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Objective.

 

Evaluating kinetics in hematopoietic cultures is complicated by the distribution of cells
over various stages of differentiation and by the presence of cells from different lineages. Thus,
an observed response is an integral response from distributed cell populations. Growth factors
and other parameters can greatly affect the lineage and maturation stage of the culture outcome.

 

To resolve the kinetics and more clearly define the differential effects of O

 

2

 

 tension (pO

 

2

 

), pH, and
interleukin-3 (IL-3) on granulopoiesis, a mathematical model–based approach was undertaken.

 

Materials and Methods.

 

Granulocytic differentiation is described within a continuous, deter-
ministic framework in which cells develop from primitive granulocytic progenitors to mature
neutrophils. The model predicts two distributed populations—quiescent and cycling cells—by
incorporating rates of growth, death, differentiation, and transition between quiescence and
active cycling. The response of these four model processes to changes in the culture environ-
ment was examined.

 

Results.

 

Model simulations of experimental data revealed the following: 1) pO

 

2

 

 effects are exerted
only on the growth rate but not maturation times. 2) pH effects between pH 7.25 and 7.4 on
growth and differentiation are coupled; however, with increasing pH values, especially at pH
7.6, the death rate for cells in the early stages of differentiation becomes increasingly significant.
3) The absence of IL-3 increases the death rate for primitive cells only minimally but markedly
enhances the rate of differentiation through the myeloblast window in the differentiation path-
way. The combined effects of these environmental factors can be predicted based on changes
in the model parameters derived from the individual effects.

 

Conclusions.

 

Experimental data combined with mathematical modeling can elucidate the
mechanisms underlying the regulation of granulopoiesis by pO

 

2

 

, pH, and IL-3. The model also
can be readily adapted to evaluate the effects of other culture conditions. The increased under-
standing of experimental results gained with this approach can be used to modify culture condi-
tions to optimize ex vivo production of neutrophil precursors. © 2000 International Society for
Experimental Hematology. Published by Elsevier Science Inc.
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Introduction

 

The 120 billion neutrophils, with a limited lifespan of only
48 hours, produced each day in a healthy adult form the first
line of defense against microbial invasion. Maintaining or
adjusting steady-state levels of neutrophils is dependent on
the kinetic patterns of proliferation, differentiation, and
death of granulocytic precursor cells that reside in the bone

marrow. Based on morphologic or flow cytometric criteria,
these cells can be classified into six relatively distinct stages
of maturation [1,2]. The first three stages comprising the se-
quence of granulocytic differentiation include proliferating
myeloblasts, promyelocytes, and myelocytes. Later myeloid
stages, i.e., metamyelocytes, band form neutrophils, and
segmented neutrophils, can no longer divide, but they still
continue to differentiate. The balance among proliferation,
differentiation, and death of each granulocytic subpopula-
tion is tightly regulated by complex interactions with
growth and other regulatory factors. Specifically, O

 

2

 

 tension
(pO

 

2

 

) and pH, in synergy with cytokines, contribute to this
regulatory network by establishing distinct hematopoietic-
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inducing microenvironments. Results from our laboratory
previously demonstrated the differential sensitivity of the
various classes of hematopoietic cells to pO

 

2

 

, pH, and cy-
tokines [3–8]. Not only may these factors act preferentially
on one specific lineage, they may further elicit responses
from cells occupying a distinct stage of differentiation.

We identified low pO

 

2

 

 (5% O

 

2

 

) and low pH (7.1–7.25) as
the optimal culture conditions for producing cells of the
granulocytic lineage, especially in the postprogenitor stages
of development [8]. The experimental data suggested that
pO

 

2

 

 was affecting only cell proliferation, whereas pH
seemed to influence both proliferation and differentiation.
The roles of several growth factors, including those of inter-
leukin-3 (IL-3), in regulating a large number of distinct bio-
logic processes have been well-characterized. Of particular
relevance to optimizing granulocytic cell production are IL-
3’s pleitropic activities in stimulating the proliferation, sur-
vival, and differentiation of multipotent progenitor cells and
granulocyte lineage-committed cells [9–13].

When cells are exposed to suboptimal pO

 

2

 

 or pH condi-
tions or to limited amounts of IL-3, cell death may occur,
proliferative cells might fail to divide, or progenitor cells
might alter their rate of differentiation. Discriminating be-
tween these possibilities based on direct observation is hin-
dered, in part, by the complex culture behavior, i.e., the dis-
tribution of cells at various stages of differentiation and/or
the presence of cells of other lineages. Regulation of granu-
locytic cell production by pO

 

2

 

, pH, and IL-3 is incompletely
understood, especially regarding its quantitative aspects.
Key questions include the following: 1) What processes—
proliferation, differentiation, death, and/or transition be-
tween quiescence and active cycling—contribute to the ob-
served differences in cell numbers? 2) Are these effects re-
stricted to only specific stages of differentiation, or are they
observed uniformly along the whole granulocytic differenti-
ation pathway? 3) What are the magnitudes of these effects?

The aim of the present study was to address these ques-
tions by establishing and applying a model-based approach
to deconvolute selected environmental (pO

 

2

 

, pH, and IL-3)
effects on the dynamic properties of the granulopoietic sys-
tem as a whole. Previous mathematical models of human
granulopoiesis that compartmentalize cells in discrete
stages make certain nonphysiologic assumptions and ignore
the range in expansion potential within each designated
stage [14,15]. As an improvement on these earlier models,
we propose here that the highly dynamic granulopoietic sys-
tem can be described as a continuous, deterministic process
from lineage-committed progenitor cells to mature neutro-
phils. Analogous to a previously developed framework for
erythropoiesis [16], each stage of granulocytic differentia-
tion (colony-forming unit granulocyte [CFU-G], myelo-
blasts, promyeloctyes, myelocytes, metamyelocytes, bands,
and segmented granulocytes) represents a fraction of the to-
tal differentiation process based on experimental observa-
tion. Model simulations yield distributed populations of

active, quiescent, and mature cells. Experimentally, granu-
locytic proliferation, differentiation, and death patterns un-
der different culture conditions and as a function of time
were characterized by total cell concentration, viability, col-
ony-forming cell (CFC) content, cell-surface marker stain-
ing (CD15/CD11b), and annexin V staining.

In addition to providing a conceptual framework within
which one can elucidate the mechanisms underlying the en-
vironmental regulation of granulopoiesis, integration of cell
culture experiments with mathematical modeling is a valu-
able tool for improving ex vivo culture strategies. Ex vivo
expansion of mobilized peripheral blood CD34

 

1

 

 cells along
the granulocytic lineage has potential applications for ame-
liorating neutropenia after high-dose chemotherapy [17–21].
By mathematical modeling, it is possible to better interpret
experimental results and to modify the culture conditions to
obtain the desired output at an optimal harvest time.

