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Purpose. Neutralization of IL-13 is an attractive approach for treatment of asthma. In this report, we
developed a novel PK–PD model that described the relationship between the circulating concentrations
of total IL-13 and a neutralizing anti-IL-13 antibody (Ab-02) in the model of acute airway inflammation
induced by Ascaris challenge to cynomolgus monkeys, as well as in naive monkeys.
Methods. Cynomolgus monkeys were administered a single intravenous or subcutaneous dose of Ab-02.
Total IL-13 and Ab-02 concentrations were measured by immunoassays.
Results. Modeling and simulations indicated that: (1) Ascaris challenge induced ∼ three-fold increase in
circulating IL-13 concentrations, when compared to naive animals, consistent with the notion that
Ascaris-induced airway inflammation was IL-13-mediated; (2) the transient increase in total IL-13
concentrations observed in both naive and Ascaris-challenged monkeys following Ab-02 administration
was due to the increase in Ab-02-bound IL-13, while free IL-13 was decreased; and (3) the extent and
duration of neutralization of circulating IL-13 were different in naive and Ascaris-challenged monkeys
for the same Ab-02 dose regimen.
Conclusions. The PK–PD model presented in this report may be applied to study drug–ligand
interactions when a free ligand cannot be directly assayed but total ligand concentrations are modulated
by the drug administration.
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INTRODUCTION

Cytokine neutralization by monoclonal antibodies or
cytokine receptor/Fc fusion proteins is being explored as a
potential therapeutic approach for a variety of cytokine-
mediated disorders, including autoimmune diseases, such as
rheumatoid arthritis (RA), asthma, and systemic lupus eryth-
ematosus (SLE) (1–4). A common problem in the develop-
ment of therapeutic proteins is that cytokine neutralization
cannot be directly monitored in the presence of a drug, due to
unavailability of an assay method of sufficient sensitivity to
measure free cytokine concentrations. Instead, total (free plus
drug-bound) cytokine concentrations are often used as a
surrogate pharmacodynamic (PD) marker of drug activity.
There are several examples of anti-cytokine proteins acting as
“cytokine traps”, resulting in increased total circulating
cytokine concentrations following drug administration, pre-
sumably due to slower elimination of a drug-bound circulating
cytokine, compared to that of a free circulating cytokine (5–7).

When free cytokine concentrations (in the presence and
often in the absence of an anti-cytokine protein) cannot be
directly assayed, PK–PD modeling could be a useful tool for

delineating a relationship between the kinetics of ligand
neutralization and the concentration-time profile of an anti-
cytokine therapeutic, using total cytokine concentrations as a
PD marker. These models may be especially useful when data
from both healthy and disease subjects (animals or humans)
are available, so that the free cytokine concentrations can be
estimated by modeling before and after therapy in both
settings. Establishing a relationship between the kinetics of
ligand neutralization and the concentration-time profile of a
potential therapeutic, combined with efficacy data, could be
useful for design of an optimal dosing regimen in animal
pharmacology or in clinical studies.

In this report, we establish an integrated model that
describes pharmacokinetics and pharmacodynamics of an
anti-IL-13 (interleukin-13) antibody in both naive animals
and in the animal pharmacology study. The model is used to
characterize the kinetics of IL-13 neutralization by an anti-IL-
13 antibody in both naive and pharmacology study settings.

Neutralization of IL-13 is an attractive approach for
therapeutic intervention in asthma, as this Th2 cytokine plays
an important role in asthma pathogenesis in animal models of
asthma (8–13). In addition, there are consistent correlations
between polymorphism in the IL-13 gene and asthma
susceptibility in humans (14). Neutralization of IL-13 with
anti-IL-13 antibodies or with IL-13 receptor α2/Fc fusion
protein (IL-13Rα2-Fc) prevents airway hyperresponsiveness
and other asthmatic changes in mice (11,13,15–17), sheep
(18), and cynomolgus monkeys (18,19).
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IL-13 signals via a receptor complex consisting of IL-13
receptor α1 (IL-13Rα1) and interleukin-4 receptor alpha (IL-
4Rα) subunits (8,9). IL-13 first undergoes a low affinity
interaction with IL-13Rα1, which recruits IL-4Rα to form an
active signaling complex with high affinity for IL-13, leading
to phosphorylation of STAT6 and downstream cellular
activation events.

