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Abstract
A circulatory model of granulopoiesis and its regulation is presented that includes 
neutrophil trafficking in the lungs, liver, spleen, bone marrow, lymph nodes, and 
blood. In each organ, neutrophils undergo transendothelial migration from vascular 
to interstitial space, clearance due to apoptosis, and recycling via the lymphatic flow. 
The model includes cell cycling of progenitor cells in the bone marrow, granulocyte 
colony-stimulating factor (G-CSF) kinetics and its neutrophil regulatory action, as 
well as neutrophil margination in the blood. From previously reported studies, 111In-
labeled neutrophil kinetic data in the blood and sampled organs were used to estimate 
the organ trafficking parameters in the model. The model was further developed and 
evaluated using absolute neutrophil count (ANC), band cell, and segmented neutro-
phil time course data from healthy volunteers following four dose levels of pegfil-
grastim (r2 = 0.77–0.99), along with ANC time course responses following filgrastim 
(r2 = 0.96). The baseline values of various cell types in bone marrow and blood, as 
well as G-CSF concentration in the blood, predicted by the model are consistent with 
available literature reports. After incorporating the mechanism of action of both pacli-
taxel and carboplatin, as determined from an in vitro bone marrow studies, the model 
reliably predicted the observed ANC time course following paclitaxel plus carbopl-
atin observed in a phase I trial of 46 patients (r2 = 0.70). The circulatory neutrophil 
model may provide a mechanistic framework for predicting multi-organ neutrophil 
homeostasis and dynamics in response to therapeutic agents that target neutrophil 
dynamics and trafficking in different organs.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Models for chemotherapy induced neutropenia have been reported and widely applied 
to characterize the myelosuppressive effects of many different anticancer agents indi-
vidually and in combination. None of these models, however, reflect our more recent 
understanding of the roles of organ and tissue heterogeneity in neutrophil trafficking.
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INTRODUCTION

Neutrophils are central to the innate immune system’s response 
to invading pathogens1 and also in the pathogenesis of inflam-
matory diseases of the lung, liver, and kidney.1–3 Work in 
recent years has allowed an expanded understanding of the im-
portance of organ-specific differences in migration, activation, 
and survival of neutrophil granulocytes in infection and in-
flammatory diseases.4 Many anticancer therapies disrupt neu-
trophil homeostasis through their myelosuppressive actions, 
and whereas a number of models for chemotherapy-induced 
neutropenia have been developed and applied to many differ-
ent anticancer agents individually and in combination,5 none 
have incorporated the more recent understanding of the roles of 
organ and tissue heterogeneity in neutrophil trafficking.

Neutrophils are cleared primarily by reticuloendothelial 
systems in the liver, spleen, lung, and bone marrow.1 The 
classical neutrophil recruitment cascade does not operate 
uniformly in these organs and depends predominantly on the 
local microvasculature, locally restricted expression of ad-
hesion molecules, as well as interactions with endothelium.4 
Typically, neutrophils are recruited to organs through sequen-
tial steps of attachment, rolling, arrest, adhesion, crawling, 
and transmigration.4 Upon reaching their eventual transendo-
thelial migration sites, neutrophils cross the endothelial bar-
rier via paracellular or transcellular pathways.4 Once within 
the local interstitial space of each organ, neutrophils begin 
apoptosis and are later removed by macrophages, or initiate 
phagocytosis-induced cell death, and are subsequently phago-
cytosed by macrophages.6 Neutrophils are also recycled via 

the lymphatic circulation. This local neutrophil processing 
can vary in different organs and is also altered in infection 
and chronic inflammatory diseases.4,6

The work reported herein presents a model of granulopoi-
esis and its regulation that incorporates the circulatory dis-
position of neutrophils together with organ-specific transport 
and processing. The bone marrow subsystem in the whole-
body circulatory model follows our previous model of anti-
cancer drug-induced neutropenia,7 and includes the cell cycle 
proliferation of bone marrow progenitor cells. Previously 
reported kinetic studies with 111Indium (111In)-labeled neu-
trophils were used to model the neutrophil trafficking in or-
gans (transendothelial migration and elimination), whereas 
prior pharmacokinetic/pharmacodynamic (PK/PD) studies 
of pegfilgrastim and filgrastim allowed for the granulocyte 
colony-stimulating factor (G-CSF) regulatory mechanisms 
to be incorporated in the model. In this report, the resulting 
whole-body circulatory model is applied to predict the neu-
trophil response to combined treatment with paclitaxel and 
carboplatin observed in a phase I clinical trial.

