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ABSTRACT: Gender and immune status can considerably impact on the pharmacokinetics (PK) of macromolecular and small molecule
drugs. However, these effects are often not considered in drug development. We aimed to quantitatively evaluate effects of gender
and immune status on the PK of PEGylated interferon in frequently used murine models. Chronically cannulated female athymic nude
and female and male immunocompetent C57Bl/6J mice (n = 24 in total) received a single intravenous or subcutaneous (s.c.) dose of
PEGylated interferon. Serial blood samples were taken for 48 h. Noncompartmental analysis and population PK modeling with covariate
analysis were performed to evaluate the data. The PK of PEGylated interferon followed a three compartment disposition model with two
sequential compartments for s.c. absorption. Female nude mice had significantly higher plasma clearance than C57Bl/6J mice (0.503 vs.
0.397 mL/h). Male mice had a slower absorption rate constant (0.138 h−1) and extent (46.2%) of s.c. absorption than female mice (0.274
in C57Bl/6J and 0.374 h−1 in nude, 60.8% in both). Thus, gender and immune status significantly impacted on important PK parameters
of PEGylated interferon in murine models commonly utilized in drug development. It is critical to take into account these differences
when choosing animal models and conducting translational pharmacology research. C© 2015 Wiley Periodicals, Inc. and the American
Pharmacists Association J Pharm Sci 104:1848–1855, 2015
Keywords: pharmacokinetics; macromolecular drug delivery; pegylation; gender; population pharmacokinetics; mathematical model;
bioavailability; absorption; elimination

INTRODUCTION

In spite of the potential impact of gender on drug disposition
(and in turn, efficacy),1 the issue is often overlooked in drug
development to the extent that in many instances the standard
protocol has been to use only male animals for preclinical stud-
ies. This is often justified on the basis of “reducing the variabil-
ity associated with fluctuations in hormone levels.”1,2 In a push
to overcome the potential failings associated with male-biased
preclinical studies, the European Commission, the Canadian
Institutes of Health, and the US National Institutes of Health
have recently implemented policy changes to ensure that both
male and female cells and animals are used in preclinical drug
development initiatives funded by these agencies.2 There re-
mains, however, a paucity of information and only a limited
number of examples of gender differences in drug pharmacoki-
netics (PK) in preclinical species. It is reasonable to expect that
such differences exist; however, given that at the most fun-
damental level, we have previously shown that the underlying
physiology involved in drug uptake in rodents can vary between
the genders, and even between strains.3

Although the rate of small molecule therapies reaching the
market has slowed, there has been an increasing number of
macromolecular drugs and drug delivery systems entering the
market and late phase clinical trials, particularly for the treat-
ment of cancer. Macromolecular drugs include protein thera-
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peutics (such as cytokines and antibodies), protein–drug con-
jugates (e.g., Kadcyla), nanoparticles (Abraxane), and colloids
(Doxil, Myocet, Daunoxome). These macromolecules present
unique PK challenges that could potentially make them very
susceptible to gender differences. Specifically, they are gener-
ally administered via (intravenous) i.v. or subcutaneous (s.c.)
delivery and are therefore potentially subject to an even greater
plethora of gender-related PK differences when compared with
small molecules that are delivered orally. For instance, drug
absorption from a s.c. injection site can be influenced by local
fat, interstitial pressure, blood flow, and lymphatic flow, which
can all vary between males and females.1,4–6 In addition, long-
circulating macromolecules display significant lymphatic expo-
sure and are more avidly targeted toward macrophages of the
mononuclear phagocyte system (MPS). This is significant as
macrophage function and subtype populations differ between
males and females, and can have an important impact on the
PK of macromolecules.7 Given the generally very high cost of
macromolecular drugs, it is important to understand early on in
the development process the impact of gender on PK and phar-
macodynamic (PD) outcomes in preclinical rodent models.8