Ab-02 is a humanized anti-IL-13 antibody that blocks
binding of IL-13Rα1 to human and non-human primate IL-13
(19,20). Ab-02 does not cross-react with either rodent or
sheep IL-13; thus non-human primates are used as pharma-
cological species. Ab-02 has been shown to be efficacious (at
10 mg/kg IV dose) in the model of acute airway inflammation
induced by Ascaris challenge in cynomolgus monkeys (19). In
this study, the Ab-02 (PK) and total IL-13 (PD) serum
concentration data following Ab-02 administration to naive
and Ascaris-challenged monkeys were used to establish an
integrated PK-PD model and characterize the kinetics of
serum IL-13 neutralization.

MATERIALS AND METHODS

Test Article

Murine Ab-02 was cloned from BALB/c mice immunized
with the N-terminal 19 amino acids of non-human primate IL-
13. The humanized version of this antibody, Ab-02 (IgG1, k),
was described previously and generated at Wyeth Research
(Cambridge, MA) (19,20).

Study Design and Sample Collection

Study design is summarized in Table I. Single dose
pharmacokinetic studies in protein-free adult cynomolgus
monkeys were conducted at Wyeth Research (Pearl River,
NY and Andover, MA for Study 1 and Study 2, respectively),
as previously described (19,20). Ab-02 was administered by
intravenous (IV) injection into saphenous vein or by subcu-
taneous (SC) route. Blood samples were collected into serum
separator tubes at the designated time-points (Table I),
allowed to clot at room temperature for approximately 15 min,
and processed for serum by centrifugation (∼11,000 rpm for
10 min).

The Ascaris-challenge study protocol was described
previously (18). In brief, several months prior to the study
untreated monkeys were given an initial screening challenge
with Ascaris suum antigen. Monkeys that responded with at
least a two-fold increase in bronchoalveolar lavage (BAL)
eosinophil content 24 h post-challenge were selected for the
study. Animals were administered either Ab-02 (10 mg/kg) or

a negative control (10 mg/kg of carimune NH immune
globulin intravenous (IVIG); ZLB Bioplasma Inc., Berne,
Switzerland) by the IV route and were challenged with
0.75 μg Ascaris suum antigen (obtained from Greer Diag-
nostics, Lenoir, NC and reconstituted with PBS) 24 h post
administration of Ab-02 or a negative control.

All aspects of these studies adhered to the “Principles of
Laboratory Animal Care” and were approved by the Wyeth
Institutional Animal Care and Use Committee.

Quantitation of Ab-02 and Total IL-13 Concentration
in Serum

The concentrations of Ab-02 in serum samples were
determined using a quantitative enzyme-linked immunosor-
bent assay (ELISA). In this assay, the recombinant human
IL-13 ligand, which contains a FLAG octapeptide fusion tag
(Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) was captured onto a
microtiter plate by an anti-FLAG monoclonal antibody. After
blocking and washing, the serum samples containing Ab-02 or
the Ab-02 standards were incubated on the plate to allow for
binding to the IL-13. Bound Ab-02 was detected with a
mouse anti-human IgG (Fc) antibody conjugated to horse-
radish peroxidase (HRP). The enzyme substrate 2,2′ azino-di
(3-ethyl-benzthiazoline-6-sulfonate) (ABTS) was added and
optical densities were measured at 405 nm. The lower limit of
quantitation of the assay was approximately 10.5 ng/mL and
acceptable %CV was ≤20%.

The concentrations of total IL-13 in serum samples
obtained from Ab-02-treated monkeys were determined
using a quantitative ELISA. In this assay, an anti-IL-13
antibody (Ab-01, Wyeth Research) that was able to bind IL-
13 in the presence of Ab-02 was used as a capture. After
blocking and washing, the serum samples containing IL-13
from in vivo studies or the non-human primate IL-13 stand-
ards were incubated on the plate to allow for binding to the
anti-IL-13 capture antibody. Total IL-13 was detected with a
biotinylated Jin2, an anti-IL-13 antibody that binds to an IL-
13 epitope that is distinct from those of Ab-01 and Ab-02.
Streptavidin conjugated to HRP and the enzyme substrate
3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase were added
and optical densities were measured at 450 nm. The low limit
of quantitation of the assay was approximately 0.15 ng/mL
and acceptable %CV was ≤20%.

