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ABSTRACT
Purpose To develop an integrated mechanism-based model-
ing approach for the interspecies scaling of pharmacokinetic
(PK) and pharmacodynamic (PD) properties of type I
interferons (IFNs) that exhibit target-mediated drug disposition
(TMDD).
Methods PK and PD profiles of human IFN-β1a, IFN-β1b,
and IFN-α2a in humans, monkeys, rats, and mice from nine
studies were extracted from the literature by digitization.
Concentration-time profiles from different species were fitted
simultaneously using various allometric relationships to scale
model-specific parameters.
Results PK/PD profiles of IFN-β1a in humans and monkeys
were successfully characterized by utilizing the same rate
constant parameters and scaling the volume of the central
compartment to body weight using an allometric exponent of
1. Concentration and effect profiles of other IFNs were also
well described by changing only the affinity of the drug to its
receptor. PK profiles in rodents were simulated using an
allometric exponent of −0.25 for the first-order elimination
rate constant, and no receptor-binding was included given the
lack of cross-reactivity.
Conclusions An integrated TMDD PK/PD model was suc-
cessfully combined with classic allometric scaling techniques
and showed good predictive performance. Several parameters

obtained from one IFN can be effectively shared to predict the
kinetic behavior of other IFN subtypes.

KEY WORDS allometry . interferon . nonlinear
pharmacokinetics . receptor binding . target-mediated
drug disposition

INTRODUCTION

Recombinant human interferons (IFNs) are an important
class of therapeutic proteins with multiple biological effects,
such as antiviral, antiproliferative, and immunomodulatory
properties. IFNs are widely used in clinical practice for a
variety of diseases, including multiple sclerosis, hairy cell
leukemia, and hepatitis C (1). In humans, there are 13
genes encoding for different IFN-α proteins and only one
gene encoding for IFN-β (2). Despite a low sequence
homology (about 30% for α- and β-types), the action of
type I IFNs is mediated through an interaction with a
common cellular interferon receptor complex which is
comprised of subunits: IFNAR1 and IFNAR2 (1). Binding
of IFNs initiates activation of multiple intracellular signal
transduction mechanisms (1,3,4), and the biological effects
of IFNs can be evaluated by measurement of certain in vivo
biomarkers, such as β2-microglobulin, 2′5′-oligoadenylate
synthetase, Mx protein, and neopterin (5,6). In general,
IFNs show a certain degree of species specificity. Human
IFNs lack activity in mouse cells (3); however, they were
shown to be active in different monkey species that were
used in the preclinical development of IFN drugs (7,8).

The concept of target-mediated (or receptor-mediated)
drug disposition (TMDD) was proposed to mechanistically
explain nonlinear pharmacokinetic behavior of certain
drugs, including IFN-β (8,9). According to this theory, the
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interaction of the drug with its high-affinity receptor may
have a major influence on drug distribution and elimina-
tion patterns (10). This can be especially true for many
therapeutic cytokines, as the administered dose can be low
(due to selective and high affinity binding to their
pharmacological targets and relatively low volume of
distribution), and a significant fraction of the drug dose
would be bound to the specific receptor (11). TMDD
models have been successfully applied for the analysis of
disposition and effects of a variety of therapeutic proteins,
including IFN-β1a, erythropoietin, and leukemia inhibitory
factor (8,11–14).

Approaches for the empirical scaling of body processes
and pharmacokinetic (PK) characteristics between different
species have been studied for many years (15–17). The
common approach is to relate PK parameters (θ ) to body
weight (BW ) using a power-law equation:

q ¼ a � BWb ð1Þ
where a is the allometric coefficient and b is the allometric
exponent.

The allometric exponents for volume of distribution at
steady state and the systemic clearance terms often
approximate 1 and 0.75; however, a range of values have
been reported depending on study design (18). This type of
relationship works best for drugs eliminated by direct
physical processes, such as renal excretion (17). Although
extensively implemented for a variety of small molecules,
the experience with allometric scaling of macromolecule
drugs is much more limited (19–22). In addition, interspe-
cies scaling using classic allometric relationships does not
consider possible dose-dependencies in drug biodistribution
and elimination, and hence, its application to drugs
exhibiting nonlinear pharmacokinetics, such as TMDD
systems, can be problematic.

The goal of this work is to develop a model-based
approach for interspecies scaling of PK and pharmacody-
namic (PD) properties of type I interferons that exhibit
target-mediated drug disposition. This should provide a
mechanistic platform for evaluating the factors controlling
differences in exposure-response relationships for type I
interferons between humans and animals used in preclinical
development.

