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This analysis was conducted to characterize the pharmaceo-
kinetics and pharmacodynamics of pegfilgrastim and to
develop a pharmacokinetic-pharmacodynamic model to
describe the granulopoietic effects of pegfilgrastim and the
homeostatic regulation of pegfilgrastim clearance in healthy
subjects. Pegfilgrastim serum concentration data and dif-
ferential white cell counts were obtained from an open-label,
single-dose, dose escalation study. Healthy subjects (8
subjecis/dose group) received a single subcutaneous dose
of 30, 60, 100, or 300 pglkg pegfilgrastim. Pegfilgrastim
exhibited nonlinear phormacokinetics; clearance decreased
with Increasing dose. A dose-dependent increase in absolute

neutrophil count with an increase in the percentage of band
cells was observed. A pharmacokinetic-pharmacodynamic
model was developed that adequately described the nonlin-
ear pharmacokinetics of pegfilgrastim, feedback regulation
of pegfilgrastim clearance by neutrophils, and the diffe-
rential effects of pegfilgrastim on neutrophil populations in
blood,

PK/PD modeling; G-CSF; nonlinear kinetics;
pegfilgrastim; pharmacodynamics

Journal of Clinicel Pharmoacology, 2006;46:747-757
©2006 the American College of Clinical Pharmacelogy

Keywords:

olony-stimulating factors are proteins that act on

hematopoietic cells by binding to specific recep-
tors on the surface of precursor cells, resulting in
increased proliferation, differentiation commitment,
and some end-cell function activation.! Filgrastim is
a recombinant methionyl form of human granulocyte
colony-stimulating factor (G-GSF)} derived from
Escherichia coli? The hiological activity of filgrastim
is identical to that of endogenous G-CSF, which
stimulates the activation, proliferation, and differen-
tiation of neutrophil progenitor cells and enhances
the functions of mature neutrophils.* Clinically,
filgrastim is used to enhance the recovery of neu-
trophils after chemotherapy and to mobilize trans-
plantable hematopoieiic progenitor populations to
the blood.? Because of the short half-life (2-4 hours)
of filgrastim in humans,® daily injections of filgrastim
are required to achieve therapeutic effects,
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Pegfilgrastim is a sustained-duration form of filgras-
tim, produced by covalently binding a 20-kd polyeth-
ylene glycal molecule to the N-terminal methionine
residue of filgrastim.® Results from in vitro prolife-
ration, receptor binding, and neutrophil function
studies demonstrate that filgrastim and pegfilgrastim
have the same mechanism of action” However,
pegfilgrastim in vivo has sustained effects on granu-
lopoiesis compared with filgrastim® Filgrastim is
eliminated predominantly by neutrophil G-CSF
receptor-mediated clearance® and by renal clearance.”
During chemotherapy-induced neutropenia, non-
receptor-mediated clearance is the primary rcute for
filgrastim and pegfilgrastim elimination. The sus-
tained effects of pegfilgrastim have been atiributed to
decreased renal clearance of the pegylated molecule
with a higher hydrodynamic radius.*®

A phase I study was conducted to evaluate the
pharmacokinetics, pharmacodynamics, and safety of
pegfilgrastim in healthy subjects. To assess the rela-
tionship befween serum concentrations of pegfil-
grastim and granulopoietic effects of the drug, as well
a to define the relationship between neutrophil
counts and pegfilgrastim clearance, a semimechanistic
pharmacokinetic-pharmacodynamic model was esiab-
lished. Pharmacokinetic data and pharmacokinetic-
pharmacodynamic modeling are presented herein,
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expanding on descriptive pharmacodynamics and
safety results previously reported.”

METHODS
Study Management

This study was conducted at PPD Pharmaco (706-A
Ben White Boulevard West, Austin, Tex), in accor-
dance with the principles stated in the Declaration
of Helsinki, the US Food and Drug Administration
regulations, and the International Committee for
Harmonisation Good Clinical Practice guidelines.
All subjects provided wriiten informed consent
before entering the study. Subject confidentiality
was maintained throughout the study.

Study Drug

Pegfilgrastim (Neulasta®) was manufactured by
Amgen, Inc (Thousand Oaks, Calif) and was supplied
in single-use, preservative-free vials as a sterile, clear
1.2-mL solution at 10 mg/mL. To equalize the volume
of study drug administered to each subject, pegfil-
grastim was diluted with diluent to a 3-mL solution
before injection to the subjects.