Pharmacokinetic and Pharmacodynamic Modeling
and Simulations

An integrated pharmacokinetic and pharmacodynamic
model that described the relationship between observed

Table I. Study Design

Study number N, sex Ab-02 dose (mg/kg) Dosing volume and buffer PK and PD sampling time-points (days)

Study 1, naive monkeys 3, males 1 (IV) and 2 (SC) 1 mL/kg in histidine–sucrose
bufferb

0, 0.004, 0.042,0.125, 0.25, 1, 2, 3, 5, 7,
14, 20, 28, 35, 42

Study 2, Ascaris-challenged
monkeysa

8, males 10 (IV) 2–3 mL/kg in PBS 0, 1, 2, 8, 15, 36, 57, 85, 113

aAnimals were challenged with 0.75 μg Ascaris suum 24 h post Ab-02 administration
b 10 mM histidine, 5% sucrose, pH 6.0
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serum concentrations of Ab-02 and total IL-13 was devel-
oped using WinNonlin software V 5.1.1(Pharsight, Mountain
View, CA) (Fig. 1). The pharmacokinetics of Ab-02 was
described with a two-compartmental model including a
central compartment (CAb; V) and a peripheral compartment
(C2,Ab; V2). CLd,Ab represented the distribution clearance
between these two compartments. Clearance (CLAb) of Ab-
02 was assumed only through the central compartment. The
pharmacodynamics of Ab-02 was characterized with the
neutralization of endogenous IL-13. Based on the bivalent
feature of IgG, the model assumed that each Ab-02 molecule
had two independent binding sites for IL-13 with identical
association (kon) and disassociation (koff) rate constants. kon
was a second order rate constant governing the formation of
Ab-02/IL-13 (Ab–IL-13) complex and koff was a first order
rate constant governing the disassociation of Ab–IL-13
complex. CLcomplex represented the serum clearance of Ab–
IL-13 complex. Furthermore, non-cooperative binding for the
two IgG binding sites was assumed, so that kon and koff rate
constants were assumed to be identical for the first and the
second binding steps. The homeostasis of IL-13 was assumed
to be regulated by IL-13 production (zero order, ksyn,) and
degradation (CLIL-13). Differential equations derived from
the model scheme in Fig. 1 are as follows:

dCAb=dt ¼ In tð Þ þ CLd;Ab � C2;Ab � CLd;Ab þ CLAb
� � � CAb

� ��
V

� kon � CAb � CIL�13 � CAb� IL�13ð Þ � CAb� IL�13ð Þ2
� �þ koff � CAb� IL�13ð Þ

when t ¼ 0;C0
Ab ¼ In tð Þ=V

ð1Þ

dC2;Ab
�
dt ¼ CLd;Ab � CAb � CLd;Ab � C2;Ab

� ��
V2

when t ¼ 0;C0
2;Ab ¼ 0

ð2Þ

dCAb� IL�13ð Þ
�
dt ¼ kon � CAb � CIL�13 � CAb� IL�13ð Þ � CAb� IL�13ð Þ2

� �

� CLcomplex � CAb� IL�13ð Þ � koff � CAb� IL�13ð Þ þ koff � CAb� IL�13ð Þ2
� kon � CAb� IL�13ð Þ � CIL�13 � CAb� IL�13ð Þ � CAb� IL�13ð Þ2

� �

when t ¼ 0;C0
Ab� IL�13ð Þ ¼ 0

ð3Þ

dCAb�ðIL�13Þ2=dt ¼ kon � CAb�ðIL�13Þ � ðCIL�13 � CAb�ðIL�13Þ � CAb�ðIL�13Þ2Þ
� CLcomplex � CAb�ðIL�13Þ2 � koff � CAb�ðIL�13Þ2
when t ¼ 0;C0

Ab�ðIL�13Þ2
¼ 0

ð4Þ
dCIL�13=dt ¼ ksyn � CLIL�13 � CIL�13 � CAb� IL�13ð Þ � CAb� IL�13ð Þ2

� �� ��
V

� kon � CAb � CIL�13 � CAb� IL�13ð Þ � CAb� IL�13ð Þ2
� �

� kon � CAb� IL�13ð Þ � CIL�13 � CAb� IL�13ð Þ � CAb� IL�13ð Þ2
� �

þ koff � CAb� IL�13ð Þ þ koff � CAb� IL�13ð Þ2
when t ¼ 0;C0

IL�13 ¼ ksyn
�
CLIL�13

ð5Þ
For iv bolus dose :

In tð Þ ¼ Dose
ð6Þ

For sc dose :

In tð Þ ¼ ka � F �Dose
ð7Þ

Since preliminary modeling indicated that the Ab-02, IL-
13, and Ab–IL-13 complex had similar estimates of volume of
distribution in a central compartment (∼0.1–0.3 L), a single
volume variable (V) was used in the final modeling for model
parsimony. A 1st order absorption rate constant (ka) was used
to describe the absorption process for a subcutaneous dose.