METHODS

Data Source

The pharmacokinetics and pharmacodynamics of three
recombinant human type I IFNs were evaluated. Human
recombinant IFN-β1a is a 166 amino acid glycoprotein
produced in Chinese hamster ovarian cells, and its amino

acid sequence is identical to native human IFN-β. Human
recombinant IFN-β1b (human IFN-βser17) is produced in
E.coli and contains 165 amino acids. Human recombinant
IFN-α2a is also produced in E.coli and contains 165 amino
acids. Experimental concentration-time data following
intravenous (IV) administration of IFNs in different species
were extracted from the literature, and these studies are
summarized in Table I. Neopterin was used as a biomarker
for IFN activity. Neopterin plasma concentration data were
available in humans and monkeys for IFN-β1a and in
humans only for IFN-β1b. The data were captured by
computer digitization. Mean data were available in all
publications except for IFN-α2a PK profiles in monkeys, in
which case individual data for four monkeys were averaged.
All IFN concentration data were converted to pM units,
and drug doses were converted to total pmoles using ap-
propriate molecular weights and specific activities (Table I).

Pharmacokinetic Model

For initial data evaluation, a non-compartmental data
analysis was performed. Terminal half-life, area under the
concentration-time curve from time zero to infinity (AUC,
calculated by linear trapezoidal method), mean residence
time (MRT), volume of distribution at steady state (Vss),
and clearance (Cl) were calculated for each IFN
concentration-time profile. In addition, all PK profiles were
separately fitted with a standard linear two-compartment
model. The following parameters were estimated: first-
order elimination rate constant (kel), first-order distribution
rate constants to and from peripheral compartment (kpt and
ktp), volume of the central compartment (Vc) and steady
state volume of distribution (Vss), and both systemic (Cl)
and distribution (ClD) clearances. The non-compartmental
analysis and model fittings were performed using WinNonlin
(version 5.2, Pharsight, Mountain View, CA). The correla-
tion between different parameters obtained by these two
methods and the mean body weights of different species
were assessed. For IFN-β1a data in humans and monkeys,
the PK parameters were found to be dose-dependent, and
consequently, separate estimates from each dose level were
included in the analysis.

For the next stage, a mechanism-based modeling
approach was used for data analysis. The general scheme
of the applied PK/PD model is presented in Fig. 1. It was
previously recognized that IFN-β1a exhibits nonlinear
pharmacokinetic behavior (23). This phenomenon was
primarily attributed to high-affinity binding of IFN to its
cellular receptors that can be saturated at a high ligand
dose and, therefore, may influence both the biodisposition
and pharmacologic effects of the drug. TMDD models
were previously used to model the pharmacokinetics of
IFN-β1a following single and multiple dosing in monkeys
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and humans (8,12). Both IFN-α and IFN-β elicit their
action by binding to the same receptor, namely IFN Type I
receptor (3). As the kinetic rates of association (kon) and
dissociation (koff) of the drug with the receptor are usually
much faster than other kinetic processes in the body, they are
often difficult to uniquely identify by modeling. Thus, the
previously proposed quasi-equilibrium TMDD model was
used, in which an equilibrium dissociation constant (KD =
koff/kon) is used to describe the interaction between the drug

and its receptor (24). The IFN-receptor complex (RC) can be
internalized (kint) by regular cellular mechanisms (e.g.,
receptor-mediated endocytosis (25)), and hence, the binding
process is also a clearance pathway for IFNs. Free drug (C)
can be eliminated by another clearance mechanism gov-
erned by a first-order rate constant (kel). For example, renal
catabolism was shown to be a major pathway for IFN
elimination (26–28). The free IFN receptor (R) is assumed to
be produced with a zero-order rate constant (ksyn) and to be

Table I Sources of Type I IFN PK/PD Data

IFN type Molecular
weight (g/mole)

Species n Body
weight (kg)

Specific activity
(Units/mg)

Dose
(pmole/kg)

IFN assay Neopterina Reference

β1a 22,500 Human 8 66 2.72×108 44.40 ELISA + (23)
8 66 29.60

8 66 14.80

Monkey (Cynomolgus) 6 2.9 3.00×108 1,482 ELISA + (8)
6 2.9 444.4

6 2.9 148.2

Rat (Lewis) 2 0.25b 2.00×108 4,867 antiviral – (39)
Mouse (C57Bl/6) 3 0.025b 2.00×108 577.8

Mouse (B6D2F1/J) 3 0.025b 2.50×108 71.11 ELISA – (38)

β1b 18,500 Human 9 81 1.80×108 334.9 antiviral + (32)

Monkey (African Green)c 3 2.8 300.3 antiviral – (7)

α2a 19,000 Human 6 77 1.67×108 148.2 ELISA – (40)

Monkey (African Green) 4 4.6 1.67×108 947.4 ELISA – (41)

Rat (SD) 3 0.28 1.67×108d 947.4 ELISA – (42)

aNeopterin plasma concentrations were determined by radioimmunoassay.
b Value is not reported in the original publication; a common value for the species was assigned.
c Animals were infected with simian varicella virus.
d Value is not reported in the original publication; the activity value from other studies was assumed.
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Fig. 1 Integrated model used to
characterize PK and PD of differ-
ent IFNs in humans and monkeys.
For rodents, it is assumed that
there is no binding of human
interferon to receptor in those
species, so the model reduces to
a two-compartmental PK model.
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degraded by a first-order process (kdeg). In the absence of
IFN, the receptor concentration is a constant baseline value
(R0

tot = ksyn/kdeg). A hypothetical peripheral compartment
(AT) with first-order distribution processes to and from this
compartment (ktp and kpt) was used to accommodate non-
specific binding of IFN sand interstitial fluid distribution.