METHODS

Study data

Radio-labeled neutrophil kinetics

Data from three previously reported tracer kinetic studies 
of granulocyte disposition in normal humans8–10 were used 

WHAT QUESTION DOES THIS STUDY ADDRESS?
A whole-body model of granulopoiesis and its regulation is presented that incorpo-
rates the circulatory disposition of neutrophils together with organ-specific transport 
in the liver, spleen, lung, and bone marrow. The bone marrow subsystem includes a 
cell cycle model of progenitor cells, which allows for a mechanistic representation 
of the action of relevant anticancer drugs derived from in vitro bone marrow toxic-
ity studies, thereby providing a model-based framework for predicting drug-induced 
neutropenia from preclinical studies.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The model together with in vitro studies of a drug’s bone marrow toxicity can predict 
the extent of neutropenia observed clinically, as illustrated in the case of paclitaxel 
and carboplatin combinations therapy. The role of neutrophil transendothelial migra-
tion and elimination in different tissues, including bone marrow, can be quantified 
using the model.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/
OR THERAPEUTICS?
Because the model includes neutrophil trafficking and circulation in various tissues, 
as well as bone marrow granulopoiesis and blood neutrophil mobilization, it provides 
a mechanistic platform for incorporating the action of different therapeutic agents 
targeting the above processes.
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to model the neutrophil trafficking in organs. In these stud-
ies, granulocytes were isolated from whole blood, labeled 
with radioactive 111In, and re-injected to the subjects. Serial 
blood samples were obtained between 5 min and 48 h fol-
lowing administration of labeled cells. In addition, these 
studies used dynamic and static gamma camera imaging to 
record activity in the lung (chest), liver, spleen, and bone 
marrow (sacro-iliac joints and lumbar spine).8–10 Reported 
data were digitized and used in model development as 
described below. The percent of labeled granulocytes in 
blood at 13 times over 48  h postinjection were obtained 
from Figure 1 (normal subjects).9 The labeled granulocytes 
in the lungs, liver, spleen, and bone marrow obtained from 
imaging analysis at various times postinjection were ob-
tained from the references as follows: Figure 4,8 Figure 4,9 
and Table 2.10

Pegfilgrastim, filgrastim PK/PD

Model development also used pegfilgrastim serum concen-
trations and absolute neutrophil count (ANC), as well as band 
cell and segmented neutrophil counts following a single s.c. 
dose of 30 μg/kg, 60 μg/kg, 100 μg/kg, and 300 μg/kg peg-
filgrastim obtained from 32 healthy subjects.11 In addition, 
mean filgrastim serum concentrations and ANC measure-
ments following a 5 μg/kg filgrastim i.v. infusion and a 1 μg/
kg s.c. injection from 24 healthy subjects12 were used.

In vitro bone marrow toxicity (BMT) assay

As detailed previously,13 primary human bone marrow 
mononuclear cells were treated with DMSO, paclitaxel (9 

F I G U R E  1   Diagram of the circulatory neutrophil model. Bone marrow (BM) granulopoieses includes progenitor cell production (PC0), the 
proliferating progenitor cell cycle (G1, S, and G2/M), metamyelocytes (Mi), band cells (Bi), and segmented neutrophils (Si). Mature segmented 
neutrophils (S3) are released to the vascular space (v) and transported to the central venous pool (Sb), or undergo transendothelial migration to the 
interstitial space (is) to be either cleared or recycled via the lymphatic flow (dotted arrow). Granulocyte colony-stimulating factor (G-CSF) induced 
release of all stages of segmented neutrophils (Si) and band cells (Bi) is shown (arrows from cell to vascular space), and subsequent circulation to 
the venous blood (arrows into Sb and Bb). In the venous and arterial blood pools, circulating segmented neutrophils (Sb) exchange with marginated 
neutrophils (Mb). For other tissues (lung, spleen, liver, and others), neutrophils enter the local vascular space and can undergo transendothelial 
migration to the organ interstitial space, where they are cleared or recycled via the lymphatic system. The dashed box on the left represents G-CSF 
kinetics and regulatory subsystem. Endogenous production and clearance of G-CSF are included, as is the linear and target-mediated disposition 
of administered filgrastim and pegfilgrastim. G-CSF’s stimulatory effects on proliferation of progenitor cells (PCs) in bone marrow, maturation 
in bone marrow, and mobilization from bone marrow to blood and on blood margination are indicated by the dashed arrows. The complete set of 
model equations is provided in the Supplementary Information S1
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concentrations from 0.0762 nM to 500 nM), or carboplatin 
(9 concentrations from 0.00762  µM to 50  µM) for 5  days, 
at which time cell viability was assessed. The in vitro BMT 
assay results were used to model the action of paclitaxel and 
carboplatin on the bone marrow progenitor cell cycle (see 
below).

