, we added three reactions
describing transcription, translation and degradation of Mx2. A study by Asano et al. [23] showed that two ISRE binding
sites and one IRF binding site are located within the Mx2 promoter region. We tested a model assuming cooperative bind-
ing of the transcription factors, but found that cooperativity was not important for describing Mx2 expression (Fig Ain S1
Text). We therefore only used mass action kinetics to describe all reactions.

Parameters describing Mx2 expression were obtained by parameter estimation using all ten, previously published
parametrizations of the human model [9] as a basis. Thus, these initial parameters were quite variable, since individual
parameters had not been identifiable in the original human model and also contain parameters that simulate different
expression levels of the individual proteins. Then, each of these parametrizations served as initial values for 300 new
parametrizations fitting the mouse data and focusing on receptor kinetics and reactions of Mx2 expression, yielding a total
of 3000 parameter sets.

To address the unidentifiability of most parameters of the intracellular signalling pathway, again, a model ensemble of
the ten best fits were used for further analyses [24] (Table B in S1 Text). However, the final ensemble only differed with
respect to their absolute Mx2 expression (Figs B and C in S1 Text). For simplicity, only simulations from one model are
shown and discussed, but apply for the ensemble as a whole. Alternative, yet suboptimal ensembles are additionally pro-
vided in the supplementary material (Table D and Figs D and E in S1 Text).

Models were chosen such that they meet three criteria: (i) We selected only fits that performed best in the fitting pro-
cedure for time-resolved, dynamic data describing the Mx2-Luciferase activity; (ii) we verified that all models were able
to reach a steady state without stimulation as well as with 5 U or 500 U IFN-q; (iii) models were evaluated on their ability
to reproduce unseen dose response data for Mx2-luciferase activity at 24 h incubation time between 1 U and 2500 U of
IFN-a.

The final model captured the dynamics for Mx2-luciferase activity very well both for the high and the low dose, which
differed by two orders of magnitude in the in vitro assay (Fig 3). The maximum concentration as well as its timing were
slightly underestimated by all models. We also considered Mx2-luciferase activity after 24 h incubation time for various
doses between 1 U and 2500 U of IFN-a. The computational simulations of the pathway responses for the different IFN-a
doses are in excellent agreement with the experimentally measured Mx2-luciferase activity (Fig 4). This shows that the
intracellular pathway model is capable to accurately describe an important endpoint of IFN-a signalling in the JAK/STAT
pathway and can hence be used for further analyses.
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Mx2-Luciferase activity
in mouse hepatocytes [AU]

Time [h]
—— Model fit --»—- 5 U IFN-a --+-- 500 U IFN-a

Fig 3. Fitted Mx2-expression data for the in vitro model ensemble. Predictions of the model for Mx2 expression in response to 5 U or 500 U IFN-a
stimulation (solid lines) and corresponding data points used for fitting (dotted lines).

https://doi.org/10.1371/journal.pcbi.1013509.g003
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Mx2-Luciferase activity
in mouse hepatocytes [AU]

10°

0 10 20 30 40 50 60
IFN [nM]
—— Model simulation + Data

Fig 4. Predictions of the in vitro model ensemble for dose response data. Predicted dose responses of the model for Mx2 expression at 24 h after
stimulation with 0.13nM, 0.26 nM, 1.3nM, 2.6 nM, 6.5nM, 13nM, 26 nM and 65nM IFN-a. (corresponding to 5 U, 10 U, 50 U, 100 U, 250 U, 500 U, 1000
U and 2500 U IFN-a).

