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Abstract

Physiologically based pharmacokinetic (PBPK) models can be used to leverage physiological and in vitro data to predict
monoclonal antibody (mAb) concentrations in serum and tissues. However, it is currently not known how consistent
predictions of mAb disposition are across PBPK modelling platforms. In this work PBPK simulations of IgG, adalimumab
and infliximab were compared between three platforms (Simcyp, PK-Sim, and GastroPlus). Accuracy of predicted serum
and tissue concentrations was assessed using observed data collected from the literature. Physiological and mAb related
input parameters were also compared and sensitivity analyses were carried out to evaluate model behavior when input
values were altered. Differences in serum kinetics of IgG between platforms were minimal for a dose of 1 mg/kg, but
became more noticeable at higher dosages (> 100 mg/kg) and when reference (healthy) physiological input values were
altered. Predicted serum concentrations of both adalimumab and infliximab were comparable across platforms, but were
noticeably higher than observed values. Tissue concentrations differed remarkably between the platforms, both for total-
and interstitial fluid (ISF) concentrations. The accuracy of total tissue concentrations was within a three-fold of observed
values for all tissues, except for brain tissue concentrations, which were overpredicted. Predictions of tissue ISF con-
centrations were less accurate and were best captured by GastroPlus. Overall, these simulations show that the different
PBPK platforms generally predict similar mAb serum concentrations, but variable tissue concentrations. Caution is
therefore warranted when PBPK models are used to simulate effect site tissue concentrations of mAbs without data to
verify the predictions.

Keywords Physiologically based pharmacokinetics - Biodistribution - Monoclonal antibodies - IgG - Infliximab -
Adalimumab

Introduction

The pharmacological targets of monoclonal antibodies
(mAbs) are often located outside the vasculature, which
makes extracellular tissue concentrations a potentially
more informative measure of pharmacodynamic (PD)
effects than serum concentrations [1]. Tissue penetration of
mAbs is typically poor, resulting in steady-state tissue-to-
serum concentration ratios between 0.05 and 0.15 [2]. Due
to their large size (~ 145 kDa), diffusion of mAbs through
vascular endothelial cell membranes is slow and
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convective transport through paracellular pores can be
considered as the main mechanism of uptake of mAbs to
tissues [3]. Transcytosis mediated by the neonatal Fc
receptor (FcRn) is an additional possible mechanism of
extravasation, but its quantitative importance in mAb tissue
disposition is not yet clear [4]. Additionally, the extent of
mAb distribution to tissues is further hampered by tissue
clearance through lymphatic drainage, endosomal catabo-
lism and target-mediated drug disposition (TMDD) [5].
Tissue distribution of mAbs is also dependent on the type
of tissue, with lower concentrations commonly observed in
tissues with tightly knit vascular endothelial membranes,
such as the brain, compared to tissues with more discon-
tinuous capillaries [2]. Due to these differences between
serum and effect-site concentrations, it becomes important
to accurately characterize the extent and rate of antibody
distribution to the tissue of interest.
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Antibody tissue distribution can be characterized
experimentally through biodistribution studies. These
studies are costly however, and are almost exclusively done
in preclinical animals due to their invasive nature [3]. An
alternative and relatively new approach is to use micro-
dialysis to assess tissue concentrations, which is less
invasive and specifically measures interstitial fluid (ISF)
concentrations [6]. Since most targets are located in the
extracellular space, ISF concentrations can be considered
to be more pharmacologically relevant than total tissue
concentrations, which reflect a mean concentration lumped
over extra- and intracellular tissue sub-compartments.
However, microdialysis has up to now only sporadically
been used for the assessment of mAb distribution [6, 7].
Given the cost and limitations of biodistribution studies,
the development of supporting in silico models of mAb
distribution might aid in understanding and predicting local
effect site concentrations.

One way to predict mAb tissue and serum concentra-
tions is through physiologically based pharmacokinetic
(PBPK) modeling. PBPK models consist of sets of ordinary
differential equations (ODEs) which link drug concentra-
tions in different organs/tissues, represented as compart-
ments. The models are parameterized using physiological
data such as tissue volumes, lymph flows and drug related
(in vitro) data, such as molecular weight and target affinity
[8]. PBPK models were originally developed for small
molecule drugs but they are, in adapted form, increasingly
being used for therapeutic proteins such as mAbs. The first
PBPK model for mAbs was developed by Covell and
colleagues in 1986 and described IgG tissue concentrations
in mice [9]. Their model was later expanded to include
more mAb disposition mechanisms, such as mAb target
binding, convective transport using a two pore formalism
[10] and FcRn-mediated recycling [11]. In 2012, Shah and
Betts developed a PBPK model of mAb disposition capable
of predicting mAb tissue concentrations in humans and
different preclinical species (mice, rats and cynomolgus
monkeys) [12]. Similar models were developed and pack-
aged by three different PBPK software platforms, namely
Simcyp [13], PK-Sim [14] and GastroPlus [15]. While the
underlying structure of the models is comparable (Fig. 1),
some differences in input parameters (e.g. lymph flows)
between the models have been implemented which was to
be expected, given the number of values required and the
variation in reported literature sources and estimation
approaches observed. Thus far, it has not been assessed
whether these three platforms provide comparable
predictions.