Study Design

This was an open-label, single-dose, dose escalation
study. Thirty-two healthy subjects received a single
dose of 30, 60, 100, or 300 ng protein/kg pegfilgras-
tim (8 subjects/dose group) on day 1. Pegfilgrastim
was administered as two 1.5-mL subcutanecus injec-
tions on day 1 at 2 different injection sites (the del-
toid area of both arms) within 1 minute of each other.
Blood samples for pegfilgrastim concentration mea-
surement were collected before pegfilgrastim admin-
istration and at 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 12, 16,
24, 36, and 48 hours after the second injection of
pegfilgrastim and then daily until day 15. Serum
samples were stored at —70°C until assayed for peg-
filgrastim. Blood samples for differential white cell
counts were collected concurrently with all pharma-
cokinetic samples.

Sample Analysis
Pegfilgrastim  serum conceniration measurement.
Pegfilgrastim concenfrations in serum were analyzed

by an enzyme-linked immunosorbent assay (ELISA,
Quantikine™ ITuman G-CSF Immunoassay Kit, R&D
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Systems, Inc, Minneapolis, Minn). Microtiter
immunoassay plates were coated with murine mono-
clonal anti-G-CSF antibody. Standard and quality
control samples containing known amounts of pegfil-
grastim along with samples containing unknown
amounts of pegfilgrastim were added to the wells.
After a 2-hour incubation at room temperature, the
plates were washed with a buffer to remove unbound
protein. Then, a goat polyclonal antibody against
G-GSF conjugated with horseradish peroxidase was
added to the wells for a 2-hour incubation at room
temperature. After another washing step, a substrate
solution {tetramethylbenzidine peroxidase and per-
oxidase solution) for color development was added.
The reaction was stopped with 2 N sulfuric acid,
and the intensity of the color was measured by a
spectrophotometric plate reader at a wavelength of
450 nm and at a reference wavelength of 650 nm,
A log-log fit was used to estimate pegfilgrastim con-
centration in human serum. The lower limit of quan-
titation of the assay was 0.031 ng/mL serum. The
precision ranged from 1% to 14% within an assay
and from 5% to 99% hetween assays. The accuracy
ranged from 95% to 119% within an assay and from
93% to 107% between assays.

Hematology evaluation. Whole-blood samples were
analyzed immediately after collection at the testing
site (PPD Pharmaco, Austin, Tex). The absolute neu-
trophil count (ANC) was calculated as the total
white blood cell count times the percentage of total
neutrophils,

Data Analyses

Noncompartmental pharmocokinetic analysis. Phar-
macokinetic parameters were calculated for each
subject using noncompartmental analysis of serum
pegfilgrastim concentration-time data (WinNonlin
Professional, Pharsight Corp, Mountain View, Calif).
The maximum concentration {C_,,) and the time it
occurred (t, ) after dosing were recorded as observed.
The area under the serum concentration-time curve,
AUC,,,» was estimated using the linear trapezoidal
method from time 0 to last, the time of the last quan-
tifiable concentration (C_,). The first-order terminal
rate constant (k) was estimated using linear regres-
sion of the terminal log-linear decay phase. The termi-
nal half-life (t,) was calculated as In(2) divided by k,,.
The area under the curve calculated from time 0 to
infinity, AUG,,_,, was estimated as the sum of corre-
sponding AUC,,,., and C, /k, values. Apparent clear-
ance (CL/F) was estimated as dose divided by AUC
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Pharmacokinetic/pharmacodynamic modeling and
simulation. Mean pegfilgrastim serum concentration
data and peripheral blood band cell and segmented
neutrophil counts from all dose groups were mod-
eled simultaneously. Pegfilgrastim serum concen-
tration data were modeled using a 1-compartment
model with a first-order, delayed absorption pro-
cess; the elimination of pegfilgrastim was described
by parallel G-CSF receptor-mediated clearance
(CLy/F) and linear clearance (CL,,/F) (Figure 1), The
G-CSF receptor-mediated clearance was described as
follows:

(kcat/F)(BP + SP)
Kant+C '

CLy/F = (1)