Clinical trial of paclitaxel and carboplatin 
combination therapy

Data from a previously conducted phase I clinical trial of 
paclitaxel plus carboplatin in 46 patients with multiple ad-
vanced solid malignancies14 were used to evaluate model 
predictions. As described,14 patients received paclitaxel as a 
3 h i.v. infusion on day 0 with doses ranging from 150 mg/
m2 to 200 mg/m2, followed by a 30 min i.v. infusion of car-
boplatin targeting an area under the curve of 6 mg·min/ml. 
Data from this trial included individual subject plasma free 
carboplatin concentrations and ANC counts on days 0, 7, 
14, and 21. Neutropenia grade was classified in each patient 
according to Common Terminology Criteria for Adverse 
Events.15

Model development, parameter estimation, 
clinical trial predictions, and simulations

Circulatory model with bone marrow 
granulopoiesis, blood margination,  
G-CSF kinetics

The complete circulatory model, including neutrophil dis-
position and trafficking in organs, granulopoiesis in the 
bone marrow, neutrophil margination in the blood, G-CSF 
kinetics, and regulation is shown in Figure  1. The model 
incorporates those organs that are primarily responsible for 
neutrophil hemostasis in health and disease1: venous and 
arterial blood, lungs, liver, spleen, lymph node, and bone 
marrow. A lumped compartment represents remaining tis-
sues including the heart, kidneys, muscle, skin, and gastro-
intestinal tract. Each organ includes a vascular space with 
neutrophil transendothelial migration4 to its interstitial space, 
where neutrophils are then phagocytosed by macrophages16 
or recycled via the lymphatics.17 The circulatory model also 
includes neutrophil margination in the venous and arterial 
blood pools, as well as G-CSF kinetics (with filgrastim or 
pegfilgrastim support therapy) and its regulatory action, as 
described previously.7 The complete set of equations for the 
model depicted in Figure 1 is provided in the Supplementary 
Information S1and S2. Values for circulatory parameters of 
the model (mean and SD), including blood and lymph flow 
rates, vascular, and extravascular tissue volumes in various 

organs, are listed in the Supplementary Information S3 and 
were taken from refs. 18 and 19

As in our previous model,7 the bone marrow subsystem 
includes a cell cycle model of progenitor cells (PCs), which 
allows for a mechanistic representation of the action of rel-
evant anticancer drugs derived from in vitro bone marrow 
toxicity studies, as illustrated below. The following equations 
(from the complete model in supplementary Information) de-
scribe mature segmented neutrophils in the red bone marrow:

where S1, S2, and S3 represent the concentration of segmented 
neutrophils in each of the three stages of segmented neutrophil 
maturation, whereas Sv

bm
 and Sv

bm
 represent neutrophil concen-

trations in the bone marrow vascular and interstitial spaces. 
Equation 1 represents the last stage of mature segmented neu-
trophils, including G-CSF induced mobilization within the 
cell compartment of bone marrow (Emax

seg

GCSF
, EC50BM

GCSF
)  

and maturation of segmented neutrophils from stage 2 to 3 
(ImaxBM

GCSF
, EC50BM

GCSF
) with time constant �seg, as well as in-

complete granulopoiesis (kig). Line 1 of Equation 2 represents 
the release of neutrophils into the local vascular space of bone 
marrow (first term), and the G-CSF induced mobilization to the 
vascular space (second term). Line 2 of Equation 2 represents 
the recirculation of neutrophils through the bone marrow (first 
2 terms), as well as transendothelial migration (CLtm

bm
⋅ Sv

bm
).  

Equation 3 represents neutrophils in interstitial space of 
bone marrow, which includes the elimination of neutrophils 
(CLel

bm
⋅ Sis

bm
; see Supplementary Information for complete 

model equations).

Modeling neutrophil trafficking in organs from 
tracer studies

Following the trace injection of radio-labeled neutrophils, 
production and release of neutrophils from bone marrow, 
their margination in blood, as well as G-CSF levels, were 
assumed to be unaltered from their basal states. Accordingly, 
the model equations given in supplementary Information S2 
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describe the kinetics and organ disposition of labeled neutro-
phils. These tracer kinetic model equations and the fixed cir-
culatory parameters' values (Supplementary Information S3), 
together with the pooled labeled neutrophil data in each organ 
(lung, liver, spleen, bone marrow, and blood) over 48 h, were 
used to estimate each tissue’ transendothelial migration and 
elimination clearance listed in Table 1. The naïve pooled data 
(NPD) analysis estimation application in ADAPT (version 
5)20 was used to obtain the maximum likelihood estimates of 
parameters assuming an additive plus proportional error vari-
ance model (model code provided in Data S1 of Supporting 
Information).