The aim of this work was therefore to compare serum
and tissue predictions of mAbs using the three most com-
monly used PBPK platforms (Simcyp, PK-Sim and Gas-
troPlus). First, the behavior of a generic mAb with the

@ Springer

properties of an IgG was evaluated using serum and tissue
concentrations (total, ISF and endosomal concentrations).
Next, differences in physiological input parameters were
compared across the platforms. To evaluate the behavior of
the models under altered circumstances, the influence of
changing key physiological and mAb-related parameters
on serum and tissue (skin ISF) exposure was compared
across the platforms. To investigate the accuracy of the
predictions of mAb serum kinetics, model predictions were
compared with published observed data originating from
five different clinical studies investigating the PK of
adalimumab [16, 17] and infliximab [18-20] at different
intravenous doses. Lastly, the accuracy of tissue disposition
predictions was evaluated using reported antibody distri-
bution coefficients (ABC, i.e. the tissue/serum concentra-
tion ratios).

Methods
Physiologically based pharmacokinetic models

PBPK simulations of monoclonal antibody disposition
were done using three different PBPK platforms; Simcyp
(v20, Certara, Inc, NJ, USA), PK-Sim® (v11, Open Sys-
tems Pharmacology) and GastroPlus (v9.8.2, Simulations
PlusInc., Lancaster, California, USA). A generalized model
structure is presented graphically in Fig. 1. In short, each
tissue compartment is divided into a vascular-, endosomal-,
interstitial- and intracellular space. mAbs are delivered
from the arterial blood supply to the vascular tissue space
using the arterial tissue blood flow (Q) and recirculate to
the venous blood supply using the venous tissue blood
flow, which is the arterial tissue blood flow minus the
lymph flow (L) (Q — L). mAbs can translocate to the
interstitial space through convective transport via paracel-
lular (endothelial) pores and/or transcytosis mediated via
FcRn. The magnitude of these trans-capillary transport
processes depends on the convective lymph flow (L), the
vascular reflection coefficient (0,) and the permeability
surface-area product (PS). From the vasculature and/or
interstitial space, mAbs are taken up in the endothelial
endosomes through pinocytosis (rate constant K,,). Inside
these endosomes, mAbs interact with FcRn receptors
according to a 1:1 stoichiometry using a mAb-specific
dissociation constant (K4 ,x6). This mAb binding to FcRn
happens in competition with endogenous IgG. Bound mAb
either recycles to the vascular- or interstitial space (rate
constantK,.). Unbound mAb is degraded by the acidic
endosomal environment using a first order rate constant
(K¢ car)- The relative proportion of uptake from- and recy-
cling to the vascular space (relative to the interstitial space)
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Fig. 1 Generalized representation of a tissue compartment in a
physiologically based pharmacokinetic (PBPK) model. The intracel-
lular space and competition of monoclonal antibody (mAb) and
endogenous IgG for FcRn are not shown. f,7*: fraction taken up from
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tively. From the interstitial space, mAbs are transported to
the lymph nodes using the lymph flow (L) and the lym-
phatic reflection coefficient (o;). From the lymph nodes the
mAbs are transported to the venous serum supply using the
lymph flow (L). The intracellular space is considered
inaccessible for mAbs, except through target mediated drug

disposition (TMDD) in case of membrane-bound antigens.
Simulation settings

Physiological population input values required for the
PBPK models were parameterized using the pre-specified
reference populations in the platforms (“Healthy volun-
teer” for Simcyp, “European” for PK-Sim and “Ameri-
can” for GastroPlus). From each of these populations, one
24-year old male individual was sampled with a fixed body
weight of 80.7 kg and height of 176.6 cm. This resulting
virtual reference individual was used in all subsequent
simulations.

Simulations were done using three different compounds;
a generic mAb (IgG.y,), and two TNF-a inhibitors (adali-
mumab and infliximab). The compound specific input
parameters are presented in Table 1. For IgGe,, the
compound input values specified in the simulator for
endogenous IgG were used without adaptation, meaning
that the substrate behaves as an endogenous IgG as spec-
ified in the platforms. For the TNF-a inhibitors, identical
input parameters were used across platforms. As TMDD
for soluble antigens cannot currently be specified in Gas-
troPlus and requires interfacing with another program in
PK-Sim (MoBi, Open Systems Pharmacology), simulations
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Interstitial space

constant (either at pH = 7.4 or pH = 6.0), K ¢: catabolic elimination
rate constant, K,.: recycling rate constant,K,;: uptake rate constant, L:
lymph flow, PS: permeability surface area product for large (PSp) or
small (PSg) pores, Q: blood flow,s;:lymphatic reflection coefficient,
oy vascular reflection coefficient for large (o, 1) or small (cy g) pores

for the TNF-a inhibitors were initially done without
TMDD. To evaluate the effect of TMDD on model pre-
dictions, a second set of predictions was made with the
Simcyp platform with TMDD enabled (“Sim-
cyp + TMDD”). TNF-a abundance and degradation rate
were set at 4.47 pM and 0.877/h, respectively (standard
values in the simulator).