B, is the peripheral blood band cell count, S, is the
peripheral blood-segmented neutrophil count (the
sum of B, and §; is the ANC), and C is the serum
pegfilgrastim concentration at any given time, t. The
G-CSF receptor-mediaied clearance is a Michaelis-
Menten process; the product of k_/F and (B, + 5;) is
the maximum velocity (V) of drug elimination
through this pathway, and K, is the Michaelis con-
stant, The term, F, represents the absolute hiocavail-
ability of the subcutaneous dose and indicates that
the estimates of the CL,/I" and k_,/I' parameters will
be inflated by an absclute bioavailability less than
100%. Because absoluie bioavailability of protein
therapeutics may be affected by dose and dosing
volume, relative bicavailability parameters, Fg;, F,q0
and F,,,, were applied to the 60-, 100-, and 300-pg/kg
doses to adjust for potential bioavailability differ-
ences relative to the 30-pg/kg dose. Mean absorption
time (MAT) was estimated by the sum of the absorp-
tion lag time (t,,.) and the reciprocal of the first-order
absorption rate constant (k).

A maturation-structured cytokinetic model was
developed to describe the granulopoietic effects of
pegfilgrastim and the feedback regulation of pegfil-
grastim clearance (Figure 2), The model constroct
was based on the biclogy of normal human granu-
lopoiesis.*”® The starting point of the pharmacody-
namic model was the production of metamyelocytes
from the last maturational step of mitotic precursors.
The most distal effect of the drug, expansion of the
mitotic promyelocyte and myelocyte pools, was
empirically described by a Hill equation. Serum
concentrations of pegfilgrastim were assumed to
stimulate mitosis and mobilization of band cells and
segmented neutrophils in bone marrow and increase
adhesion of peripheral blood band cells (B)) and
segmenfed neutrophils (S)) to blood vessels

PHARMACOKINETICS AND PHARMACODYNAMICS
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Figure 1. Compartmental model describing the pharmacokinet-

ics of pegfilgrastim. The subcutaneous dose undergoes first-order,
delayed absorption. The solid box containing catenary-linked
compartments represents a transit time (1, ) associated with
delayed absorption. Absorbed pegfilgrastim distributes into a
ceniral compartment with an apparent volume of V/F. Serum
pegfilgrastim cencentration modulates neutrophil counts (granu-
lopoietic effect model), which in turn regulate drug clearance.
Drug clearance is by 2 paralle! processes: a Michaelis-Menten,
G-CSF receptor-mediated process, CLy/F, and a lineer mechao-
nism, CL,/F, that is independent of neutrophil counts. G-CSE,
granulocyte colany-stimulating factor.

(a process known as margination), causing a change
in the volume of distribution of the circulating
neutrophils.

Change in metamyelocyte mass after stimulation
of mitotic precursors was described by 3 transit com-
partments represented by the following differential
equations:

dM; EuuC 3
Tt - SU + EGED + C B T 1 . frﬂmtc Ml [2)
maia EGED + G
dM, 3
& T tmC "
meta .EG5Q + I
5 (3)
_'17 1 fmmtc MZ
mefa Eng + C
dt . {1 _temC M,
mein Ecso + c
; (4)
- 1 — fmth M3
Tmeta EC5D+ C
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Figure 2. Pharmacodynariic model describing the granulopoietic
effects of pegfilgrastim. Serum concentrations of pegfilgrastim stim-
vlate mitosis and mobilization of band cells and segmented neu-
trophils in bone marrow, deerease maturation times for postmitotic
gells in marrow, and affect margination of the peripheral blood
band cefl (B} and segmented neutrophil (S,) populations, the sum
af which is the total absoluie neutrophil count (ANC). Changes in
neuirophil counts in peripheral blood provide feedback regulation

of pegfilgrastim clearance.

where M, is the mass in the ith metamyelocyte com-
partment, S, is the baseline metamyelocyte influx
is the maximum rate of metamyelocyte

rate, E
influx that can be elicited by pegfilgrastim, =t

tiplying the EC,, by 9.

