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Purpose. An integrated receptor-based pharmacokinetic/pharmaco-
dynamic (PK/PD) model of interferon-� 1a (IFN-� 1a) previously
developed for monkeys was used to capture the time-course of drug
and induced neopterin concentrations after intravenous (IV) and sub-
cutaneous (SC) dosing in humans.
Methods. Data were extracted from the literature by digitalization.
Single-dose (3 IV doses and 1 SC dose) PK/PD profiles were simul-
taneously fitted using the basic model and the ADAPT II computer
program. Additional submodels incorporating neutralizing antibody
formation and negative feedback inhibition were applied to account
for drug accumulation and lower than expected neopterin concentra-
tions encountered after multiple-dosing (1 SC dose every 48 hs).
Results. The basic model jointly-captured the nonlinear PK behavior
of the drug and induced neopterin concentrations after all single
doses. Slow and incomplete absorption (F � 0.33) of the SC dose
resulted in prolonged drug concentrations reflective of flip-flop ki-
netics. Despite lower drug concentrations, SC dosing produced a
similar neopterin profile as compared with the IV doses; however,
with a longer time to peak effect and slightly higher neopterin con-
centrations at later time points. The PD component of the model
represents a modified precursor-dependent indirect response model
driven by the amount of internalized drug-receptor complex. The
latter stimulated a 6-fold increase in the production of the neopterin
precursor (Smax � 5.89). Drug accumulation and lower than expected
neopterin concentrations after multiple dosing were also captured
after the inclusion of the submodels.
Conclusions. The present integrated PK/PD model for IFN-� 1a is
mechanistic in nature with receptor-mediated disposition and dynam-
ics and was successfully applied to human clinical data.

KEY WORDS: interferon-beta; pharmacokinetics; pharmacodynam-
ics; mathematical modeling; humans.

INTRODUCTION

Interferons (IFNs) are a family of endogenous type II
cytokines with antiviral, antiproliferative, and immunomodu-
latory properties. Within this class of compounds, IFN-� is a
subtype that has shown promise in the treatment of a variety
of neoplastic and viral diseases and is currently being used
in the treatment of multiple sclerosis (1). Although the exact
mechanisms of action are still being investigated, the benefi-
cial effects of IFN are thought to result from a combination
of their biologic properties, which include: distributional
changes of specific cells; activation of lymphocyte, macro-

phage, and natural killer cell cytotoxicity; regulation of cyto-
kine and cytokine receptor gene expression; and an increase
in expression of some tumor-associated antigens (2,3). More
specifically, IFN-� has been shown to interact with a specific
cellular membrane receptor and induce the production of sev-
eral substances, such as neopterin, �2-microglobulin, 2�5�-
oligoadenylate synthetase, and Mx-protein (3). Becaues these
compounds are reflective of the cellular response to IFN-�,
they have been found to be valuable biomarkers in clinical
studies (4–7).

The connections between IFN-� pharmacokinetics (PKs)
and subsequent pharmacodynamics (PDs) have not been
well characterized thus far. Although previous studies have
examined the influence of drug dose, formulation (4), and
administration route (8) and frequency (7) on various re-
sponses to IFN-�, many of these studies were limited by
the use of single-dose levels and/or noncompartmental analy-
ses. To our knowledge, a mechanistic PK/PD model has not
yet been published for IFN-�. Such a relationship may be of
use in designing optimal dosing regimens and provide a
means by which to further evaluate the role those system
parameters may have in controlling net pharmacodynamic
responses.

Recently, an integrated PK/PD model was presented (9),
which simultaneously characterized the time-course of inter-
feron-� 1a (IFN-� 1a) and induced neopterin plasma con-
centrations in monkeys after intravenous (IV) and subcuta-
neous (SC) dosing at various dose levels. Submodels were
also included to account for elevated drug and lower-than-
expected neopterin concentrations upon multiple dosing. In
addition, we applied a general pharmacokinetic model of
target-mediated drug disposition to characterize the time-
course of IFN-� 1a plasma concentrations in humans after
three IV bolus injections of 6, 12, and 18 million international
units (MIU) (10). These models use receptor binding and
subsequent internalization (receptor-mediated endocytosis)
as the primary mechanism of drug elimination, and well cap-
ture the nonlinear PK behavior of the drug. The purpose of
this report is to determine whether the former integrated PK/
PD approach could be extended to jointly characterize the
time-course of IFN-� 1a serum concentrations after IV and
SC dosing, as well as their inductive effects on serum neop-
terin concentrations in humans (11).