Quantitative comparison of model outputs

Simulated concentration—time profiles of the mAbs in
serum and tissues were used as primary outputs. Only tis-
sue compartments with a similar implementation across
platforms were compared (details: supplementary
Table S1). Gastro-intestinal-tract concentrations for
example were not compared as this tissue is implemented
as “gut” in Simcyp, divided into separate compartments
(“stomach”, “small intestine” and “large intestine”) in
PK-Sim and is not available for outputting in GastroPlus.
Both total- and interstitial fluid (ISF) concentrations were
evaluated. In PK-Sim, total tissue concentrations were
assessed as “whole organ” concentrations with a residual
blood fraction of 0.18 for all tissues except brain. This
fraction is recommended to be used when comparing
simulations with concentrations obtained through tissue
dissection studies [14] (i.e. the verification data used in this
work). For total brain concentrations, a residual blood
fraction of O is used, as the verification data for brain
stemmed from a study where concentrations were corrected
for residual blood content [25]. The R-package “PKNCA”
[26] was used to calculate non-compartmental PK param-
eters. T.x was defined as the time when the maximum
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Table 1 Input parameters for the mAb compound models

Parameter 12Gexo Adalimumab Infliximab
Simcyp PK-Sim GastroPlus Value Refs. Value Refs.
mADb size MWT (kDa) 150 150 150 148 [21] 149 [22]
FcRn binding in endosome K i pre.0(LM) 0.728 0.630 N.R 0.672 [23] 0.727 [23]
kon (1/puM/d) N.R N.R“ 8000 20 822 [23] 1313 [23]
Kogr (1/d) N.R N.R 500 1 400° [23] 18 058° [23]
FcRn binding in interstitium K pr7.0(LM) N.R 999,999 N.R 999,999 (I1gGexo) 999,999 (I1gGexo)
kon (1/pM/d) N.R N.R 90 90 (12Gexo) 90 (12Gexo)
Kogr (1/d) N.R N.R 30,000 30,000 (12Gexo) 30,000 (12Gexo)
TMDD Kon (1/uM/h) - - - 6080 [24] 8640 [24]
Kogr (1/h) - —/ - 0.170 [24] 0.236 [24]
Kine (1/h) - - - 0.877 = Kdeg 0.877 = Keeg

*Kon Was kept at 0.87 L/pmol/min for all PK-Sim simulations

"Experimental value divided by a scalar to accompany difference in experimental setting (details: see extended methodology)

IgGexo: exogenous IgG, Kg: dissocation constant, kgeg: degradation rate of target, Ky, internalization rate of drug-target complex, kqg: off rate,
kon: on rate, MWT: molecular weight, N.R. not required, TMDD: target mediated drug disposition

concentration (C,,x) is observed. As output concentrations
were sampled at 4 points per hour, T, estimates had a
precision of 15 min. The AUC was either calculated to the
last observed timepoint (AUC_,5, €.2. AUC(_g72 1) or by
extrapolating the last observed concentration (Cjy) to
infinity (AUC;,), using the estimated elimination rate
constant (4;). Other parameters were calculated as follows:
(Egs. 1-4)

Dose
AUCiyt ( )
CL
o 2
d 7 .
n(2
- 3)
4
ABC — Clasniissue )
last,serum

with CL: clearance,V;: volume of distribution, 7, /2t half-
life and ABC: antibody distribution coefficient.

Parameters were quantitatively compared between
platforms using the percent coefficient of variation (%CV).
Values larger than 50% were specified as denoting a large
disagreement between models. Agreement between model
outcomes and observed (literature) data was expressed as
fold errors for individual observations and absolute average
fold errors (AAFEs) for multiple (n) observations; Egs. (5—
6).

FE — Xpredicted (5)
Xobserved
AAFE = 10+ 2_1os(FE) (6)
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with x: the parameter of interest. FEs and AAFEs within
twofold (0.5-2.0) were deemed acceptable. When observed
data had to be extracted from figures, Webplotdigitizer [27]
was used.

Results
Behavior of a generic mAb (IgG,,,)

To investigate differences between the platforms in simu-
lating PK of exogenous IgG (IgGex,), serum and tissue
concentration—time profiles of a mAb with the same input
parameters as those defined for endogenous IgG were
simulated using the different platforms (Table 1). Limited
differences in serum kinetics were observed for a dose of
1 mg/kg of IgG.y, (Fig. 2). For this dose, serum AUCg_g721,
values were comparable across the three platforms (5787,
6570, 5571 mg h/L for Simcyp, PK-Sim and GastroPlus
respectively, 9% CV), as were the half-lives (570, 635 and
614h for Simcyp, PK-Sim and GastroPlus respectively, 5%
CV) (Supplementary Table S2). However, the associated
ISF and total tissue concentration profiles differed signifi-
cantly between the platforms (Fig. 3). Variation in AUC,,.
672n based on total tissue concentrations was less than 50%
CV for adipose (42% CV), heart (41% CV), kidney (35%
CV) and muscle tissue (6% CV) (Supplementary
Table S2). For AUCy_¢72 1, values calculated from ISF
concentrations, only heart and lung values varied less than
50% CV (12 and 42% CV, respectively). When tissue
concentrations were normalized for serum concentration,
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Fig. 2 Predicted serum concentrations of exogenous IgG (IgGexo)
after a single 1mg/kg intravenous dose using three different physi-
ologically based pharmacokinetic (PBPK) platforms; Simcyp (full
blue line), PK-Sim (dashed red line) and GastroPlus (dot-dashed
green line) (Color figure online)

