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Abstract
Objectives: This study aims to compare pharmacoki-
netics and pharmacodynamics of pegfilgrastim, a
pharmaceutical recombinant human granulocyte col-
ony-stimulating factor (rhG-CSF), with that of a
newly developed reagent, Maxy-G34. This compari-
son was performed using rat experiments and bio-
mathematical modelling of granulopoiesis.
Methods: Healthy rats and those with cyclophospha-
mide-induced neutropenia were treated with either
pegfilgrastim or Maxy-G34 under various schedules.
Time courses of absolute neutrophil count (ANC)
and G-CSF serum level were measured and we
constructed a combined pharmacokinetic ⁄pharmaco-
dynamic model of both drugs. Neutropenic episodes
were assessed by experimental data and model
simulations.
Results: Both Pegfilgrastim and Maxy-G34 showed
strong dose-dependent efficacy in reducing neutrope-
nic episodes. However, time courses of ANC and
G-CSF serum levels were markedly different. The
biomathematical model showed good agreement with
these data. We estimated that differences between the
two drugs could be explained by lower bioavailabil-
ity and reduced elimination of Maxy-G34. Based on
the data and model interpolations, we estimated that
Maxy-G34 is superior in reducing neutropenic epi-
sodes. Also, we predicted that G-CSF administration
48 h after cyclophosphamide would be superior to its
administration after 2 or 24 h, for both derivatives.

Conclusion: Maxy-G34 is a highly potent drug for
stimulation of neutrophil production in rats. By our
modelling approach, we quantified differences
between Maxy-G34 and pegfilgrastim, related to
pharmacokinetic parameters. Model simulations can
be used to estimate optimal dosing and timing
options in the present preclinical rat model.

Introduction

Chemotherapy is commonly used for treatment of malig-
nant tumours but myelosuppression is a serious adverse
event associated with the use of most chemotherapeutic
agents. Severe neutropenia is a dose-limiting factor in
many chemotherapy regimens, since it is associated with
increased incidence of infection, hospitalization, antibiotic
treatment, reduction of treatment intensity, therapy
dropouts and therapy-associated deaths (1–6). Thus,
recombinant human granulocyte colony-stimulating factor
(rhG-CSF) is routinely given to patients undergoing
chemotherapy to ameliorate neutropenia. rhG-CSF acts in
a lineage specific manner by increasing mitotic activity of
granulopoietic progenitors and precursors, by accelerating
maturation of cells and improving bone marrow release of
mature granulocytes (7–13).

The first generation of pharmaceutical rhG-CSF was
filgrastim, which has a short half-life in vivo due to rapid
renal clearance and specific degradation mediated by
G-CSF receptors or neutrophil elastase (14–21). To be
effective against neutropenia, it must be given daily dur-
ing each cycle of chemotherapy. Subsequently, PEGylated
filgrastim (pegfilgrastim) has been developed, which has a
considerably longer half-life in vivo with reduced rate of
renal elimination (22–24). A single pegfilgrastim injection
given 24 h after chemotherapy is at least as effective in
reducing severe neutropenia and prevention of infection
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as multiple injections of filgrastim (2,25–28). Even though
pegfilgrastim is effective in reducing incidence and dura-
tion of severe neutropenia, myelosuppression still remains
a serious risk in many chemotherapy regimens. Hence,
there is an opportunity to further improve properties of
rhG-CSF pharmaceuticals.

Maxygen Inc. (Redwood City, CA, USA) has devel-
oped a new PEGylated recombinant human G-CSF deriv-
ative, Maxy-G34. In contrast to other recombinant G-CSF
molecules, Maxy-G34 has been modified to reduce both
renal and G-CSF receptor-mediated clearance. In this
study, we have explored the potency of Maxy-G34 in
comparison to pegfilgrastim in a preclinical rat model with
cyclophosphamide (CP) induced neutropenia. Based on
experimental data from the rat studies, we constructed a
mathematical model that would allow optimization of
dosing and timing schedules.

Administration of G-CSF after cytotoxic chemother-
apy results in complex dynamic behaviour of granulopoie-
sis, which cannot easily be predicted (29,30). It has been
shown that the effectiveness of G-CSF treatment depends
on many factors, such as the chemotherapeutic agent used,
patient’s individual factors and specially, dosing and
timing of G-CSF administration itself (31). Because of
this large set of variable therapy parameters, optimal
G-CSF treatment cannot be developed based on preclini-
cal or clinical trial data alone.

In the past we have shown that a biomathematical
model of granulopoiesis, including a pharmacokinetic
(PK) model of filgrastim administration, can be a valuable
tool to pre-select optimal filgrastim schedules in various
therapy situations (32). In this study, we aim to include
the new drug Maxy-G34 and pegfilgrastim in our existing
granulopoiesis model, in order to optimize dosing and
timing schedules. We first constructed a PK model of both
drugs based on experimental data of rat studies, and then
combined the PK model with a simple model of rat granu-
lopoiesis. The combined model allows prediction of the
time course of G-CSF serum levels and circulating granu-
locytes in rats, treated with different dosing and timing
modes of pegfilgrastim or Maxy-G34 with or without CP
administration. Since we used the same model structure
for both pegfilgrastim and Maxy-G34, differences
between the drugs can be reduced to differences in model
parameters, which allow comparisons of PK and pharma-
codynamic (PD) properties between the two drugs.