METHODS

Data Source

Mean PK/PD data were extracted from a study con-
ducted by Buchwalder et al. (11). In one study panel, three
increasing IV bolus doses (6, 12, and 18 MIU) of IFN-� 1a
were given to healthy volunteers (four female and four male)
at 1-week intervals. In a second panel, 18 MIU was adminis-
tered to healthy volunteers (six female and six male) by in-
tramuscular, IV, and SC injection (crossover design at 1-week
intervals). Multiple dosing was evaluated in the final study
panel, where four SC doses of 18 MIU were given at 48-h
intervals to four male and four female volunteers. The IFN-�
1a and neopterin concentration-time data were recaptured by
computer digitalization (Sigma Scan, Jandel Scientific, Corte
Madera, CA, USA).
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PK/PD Model

The fully integrated PK/PD model is shown in Fig. 1
(bracketed components represent submodels used to charac-
terize multiple dosing). The pharmacokinetic component for
IV dosing (DIV) has been described elsewhere (10). Briefly,
drug in the serum or central compartment (DP, Vc) is elimi-
nated from the system through receptor-mediated endocyto-
sis (3). This process is reflected in the model as an interaction
with free receptors (Rf) to form a drug-receptor complex
(DR) via reversible (kon and koff) binding, followed by cellu-
lar internalization (km). The limited quantity of total recep-
tors (Rmax) creates nonlinear elimination. The use of a time-
independent Rmax parameter assumes a constant total cell-
surface density of receptors, the validity of which has been
discussed (10). Literature suggests that internalized receptors
are not recycled to the cell surface (12) and was thus not
incorporated into the model. A tissue compartment (DT) with
linear first-order distribution processes (kpt and ktp) was used
to account for nonspecific drug binding. Although secondary
elimination pathways have been identified for IFN-�, prelimi-
nary data fitting showed that the inclusion of these processes
were unnecessary (10).

The SC absorption of IFN-� 1a was modeled using a
modified approach of Radwanski et al. (13). Delayed and
prolonged absorption is often observed for relatively large
macromolecules (IFN-� MW ∼20,000) because of lymphatic
uptake from SC injection sites (14). This input mechanism is
shown in Fig. 1 as linear first-order absorption (ka) from the
injection site into a lymph compartment (DL), followed by
uptake into the systemic circulation (ka2). A bioavailability
parameter (Bio) was also included to account for incomplete
drug absorption.

The differential equations used to describe IFN-� 1a
pharmacokinetics were as follows:

dDP,iv

dt
= ktp � DT,iv − kpt � DP,iv − �kon

Vc� �

DP,iv � Rf,iv + koff � DRiv (1)

dDP,sc

dt
= ka2 � DL + ktp � DT,sc − kpt � DP,sc − �kon

Vc� �

DP,sc � Rf,sc + koff � DRsc (2)

dDRad

dt
= �kon

Vc� � DP,ad � Rf,ad − (koff + km) � DRad (3)

dDT,ad

dt
= kpt � DP,ad − ktp � DT,ad (4)

dDL

dt
= ka � Bio � Dsc � e−ka�t − ka2 � DL (5)

Rf,ad = Rmax − DRad (6)

where ad represents the route of administration (IV or SC)
and the symbols are defined previously. Serum IFN-� 1a con-
centrations were set equal to DP,iv/Vc and DP,sc/Vc for IV and
SC doses (nM units were converted to IU/mL). The initial
condition for Eq. (1) was DIV whereas Equations 2–5 were
initially set to zero.