Estimating G-CSF related model parameters from 
pegfilgrastim, filgrastim PK/PD data

All the pegfilgrastim PK/PD data, including serum concen-
trations, ANC, band cell, and segmented neutrophil counts 
following each of the four s.c. doses, along with the filgrastim 
serum concentrations and ANC values following i.v. and s.c. 
doses were pooled to obtained the maximum likelihood es-
timates of the remaining unknown parameters in the circu-
latory model (NPD application in ADAPT,20 with separate 
additive and proportional error variance for each output). The 
neutrophil transendothelial migration and elimination clear-
ances were fixed at their values estimated from the tracer ki-
netic analysis. The estimated model parameters included the 
G-CSF related parameters (EC50PC

GCSF
,EmaxPC0

GCSF
, EmaxPC - M

GCSF
,  

EC50BM
GCSF

, Emaxband
GCSF

, Emax
seg

GCSF
, ImaxBM

GCSF
, kBS), rate con-

stant of ineffective granulopoiesis (kig), the circulating frac-
tion of neutrophils (ftissue), along with parameters defining 
the kinetics of endogenous G-CSF, filgrastim (kGCSF

el
, kGCSF

int
),  

and pegfilgrastim (kPEG
el

, kPEG
int

). The remaining parameters 
were fixed as previously reported.7 Table 2 lists the estimated 
and fixed parameters, and together with the fixed circulatory 
parameters in Table S1, completely define all model param-
eters. Because the baseline value of each state in the model 

depends on the unknown parameter values, a predose period 
(1000 h) was added to allow the steady-state basal values to 
be reached.

Model evaluation: Predicting ANC time 
course and neutropenia grade following paclitaxel 
plus carboplatin combination therapy

As described previously,7 the in vitro BMT assay results 
were used to quantify the action of paclitaxel and carboplatin 
on the progenitor cell cycle. In the bone marrow subsystem 
in Figure 1, paclitaxel was assumed to induce apoptosis of 
G2/M-phase cells in the model, whereas carboplatin was as-
sumed to induced apoptosis of PCs in each of the three mod-
eled phases of mitosis (G1, S, and G2/M). The drug action 
parameters for paclitaxel and for carboplatin were each esti-
mated using the corresponding BMT assay data and the bone 
marrow subsystem model in Figure 1, as reported in refs. 7 
and 13.

Using the complete set of model parameters and available 
standard deviations, the dose regimens of paclitaxel and car-
boplatin administered to each of the 46 patients in the above 
cited clinical trial were used to simulate the model response 
for each patient (n = 1000 simulations for each patient). The 
simulation application (SIM) in ADAPT (version 5) was 
used, with model parameters assumed to be independent, 
lognormally distributed.20 The resulting ANC-time profiles 
from the 100 simulations with baseline ANC values closest 
to each patient’s measured baseline ANC were used to calcu-
late the median and prediction interval (PI) of the ANC-time 
profile for that patient (baseline matched ANC time course). 
The PI was determined as the largest and smallest ANC val-
ues at each time point from the 100 ANC time profiles. The 
individual patient-predicted baseline matched median ANC 
time profile, PI, and neutropenia grade (determined from the 
median ANC profile) were compared with observed ANC 
values and neutropenia grade in each patient.

T A B L E  1   Model parameter estimates obtained from radiolabeled neutrophil studies

Parameter (unit) Definition Estimate (RSE%)

CLtm
lung

(L/h) Transendothelial migration clearance in lung 2.63 (10)

CLtm
liver

(L/h) Transendothelial migration clearance in liver 1.15 (11)

CLtm
spleen

(L/h) Transendothelial migration clearance in spleen 3.59 (11)

CLtm
bm

(L/h) Transendothelial migration clearance in bone marrow 0.753 (7.3)

CLel
lung

(L/h) Neutrophil elimination clearance in lung 0.36 (28)

CLel
liver

(L/h) Neutrophil elimination clearance in liver 0.195 (6.6)

CLel
spleen

(L/h) Neutrophil elimination clearance in spleen 0.0169 (15)

CLel
bm

(L/h) Neutrophil elimination clearance in bone marrow 0.0672 (11)
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Simulating the effects of organ neutrophil 
transendothelial migration and elimination on 
tissue neutrophil trafficking and ANC

The model was used to provide insights into the distribu-
tion of neutrophils among tissues, secondary to changes in 
organ neutrophil transendothelial migration and elimination. 
The clearances for neutrophil transendothelial migration 
and elimination in the lung, liver, spleen, and bone mar-
row were independently changed to 0.1, 0.5, 2, and 10 times 
their original values (25 pairs of these 2 neutrophil traffick-
ing parameters in each tissue). Total neutrophil counts in the 
respective tissues (vascular plus interstitial), along with the 
corresponding ANC counts, were recorded and compared to 
the baseline values. The ANC changes were expressed as a 
percent change from baseline value, while fold changes from 
baseline were recorded for the lung, liver, spleen, and bone 
marrow.