 

Materials and methods

 

Experimental methods
Culture setup.

 

The experimental design and methods were de-
scribed previously [8]. Briefly, mobilized peripheral blood CD34

 

1

 

cells selected 48 hours after collection were seeded at 2 

 

3

 

 10

 

4

 

cells/mL and cultured for 13 to 15 days in serum-containing me-
dium supplemented with 50 ng/mL recombinant stem cell factor
(SCF; Amgen, Thousand Oaks, CA), 10 ng/mL recombinant IL-6
(Peprotech, Rocky Hill, NJ), and 10 ng/mL recombinant granulo-
cyte colony-stimulating factor (G-CSF; Amgen) in the presence or
absence of 10 ng/mL recombinant IL-3 (R&D Systems, Minneapo-
lis, MN). An additional 10 ng/mL G-CSF was added to the cultures
every 2 days to compensate for its depletion due to degradation at
37

 

8

 

C. Cultures were fed by dilution with fresh medium containing
growth factor to maintain densities between 7.5 

 

3

 

 10

 

4

 

 and 2.5 

 

3

 

10

 

5

 

 cells/mL. Different culture conditions were imposed by adjust-
ing the pH of the media with the addition of a predetermined vol-
ume of sterile 1N HCl or 1N NaOH and equilibration in a fully hu-
midified atmosphere of either 5% O

 

2

 

, 5% CO

 

2

 

, and balance N

 

2

 

, or
air and 5% CO

 

2

 

. Beginning on day 2 or 3 and every odd day there-
after, cultures were assessed for total cell concentration using a
Coulter Multisizer, cell viability using trypan blue dye, progenitor
cell content using a CFC assay, and cellular phenotype by flow cy-
tometric staining for CD15 and CD11b. Data for the seven condi-
tions, each evaluated in cultures from six to seven different patient
samples (Response Oncology, Memphis, TN), were used for mod-
eling purposes: 5% O

 

2

 

, pH 7.6, 

 

1

 

IL-3; 5% O

 

2

 

, pH 7.4, 

 

1

 

IL-3; 5%
O

 

2

 

, pH 7.25, 

 

1

 

IL-3; 20% O

 

2

 

, pH 7.4, 

 

1

 

IL-3; 20% O

 

2

 

, pH 7.25,

 

1

 

IL-3; 5% O

 

2

 

, pH 7.4, 

 

2

 

IL-3; and 5% O

 

2

 

, pH 7.25, 

 

2

 

IL-3. The
environment of 5% O

 

2

 

, pH 7.25, 

 

1

 

IL-3 was designated as the
“control” condition because it was the least inhibited condition
among those examined for the production of granulocytic cells.

 

Flow cytometry. Cellular phenotype

 

. Day 0 and cultured cells
were evaluated for expression of the granulocyte lineage-associ-
ated antigens CD15 and CD11b. Standard flow cytometric tech-
niques were used and are described in detail elsewhere [8].

 

Apoptosis.

 

 Cultures were monitored for apoptosis every 3 hours
during the first 12 hours of culture and then at increasingly longer
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intervals thereafter, using the annexin V flow cytometric assay.
The annexin V-fluorescein isothiocyanate (FITC) staining proto-
col and reagent preparation were carried out according to recom-
mendations by the manufacturer (Pharmingen, San Diego, CA).
Briefly, 1 

 

3

 

 10

 

5

 

 cells were washed twice with phosphate-buffered
saline (10 mM, pH 7.4) and resuspended to a concentration of 1 

 

3

 

10

 

6

 

 cells/mL in 1

 

3

 

 binding buffer—a buffer containing Ca

 

2

 

1

 

,
which is required for annexin V to bind to exposed phosphati-
dylserine residues. Five microliters of annexin V-FITC and 10 

 

m

 

L
of propidium iodide 50 

 

m

 

g/mL were added, and the mixture was
incubated at room temperature in the dark. After 20 minutes, the
sample was diluted with 400 

 

m

 

L of 1

 

3

 

 binding buffer and imme-
diately analyzed on a FACScan flow cytometer (Becton-Dickin-
son, San Jose, CA). Additional control tubes to compensate for flu-
orescence spectral overlap were prepared as necessary.

 

Modeling methods
Conceptual structure of the model.

 

Stem cells determined for
granulopoiesis go through several mitoses, commit to differentia-
tion, and finally mature into morphologically recognizable granu-
locytic progenitors. Following lineage commitment, extensive ex-
pansion and maturation take place. CFU-G represents the first
lineage-specific stage of granulopoiesis. These granulocytic pro-
genitors divide several times, thus amplifying cell numbers, and
differentiate into myeloblasts, promyelocytes, and then myelo-
cytes [2,22]. A single granulocytic progenitor may undergo a max-
imum of approximately 17 divisions [23]. Beginning at the late
myeloctye to metamyelocyte stage, cells lose the capability to di-
vide, but they continue to differentiate until they reach terminal
maturation as mature neutrophils [2,22]. Given that the in vitro
cultures to be modeled consisted primarily of granulocytic cells,
with only a small monocytic population that could be subtracted
off, granulocytic differentiation was modeled as a continuous and
deterministic, unilineage process (Fig. 1).

The net production of cells with time results from a combination
of processes, such as division, maturation, and death, which may be
occurring simultaneously. The dormancy vs cycling status of cells
is an additional dimension that is included within the model to
more accurately depict the ex vivo situation in which the culture
kinetics during the first few days may be dominated by the transi-
tion from quiescence to active cycle. The model allows for the in-
dependent regulation of the rates of each of these cellular processes
and, in particular, the decoupling of the rate of differentiation from
the rate of cell division.

 

Mathematical structure of the model.

 

Two distributed density
populations that represent the quiescent and cycling populations
are defined as functions of time (t) and 

 

t

 

: n

 

0

 

(t,

 

t

 

) and n(t,

 

t

 

), respec-

tively. 

 

t

 

 is a measure of the extent of differentiation with values
ranging between 0 and 1. 