Methods

Description of the new G-CSF derivative Maxy-G34

Maxy-G34 was designed to be an improved next-genera-
tion G-CSF for treatment of neutropenia. Maxy-G34 is a

PEGylated recombinant human G-CSF, modified to con-
tain five amino acid substitutions: K16R, K34R, K40R,
T105K, and S159K (denoted using the one-letter code for
amino acid residues with human G-CSF numbering).
Lysine (K) to arginine (R) substitutions were made to
remove potential PEGylation sites within wild-type
human G-CSF protein. Conversely, threonine (T) and ser-
ine (S) to lysine (K) substitutions at positions 105 and 159
selectively introduced two new PEGylation sites. Maxy-
G34 is produced from the variant protein backbone
through chemical coupling of amine-specific activated
5 kDa methoxypoly(ethylene glycol) (mPEG) moieties.
Following PEGylation, a selective dePEGylation step is
performed to remove mPEG groups attached to the protein
through unstable ester linkages. Purified Maxy-G34 drug
product predominantly carries three mPEG groups.

Rat study design and experimental procedures

Several dosing and timing schedules using the study drugs
(Maxy-G34 and pegfilgrastim) were investigated in
healthy rats or in rats after CP administration. G-CSF
compounds were administered either 2 h (same day) or
24 h (next day) after CP administration. Groups tested can
be found in Table 1.

Male Sprague–Dawley Ntac:SD rats (M&B Taconic,
Lille Skensved, Denmark), weighing about 190 g at
arrival,were housed in adefined environmentally controlled
animal facility and were kept for a 2-week acclimatization

Table 1. Experimental outline of the study. Groups differ in G-CSF
derivatives applied and corresponding dosing schedules in healthy rats or
dosing and timing schedules after CP administration

No.
G-CSF
derivative

Dose of
G-CSF
(lg ⁄ kg)

Timing of
G-CSF

CP
administration

1 (control
group)

Vehicle – Same day Yes

2 (control
group)

Vehicle – Next day Yes

3 Maxy-G34 30 Same day Yes
4 Maxy-G34 100 Same day Yes
5 Maxy-G34 300 Same day Yes
6 Maxy-G34 30 Next day Yes
7 Maxy-G34 100 Next day Yes
8 Maxy-G34 100 – No
9 Maxy-G34 300 – No
10 Maxy-G34 1000 – No
11 Pegfilgrastim 100 Same day Yes
12 Pegfilgrastim 300 Same day Yes
13 Pegfilgrastim 1000 Same day Yes
14 Pegfilgrastim 100 Next day Yes

CP, cyclophosphamide; G-CSF, granulocyte colony-stimulating factor.
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period before we performed the procedures. All procedures
were performed as agreed in international laws for the care
and use of laboratory animals and were approved by the
national animal ethical committee (Denmark).

To induce a neutropenic episode, rats were injected
intraperitoneally with 90 mg ⁄kg CP (Sendoxan, Baxter
AS, Oslo, Norway) dissolved in an injection volume of
2.7 ml ⁄kg. Two hours (same-day administration) or 24 h
(next-day administration) after CP treatment, the rats were
injected subcutaneously with G-CSF derivate in an injec-
tion volume of 1 ml ⁄kg [pegfilgrastim 100, 300 or
1000 lg ⁄kg (Neulasta, Amgen, Thousand Oaks, CA,
USA); Maxy-G34 30, 100, 300 or 1000 lg ⁄kg (Maxygen
Inc.)]. The control group received 10 mM sodium acetate
(vehicle) instead of G-CSF in an injection volume of
1 ml ⁄kg. Blood samples were taken from tail veins before
and after administration of vehicle or the study drugs, at
time points indicated in Fig. 2. For PD evaluation, four
drops of blood (around 160 ll) were collected in 1 ml
MiniCollect tubes containing EDTA (Greiner Bio-One,
Frickenhausen, Germany) and tubes were stored at 4 �C
until assayed. For PK evaluation, blood was transferred to
a thrombin tube (Microvette 300Z, Sarstedt AG & Co.,
Nuernbrecht, Germany) and serum was separated by cen-
trifugation, before being transferred to an Eppendorf tube
and stored at –80 �C until assayed.

The effect of Maxy-G34 or pegfilgrastim on white
blood cell counts was determined using an ABX Pentra
120 counter (Horiba ABX, F-34184 Montpellier, France).
Relative neutrophil count was manually performed from
blood smears. Absolute neutrophil count (ANC) was cal-
culated from relative levels of neutrophils to total white -
blood cells. Level of G-CSF present in plasma was
assessed using a commercially available ELISA kit
(Human G-CSF DuoSet ELISA, R&D Systems Inc.,
Minneapolis, MN, USA). Briefly, Maxy-G34 or pegfilgra-
stim was captured via a mouse monoclonal antihuman G-
CSF antibody coated on 96-well plates and detected by a
biotinylated polyclonal goat antihuman G-CSF antibody.
Streptavidin-conjugated horseradish peroxidase (HRP)
was added and HRP activity was measured by addition of
a chemiluminescent HRP substrate. The assay was per-
formed according to the manufacturer’s instruction (R&D
Systems Inc.). Measurements were supported by repeats
in six or seven rats.

Statistical analysis

Number of neutropenic days with ANCs lower than the
geometric mean in untreated rats were determined in the
nadir phase (between days 1 and 9 after administration of
CP) and were compared between the different groups of
G-CSF treatment, using the Jonckheere-Terpstra test for

trends. These calculations were performed using statistical
software package R 2.7.0 (33).