RESULTS

Radio-labeled neutrophil kinetics in organs

The estimation results from the 111In-labeled neutrophil data 
and the tracer kinetic circulatory model are given in Table 1 
and Figure  2a. The organ transendothelial migration clear-
ances were estimated with good precision (RSE% ranging 
from 7.3% to 11%), except for CLtm

other
 and this pathway was 

not included in the final model (a single pool was used to 
represent “other” tissues). The corresponding time constants 
ranged from 0.2  min to 8.3  min and are consistent with 
those obtained from in vitro studies of neutrophil transen-
dothelial mobilization, the majority of which are between 
1 and 10 min.21 The estimated tissue neutrophil clearances 
(Table 1) varied over a 20-fold range, from 0.0169 L/h in the 
spleen to 0.36 L/h in the lungs (RSE% ranging from 6.6% 
to 28%), with time constants range from 35 min to 173 min.

Pegfilgrastim and filgrastim in 
healthy volunteers

Table  2 and Figure  2b,c show the estimation results from 
the circulatory model in Figure 1 obtained using the pooled 
pegfilgrastim and filgrastim data. The model captures the 
dose-dependent, multiphasic behavior of pegfilgrastim PK 
concentration, along with ANC, band cell, and segmented 
neutrophil time course (Figure 2b), and simultaneously de-
scribes the PK and ANC response to both s.c. and i.v. ad-
ministration of filgrastim (Figure  2c). The parameters in 
Table  2 were reliably estimated with acceptable standard 
errors (RSE%  <  30%), which are the consequences of the 
rich information provided in the pooled pegfilgrastim and fil-
grastim data. The majority of the estimated parameter values 
in Table  2 are comparable to the values in our previously 
reported model7 (within a factor of 2 or less), with the excep-
tion of EC50PC

GCSF
. Nonetheless, the estimated value of 4.1 ng/

T A B L E  2   Model parameter estimates obtained from pegfilgrastim and filgrastim studies

Parameter (unit) Definition Estimate (RSE%)

EC50PC
GCSF

 (ng/ml) Concentration of G-CSF eliciting a half-maximal effect on progenitor cells 4.10 (13)

E max
PC0
GCSF

 (−)a  Relative maximum G-CSF-stimulated production of progenitor cells 3.34 (−)

E max
PC - M
GCSF

 (−) Relative maximum G-CSF-stimulated differentiation to metamyelocyte 1.17 (8.0)

ImaxBM
GCSF

 (−) Maximum G-CSF-inhibition of mean maturation times 0.494 (6.5)

EC50BM
GCSF

 (ng/ml) Concentration of G-CSF eliciting a half-maximal effect on all maturation times and on 
mobilization of bone marrow cells

2.87 (5.2)

E max
band
GCSF

 (1/h) Rate constant for maximum G-CSF-stimulated mobilization of bone marrow band cells into blood 0.00421 (2.5)

E max
seg

GCSF
(1/h) Rate constant for maximum G-CSF-stimulated mobilization of bone marrow segmented 

neutrophils into blood
0.0343 (2.9)

kig (1/h) Rate constant for ineffective granulopoiesis from bone marrow 0.103 (6.5)

kBS (1/h) Rate constant for maturation of band cells in blood to segmented neutrophils 0.0653 (4.2)

ftissue (−) Fraction of neutrophils circulate to tissue from blood 0.226 (14)

k
GCSF
el

 (1/h) G-CSF elimination rate constant 0.374 (2.0)

k
GCSF
int

 (1/h) Receptor-mediated G-CSF internalization rate constant 0.0807 (27)

k
PEG
el

 (1/h) Pegfilgrastim elimination rate constant 0.02533 (4.0)

k
PEG
int

 (1/h) Receptor-mediated pegfilgrastim internalization constant 1.55 (1.3)

The remaining parameters were fixed as reported previously7 and are listed in the Supplementary Information S3.
Abbreviation: G-CSF, granulocyte colony-stimulating factor.
aSecondary parameter: Emax