 

t

 

 

 

5

 

 0 corresponds to commitment of
multipotent cells to the granulocytic lineage, and 

 

t

 

 

 

5

 

 1 corre-
sponds to fully mature granulocytes. Cell population balances on
the active, quiescent, and mature populations are derived from the
general equation:

The generation term accounts for cells transiting between quies-
cence and cycling, cells generated through division, and cells lost
due to death. More specifically, for active cells:

 

(1)

 

where 

 

n

 

 is the rate of differentiation, 

 

m

 

 is the specific growth rate,

 

d

 

 is the specific death rate, 

 

a

 

 is the specific rate of quiescent-to-
active transition, and 

 

b

 

 is the specific rate of active-to-quiescent
transition; all parameters are functions of both t and 

 

t

 

.
In defining the number of quiescent cells, growth, differentia-

tion, and death rates can be excluded from the cell balance because
quiescent cells are considered to be triple quiescent, i.e., they do
not divide, differentiate, or die:

 

(2)

 

The number of mature granulocytes at 

 

t

 

 

 

5

 

 1, i.e., those cells no
longer differentiating, becomes only a function of t: N

 

M

 

(t,1). Be-
cause mature cells are well beyond their transition into the cell cy-
cle and are no longer proliferating, the cell population balance can
be written as follows:

 

(3)

 

where 

 

d

 

M

 

 is the specific death rate of mature cells in the terminal
stage.

To solve these equations, the initial time distributions for quies-
cent and active cells and the initial number of cells in the terminal
stage [n

 

0

 

(0,

 

t

 

), n(0,

 

t

 

), and N

 

M

 

(0), respectively] must be specified
(Appendix A-1). In addition, the boundary condition at 

 

t

 

 

 

5

 

 0 is re-
quired (Appendix A-1). The model is solved numerically using the
method of lines [24]. Further details of the model and its original
biomathematical formulation are presented in the Appendix and
elsewhere [16].

Rate of accumulation of cells at

time t that are at a differentiation stage

between τ  and τ dτ+

Net rate of influx efflux–

of cells as they differentiate

Net rate of

cell generation
.+

=

∂n
∂t
------ ∂ νn( )–

∂τ
----------------- αn0 µ( δ β )n––+[ ]+=

∂n0

∂t
-------- βn αn0–[ ]=

dNM

dt
------------ ν t,1( )n t,1( )[ ] δMNM[ ]–=

Figure 1. Schematic representation of the granulocyte differentiation pathway annotated with values of t, a measure of the extent of differentiation (see text
and Table 1 for details). Committed granulocytic progenitor cells, CFU-G (0,t,0.46), descend from bipotent progenitor cells, CFU-GM. Proliferating pre-
cursor cells consist of myeloblasts, promyelocytes, and myelocytes (0.46,t,0.87). Nonproliferating precursor cells, designated after the solid line, include
metamyelocytes, bands, and segmented granulocytes (0.87,t,1).
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Parameter estimation.

 

Most values for the model parameters were
derived from experimental data, such as cell counts and flow cyto-
metric data. Others were adjusted until the model response pro-
vided good qualitative and quantitative fits to the data under the
control conditions (5% O

 

2

 

, pH 7.25, 

 

1

 

IL-3), i.e., until the theoreti-
cal curves could reproduce experimental data within the error mar-
gins of the experiments. The best fit curves were determined by
minimizing the sum of squares between the observed and pre-
dicted data. Although the experimental data were reproduced
closely by the model, the values used for certain parameters on
which the model analysis was based may not be generally valid.
Some values may be particular to specific aspects of the culture
system used. This must be considered when applying the model to
new and independent types of experimental data.

To apply the proposed unilineage granulopoietic model, the
true number of viable granulocytic cells observed experimentally
was calculated by correcting the measured cell counts and cellular
fractions for viability and the presence of any nongranulocytic
cells. Under the influence of SCF, G-CSF, IL-6, and 

 

6

 

IL-3, cul-
tures became predominantly granulocytic in nature but with a
small population of up to 20% monocytic cells depending on the
culture conditions. The fraction of monocytic postprogenitors
could be easily quantified based on their distinct CD15/CD11b ex-
pression pattern. In contrast to granulocytic cells, which progress
from CD15

 

dim

 

 to CD15

 

bright

 

 and finally to CD11b

 

1

 

, cells of the
monocyte lineage first become CD11b

 

1

 

 and then acquire dim lev-
els of CD15 [25], thus enabling us to subtract off the CD15

 

2/
CD11b1 and CD15dim/CD11b1 monocytic populations.

Determining the initial number of granulocytic cells on day 0
and on the days before significant CD15bright or CD11b expression,
when CFCs predominate, required adjustment of total cloning effi-
ciencies (CE; CFC/total cell). Total CEs typically were ,20%,
even on day 0, as detected by our standard colony assay; however,
it is unlikely that .80% of the CD341 cells die, remain dormant,
or are either beyond or more primitive than the CFC stage. This
suggests that the colony assay used was not a true indicator of pro-
liferative potential. The frequency of hematopoietic progenitors
arising from single CD341 cells in liquid and methylcellulose cul-
tures is a more accurate measure of CE, with values averaging
z55% based on reports in the literature for cultures evaluated at
day 14 to 23 [23,26–29]. Thus, we scaled the observed day 0 total
CE accordingly so that it reflects this value. Measured CE values
on subsequent days were adjusted by the same ratio as on day 0 so
that, although the absolute values for CE changed, the relative
CFC kinetics remained the same.

Differentiation [t and n(t,t)]. The extent of differentiation, des-
ignated as t, was quantified using a scale from 0 to 1. The t struc-

ture, with intervals corresponding to each differentiation stage,
was deduced using the maximum proliferative capacity within the
granulocytic lineage, together with our in vitro observations (Table
1 and Fig. 1). The most primitive CFU-G has the potential for 17
divisions according to a previous report by Mayani and Lansdorp
[23]. The 17 divisions are distributed among the proliferative
stages. The promyelocytes and myelocytes (CD15bright/CD11b2

and CD15bright/CD11b1, respectively), which no longer have col-
ony-forming potential and do not express CD34, a progenitor cell-
associated marker, may not undergo .6 divisions combined; oth-
erwise, these cells would appear as CFU-G in colony assays. The
remaining possible 11 divisions are divided among the CD152/
CD11b2 and CD15dim/CD11b2 phenotypes, which retain the
CD34 antigen (n 5 2; data not shown). The finer divisions in t
were chosen based on our observed in vitro kinetics.

The transit time through each of the proliferative stages is cal-
culated as the product of the assigned number of divisions and the
constant 24-hour doubling time (td; see section on “Specific
growth rate”) that was observed in our control culture (Table 1). A
maturation time of 60 hours was used for the nonproliferating
cells—an estimate that is consistent with experimental findings
[30,31]. Our data suggest that the model response does not depend
significantly on the value chosen for the nonproliferative matura-
tion time, because few cells in this study reached the very late dif-
ferentiation stages and these cells were no longer dividing. The
transit time through each individual stage normalized to the overall
maturation time results in the t structure presented in Figure 1 and
Table 1. The total time it would take the most primitive CFU-G to
fully mature is used to determine the corresponding differentiation
rate n(t,t). Under control conditions, n(t,t) equals 1 differentiation
unit per 468 hours and is assumed constant for all t.