i.e. representing antibody distribution coefficients (ABC),
differences between platforms remained large for ISF and
total tissue concentrations for most tissues. The rate of
distribution also differed between platforms, with time to
maximum tissue concentrations (T,.x) varying signifi-
cantly for most tissues (6/9 and 5/9 of tissues for total and
ISF  concentrations, respectively)  (Supplementary
Table S2). Endosomal concentrations also varied across
platforms (Supplementary Figure S1). In PK-Sim and
GastroPlus, endosomal concentrations were comparable
across tissues, whereas in Simcyp, the concentrations
depended more on the specific tissue (e.g. low in adipose
but high in heart tissue). Dosages of 0.1 and 10 mg/kg
yielded near identical dose-normalized results in serum
compared to the 1 mg/kg dose (Supplementary Figure S2).
Dosages of 100 mg/kg and higher showed decreased dose-
normalized exposure (AUCy g4 gays), but these decreases
differed markedly between platforms. For a 1000 mg/kg

Fig. 3 Predicted tissue
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dose for example, decreases in dose-normalized exposure
were — 33%, — 54% and — 3.2% relative to a 1 mg/kg
dose for Simcyp, PK-Sim and GastroPlus, respectively
(Supplementary Table S3).

Comparison of model parameters

Next, differences in model parameter values across plat-
forms were investigated, together with model behavior
when key parameters were altered. First, physiological
input parameters were compared. These parameter values
are presented in Fig. 4 and associated %CV between
platforms are given in supplementary Table S4. In a next
step, the effect of changing key input parameter values on
the AUCy_¢7; 1, in serum and the relative penetration in the
interstitial space of the skin (AUCy_g7, 1, ratio skin ISF /
serum) was investigated. Skin was used as an example
tissue for this analysis due to its relevance for inflammatory
disease states (e.g. psoriasis). The results of the analysis are
presented in Fig. 5, together with associated serum and
skin ISF concentration profiles in supplementary Figure S3.

Tissue volumes

Total tissue volumes were comparable across the platforms
(minimum 4% CV (heart); maximum 33% CV (lung)). The
relative fractions of intracellular volume were also similar
across platforms (minimum 3% CV (adipose); maximum
449% CV (lung)), as were the relative interstitial tissue
volumes, except for the brain (104% CV, other tissues
maximum: 48% CV in the heart). In contrast, relative
endosomal tissue volumes varied considerably between
platforms (maximum: 154% CV in adipose tissue) due to
the high values included in GastroPlus. The relative vas-
cular volume of the tissues also varied considerably across
platforms, with only three tissues having a % CV under
50% being skin (0% CV), muscle (35% CV) and brain
(43% CV).

Blood and lymph flows

Blood flows were comparable, with an observed maximum
of 30% CV (adipose tissue) between platforms. Lymph
flows varied more between platforms, with only 2 of the 9
tissues having %CVs under 50% (muscle and skin). When
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Fig. 4 Parameter values of key input physiological parameters for three physiologically based pharmacokinetic modelling (PBPK) platforms.
Pore sizes are not implemented in GastroPlus, hence the lack of parameter values
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Fig. 5 Sensitivity analyses on the impact of changing input param-
eters on serum exposure (A) and relative interstitial fluid (ISF)
exposure in skin tissue (B). Results are expressed as percentage
changes from the baseline area under the curve (AUC,,) value of
Img/kg exogenous IgG (IgG.x,). Initial parameter values were either
halved (left hand plots) or doubled (right hand plots). For visualiza-
tion purposes, the + 281% change in relative skin exposure when
large pore size was doubled in PK-Sim was capped to 75% (denoted
with an asterix (*)). CO: cardiac output, FcRn: endosomal FcRn
receptor abundance, IgG: endogenous IgG serum concentration, Kd
(pH 6): FcRn-mAb dissociation constant at endosomal pH, MWT:
molecular weight of the mAb, R,s (skin): pore size of small pores in
skin tissue, R,l (skin): pore size of large pores in skin tissue

cardiac output was altered, blood and lymph flows scaled
proportionally across all platforms, as blood flows are
specified as percentages of cardiac output and lymph flows
as a fraction of those blood flows. Halving or doubling the
cardiac output led to similar minor decreases and increases
in serum exposure across platforms, respectively. The rel-
ative disposition into the ISF of the skin followed an
inverse pattern in PK-Sim and GastroPlus (i.e. higher rel-
ative exposure when blood flow is decreased), while in
Simcyp, the relative ISF skin disposition was almost
unaltered with changes in blood flow.