PC0

GCSF
= 2 ⋅ Emax

PC - M

GCSF
.
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F I G U R E  2   (a) Tracer studies: model predicted (lines) and observed (symbols) radiolabeled neutrophil kinetics in the spleen, liver, lung, bone 
marrow, and blood. Overall observed versus predicted r2 values: spleen = 0.74, liver = 0.57, lung = 0.80, bone marrow (BM) = 0.90, and blood = 
0.80. (b) Pegfilgrastim: the six graphs show model predicted (lines) and observed (symbols) pegfilgrastim concentration, absolute neutrophil count 
(ANC), band cells (solid lines), segmented neutrophils (dashed lines) following 30, 60, 100, and 300 μg/kg s.c. of pegfilgrastim. Overall observed 
versus predicted r2 values: pegfilgrastim concentration = 0.99, ANC = 0.95, band cells = 0.77, and segmented neutrophils = 0.94. (c) Filgrastim: 
the two graphs show model predicted (lines) and observed (symbols) filgrastim concentration and ANC following i.v. (5 μg/kg) and s.c. (1 μg/kg) 
of filgrastim. Overall observed versus predicted r2 values: filgrastim concentration = 0.92 and ANC = 0.96
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ml lies between the reported overall half-maximal effective 
concentration (EC50) of pegfilgrastim (9.86 ng/ml)11 and fil-
grastim (3.15 ng/ml).12

Model-predicted basal physiological values

The circulatory model was simulated to predict the distribu-
tion of basal values of all model states in adult humans using 
parameter values and from Tables  1 and 2, along with the 
circulatory system parameter values (see Table S3 for com-
plete set of model parameter values). As shown in Figure 3, 
the model-predicted distributions of the different cell types 
in the bone marrow (PC, metamyelocyte, band cell, and seg-
mented neutrophil) are consistent with their reported ranges 
in healthy subjects.22 The distribution of the simulated values 
of the basal pool sizes of ANC, blood band cells, segmented 
and marginated neutrophils, as well as blood G-CSF concen-
tration are also consistent with literature reported values, as 
shown in Figure 3. The model-predicted median and mean 

values of ANC are 4.2 × 109 and 5 × 109 cells/L, which are 
comparable to the range of typical mean and median values 
of ANC (4.2–4.7 × 109 cells/L) reported in healthy sub-
jects.23 Approximately 80% of the simulated ANC values 
lie within the normal range for healthy adults (1.5–8.0 × 109 
cells/L), whereas 6% of the simulated ANC values are below 
1.5  ×  109 cells/L, which is also consistent with other re-
ports.23 The model-predicted median value of marginated 
neutrophils is 4.7 × 109 cells/L, resulting in a marginated to 
circulating neutrophil ratio of 1.1, within the range reported 
for healthy adults (0.23–4.9).24 The model-predicted median 
G-CSF concentration (0.03 ng/ml) is also within the normal 
range for adults (<0.03–0.163 ng/ml).25

Predicting paclitaxel plus carboplatin-induced 
neutropenia

The top panel of Figure  4 shows the model-predicted 
ANC time course profiles (median and PI) of selected trial 

F I G U R E  3   Model-simulated distribution of basal values for each cell type in bond marrow (BM) and blood, as well as granulocyte colony-
stimulating factor (G-CSF) concentration in the blood. Shaded area: distribution from the 1000 subjects. Arrows: literature reported value. ANC, 
absolute neutrophil count
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F I G U R E  4   Model predictions versus observations from a phase I clinical trial of paclitaxel plus carboplatin combination therapy. Top panels: 
Model predicted (line = median; shaded area = prediction interval) and measured (symbols) absolute neutrophil count (ANC) time profiles in 12 
representative patients from four baseline ANC (BANC) groups (3 per group), with BANC ranges less than 3.3 ×109 (first row), between 3.3 and 
4.2 ×109 (second row), between 4.2 and 5.9 ×109 (third row), and above 5.9 ×109 cells/L (fourth row). Bottom graph: Model predicted versus 
measured ANC values in all patients. Symbols = measurements; solid line = line of identity; dashed line = regression line
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patients in four different baseline ANC ranges: ANC less 
than 3.3 × 109 (first row), between 3.3 and 4.2 ×109 (second 
row), between 4.2 and 5.9 ×109 (third row), and greater than 
5.9 ×109 cells/L (fourth row). Predicted ANC values in all 
patients correlate with measured ANC (r2  =  0.70) and are 
distributed symmetrically around the line of identity with 
a slope of 0.91 (Figure 4 bottom panel). Model simulation 
using the median dose used in the trial patients predicted that 
~ 41% of patients develop grade 3 or 4 neutropenia, which is 
similar to the observation of 39% of patients from the trial. 
The observed versus model-predicted incidences of grades 2, 
3, and 4 neutropenia are, respectively, 23.9% versus 22.4%, 
17.3% versus 30.3%, and 21.7% versus 10.2%, indicating the 

limitation of the model to distinguish grades 3 and 4 neutro-
penia in the example.