Change in the band cell mass in bone marrow was

described by the following differential equations:

dB
t_ 3 M,

dt -
Tmeta 1—- 57—
ECu+C

3 Ehandc
= B
fmmtc ) + EC5(] + C !

e
Tbad( EC59—|—C

(5)
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mela

is the baseline mean maturation time of the meta-
myelocytes, and the constant, “3,” represents the
number of transit compartments; the number of
transit compartments modulates the variance of the
maturation time. The parameter f__, is the maximum
fraction by which the baseline mean maturation
time can be decreased by pegfilgrastim. EC_, is the
sernm concentration of pegfilgrastim that exerts half-
maximum granulopoietic effects and was assumed to
be the same for effects on mitosis, maturation, mobhi-
lization, and margination. The EG,, for mitosis,
maturation, and mobilization was calculated by mul-

de 3
W )
band ECso ¥ G
3 Ebandc
—~ + B
e MR B
band ECED x I
dB, 3
e B
d — _ ( fmC \7
band EC;,(, ¥ I
3 Epana G

B, (7)

— (;_ fmC ) BCo+C
band EC50 +C

where B, is the mass in the ith band cell compart-

ment, E_, is the maximum rate of band cell flux
from the bone marrow pool to the circulating neu-
trophil pool that can be elicited by pegfilgrastim,
and 1,,,, is the mean maturation time of bone mar-
row band cells, which was fixed at 66 hours hased
on published values.’**

Change in the segmented neutrophil mass in bone
marrow was described by the following differential
equations:

@ [ TmC Y
band Ecsn I I
(8)
3 EsegC
B . 1 j— + ECs+C 51
“g ECs+ C
ds, 3
dt (1_ Fu G )Sl
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3 B
T 1— frnmtc + ECEO + G SZ
=<k ECs+ C
ds; 3
T G )
566 EC5Q + IS (10)
3 Eoee &
- | s,

fom C ECs + €
Tseg 11— e
ECu+C



PK/PD MODELING OF PEGFILGRASTIM

where S, is the mass in the ith bone marrow seg-
mented neutrophil compartment, E_ is the maxi-
mum rate of segmented neutrophil flux from the
bone marrow pool to the circulating neutrophil pool
that can be elicited by pegfilgrastim, 1, is the mean
maturation time of segmented neutropghils in bone
marrow, and k;, is a sink that describes ineffective
granulopoiesis, or loss of cells in bone marrow
before mobilization to circulation.’ The maturation
times of bone marrow-segmented neutrophils was
fixed at 95 hours based on published values.™?®
The change in band cell and segmented neu-
trophil counts in peripheral blood was described as

dBp . Ebandc

E - g [(m> B’:| - k'\BP - kbpmatBP (11)
ds, 2 Eq,C

- ECp+ G/ — 12
dt ; [(Ecsu + C) S’] + Kipmat Br — ki Sp (12)

where B, and S, are neutrophil counts unadjusted for
changes in neutrophil margination, k,__ is the rate
constant for maturation of peripheral blood band
cells to segmented neutrophils, and k, is the rate con-
stant for neutrophil elimination from peripheral
blood, which was assumed to be the same for band
cells and segmented neutrophils. Margination was
modeled as a rapid expansion of the relative, blood
neutrophil dilution volume, V,, where

Ermarg O
Vo (14 O (13)
ECl 4+ Ct

E, oy 15 the increase in baseline neutrophil dilution
volume that can be induced by pegfilgrastim, and v,
is the Iill coefficient. The half-life of the circulating
segmented neuntrophil, t,,, .. was calculated as In(2)
divided by k,.

Model Fitting and Parameter Estimation

Modeling was conducted using SAAM II (SAAM
Institute, Seattle, Wash). Numerical integration was
conducted in SAAM II using the Rosenbrock method
with an adjustable step size.”” Goodness of fit was
evaluated by asymptotic standard deviations for
estimated parameters and by weighted residual
Plots. The relative goodness of fit for different struc-
tural models was evaluated using the objective func-
tion value or the Akaike information criterion,*®

PHARMACOKINETICS AND PHARMACODYNAMICS

RESULTS
Subjects

Thirty-two subjects were enrolled in and completed
the study. The demographic data were similar across
all dose groups (Table I).

Pharmacokinetics of Pegfilgrastim

Mean concentration-time profiles of pegfilgrastim
after subcutaneous administration are presented in
Figure 3, The mean C_,, value increased more than
dose proportionally; a 10-fold increase in the dose
resulfed in an approximately 25-fold increase in
mean (+5D) C_,. from 43.6 + 20.0 ng/mL to 1070 =
360 ng/mL (Table II}. The median t__ occurred later
as the dose increased from 8 hours at 30 pg/kg to
24 hours at 300 pg/kg. The mean serum clearance of
pegfilgrastim decreased from 38.6 + 15.4 mL/h/kg to
5.19 + 2,31 mL/h/kg, as the dose increased from 30 to
300 pg/kg. At the terminal phase, the serum concen-
trations of pegfilgrastim for all groups declined in
parallel with a mean terminal t,, ranging from 46.3 +
10.3 to 62,1 = 5.8 hours,