Another complication that arises in the characterization of
new molecules is that often different animal strains and even
species are used to measure PK and PD properties. This is
an important consideration, particularly in the development
of chemotherapeutic macromolecules, where potential PK dif-
ferences between rodent species and strains can complicate
PK/PD simulations, when PK and PD are evaluated in dif-
ferent animal models. For instance, the PK of new macro-
molecular chemotherapeutics is generally characterized in fully
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immunocompetent animals, whereas tumor efficacy studies are
performed in immunocompromised nude mice that are deficient
in T lymphocytes. Of particular importance to the PK and PD
behavior of long-circulating macromolecules, the deficiency in
T lymphocytes in nude mice appears to have an impact on the
activity of macrophages that have to compensate for the loss
of this important aspect of immunity.9 Consequently, several
studies have reported PK differences between nude and im-
munocompetent rodents.10,11

To this end, differences in immune cell function and popu-
lations between genders, and nude and immunocompetent an-
imal models can have a profound impact on the PK of thera-
peutic cytokines (e.g., interferons) that have the potential to
enhance immunosurveillance and chemotherapy for a variety
of cancers. For instance, PEG–Intron R© [interferon "2b conju-
gated with a single 12 kDa linear methoxy–polyethylene gly-
col (PEG) chain] displays intriguing gender-related effects on
plasma PK and PD in different subject populations.12–14 It is
not known to this point, however, whether these PK differences
in populations of humans with different immune function and
gender can be predicted in basic rodent PK or PD models, and
this formed the basis of the current study.

The aim of this study was to explore the hypothesis that the
i.v. and s.c. PK of PEG–Intron R© differs between male and fe-
male mice and between immunocompetent and nude mice. In
particular, we hypothesized that after dosing via the s.c. route,
PEG–Intron R© would be subject to gender-related differences in
absorption. This hypothesis was driven by the fact that a num-
ber of factors that are determinants of absorption from a s.c.
injection site can vary between males and females1,4–6 and also
as differences in macrophage function and subtype populations
differ between males and females and between nude and im-
munocompetent animals.7 In addition, PEG–Intron R© was ex-
amined here as it displays variable gender-related differences
in s.c. PK in humans, is completely absorbed after s.c. admin-
istration in rats, and PEGylation has the potential to improve
the exposure of lymphatic cancers to interferon and maximize
chemotherapeutic activity.15 To test this hypothesis, we used
chronically cannulated female and male C57Bl/6J mice and fe-
male nude mice to enable the more robust collection of full
PK data from individual animals. C57Bl/6J mice were used
as immunocompetent controls as this is one of the most com-
mon mouse strains used in research and because this strain is
generally favored in lymphatic PK research in mice. We used
noncompartmental analysis and population modeling includ-
ing covariate analysis to quantitatively evaluate differences in
drug disposition and absorption.

MATERIALS AND METHODS

Materials and Reagents

PEG–Intron R© (interferon "2b conjugated with a single lin-
ear 12 kDa PEG chain) was purchased from Schering-Plough
(North Ryde, New South Wales, Australia) as the 150 :g/0.5 mL
injectable REDIPEN R©. The prepared solution was dispensed
into sterile Eppendorf tubes as needed and stored at 4°C. Dos-
ing solutions were prepared from this stock solution in sterile
saline immediately before dosing. Sterile saline was from Bax-
ter Pty Ltd. (Melbourne, Victoria, Australia). Polyvinyl tubing
(inner diameter 0.2 mm, outer diameter 0.5 mm) was from Mi-
crotube Extrusions (New South Wales, Australia). An ELISA

kit for the quantification of interferon 2" (PEGylated and na-
tive) was purchased from MabTech Australia Pty Ltd. (Macleod,
Victoria, Australia). Carprieve (carprofen 50 mg/mL) was pur-
chased from Norbrook Laboratories Australia (Tullamarine,
Victoria, Australia) and Marcain (0.5% bupivacaine) was ob-
tained from AstraZeneca (North Ryde, New South Wales, Aus-
tralia). All other reagents were purchased from Sigma Chemi-
cal Company (New South Wales, Australia).