Simulating response to changes in tissue 
neutrophil transendothelial migration and 
elimination

Figure  5 presents the results of changing both neutrophil 
transendothelial migration and elimination clearances in the 
lung (top left), liver (top right), and spleen (lower left) for 
that tissue, with neutrophil counts in each tissue increasing 
with increasing transendothelial migration clearance and 

F I G U R E  5   Model predicted effects of tissue parameter changes on absolute neutrophil count (ANC) and organ neutrophil counts. Solid lines 
with symbols—simulation results, horizontal dotted lines—basal values using the nominal parameter values (Table 1). For the lung (top left), liver 
(top right), and spleen (bottom left): filled circle = 0.1-fold change in elimination clearance in the respective organ; filled square = 0.5-fold change; 
filled triangle = 1-fold change; filled inverted triangle = 2-fold change; and filled diamond = 10 fold change. For the ANC plot on the bottom right: 
open circle = lung; open triangle = spleen; open inverted triangle = liver; and open square = bone marrow
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decreasing elimination clearance. Changing these parameters 
in bone marrow had little effect on cell counts in bone mar-
row due to the large pools of cells from granulopoiesis (fig-
ure not shown). Although the lung and liver showed a mostly 
linear relation between tissue cell counts and transendothelial 
migration clearance at their nominal elimination clearances 
(lines denoted by ▲), for the spleen this relationship was 
nonlinear. The bottom right panel of Figure 5 shows the ex-
tent of changes in ANC resulting from simultaneous increases 
and decreases in transendothelial migration and elimination 
clearances from their nominal values in each tissue. These 
changes in the tissue parameters in the lung, liver, and spleen 
had little effect on ANC, even though they have significant 
effects on the respective organ neutrophil levels, reflecting 
autoregulatory action of the system to maintain homeosta-
sis. In bone marrow, while decreasing the bone marrow traf-
ficking clearances produced only modest increases in ANC, 
increasing these clearances overwhelms the autoregulatory 
capability of the system to maintain homeostasis, resulting 
in significant neutropenia. Sensitivity of ANC to other model 
parameters has been reported previously.7

DISCUSSION

A whole-body circulatory model of granulopoiesis and its 
regulation is presented to predict neutrophil counts in blood, 
bone marrow, lung, spleen, liver, and lymph node. The 
model was used to characterize the 111In-labeled neutrophil 
kinetics in selected organs in healthy humans, thus allow-
ing estimation of neutrophil migration and elimination clear-
ances in individual tissues, and the effects of pegfilgrastim 
and filgrastim-induced neutrophilia observed in humans. 
Model predictions of basal levels of the different cell types 
in the bone marrow and blood were consistent with available 
measured values, as reported in the literature. The circula-
tory model also adequately predicted the neutrophil response 
observed in patients treated with paclitaxel plus carboplatin 
in a phase I clinical trial, based solely on results from in vitro 
bone marrow toxicity studies.

Combining results from several tracer kinetic ex vivo 
111In-labeled neutrophil studies8–10 provided a basis for es-
timating the neutrophil transendothelial migration and elim-
ination rate constants in the liver, spleen, lung, and bone 
marrow, as shown in Table 1 and Figure 2. Other commonly 
used neutrophil labeling techniques, include diisopropylflu-
orophosphate (DF32P), 3H-TdR, 51Cr, and technetium-99 m 
(99mTc),26 have also been validated across species and have all 
resulted in similar estimates of blood neutrophil half-life in 
the range of 5–8 h.22,26 While these labeling techniques have 
different advantages and limitations, 111In demonstrates spe-
cific labeling upon cell separation, high labeling efficiency, 
rapid excretion after cell death, and no interference with cell 

traffic.26–28 As with each of these different lymphocyte label-
ing techniques,29 it is expected that the different neutrophil 
labeling techniques may also result in differences in observed 
organ kinetic profiles at the later times. However, given the 
relative short 2-day period of the tracer results used in this 
work, the problems associated with longer term labeling ex-
periments are minimized. We note also that the model can be 
used to incorporate the results from studies using newer in 
vivo labeling technologies as they become available,22 which 
may result in a better assessment of the tissue neutrophil time 
course profile than used in the current study.