The pharmacodynamic biomarker was serum neopterin
concentrations (NP), the biosynthetic pathway of which is
shown in Fig. 2. IFN-� is thought to stimulate neopterin pro-
duction through induction of the guanosine triphosphate-
cyclohydrolase I enzyme (15). Once formed, neopterin does
not appear to be a substrate for conjugation or metabolism
and is primarily eliminated by renal excretion (15). A modi-
fied precursor-dependent indirect pharmacodynamic re-
sponse model (16) was proposed to characterize the time-
course of serum neopterin concentrations and is also shown in
Fig. 1. Internalized drug-receptor complex (DR*) was used to

Fig. 1. Proposed pharmacokinetic-pharmacodynamic model for IFN-� 1a.
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stimulate the apparent zero-order production rate (k0) of the
neopterin precursor (P; neopterin triphosphate), which in
turn was responsible for the production (kp) of the pharma-
codynamic response variable (NP; neopterin). The rate of
change of DR* over time can be represented by:

dDRad
*

dt
= km � DRad − kr � DRad

* (7)

where DR and km are controlled by the pharmacokinetics and
the first-order loss of DR* (kr) by the dynamics. The initial
conditions were set to zero. The resulting DR* profiles were
used to stimulate precursor production as:

dPad

dt
= k0 � �1 +

SmaxDRad*
SC50 + DRad* � − kp � Pad (8)

The stimulation function is governed by capacity (Smax) and
sensitivity (SC50) parameters, whereas the conversion to
neopterin is modeled using a first-order rate constant (kp).
Thus, the formation and loss of neopterin can be defined by:

dNPad

dt
= kp � Pad − kout � NPad (9)

where kout is the first-order elimination rate of the response
variable and the initial condition is equal to the average zero-
time response (NP0). Because stationarity is assumed, the
zero-order production rate of the precursor was defined as:

k0 = kout � NP0 (10)

thus reducing the number of parameters to be estimated.
Likewise, the initial concentration of precursor (P0) can be
determined (16) from the ratio of its production and loss:

P0 = k0�kp (11)

Multiple Dosing

The pharmacokinetic profile of IFN-� 1a following mul-
tiple dosing was characterized using a modified neutralizing
antibody (nAB) submodel (17) and is shown on the left side

of Fig. 1 (bracketed components). A series of three delay
compartments accounted for the time-lag of nAB formation,

dC1�dt = ktd � (DP,sc − C1� (12)

dC2�dt = ktd � (C1 − C2� (13)

dC3�dt = ktd � (C2 − C3� (14)

where Cn is the amount in the nth delay compartment and ktd

is a first-order rate constant. The dashed arrow leading to the
first delay compartment indicates that this process is assumed
to not affect the pharmacokinetics of DP. Formation of nAB
is driven by a linear stimulation function driven by C3 as,

dnAB
dt

= S � C3 − knAB � nAB (15)

where S is a pseudo-first-order stimulation constant and knAB

is a first-order rate constant of nAB elimination. Finally, the
time course of the drug-nAB (DAB) complex can be de-
scribed by the following equation,

dDAB
dt

= kon2 � DP � nAB − kDAB � DAB (16)

where kon2 is a second-order formation rate constant and
kDAB is the first-order elimination rate of the DAB complex.
This process clearly alters DP kinetics and thus Eq. (2) was
modified to reflect the apparent irreversible binding of drug
to nAB. Total drug concentrations were modeled as the sum
of DAB and DP per volume of the central compartment (Vc).

Lower than expected neopterin concentrations after mul-
tiple dosing was accomplished with a submodel of negative
feedback inhibition (Fig. 1; right side bracketed components).
The submodel of nAB formation was fixed and the neopterin
feedback was characterized by an indirect response (18) as
defined by the following differential equation,

dSmax

dt
= kout2 � Smax

0 �1 −
NP

IC50 + NP� − kout2 � Smax

(17)

where Smax
0 is the value of Smax determined from the single-

dose fitting, kout2 is the apparent first-order dissipation of
Smax, and IC50 is the concentration of neopterin (NP) pro-
ducing 50% inhibition of the theoretical formation rate of
Smax.