https://doi.org/10.1371/journal.pcbi.1013509.9004

Establishment of a PBPK model of interferon administration in mice

To describe drug disposition at the whole-body level, we developed a PBPK model of murine IFN-a in mice [3,25]. Previ-
ously published mouse PK data after IFN-a administration [17—19] as well as own data was used for model building and
validation, following general practice guidelines for model development [3]. Dose normalisation of PK data was used for
assessment of data consistency and showed an general comparability of all data (Fig A in S2 Text). The PBPK model

was fitted to plasma concentrations after i.v. injections of a single doses of 4.43 pg and 3.50 ug IFN-a from Bohoslawec
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et al. [17] and Rosztoczy et al. [19], respectively (Fig 5). Plasma clearance, the individual receptor and receptor complex
dissociation rates and dissociation constants K . and K, the endocytosis rate of the receptor complex into the cells and
the basal turnover rates of the individual receptors were obtained by parameter estimation. Additionally, renal clearance
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Fig 5. Development and validation of the mouse PBPK model to the venous blood plasma concentration. Model fits of the PBPK model to
experimental data for IFN-a concentration in blood plasma after i.v. injection of a single dose of 4.43 g or 3.5 pg IFN- a from Bohoslawec et al. (upper
left, [17]) or Rosztoczy et al. (upper right, [19]), respectively, and model validation against Kiuchi et al. (lower left, mix of IFN- o/IFN-3 and a data set
produced for this study (lower right) after i.v. injection of a single dose of 3.33 pg or 0.0357 pg IFN- a respectively.

https://doi.org/10.1371/journal.pcbi.1013509.g005
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was also considered in the mouse PBPK model. After the initial parameter estimation, both the data set from Bohoslawec
et al. [17] and the one from Roszotoczy et al. [19] could be well described with the mouse PBPK model (Fig 5, R?=0.937
and R?=0.824, respectively).

Subsequently, model validation was performed with own data as well as from Kiuchi et al. [18] (Fig 5). In these studies,
plasma concentrations of murine IFN-a were measured after i.v. injection of a single dose of 0.0357 pg IFN-a/IFN-f3 (own
data) or 3.33 ug IFN-a [18], respectively. We found that the high dose of 3.33 ug IFN-a could be well described with the
model (R2=0.580). However, the simulations for the lower dose, which was about a hundred fold lower than the dose used
for model establishment, showed a large deviation from the experimental data (R?=0.436), in particular due to an unex-
pected plateau in the concentrations.

Integration of both models in a multiscale QSP model of IFN-a drug action in mice

After developing and validating both the PBPK model and the PD model of IFN-a both models were combined to obtain
a multiscale QSP model. The pharmacodynamic model was integrated into the interstitial space of the liver. The inter-
face between the PBPK and PD model was the binding of IFN-a to its receptor at the target site at the extracellular target
site. The compartmentalisation and structure of the PD model was unchanged in the multiscale model. Using the non-
linear pharmacokinetic behaviour (absorption, distribution, metabolism and elimination) of IFN-a as an input, signalling
behaviour could therefore be predicted in an in vivo context.

For validation, the here established murine QSP model was tested against data of Mx2-Luciferase activity in mice. The
predicted dynamics of Mx2 expression in vivo matched the observed data very well, especially considering that the data
spanned up to two orders of magnitude (Fig 6). Although the initial time point at 3h was slightly overestimated, the remain-
ing time points could be reproduced very well.

Since not a single model parameter has been adjusted during model integration in the final QSP model, the correct
description of the in vivo MX2-luciferase activity is noteworthy. In particular during the clearance phase after 12h the
simulations are in excellent agreement with the experimental data. During this phase IFN-a pharmacokinetics and target-
mediated clearance dominate the dynamics of the data.

In vitro - in vivo comparison of IFN-a drug action

A key step in pharmaceutical research is the translation of in vitro results to the in vivo situation. However, the relevance of
experimental findings from the laboratory to the situation in living organisms may be limited. The QSP model established

1010,
109

108

in murine liver [AU]

Mx2-Luciferase activity

107

20 30 40 50
Time [h]

—— Model simulation e Mean: 2000 U IFN-a e 2000 U IFN-a
Fig 6. Model fit and validation for Mx2 activity. Predictions of the model for the expression of Mx2 in response to 1.43 pg murine IFN-a (solid lines)

and data on Mx2-Luciferase activity in the liver of mice (points). Mean values are depicted as black points and were used for fitting. Individual measure-
ments were displayed as gray points to show variation in the data.

https://doi.org/10.1371/journal.pcbi.1013509.9006
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here for mice allowed us to quantitatively compare MX2 expression according to a full mechanistic intracellular JAK/STAT
model based on in vitro data with the drug-induced in vivo response in mice. In this regard, an obvious difference are the

upstream IFN-a time concentration profiles, which are stationary in the in vitro case yet highly dynamic in in vivo situation

due to the governing PK profile as governed by systemic clearance reactions.