Specific growth rate (m). m (5 ln2/td) is determined from data
obtained between days 3 and 13 of our cultures, when most cells
are active and proliferating. Within this time frame, td under con-
trol conditions is 24 hours. It was shown that td may vary with dif-
ferentiation stage [32]. However, although the model provides for
a distributed growth rate function m(t,t), the data can be well ap-
proximated by a constant growth rate m(t,t) 5 ln2/24 for all the
proliferative stages, i.e., CFU-G, myeloblast, promyelocyte, and
myelocyte. The slower rate of increase in cell numbers after day 13
is consistent with the increasing number of cells entering the non-
proliferative stages, from metamyelocyte to neutrophil. For non-
proliferating granulocytes (0.87,t,1), m 5 0.

Specific death rates (d and dM). We assume that in our control
culture under optimal stimulation (5% O2, pH 7.25 with SCF,
G-CSF, IL-6, and IL-3), the rate of granulocytic cell death at each
stage is 0, i.e., d(t,t) 5 dM(t) 5 0. This is consistent with the negli-

Table 1. Normalization of granulocyte differentiation using a t structure to represent the fraction of time it takes a cell to progress through each 
differentiation stage

Differentiation stage Phenotype Max Divisions Stage duration (h) t

CFU-G CD152/CD11b2 9 216 0,t,0.46
Myeloblasts CD15dim/CD11b2 2 48 0.46,t,0.56
Promyelocytes CD15bright/CD11b2 4 96 0.56,t,0.77
Myelocytes CD15bright/CD11b1 2 48 0.77,t,0.87
Metamyelocytes, bands CD15bright/CD11b1 0 60 0.87,t,1
Total 17 468 0,t,1

Values are based on a constant doubling time of 24 h under maximal stimulation (control conditions: 5% O2, pH 7.25, 1IL-3). See text for details.
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gible amount of apoptosis observed throughout cultures under
these conditions (Fig. 3), high viabilities, and the fact that the com-
bination of four cytokines used in these experiments is known to
attenuate cell death and enhance granulopoiesis [33,34]. Further-
more, because only a minor fraction of cells actually matured to
t 5 1 by the end of the culture period (16% under control condi-
tions), it is unlikely that the cells reached the end of their natural
lifespan during the culture period. The model does, however, allow
the incorporation of a variable death rate because the probability of
cell death may increase under suboptimal conditions, e.g., higher
pH (see Results).

Specific transition rates (a and b). Early culture kinetics are
likely to be dominated by the transition from quiescence to active
cycling. Pregranulocytic cells that have a greater tendency to re-
main quiescent were rare events. Therefore, the transition into cy-
cling is assumed to occur at a constant rate a, which is independent
of the degree of differentiation t. a was determined to be 0.10 h21

based on a qualitative fit of total cell numbers observed during the
first 3 days of culture at the control conditions. In a cytokine-rich
environment, cells are unlikely to revert to quiescence after the ini-
tial transition into the active cycle and, thus, b can be neglected.

Model representation of observed granulocytic cell types. Model
outputs of the populations n(t,t), n0(t,t), and NM(t) can be related to
an observed quantity, O(t), through the integral equation:

(4)

Assigning a weighting function w(t) to each differentiation marker
results in a set of similar equations describing each of the different
granulocytic cell types—CD151, CD15bright, CD11b1, and total cells
(Appendix A-2).

Results
Figures 2 and 4–6 show model simulations of the kinetics of
granulopoiesis observed in cultures at different O2 tensions,

O t( ) w0 τ( )n0 t τ,( ) τ  d w τ( )n t τ,( ) τd

wM+

τ 0=

1

∫+

NM t( ).

τ 0=

1

∫=

pH values, and in the presence or absence of IL-3. Time
profiles are given for the production of the total number of
granulocytic cells and the percentages of each granulocytic
cell subpopulation. The three differentiation curves repre-
sent the progression of granulocytic maturation as cells first
acquire the CD15 antigen at low levels on the cell surface
(CD15dim), then at greater levels (CD15bright), and finally as
they acquire CD11b. Experimental data points represent
mean values from at least six different patient samples.
Baseline values of the cell kinetic parameters—m, n, d, b,
and a—were derived from control cultures at 5% O2, pH
7.25, 1IL-3, the most favorable conditions for granulocytic
cell production (Table 2). Fitting the model to data for other
conditions involved 1) adjusting a minimum number of pa-
rameters and 2) making these changes across all t or, if nec-
essary, only for an isolated range of t. Model analysis
showed that a remains constant at 0.10 h21 under all condi-
tions tested, indicating no adverse effects on the induction
of cycling. Considering this, and that b could be neglected
(see section on “Parameter estimation”), the potential ef-
fects of pO2, pH, and IL-3 were reflected in the remaining
three parameters. The model parameters for each case and
the relative changes in these values compared to the control
cultures are summarized in Table 2. The n/m ratio averaged
over 0,t,0.87, , serves as a means to compare the
balance between differentiation and proliferation. When
comparing two culture conditions, a constant  indi-
cates that the effects exerted on differentiation and prolifer-
ation are coupled.

Model simulation of pO2 effects:
5% O2 vs 20% O2 (pH 7.25, 1IL-3)
The experimental curves showed that total, CD15bright/
CD11b2, and CD15bright/CD11b1 cell expansion is enhanced at
5% O2 relative to that at 20% O2 [8]. The effects of O2 on cell
numbers gradually increased throughout culture, but patterns
of differentiation appeared markedly similar.

,n/m.
–––

,n/m.
–––

Table 2. Response of model parameters to environmental changes

Culture condition
td (6%Dtd)† 
0,t,0.87

n (6%Dn) 
0,t,1

,n/m.‡

0,t,0.87
d

0,t,0.25

5% O2, pH 7.25, 1IL-3* 24 h 1/468 h21 0.074 0 h21

5% O2, pH 7.4, 1IL-3 26 (8%) 0.9 3 1/468 (210%) 0.072 0.01
5% O2, pH 7.6, 1IL-3 31 (29%) 0.9 3 1/468 (210%) 0.086 0.04

20% O2, pH 7.25, 1IL-3 27.5 (15%) 1/468 (0%) 0.085 0
20% O2, pH 7.4, 1IL-3 30.5 (27%) 0.9 3 1/468 (210%) 0.085 0.01

5% O2, pH 7.25, 2IL-3 29 (21%) 0,t,0.46: 1/468 (0%) 0.107 0.005
0.46,t,0.56: 3.3 3 1/468 (1230%)
0.56,t,1: 0.8 3 1/468 (220%)

5% O2, pH 7.4, 2IL-3 34 (42%) 0,t,0.46: 0.9 3 1/468 (210%) 0.108 0.015
0.46,t,0.56: 3 3 1/468 (1200%)
0.56,t,1: 0.6 3 1/468 (240%)

*Control condition.
†Parenthetic values refer to the percent increase (1) or decrease (2) from the value at the control condition.
‡m 5 ln2/td.
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In the model, increasing the doubling time (td) by 10%,
for cultures under 20% O2, relative to 5% O2 at pH 7.25,
was found to reproduce the twofold decrease in total granu-
locytic cell numbers without disturbing the fractions of each
subpopulation (Fig. 2). The longer td (slower growth rate, m)
at 20% O2 with the same differentiation rate (n) results in an
increase in  (Table 2). This increase means that cells
cultured at the higher pO2 will divide less (by one mitosis)
by the time they reach t 5 0.87. Achieving a reasonable fit
with a single modification in td indicates, and is consistent
with experimental findings [8], that the effects of pO2 are
isolated to the proliferation process and that these effects
are not coupled with differentiation.