Data Analysis

The proposed model (Fig. 1) was fitted to the single-dose
data using a three-stage approach. In the first stage, IFN-� 1a
concentration-time data after IV and SC dosing were fitted
using Equations 1 – 6. The estimated parameters from simul-
taneous fitting included kpt, ktp, kon, koff, km, Vc, Rmax, Bio,
ka, and ka2. The initial estimate of Bio was calculated as the
ratio of the area under the concentration curves (AUCSC/
AUCIV), whereas ka was estimated using the Area Function
Method (19). It was assumed that the second absorption rate
constant (ka2) would be at least 5-fold greater than ka. For
the remaining PK parameters, the previously reported param-
eter values were used as initial estimates (10).

The second-stage involved fixing the PK profiles from
the first-stage as driving functions for the pharmacodynamic
responses. Response-time data were simultaneously fitted us-

Fig. 2. Biosynthetic pathway of neopterin (adapted from Reference 15).
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ing Eqs. (7–11), and the estimated parameters were Smax,
SC50, kout, kp, and kr. Initial parameter estimates were calcu-
lated as described elsewhere (16,18).

In the final stage, all single-dose PK/PD data were jointly
modeled using the fully integrated model (Eqs. [1–11]; Fig. 1),
with values from the first two stages as initial estimates. The
second stage of the analysis suggested that the SC50 value
could be represented as the equilibrium dissociation constant
for the drug-receptor complex:

SC50 =
koff

kon
� Vc (18)

and thus further reduced the number of system parameters.
The final estimated parameters were fixed for estimating the
PK/PD parameters associated with the submodels for mul-
tiple dosing (ktd, S, knAB, kDAB, kout2, and IC50). The value of
kon2 was assumed to be equal to kon to further reduce the
number of parameters.

All parameters were estimated using the ADAPT II
computer program (20) by the maximum likelihood method.
The variance models were defined as:

VARi = �1
2 � M��, ti�

�2 (19)

where VARi is the variance of the ith data point, �1 and �2 are
the vectors of variance parameters (�2 � 2), and M(�,ti) is the
ith predicted value from the PK/PD model. The goodness-of-
fit was assessed by system convergence, Akaike Information
Criterion, Schwartz Criterion, estimator criterion value for
the maximum likelihood method in ADAPT II, correlation
coefficients (R2), examination of residuals, and visual inspec-
tion.

RESULTS

Pharmacokinetics

The time-course of mean IFN-� 1a plasma concentra-
tions after three IV doses and one SC dose is shown in Fig. 3.

Whereas the IV profiles exhibit polyexponential behavior,
with steep distribution phases and more prolonged terminal
phases, the SC profile appears biphasic, with concentrations
still detectable after 40 h.

The proposed model well captures the pharmacokinetics
after both routes of administration, and the model fitted
curves are shown in Fig. 3. The final estimated parameters are
listed in Table I, and the relatively low CV% values are also
indicative of good model performance. The estimated volume
of the central compartment (3.61 L) approximates plasma
volume, suggesting that the relatively large compound (MW
∼20,000) resides primarily within the vascular compartment.
An equilibrium dissociation constant may be calculated (KD
� koff/kon � 0.1 × 10−10 M), which falls within the reported
range for IFN-� 1a and its biologic receptor (3).

Incomplete absorption occurs after SC dosing (Bio �
0.33), with peak concentrations of about 5 IU/mL around 4 h
after administration. The estimated value of the first-order
absorption rate constant (ka) was 0.0414 h−1, and is slower
than the second absorption rate constant (ka2) of 1.25 h−1.
The prolonged plasma concentrations after SC dosing and
relatively slow absorption are indicative of flip-flop kinetics.

Pharmacodynamics

Mean neopterin plasma concentrations after the IV and
SC dosing of IFN-� 1a are shown in Fig. 4. These profiles
demonstrate a delayed onset and a slow return toward base-
line levels, consistent with the indirect mechanism of action of
IFN-� 1a.