Animals

C57Bl/6J mice (10 weeks, n = 8 females weighing 21.4 ± 1.3 g, n
= 8 males weighing 28.7 ± 2.0 g) were supplied by Monash An-
imal Services (Monash University, Victoria, Australia). Female
athymic nude mice (10 weeks, n = 8, weight 19.8 ± 1.0 g) were
supplied by the Animal Resources Centre (Western Australia,
Australia). Animals were maintained on a 12-h light/dark cy-
cle and were provided food and water at all times. Mice were
acclimatized in mouse microisolator cages for 1 week prior to
experimentation. All animal experimentation was approved by
the Institutional Animal Ethics committee at the Monash In-
stitute of Pharmaceutical Sciences.

Intravenous and Subcutaneous PK of PEG–Intron R© in Mice

The plasma PK of PEG–Intron R© was determined in carotid
artery cannulated mice in order to obtain complete PK data
within single animals. The cannulation procedure was essen-
tially the same as the procedure reported previously for rats,
with some modification. Briefly, mice were anaesthetized un-
der isoflurane (2%) and the area around the incision sites and
harness shaved (for C57 mice). The incision sites were cleaned
with chlorhexidine and 50% ethanol, followed by 1% iodine (be-
tadine). A total of 50 :L marcain was injected s.c. per mouse
into the incision sites and carprofen (8 mg/kg) was given prior
to surgery via s.c. administration into the left flank to provide
postsurgical analgesia. The right carotid artery was then can-
nulated by inserting a 30-cm length of polyvinyl cannula that
was prefilled with heparinized saline (3 IU/mL) 0.8 cm into
the artery. The cannula was then exteriorized to the back of the
neck and the wounds closed with 5/0 suture silk. Mice were then
fitted with small jackets comprising soft latex that were affixed
to metal swivel/tether harnesses (2 mm wide) via a small piece
of Velcro. This enabled blood to be sampled from freely moving
mice and at the same time, prevented mice from gaining access
to the cannulas. Mice were then transferred into purpose built
Perspex mouse metabolism units measuring 20 cm in diameter
× 7–8 cm high. The units were similar in construction to com-
mercial rodent metabolism cages, with the exception that each
unit was adjacent to two other units that were built with 1 cm
wide “sniff holes” to enable mice to see, sniff, and interact with
each other. This is particularly important as mice are highly so-
cial and lose condition rapidly when housed in isolation. Mice
were housed at all times only with mice of the same gender and
strain to avoid potential infection in nude mice and hormonal
changes that may impact PK by housing male and female ani-
mals in close proximity. Mice were allowed to recover overnight
prior to dosing and were weighed once daily.

The following day, mice were weighed and a sample of blank
blood (10 :L) collected from the carotid artery cannula via a
0.3-mL syringe fitted with a 31-G needle into heparinized (1
IU) PCR tubes. Mice were then lightly anaesthetized under
isoflurane and injected s.c. between the left third and fourth
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mammary fat pads with a nominal dose of 4.5 :g PEG–Intron R©

in 50 :L saline as a bolus as reported previously or i.v. via a
lateral tail vein over 30 s. This dose was chosen as it is similar
to doses given to mice to explore the antiviral and chemothera-
peutic activity of PEG–Intron R©,15 and therefore reflects the PK
of the cytokine in these PD studies. In addition, PEG–Intron R©

did not appear to display nonlinear PK in rats in the previous
study. Blood samples (10 :L) were then collected starting at 5
min after the s.c. dose or 1 min after the end of the i.v. dose,
and further samples were collected at times 0.5, 1, 2, 4, 6, 8, 12,
24, 30, and 48 h. Blood samples were centrifuged at 4000g for
5 min to isolate plasma and 5 :L plasma samples were then
mixed with 5 :L saline in 200 :L PCR tubes and stored at
−20°C until analyzed. Standard samples were also prepared in
fresh plasma on the same day and were stored along with the
plasma samples from mice.

The concentrations of PEG–Intron R© in mouse plasma were
quantified via ELISA as previously described,15 and using
dilutions ranging from 1:100 to 1:10,000 in dilution buffer.
The validated concentration range in mouse plasma was
10–1250 pg/mL. The colorimetric assay employed 3,3′,5,5′-
tetramethylbenzidine as the detection reagent, and optical den-
sity was measured at 450 nm on a FluoStar plate reader.