,n/m.
–––

Model simulation of pH effects:
pH 7.4 and 7.6 vs pH 7.25 (5% O2, 1IL-3)
The experimental curves for cultures at pH 7.4 and pH 7.6
display two characteristics: decreased cell expansion con-
comitant with a reduced differentiation rate compared to
cultures at pH 7.25. Unlike the case for pO2, comparison
with experimental data clearly indicates that changes in
growth rates alone are not sufficient to reproduce the mea-
sured granulocytic response to pH [8]. After accounting for
the increased fraction of monocytic cells—reaching maxi-
mum levels of 20% on days 7 to 9 at pH 7.6—the granulo-
cytic differentiation profiles at pH 7.6 and 7.4 were identi-
cal to each other but were delayed compared to those at pH
7.25. Combining longer doubling times with a slower over-
all differentiation rate (by 10%) for cultures at pH 7.4 and
7.6, as suggested by previously shown experimental results
[8], provided an adequate fit but could not reproduce the
more rapid rise in the fraction of cells first acquiring CD15
that was observed at higher pH and was most pronounced at
pH 7.6.

Acceleration of only the CD151 curve during the first 3
days of culture at higher pH values results from a reduced
percentage of CD152/CD11b2 cells and indicates that either
some fraction of cells are dying after leaving quiescence or
cells are differentiating faster from the CD152/CD11b2 to
the CD15dim/CD11b2 stage. Because previous experimental
data could not discriminate between the two possibilities,
we examined the extent of apoptosis during cultures at dif-

Figure 2. Effects of pO2 on the kinetics of granulocytic cell production
and differentiation. Model simulations (—) are compared to experimen-
tally observed values for total granulocytic cell numbers (A) and percent-
ages of CD151 (m), CD15bright (j), and CD11b1 (d) cells as a function of
time in cultures under 5% O2 (B) or 20% O2 (C), both at pH 7.25 and in IL-
3–containing media. Culture behavior was simulated using the model
parameters listed in Table 2.

Figure 3. Percentage of viable cells that undergo apoptosis within the first
24 hours of culture at the indicated conditions. Apoptosis was measured via
flow cytometric detection of annexin V binding. Peak values were obtained
9 hours after culture initiation with increases over control conditions (5%
O2, pH 7.25, 1IL-3; n 5 5) as follows: 197% at 5% O2, pH 7.6, 1IL-3 (n 5
3); 101% at 5% O2, pH 7.4, 2IL-3 (n 5 3); 66% at 5% O2, pH 7.4, 1IL-3
(n 5 5); and 29% at 5% O2, pH 7.25, 2IL-3 (n 5 3). There was no differ-
ence in the extent of apoptosis at any time in cultures under 20% O2 rela-
tive to cultures under 5% O2 at the corresponding pH in IL-3–containing
media (data not shown; n 5 2).
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ferent pH values (Fig. 3). The fraction of viable cells that
were apoptotic peaked 9 hours after culture initiation, de-
creased to ,2% by 24 hours, and remained at low levels for
the duration of culture. Apoptosis was found to be more

prevalent in cultures at greater pH. There was a 66% and a
197% increase in the peak apoptotic fraction for cells at pH
7.4 and 7.6, respectively, over that for cells at pH 7.25. An
elevated number of dead (PI1) cells at greater pH during the
first few days of culture also was noted (data not shown).
Based on this experimental evidence, a small, but finite,
death rate that increases as pH increases and is restricted to
only primitive cells was introduced into the model. Defining
the cell loss in cultures at pH 7.4 or 7.6 with a relative death
rate (d) of 0.01 h21 or 0.04 h21, respectively, for 0,t,0.25,
combined with an altered td and n, best captures the culture
kinetics of the early stages of differentiation (CD151) with-
out affecting the fractions of subsequent granulocytic sub-
populations (Fig. 4).

The model indicates that the effects of pH between pH
7.25 and 7.4 on growth and differentiation are coupled. The
constant  value between cultures at pH 7.25 and 7.4
illustrates that although td is longer (m is slower) at pH 7.4,
there is a corresponding slower n (Table 2). Thus, a maxi-
mum of 17 divisions would still be possible at pH 7.4 given
enough time for cells to fully differentiate. Similar levels of
cell production would be expected for cultures at pH 7.4 and

,n/m.
–––

Figure 5. Combined effects of pO2 and pH on the kinetics of granulocytic
cell production and differentiation. Model simulations (—) are compared
to observed values for total granulocytic cell numbers (A) and percentages
of CD151 (m), CD15bright (j), and CD11b1 (d) cells as a function of time
in cultures at 20% O2 and pH 7.4 (B) in IL-3–containing media. Model pre-
dictions of culture behavior were based on the parameters listed in Table 2.
Note that the experimental data and model simulation for total granulocytic
cell numbers produced under control conditions are provided for compari-
son (A).

Figure 4. Effects of pH on the kinetics of granulocytic cell production and
differentiation. Model simulations (—) are compared to experimentally
observed values for total granulocytic cell numbers (A) and percentages of
CD151 (m), CD15bright (j), and CD11b1 (d) cells as a function of time in
cultures at pH 7.25 (B), pH 7.4 (C), or pH 7.6 (D), all under 5% O2 and in
IL-3–containing media. The model parameters used to simulate the culture
behavior at each pH are listed in Table 2.
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7.25, but with slightly fewer cells due to a minimal amount
of apoptosis at pH 7.4 during the earliest proliferative stage.
However, no further slowing in n occurred between pH 7.6
and 7.4 to counterbalance the even longer td at pH 7.6. The
resulting increase in  at pH 7.6 (Table 2) indicates
that it is not possible to achieve the same number of divi-
sions as obtained at pH 7.25 or 7.4. The lack of cell expan-
sion at pH 7.6 also can be attributed in part to more exten-
sive apoptosis at low t as the pH increases.