Modelling

First we constructed a PK model of both pegfilgrastim and
Maxy-G34. For this purpose, assumptions about the
absorption, distribution and elimination kinetics of G-CSF
derivatives have been transformed into ordinary differen-
tial equations. Hereby, we also exploited knowledge of
the PK of filgrastim, which has already been investigated
more intensively. We used the same model equations but
different parameters for both drugs. Unknown parameters
were determined by fitting the model to measured time
courses of G-CSF serum concentrations, minimizing the
difference between model and logarithmized median of
data. Experiments with Maxy-G34 injections into healthy
rats were not used for any model fitting but were used for
later model validation. Since elimination of drugs is
mainly determined by the numbers of circulating ANC
(specific elimination; 14,16–18, 34–36, among others),
measured ANC have been linearly interpolated and
imprinted into the PK model. This approach leads to a
model that predicts G-CSF serum concentrations when the
initial dose and ANC time course is known. Hence, the
model is not fully independent of data at this stage.

In the next step, we combined the PK model with a
simplified version of a PK-PD model of granulopoiesis,
which has been established recently for humans (29,30). It
is a compartment model describing time-dependent
dynamics of concatenated cell compartments in the bone
marrow and mature circulating granulocytes. Bone mar-
row compartments represent different cell stages of granu-
lopoiesis starting from early stem cells over different
division and maturation stages to mature granulocytes in
blood. The system is regulated by growth factor-mediated
feedback loops (Fig. 1).

Basic model assumptions are that G-CSF increases the
number of cell divisions for mitotic precursors (PGB),
improves maturation of post-mitotic precursors (MGB)
and enhances release of mature granulocytes from bone
marrow to the blood. The latter effect is also called ‘post-
mitotic amplification’ (9,10,12). These regulation pro-
cesses are modelled by sigmoidal functions that regulate
corresponding quantities (for example, number of cell
divisions or maturation time) between a minimum and
a maximum value in dependence on serum concentration
of G-CSF. The steepness of these regulation functions is
variable by so-called sensitivity parameters.

Parameters of the rat PD model, such as number of
cell divisions, transition time between two cell stages and
maturation time, were the same for both pegfilgrastim
and Maxy-G34, except for sensitivity parameters of
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corresponding regulation functions (eqn 1). Furthermore,
there is a normalization constant, kshift, which translates
serum concentration of both pegfilgrastim and Maxy-G34
into effective bone marrow stimulation used for all regula-
tion functions. This constant causes a shift in the regula-
tion function without changing steepness of the function.
We assumed that the shift parameter is also different
between pegfilgrastim and Maxy-G34. Hence, a total of
five parameters were assumed to be different between
Maxy-G34 and pegfilgrastim, which are four sensitivity
parameters (with respect to amplification in CG, amplifi-
cation in PGB, post-mitotic amplification in MGB and
maturation time in MGB) and one shift parameter.

Z ¼ Zmax � ðZmax � ZminÞ exp � ln
Zmax � Zmin

Zmax � Znor

� ��

� CG�CSF
endo

� �bendoþ kshiftC
G�CSF
exo

� �bexo� ��
ð1Þ

Equation 1: Regulation function of amplification of CG and
PGB, maturation and post-mitotic amplification of MGB.
Zmin, Znor and Zmax are the conditions under minimal,
normal and maximal stimulation, respectively. CG-CSF

endo and
CG-CSF
exo are endogenous and exogenous G-CSF, respec-

tively. bendo and bexo are the sensitivity parameters with
respect to endogenous and exogenous G-CSF, respectively.
The latter is assumed to be different between Maxy-G34
and pegfilgrastim; shift parameter, kshift, is also assumed to
be different but is constant for all regulation functions.

The effect of CP has been modelled by instantaneous
and temporary cell depletion in all bone marrow cell stages.
These toxicities can be represented by a drug-specific set of
cell stage-specific toxicity parameters (see Scholz et al. for
further details (30)). Tomodel recovery from CP in the con-
trol groups, we included a model of endogenous G-CSF
production as in the human situation. All equations relating
to the model can be found elsewhere (30).

Unknown parameters of the PD model were deter-
mined by fitting the model to the logarithmized median of
granulocyte data of all experiments, except for those of
Maxy-G34 administration in healthy rats (which have
been used to validate the model). Parameters of the PK
model were not changed by the second fitting procedure.
Because of the relatively low number of measurements
per time point, we present the range of data as a measure
of variance. We claim that the model curve should be
between minimum and maximum of measurements.

Different G-CSF derivatives were represented by dif-
ferent parameter settings but not by different model equa-
tions. This allows comparisons between the PK and PD
properties of the drugs. Since the model is now fully inde-
pendent of data, it can be used to simulate yet untested dos-
ing and timing schedules of the G-CSF derivatives in order
to make predictions of corresponding granulotoxicity.

Differential equations and simulations have been
implemented in the mathematical software package
MATLAB 7.0.4.365 with SIMULINK toolbox (The
MathWorks Inc. Natick, MA, USA).

Results

Experimental data

ANC values in normal rats. The normal value of ANC
was determined in untreated rats; geometric mean was
6.6 · 108 ⁄ l with a geometric standard deviation of 1.73.