The following equations were used to describe the PK
model:

dCtot

dt
¼InputðtÞ � kint � Ctot � kel þ kpt � kint

� � � C

þ ktp � AT

VC
; Ctotð0Þ ¼ Dose

VC

ð2Þ

dAT

dt
¼ kpt � C � VC � ktp � AT ; AT ð0Þ ¼ 0 ð3Þ

dRtot

dt
¼ ksyn � kint � kdeg

� � � Ctot � Cð Þ � kdeg � Rtot;

Rtotð0Þ ¼ R0
tot

ð4Þ

C ¼ 0:5�
Ctot � Rtot � KDð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ctot � Rtot � KDð Þ2 þ4 � KD � Ctot

q� �

ð5Þ
where Ctot ¼ C þ RC; Rtot ¼ Rþ RC; ksyn ¼ kdeg � R0

tot.
The following model parameters were estimated: kel, ktp,
kpt, kdeg, kint, R0

tot , VC and species- and IFN type-specific KD

values.
Various species have different IFNs and receptors (4).

Human IFNs show pharmacological activity in different
monkey species; however, they are mostly inactive in rodents
(29). The lack of activity is usually attributed to lack of
binding of human IFN to rodent receptor. Accordingly, it
was hypothesized that a complex TMDD PK model can be
reduced to a simple classical two-compartment model for
description of mouse and rat PK data. The TMDD model
was applied to human and monkey data only.

Pharmacodynamic Model

Neopterin is a commonly used biomarker for IFN activity.
The PD model (Fig. 1) is based on the precursor-dependent
indirect response model (30), and it has been previously
used for modeling IFN-β effects (8,12). Briefly, the IFN-
receptor complex is thought to stimulate the synthesis (k0) of
a neopterin precursor (P, neopterin triphosphate) mediated

by GTP-cyclohydrolase-I (6). The stimulation function is
governed by capacity (Smax) and sensitivity (SC50) param-
eters. A hypothetical transit compartment (TR, ktr) was
added to the model to allow for a signal transduction time
delay (31). Neopterin (N) is produced from its precursor by
a first-order process (kp) and is eliminated from the systemic
circulation mainly by renal elimination (kout) (6). The
baseline plasma neopterin concentrations (N0) were fixed
to mean experimental values (this value was higher in
monkeys in comparison to humans). The following equa-
tions were used to describe the PD model:

dTR

dt
¼ ktr � RC � TRð Þ; TRð0Þ ¼ 0 ð6Þ

dP

dt
¼ k0 � 1þ Smax � TR

SC50 þ TR

� �
� kp � P; Pð0Þ ¼ P0 ð7Þ

dN

dt
¼ kp � P � kout � N ; Nð0Þ ¼ N0 ð8Þ

Since system stationarity is assumed in the absence of
IFN, the number of parameters can be decreased as follows:
k0 = kout·N

0 and P0 = k0/kp. The following system param-
eters were estimated: ktr, kp, kout, Smax, and SC50.

Modeling Strategy

A flow chart of the modeling procedure is presented in
Fig. 2. First, the PK data for IFN-β1a in humans and
monkeys were modeled simultaneously, as the original
manuscripts contained the richest data sets, and experiments
were performed under similar settings (stage 1). Second, the
PK parameters were fixed, and PD parameters for IFN-β1a
in humans and monkeys were estimated (stage 2). Third, the
pharmacokinetics of IFN-β1b and IFN-α2a in humans and
monkeys were modeled by fixing all system parameters
except for the affinity of different IFNs to the receptor (stage
3). The pharmacodynamics of IFN-β1b in humans were
assessed (stage 4); neopterin data for IFN-β1b in monkeys
and IFN-α2a were not available. Finally, estimated PK
parameters from stage 1 were used to assess the pharma-
cokinetics of different IFNs in rodent species (stage 5).

Allometry Model

Classical principles of allometry were used to scale model
parameters between species (Eq. 1). In the PK model, the
volume of the central compartment was scaled to body
weight using the allometric exponent of 1. The allometric
exponent for the linear elimination process for IFN-β1a in
humans and monkeys was allowed to be estimated starting
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from a theoretical value of −0.25 and was set to −0.25 for
simulating IFN pharmacokinetics in rodent species. In the
PD part of the model, the elimination rate of neopterin was
scaled to body weight with a fixed exponent of −0.25.
Other parameters were shared between different species,
except for KD and SC50 values.