Pharmacodynamics of Pegfilgrastim

Mean ANG-time profiles after subcutaneous admi-
nistration are presented in Figure 3. During the first
hour of pegfilgrastim administration, a transient
decrease in ANC was observed. This decrease was
followed by a rapid and significant increase in ANC.
The ANC profiles demonstrated a clear dose response
both in the magnitude and in the duration of eleva-
tion. The ANC parameters were presented previ-
ously.™ In brief, the median maximum ANC value
increased with increasing dose and was reached in
1.5 days at 30 pg/kg and in approximately 2 days at
680 pg/kg and 100 pg/kg; ANC continued to increase
at the 300-pg/kg group until reaching a maximum at
4 days postdose. The median area over the baseline
effect curve increased with increasing dose from 101
% 10° cells-day/L at 30 pg/kg to 223 x 10° cells-day/L
at 300 pg/kg.

Pharmacokinetic/Pharmacodynamic Modeling
Mean pegfilgrastim serum concentration data, band

cell counts, and segmented neutrophil counts from
all dose groups were modeled simultanecusly. The
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Table I Demographic Data

Parameter 30 pg/kg (n = 8) 60 pg'kg (n = 8) 100 pg'kg (n = 8) 300 pg/kg (n = 8)
Age, years 27 (7) 26 (7) 28 (7) 25 (4)
Height, cm 170 (10) 171 (8) 171 (10) 173 {5)
Weight, kg 62.6 (3.4) 63.4 (10.4) 64.5 (11.0) 67.5 (6.1)
Sex (maleffemale) 3/5 3/5 3/5 a/5
Data are presented as mean (SD}.
Table I Pharmacokinetic Parameter Values in Healthy Subjects After Single
Subcutaneous Administration of 30, 60, 100, and 300 pg/kg Pegfilgrastim
Parameter 30 pg'kg {n = 8) 60 pg/kg (n=8) 100 pg/kg (n = 8) 300 pg/kg (n = 8)
Cpppe 1E/mML 43.6 (20.0) 104 (63) 305 (93) 1070 (360)
| 8 (8-16) 12 (6-24) 16 (16-24) 24 (24-48)
t 50.9 (10.7) 62.1 (5.8) 50.1 (12.0) 46.3 (10.3)
AUG,.,, ng-h/mL 887 (336) 3160 (2090) 13 100 (5800) 66 500 (24 400)
CL/F, mL/h/kg 38.6 (15.4) 24,9 {12.1) 8.88 (3.59) 5.19 (2.31)

Data are presented as mean (SD), except for t,,,, which is presented as median (range).

fit of the model to the pegfilgrastim serum concen-
tration and ANC profiles is illustrated in Figure 4.
The model fit to the differential neutrophil counts is
shown in Figure 5. The model accurately described
the dose-dependent pharmacokinetic and pharma-
codynamic behavior of pegfilgrastim.

Pharmacokinetic parameter estimates are listed in
Table IIL. Pegfilgrastim exhibited first-order, delayed
absorption with a mean absorption time of 1.84
days. The bioavailability of pegfilgrastim relative to
the 30-pg/kg dose after subcutaneous administration
was approximately 94%, 101%, and 80% for the
60-, 100-, and 300-pg/kg doses, respectively. Drug
was absorbed into a central compartment with an
apparent volume of distribution of 72.4 mL/kg. The
Michaelis constant (K ) estimate for G-CSF receptor-
mediated clearance was 5.93 ng/mL. The apparent
clearance of pegfilgrastim by the linear pathway was
28.2 mL/d/kg.

Pharmacodynamic parameter estimates are listed
in Table IV. The pharmacodynamic model included
effects of pegfilgrastim on margination, mitosis,
and mobilization. Margination was described as a
pegfilgrastim-dependent expansion of the dilution
volume of peripheral blood neutrophils. Based on the
model estimate of E_ .. pegfilgrastim could elicit
a 4-fold increase in the apparent neutrophil dilution
volume. Pegfilgrastim was assumed fo increase the
production rate of metamyelocytes in marrow through
effects on mitotic precursor cells. A comparison of the