ANC profile in rats with CP-induced neutrope-
nia. Administration of 90 mg ⁄kg CP to healthy rats
resulted in deep, but reversible, nadir of low ANC values
(Fig. 2a), which occurred between days 4 and 6 after CP
administration. ANC counts had recovered at day 9 fol-
lowed by a period of overcompensation. Time courses of

Figure 1. Schematic structure of the com-
bined pharmacokinetic–pharmacodynamic
(PK-PD) model of murine granulopoiesis. The
model is based on concatenated cell compart-
ments. S represents early stem cells; CG, CFU-
G; PGB, proliferating granulocytic precursors;
MGB, maturing granulocytic precursors; and
GRA, circulating granulocytes (ANC). The
identified PK model is attached to the PD model.
Toxicity is modelled by an instantaneous cell
depletion. The model is explained in detail in the
literature (30).
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the two control groups that were given vehicle fluid
(same-day and next-day administration) were similar and,
therefore, were pooled for further analysis.

PD and PK profile in normal rats administered
Maxy-G34. Subcutaneous administration of Maxy-G34
to normal rats resulted in a strong dose-dependent increase
of ANC values over time (Fig. 2a). In the 100 lg ⁄kg dose
group, a peak ANC of 11.8 · 109 ⁄ l was observed on day
1, with high ANC values ranging from days 1 to 3. A peak
ANC of 12.5 · 109 ⁄ l was reached on day 3 in the
300 lg ⁄kg dose group with high ANC values lasting from
days 1 to 4. In the 1000 lg ⁄kg dose group, ANC time
course was clearly biphasic with peak ANC of

14.3 · 109 ⁄ l on day 5 and high ANC values ranging from
days 1 to 6. These data indicate that higher doses of
Maxy-G34 result in prolonged elevation of high ANC
values and increased peak ANC values.

The pharmacokinetic profile of Maxy-G34 showed
clear dose dependence. Administration of higher doses of
Maxy-G34 resulted in its increased serum levels and pro-
longed drug elimination phase. Drug elimination was not
constant but was highest during the corresponding phases
of high ANC elevation, indicating a strong specific elimi-
nation process.

Efficacy of Maxy-G34 or pegfilgrastim in rats with CP-
induced neutropenia. Neutropenic rats were administered

Figure 2. (a) Comparison of the estimates of the full PK-PD model and the data for the control groups [cyclophosphamide (CP) administration
with vehicle; single dose of Maxy-G34 in normal rats]. We present median and range of data for both absolute neutrophil count (ANC) and cytokine
concentrations. The lines are the model predictions for the corresponding scenarios. Maxy-G34 administration in normal rats was used for model valida-
tion. (b) Comparison of the estimates of the full PK-PD model and the data from the experimental groups (CP administration combined with a single
dose of Maxy-G34 or pegfilgrastim in different dosing schedules). We present median and range of data for both ANC and cytokine concentrations.
Lines mark the model predictions for the corresponding scenarios. Note that the scales are different for same-day and next-day administrations.
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Figure 2. Continued.
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Maxy-G34 (30, 100, 300 lg ⁄kg) or pegfilgrastim (100,
300, 1000 lg ⁄kg) in same-day administration (2 h after
CP) or next-day administration (24 h after CP) treatment
groups. ANC and PK profiles for the different treatment
groups are shown in Fig. 2b. PK profiles for Maxy-G34
and pegfilgrastim showed clear dose dependence. Admin-
istration of Maxy-G34 and pegfilgrastim resulted in high
level of granulocytosis on day 1 followed by a neutrope-
nic episode that was significantly shorter than in the con-
trol groups, injected with the vehicle. Rats that were given
Maxy-G34 in the same-day administration group reached
their nadir phase on day 4. Rats in the same-day adminis-
tration group for pegfilgrastim reached their nadir on day
3 in 4 cases (22%), on day 4 in 12 cases (67%) and later in
2 cases (11%). In the next-day treatment group, all rats
treated with pegfilgrastim reached the nadir on day 3. In
the Maxy-G34 next-day treatment group, 1 animal
reached nadir on day 2 (7%), 11 animals on day 3 (79%)
and 2 animals on day 4 (14%).

For all dosing and timing schedules, we analysed
number of neutropenic days, which are days in the nadir
phase with ANC values below the normal values
(Table 2). Both Maxy-G34 and pegfilgrastim showed
clear dose-dependent reduction in number of neutropenic
days in the nadir phase (pegfilgrastim same day:
P = 0.00017; Maxy-G34 same day: P = 0.00056; Maxy-
G34 next day: P = 0.036). Furthermore, comparing effi-
cacy of the same doses of Maxy-G34 and pegfilgrastim in
the 100 and 300 lg ⁄kg dose groups, Maxy-G34 was
superior to pegfilgrastim (100 lg ⁄kg same day:
P = 0.008; 100 lg ⁄kg next day: P = 0.022). Observed
difference in the 300 lg ⁄kg same-day regimen was not
significant (P = 0.24).

The model: PK model for pegfilgrastim and Maxy-G34.
The following compartments were considered in the
model: subcutaneous tissue into which the drugs were
injected, central compartment representing the blood

system in which the drugs were haematologically active,
and a peripheral compartment where the drugs were tem-
porarily removed from the central compartment due to dif-
fusion into other tissues or to protein binding (37).

Dynamics of G-CSF serum concentrations can be
modelled by the fluxes between these compartments and
the degradation processes as well. The basic structure of
the model can be found in Fig. 3.