With a separate, independent set of data that compared
cultures at pH 7.25 and 7.4 [8], similar relative changes in

,n/m.
–––

the model parameters were obtained, although the absolute
growth rates differed due to patient-to-patient variability
(simulations not shown).

Model simulation of combined pO2 and pH effects:
20% O2 and pH 7.4 (1IL-3)
The inhibitory effects of culturing cells under 20% O2 or at
pH 7.4 were cumulative for cells cultured simultaneously
under 20% O2 and pH 7.4 [8]. Simulation of the experimental
time courses for cultures at 20% O2 and pH 7.4 was
achieved by addition of the changes in the kinetic parameters
m, n, and d that were derived from values obtained by model
analysis of the individual effects of pO2 or pH (Table 2 and
Fig. 5). Preservation of the pO2 effect, independent of pH,
was indicated by the increase in  at 20% O2 vs 5%
O2 at pH 7.4, which was of the same magnitude as the increase
at 20% O2 vs 5% O2 at pH 7.25 (Table 2). Furthermore, the
pH effects were upheld regardless of pO2, with  re-
maining constant between pH 7.25 and pH 7.4 (Table 2).
Maintenance of the individual effects on the model parameters
under combined conditions indicates that pO2 and pH are
independently regulating different aspects of granulopoiesis
and demonstrates the predictive capability of the model.

Model simulation of IL-3 effects:
2IL-3 vs 1IL-3 (5% O2, pH 7.25)
The absence of IL-3 during culture drastically reduced cell
expansion, with 71% less total granulocyte production in
2IL-3 cultures than that in 1IL-3 cultures at 5% O2, pH
7.25. The sensitivity of cells to apoptosis early on in culture
increased by 29% compared to control conditions (Fig. 3).
The effects on cellular differentiation appeared to be re-
stricted to only an intermediate period during which cells
cultured in the absence of IL-3 more rapidly pass through
the CD15dim/CD11b2 compartment and accumulate in the
CD15bright/CD11b2 stage before acquiring CD11b.

As anticipated from the observed data, appropriate
changes in td and d (Table 2) while using the same constant
n as in the control 1IL-3 culture (1/468 h21) provide a rea-
sonable fit of the total, CD151 and CD11b1 curves, but do
not adequately capture the steepness of the CD15bright curve.
Defining a relative death rate or increasing the rate of differ-
entiation at intermediate t values could account for the ac-
celeration of the CD15bright curve in the absence of IL-3,
similar to the treatment of the model at early t to capture the
acceleration of the CD151 curve with increasing pH (see
section on “Model simulation of pH effects”).

Isolating IL-3’s anti-apoptotic effects to a small window
in the middle of the differentiation pathway seems contrary
to its reported ability to prevent the death of multipotent
progenitors [9,10]. We would expect that if IL-3’s anti-apo-
ptotic effects were responsible for the observed behavior,
cells in the earliest position in the progenitor hierarchy, i.e.,
at low values of t, would be equally or more sensitive to its
absence. Although a good fit is obtained for all experimen-

,n/m.
–––

,n/m.
–––

Figure 6. Effects of IL-3, independent of and combined with pH effects,
on granulocytic kinetics. Model simulations (—) are compared to experi-
mentally observed values for total granulocytic cell numbers (A) and per-
centages of CD151 (m), CD15bright (j), and CD11b1 (d) cells as a func-
tion of time in cultures without IL-3 at pH 7.25 (B) or at pH 7.4 (C), both
under 5% O2. Culture behavior was simulated using the model parameters
listed in Table 2. Note that the experimental data and model simulation for
total granulocytic cell numbers produced under control conditions are pro-
vided for comparison (A).
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tal curves by providing for a small amount of death (d 5
0.01 h21) for 0.46,t,0.56, extending this window of sen-
sitivity to include earlier values of t results in a poor fit of
the data (not shown).

It is more likely that the differentiation rates vary with t
in 2IL-3 cultures. Accelerating differentiation through the
regulatory window 0.46,t,0.56 (by 230%) (Table 2) is
consistent with our observations and improves the fit of the
CD15bright differentiation curve (Fig. 6). The increase in

 in 2IL-3 cultures, compared to control conditions,
signifies that the effects on differentiation are not commen-
surate with those on proliferation, resulting in a fewer num-
ber of possible divisions (Table 2).

Model simulation of combined IL-3 and pH effects:
pH 7.4 and 2IL-3 (5% O2)
The experimental curves illustrate that the adverse effects
on growth, differentiation, and death when culturing cells in
the absence of IL-3 were magnified at higher pH values. To-
tal granulocytic cell production was 87% less in pH 7.4,
2IL-3 cultures at 5% O2 than that in control cultures. Inhi-
bition of cell expansion at pH 7.6 reached levels too high to
allow the kinetic characterization of these cultures. To sim-
ulate the combined effects of IL-3 and pH 7.4, the individ-
ual effects on each model parameter were considered. As in
2IL-3 cultures at pH 7.25, a variable differentiation rate
was used to reproduce the three differentiation curves. Ini-
tially, for 0,t,0.46, cells differentiate at the same rate as
in pH 7.4, 1IL-3 cultures. The subsequent changes in n are
similar in magnitude and occur over the same ranges of t as
those occurring in pH 7.25, 2IL-3 cultures, with an increase
in n for 0.46,t,0.56 by 233% compared to the initial n for
these conditions. Because the percent increase in apoptosis
for cells cultured either at pH 7.4 (66%) or in the absence of
IL-3 (29%) over control conditions was approximately ad-
ditive for cultures combining the two conditions (101%)
(Fig. 3), d was assigned a value of 0.015. With these adjust-
ments in n and d, and td 5 34 hours, the model is able to
simulate the behavior of 2IL-3 cultures at pH 7.4 (Fig. 6).

The value of  at these conditions coincides with
the value calculated for 2IL-3 cultures at pH 7.25 (Table
2). This indicates that the coupled effects on differentiation
and proliferation induced by pH were maintained in 2IL-3
cultures. Furthermore, at either pH value,  increased
in 2IL-3 cultures vs 1IL-3 cultures by the same amount.
Therefore, a similar reduction in the number of possible cel-
lular divisions occurs in the absence of IL-3 at pH 7.4 as at
pH 7.25. This suggests that IL-3 and pH regulate granu-
lopoiesis through independent pathways and further illus-
trates the predictive power of the model.