The modified precursor-dependent indirect response
model appears to reasonably capture the time-course of neop-
terin concentrations (Fig. 4). Final estimated parameters are

Fig. 3. Time-course of mean interferon-� 1a plasma concentrations
after single dosing. The symbols represent data extracted from Ref-
erence 11, and the lines are model predicted profiles after the simul-
taneous fitting of all PK/PD data (stage 3 in the Methods section).
Doses are 6 MIU IV (�; solid line), 12 MIU IV (�; dotted line), 18
MIU IV (�; dashed line), and 18 MIU SC (�; dash-dot-dot line).

Table I. Estimated Pharmacokinetic and Pharmacodynamic
Parameters

Parameter (units) Final estimate CV%

Pharmacokinetic parameters
kpt (h−1) 2.18 7.7
ktp (h−1) 0.0928 11
koff (h−1) 0.111 15
kon (nM−1h−1) 8.71 19
km (h−1) 0.707 15
Vc (L) 3.61 13
Rmax (nmol) 4.95 16
ka (h−1) 0.0414a 8.2
ka2 (h−1) 1.25a 18
Bio 0.330 8.8

Pharmacodynamic parameters
Smax 5.89 20
kout (h−1) 0.253 50
kp (h−1) 0.0466 21
kr (h−1) 0.118 29
SC50 (nmol) 0.0460b —c

P0 (nM) 36.7d —c

k0 (nM/h) 1.71e —c

a Parameters lack sufficient identifiability and are interchangeable
(see Discussion).

b Secondary parameter calculated as: SC50 � koff/kon � Vc.
c Not applicable.
d Secondary parameter calculated as: P0 � k0/kp.
e Secondary parameter calculated as: K0 � NP0 � kout.

Mager and Jusko1540



listed in Table I. The internalized drug-receptor complex
seems to be responsible for a 6-fold increase (Smax � 5.89) in
the zero-order production rate (k0) of the precursor. The half-
life of neopterin can be calculated from its elimination rate
constant as, ln(2) / kout � 2.7 h, which is similar to the re-
ported value of 1.5 h (21).

Multiple Dosing

The mean pharmacokinetic profile of IFN-� 1a after
multiple-dosing (18 MIU SC every 48 h for 4 doses) shows
gradual drug accumulation and a more prolonged elimination
phase after the last dose as compared with the first dose (Fig.
5). A simulation of the PK component of the basic model
(Eqs. [2–6], Table I) failed to demonstrate these characteris-
tics (data not shown). A modified neutralizing antibody sub-
model was applied and well captured the major features of
the data (Fig. 5). The final estimated parameters were: ktd �
0.129 h−1 (22 CV%), S � 0.534 (16 CV%), knAB � 0.237 h−1

(15 CV%), and kDAB � 0.00634 h−1 (13 CV%).
The equations and model parameters for the multiple-

dosing pharmacokinetic profile were fixed, and a simulation
of the pharmacodynamics was conducted (dashed line in Fig.
6). Despite the incorporation of the neutralizing antibody
submodel, the predictions failed to describe the lower than
expected neopterin concentrations after multiple dosing (Fig.
6). A submodel incorporating principles of negative feedback
inhibition, driven by neopterin concentrations, sufficiently at-
tenuated the multiple-dosing response profile (solid line in
Fig. 6). The estimated pharmacodynamic parameters were:
IC50 � 3.67 nM (146 CV%) and kout2 � 0.00680 h−1 (37
CV%).

DISCUSSION

Therapeutic cytokines are rapidly developing into a large
class of drugs with considerable clinical potential. These en-
dogenous proteins are often ligands for highly specific bio-
logic receptors. In addition to the pharmacodynamic implica-
tions, this interaction with high affinity target sites can have a
significant role in the disposition of these drugs (22). Thus,
the potential exists for target-mediated drug disposition,
where the binding of drug to its pharmacologic target is sig-
nificant (relative to dose) and reflected in its pharmacokinetic
characteristics (23). The most typical manifestation is a dose-
dependent apparent volume of distribution when assessed by
area/moment analysis. However, when target binding is also
implicated in elimination (e.g., receptor-mediated endocyto-
sis), nonlinear systemic clearance may also occur. Although
only the change in IFN-� 1a clearance with increasing doses
was statistically significant, both the apparent volume of dis-
tribution and clearance of IFN-� 1a decreased with increasing
dose levels as determined by a noncompartmental analysis
(11). The final PK/PD model (Fig. 1) accommodates these
attributes in a mechanistic manner and well-captured IFN-�
1a profiles after single IV and SC doses (Fig. 3). Furthermore,
the Vc matching the plasma volume and the koff/kon reflecting
the equilibrium dissociation constant add a degree of physi-
ologic significance to the model.