752 o J Clin Pharmacol 2006;46:747-757

baseline apparent production rate (S;) to the maxi-
mum production rate elicited by pegfilgrastim (E,}
suggests that pegfilgrastim could amplify myelocyte
mass by a maximum factor of 4. Accelerated emer-
gence of neutrophils into peripheral blood was mod-
eled as the pegfilgrastim-dependent releasa of marrow
band cells and segmented neutrophils into blood; the
model predicted the increased proportion of band
cells in circulation. The model estimate for the maxi-
mum rate of segmented neutrophil flux into blood
(E,,) was nearly 3 times as fast as the maximum flux
rate for band cells (B, ,), which contributed to main-
tenance of a higher proportion of segmented neu-
trophils in blood at all dose levels. The model fit was
not improved by assuming different EC,; values for
margination, mitosis, mobilization, and maturation;
therefore, the same EC,, was applied to all processes.
The EC,, estimate for pegfilgrastim-mediated effects
was 9.86 ng/mL.

Elimination of neutrophils from peripheral blood
was modeled using various assumptions, including
different elimination rate constants for band cells and
segmented neutrophils and the presence or absence of
band cell maturation in peripheral blood. The best
model fit was obtained when assuming an identical,
first-order elimination rate constant for both neu-
trophil populations and assuming peripheral matura-
tion of band cells into sepmented neutraphils. The
estimated half-life for mature, segmented neutrophils
in peripheral blood was approximately 9 hours.
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Figure 3. Pegfilgrastim conceniration-time, ANC-time, percent

band cell-time profiles in healthy subjects after a single subcuta-
neous administration of 30, 60, 100, and 300 pglkg pegfilgrastim
{n = 8/dose group). Data are presented ns mean + SEM, ANC,
absolute neutrophil count.

DISCUSSION

Pegfilgrastim is a sustained-duration form of filgrastim
and is indicated to decrease the incidence of infection,
as manifested by febrile neutropenia, in patients with
nonmyeloid malignancies receiving myelosuppressive
chemotherapies. The pharmacokinetic properties
enable the administration of 1 subcutaneous injection
of pegfilgrastim per cycle of chematherapy, as apposed
to multiple daily injections of filgrastim, to prevent

PHARMACOKINETICS AND PHARMACODYNAMICS

chemotherapy-induced febrile neutropenia in patients
with nonmyeloid malignancies,™* The pharmacoki-
netics and pharmacodynamics of pegfilgrastim have
been evaluated in healthy men and women to further
characterize clearance mechanisms and concentration-
response relationships for granulopoietic effects.

In healthy subjects, the pharmacokinetics of pegfil-
grastim was nonlinear in a dose range of 30 to 300
pg/ke; the clearance of pegfilgrastim decreased with
increasing dose, which is attributed to the neutrophil
G-CS¥F receptor-mediated pathway, The terminal half-
life was independent of dose (Table II), suggesting that
pegfilgrastim serum concentrations at the terminal
phase fell below levels saturating G-CSF receptors.
The nonlinear pharmacokinetic profiles across doses
could not be modeled with a constant V___for the
Michaelis-Menten clearance process. Pharmacckinestic
modeling required that the V. change in proportion
to peripheral neutrophil counts, consistent with a
G-CSF receptor-mediated clearance mechanism. The
low rate of pegfilgrastim clearance by a neutrophil-
independent, linear pathway may explain the pro-
longed exposure to drug and sustained effects during
chemotherapy-induced neutropenia.? During neu-
tropenia, the linear clearance pathway is expected to
be the predominant elimination pathway for pegfil-
grastim because of the decreased numbers of neu-
trophils and neutrophil precursors in blood and
marrow. In contrast, filgrastim has a more rapid linear
clearance rate, attributed to renal clearance of the
smaller molecule,' which necessitates daily adminis-
tration of the drug to maintain therapeutic concentra-
tions in serum.

After administration of pegfilgrastim, a transient
decrease in ANC followed by a rapid, dose-dependent
increase in ANC was observed. The transient decrease
in ANC, which occurred within the first hour after
dosing, has also been observed following administra-
tion of filgrastim.* The initial transient decrease in
ANC may be the result of neutrophil margination to
endothelial cells, followed by neutrophil demargina-
tion and, finally, by an increase in neutrophil prolifer-
ation and accelerated release of mature neutrophils
from bone marrow.** A dose-dependent increase in
the percentage of band cells in peripheral blood was
observed. The appearance of the younger, band cell
population in peripheral blood—also cbserved after
dosing with filgrastim®— suggests that pegfilgrastim
stimulates early release of neutrophils from marrow.