Except for the estimate of bioavailability (F), PK-PD
parameter estimates were obtained by simultaneously fitting
the model to both serum Ab-02 and total IL-13 concentra-
tion-time profiles from either individual naive or Ascaris-
challenged monkeys. The integrated PK-PD model was fitted
first to data from naive monkeys with IV (n=3) and SC (n=3)
doses to obtain model parameter estimates (such as CLd,Ab,
CLAb, CLcomplex, CLIL-13, ksyn, kon, koff, V, and V2) for each
monkey. Bioavailability (F) of the anti-IL-13 antibody after
the SC dose was estimated previously with non-compartmen-
tal analysis (20). One naive monkey (Monkey #5) in the SC
arm of the study, had a sharp decline in Ab-02 concentrations
in the terminal phase (and a faster drop of total IL-13
concentrations), compared to other naive monkeys in both
the IV and SC arms (Fig. 2A), likely due to formation of anti-
Ab-02 antibodies. Therefore Monkey #5 was excluded from
the calculation of the mean model parameters in the naive-

+CAb, VAb

CLd,Ab

CIL-13

k syn

CLIL-13

CIL-13

syn

CLIL-13

+

k on

k off

k on

k off

CAb-(IL-13) CAb-(IL-13)2

CLAb CLcomplex CLcomplex

In(t)

C2,Ab, V2,Ab

+CAb, VAb

CLd,Ab

CIL-13

syn

CLIL-13

CIL-13

ksyn

CLIL-13

+

off off

CAb-(IL-13) CAb-(IL-13)2

CLAb CLcomplex CLcomplex

C2,Ab, V2,Ab

Fig. 1. Schematic representation of PK–PD model of Ab-02. Ab is Ab-02. Complex is Ab-02/IL-13
complex. CLd,Ab and CLAb are distribution clearance and serum clearance of Ab-02, respectively.
CLcomplex and CLIL-13 are serum clearance of the complex and IL-13, respectively. ksyn is a zero-
order IL-13 synthesis rate constant, kon is a second-order association rate constant, and koff is a
first-order dissociation rate constant. V and V2 are volumes of distribution of Ab-02 in the serum
(central) and the second compartment, respectively.
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model settings. It was assumed that kon and koff were not
altered by Ascaris challenge. Therefore, mean kon and koff
estimates obtained from naive monkeys were used in the
model fitting for Ascaris-challenged monkeys to obtain model
parameter estimates (such as CLd,Ab, CLAb, CLcomplex, CLIL-13,
ksyn, V, and V2) for each monkey. The onset of inflammation in
Ascaris-challenged monkeys was assumed to occur instanta-
neously after the challenge at 24 h post dose. Thus, naive
condition was assumed for Ascaris-challenged monkeys in the
pre-challenge period (0–24 h) by fitting the data with mean
parameters obtained from naive monkeys. All data were
reported as mean ± SD (n=5 for naive and n=8 for Ascaris-
challenged monkeys). Statistical significance (p<0.05) was
assessed with unpaired Student t-test.

Simulations for concentrations of Ab-02, total IL-13, and
free (unbound) IL-13 in naive or Ascaris-challenge settings
after different dose regimens of Ab-02, were conducted with
the corresponding mean parameters obtained from PK-PD
modeling. When Ascaris challenge was assumed at Day 1 (as
used in the experiment design of Study 2), simulations for the
0–24 h period were performed with mean parameter estimates
from naive settings, while simulations for Day 1 onward were
performed with mean parameter estimates from the Ascaris-
challenge settings. When Ascaris challenge was assumed at
Day 0 (for a hypothetic “established inflammation” situation),
simulations for all time-points were performed with mean
parameter estimates from the Ascaris-challenge settings.

RESULTS

PK and PD Profiles in Naive and Ascaris-Challenged
Monkeys

Mean concentration-time profiles of Ab-02 (1 mg/kg, IV
and 2 mg/kg SC, Study 1) in naive cynomolgus monkeys were
reported previously (20). Individual concentration-time profiles
of Ab-02 in Study 1 are shown in Fig. 2A. A sharp decline of
Ab-02 serum concentrations after ∼14 days post-dose was
observed in one animal (Monkey #5) in the SC arm of the
study, relative to other five animals (three in the IV arm and
two in the SC arm) in Study 1. Mean concentration-time
profiles of Ab-02 in Ascaris-challenged monkeys (10 mg/kg, IV,
with Ascaris challenge 24 h post-dose, Study 2) together with
those in naive monkeys are summarized in Fig. 2B.