Major features of the model are: dose-dependent bio-
availability of the drugs after subcutaneous administra-
tion, modelled by Michaelis-Menten elimination of drugs
from subcutaneous tissue, delayed influx from subcutane-
ous tissue to central compartment, which is modelled by
gamma distributed absorption kinetic represented by two
delay compartments (see Scholz et al. for further details
of this procedure (30)), non-specific elimination from the
central compartment (renal clearance) modelled by a first-
order elimination, specific elimination from the central
compartment which is a nonlinear function of the ANC,
and Michaelis-Menten kinetic and exchange between cen-
tral and peripheral compartments modelled by first order
transition between the central and peripheral compart-
ments. More specifically these properties have been trans-
formed into an ordinary differential equation system
describing change of compartment contents over time.
The system has the following form:

dCsc 1
G�CSF
dt

¼ Dose� kscel
Csc 1
G�CSF

Csc 1
G�CSF þ kscm

� kscC
sc 1
G�CSF ð2Þ

dCsc 2
G�CSF
dt

¼ kscC
sc 1
G�CSF � kscel

Csc 2
G�CSF

Csc 2
G�CSF þ kscm

� kseC
sc 2
G�CSF ð3Þ

The subcutaneous compartment is divided into two
identical sub-compartments to model lag of the influx of
drugs into the central compartment. G-CSF is injected into

Table 2. Length of neutropenic episode defined as days with absolute neutrophil count (ANC) below normal. Number of animals with specified number
of neutropenic days is presented for all dosing and timing schedules

G-CSF schedule Pegfilgrastim Maxy-G34

Days with
neutropenia

Same day Next day Same day Next day

100 lg ⁄ kg
(N = 6)

300 lg ⁄ kg
(N = 6)

1000 lg ⁄ kg
(N = 6)

100 lg ⁄ kg
(N = 6)

30 lg ⁄ kg
(N = 6)

100 lg ⁄ kg
(N = 6)

300 lg ⁄ kg
(N = 6)

30 lg ⁄ kg
(N = 7)

100 lg ⁄ kg
(N = 7)

1 0 0 0 0 0 0 2 0 1
2 0 4 6 1 0 2 2 1 3
3 2 2 0 2 2 4 2 5 3
4 2 0 0 2 4 0 0 1 0
5 2 0 0 1 0 0 0 0 0

G-CSF, granulocyte colony-stimulating factor.
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the first sub-compartment, which can be modelled by an
injection function ‘Dose’, which is positive and constant
during the injection time (tinf) and zero elsewhere. The
second summand on the right-hand side of the two equa-
tions is a Michaelis-Menten-like elimination of drugs
resulting in dose-dependent bioavailability.

The third summand of the right-hand side of the first
equation is equal to the first summand in the second equa-
tion describing efflux and influx of drug from first to the
second sub-compartment. Finally, the third summand in
the second equation is efflux of drug from the subcutane-
ous compartment to the central compartment. The equa-
tion for the central compartment has the following form:

dCcent
G�CSF
dt

¼ ksc
vol

kscC
sc 2
G�CSF þ k21C

per
G�CSF

� k12C
cent
G�CSF � kcentel Ccent

G�CSF

� kANCs ANCa Ccent
G�CSF

Ccent
G�CSF þ kANCm

ð4Þ

where the first summand on the right-hand side is influx
from the subcutaneous compartment divided by distribu-
tion volume, vol. The second and the third summands
describing exchange of drugs between central and periph-
eral compartments, modelled by a first order transition
(Cper

G-CSF influx from peripheral to central, Ccent
G-CSF efflux

from central to peripheral compartment). The fourth sum-
mand is the model for the first-order non-specific (renal)
elimination of drugs and the fifth term is specific degrada-
tion mediated by the ANC. Again, this mechanism is mod-
elled by a Michaelis-Menten elimination kinetic.

The equation for the peripheral compartment has the
simple form

dCper
G�CSF
dt

¼ k12C
cent
G�CSF � k21C

per
G�CSF ð5Þ

which only describes a first order transition between the
central and peripheral compartments.

An overview over all model parameters and quantities
can be found in Table 3.

Model fitting resulted in excellent fit of all scenarios
with neutropenic rats and also the validation data set of

healthy rats. Results are not shown separately but differ
only slightly from the diagrams in Fig. 2a and 2b regard-
ing G-CSF serum concentrations, which will be presented
for the full PK-PD model later. Results for all fitted model
parameters can be found in Table 3.

Analysis of estimated parameter values and compar-
ison of these values between pegfilgrastim and Maxy-
G34 revealed that the exchange between peripheral and
central compartments was small for both drugs. Fur-
thermore, both drugs had low non-specific degradation,
indicating that they were mainly eliminated specifically.
However, this parameter was even lower for Maxy-
G34. Finally, it has been estimated that pegfilgrastim
has higher specific degradation, higher bioavailability
(Fig. 4) and lower distribution volume than Maxy-G34.
All other parameters were within the same order of
magnitude.

Combined PK-PD model for pegfilgrastim and
Maxy-G34. Model fitting resulted in a unique parameter
setting of the PD parameters valid for all experimental
scenarios. Results of all model curves in comparison to
data can be found in Fig. 2a and 2b. We obtained a good
fit of all 13 data sets for both ANC and G-CSF serum con-
centrations as well. This held true specially for data sets
of healthy rats used only for model validation but not for
model fitting.