Discussion
The current model improves on several earlier models pro-
posed for different aspects of proliferation and differentia-

,n/m.
–––

,n/m.
–––

,n/m.
–––

tion of hematopoietic cells and cell lines [14,15,35–37]. In
efforts to simplify a model or facilitate parameter estima-
tion, some models treated cellular processes as combined
events, e.g., coupling proliferation and differentiation [37].
However, these processes may or may not be closely linked,
depending on the environmental conditions. It has been well
established that different cytokines control several facets of
hematopoiesis and may independently regulate rates of
growth and differentiation, as well as apoptosis and/or tran-
sition into or out of cycling. Similarly, it was anticipated
based on our experimental observations that regulation by
pH and pO2 may involve only one or some combination of
these processes [8]. Within the framework of the proposed
mathematical model, the dynamics of granulocytic cell pro-
duction are assumed to be governed by four processes: 1)
growth, 2) differentiation, 3) death, and 4) the transition be-
tween quiescence and active cycling. An essential element
of this model that allowed us to deconvolute the environ-
mental effects on granulopoiesis is that each of the model
parameters—m, n, d, a and b—can be modified indepen-
dently. With this provision, we were able to simulate not
only the isolated effects of pO2, pH, or IL-3 on granulocytic
kinetics but also predict the combined effects of these envi-
ronmental parameters. Furthermore, the present model al-
lowed us to clearly define whether the granulocytic-specific
responses induced by these factors were dependent on the
cells’ maturation stage. Certain restrictions placed on the in-
dependent regulatory mechanisms, such as at the different
levels of maturation, were needed to improve model behav-
ior to reflect our experimental observations. Some of these
restrictions had not been considered beforehand and led to
unexpected conclusions that could not have been deduced
using previously published models.

Low pO2 was shown to be superior for production and
maintenance of primitive colony-forming unit granulocyte-
macrophage (CFU-GM) populations [3–5,38,39] and for pro-
duction of neutrophil precursors in the postprogenitor stages of
development [5,8]. Model analysis indicates that pO2 effects on
the proliferation process were not coupled with changes in
other cellular processes and that this cellular response was not
stage specific because all mitotically competent granulocytic
cells were affected. Based on several reports suggesting that
hematopoietic cells are susceptible to oxidative stress and dam-
age at high pO2 [40–44], we had expected that impaired granu-
locyte production at 20% O2 was at least partly death con-
trolled. Surprisingly, the extent of cell death did not vary with
O2 tension. Possible mechanisms responsible for the effects of
pO2 on granulopoiesis likely involve a change in humoral regu-
lation that stimulates or inhibits cellular proliferation. G-CSF is
the primary regulator of granulopoiesis and has profound ef-
fects on stimulating the proliferation of granulocytic precursors
[45,46]. Although similar differentiation and G-CSF receptor
(G-CSFR) expression patterns were observed under different
O2 tensions [8], this does not preclude a role for G-CSF/
G-CSFR signaling. Reduced mitotic responsiveness at 20% O2
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could still be attributed to a defect in receptor/signal transduc-
tion that was not examined here.

In contrast to the effects of pO2 on growth alone, the ef-
fects of pH on growth were linked to differentiation. Inter-
estingly, the similar inhibition of growth and differentiation
at pH 7.4, as revealed by the model, signifies an increase in
cell division time with increasing pH levels. Thus, if cells
are given enough time to fully differentiate, the same num-
ber of mitoses is possible at pH 7.4 as at pH 7.25. This fact
was not obvious from the experimental data in which cul-
tures frequently were ended while cells at pH 7.4 still re-
tained some proliferative capacity. In contrast, it was de-
duced from the model that, given unlimited time, cultures at
pH 7.6 still could not attain the same level of expansion as
at lower pH values. Inefficient granulocytic cell production
at pH 7.6 resulted in part from the greater loss of early pro-
genitor cells (CFU-G) due to the heightened sensitivity of
these cells to death. In the marrow, as cells leave the G0

compartment, a fraction of them is lost presumably due to
premature cell death for unknown reasons [47]. It is proba-
ble that this phenomenon is exacerbated by exposing cells
to a nonphysiologic environment, such as pH 7.6. Cultures
carried out at pH 7.6, although having little physiologic rel-
evance, verified the observed trends in the kinetics of granu-
lopoiesis with increasing pH and further tested the robust-
ness of the model.

Among G-CSF’s many functions is its ability to reduce
the transit time of the proliferating cell stages [45,46]. It
was determined from the model that higher pH values are
associated with lengthening in the transit time (because of
the longer cell division time), thus suggesting that the ef-
fects of pH are mediated through G-CSF. This is consistent
with the inhibition of the increase in G-CSFR levels associ-
ated with maturation at pH 7.4 [8] and 7.6 (D.L.H., unpub-
lished data, 1999) and the slower differentiation of granulo-
cytic cells at these pH values relative to pH 7.25.
Modulation of G-CSFR expression and differentiation by
pH, but not by pO2, support the model’s finding for inde-
pendent mechanisms of pH and pO2 regulation.

Simulations of data obtained from 2IL-3 vs 1IL-3 ex-
periments were used to delineate the specific modes of ac-
tion of IL-3, out of its broad repertoire [9–13,48,49], that
regulate granulopoiesis in the cultures under examination.
The lack of enhancement in the transition rate out of quies-
cence with the addition of IL-3, as illustrated by an un-
changing a, indicated that the presence of SCF, G-CSF, and
IL-6 was a sufficient stimulus to induce cycling. This is
consistent with reports that IL-3 exerts its influence on cells
only after they have left quiescence [50]. Other studies re-
porting IL-3’s anti-apoptotic benefits led us to expect an in-
creased death rate of early progenitors in the absence of IL-3.
However, modeling of the experimental results shows only
a slightly elevated death rate for cells in early stages of dif-
ferentiation. The presence of saturating amounts of SCF and
G-CSF, two cytokines with well-known anti-apoptotic

properties [12,51–54], likely compensated for the lack of
IL-3 in this regard. Hence, the model revealed that the ma-
jor effect of IL-3 in these cultures was to regulate growth
and differentiation. Even more significant, from a mecha-
nistic point of view, is that this regulation is variable with
maturation stage.

Given that every cell of a specific population requires a
certain minimum cycling time to divide, differentiation
rates that are too fast could lead to skipped cell divisions.
Acceleration of the differentiation rate through the myelo-
blast stage (0.46,t,0.56) likely resulted in skipped divi-
sions, which then translated to less cell expansion in 2IL-3
cultures. Through model analysis, it was determined that
myeloblast cells, which are at an intermediate stage of dif-
ferentiation, are more sensitive to IL-3 than are more mature
postprogenitors or the more primitive CFU-G. Interestingly,
the rapid increase in levels of G-CSFR on the cell surface
coincides with this stage (D.L.H., unpublished data, 1999).
An antagonistic action of IL-3 on G-CSFR–mediated differ-
entiation is suggested by accelerated G-CSFR expression
and differentiation kinetics in our cultures that lack IL-3.
There are several reports that IL-3 may offset the effects of
G-CSF on granulocytic differentiation [55–59]. Thus, the
enhanced differentiation rate of cells through the myeloblast
stage in 2IL-3 cultures could be due to an uninhibited gran-
ulocytic differentiation signal.