NonCompartmental Analysis

Noncompartmental analysis (NCA) was performed in WinNon-
lin Professional (version 5.2.1; Pharsight Corporation; Prince-
ton, NJ). The area under the plasma concentration–time curve
(AUC) for each profile was calculated using the linear up/log
down method (i.e., the linear trapezoidal rule when concen-
trations are increasing and logarithmic trapezoidal rule when
concentrations are decreasing). The average bioavailability fol-
lowing s.c. dosing (FSC) for each group of mice was calculated
as the ratio of the average dose normalized AUCs extrapolated
to infinity (AUCinf), that is, FSC = AUCinf,SC/AUCinf,i.v.; the re-
spective standard deviations were determined via propagation
of errors. The mean absorption time [MAT; representing the
mean residence time (MRT) at the site of injection] following
s.c. dosing was calculated from the MRTs: MAT = (MRTSC–
MRTi.v.). All noncompartmental parameters were compared via
one-way ANOVA with a Student Newman Keuls post test for
pairwise multiple comparisons (SigmaPlot version 12.3). Sig-
nificance was determined as p < 0.05.

Population PK Modeling

Population modeling was performed utilizing S-ADAPT (ver-
sion 1.57) with the Monte Carlo parametric expectation
maximization algorithm (MC-PEM; importance sampling,
pmethod = 4) and SADAPT-TRAN for preprocessing and
postprocessing.16,17 Models with two and three disposition com-
partments and first-order s.c. absorption with and without an
additional absorption lag compartment were evaluated. In the
first step of structural model development, the PK profiles fol-
lowing i.v. administration from each group of mice were mod-
eled separately to characterize the distribution and elimination
of PEG–Intron R©. In the next step, the i.v. and s.c. PK pro-
files were modeled simultaneously within each group of mice
to determine whether the same model structure applies to all
groups. As the final step of structural model development, all
i.v. and s.c. data from all groups of mice (24 mice in total) were
modeled simultaneously. The interindividual variability (IIV) of

the PK parameters was assumed to be log-normally distributed,
except for FSC that was logistically distributed between 0% and
100%. The residual unidentified variability was described by a
combined additive and proportional error model. The potential
effect of immune status (strain C57Bl/6J vs. nude), gender and
body weight on the PK parameters was systematically evalu-
ated via covariate analysis. Immune status was evaluated as
a categorical covariate, that is, allowing two different typical
values of a parameter for C57Bl/6J and nude mice. Gender was
evaluated accordingly as a categorical covariate. A potential ef-
fect of body weight on clearance and volume parameters was
evaluated for both allometric scaling and linear scaling. A dif-
ference of �1.92 in the S-ADAPT objective function (=–1 × log
likelihood) for one additional degree of freedom was considered
statistically significant according to the chi-square distribu-
tion. Covariate effects were first evaluated for each parameter
separately and then in combination.

Plots of observed versus individual-fitted and observed ver-
sus population-fitted concentrations, visual-predictive checks,
the normalized prediction distribution error, and the objective
function in S-ADAPT were utilized to evaluate model perfor-
mance. For the visual-predictive checks, 12,000 profiles were
simulated for each competing model. The 10th, 25th, 50th, 75th,
and 90th percentiles were calculated from the simulated pro-
files and overlaid on the observed data to compare the central
tendency and the variability of the predicted versus the ob-
served concentrations.

RESULTS

The concentration–time profiles (average ± SD) for each group
of mice following both i.v. and s.c. dosing are presented in
Figure 1. The PEG–Intron R© plasma concentrations declined
in a multiexponential fashion after i.v. dosing. Following s.c.
dosing, the concentrations increased to a maximum at 4.0 h for
all female nude mice, 5.5 (±1.0) h for female C57Bl/6J, and 8.0
(±2.8) h for male C57Bl/6J mice and then declined. The max-
imum concentrations (Cmax) normalized to a 4.5-:g dose were
0.541 (±0.087) :g/mL in female nude, 0.610 (±0.31) :g/mL in
female C57Bl/6J, and 0.284 (±0.051) :g/mL in male C57Bl/6J
mice. The dose- and body weight-normalized Cmax were 27.0
(±5.16) pg/mL/kg in female nude, 29.8 (±15.6) pg/mL per kg
in female C57Bl/6J, and 9.79 (±2.07) pg/mL per kg in male
C57Bl/6J mice.