Endosomal uptake and recycling

Endosomal uptake rate constants and recycling rate con-
stants varied considerably between platforms (166 and
111% CV, respectively) due to the high values imple-
mented in PK-Sim and Simcyp, respectively. The frac-
tional uptake from the vasculature and the fraction recycled
to the vasculature control the direction of endosomal
uptake and recycling processes. In PK-Sim, there is no
uptake from- and recycling to the interstitial space as both

parameters are set to 1. In GastroPlus, there is uptake from
and recycling to the interstitial space but this is minor
compared to uptake from and recycling to the vasculature
(parameters set to 0.72). In Simcyp, there is equal endo-
somal uptake from the vasculature and interstitial space
(fractional uptake from vasculature: 0.5), but the direction
of recycling depends on the tissue (to the interstitial space
for adipose, muscle and skin; to the vasculature for the
other tissues).

Endosomal catabolism

The catabolic elimination rate constant and endosomal
FcRn concentration varied noticeably between platforms
(> 162% CV and > 68% CV, respectively) due to the
respectively high and low parameter values specified in
GastroPlus.

When endosomal FcRn abundance was halved, serum
exposure decreased in all three models although the mag-
nitude of this decrease varied markedly (between — 12%
and — 42% decrease of AUC 47, , in GastroPlus and
Simcyp, respectively). Doubling the FcRn abundance had
an opposite effect on serum exposure as AUCy g75 p
increased between 6 (GastroPlus) and 26% (Simcyp).
Relative skin ISF exposure only changed as a result of
alterations in FcRn abundance in the Simcyp platform:
relative skin ISF exposure was lower or higher when FcRn
abundance was decreased or increased, respectively. Sim-
ilar, but smaller changes in serum and skin ISF exposure
were induced when the affinity of the mAb (IgGey,) for
FcRn was doubled or halved. Changes in endogenous IgG
serum concentration only had a noticeable impact in the
Simcyp model, where lower endogenous IgG serum con-
centrations yielded higher serum and relative skin ISF
exposure of the mAb (IgG.,,), probably due to less com-
petition for FcRn receptors. Changing the Kd of IgG.,, had
a similar impact on serum exposure across the platforms.
The impact of changing the Kd on relative skin exposure
was however only noticeable in the Simcyp model.

Trans-capillary transport

Trans-capillary transport between the vasculature and the
interstitial space is implemented in Simcyp and PK-Sim
through convective and passive transport through small and
large pores. The magnitude of these processes depends on
the pore sizes of the membrane and the solute size of the
mAb. mAD solute sizes are calculated from the molecular
weight of the mAb using two slightly different formulas
(Supplementary Figure S4a). For a mAb with a molecular
weight of 150 kDa for example, the estimated solute size
was 5.08 nm in Simcyp and 5.13 nm in PK-Sim. Similarly,
the reflection coefficients determining the magnitude of
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convection are calculated from mAb solute size and pore
size using different formulas (Supplementary Figure S4b).
For a mAb with a solute size of 5 nm, the calculated
reflection coefficient for a pore size of 20 nm was 0.31 in
Simcyp and 0.23 in PK-Sim. When the solute size is fixed
to a default value of 5.34 nm instead of estimated, the
differences in concentration—time profiles of the mAb in
serum (Supplementary Figure S4c) and ISF skin (Supple-
mentary Figure S4d) are minor compared to existing
between-platform differences. Further details on the cal-
culation methods of convective and passive trans-capillary
transport can be found in the supplementary detailed
results section. In GastroPlus, only the convection process
is implemented for which no distinction is made between
small and large pore transport and reflection coefficients
are empirically specified (standard value of 0.95).

When the molecular weight of the mAb was halved, the
serum exposure decreased in Simcyp (— 15%) and PK-Sim
(— 14%) and the relative skin ISF exposure increased
(+ 54.1% and + 65.5%, respectively). When mAb
molecular weight was doubled, the impact was reversed.
Doubling or halving the molecular weight of the mAb had
no impact on the serum or skin ISF disposition in Gas-
troPlus. Halving or doubling the pore sizes of endothelial
skin pores had different impacts on serum and relative skin
ISF disposition depending on the platform (PK-Sim or
Simcyp) and whether the pores were large or small.

Accuracy of model predictions

Accuracy of serum predictions of adalimumab
and infliximab

To investigate the accuracy of mAb serum kinetics pre-
diction, model outputs were compared with published
observed data originating from five different clinical
studies investigating the PK of adalimumab [16, 17] and
infliximab [18-20] at different intravenous doses. The
simulated profiles are presented in supplementary Fig-
ure S5 (adalimumab) and Figure S6 (infliximab) and show
clear overpredictions during the elimination phase. The
overall accuracy of the serum profiles of adalimumab,
expressed as the absolute average fold error (AAFE) was
similar across platforms; 1.36 for Simcyp, 1.40 for PK-Sim
and 1.55 for GastroPlus. When TMDD was incorporated in
the Simcyp model, the AAFE slightly decreased to 1.34.
For infliximab, the AAFEs were higher: 1.95 for Simcyp,
1.96 for PK-Sim and 2.28 for GastroPlus. Incorporation of
TMDD in the Simcyp model only led to a minor decrease
in AAFE to 1.94. Calculated NCA parameters for the 5 mg/
kg dose were similar across platforms for both mAbs
(%CV < 25%) and addition of TMDD to the Simcyp
model only marginally decreased the half-life (— 0.8%)

@ Springer

(Table 2). Predicted AUC;,, ti,» and Vd were higher than
observed values, while CL was underestimated in the
simulations.