Quantitative ELISA were developed to measure total
IL-13 concentrations in the absence or presence of Ab-02.
Serum IL-13 concentrations were undetectable by these
assays in pre-dose samples or in all samples from control
animals treated with IVIG (data not shown). After Ab-02

administration, total IL-13 concentrations were transiently
increased in both Study 1 (naive monkeys; 1 mg/kg IV or
2 mg/kg SC) and in Study 2 (10 mg/kg IV, with Ascaris
challenge 24 h post-dose) (Fig. 2C). There was high inter-
animal variability in the concentration-time profiles of total
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Fig. 2. Ab-02 and total IL-13 concentration-time profiles in cyno-
molgus monkeys. A single 1 mg/kg IVor 2 mg/kg SC dosage of Ab-02
was administered to naive cynomolgus monkey and a single 10 mg/kg
IV dosage of Ab-02 was given to Ascaris-challenged cynomolgus
monkeys. The challenge was performed with 0.75 μg of Ascaris suum
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IL-13 (C) concentrations were determined using quantitative ELISAs.
Data points show individual animal values (A) or mean values (B and
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SC group, and N=8 for 10 mg/kg IV group, with Monkey #5 in the SC
group being excluded from calculations of the mean values. Error
bars indicated standard deviation from the mean values.M = monkey.
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IL-13. Monkey #5 in the SC arm of Study 1 had an apparent
sharp decline in the total IL-13 concentrations, compared to
other five naive monkeys on Study 1 that were treated with
Ab-02, likely due to formation of anti-Ab-02 antibodies in
this animal. The onset of decline in total IL-13 in Monkey #5
coincided with that in Ab-02 concentrations in this monkey
(data not shown).

Results of the previously reported cell-based assay
performed with sera from Ascaris-challenged animals indi-
cated that samples with detectable concentrations of total IL-
13 had no IL-13-mediated biological activity (19), suggesting
that the transient increase in total IL-13 concentrations in
naive and Ascaris-challenged monkeys was due to the
increase in Ab-02-bound IL-13. However, the concentration-
time profile of free (biologically active) IL-13 following Ab-
02 administration to naive or Ascaris-challenged animals
remained to be characterized.

PK–PD Modeling

An integrated drug–ligand binding PK–PD model
depicted in Fig. 1 was developed to describe the relationship
between the observed total serum concentrations of IL-13
and Ab-02 in naive and Ascaris-challenged monkeys. In this
model, the pharmacokinetics of Ab-02 was described with a
two-compartmental model and the pharmacodynamics of Ab-
02 was characterized with the neutralization of endogenous
IL-13. Based on the bivalent feature of IgG and monovalent
feature of the antigen (IL-13), the models were developed
under the assumption that Ab-02 can bind either one or two
IL-13 molecules, in a sequential manner. Furthermore, non-
cooperative binding for the two IgG binding sites was
assumed, so that kon and koff rate constants were assumed
to be identical for the first and the second binding steps. The
homeostasis of IL-13 was assumed to be regulated by the
zero-order synthesis (ksyn) and degradation (CLIL-13) of IL-
13. For PK–PD modeling, raw concentration data (measured
in ng/mL or μg/mL) was converted to nM units, using
molecular weights of 150 and 10 kDa for Ab-02 and IL-13
respectively.

In general, this model adequately characterized the
animal data (Figs. 3 and 4; and Table II). The residuals were
evenly distributed, without noticeable systematic bias (Fig. 3).
The representative fittings for each of the three dose groups
(naive monkey, 1 mg/kg IV, Study 1; naive monkey, 2 mg/kg
SC, Study 1; and Ascaris-challenged monkey, 10 mg/kg IV,
Study 2) are shown in Fig. 4. It should be noted that the sharp
decline of both Ab-02 and total IL-13 serum concentrations in
Monkey #5 from the SC arm of Study 1 could not be
described by this integrated PK-PD model. Therefore, the
PK parameters from Monkey #5 were excluded from the
calculation of the mean model parameters in the naive-animal
settings.

PK and PD parameters generated from the model fitting
for both naive and Ascaris-challenged monkeys are summa-
rized in Table II. The clearance of unbound Ab-02 (CLAb)
from the central compartment was low (∼0.013–0.015 L/day)
and was similar between the naive and Ascaris-challenged
monkeys. In naive animals, the clearance of Ab-02/IL-13
complex from the central compartment (CLcomplex) was ∼5–6
fold lower, compared to CLAb. In Ascaris-challenged animals,

CLcomplex was similar to CLAb. Thus, CLcomplex was ∼ 5-fold
higher in Ascaris-challenged animals, when compared to that
in naive monkeys. The volume of Ab-02 in the central
compartment (V) was found to be in the range of the typical
plasma volume in cynomolgus monkeys for both naive and
Ascaris-challenged animals. However, V and the distribution
clearance of Ab-02 (CLd,Ab) were significantly lower in the
Ascaris-challenged monkeys, when compared to that in naive
monkeys. This result is in accord with the lower estimate for
the volume of distribution in Ascaris-challenged monkeys
obtained with earlier non-compartment analysis (20).