The previously reported11 blood neutrophil time course 
responses following pegfilgrastim (ANC, band cell, and seg-
mented neutrophil) and filgrastim (ANC) administration used 
in this work, resulted in a wide range of G-CSF exposures (in 
magnitude and time course) that allowed reliable estimation 
of the G-CSF related parameters in the circulatory model. In 
contrast, if only neutrophil responses secondary to adminis-
tration of myelosuppressive agents were used, it would have 
limited the ability to estimate the different G-CSF related pa-
rameters (bone marrow and margination) in the circulatory 
model, given the closed-loop nature of the neutrophil-G-CSF 
system.30

The circulatory model predicted median and mean values, 
as well as ranges of ANCs, that are consistent with the values 
in normal adults (Figure  3). We note that the data used to 
develop the model and predict the results in Figure 3 were ob-
tained from healthy humans. While the predicted basal values 
of bone marrow cell types, blood band cells, segmented and 
marginated neutrophils are also similar to measured values 
reported in the literature, these are based on measurements 
in a very small number of subjects—unlike ANC. While 
organ transit times can be calculated from the model (lung = 
2.3 min, liver = 9.4 min, spleen = 0.3 min, and bone marrow 
= 12 min), these predictions cannot be evaluated due to lack 
of reliable experimental measurements.

In this report, the circulatory model was applied to predict 
the neutrophil response to paclitaxel plus carboplatin treat-
ment in 46 patients from the control arm of a recent phase I 
trial,14 following the framework that we applied previously 
using a non-circulatory model of anticancer drug-induced 
neutropenia.7,13 As shown in Figure 4, the circulatory model 
incorporating the mechanisms of action of paclitaxel and car-
boplatin (as determined from in vitro studies), satisfactorily 
predicted the ANC time course in the clinical trial patients 
over a wide range of baseline ANC values, and provides a 
basis for further evaluating the model’s predictive ability 
with other anticancer agents. The model can also be used to 
explore dosing strategies for G-CSF therapies to support neu-
trophil homeostasis in patients undergoing anticancer drug 
treatment, for example, to assess the effects of filgrastim and 
pegfilgrastim following treatment with paclitaxel and carbo-
platin.13 Beyond anticancer agents, drug-induced neutropenia 



682  |      CHEN et al.

is associated with many other drug classes that induce myelo-
suppression, accelerate neutrophil apoptosis and elimination, 
or alter neutrophil margination and migration.31 For exam-
ple: (1) anti-TNF-α therapy sensitizes neutrophils, leading to 
their immune-mediated peripheral destruction; (2) rituximab 
may favor B-cell repopulation and impair granulopoiesis; (3) 
tocilizumab-induced neutropenia is attributed to accelerate 
neutrophil apoptosis and intravascular margination; and (4) 
alemtuzumab-related late onset neutropenia, which may be 
due to autoimmune neutropenia mechanisms, can be treated 
with G-CSF.32 Accordingly, the circulatory model-based 
framework presented in this work is applicable to a range of 
other therapies that result in neutropenia, as part of an effort 
to investigate in vitro to clinical translation during early drug 
development.

The model also provides insights into the role of organ-
specific transendothelial migration and elimination on 
neutrophil homeostasis as shown in Results, as well as 
the effects of altered margination (results not shown). The 
proposed circulatory model, therefore, has application to 
better understanding the actions of therapies that reduce 
neutrophil adhesion to endothelial cells and subsequent 
transendothelial migration, or alter neutrophil phenotype 
and thus elimination clearance.33 Some examples for po-
tential model application include: (1) nanomedicine drug 
carriers modified with antibodies and ligands that selec-
tively bind to overexpressed endothelial cellular adhesion 
molecules in inflammation, thus reducing neutrophil adhe-
sion33; (2) selectin-blocking agents that inhibit CXCL1 and 
ICAM1, leading to a reduction in hepatic neutrophil infil-
tration, which may ameliorate liver injury3; (3) the inhibi-
tion of interleukin-6 receptor by sarilumab and tocilizumab 
that induces margination and therefore alters ANC34,35; 
and (4) targeting molecular pathways within neutrophils 
that lead to the formation of reactive oxygen species and 
neutrophil extracellular traps, both of which mediate neu-
trophil apoptosis.3

In contrast to other reported models of drug-induced neu-
tropenia, the model presented in this report incorporates the 
circulatory disposition of neutrophils, together with organ-
specific neutrophil transport and processing in the lung, 
spleen, liver, as well as bone marrow, while also including 
the cell cycle proliferation of bone marrow progenitor cells. 
Because the model includes subsystems representing bone 
marrow granulopoiesis, blood neutrophil mobilization, neu-
trophil trafficking and circulation in various tissues, as well 
as regulation via G-CSF, it provides a mechanistic platform 
for incorporating the action of therapeutic agents targeting 
the above processes. Moreover, as illustrated with carbopla-
tin/paclitaxel therapy, the model can predict clinical neutro-
penia of compounds under development based solely on in 
vitro bone marrow studies.
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