For this, the QSP model was simulated with a single i.v. dose of 1.43 ug IFN-a as considered before in the intracellular
model. This resulted in a maximum concentration of 1.39nM in the liver. This was then used as the stimulus for the iso-
lated PD model as representation of the in vitro cell culture experiment.

The predictions showed in general more sustained levels of IFN-a at the target site in the in vitro setting than in the
in vivo mouse model (16-fold increased AUC). As a consequence, also downstream signalling showed a stronger and
prolonged activation profile compared to the in vivo model predictions. This means that the drug-induced response in
vitro overestimates the actual in vivo behavior (Fig 7) and this can lead to erroneous conclusions regarding drug action as
well as drug efficacy. Obviously, the computational model can be directly applied in clinical translation to overcome such
misinterpretations.

To further evaluate in vitro - in vivo differences of IFN-a drug action, fold changes of predictions from the in vitro
model to the in vivo context were calculated for various molecular species of the JAK/STAT signalling pathway (Fig
Ain S3 Text). This analysis showed, for all components of the cascade, a stronger activation in the in vitro setting for
both maximal concentration (C__ two to eight-fold) and integrated activity (AUC, four to 16-fold). In addition to the
stronger activation, the maximal concentration was reached at a later time point (t__ ) and remained active for a longer
period of time (t, ,). Only mRNA levels of IRF9 were predicted to decline faster in the cell culture experiment than
under in vivo conditions.

IFN-a Activated receptor complex
3

=
=
C
O
=
e 10° SOCS1 Mx2
§ 10
100
§ 102
100
1072
-6 -4
1075 20 s 070 20 40
Time [h]
—— In vivo model ----In vitro model

Fig 7. In vitro - in vivo difference in signalling patterns. Differences in signalling patterns in the in vivo QSP response (1.43 pg injected dose solid
lines) vs the in vitro PD response (0.695 model units; initial dose; dashed lines). Displayed are the time profiles of IFN-a in the interstitial space of the
liver, the activated receptor complex, the negative regulator SOCS1 and the target protein Mx2. For the first three, the ensemble predictions coincide; for
Mx2 levels, the range of the ensemble’s predictions are shown.

https://doi.org/10.1371/journal.pcbi.1013509.g007
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Interspecies variability in IFN-a drug action

In biomedical research, in vitro assays and animal models are often employed to estimate the interaction between human
physiology and a drug [26]. This is due to the fact that many experiments in humans are obviously limited and invasive
sampling in human tissue is hence challenging [27]. Most commonly, rats and mice are often used as a model organisms
to represent the in vivo situation; however, this can lead to erroneous conclusions. Seok et al. [28] reported that, e.g., the
immune response in mice and humans shows only poor correlation.

To compare the dynamic behavior of various key endpoints (IFN-a in the interstitial space of the liver, activated receptor
complex, SOCS1, IRF9) we hence simulated both the published human and the new murine QSP model. In both cases,
the same dose per body weight 3.0 pg/kg of murine and human IFN-a, respectively) was considered 40 minutes after i.v.
injection. For simplicity, only one of the ten human predictions are shown (Fig 8), but all were considered in the assess-
ment of cross-species differences of IFN-a signalling patterns between human and mice (Fig 9). The predicted dynamical
behavior of the intracellular signalling pathway was overall comparable between human and mice. However, IFN-a levels
in the interstitial space of the liver were much higher as well as more sustained in human than in mice (Fig 8). In contrast,
downstream components of the signalling cascade showed an eight to 16-fold stronger response in the murine liver. In
our analysis this is due to the efficient IFN- a binding resulting from the parameterizations after fitting (Table C in S2 Text).
However, this could be also caused by a higher receptor abundancy in mice. With the current data, we are not able to
separate these two parameters.