The NCA revealed a significantly higher clearance (*p <

0.05) in the nude mice group compared with the C57Bl/6J
mice following i.v. dosing (Table 1). There was a trend for
shorter elimination half-life with the nude mice compared with
C57Bl/6J mice; however, this difference was not statistically
significant (p = 0.12). No statistically significant differences
in plasma clearance were observed between male and female
C57Bl/6J groups (p = 0.098). The volume of distribution at
steady state adjusted for body weight (Vss, L/kg) after i.v. ad-
ministration was significantly greater for the female mice com-
pared with male mice. Vss (L/kg) was highest in nude female
> C57Bl/6J female > C57Bl/6J male (Table 1). No significant
difference in Vss was seen between nude and C57Bl/6J female
groups (p = 0.21).

After s.c. administration, a significantly higher MRT (*p <

0.02) was observed in C57Bl/6J male mice (16.6 h) than the
female groups (12.8 h vs. 11.0 h for C57Bl/6J and nude mice).
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Figure 1. Plasma concentration–time profiles of PEG–Intron R© following i.v. and s.c. administration to athymic nude and C57Bl/6J mice.
Concentrations are normalized to a dose of 4.5 :g and are presented as average ± standard deviation (SD).

Table 1. Pharmacokinetic Parameters [Average (SD)] from Noncompartmental Analysis

Parameter (Unit) Route of Administration Female Nude Female C57 Bl/6J Male C57 Bl/6J

CL (mL/h) i.v. 0.504 (0.11) 0.360 (0.052) 0.329 (0.049)
CL (mL/min per kg) i.v. 0.432 (0.084)a 0.269 (0.039) 0.196 (0.030)
Vss (mL) i.v. 2.90 (0.34) 2.89 (0.62) 2.74 (0.14)
Vss (L/kg) i.v. 0.149 (0.013) 0.130 (0.030) 0.0980 (0.0085)a

MRT (h) i.v. 5.92 (1.17) 8.10 (1.72) 8.42 (0.74)
T1/2 (h) i.v. 12.6 (2.9) 16.1 (3.5) 16.7 (1.2)
FSC (%) s.c. 65.7 (18)b 55.6 (21) 38.8 (6.9)b

MRT (h) s.c. 11.0 (1.1) 12.8 (2.1) 16.6 (2.3)a

MAT (h) s.c. 5.1 (1.6) 4.7 (2.7) 8.2 (2.4)
T1/2 (h) s.c. 9.9 (2.8) 10.3 (3.1) 11.5 (2.6)

aStatistically significant difference (p < 0.05) between this group and other groups.
bStatistically significant difference (p < 0.05) between these two groups.
CL, total body clearance; Vss, volume of distribution at steady state; MRT, mean residence time; T1/2, terminal half-life; FSC, bioavailability of s.c. versus i.v.

dosing; MAT, mean absorption time.

No significant difference in MRT was observed between the
two female groups (p = 0.23). The absolute bioavailability after
s.c. administration (FSC) was higher in females than in males
and highest in the female nude mice. There was significant dif-
ference in FSC in nude female mice compared with C57Bl/6J
male mice (**p < 0.01). There was a trend in Fsc between
the two groups of female mice indicating that bioavailability
was greater in the nude strain than in the C57Bl/6J strain;
however, this was not statistically significant (p = 0.052). No
significant difference in Fsc was observed between male and fe-
male C57Bl/6J mice (p = 0.19). The MAT following s.c. dosing
was approximately 1.7-fold longer in male than in female mice
(Table 1). No significant difference in half-life was observed
after s.c. administration in all groups (p = 0.707).