A maturation-structured model of granulopoiesis
was established to describe the relationship between
pegfilgrastim serum concentrations and neutrophil
counts in peripheral blood (Figures 1 and 2), Madeling
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pradicted that pegfilgrastim could elicit a maximum
4-fold increase in the rate of metamyelocyte produc-
tion. Consistent with the modeling results, neutrophil
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kinetic studies of filgrastim in healthy subjects have
shown that filgrastim exerts mitotic effects primarily
on promyelocytes and myelocytes, with a 2- to 3-fold
amplification of mitosis and a minimal delay before
influx of metamyelocytas.24%

Differential effacts of pegflilgrastim on blood neu-
trophil populations were madelad as a pegfilgrastim-
dependent flux of younger neutrophils, including
band cells and segmented neutrophils through early
release from marrow and a decrease in maturation
time. Band cells are juvenile neutrophils and differ
from mature, segmented neutrophils primarily by
the shape of the nucleus. Modeling the differential
neutrophil counts provides insight into mechanisms
by which pegfilgrastim mobilizes neutrophils from
marrow and stimulates neutrophil recovery follow-
ing chemotherapy. Daily filgrastim doses of 30 and
300 pg in healthy subjects have been demonstrated to
shorten the neutrophil marrow transit time to 4.3
0.2 days and 2.9 + 0.1 days, respectively, compared
with a 6.3 = 0.3-day transit time in subjects in the
control group, as determined by a flash labeling
study with *H-TdR.* As suggested by the model, this
decreased transit time may be due, in part, to the
early release of band cells and segmented neu-
trophils from bone marrow. The early release of neu-
trophils and accelerated precursor maturation may
be important contributors to accelerated ANC recov-
ery after myelosuppressive chemotherapy.
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Table III Pharmacokinetic Model Parameter Estimates in Healthy Subjects After Single
Subcutaneous Administration of 30, 60, 100, and 300 pg/kg Pegfilgrastim

95% Confidence Interval

Parameter Estimate CV (%) Lower Upper

V./F, mL/kg 72.4 3.87 66.9 77.9

k. /F, ng/dfkg/(107 cells/L) 276 16.3 187 364

K, ng/mL 5,93 13.8 4,32 7.55

CL,,/F, mL/d/kg 28.2 8.04 23.7 32.6

k, d* 0.547 2.88 0.518 0.578

thagr d 0.00928 9.84 0.00748 0.0111
o0 70 0.943 2.70 0.893 0.994

Flopm % 1.01 2.76 0.954 1.06
sape 10 0.798 3.20 0.748 0.848

MAT, d 1.84 2.88 1.73 1.94

VJF, apparent volume of distribution; k_/F, apparent catabolic rate constant; K, Michaelis constant; CL

linear clearance rate; k,, absorption rate con-

lin?

stant; t,,., time delay for absorption; Fy, bioavailability of the 60-pg/kg dose relative to 30 ppfkg; F,,, bicavailability of the 100-pg/kg dose relative to 30
pgfkg; Fyy, bioavailabilily of the 300-pg/kg dose relative to 30 pg/kg; MAT, mean absorption time.

Table IV Pharmacodynamic Model Parameter Estimates in Healthy Subjects After Single Subcutaneous
Administration of 30, 60, 100, and 300 pg/kg Pegfilgrastim

95% Confidence Interval

Parameter Estimate CV (%) Lower Upper
EC,,, ng/mL 9.86 7.17 8.47 11.3
S, 10° cells/L/d 86.4 24,9 44,1 129
E.. 10° cells/L/d 273 19.4 169 378
Eyungs 10° colls/L/d 0.274 24,2 0.144 0.405
E . 107 cells/L/d 0.769 219 0.439 1,10
£ 0.434 18.0 0.281 0.588
T 4 0.947 28.2 0.421 1.47
k. d™ 6.23 21.3 3.62 §.85
E o 3.08 25.0 1.56 4,59
T 0.276 15.8 0.180 0.362
| S— 1.03 28.5 0.453 1.61
k,, d7 1.89 5.19 1.70 2.09
tyrapeg 8.79 5.19 7.89 9.68

EC;,, serum concentration of pegfilgrastim eliciting a half-maximal offoct; 8, baseline production rate of neutrophils; E
production rata of nentrophils; B, ;. maximum pegfilgrastim-stimulated influx rate of band cells into blood; E
rate of segmented nentrophils into hlood; f,, maximum fraction by which mean maturation time can be decreased by pegfilgrastim; T,

i AXimum pegfilorastim-stimulated
maximum pegfilgrastim-stimulated influx
baseline mean mat-