Discussion

In this work, we established a new QSP mouse model in response to injected IFN-a doses. We used this model to
systematically compare in vitro and in vivo drug responses of IFN-a injections in mice and compare these to humans.
The model combines the upstream IFN-a pharmacokinetics and the downstream pharmacodynamics of the JAK/STAT
pathway. As a functional readout, we used the antiviral response biomarker Mx2, which was measured both in vitro
and in vivo in a mouse model. The PBPK part of the mouse model was carefully established and validated with PK
data measured for different published doses of IFN-a [17,19] (low dose measured for this study) and IFN-3 [18]. The
latter was still used for establishing the PK model of IFN-a since there was a scarcity of data and the physicochemi-
cal properties of both IFN forms were very similar, including comparable molecular weights (~19-21kDa), isoelectric
points (pl~5-7), and hydrodynamic radii, which support similar distribution and clearance mechanisms in vivo [29].
Thus, it was assumed that the PK profiles would be very similar as well. In addition, the intracellular part of the model
was carefully validated with in vitro data on luciferase expression for IFN-a medium concentrations covering three
orders of magnitude.

Subtype-specific PD effects (e.g., receptor binding dynamics, prolonged STAT1 activation) remain separable from PK
and are not addressed in this work. Adding these details would primarily affect the pharmacodynamics (PD). For example,
receptor affinity differences (e.g., IFN-$’s 1000-fold higher IFNAR1 affinity) influence PD, they have minimal impact on
physicochemical-driven PK parameters like volume of distribution or renal clearance. Future work will incorporate subtype-
specific receptor binding kinetics to refine PD predictions [30,31].

An obvious short-coming of the resulting models is the fact that only sparse data has been available for fitting and
validation. As a result, kinetic parameters are not identifiable. To remedy this problem — at least to a certain extent — we
employed model ensembles containing models with different parameterizations, all only constraint by the experimental
data. With robust results from these model ensembles we can at least ensure that the findings are not an outcome of sin-
gle arbitrarily chosen parameters. However, without doubt, all findings need additional experimental validations before an
application in an applied setting is tried. This is all the more true, since so far — and to our knowledge — no data exists that
directly compare, e.g., the molecular abundancies of signalling components between human and mouse models during
interferon administration.
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Fig 8. Predictions of a human and murine QSP for IFN-a. Predictions of human fit 5 (dashed line) from Kalra et al. [9] and the here established
mouse model (solid line) for the same dose per body weight stimulation with IFN-a. Shown are the concentration of IFN-a in the interstitial space of the
liver, the activation of the receptor complex, formation of the transcription factor ISGF3 and its binding to the target genes as well as transcription and
translation of IRF9 and SOCS1.

https://doi.org/10.1371/journal.pcbi.1013509.g008
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values the same in mice.
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https://doi.org/10.1371/journal.pcbi.1013509.g009