PD properties assumed to be different between pegfil-
grastim and Maxy-G34 were analysed as shown in Fig. 5.
It revealed that there is a large scale of possible regulation
functions that result in a good fit of data (less than 10%
deviation from optimum). Confidence ranges of regulation
functions of Maxy-G34 and pegfilgrastim always inter-
sect. Hence, within the range of observed G-CSF serum
concentration, no clear differences in PD could be identi-
fied between Maxy-G34 and pegfilgrastim.

Model predictions. To demonstrate how the model can
be used in order to predict results of new dosing and tim-
ing schedules for both pegfilgrastim and Maxy-G34 in our
chemotherapy rat model, we performed a model simula-
tion of G-CSF administration starting 2 days after CP

Figure 3. Schematic structure of the pharma-
cokinetic model for pegfilgrastim and Maxy-
G34. Compartments and model equations are
explained in the text.
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administration, for which we had no experimental data.
We used the same dose levels for both drugs as tested in
previous experiments. Results of these model simulations
can be found in Fig. 6.

In order to compare toxicity of these schedules with
toxicity of schedules already considered, we also simu-
lated dose levels above for same-day and next-day timing
after CP treatment. In order to evaluate and compare tox-
icity of the schedules, we calculated minimal ANC, dura-
tion of neutropenia (DN) and area over the curve (AOC)
which is the area between simulated time course of ANC
in the nadir phase and baseline (Table 4). There is clear
dose–response relationship for Maxy-G34, with estimated
optimal timing 2 days after CP administration. For pegfil-
grastim, higher doses were (in general, but not always)
better than lower doses. As for Maxy-G34, optimal timing
was estimated to be 2 days after CP treatment. For fixed
dosing and timing schedules, Maxy-G34 was estimated to
be superior in comparison to pegfilgrastim except for
scheduling 30 lg ⁄kg on day 2.

Discussion

By a combined experimental and modelling approach, we
constructed a comprehensive model of rat granulopoiesis
under combined administration of CP and the G-CSF
derivatives pegfilgrastim or the new Maxy-G34. To our
knowledge the model presented here is the first one that
describes different G-CSF derivatives in the same model,
allowing comparisons between the drugs to be made. The
model allows for prediction of both G-CSF serum concen-
tration and ANC time course after CP treatment, for differ-
ent dosing and timing schedules of pegfilgrastim or
Maxy-G34. Therefore, it can be used to optimize G-CSF
scheduling.

Recombinant G-CSF is routinely given in many che-
motherapy regimens to prevent and treat severe neutro-
penia (1–5,38). Although a variety of G-CSF derivatives
is available now, high potency of the drug and its wide
field of possible application warrant further research; there
are several avenues for further improvement of their

Table 3. Quantities of the pharmacokinetic (PK) model for both pegfilgrastim and Maxy-G34. We present type, unit and explanation of all quantities.
Furthermore, PK parameter estimates are presented for both pegfilgrastim and Maxy-G34 based on fitting the PK model to the data imprinting measured
absolute neutrophil count (ANC) levels. Estimates were compared between the drugs. Parameter estimates were considered comparable if the model fit
did not change by more than 10% by exchanging the estimates

Symbol Type Unit Explanation
Fitted value for
pegfilgrastim

Fitted value for
Maxy-G34

Relation between
parameter estimates

Csc 1
G�CSF ,
Csc 2
G�CSF

Function of time
to be calculated

ng Contains of the sub-compartments
of the subcutaneous tissue

– – –

Ccent
G�CSF Function of time

to be calculated
ng ⁄ml Contain of the central compartment

(serum concentration)
– – –

Cper
G�CSF Function of time

to be calculated
ng ⁄ml Contain of the peripheral

compartment
– – –

Dose Given function
of time

ng ⁄ h Applied dose per hour – – –

kscel Parameter ng ⁄ h Elimination in subcutaneous tissue 35 150 Greater for Maxy-G34
kscm Parameter ng Michaelis-Menten constant of

subcutaneous elimination
190 1900 Greater for Maxy-G34

ksc Parameter 1 ⁄ h Transition constant from
subcutaneous tissue to central
compartment causing a time delay
(lag)

0.07 0.06 Comparable

vol Parameter ml Volume of distribution 15.0 17.0 Comparable
k12 Parameter 1 ⁄ h Transition from central to peripheral

compartment
0.0003 0.0004 Negligible for

both derivatives
k21 Parameter 1 ⁄ h Transition from peripheral to central

compartment
0.13 0.12 Comparable

kcentel Parameter 1 ⁄ h Unspecific (renal) elimination 0.07 0.02 Greater for pegfilgrastim
kANCs Parameter ng ⁄ (ml*h) Specific elimination via G-CSF

receptors or neutrophil elastase
0.04 0.02 Greater for pegfilgrastim

kANCm Parameter ng ⁄ml Michaelis-Menten constant of
specific elimination

0.1 0.5 Greater for Maxy-G34

ANC Given function of time – Circulating ANC in 109 ⁄ l – – –
a Parameter – Exponent of ANC 0.6 0.5 Comparable

G-CSF, granulocyte colony-stimulating factor.

� 2009 The Authors
Journal compilation � 2009 Blackwell Publishing Ltd, Cell Proliferation, 42, 823–837.

Modelling Maxy-G34 and pegfilgrastim in rats 831



pharmaceutical properties. Most promising results can be
expected from G-CSF derivatives with prolonged half-life
in vivo. Beside the aspect of convenience for patients to
receive single administration of G-CSF with the same effi-
cacy as multiple injections, it is believed that constant
stimulation of granulopoiesis is favourable to markedly
fluctuating serum concentrations of the drug (39). PEGy-
lated G-CSF (pegfilgrastim) has been developed for that
purpose. Recently, an alternative product, Maxy-G34, has
been developed by Maxygen Inc.