Data Analysis

All parameters were estimated using nonlinear regression
analysis with the ADAPT 5 computer program (Biomedical
Simulations Resource, USC, Los Angeles, CA) and the
maximum likelihood method. The variance model was
defined as follows:

VARi ¼ s1 þ s2 � Y q; tið Þð Þ2 ð9Þ
where VARi is the variance of the ith data point, σ1 and σ2
are the variance model parameters, and Y(θ, ti) is the ith

predicted value from the PK/PD model. The goodness-of-
fit was assessed by system convergence, Akaike Information
Criterion, estimator criterion value for the maximum
likelihood method, correlation coefficients, examination of
residuals, and visual inspection.

RESULTS

Non-compartmental Analysis and Two-
Compartmental PK Modeling

The pharmacokinetic parameters obtained for all IFN
concentration-time profiles by non-compartmental analysis
are summarized in Table II. For human and monkey
studies, the PK parameters of IFN-β1a were found to be
dose-dependent as was previously reported (8,23). With the

exception of one mouse study which contained insufficient
data, all profiles were well described by a two-compartment
model, and parameters were in agreement with the non-
compartmental analysis (data not shown). Fig. 3 shows the
correlation between selected PK parameters and species
body weight as well as regression lines (Eq. 1). The allometric
exponents for systemic clearance and volume of distribution
at steady state are substantially different from typical
theoretical values. As expected, simple allometry provides
only one estimate for each body weight and cannot account
for dose dependencies in pharmacokinetic parameters.

Stage 1. Pharmacokinetics of IFN-β1a in Humans
and Monkeys

Mean plasma concentration-time profiles of IFN-β1a after
IV administration of three doses to humans and monkeys
are shown in Fig. 4. Monkeys received greater doses than
humans (per kg body weight), resulting in different ranges
of plasma concentrations. The PK profiles show a poly-
exponential decline with a rapid initial decrease in concen-
trations followed by a prolonged terminal phase. The
proposed TMDD PK model allowed for a good simulta-
neous description of the experimental data from both
species; the estimated PK parameters are presented in
Table III. In the final model, the volume of the central
compartment (VC) was scaled to body weight using an
exponent of 1, and all other parameters were shared
between the two species. During initial model runs, the
rate constant of the linear elimination pathway (kel) was
scaled to body weight using an allometric exponent of
−0.25 as the initial parameter value. However, this
parameter was estimated to be very low and was subse-
quently fixed to zero. The modeling showed that common
values for the baseline receptor concentration and IFN-β1a

Stage 1
IFN-  1a TMDD PK model

PK data for IFN-  1a in
humans and monkeys

Stage 2
IFN-  1a TMDD PK/PD model

PD data for IFN-  1a in
humans and monkeys

Stage 5
IFN-αα/β1a 2CM PK model
PK data for IFN-α/β1a in

rats and mice  

Stage 3
IFN-α/β1a/β1b TMDD PK model

PK data for IFN-α/β1b in
humans and monkeys

Stage 4
IFN-  1a/  1b TMDD PK/PD model

PD data for IFN-  1b in
humans

Fig. 2 Flowchart of the data
analysis approach. TMDD—
target-mediated drug disposition,
2CM—two-compartment.
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receptor affinity can be used to describe the experimental
data. Utilization of species-dependent parameters was also
evaluated but did not improve model-fitting criteria (data
not shown). The volume of the central compartment is
similar to the physiological plasma volumes, as might be
expected for high molecular weight compounds.

Stage 2. Pharmacodynamics of IFN-β1a in Humans
and Monkeys

The PK parameters estimated in stage 1 were fixed for
subsequent PD modeling. Neopterin plasma concentration-
time profiles obtained following IV administration of IFN-
β1a to humans and monkeys are shown in Fig. 5. These
biomarker profiles exhibit a delayed onset, reach maximal
values at approximately 24 h, and then slowly return to
baseline values after approximately 1 week. The proposed
PD model successfully described the experimental data, and
the corresponding model parameters are presented in
Table III. The mean baseline neopterin concentrations
were different between the two species (6.4 nM for humans
and 10.6 nM for monkeys). The elimination rate constant
of neopterin (kout) was scaled to body weight using a fixed
allometric exponent of −0.25. Species-specific SC50 param-
eters were required to successfully capture the experimental
data. All other PD model parameters for IFN-β1a were
shared between monkeys and humans. A signal transduc-
tion compartment was sufficient to accommodate an onset
delay in the pharmacodynamic effect. Use of two transit

compartments did not improve model fitting criteria (data
not shown).