Of particular note, the resulting combined QSP model was able to predict in vivo measurements of Mx2 luciferase
activity in the liver of mice with high accuracy. This is a strong indication for the overall model quality and provides con-
fidence that the model can be used for further analysis. The newly developed mouse QSP model was first used to com-
pare biomarker responses in cell culture assays with the in vivo situation. To this end, similar drug concentrations were
considered in the cell culture medium and in the liver of the mouse PBPK model. It was found that pathway activity was
stronger in the in vitro situation than under in vivo conditions. This can be attributed to the more sustained exposure level
in cell cultures, where no physiological clearance occurs. This clearly emphasizes the need for modern organs-on-a-chip
devices or similar to better reproduce the in vivo situation in vitro. The mouse QSP model was next compared to a previ-
ously established human QSP model [9] for interspecies comparisons. For identical weight-normalized doses, simulations
showed higher IFN-a levels in the human liver. In contrast, the resulting responses in the downstream signalling cascade
were found to be higher in mice. Thus, although the dynamics of the responses are comparable, clearly, the anti-viral
response in mice is higher than in humans and would therefore be overestimated when using a mice model to extrapolate
the human response. Mice are considered a useful model to investigate the antiviral immune response in humans, though
inter-species differences have been identified from targeted gene deletions [32]. For example, STAT4 activation is neces-
sary in humans for IFN-a induced development of type 1 T helper cells in response to viral infections. In contrast, IFN-a
can neither activate STAT4 nor induce type 1 T helper cells in mice [32]. Viral susceptibility in mice and men also changes
specifically along the JAK/STAT signaling pathway since STAT1 deficiency leads to a more severe phenotype in humans
relative to mutations in IFNAR1/2, while deficiencies in STAT1 show a comparable viral phenotype to IFNAR1/2 deficiency
in mice [33].
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In pharmaceutical industry and academic research, scarcity of data is a common problem. Measurements for the
efficacy of novel drug candidates in human are limited due to ethical and practical concerns. Instead, in vitro assays as
well as animal models are often used as initial proof of concepts. However, there are also limitations in animal experi-
ments as they are time-consuming, expensive, ethically concerning and their extrapolation to a clinically relevant context
might be non-trivial. In this respect, QSP modelling is particularly valuable in understanding drug action of novel drug
candidates. QSP models, as the one developed in this study, allow the continuous integration of such scarce and hetero-
geneous datasets, commonly generated along the drug development process, within a single computational model. There
have been numerous preclinical and clinical studies to evaluate the clinical efficacy of IFN-a [34-37]. While it would be
interesting to apply our models in the support of such analyses, it should be noted that our model describes only a part
of the rather diverse IFN-a mediated immune response. Amongst others, ISGF3 is a transducer and activator of various
interferon-stimulated response elements. These elements modulate in turn ISGs which, altogether, regulate a few hundred
genes [38]. Expression characteristics of ISGs are an important signatures in several complex diseases such as specific
rheumatic conditions as well as in different types of cancer [39]. This comes in addition to the role of ISGs in antiviral pro-
grammes during the host immune response [38]. For actual clinical applications of our QSP model further extensions and
specifications are therefore necessary to support the in silico prediction of clinical trial outcomes - after significant further
validation and data integration. The here established QSP models could then be used to analyze the variability in respon-
siveness to IFN-a therapy - at clinical, preclinical and cellular levels. Likewise, new approaches in immunooncology aim to
boost the efficacy of immune checkpoint inhibitors or chimeric antigen receptor T cells by combination therapy with cyto-
kines such as IFN-a, which also possesses antitumoral activity [40]. However, combination of two or more drugs increases
the number of possible combinations and dose regiments to be tested in clinical trials.

QSP models can be used to to predict clinical drug effects and therefore reduce the number of patients required for
study completion, thus enabling studies that would otherwise be limited by the availability of eligible patients [41]. We
hence believe that QSP models will significantly support future drug development by supporting decision-making and
study planning at critical steps.

In summary, we established a first QSP model for IFN-a administration in mice that includes the distribution of inter-
feron in the body of the mice and the anticipated intracellular response in hepatocytes. Model parametrizations were
based on model fitting to experimental data. Due to limited data being available, resulting in parameter non-identifiabilities,
we used model ensembles with different parametrizations constraint by the experimental data to simulate the respective
behavior. We compared the results with those achieved for a human QSP model and observed that less normalized IFN-a
is expected to arrive at the liver in the mouse, nevertheless leading to a stronger intracellular response. The model will be
easily extendable and adjustable to encompass further processes, answering different questions.For an applied setting of
the model, further validations are needed, particularly to reduce some of the parameter uncertainties.
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