Accuracy of antibody distribution coefficients

Next, the accuracy of tissue predictions was assessed by
comparing published and PBPK-predicted ABCs. Table 3
gives the observed and predicted ABCs for the different
tissues, together with fold-errors. ABCs for total concen-
trations (ABC,,) were compared with the values aggre-
gated by Shah and Betts [2] (all tissues except brain) and
data from a dedicated study in brain tissue [25]. Predicted
ABC,,; were within a twofold of the observed values,
except for adipose (underpredicted in PK-Sim), brain
(overpredictions in Simcyp and GastroPlus, underpredicted
in PK-Sim), heart (underpredicted in PK-Sim), lung
(overpredicted in PK-Sim) and skin (underpredicted in
GastroPlus and PK-Sim) tissue. The overall AAFE of
ABC,, across tissues, with the exception of brain, was 1.22
for Simcyp, 1.81 for PK-Sim and 1.39 for GastroPlus.
Predicted ABCs for interstitial fluid tissue concentrations
(ABCisp) were compared with the average ABCigr values
originating from four studies [7, 28-30] (values and study
descriptions in supplementary Table S5). Predicted ABCisg
were less accurate with none of the tissues being consis-
tently predicted within a factor of two across all platforms.
The largest errors were noted for liver (> threefold over-
predicted in all platforms), brain (> tenfold underpredicted
in Simcyp, > threefold overpredicted in PK-Sim) and
spleen (> threefold overpredicted in PK-Sim). The overall
AAFE of ABCigf for all tissues except brain was 2.50 for
Simcyp, 2.30 for PK-Sim and 1.96 for GastroPlus.

Discussion

PBPK models can aid in predicting mAb kinetics in serum
and clinically inaccessible tissues [8]. There are several
software platforms available which enable PBPK mod-
elling of mAbs through a graphical user interface. These
platforms offer increased reusability over custom tailored
models, but their comparative predictive performance has
yet to be evaluated. Therefore, it is uncertain whether the
choice of modelling platform noticeably impacts predic-
tions made. To address this gap, three major PBPK mod-
elling platforms (Simcyp, PK-Sim and GastroPlus) were
compared in terms of model behavior and accuracy of
serum and tissue predictions of intravenously administered
mAbs.

The PBPK models compared in this study generally
predicted similar mAb serum concentrations, and concen-
tration—-time profiles show a bi-exponential decline
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Table 2 Observed and predicted serum NCA parameters for 5 mg/kg adalimumab and infliximab

Observed values

Predicted values

min-max value Studies Simcyp PK-Sim Gastro-Plus %CV between platforms Simcyp + TMDD
Adalimumab
Chax (mg/L) 117-144 [16, 17] 112 126 167 21 112
AUC;,¢ (mg.h/L) 32,963-37,964 [16, 17] 52,995 58,734 58,293 8 52,622
ty2 (h) 326 — 464 [16, 17] 599 609 691 6 594
CL (L/h) 0.0090-0.0120 [16, 17] 0.0076 0.0069 0.0069 6 0.0077
Vd (L) 4.70-5.44 [16, 17] 6.58 6.03 6.90 7 6.57
Infliximab
Chax (mg/L) 132-192 [19, 20] 106 119 71 25 106
AUC;,¢ (mg.h/L) 34,313-49,909 [19, 20] 51,131 54,804 53,987 6 50,777
ty2 (h) 278-332 [19, 20] 575 569 639 4 571
CL (L/h) 0.0110-0.0125 [19, 20] 0.0079 0.0074 0.0075 4 0.0079
Vvd (L) 4.30-5.58 [19, 20] 6.55 6.05 6.89 7 6.55

AUC;,¢ area under the curve, extrapolated to timepoint infinity, C,,,x: maximum serum concentration, CL: clearance, t;,: elimination half-life,
NCA: non-compartmental analysis, TMDD: target mediated drug disposition, Vd: volume of distribution

Table 3 Observed and predicted

antibody distribution
coefficients (ABCs)

Tissue Type Observed ABC* PBPK predicted ABC (fold error)