Stage 3. Pharmacokinetics of IFN-β1b and IFN-α2a
in Humans and Monkeys

The structural model and PK parameters calculated at
stage 1 were used for the assessment of concentration-time
profiles of IFN subtypes β1b and α2a. It was assumed that
all IFNs would share the linear elimination pathway and
non-specific binding. Moreover, all subtypes were assumed
to bind to the same receptor, and thus parameters
describing IFN receptor density and turnover would be
system specific and independent of the ligand. These
parameters for IFN-β1a were fixed, and only species- and
IFN type-specific KD values were estimated. Data from
only one dose level of IFN-β1b and IFN-α2a were available
for both species. The IFN-β1b plasma concentration-time
profiles following IV bolus administration were polyexpo-
nential (Fig. 6). For IFN-α2a, the PK profiles were obtained
following 40 min IV infusions. The proposed TMDD
model reasonably captured the PK profiles of IFN-β1b and
IFN-α2a after adjusting for only a single parameter (Fig. 6),
and estimated KD values are listed in Table III.

Stage 4. Pharmacodynamics of IFN-β1b in Humans

Only limited PD data (neopterin plasma concentrations)
following IFN-β1b IV administration in humans were

Table II Pharmacokinetic Parameters Calculated for All Study Groups by Non-compartmental Analysis and Two-Compartmental Modeling

IFN type Species Dose
pmole/kg

Non-compartmental analysis Two-compartmental model

AUC Cl Vss Vc kpt ktp kel CLD
min·pM L·min−1 L L min−1 min−1 min−1 L·min−1

β1a Human 44.40 4.20×103 7.01×10−1 1.00×102 1.05×101 3.41×10−2 3.30×10−3 6.94×10−2 3.59×10−1

29.60 2.19×103 8.96×10−1 2.48×102 1.43×101 5.82×10−2 3.59×10−3 6.44×10−2 8.35×10−1

14.80 8.47×102 1.16×100 1.91×102 1.82×101 5.52×10−2 6.84×10−3 6.77×10−2 1.00×100

Monkey 1,482 1.19×106 3.60×10−3 1.75×10−1 1.11×10−1 5.73×10−3 3.06×10−3 3.77×10−2 6.37×10−4

444.4 2.09×105 6.20×10−3 2.70×10−1 2.58×10−1 7.94×10−4 2.56×10−3 2.68×10−2 2.05×10−4

148.2 2.90×104 1.48×10−2 6.12×10−1 4.60×10−1 3.15×10−3 4.56×10−3 3.84×10−2 1.45×10−3

Rat 4,867 1.16×106 1.10×10−3 7.18×10−2 4.58×10−2 7.16×10−3 7.62×10−3 2.55×10−2 3.28×10−4

Mouse 577.8 4.28×105 3.37×10−5 2.00×10−4 1.47×10−4 8.05×10−3 1.17×10−2 2.59×10−1 1.00×10−6

Mouse 71.11 1.01×104 2.00×10−4 2.10×10−3 NC NC NC NC NC

β1b Human 334.9 3.16×104 8.55×10−1 1.80×102 6.86×101 8.63×10−3 4.77×10−3 1.34×10−2 5.92×10−1

Monkey 300.3 5.58×104 1.48×10−2 1.58×100 6.23×10−1 2.60×10−2 1.43×10−2 2.50×10−2 1.62×10−2

α2a Human 148.2 5.56×104 2.04×10−1 2.46×101 1.28×101 2.08×10−3 2.05×10−3 1.63×10−2 2.65×10−2

Monkey 947.4 5.10×105 8.40×10−3 6.38×10−1 4.68×10−1 8.49×10−4 2.91×10−3 1.61×10−2 3.97×10−4

Rat 947.4 3.23×105 8.00×10−4 5.00×10−2 1.34×10−2 3.12×10−2 6.89×10−3 7.43×10−2 4.17×10−4

NC not calculated; the PK profile has an insufficient number of data points. AUC area under the concentration-time curve, Cl clearance, Vss steady state
volume of distribution, Vc volume of the central compartment, kpt and ktp distribution rate constants, kel elimination rate constant, CLD distribution
clearance
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available (32). The biomarker data were not available for
IFN-β1b in monkeys or for IFN-α2a in either species. A PD
model simulation was performed based on previously
obtained parameters (PK for IFN-β1b and PD for IFN-
β1a) to evaluate whether the effect of IFN-β1b could be
anticipated. Fig. 7 shows the results of the simulation along
with the experimental neopterin concentration data. Al-
though data are slightly overpredicted, a separate estima-
tion of all PD parameters with sufficient precision could not
be performed due to the limited amount of IFN-β1b PD
data.