The neutralization of IL-13 was governed by kon and koff,
the rate constants of the coupling/uncoupling of Ab-02 and
free IL-13. The mean kon and koff estimates were
0.0896 nM−1day−1 and 0.1630 day−1, respectively. Baseline
IL-13 concentrations were defined by the ratio of endogenous
IL-13 synthesis rate (ksyn) and the clearance of IL-13 from the
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(open circle) concentrations following a single dosage of Ab-02 were
fitted using the integrated PK–PD model depicted in Fig. 1.
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SC group was excluded from these analyses due to a sharp decline in
Ab-02 and total IL-13 concentrations in the terminal phase,
compared to other naive monkeys in the study.
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central compartment (CLIL-13) (21–23). The estimated
baseline IL-13 concentration was ∼0.0115 nM in naive
monkeys and it was ∼3-fold higher (∼0.0346 nM) in
Ascaris-challenged monkeys (p<0.001).

Prediction of Free IL-13 Concentrations

Simulations based on the mean parameter estimates of
the integrated PK-PD model were performed to predict the
concentrations of free and Ab-02-bound IL-13 post Ab-02
administration. These simulations predicted that the transient
increase in total IL-13 concentrations in both Study 1 (naive)
and Study 2 (Ascaris-challenged at Day 1) was due to the
increase in Ab-02-bound IL-13, while free IL-13 was de-
creased after IV administration of Ab-02 (Fig. 5A and B).
The decrease in free IL-13 appeared more dramatic in
Ascaris-challenged monkeys, because of the higher Ab-02
dose (10 mg/kg) used, relative to naive monkeys (1 mg/kg).
In the Ascaris-challenge monkeys (Study 2), free IL-13
concentrations were predicted to remain at or below the
estimate of free IL-13 concentrations in naive monkeys (i.e.
below 0.0115 nM) for ∼35 days post 10 mg/kg single IV
administration of Ab-02. Free IL-13 concentrations in
Ascaris-challenged monkeys were predicted to rise above
the naive baseline average when Ab-02 concentration was
∼160 nM. Along with the elimination of Ab-02, free IL-13
concentrations in naive and Ascaris-challenged monkeys
gradually rose to the corresponding baseline concentrations
(defined by ksyn/CLIL-13).

The kinetics of IL-13 neutralization was also simulated
with the different IV doses of Ab-02 (1–50 mg/kg) in
monkeys with a hypothetic established airway inflammation,
i.e. assuming Ascaris challenge at Day 0. Predicted free IL-13
concentrations in naive monkeys and in monkeys with
established airway inflammation after a single IV administra-
tion of Ab-02 are shown in Fig. 6. In both naive monkeys and
in monkeys with established airway inflammation, the time at
which free IL-13 concentrations were below baseline IL-13
concentrations increased with the Ab-02 dosage used for the
simulations. However, the extent and duration of IL-13
neutralization by Ab-02 appeared to differ between the naive
monkeys and the monkeys with established airway inflamma-
tion. For example, after the 10-mg/kg IV dosage of Ab-02 to
naive monkeys, most of the IL-13 appeared to be Ab-02-
bound as late as Day 40 post-dose, with free IL-13 concen-
trations of <0.001 nM (or <7% of baseline). In contrast, after
10-mg/kg IV dosage of Ab-02 to monkeys with established
airway inflammation, there was an initial drop in free IL-13 to
nearly-zero concentrations followed by a steady rise to
∼0.008 nM or 21% of baseline at Day 40.

DISCUSSION

In this report, we developed an integrated antibody–
ligand binding PK–PD model that described the relationship
between the total serum concentrations of IL-13 and Ab-02,
an anti-IL-13 humanized IgG1 antibody, in naive cynomolgus
monkeys and in the disease model of acute airway inflamma-
tion induced by Ascaris challenge to cynomolgus monkeys.
Due to lack of a bioanalytical method of sufficient sensitivity,
free IL-13 concentrations could not be directly measured in
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Fig. 4. Representative individual animal fittings. Ab-02 (closed circle)
and total IL-13 (open circle) concentrations following a single dosage
of Ab-02 were fitted using the integrated PK–PD model depicted in
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1 (B); and Ascaris-challenged, 10 mg/kg IV, Study 2 (C). Observed
Ab-02 and total IL-13 concentrations are shown by closed and open
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either the presence or the absence of Ab-02. Therefore, total
IL-13 concentrations were used as a PD marker, as total IL-
13 concentrations were transiently increased in both naive
and Ascaris-challenged monkeys. The model presented in this
report was developed under the assumption that Ab-02 can
bind either one or two IL-13 molecules, in a sequential manner.
Furthermore, non-cooperative binding for the two IgG binding
sites was assumed, so that kon and koff rate constants were
assumed to be identical for the first and the second binding
steps. The above assumptions are based on the physiological
mechanism of an antibody/antigen interaction and are different
from those used in the previously published integrated
antibody–ligand binding PK–PD models for therapeutic anti-
bodies, in which either 1:1 or 1:2 stochiometry was assumed
(21–25). The sequential binding models to describe antibody–
antigen interactions in solution have been described previously
for a variety of biochemical studies (26,27). The second main
assumption of the current model is that the homeostasis of