A population model with three disposition compartments
(linear elimination and first-order absorption with a lag com-
partment) successfully described all i.v. and s.c. profiles within
each group (Fig. 2). When all data were modeled simultaneously
without considering potential effects of immune status and gen-
der on the PK parameters, the model predictions were system-
atically biased. For example, the concentrations in the terminal

Figure 2. Model diagram. Parameter abbreviations are explained in
the legend of Table 2.

phase following i.v. and s.c. dosing in female nude mice were
overpredicted, the Cmax following s.c. dosing in female nude and
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Figure 3. Visual-predictive checks of the final model including covariate effects, stratified by gender, strain, and route of administration. The
diamonds represent the observed concentrations. The lines represent the model-predicted 10th percentile (lower broken and dotted line), 25th
percentile (lower broken line), median (solid line), 75th percentile (upper broken line), and 90th percentile (upper broken and dotted line).

C57Bl/6J mice were considerably underpredicted, and the Cmax

following s.c. dosing in male C57Bl/6J mice substantially over-
predicted. The final model that included the statistically sig-
nificant covariate relationships achieved very good-predictive
performance as evidenced by visual-predictive checks (Fig. 3).

The PK parameter estimates from the final model including
covariate effects are presented in Table 2. Inclusion of allomet-
ric or linear effects of body weight on clearance and volume
parameters was evaluated, but did not result in an improved
objective function or a decrease in the unexplained IIV. There-
fore, the population PK parameter estimates in the text and in
Table 2 are not adjusted for body weight. Each of the covariate
relationships in the final model (except for the effect on FSC)
was statistically significant (p < 0.05), both separately and in
addition to the other included covariate effects, and led to a

decrease in the unexplained IIV of the parameter estimates
compared with the model without covariates. The higher FSC

in females compared with males was not statistically signif-
icant. However, including this effect substantially improved
the predictive performance of the model for the female nude
and male C57Bl/6J mice following s.c. dosing. Our detailed co-
variate analysis indicated a 27% higher (p < 0.05) total body
clearance in nude compared with C57Bl/6J mice (Table 2). The
central volume of distribution (V1) was higher in the C57Bl/6J
than in nude mice, whereas the shallow peripheral volume of
distribution (V2) was twofold higher in the nude mice. The ab-
sorption rate constant (ka) was higher in nude than C57Bl/6J
mice and considerably higher in females than males. Inclusion
of covariate effects on other parameters was not statistically
significant.

Landersdorfer et al., JOURNAL OF PHARMACEUTICAL SCIENCES 104:1848–1855, 2015 DOI 10.1002/jps.24412



RESEARCH ARTICLE – Pharmacokinetics, Pharmacodynamics and Drug Transport and Metabolism 1853

Table 2. Population Mean Estimates, Standard Errors (SE) and Inter-Individual Variability (IIV) of the Final Model with Covariate Effects

Parameter
(Unit)

Population Mean
(SE [%CV])

IIV
(%CV or 5th–95th Percentile)

Female Nude
(SE%)

Female C57Bl/6J
(SE%)

Male C57Bl/6J
(SE%)

CL (mL/h) 0.430 13.3 0.503 (6.27) 0.397 (4.72)
V1 (mL) 0.652 2.52 0.564 (4.26) 0.755 (3.84) 0.652 (4.41)
V2 (mL) 0.215 11.6 0.352 (19.1) 0.168 (15.1)
V3 (mL) 2.05 (6.53) 10.2 . . .
CLD (mL/h) 0.378 (27.5) 22.0 . . .
CLD2 (mL/h) 0.198 (7.18) 19.4 . . .
klag (h−1) 0.457 (13.6) 23.2 . . .
ka (h−1) 0.242 12.2 0.374 (16.4) 0.274 (13.5) 0.138 (11.9)
FSC (%) 56.0 40.0–70.8 60.8 (47.9) 46.2 (172)
SDCP (:g/mL) 0.00562 (13.4) . . . .
CVCP (%) 10.8 (8.45) . . . .

CL, total body clearance; V1, central volume of distribution; V2, shallow peripheral volume of distribution; V3, deep peripheral volume of distribution; CLD,
intercompartmental clearance between central and shallow peripheral compartment; CLD2, intercompartmental clearance between central and deep peripheral
compartment; klag, first-order rate constant describing the lag time of absorption; ka, first-order rate constant of absorption into the central compartment; FSC,
bioavailability following s.c. administration; SDCP, additive residual error; CVCP, proportional residual error.