It was the aim of this study to explore PK and PD
properties of this new G-CSF derivative in a preclinical,
rat model of CP-induced neutropenia. Second, compari-
sons with pegfilgrastim were performed. We showed that
Maxy-G34 has high potential in reducing the neutropenic
period after administration of 90 mg ⁄kg CP in rats. We
found clear dose-dependent reduction in number of

Figure 4. Bioavailability of pegfilgrastim and Maxy-G34. Curves are
based on model simulations of the final pharmacokinetic model.

Figure 5. Estimated regulation functions for Maxy-G34 (black) and pegfilgrastim (grey) in a range of G-CSF serum concentrations supported
by measurements. Solid lines are based on parameter estimates resulting in optimal agreement between model and data. Dotted lines indicate a confi-
dence range of the regulation function based on parameter settings resulting in less than 10% deviation from optimal fitness. G-CSF, granulocyte col-
ony-stimulating factor.
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neutropenic days in the nadir phase for both administra-
tion schedules tested (same-day and next-day administra-
tion). We also collected evidence that Maxy-G34 is more
effective in reduction of neutropenic days in comparison
to the same protein mass of pegfilgrastim. We performed
no functional studies of circulating cells. Hence, this study
only considers number of ANC and not their effectiveness
in preventing adverse events, such as febrile neutropenia.
However, in clinical practice it has been shown that ANC
values are correlated to adverse events (40).

In order to understand better the differences between
the two G-CSF derivatives, we combined our experiments
with a systems-biological approach of modelling physio-
logical PK and PD properties of both drugs, in a compre-
hensive compartment model of rat granulopoiesis. Since
there is a strong relation between G-CSF-induced granulo-
cytosis and the level of G-CSF elimination in dependence
on circulating ANC itself (17,20,41–45), it is necessary to
model both PK and PD in order to construct a model that
is independent of experimental data. It has been shown in

Figure 6. Model simulations of the timing of pegfilgrastim and Maxy-G34 2 days after cyclophosphamide administration. We simulated four
dose levels (30, 100, 300, 1000 lg ⁄ kg) and present model estimates of the absolute neutrophil counts for these scenarios. The grey baseline marks the
nadir phase of simulated cell counts.

Table 4. Model predictions and interpolation of toxicity of different dosing and timing schedules of pegfilgrastim and Maxy-G34 after
cyclophosphamide administration (CP). We simulated three different timing schedules and four doses in a full-factorial design. Area over the curve
(AOC) is the area between the baseline and the simulated time course of ANC in the nadir. DN and minimal ANC were calculated to evaluate toxicity.
Both, high AOC, high DN and low minimal cell count indicate high toxicity as well

Timing ⁄ dosing (lg ⁄ kg)

Pegfilgrastim Maxy-G34

DN (h) Minimal ANC (109 ⁄ l) AOC (109h ⁄ l) DN (h) Minimal ANC (109 ⁄ l) AOC (109h ⁄ l)

Same day
30 76 0.061 23.0 62 0.088 17.8
100 49 0.13 12.4 45 0.17 10.0
300 45 0.17 10.3 32 0.26 5.2
1000 35 0.24 6.0 26 0.31 3.3

Next day
30 73 0.23 14.6 50 0.14 12.4
100 43 0.17 9.9 39 0.21 7.7
300 38 0.22 7.4 29 0.28 4.4
1000 30 0.29 4.3 24 0.33 2.8

Two days after CP
30 34 0.24 6.0 40 0.19 8.1
100 36 0.21 7.1 35 0.22 6.5
300 33 0.23 6.0 30 0.26 4.7
1000 29 0.28 4.3 26 0.30 3.4
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the past that such modelling can provide valuable insights
into the complex interaction of the various stimulating
effects of G-CSF after chemotherapy-induced neutropenia
(24,29,32,46,47).

To reduce complexity of modelling, we constructed an
isolated PK model first. Model assumptions were based
on physiological knowledge of the drug and its elimina-
tion processes. We assumed that both drugs would have
dose-dependent bioavailability. Increasing bioavailability
with dose has been found, at least for filgrastim (48).
Influx from subcutaneous to the central compartment was
delayed for both drugs, which can be observed from data
showing delayed occurrence of maximum serum concen-
tration after administration. The drugs are removed from
the central compartment by non-specific renal clearance.
Parameter estimates revealed that this mechanism was
very low for pegfilgrastim according to literature (24). It is
even lower for Maxy-G34, which can be explained by the
additional PEGylation of the molecule. The major degra-
dation mechanism is specifically via receptor binding or
neutrophil elastase activity (14,16,18,35,36,49). Both
mechanisms depend on numbers of circulating ANC.
However, it cannot be expected that this degradation
mechanism is proportional to ANC since there is enrich-
ment of younger granulocytes in the blood after G-CSF
administration. Furthermore, there is a high number of
G-CSF receptors in bone marrow that might contribute to
the elimination process (20,50). This bone marrow cellu-
larity is correlated, but not necessarily proportional, to
ANC. Therefore, we assumed that the degradation mecha-
nism would be proportional to a (nonlinear) power func-
tion of the ANC. By model fitting, we have shown that its
exponent is far below 1 for both derivatives. The Michael-
is-Menten factor for specific degradation was lower for
Maxy-G34 than for pegfilgrastim, which may be
explained by the higher degree of PEGylation of the
Maxy-G34 molecule, that reduces receptor binding affin-
ity. As a consequence, Maxy-G34 has a longer half-life.
Finally, we assumed an exchange of G-CSF between the
central blood compartment and a peripheral compartment,
which can be explained by diffusion processes, or protein
binding without internalization (37). However, our param-
eter estimates suggest that this mechanism might only
play a minor role for the dynamics of serum concentra-
tions of the drugs considered.