IL-13 is regulated by the zero-order synthesis and the first
order degradation of IL-13. This assumption has been used in a
number of published integrated PK–PD models for protein or
small molecule therapeutics (21–25,28). In addition to the
current sequential binding PK-PD model, two stochiometry
binding models (in which either 1:1 or 1:2 stochiometry has
been assumed) were also fitted to PK-PD profiles of Ab-02
during the initial model selection stage. The sequential PK/PD
model was overall superior to the stochiometry binding models
in describing the experimental data of IL-13 neutralization by
Ab-02 in monkeys (data not shown).

The Ab-02 PK parameters estimated by PK-PD modeling
were consistent with those estimated by non-compartmental
analysis (20). Ab-02 had a low clearance and a small volume
of distribution in monkeys, typical of those seen for other
humanized IgG1 therapeutic proteins (29–31). The PK-PD
modeling further confirmed that Ab-02 volume of distribution
was smaller in Ascaris-challenged monkeys when compared

Table II. Summary of Ab-02 Pharmacokinetic and Pharmacodynamic Parameters from Individual Fittings of Data for Naive and Ascaris-
Challenged Cynomolgus Monkeys

Naive monkeys Ascaris-challenged monkeys

Mean ± SD (N=5)a %CV Mean ± SD (N=8) %CV

CLAb (L day−1) 0.0148±0.0022 15 0.0130±0.0046 35
V (L) 0.222±0.045 20 0.145±0.048* 33
CLd,Ab (L day−1) 0.1877±0.1840 98 0.0238±0.0192* 81
V2 (L) 0.136±0.071 53 0.111±0.058 22
kon nM−1 day−1 0.0896±0.0917 102 Fixed NA
koff (day

−1) 0.1630±0.0959 59 Fixed NA
CLcomplex (L day−1) 0.0024±0.0006 23 0.0097±0.0073* 75
ksyn/CLIL-13 (nM) 0.0115±0.0055 47 0.0346±0.0101** 29

a For estimation of mean parameters in naive animals, three animals in the 1 mg/kg, IV group and two animals in the 2 mg/kg, SC group were
used. One animal in the SC group was excluded from calculations of mean parameters due to a sharp decline in Ab-02 concentrations (and
total IL-13 concentrations) in the terminal phase, compared to other naive monkeys in the study

*p≤0.05; **p≤0.001 (indicate that a mean parameter in the Ascaris-challenged animals was significantly different from a corresponding value
in naive monkeys, based on unpaired Student t test)
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to that in naive monkeys, in line with the results of non-
compartmental analysis. Volume of distribution of Ab-02 in
the central (V) and, to some degree, the peripheral (V2)
compartments, as well as the distribution clearance (CLd,Ab)
of Ab-02 between these two compartments were decreased in
Ascaris-challenged monkeys when compared to those in
naive monkeys. The difference of Ab-02 volume of distribu-
tion between naive and Ascaris-challenged monkeys was
not likely due to the difference in Ab-02 dosage used (1 or
2 mg/kg in naive monkey and 10 mg/kg in Ascaris-challenged
monkeys), since the steady-state volume of distribution (Vdss)
of Ab-02, as estimated by the non-compartmental method,
was similar among naive monkeys over a wide dose range
(1–100 mg/kg) (20).

For both naive and Ascaris-challenged monkeys, the
model also demonstrated that the transient increase in total
IL-13 concentrations in Ascaris-challenged and naive animals
was due to the increase in Ab-02-bound IL-13, while free
IL-13 was decreased. The neutralization of IL-13 leading
to decrease in free IL-13 concentrations is the intended
biological effect of Ab-02 and is consistent with the observed
efficacy of Ab-02 in reducing airway inflammation in the
Ascaris-challenged animals, as well as with the lack of IL-13-
mediated biological activity in the sera obtained from these
animals (19).