DISCUSSION

The time course of drug concentrations and effects can be sys-
tematically influenced by many subject or animal character-
istics, such as gender, immune status, renal function, body
weight, and age. Although these principles are well-established
in the human clinical setting,18–20 their application within the
preclinical setting, particularly with respect to studies con-
ducted in rodents, often appears to be neglected. However, ro-
dent models are an invaluable and extensively utilized tool in
drug development and translational pharmacology and are a
fundamental precursor to studies conducted in man. For practi-
cal reasons, different strains of animals from within one species
and even different species may be used in various stages of pre-
clinical drug development, for example, PK, PD, and disease
progression studies. Quantifying the influence of using animals
with different characteristics such as gender and immune sta-
tus on the observed drug concentrations and effects is therefore
important for interpretation and translation of the results be-
tween these studies.

The observed PK profiles from our study were evaluated by
two different data analytical approaches. The NCA provided
individual PK parameters that were subjected to descriptive
statistics and compared between the different groups of mice
(Table 1). In contrast, population modeling and covariate anal-
ysis directly estimate the true biological variability between
animals or patients and can distinguish between random het-
erogeneity and systematic variability because of specific char-
acteristics. We developed a population PK model (Fig. 2) to
quantitatively describe and predict plasma concentration–time
profiles of PEG–Intron R© following i.v. and s.c. administration in
female and male, and immunocompromised and immunocom-
petent mice. PEG–Intron R© displayed linear PK for all groups
and routes of administration at the studied dose. The s.c. ab-
sorption was best described by two sequential first-order pro-
cesses, that is, including a lag or depot compartment from which
PEG–Intron R© transfers into the absorption compartment and
subsequently into the systemic circulation (central compart-
ment). The lag compartment for s.c. absorption was required in
all three groups of mice.

Both interferon-" (IFN-") and IFN-$ bind to the recep-
tors IFNAR1 and IFNAR2.21 These receptors are distributed

throughout most cells and tissues of the body (in particular im-
mune cells) with the exception of low, or nondetectable levels
in erythrocytes, the kidney, brain, central nervous system, and
platelets. A soluble form of IFNAR2 is present in serum and
may contribute to the PK of IFN-" and IFN-$.22 With regards
to the impact of IFN receptor binding in dictating the PK and
distribution of interferons, non-PEGylated IFN-$1a was previ-
ously described as exhibiting target-mediated drug disposition
because of saturable high-affinity binding to its receptor in hu-
mans and monkeys.23,24 In contrast, PEGylated IFN-$1a was
successfully described by a model with linear elimination,25

potentially because of the decreased receptor binding affinity
conferred by the PEG chain. Similarly, PEGylated IFN-"2b
(PEG–Intron R©) and albinterferon-"2b have been successfully
described by models with linear elimination.12,13,26,27 In the
present study, the plasma PK of PEGylated human interferon-
"2 was examined in mice, which have a low IFN sequence iden-
tity to humans. In addition, our previous study indicated that
human IFN-"2b was unable to promote cancer immunosurveil-
lance by mouse white blood cells,28 suggesting that in the cur-
rent study, the plasma PK of PEG–Intron R© was unlikely to
have been significantly influenced by receptor interactions.

Although the PK in all groups of mice followed the same
general structural model, systematic differences in the PK pa-
rameter estimates were identified between the groups with
both data analytical approaches. For instance, a significantly
higher clearance in immunocompromised female nude versus
female and male immunocompetent C57Bl/6J mice was identi-
fied both by NCA and population modeling (Tables 1 and 2).
Although we did not explore the mechanisms behind these
PK differences, data in humans suggest that renal elimina-
tion accounts for approximately 30% of PEG–Intron R© clear-
ance, whereas the remaining fraction is eliminated by hepatic
metabolism and intracellular degradation.29,30 Differences in
renal metabolism and elimination are unlikely; however, previ-
ous reports have suggested that nude rats and mice display dif-
ferences in macrophage function and activity when compared
with immunocompetent rodents. Thus, the uptake of macro-
molecules by the liver and spleen (major organs of the MPS)
is significantly higher in nude when compared with fully im-
munocompetent animals. Therefore, it is likely that a potential
contributing factor to the higher clearance in nude mice might
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be the difference in the number and type of T-lymphocytes be-
tween nude and C57Bl/6J mice, which appears to impact on
macrophage activity.9 In addition, as PEG–Intron R© acts pri-
marily on NK cells, T-cells, and macrophages (interferons),31,32