Stage 5. Pharmacokinetics of IFN-β1a and IFN-α2a
in Rodents

Model parameters estimated for IFN pharmacokinetics in
humans and monkeys were used to evaluate the
concentration-time profiles of IFN-β1a and IFN-α2a in
rodent species. It was assumed that human IFNs do not
bind to the rodent interferon receptor, and hence, the full

TMDD model can be reduced to a simple, classical two-
compartmental model. The volume of the central compart-
ment (VC) was scaled to body weight using allometric
exponent of one, and the rate of the linear elimination
process was scaled to body weight with an allometric
exponent of −0.25. The rate constants for non-specific
tissue binding were shared between all species. Fig. 8 shows
the experimental concentration-time data along with good
agreement with the model predictions for IFN-β1a in mice
and in rats and for IFN-α2a in rats.

DISCUSSION

Therapeutic proteins, a growing class of drugs, frequently
demonstrate complex kinetic behavior due to interactions
with high-affinity low-capacity target systems in the body.
Furthermore, studies evaluating the allometric scaling of
integrated PK/PD characteristics of protein drugs are
rather limited. The development of integrated mechanism-
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based modeling approaches for the analysis of such
multifactorial systems may improve the ability to predict
drug disposition and action in humans on the basis of data
from other species (33,34). Cosson and colleagues simulta-
neously described sumatriptan PK profiles from 4 species,
including humans, using a standard two-compartment model
in which parameters of the allometric relationships were
estimated during the modeling process (35). This approach
was also applied to understand interspecies differences in
the PK properties of pegylated erythropoietin (36). Such
model-based approaches can be especially useful for cases in
which several agents act on the same pharmacological target,
as certain system-specific properties in the model can be
shared between drugs. In this work, a model-based algorithm
was applied to understand the inter-molecular and interspe-
cies differences in the PK/PD properties of several distinct
IFNs.

In order to detect and properly quantify nonlinearities in
PK or PD profiles, administration of a wide range of drug
doses is required. Modeling and simulation were performed
in a sequential manner, and the most extensive analysis was
performed on two IFN-β1a data sets that included the
richest data (stages 1 and 2). Subsequently, the majority of
parameters were kept constant, and the ability of the model
to describe the kinetics of IFN-β1a and other subtypes in
various species was evaluated (Fig. 2).

Initial evaluation of the relationship between PK
parameters and body weight showed that the allometric
exponents for the volume of distribution at steady state (Vss)
and systemic clearance (Cl) are approximately 1.5 and 1.2.
These values deviate from 1 and 0.75 that are typical,
theoretically expected values for many small molecular
weight drugs (18). Such relationships for disposition
properties of proteins are sparse. Mordenti and colleagues
reported exponents that ranged from 0.65 to 0.84 for
clearance and from 0.84 to 1.02 for Vss for five human
proteins (19). Broader ranges for the allometric exponent
for systemic clearance were also reported by Mahmood
(0.64–1.29 for 15 proteins) (20) and Tang and Mayersohn
(0.56–1.06 for 10 proteins) (21). Lave and colleagues found
allometric exponents for clearance and Vss of 0.71 and 0.94
for human IFN-α. However, these relationships under-
estimated both the clearance and the volume parameters
for humans by about 2–3 fold. In addition, only one IFN
dose level was included for monkeys and humans, species in
which the nonlinear pharmacokinetic behavior is expected
due to receptor binding.

The wide range of Vss values from non-compartmental
analysis (Table II) demonstrates the limitation of applying
this approach to nonlinear systems, such as target-mediated
drug disposition. Following low dose administration (e.g.,
the human studies), a significant fraction of IFN is bound to
the receptor which results in a high apparent volume of
distribution. Higher dose levels were administered in
preclinical studies in monkey. In this case, receptor sites
are presumably saturated, and more IFN is available in its
free form, resulting in an apparently lower volume of
distribution. In addition, it should be noted that VC has
different interpretations in two-compartment and TMDD
models. In the TMDD model, the VC is applicable only to
distribution of free drug. Drug receptors are assumed to be
present in the central compartment, and rapid binding is
thought to occur given high receptor affinity.

The pharmacokinetics of IFN-β1a were previously
modeled separately for humans and monkeys using TMDD
models (8,12). In this study, we investigated approaches for
scaling the pharmacokinetics of drugs exhibiting TMDD
properties between species. The general hypothesis was that
various processes could be scaled independently. The linear
elimination process, which can be attributed to renal
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Fig. 4 Time-course of IFN-β1a concentrations in humans (A) and
monkeys (B) after IV bolus administration. The symbols represent data
extracted from references (23) and (8), and lines are model-predicted
profiles after simultaneous fitting of IFN-β1a PK data for both species.
Doses in humans are 14.8 pmole/kg (▼; dashed line), 29.6 pmole/kg (○;
dotted line), and 44.4 pmole/kg (●; solid line). Doses in monkeys are
148 pmole/kg (▼; dashed line), 444 pmole/kg (○; dotted line), and
1,481 pmole/kg (●; solid line).
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elimination, should likely scale according to classical
allometry. Assuming that volume is usually scaled with an
exponent of 1 and clearance with the exponent of 0.75, the
elimination rate constant is typically scaled with an
exponent of −0.25 (k = Cl/V). However, processes related
to the interaction of the drug with its receptor might be
related to receptor density, and the total number of
receptors would be directly proportional to body weight
(if a similar expression level is assumed). Hence, the
clearance process associated with receptor internalization
might be expected to be proportional to body weight (and
the rate constant, kint, should be independent of body
weight). The approach for scaling kpt and ktp is less obvious.
Since IFNs are high molecular weight compounds, they are
not expected to undergo passive partitioning into tissues.
Consequently, the peripheral compartment might largely
reflect non-specific binding in the vascular space. Again, the
amount of these binding sites should be proportional to