mean Studies Simcyp PK-Sim GastroPlus
Adipose ABC, 4.78 [2] 5.37 (1.12) 1.81 (0.38) 4.74 (0.99)
Brain ABC, 0.22 [25] 2.85 (12.96) 0.10 (0.46) 3.33 (15.15)
Heart ABC, 10.20 [2] 9.17 (0.90) 3.68 (0.36) 10.76 (1.06)
Kidney ABC,y, 13.70 [2] 9.72 (0.71) 15.04 (1.10) 9.98 (0.73)
Liver ABC,y, 12.10 [2] 12.62 (1.04) 19.07 (1.58) 8.00 (0.66)
Lung ABC,y, 14.90 [2] 21.40 (1.44) 31.01 (2.08) 11.23 (0.75)
Muscle ABC,i 3.97 [2] 4.67 (1.18) 4.05 (1.02) 4.17 (1.05)
Skin ABC, 15.70 [2] 22.24 (1.42) 6.37 (0.41) 5.63 (0.36)
Spleen ABC, 12.80 [2] 14.08 (1.10) 22.37 (1.75) 8.05 (0.63)
Adipose ABCisp 8.78 [28, 30] 29.20 (3.33) 8.43 (0.96) 12.91 (1.47)
Brain ABCisp 1.54 [28, 30] < 0.01 (<0.01) 5.87 (3.80) 2.17 (1.40)
Heart ABCisp 37.70 [28, 30] 23.25 (0.61) 16.08 (0.43) 23.31 (0.62)
Kidney ABCisp 17.18 [28-30] 23.50 (1.37) 47.53 (2.77) 23.08 (1.34)
Liver ABCisp 6.16 [29, 30] 71.35 (11.57) 88.42 (14.34) 23.22 (3.77)
Lung ABCisp 17.58 [28, 30] 44.54 (2.53) 50.64 (2.88) 23.10 (1.31)
Muscle ABCigp 16.73 [28-30] 41.16 (2.46) 21.78 (1.30) 10.03 (0.60)
Skin ABCisp 20.14 [7, 28-30] 32.50 (1.61) 18.50 (0.92) 5.46 (0.27)
Spleen ABCisp 21.40 [30] 62.41 (2.92) 83.03 (3.88) 23.2 (1.08)

Fold errors outside the twofold, i.e. [0.5; 2.0], are underlined

“For ABC,,, these values are based on one study where ABC,, values were aggregated from different
studies, for ABCigp, this value is the mean of ABC values reported in different studies (details: see
supplementary Table S5)

ABC,,: antibody distribution coefficient based on total tissue concentrations, ABCjsg: ABC based on
interstitial fluid tissue concentrations
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indicative of redistribution of mAbs from tissues that
quickly equilibrate with serum to less permeable tissues.
One can note slightly lower initial concentrations using the
GastroPlus model and overall higher concentrations in the
PK-Sim model. Although these differences are minor and
have little impact on the total exposure (AUC), they might
be indicative of larger differences at the tissue level.

The models diverged more in terms of serum predictions
at high dosages or when physiological input parameters,
originating from a healthy reference population, were
altered. At high dosages, saturation of the endosomal FcRn
receptors, which protect the mAb from endosomal degra-
dation, can result in elevated catabolism of the mAb [31].
The simulations carried out in this work indicate that this
non-linear behavior is incorporated in all three models but
that the saturation of FcRn receptors starts to occur at
different dosages depending on the platform. More
specifically, profiles simulated in GastroPlus remain linear
with doses up to 1000 mg/kg, while at that dose, normal-
ized exposure has already dropped substantially in Simcyp
and PK-Sim. While these dosages are much higher than
conventional mAb dosages, they are in the range of high
dose intravenous immunoglobulin (IVIG) therapy [32, 33].
Therefore, care should be taken when using the models to
predict serum concentrations of IgG after IVIG therapy. At
the more conventional doses (1 mg/kg), the platforms also
diverge in serum predictions when physiological parame-
ters are changed. For example, changing endogenous IgG
concentration by twofold has a clear effect on serum PK in
Simcyp but the impact is negligible in GastroPlus and PK-
Sim. Altering cardiac output or FcRn abundance on the
other hand show similar directional changes with some
differences in magnitude between platforms. This is
important, as these discrepancies might indicate that dis-
ease effects (e.g. lower/higher endogenous IgG levels)
might have differing impacts on predicted PK depending
on the platform.

When key drug-related input parameters such as Kd and
molecular weight were changed, the models exhibited
expected behavior, with decreased serum exposure of
mAbs when their affinity for FcRn is lower (i.e. high Kd,
leading to more catabolism) or when mAb molecular
weight is decreased (i.e. smaller size, resulting in more
extravasation to tissues) [28, 34]. One limitation of these
analyses is that the initial parameter values were platform-
specific. As a result, the initial parameter value was in
many cases not harmonized across platforms and differ-
ences in response to altered parameters might also be
partially due to these different initial values if non-linear-
ities are present. This approach was chosen over an
approach with harmonized initial parameter values to better
mimic a typical PBPK modelling workflow, where initial
physiological parameter values are not altered a priori.

@ Springer

To assess the accuracy of serum disposition predictions
for a common set of drug-specific input parameters, pre-
dictions of adalimumab and infliximab were compared
with observed data collected from the literature. The
behavior of these mAbs in serum was almost identical
across platforms but the elimination phase was clearly
miss-specified compared to observed data (t,, overpre-
dicted). Addition of TMDD did not resolve this overpre-
diction. With the data at hand, it is not possible to know
whether these inaccuracies are due to mis-specified PBPK
models or a biased in vitro Kd value used as input. A
parameter estimation procedure can typically be used in a
PBPK modeling workflow to estimate an alternative Kd
value that better fits observed data. However, this was not
done here since the goal was to assess the accuracy of the
models in absence of observed clinical data. One limitation
of the accuracy assessment was that subcutaneous (SC)
dosing was not assessed, despite being a common route of
administration for mAbs. This was on purpose since not all
platforms had a prespecified module to mechanistically
predict mAb absorption after SC dosing.