The SC administration of IFN-� 1a produced lower drug

Fig. 4. Time-course of mean neopterin plasma concentrations after
single dosing. The symbols represent data extracted from Reference
11, and the lines are jointly model predicted profiles. Doses are as in
Fig. 3.

Fig. 5. Time-course of mean interferon-� 1a plasma concentrations
after 18 MIU SC every 48 h for four doses. Symbols represent data
extracted from Reference 11. The solid line is the profile resulting
from fitting of the neutralizing antibody submodel.

Fig. 6. Time-course of mean neopterin concentrations after 18 MIU
of inteferon-� 1a SC every 48 h for four doses. Symbols are data
extracted from Reference 11. Lines are the predictions of the PD
model after incorporating the neutralizing antibody submodel alone
(dashed line) or in combination with fitting the negative feedback
submodel (solid line).
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concentrations, incomplete bioavailability, and flip-flop PK
behavior. The estimated bioavailability (33%) is in good
agreement with the previously determined value of 27% by
noncompartmental analysis (11). The absorption characteris-
tics were described by drug transport into a lymphatic com-
partment, followed by absorption into the central plasma
compartment. However, the values of the two absorption rate
constants (ka and ka2) must be interpreted with caution. The
true transport characteristics between these compartments
are not discernible from just plasma concentration data, and
simulations show that the values of ka and ka2 are inter-
changeable (data not shown). Regardless, the slower of the
two rate constants will represent the rate-limiting process in
the SC absorption of the drug.

The final single-dose PK/PD model (Fig. 1) also charac-
terized the time-course of induced neopterin concentrations
following both routes of drug administration (Fig. 4), and is
mechanistically consistent with IFN-� pharmacology. The
main pathways of IFN-�/� signaling have been reviewed else-
where (24). In our model, the internalization rate constants
(km and kr) may be viewed as establishing a transit compart-
ment (DR*) reflective of the time required for these cellular
processes to occur. The DR* signal is then used to stimulate
the production of the neopterin precursor using a precursor-
dependent indirect response model (16), consistent with
neopterin turnover (Fig. 2). Interestingly, despite the lower
drug concentrations after SC dosing, the model sufficiently
captured the similar resulting neopterin profile, and included
an apparent later time to peak effect and slightly elevated
neopterin concentrations at later time points (Fig. 4). This
may be attributable to nonlinear drug binding, which is re-
sponsible for both drug elimination as well as initiating the
signal for neopterin stimulation, in conjunction with the role
of slow drug absorption. Whereas traditional PK/PD models
are often developed using a separation principle where kinet-
ics are determined and fixed for subsequent PD fitting, the
approach presented in this study uses simultaneous modeling
of all PK/PD data. The intimate relationship between the
mechanisms of drug disposition and pharmacologic effect jus-
tifies this methodology and is further reflected in the use of a
single SC50-KD parameter.