body size, and the distribution rate constants would be
expected to be independent of body weight.

These hypotheses were tested in this study, and the
allometric exponents for first-order rate constants were
allowed to be estimated. As proposed, kint, kpt, ktp, and kdeg
were found to be independent of body weight. Interestingly,
during initial model runs, the allometric exponent for kel
was estimated to be very low, and it was fixed to zero for
subsequent analysis of human and monkey data. Two
reasons possibly contributed to this finding. First, the body
weight difference between monkeys and humans may be
insufficient to detect the power coefficient with reasonable
accuracy and precision. Second, the dose ranges used in the
two studies were substantially different, resulting in a
different relative contribution of elimination mechanisms
to the overall drug clearance. According to the final model,
the percentage of the drug eliminated via the linear
pathway in monkeys was 87, 76, and 62% for high,

Table III Final Pharmacokinetic and Pharmacodynamic Model-Estimated Parameters

Parameter Description Units Estimate %CV

kel
a Elimination rate constant for free IFN min−1·kg−1 2.86×10−2 13

kpt Distribution rate constant for IFN min−1 1.14×10−2 16

ktp Distribution rate constant for IFN min−1 5.42×10−3 15

kdeg Elimination rate constant for free IFN receptor min−1 2.48×10−2 19

kint Rate constant of internalization for IFN-receptor complex min−1 1.64×10−3 10

ksyn
b Production rate constant for IFN receptor pM·min−1 3.84 –c

Vc
a Volume of the central compartment L·kg−1 7.53×10−2 14

R0
tot IFN receptor concentration at baseline pM 155 19

KD IFN-β1a Equilibrium dissociation constant of IFN with IFN receptor pM 0.705 12

KD IFN-β1b human Equilibrium dissociation constant of IFN with IFN receptor pM 1.73 38

KD IFN-β1b monkey Equilibrium dissociation constant of IFN with IFN receptor pM 5.98 57

KD IFN-α2a human Equilibrium dissociation constant of IFN with IFN receptor pM 11.4 48

KD IFN-α2a monkey Equilibrium dissociation constant of IFN with IFN receptor pM 1.00 43

ktr Rate constant of signal transduction min−1 6.15×10−4 11

kp Rate constant for neopterin production min−1 7.22×10−3 64

kout
a Elimination rate constant for neopterin min−1·kg−1 4.56×10−3 33

Smax Maximal stimulation of precursor production 9.60 25

SC50 human Stimulation constant pM 62.9 39

SC50 monkey Stimulation constant pM 272 40

k0 human d Production rate constant for precursor nM·min−1 2.92×10−2 –c

k0 monkey d Production rate constant for precursor nM·min−1 4.83×10−2 –c

P0 human e Precursor concentration at baseline nM 4.04 –c

P0 monkey e Precursor concentration at baseline nM 6.69 –c

a Value represents an allometric coefficient scaled to body weight.
b Secondary parameter calculated as ksyn = kdeg·R0

tot
cNot applicable
d Secondary parameter calculated as ko = kout·N

0

e Secondary parameter calculated as P0 = k0/kp
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medium, and low doses, respectively. In humans, these
values were 39, 29, and 11%, respectively. In contrast, the
allometric exponent of −0.25 for kel was eventually
required in order to predict the PK profiles of IFNs in
rodents.

Good simultaneous fit of the human and monkey IFN-
β1a PK data was obtained using species-independent values
for baseline IFN-receptor concentration (R0

tot) and drug
affinity to the receptor (KD). Utilization of species-depen-
dent parameters did not improve the overall model
performance (data not shown). This finding might also be
related to the dose ranges used in these two studies.

During the second stage, the estimated PK model
parameters were fixed for the simultaneous evaluation of
IFN-β1a effects in humans and monkeys. The proposed PD
model provided a reasonable description of the experimen-
tal data (Fig. 5). Although human IFN-β1a is active in

monkeys, the interaction of human IFN with the monkey
receptor might differ from the interaction with the native
receptor. Type I IFNs are thought to activate various
signaling cascades through different conformational
changes after binding to the same receptor (3). PK
modeling did not support species-specific drug-receptor
affinities (KD); however, species-specific sensitivity parame-
ters (SC50) were required, likely reflecting differences in
signal transduction.