it is likely that differences in the population of these cells be-
tween nude and immunocompetent mice had an impact on cel-
lular uptake and intracellular metabolism.

A trend was also observed toward a higher plasma clear-
ance of PEG–Intron R© in female compared with male C57Bl/6J
mice (Table 1). Although the basis of this is not known, it is
interesting to note that the trend is consistent with the ob-
served trend in PEG–Intron R© clearance in chronic hepatitis
C patients, where gender was a significant covariate and ap-
parent clearance following s.c. administration was higher in
females than males.13 Similarly, Gupta et al.12 found that in-
cluding the effect of gender in a population PK model of PEG–
Intron R© in male and female patients with chronic myelogenous
leukemia (with suppressed immune function) was significant
compared with the model without covariate effects (p < 0.02).
Although the most significant covariate was creatinine clear-
ance (p < 0.0001), which was calculated based on gender, body
weight, age, and serum creatinine concentration, gender had
the largest effect out of the four variables used for calculat-
ing creatinine clearance.12 Furthermore, sustained virological
response of PEG–Intron R© is also higher in postmenopausal
women, and this has been attributed to altered PK behavior
as a result of lower estrogen that enhances the exposure of
visceral fat to the cytokine.14

The considerably slower rate of absorption in male compared
with female animals that we found by population modeling is
reflected in the approximately 1.7-fold higher MAT in males
calculated by NCA. Both approaches also identified a higher
extent of absorption in females than in males. Again, the mech-
anism(s) underlying this difference in absorption rate between
genders is not known; however, it is tempting to speculate that
it may be because of differences in the fat content at the s.c.
injection site, particularly given that the size and shape of fat
lobules in the s.c. tissue was also found to be dependent on gen-
der in humans.33 Additionally, PEG–Intron R© was reported in a
previous study to be absorbed from an s.c. injection site largely
via the lymph, suggesting that differences in lymphatic phys-
iology and exposure between male and female animals would
likely impact on absorption from the s.c. space.15 To this end, we
recently reported that male and female C57Bl/6J mice display
differences in thoracic lymph duct physiology.3 Similarly, others
have observed differences in lymphatic physiology and function
in humans.34,35 Similar differences in the overall body compo-
sition between genders and strains may also have contributed
to the observed differences in the central (V1) and shallow pe-
ripheral (V2) volumes of distribution (Table 2), even though the
model-derived volume of distribution at steady state [Vss; be-
ing the sum of V1 and the two peripheral (V2, V3) volumes of
distribution] and VSS based on the NCA were similar between
the groups, unless normalized by body weight (Table 1).

Overall, we have identified significant differences in the PK
parameters for PEG–Intron R© between female and male and
immunocompromised and immunocompetent mice. These dif-
ferences in PK parameter estimates were identified by two dif-
ferent approaches, providing a high degree of confidence to the
results, and significance between the groups was identified us-
ing a relatively small number of animals per group. The de-
veloped population PK model including covariate relationships

may be used to predict the concentration–time profiles for other
doses and dosage regimens than those administered in the
current study in the three different groups of mice. Thereby,
the model can contribute to optimizing the design of future
in vivo efficacy/safety studies. By combining this model with
a PD model, the effects of different PK characteristics on the
drug effects can be described and predicted. Finally, although
a direct translation of the current work to predict the dispo-
sition of PEG–Intron R© in humans is beyond the scope of the
present work, this work serves to demonstrate that quantita-
tive assessment of the effects of gender and immune status (and
potentially other factors) can be readily applied within a pre-
clinical setting, including the development of macromolecular
drugs.
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