These PK/PD properties are qualitatively similar to those
observed for monkeys (9). However, the doses given to the
monkeys were considerably larger (1 to 10 MIU/kg for mon-
keys vs. 0.09 to 0.3 MIU/kg for humans). The larger doses are
most likely responsible for some species differences. For ex-
ample, a secondary elimination pathway was required in the
basic PK/PD model for monkeys. With higher doses, the pri-
mary elimination route is most likely saturated, which would
sustain drug concentrations and increase the likelihood of
alternate elimination mechanisms such as renal catabolism or
proteolytic degradation. Also, whereas the bioavailability of
the lower SC doses in monkeys was comparable with that in
humans, the largest dose in monkeys (10 MIU/kg) resulted in
a much higher estimated value (about 80%). Again, the
higher SC dose may have resulted in saturation of drug ca-
tabolism at the SC site resulting in a nonlinear or dose-
dependent bioavailability. The PD profiles after single doses
in monkeys were clearly dose dependent whereas the study in
humans suggests a greater degree of saturation (Fig. 4), at
least for the given dose range. Despite these quantitative dif-
ferences, the basic model can be applied to PK/PD data from

both species, and monkeys appear to be a suitable pre-clinical
animal model for IFN-� 1a kinetics and dynamics. The central
volume of distribution reflecting plasma volume and the abil-
ity to use a similar SC50-KD parameter were observed for
both species.

Repeated SC administration of IFN-� 1a resulted in drug
accumulation (Fig. 5) and lower than expected neopterin con-
centrations (Fig. 6) at later doses, which could not be ac-
counted for by the basic PK/PD model. These observations
upon multiple dosing have been reported in clinical studies
(7) and were also seen in monkeys (9). In that study, drug
accumulation was hypothesized to result from receptor down-
regulation and was successfully modeled using a submodel as
defined by the following differential equation:

dRmax

dt
= ksyn,Rmax

� �1 −
DR*

IC50,Rmax
+ DR*� − kdeg,Rmax

� Rmax

(20)

where the initial condition, Rmax
0 , is the Rmax value estimated

from single-dose data and ksyn,Rmax is the theoretical zero-
order synthesis rate of total receptor density, defined as the
product of the first-order degradation rate (kdeg,Rmax) and
Rmax

0 . However, the terminal phase of the drug after the last
dose was parallel to that after the initial dose. Although ap-
plying this approach to the human data captured the peak
concentrations of the last dose, it failed to account for the
trough concentrations before the third and fourth dose as well
as the prolonged drug concentrations after the fourth dose
(data not shown). A down-regulation of the internalization
constant (km) was also applied and, although this improved
the overall fitting to the multiple-dose PK data, these pro-
longed drug concentrations produced elevated and sustained
neopterin concentrations (as described by Eqs. [8–11]) that
are inconsistent with the data. This may imply that whatever
mechanisms are causing the increased drug concentrations do
so in a manner by which these concentrations are not “seen”
by the cell-surface receptors. Therefore, we hypothesized that
neutralizing antibodies may have formed, complexed with
free drug, and sustained total drug concentrations while re-
ducing available concentrations for binding with receptors. A
modified neutralizing antibody model was applied (17) and
resulted in the best fitting of the multiple-dose PK data (Fig.
5). It is important to note that neutralizing antibodies were
not observed in the previously mentioned clinical study (7),
more time may be required for such antibodies to form, and
that neutralizing antibodies form with a much lower incidence
with IFN-� 1a than with IFN-� 1b (21). Despite the inclusion
of this submodel, neopterin concentrations were still lower
than simulated responses after multiple-dosing (dashed line in
Fig. 6). Lower neopterin concentrations have been reported
in the literature (7,21) and were observed in the monkey
study (9). A negative feedback mechanism was proposed in
the previous monkey study and in this present analysis which
well-described the resulting multiple-dose PD profile (Fig. 6).
In a previous clinical study by Liberati et al. (25), patients with
higher baseline neopterin concentrations had lower than ex-
pected profiles of neopterin (with some even exhibiting de-
creased values) after IFN-� administration. This suggests that
higher neopterin concentrations may inhibit the ability of
IFN-� 1a to induce neopterin production and supports the
proposed submodel (Eq. 17).
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In conclusion, an integrated PK/PD model of IFN-� 1a
has been successfully applied to human clinical data. The pro-
posed model is mechanistic in nature, attempting to include
the major pharmacologic processes involved in both drug ki-
netics and dynamics. Although submodels were included to
account for additional complexities upon multiple dosing, fur-
ther research is required to assess their validity and role in
designing appropriate drug dosing regimens.
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