‘sagt

'moia’

uration time of metamyelocytes; ky, raie constant for precursor cell loss in marrow hy ineffective granvlopoiesis; E,,,,; maximum effect on neutrophil mar-

gination; v, Hill coefficient for neutrophil margination; k, ..,

, Tate constant for maturation of band cells in blood to segmented neutrophils; k,, rate constant

for random less of band cells and segmented nentrophils from blood; t,,; .. half-life of segmented nautrophils in Mood,

Pegfilgrastim promoted rapid margination of
peripheral blood neutrophils (Figure 4); this effect
was modeled as an expansion of neutrophil dilution
volume, consistent with a study of filgrastim in rats.*
In rats receiving a single dose of filgrastim before
an intravenocus (IV) tracer injection of labeled neu-
trophils, the initial concentration of the labeled

PHARMACQOKINETICS AND PHARMACODYNAMICS

neutrophils was reduced to about one third of that in
control animals, consistent with a rapid effect on the
initial dilution volume of the bloed neutrophil pool.
The margination of neutrophils after administration
of filgrastim to healthy subjects has also been mod-
eled using the assumption of an expanded neutrophil
dilution volume.*” Following administration of
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the 300-pg/kg dose, a sharp cusp in the neutrophil
counts was observed on day 5. Based on modeling,
this sharp peak appears to be due to demargination of
neutrophils as serum pegfilgrastim concentrations
decline rapidly and the effects on neutrophil dilution
volume are reversed. The cusp was not predicted
by the model if the margination effects were not
included. Elimination of neutrophils from blood was
modeled as a first-order loss, as numerous kinetic
studies of labeled autologous neutrophils have
demonstrated that neutrophils are eliminated ran-
domly from circulation and not by senescence; the
model estimate of segmented neutrophil half-life was
consistent with these published results.'®*

The modeling-derived EC,, (9.86 ng/mL) and EC,,
(88.7 ng/mlL) for the mitotic, mobilization, and matu-
rational effects of pegfilgrastim in healthy subjects
agree with exposure-response data collected in
patients receiving chemotherapy. In patients with non-
small-cell lung cancer who received carboplatin and
paclitaxel, patients receiving 30 pg/kg pegfilgrastim
experienced a lower ANC nadir and a slower ANC
recovery compared to patients receiving 100- and
300-pg/kg doses.? The 100- and 300-ug/kg doses
produced similar ANG profiles, suggesting that those
doses produced serum levels on the platean of the
conceniration-response curve. Consistent with this
observation, the serum levels during the period of neu-
tropenia in patients receiving 30 pg/kg were less than
10 ng/mL (below the EC, ) and were approximately 100
ng/mL (above the EC,,) in patients receiving a 100-
pg/kg dose. In patients with breast cancer who received
doxorubicin and docetaxel, a 60-ug/kg dose of pegfil-
grastim resulted in a slower ANG recovery and a langer
duration of grade 4 neutropenia compared to patients
receiving a 100-ug/kg dose.™ Serum levels in the
breast cancer patients receiving the 60-ug/kg dose
were approximately 10 to 20 ng/ml (just above the
EG,,) during neutropenia and were above the EC,,
in patients receiving 100 pg/kg pegfilgrastim, The
pharmacokinetic-pharmacodynamic relationship in
healthy subjects appears to predict the optirmurm serum
concentrations of pegfilgrastim in cancer patients
receiving different chemotherapy regimens.

In summary, pegfilgrastim exhibited nonlinear
pharmacokinetics in healthy subjects and produced
dose-dependent increases in band cell and segmented
neufrophil counts in peripheral blood, consistent
with the bioclogy of G-CSF-mediated granulopoiesis.
A mechanistic pharmacokinetic-pharmacodynamic
model incorporating feedback regulation of pegfil-
grastim clearance by neutrophils accurately des-
cribed the dose-dependent pharmacokinetics and

756 » J Clin Pharmacol 2006;46:747-757

pharmacodynarmics of the drug in healthy volunteers.
The pharmacokinetic-pharmacodynamic model may
have future applicability in the modeling and simula-
tion of peglilgrastim therapy in various seltings of
chemotherapy-induced neutropenia.
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