Given that all evaluated IFNs are human in origin, bind
to the same receptor, and have similar molecular weight,
many similarities in distribution and elimination processes
can be expected. Although not extensively evaluated, it has
been proposed that metabolism and elimination of IFNs is
similar between species (37). We hypothesized that a set of
parameters describing IFN-β1a pharmacokinetics and
pharmacodynamics can be applied with minor modifica-
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Fig. 5 Time-course of plasma neopterin following IFN-β1a bolus IV
administration in humans (A) and monkeys (B). The symbols represent
data extracted from references (23) and (8), and lines are model-predicted
profiles after simultaneous fitting of PD data for both species. IFN-β1a
doses in humans are 14.8 pmole/kg (▼; dashed line), 29.6 pmole/kg (○;
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Fig. 6 Time-course of IFN-β1b and IFN-α2a concentrations following IV
administration to humans (A) and monkeys (B). The symbols represent
experimental data extracted from references (7,32) for IFN-β1b and
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tions to describe the distribution and effects of other IFN
isoforms. A meaningful comparison of the disposition of
type I IFNs must be based on molar drug concentrations
and not units of activity. PK profiles for IFN-β1b and IFN-
α2a can be reasonably described using the proposed model
and parameters derived from IFN-β1a data, except for
IFN- and species-specific KD values (Fig. 6). This approach
was extended to response data following IFN-β1b admin-
istration in humans. Although the combined PK/PD model
slightly overestimated the plasma neopterin concentrations,
it was able to capture the general shape of the curve
(Fig. 7). The greater predicted maximal response for IFN-
β1b relative to IFN-β1a was expected, as the dose of IFN-
β1b was more than 7-fold higher than the highest evaluated
human dose of IFN-β1a. Although plasma drug concen-
trations are overpredicted at early sampling times (Fig. 6A),
replacing the driving function with an empirical relation-
ship that better captures the pharmacokinetics of IFN- β1b
did not significantly improve the pharmacodynamic simu-
lation. This suggests that the pharmacodynamic parameters
are not optimized for this IFN subtype, but limited data
precludes further model permutations.

The lack of activity of human interferons in rodents is
not completely understood, but is assumed to manifest from
a lack of binding of human IFN to the rodent receptor.
Accordingly, we evaluated whether the concentration-time
profiles of human IFNs in rodents can be predicted using
scaled PK parameters. In the absence of binding to the
receptor, the proposed TMDD model reduces to a simple
two-compartment model. It also implies that different IFNs
would demonstrate similar PK behavior. Interestingly,
dose-normalized PK profiles of IFNs obtained from

different studies in mice and rats superimpose (data not
shown). The final model well predicted the PK of IFNs in
rodents (Fig. 8). In the absence of receptor-mediated
endocytosis, the linear pathway is the only elimination
process for IFNs in these species. The allometric exponent
of −0.25 was used to scale this process to body weight; IFN
concentrations were otherwise significantly overpredicted
(data not shown).

There are certain limitations to this study. The data
were collected from 9 studies that were performed over a
more-than-20-year time-frame. As individual PK/PD pro-
files were unavailable in most studies, the analysis was
performed using mean data. Experimental methods, and
particularly the drug assays used for IFN quantification,
varied substantially. McKenna and colleagues showed that
there is a significant discrepancy in IFN serum concen-
trations between bioassay and ELISA detection methods
(38). The process of data digitization can also introduce
slight error. Finally, some missing information (such as
unreported body weights and specific activity) had to be
replaced by reasonable values from similar studies (Table I).

In summary, an integrated TMDD PK/PD model was
proposed and successfully combined with classic allometric
scaling methods and showed good predictive performance.
Several parameters obtained from one IFN can be
effectively shared to predict the kinetic behavior of other
IFN subtypes. Further research is needed to determine
whether this approach can be further extended to charac-
terize the pharmacokinetics and pharmacodynamics of
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Fig. 8 Time-course of IFN concentrations following IV administration to
mice and rats. The symbols represent experimental data extracted from
the literature; lines are model-simulated profiles using scaled parameters
estimated at stage 1. The volume of distribution (VC) and the rate constant
of linear elimination (kel) were scaled to body weight using allometric
exponents of 1 and −0.25. Doses are IFN-β1a 4,867 pmole/kg in rats
(▼; dashed line) (39), IFN-α2a 947 pmole/kg in rats (■, dash-dot-dot line)
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Fig. 7 Time-course of plasma neopterin concentrations following IFN-
β1b bolus IV administration (335 pmole/kg) in humans. The symbols
represent data extracted from reference (32), and the line is a PD model-
predicted profile using PK and PD parameters determined at stages 1, 2,
and 3.
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various IFN analogs, such as polyethyleneglycol and
albumin conjugates.
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