In the next step of modelling, we combined the PK
model with a PD model that is based on a simplified ver-
sion of a human model of granulopoiesis established
recently (29,30). We kept the model as simple as possible
to reduce the number of unknown parameters and to pre-
vent over-fitting of data. Assumptions of this model are
discussed elsewhere (30). In our simplified model, we
neglected spleen- and cytokine-mediated regulation,

which are not based on G-CSF. This might be justified in
our situation of G-CSF administration in all experiments,
except for the control group, since in these cases the sys-
tem is predominantly regulated by G-CSF dynamics.

Again we assumed the same model parameters for
both pegfilgrastim and Maxy-G34 except for those that
were related to PD properties of the drugs. We assumed
that sensitivity parameters, which are the steepness of reg-
ulation functions, are different for each drug. Furthermore,
blood concentrations of the drugs were normalized by a
shift parameter that is constant, but might be different for
the drugs. However, we estimated that the regulation func-
tions did not differ significantly between pegfilgrastim
and Maxy-G34. For both drugs, there is a large set of pos-
sible regulation functions resulting in a good fit of the
model. Hence, we conclude that the present data base is
not sufficient to make precise predictions with respect to
regulation functions.

Unknown parameters of the model were determined
by fitting the model to the data. We first fitted the PK
model and then the more complex PD model, keeping
already identified parameters of the PK model constant.
We avoided fitting of individual time courses of the rats
since we were mostly interested in a model that represents
population median, in order to allow comparisons
between different dosing and timing schedules (29,30).
We identified a single parameter setting for the combined
PD and PK model, resulting in good agreement between
model and data of ANC and G-CSF serum concentrations
of all experiments. ANC data of Maxy-G34 administration
in healthy rats were used only for model validation of the
combined PK and PD model and also agreed well with
model prediction.

Since the combined PK and PD model is fully data
independent and is based on a single parameter set appli-
cable for all dosing and timing schedules of the drugs, the
model can be used to estimate time course of ANC and
G-CSF serum concentrations of new dosing and timing
schedules after CP-induced granulotoxicity, for which no
experimental data are available. This is a major advantage
of our model compared to other models (46). Hence,
model simulations can be used to systematically explore
different dosing and timing options of pegfilgrastim or
Maxy-G34 after chemotherapy, which can yield to pre-
clinical selection of G-CSF schedules optimized for reduc-
tion of neutropenia, or to predict remaining serum levels
at certain time points after administration of G-CSF, as
has been demonstrated in the literature for pegfilgrastim
alone (24).

We demonstrated this by simulating administration of
30, 100, 300 and 1000 lg ⁄kg of pegfilgrastim and Maxy-
G34 timed at day 0 to day 2 after CP administration. We
estimated that both dosing and timing have important
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impacts on AOC, DN and minimal ANC. Higher doses
result in lower toxicity, except for pegfilgrastim 30 lg ⁄kg
given on day 2. Interestingly, the timing effect vanished
for high doses. For pegfilgrastim, the latter fact has been
closely confirmed in mouse experiments that we per-
formed after this study (51), providing evidence that
model predictions would be correct.

In general, we predict that timing of G-CSF dosing on
day 2 is better than on days 0 and 1 for both pegfilgrastim
and Maxy-G34. This can be explained by two competing
processes. At first, amplification of mitotic precursors
should be stimulated early after CP. On the other hand,
G-CSF increases release of the bone marrow reserve pool
(by preventing early apoptosis), which we call post-mito-
tic amplification (9,10,12,52). Since this effect leads to a
rapid increment in circulating ANC, it should happen best
in the nadir phase of ANC. Hence, one can conclude that
there is optimum of timing. This could also explain why
pegfilgrastim 30 lg ⁄kg might be slightly better than
100 lg ⁄kg at day 2. It could happen that the higher dose
reaches maximum stimulation of post-mitotic amplifica-
tion too early in comparison to the lower dose, which
could favour the lower dose in absorbing the nadir phase.
Finally, we predicted that for the same dosing and timing,
Maxy-G34 is superior to pegfilgrastim except for
30 lg ⁄kg day 2 scheduling.

Summarizing the insights generated from both our
experiments and model work, we conclude that Maxy-
G34 and pegfilgrastim considerably differ with respect to
both dynamics of G-CSF serum concentration and result-
ing ANC dynamics. Our modelling approach revealed that
these differences could be explained by differences in a
small subset of PK parameters rather than different mech-
anisms of action. We can perform model simulations in
order to explore differences between the drugs and corre-
sponding schedules in various situations. Experiments and
model simulations showed that Maxy-G34 is a promising
candidate for further improvement of G-CSF therapy, due
to improved PK properties. Corresponding clinical pha-
se II trials are ongoing and will reveal suitable fields of
clinical application. Selection of optimal dose and timing
schedules for Maxy-G34 will be supported by our ongo-
ing systems-biology modelling approach which will be
extended to the human situation.
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