Results of the PK–PD modeling and simulations indicat-
ed a number of differences in IL-13 neutralization between
the naive and Ascaris-challenge settings. In the Ascaris-
challenged animals, baseline IL-13 concentrations were
estimated be ∼ three-fold higher, when compared to those
in naive monkeys. This estimation was consistent with the
notion that acute airway inflammation induced by Ascaris
challenge in cynomolgus monkeys was mediated by IL-13. In
human subjects, including normal human volunteers and
subjects with a variety of disorders, there is a wide range of
reported baseline IL-13 concentrations (from <10 to >150 pg/
mL), in part dependent on assay methodology employed for
the measurements (32,33). In general, baseline IL-13 concen-
trations estimated for naive monkeys (∼100 pg/mL or
∼0.01 nM) appeared to be higher, compared to those
reported for healthy humans.

In Ascaris-challenged animals (Study 2), free circulating
IL-13 concentrations were maintained below the average free
IL-13 concentrations in naive monkeys for ∼1 month after a
10 mg/kg IV administration of Ab-02. Modeling and simu-
lations indicated that for a given dose of Ab-02, extent and
duration of Ab-02-mediated IL-13 neutralization in the naive
and Ascaris-challenged monkeys were different. Thus, cau-
tion should be used when applying PK–PD data from normal
human volunteers to the design of clinical studies in subjects
with airway inflammation.

It should be noted that the concentrations of free IL-13
in the target tissue (lung) may be a more direct indicator of
effectiveness of IL-13 neutralization by a therapeutic protein.
However, the concentration at which tissue (and circulating)
IL-13 needs to be maintained to suppress Ascaris-induced
airway inflammation in monkeys (and in asthmatic patients),
as well as the required duration of the neutralization, are not
known. Total IL-13 concentrations were below the limit of
detection in BAL (bronchoalveolar lavage) fluid of animals in
Study 2 (data not shown), so that it was not possible to obtain
a PD readout in the tissue compartment. In current modeling
approach the combination of efficacious dose level data
(10 mg/kg) and PK–PD modeling of serum data was used to
predict the duration and extent of serum IL-13 neutralization
that correlated with Ab-02 efficacy. Peripheral compartments
can be added to describe the IL-13 neutralization process in
tissues when more sensitive technology to detect tissue IL-13
levels is developed in the future.

The nature of therapeutic protein/ligand interaction
should be taken into account when applying this model to
bivalent protein based therapeutics (such as an antibody). For
example, PK–PD interactions between a protein therapeutic
and a multivalent ligand (i.e. an antigen that has more than
one antigenic determinant) or a ligand that displays cooper-
ative binding to a bivalent therapeutic protein (resulting in
different kon and/or koff for the first and second steps) may
not be adequately described by the sequential or stochiom-
etry binding models. Physiological processes governing ligand
homeostasis should also be considered before applying the
current (and the previously published) models. The assump-
tion that the apparent ksyn is the zero-order rate constant may
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not hold for more complicated ligand production process,
including feedback mechanisms or diurnal changes for the
rate of ligand production (34).

CONCLUSIONS

In this report, we developed a novel PK–PD model that
described the relationship between the total serum concen-
trations of IL-13 and Ab-02, an anti-IL-13 humanized IgG1
antibody, in naive and Ascaris-challenged monkeys. The
modeling predictions were the following: (1) The estimated
circulating IL-13 concentrations were increased ∼ three-fold
after the Ascaris-challenge, consistent with the notion that
Ascaris-induced acute airway inflammation was IL-13-
mediated. (2) The transient increase in total IL-13 concen-
trations observed in both naive and Ascaris-challenged
monkeys following Ab-02 administration, was due to the
increase in Ab-02-bound IL-13, while free IL-13 was
decreased after IV administration of Ab-02. (3) When
identical Ab-02 dose regimens were used for simulations,
the extent and duration of IL-13 neutralization in the
circulation were different in naive and airway inflammation
settings. However, this prediction needs to be interpreted
with caution, as the model does not describe neutralization
of IL-13 in the lung, the target organ. The PK–PD model
presented in this report may be applied to study drug–
ligand interactions for other therapeutics proteins, in cases
when free ligand (such as a cytokine) cannot be directly
assayed but total ligand concentrations change with drug
administration. However, the nature of drug/ligand inter-
actions, as well as physiologically processes governing
ligand homeostasis should be considered before applying
the model. The differences in the ligand neutralization by a
therapeutic protein between the healthy and pharmacology-
model settings described in this report, illustrate the
importance of conducting preclinical PK-PD studies in both
settings, if practically feasible.
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