In examining the potential interactions between pH and
pO2 or between pH and IL-3, the unanticipated additive na-
ture of the individual pO2-, pH-, or IL-3–associated changes
in the model parameters allowed for the prediction of cul-
ture behavior. We were able to conclude from this interest-
ing finding that pO2 and IL-3 each regulates granulopoiesis
through pathways distinct from pH.

The simplicity, flexibility, and predictive power of the
model when confronted by a wide variety of experimental
conditions make it a valuable tool in defining possible
mechanisms of inefficient granulopoiesis. Although it is
possible that similar agreement between simulation and data
could be obtained using other combinations of model param-
eters for each condition, the approach taken here of changing
a minimum number of parameters and applying these
changes across the entire range of t—except as supported by
experimental evidence or physiologic data—increases the
confidence that our model results captured the underlying
phenomena. This model can be applied to other situations
that alter growth and differentiation, extending beyond pH,
pO2, and IL-3. In particular, this model has important impli-
cations in studying possible pathophysiologic mechanisms
underlying perturbations of granulopoiesis in leukemic cells.
Furthermore, the insight gained through use of this model
could help improve strategies for the ex vivo production of
granulocytic precursors—the transplantation of which has
been suggested to possibly lead to a shortening or even abro-
gation of neutropenia following high-dose chemotherapy
[17–21]. The characterization of the granulocytic branch of



1026 D.L. Hevehan et al./Experimental Hematology 28 (2000) 1016–1028

hematopoiesis also is an important step toward ultimately be-
ing able to predict complex multilineage kinetics based on
known initial conditions and environmental parameters.
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Appendix

A-1. Initial cell distribution
On day 0, given a mean viability of 80%, an adjusted to-

tal cloning efficiency of 55% (see Parameter estimation),
and the measured % CFU-G/CFC equal to an average of
42%, cultures that were inoculated at 2 3 104 total CD341

cells/mL effectively contained z3,719 granulocytic cells/
mL (range 2,928 to 4,081 cells/mL, n 5 6). Under control

conditions, these cells underwent an average of 12.8 divi-
sions. A b distribution is used to describe the initial cell
population distributed over a range of differentiation values
from 0 to 1 [16] (A.1):

(A.1)

where B(a,b) is the beta function with a 5 6.9 and b 5 20.
The two constants, a and b, were calculated based on the
following two experimental observations. First, for cells ini-
tially located at t 5 0, the maximum number of divisions is
17 [23]. Thus, cells initially located between 0,t,0.87
would be capable of 17(1 2 t/0.87) divisions, whereas cells
at 0.87,t,1 would be capable of 0 divisions due to their
nonproliferative state. Because the average observed total
cell expansion was equal to 212.8, it follows (A.2):

(A.2)

Second, because 100% of initial granulocytic cells were
CFU-G, we have (A.3):

(A.3)

Assuming that all cells are quiescent at the onset of cul-
ture, i.e., that n(0,t) 5 0 and NM(0) 5 0, the initial distribu-
tion takes the form (A.4):

(A.4)

where NT(0) 5 3,719 as described earlier.
In our cultures, an average of 12.8 divisions, with a theo-

retical potential for 17 divisions from the most primitive
CFU-G stage, translates to an average initial t 5 0.24.
Thus, the initial distribution of cells in our system was char-
acteristic of a more committed state. This is consistent with
the starting population of CD341CD45RAlowCD71low cord
blood cells used by Mayani and Lansdorp [23] that was
highly enriched for primitive hematopoietic progenitor
cells, including long-term culture initiating cells, high-pro-
liferative potential–CFC, and CFU-Mix, vs our starting
population of peripheral blood CD341 cells that was not
further purified and consisted mostly of CFU-G, CFU-M,
and burst-forming unit erythroid. Rare multipotent progeni-
tors, CFU-Mix and CFU-GM, were assumed to give rise to
granulocytic cells, especially in the presence of granulopoi-
etic-promoting cytokines, and were included in the imma-
ture CFU-G population. With essentially no cells at t 5 0,
even at t 5 0, the following boundary condition can be ap-
plied to solve Equations 1–3 (A.5):

(A.5)

f τ a b,;( ) 1
B a b,( )
-----------------τa 1–

1 τ–( ) ;
b 1–

0 τ 1< <=

f τ( )2
17 1 τ

0.87
----------– 

 

τd 2
12.8

.=

τ 0=

1

∫

f τ( ) τd 1.=

τ 0=

0.56

∫

n0 0 τ,( ) NT 0( )f τ( )=

n t 0,( ) 0 ; t 0.>=
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A-2. Observed granulocytic cell
types and their weighting functions
Weighting functions are needed to relate model outputs to
observed quantities. A weighting function, which indicates the
probability that a cell at differentiation stage t will score in a
particular population, is assigned to each differentiation marker.
The probabilities reflect the ordered progression of granulo-
cytic differentiation, with cells first becoming CD151, then
CD15bright, and finally CD11b1. The three weighting functions
take the form of a general logistic function [16] (A.6–A.8):

(A.6)

(A.7)

(A.8)

with the constants p and s chosen such that the model
closely fits the observed number of relevantly stained cells
as a function of time under control conditions. With the in-
dicated p and s values, wCD151(t), wCD15bright(t), and
wCD11b1(t) increase from zero at t 5 0 and approach one for
t.0.46, t.0.56, and t.0.77, respectively.

w
CD15

+ τ( ) 1

1 e+

τ p1–

s1
--------------–

--------------------------

p1 0.32 and s1 0.05–==

;=

w
CD15

bright τ( ) w
CD15

+ τ( ) 1

1 e+

τ p2–

s2
--------------–

--------------------------;=

p2 0.42=  and s2 0.10–=

w
CD11b

+ τ( ) w
CD15

bright τ( ) 1

1 e+

τ p3–

s3
--------------–

--------------------------;=

p3 0.75 and s3 0.067–==

Initially, all cells are quiescent and do not express CD15
or CD11b. Because cells do not revert back into quiescence
(b 5 0) once they start to differentiate and acquire these
surface antigens, we assume that quiescent cells will not be
CD151 or CD11b1, i.e., w0 5 0. Furthermore, any mature
neutrophils will score positive for CD15 and CD11b, i.e.,
wM 5 1. Hence, the relationships for each cell population
are given by (see Equation 4) (A.9–A.11):

(A.9)

(A.10)

(A.11)

For total viable cells, where all weights are equal to 1,
Equation 4 reduces to (A.12):

(A.12)
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