Although the serum predictions were fairly accurate and
generally comparable across platforms, this was mostly not
the case for the tissue predictions. The accuracy of the
projected tissue concentrations was low and highly
dependent on the specific tissue and the applied PBPK
platform. For total tissue concentrations, the accuracy in
brain tissue was particularly poor, as two platforms pre-
dicted concentrations which were more than ten times
higher than observed values (Simcyp and GastroPlus). Wu
and colleagues have shown with their mice brain PBPK
model that more anatomically relevant models are needed
to adequately capture brain tissue concentrations [35]. It
should also be noted that the observed data for brain con-
centrations were corrected for residual blood content (using
S!Cr-labeled red blood cells) [25], but that the total tissue
concentration outputs of the platforms also encompass the
vascular compartment. PK-Sim has the option to alter the
fraction of residual blood available for sampling, and this
fraction was set to zero for brain concentrations, which
might explain why more accurate results are obtained for
total brain concentrations in this platform. For observed
total concentrations of other tissues, no formal correction
for residual blood content was applied on the experimental
(tissue dissection) data. However, some studies used by
Shah and Betts to estimate aggregated ABC values applied
a whole body perfusion procedure with phosphate buffered
saline (PBS) prior to sampling, aimed at the removal of
residual blood from the tissues, potentially biasing the
reference data towards lower concentrations [2].

Overall, the predictive performance was higher for total
concentrations than for ISF concentrations. GastroPlus had
the better performance in terms of ISF concentrations than
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Simcyp and PK-Sim, as only two tissues had inaccurate
ABC:s (i.e. outside twofold) compared to six in Simcyp and
PK-Sim. This is important for target engagement assess-
ments for example, as pharmacological tissue targets are
typically located in the interstitial space, either as soluble
or membrane- bound targets [1]. Again, the variability in
the observed data should also be highlighted, as ISF con-
centrations estimated from observed total concentrations
(assuming no intracellular penetration) [28, 30] and from
microdialysis studies [7, 29] were aggregated (supple-
mentary Table S5) and ABCigr values varied considerably
between studies for a given tissue and method (supple-
mentary Figure S7).

One limitation to also consider in this accuracy assess-
ment is that the observed ABC values were primarily based
on tissue concentrations in rodents, since tissue concen-
trations in humans are scarce. In their analysis of ABC
values collected from the literature, Shah and Betts noted
that the ABC values for a given tissue are comparable
across species, making pooling of values appropriate [2].
Furthermore, Mandikian and colleagues compared tissue
physiology across different preclinical species and humans
and found that tissue volumes (vascular and interstitial) and
blood flows scale well allometrically [36]. In contrast, the
affinity of the FcRn-IgG interaction appears to be different
in mice than in humans [37]. Additionally, due to a lack of
tissue concentration—time profiles obtained in human tis-
sues, no statements can be made regarding the accuracy of
the initial shape (i.e. distribution phase) of the simulated
profiles.

The discrepancies observed in tissue predictions
between platforms were expected given the inter-platform
differences in physiological input parameters and model
assumptions. For instance, as mAbs are “cleared” from the
interstitial space by the lymphatic system, the different
values specified in the platforms might be partially
responsible for differences in ISF concentrations. Due to a
lack of clinical data, parameters values such as lymph
flows are often estimated or assumed. The most
notable difference in model assumptions between plat-
forms is the way FcRn mediated transcytosis is imple-
mented. Currently, the role and quantitative relevance of
transcytosis in mAb tissue distribution has not been fully
elucidated [3]. In vitro experiments have confirmed bidi-
rectional FcRn mediated transcytosis of mAbs [38, 39], but
a reduction in relative tissue exposure in FcRn knockout-
mice has only been observed in a few tissues (muscle and
skin) [4]. Thus, more in vitro and clinical data are needed
to better inform the parameter values and underlying
assumptions, especially for endothelial pore sizes, lymph
flows, and rate constants (uptake-, recycling- and catabolic
elimination rate constants).

An additional limitation of this work is that we were
unable to identify an ideal set of assumptions and physio-
logical input parameter values which optimize the accuracy
of tissue concentrations. The reason for this was because
there were some gaps in the available documentation
across platforms, mainly relating to the exact mathematical
model structure (i.e. ODEs) and a few intermediary cal-
culations (e.g. passive diffusion, see supplementary
results). These gaps precluded reproducing the models in
an independent platform (e.g. R). Such a translation step
would be required to uniformly detect influential variables
(e.g. through a global sensitivity analysis) and to estimate
appropriate input variable values conditional on the
observed data. While sensitivity analyses and parameter
estimation tools exist in all platforms, they differ in scope
and methodology, which makes comparing results across
platforms difficult. This is why a crude but uniform twofold
change in input parameters was applied as sensitivity
analysis in the current work.

Conclusion

Overall, the PBPK platforms performed similarly when
serum concentrations of mAbs were simulated at standard
dosages under normal physiological conditions. Tissue
concentrations and serum mAb concentrations simulated at
higher dosages or under pathophysiological circumstances
were more variable across platforms. This study illustrates
the need for additional physiological data and experimental
insights in mAbs’ disposition. When using PBPK to assess
effect-site concentrations in tissues, the model verification
procedure should not be confined to serum only but also
include an accuracy assessment on the tissue(s) of interest.
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